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ABSTRACT 

HIEP XUAN NGUYEN 

Fabrication and evaluation of microneedles and other enhancement 

technologies for transdermal delivery of anticancer drugs 

(Under the direction of DR. AJAY K. BANGA) 

 

Skin (transdermal/topical) delivery offers several advantages over other 

conventional routes of administration. It helps eliminate first pass metabolism, 

decrease side effects, enhance patient compliance and decrease frequent dosing. 

Transdermal delivery has been limited to potent, moderately lipophilic and small 

molecules. However, the benefits of this route of administration appeal to researchers 

to expand this limited scope. Multiple physical enhancement techniques have been 

investigated to increase transdermal drug delivery such as microneedles, laser, 

electroporation, iontophoresis, and sonophoresis. These methods compromise the 

barrier function of skin by affecting the skin -stratum corneum and/or epidermis to 

allow the drug to pass through the treated areas. These approaches facilitate skin 

delivery of various compounds that includes small molecules, macromolecules, and 

nano/microparticles. The efficiency of physical enhancement techniques is most 

useful to deliver hydrophilic large molecules  that cannot enter the skin by passive 

diffusion. In our studies, we used microneedles, fractional ablative laser and 

ultrasound to treat dermatomed porcine ear and/or cadaver human skin to enhance in 

vitro transdermal delivery of anticancer drugs, methotrexate, vismodegib, and 

doxorubicin. 
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CHAPTER 1 

INTRODUCTION 

Skin is a large, accessible and attractive route for the administration for 

therapeutic molecules. Drug delivery through skin offers multiple advantages such as 

bypassing first-pass metabolism, avoiding frequent parenteral administrations, better 

patient compliance, ease of monitoring, protection from harsh gastrointestinal 

conditions, reduction of systemic drug exposure, simulation of intravenous infusion, 

sustained delivery of drugs with short half-lives, and the ease of terminating drug 

delivery (Banga, 2011; Kalluri & Banga, 2011). However, the outermost lipophilic, 

extremely low permeable (10-15 µm thick) skin layer, stratum corneum, composed of 

dead keratinocytes embedded in a lipid matrix, proves a major obstacle to skin 

delivery (Banga, 2006, 2011; Li, Badkar, Kalluri, & Banga, 2010) limiting the 

transdermal delivery of small and/or moderately lipophilic compounds (Banga, 2006, 

2011; Kalluri & Banga, 2011; Kolli & Banga, 2008; Li et al., 2010; Sachdeva, Zhou, 

& Banga, 2013). Several enhancement techniques such as penetration enhancers, 

microneedles, iontophoresis (electrical energy), laser ablation, sonophoresis 

(ultrasound), microdermabrasion, thermal, radiofrequency ablation and their 

combinations have been extensively explored to overcome this barrier to drug 

delivery (Banga, 2006, 2009; Sachdeva & K Banga, 2011; Scott & Banga, 2015). 

Specific Aims 

In specific aim 1, we enhanced transdermal delivery of vismodegib by microneedles. 

The study investigated the effect of microneedle treatment on in vitro drug permeation 

with respect to needle length (500, 1100 and 1400 µm), equilibration time (0 and 30 

minutes), and treatment duration (1, 2 and 4 minutes). 
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In specific aim 2, we increased in vitro transdermal delivery of methotrexate by poly 

(D,L-lactide-co-glycolide) microneedles and fractional ablative laser treatment (2940 

nm with 3 pulses, pulse duration of 175 µs, treatment rate of 200 Hz, energy of 34.1 

J/sq.cm, array size of 8 mm and density of 10%, The Precise Laser Epidermal System 

platform, PLEASE®, PantecBiosolutions AG).  

In specific aim 3, we fabricated poly (D,L-lactide-co-glycoside) acid (PLGA) 

microneedles, formulated a MTX-loaded hydrogel, characterized them, investigated 

the microneedle-created microchannels, and studied the in vitro delivery of MTX into 

and across dermatomed human cadaver skin. 

In specific aim 4, we fabricated MTX-loaded poly (D,L-lactide-co-glycoside) acid 

(PLGA) microparticles, characterized them, investigated myDermaPenTM 

microneedles-created microchannels, and studied the in vitro delivery of MTX into 

and across dermatomed cadaver human skin.  

In specific aim 5, we fabricated, characterized, and applied poly vinyl alcohol 

microneedles to enhance in vitro transdermal delivery of doxorubicin, which is widely 

used as a chemotherapy drug to treat various types of cancers.  

In specific aim 6, we enhanced transdermal delivery of vismodegib by fractional 

ablative laser. The project investigated the effect of laser treatment on in vitro drug 

permeation with respect to energy levels (11.4, 22.7 and 34.1 J/sq.cm), pore density 

(2, 6 and 10%) of the laser and drug concentrations in the donor chamber (2.74, 4.11 

and 5.48 mg/mL).   

In specific aim 7, we used low-frequency sonophoresis and cathodal/anodal 

iontophoresis to increase in vitro transdermal delivery of an anticancer 

agent―methotrexate. We investigated the drug delivery into and across the electric 

current and/or ultrasound treated-dermatomed human cadaver skin in vitro.  
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In specific aim 8, we fabricated and characterized maltose microneedle to mediate 

transdermal delivery of doxorubicin. Maltose microneedles were fabricated by 

melting technique and characterized in scanning electron microscopy, mechanical 

property, dissolution, dye binding, histology, calcein imaging and confocal laser 

microscopy studies. Maltose microneedles will be used to increase skin delivery of 

doxorubicin. 

In specific aim 9, we developed and validated an isocratic HPLC method to determine 

the concentration of vismodegib in the samples from permeation, solubility, and 

stability stuides.  

In specific aim 10, we investigated the effects of different rubbing methods on the 

delivery of salicylic acid into and across skin in vitro. 

In specific aim 11, we employed fractional ablative laser to treat bovine hoof 

membranes in order to enhance the transungual delivery of methotrexate in vitro. 
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CHAPTER 2 

LITERATURE REVIEW 

Transdermal Drug Delivery 

Transdermal delivery is a promising and attractive route for delivering  both 

small molecules and macromolecules (Andrews, Jeong, & Prausnitz, 2013; Kolli & 

Banga, 2008; Prausnitz & Langer, 2008; Tuan-Mahmood et al., 2013) because of 

skin’s large surface area, ease of use (Prausnitz & Langer, 2008), patient compliance 

(Tuan-Mahmood et al., 2013) and therapeutic effects. Transdermal delivery bypasses 

first pass-hepatic metabolism and hence, preferred for drugs with poor absorption rate 

and drugs which are unstable in the acidic environment of stomach or cause 

gastrointestinal tract irritation (Y.-C. Kim, Park, & Prausnitz, 2012; Prausnitz & 

Langer, 2008; Tuan-Mahmood et al., 2013). Another advantage of transdermal route 

is its ability to control the rate of drug delivery (Tuan-Mahmood et al., 2013). This 

can be explained by skin’s extremely low permeability (Kolli & Banga, 2008) 

rendered by the outermost lipophillic layer of dead corneocytes or the stratum 

corneum embedded in lipid-enriched matrix (Bolognia, Jorizzo, & Schaffer, 2012). It 

is the greatest barrier and a key factor in regulating drug flux through the skin 

(Andrews et al., 2013; Kolli & Banga, 2008). The cellular, viable, avascular epidermis 

also offers a significant permeability barrier to the transport of drugs (Andrews et al., 

2013). Successful transdermal delivery allows sufficient amount of drug to be 

transported across the epidermis to the superficial dermal capillary bed (Andrews et 

al., 2013; Badran, Kuntsche, & Fahr, 2009). Passive diffusion is traditionally limited 

to molecules of high potency (dose in milligrams or less), low molecular weight (< 
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500 Da) and high-to-moderate lipophilicities (Hampton, 2005). Transdermal drug 

delivery can be enhanced by optimization of the drug formulation (Tuan-Mahmood et 

al., 2013) or disruption of the skin barrier using chemical penetration enhancers 

(Williams & Barry, 2004) or physical approaches including lasers, electrical energy, 

ultrasound, radio frequency and thermal energy (Arora, Prausnitz, & Mitragotri, 2008; 

S. Coulman, Allender, & Birchall, 2006; Tuan-Mahmood et al., 2013). 

Microneedles 

Microneedle-mediated delivery is a minimally invasive, painless, cost-

effective, controllable, patient-compliant technique to significantly enhance 

trans/intra-dermal delive(Kalluri & Banga, 2011; Katikaneni, Badkar, Nema, & 

Banga, 2009). Upon insertion into skin, microneedles circumvent the stratum 

corneum, penetrate the epidermis layer to create hydrophilic, interstitial fluid-filled, 

micron-sized conduits in skin (microchannel) that are deep enough to fail the skin 

barrier function, shallow enough to not reach the nerve endings in the dermis layer, 

big enough to be the passage of therapeutic agent of any size (monoclonal 

antibody(Li, Badkar, Nema, Kolli, & Banga, 2009), vaccines (Sullivan et al., 2010), 

proteins and peptides (Katikaneni, Li, Badkar, & Banga, 2010; N. D. Singh & Banga, 

2013), cosmeceuticals (Scott & Banga, 2015)), and still, small enough to avoid 

irreversible damage to skin, irritation and infection (Banga, 2006, 2009, 2011; 

Donnelly et al., 2009; Kalluri & Banga, 2011; Kalluri, Kolli, & Banga, 2011; 

Katikaneni et al., 2009; Kolli & Banga, 2008; Li et al., 2009; Prausnitz, 2004; 

Sachdeva & K Banga, 2011; Vemulapalli, Yang, Friden, & Banga, 2008).  

Micron-sized needles (microneedles) have been fabricated using different 

materials (silicon, titanium, stainless steel, glass, and polymers) in a plethora of 

designs (solid/hollow/coated/dissolvable microneedles), geometries, densities, shapes 
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and dimensions to deliver therapeutic agents to the target site/depth in skin (Banga, 

2009, 2011; Kalluri & Banga, 2011; Kolli & Banga, 2008; Miyano et al., 2005; 

Sachdeva & K Banga, 2011; N. Singh, Kalluri, Herwadkar, Badkar, & Banga, 2012). 

However, potential issues of metal, glass and/or silicon microneedles (breakage of the 

needles in the skin, manufacturing costs and complexities) led to the development of 

biodegradable and biocompatible polymeric microneedles(Abla, Chaturvedula, 

O’Mahony, & Banga, 2013; Banga, 2011; Kalluri et al., 2011; Kolli & Banga, 2008; 

Miyano et al., 2005; Park, Allen, & Prausnitz, 2005; Sullivan et al., 2010).  

Biodegradable microneedles have been fabricated from sugars such as sucrose, 

trehalose (Martin, Allender, Brain, Morrissey, & Birchall, 2012) and maltose (Lee, 

Lee, & Jung, 2011; Miyano et al., 2005). Maltose (a carbohydrate and a GRAS 

substance) is a safe excipient for drug delivery systems (Lee et al., 2011; Miyano et 

al., 2005). It has been used to fabricate drug-loaded, dissolvable microneedles for 

mass production using the inexpensive micro-molding technique (Miyano et al., 2005) 

or stepwise controlled drawing lithography (Lee et al., 2011). The needles obtained 

demonstrate strong mechanical properties and rapid dissolution in skin. Besides, the 

microneedles have been used to perforate skin and create microchannels followed by 

the application of formulations (Banga, 2006) to significantly enhance transdermal 

delivery of various compounds across and into porated skin including nicardipine 

hydrochloride in vivo and in vitro (Kolli & Banga, 2008), vismodegib in vitro 

(Nguyen & Banga, 2015), daniplestim in vivo (13kDa protein) (Katikaneni et al., 

2010), calcein and human growth hormone in vitro (Kumar & Banga, 2012), 

methotrexate in vitro and in vivo (Vemulapalli et al., 2008), human immunoglobulin 

in vitro and in vivo (Li et al., 2010), glycopyrrolate in vitro (Gujjar & Banga, 2014a), 

human IgG in vitro (Li et al., 2009), ascorbic acid-2-glucoside and niacinamide in 



 

7 

 

vivo (Lee et al., 2011), leuprolide in vivo (Sachdeva et al., 2013), methotrexate in vitro 

(Sivaraman & Banga, 2016), diclofenac diethylamine in vitro and in vivo (Gujjar & 

Banga, 2014b), cyanocobalamin in vitro (Yang, Kalluri, & Banga, 2011, p. 12), low 

molecular weight heparin in vitro (Lanke, Kolli, Strom, & Banga, 2009), ascorbate, 

sodium salicylate, and calcein in vitro (Miyano et al., 2005), ropinirole hydrochloride 

in vitro (N. D. Singh & Banga, 2013) and epigallocatechin‐3‐gallate in vitro (Puri, 

Nguyen, & Banga, 2016). Maltose microneedles are designed to break the skin barrier 

and dissolve in skin within minutes, creating microchannels for drugs to diffuse into 

skin layers (Katikaneni et al., 2009, 2010; Kolli & Banga, 2008). Furthermore, 

maltose microneedles have been proved safe for hum(Miyano et al., 2005) avoid 

disposal complexities and can be loaded with proteins, peptides or other therapeutic 

compounds (≤ 10%) for transdermal delivery(Miyano et al., 2005). Moreover, the 

combination of microneedles and other physical enhancement techniques especially 

iontophoresis have shown a synergistic effect on drug delivery(Gujjar & Banga, 

2014a; Katikaneni et al., 2009; Kumar & Banga, 2012; Lanke et al., 2009; Sachdeva 

et al., 2013; N. D. Singh & Banga, 2013; Vemulapalli et al., 2008).  

Fractional Ablative Laser 

The Precise Laser Epidermal System (PLEASE®, PantecBiosolutions AG, 

Liechtenstein) emits a fractional ablative, diode-pumped Erbium:yttrium-aluminium-

garnet laser or a focused light of infrared wavelength (2940 nm), known as the high 

absorption wavelength of water molecules in tissue. On the micron-sized laser-treated 

area, the water molecules absorb high energy of the laser and evaporate rapidly from 

the skin, leaving aqueous microchannels in skin of approximately 150 µm in diameter 

(Heinrich et al., 2011; Weiss et al., 2012) while the skin in the vicinity of the channels 

appears unaffected (Sklar, Burnett, Waibel, Moy, & Ozog, 2014). Furthermore, the 
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dimensions (depth and area) of the channels can be adjusted by altering the system 

parameters, such as the laser energy (the penetration depth), density of pore (the 

number of pores) and treatment area (Hantash et al., 2007; Sklar et al., 2014; 

Elisabeth H. Taudorf et al., 2014). Studies have investigated the effect of changing 

parameters on the skin uptake of various compounds, such as lidocaine, imiquimod, 

prednisone, 5-aminolevulinate, methyl aminolevulinate, ingenol mebutate, and test 

dyes (Erlendsson et al., 2015; E. H. Taudorf et al., 2016; Elisabeth H. Taudorf et al., 

2014). Thus, ablative laser could provide controllable, desirable, and targeted 

transdermal drug delivery (Hantash et al., 2007).  

Low-Frequency Sonophoresis 

Sonophoresis or phonophoresis implies application of ultrasound energy as a 

physical enhancer to drive molecules into and across skin (Mutoh et al., 2003; Polat, 

Hart, Langer, & Blankschtein, 2011). Sonophoresis operates at frequencies in the 

range of 20 kHz–16 MHz and intensities up to 14 W/cm2 (spatial average pulse 

average intensity, ISAPA) to enhance skin permeability (Bommannan, Menon, 

Okuyama, Elias, & Guy, 1992; Mitragotri & Kost, 2000). Depending on the 

frequency of ultrasound used, it can be further classified into low frequency 

ultrasound (20–100 kHz) and therapeutic frequency ultrasound 1–3 MHz (Herwadkar, 

Sachdeva, Taylor, Silver, & Banga, 2012). The exact mechanism behind enhancement 

of transdermal delivery by sonophoresis is not yet fully understood (Boucaud et al., 

2001; Herwadkar et al., 2012; D. Park, Park, Seo, & Lee, 2014). Several proposed 

mechanisms of sonophoresis include thermal effects by absorption of ultrasound 

energy and cavitation effects caused by collapse and oscillation of cavitation bubbles 

in the ultrasound field. However, acoustic cavitation (formation and oscillation of gas 

microbubbles in the coupling medium) is predominant mechanism responsible for 
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sonophoresis mediated enhancement in transdermal delivery (Tang, Wang, 

Blankschtein, & Langer, 2002; Ueda, Mutoh, Seki, Kobayashi, & Morimoto, 2009). 

Collapse of these microbubbles on the surface of skin (stratum corneum) has been 

proposed to lead to disruption in the stratum corneum lipid bilayers thereby 

leading to facilitated percutaneous penetration of drugs and biologicals (Katikaneni, 

Li, Badkar, & Banga, 2010; Mitragotri, 2006). Ultimately, it is the capacity of 

sonophoresis to enhance drug delivery in a safe and efficient manner that is of interest 

in clinical practice (K. Ita, 2017). Sonophoresis has also been shown to effectively 

deliver various types of drugs regardless of their electrical characteristics and can 

easily be coupled with other transdermal delivery methods to enhance drug delivery 

rates (Langer, 1990; Merino, Kalia, & Guy, 2003; Mitragotri, 2000). Numerous 

studies of sonophoresis have been shown to increase skin permeability to various 

drugs and therapeutic compounds, including hydrophilic and large molecular weight 

compounds, especially under low frequency sonophoresis (20 –150 kHz) (Fang, Fang, 

Sung, & Chen, 1999; D. Park et al., 2014; Tachibana & Tachibana, 1993; Ueda, 

Sugibayashi, & Morimoto, 1995). Since cavitation is inversely proportional to the 

frequency of ultrasound, low frequency sonophoresis (20–100 kHz) has been more 

effective in enhancing transdermal delivery of small hydrophilic molecules as well as 

macromolecules (Herwadkar et al., 2012). Sonophoresis of proteins such as insulin has 

been achieved at a therapeutic level in vivo (Mitragotri, Blankschtein, & Langer, 

1995; Tachibana & Tachibana, 1993). Recent literature suggests that low frequency 

sonophoresis would be a more effective technique in enhancing transdermal delivery 

of small hydrophilic molecules (Sarheed & Rasool, 2011) as well as macromolecules 

(Mitragotri et al., 1995; Mitragotri, Blankschtein, & Langer, 1996; Polat, 

Blankschtein, & Langer, 2010; Polat, Seto, Blankschtein, & Langer, 2011). This 
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technique has been commonly used to assist delivery of topically applied anesthetics, 

counter irritants and anti-inflammatory agents (Maruani, Boucaud, et al., 2010). 

Additionally, sonophoresis of histamine is being investigated as a positive control for 

allergy testing (Maruani, Vierron, Machet, Giraudeau, & Boucaud, 2010). 

Therapeutic frequency sonophoresis (1 MHz, 1.5 W/cm2 ) for 5 min in both pulsed 

and continuous mode has been shown to be beneficial for transdermal delivery of 

ketoprofen. Delivery with sonophoresis resulted in higher accumulation of ketoprofen 

in synovial tissue, which is the major site of inflammation in arthritis conditions 

(Cagnie, Vinck, Rimbaut, & Vanderstraeten, 2003). However, sonophoretic 

enhancement of transdermal permeation is highly variable from drug to drug 

(Mitragotri, Blankschtein, & Langer, 1997). 

Iontophoresis 

Iontophoresis (a current-mediated enhancement of transdermal drug delivery) 

is an active energy process which uses small amounts of physiologically acceptable 

electric current (<0.5 mA/sq.cm) for minutes or hours to drive ionized and neutral 

molecules through the skin into the body (Ajay K. Banga, 2002; Jadoul, Bouwstra, & 

Preat, 1999; Katikaneni et al., 2010). Iontophoresis (ITP) can enhance transport across 

the skin by a number of possible mechanisms such as electrophoretic 

(electrorepulsion) and electroosmotic (convective flow) driving forces (Green, 1996; 

A. Kim, Green, Rao, & Guy, 1993; Lombry, Dujardin, & Préat, 2000; Prausnitz, 

1999). Molecular transport during  iontophoresis  is  believed to occur mainly through 

hair follicles  and  sweat  glands (Ajay K. Banga, 2002). Iontophoretic techniques 

may therefore be useful for increasing transdermal penetration of MTX (Alvarez-

Figueroa, Delgado-Charro, & Blanco-Mendez, 2001). As MTX is negatively charged 

at physiological pH (pH 7.4), it could be delivered by cathodal ITP by means of 
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electrorepulsion. Also, electroosmotic might be useful in delivering negatively 

charged molecules in several cases. Singh et al. (Singh & Singh, 1995) studied the 

combined effect of iontophoresis and enhancers such as DMSO (dimethylsulphoxide), 

DMF (dimethylformamide), DMA (dimethylacetamide) and Azone (1-

dodecylazacycloheptan-2-one) on the transdermal penetration of MTX. They reported 

that iontophoresis further increased the permeability coefficient of MTX as compared 

to that measured using the enhancers passively (Alvarez-Figueroa et al., 2001). 

However, these authors did not characterize the iontophoretic penetration of MTX in 

the absence of chemical enhancers (Alvarez-Figueroa et al., 2001). A clinical study on 

MTX delivery by ITP suggested that a short application of current is sufficient for 

clinical efficacy and treatment of recalcitrant psoriasis (Tiwari, Kumar, Udupa, & 

Balachandran, 2003).  

Poly(lactic-co-glycolic acid) Microparticles 

Poly(lactic-co-glycolic acid) (PLGA) is the most explored polymer for 

nanoparticle and microparticle design for targeted and controlled drug delivery 

systems due to its biodegradability and good bio-compatibility (Schliecker, Schmidt, 

Fuchs, Wombacher, & Kissel, 2003). PLGA carriers provide controlled drug release 

from periods of a few days up to several months based on their molecular weight and 

ratio of lactide: glycolide chains. PLGA degrades into water-soluble, non-toxic, 

products through hydrolysis in-vivo. Indeed, several PLGA microparticle-based 

products, such as Lupron Depot®, are currently approved for human use (Fredenberg, 

Wahlgren, Reslow, & Axelsson, 2011). Tailored drug release can be achieved based 

on its molecular weight and lactide: glycolide ratio (Panyam et al., 2003). 
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Doxorubicin 

Doxorubicin (DOX) (molecular weight 543.52 g/mol) is a non-selective class I 

anthracycline antibiotic compound (Tacar, Sriamornsak, & Dass, 2013), which is 

among the most widely used Food and Drug Administration-approved antitumor 

drugs to treat various types of cancers especially solid tumors such as breast cancer, 

neuroblastoma, and ovarian cancer (Janes, Fresneau, Marazuela, Fabra, & Alonso, 

2001; Wu, Xu, Jiang, Shen, & Pu, 2015). DOX has been proved to restrain rapidly 

dividing cells and slow the disease progression (Tacar et al., 2013). The common 

route of administration of DOX is a venous or arterial injection (Wu et al., 2015). 

However, due to non-targeted delivery, the systemic administration of a 

therapeutically effective dose of DOX caused toxic adverse effects such as non-

selective cardiotoxicity, myelosuppression, and mucositis (J. O. Kim, Kabanov, & 

Bronich, 2009; Taveira, Nomizo, & Lopez, 2009). Topical chemotherapy could be an 

effective alternative to reduce the systemic toxicity of DOX (Herai, Gratieri, 

Thomazine, Bentley, & Lopez, 2007; Taveira et al., 2009).  

DOX has a favorable pharmacokinetic profile for the transdermal routes such 

as short half-life, low bioavailability, high dose, and dose-dependent toxicity. 

However, skin permeability of DOX is limited by the superficial lipophilic stratum 

corneum layer due to its physical properties such as its hydrophilicity, charge, and 

high molecular weight (Herai et al., 2007). Furthermore, the anthracycline structure of 

DOX interacts with anionic lipids inside the stratum corneum to prevent it from 

diffusing into the underlying skin layers (Herai et al., 2007). Owing to these reasons, 

the skin permeation of DOX needs to be improved to increase the tumor 

bioavailability. An enhanced delivery of DOX has been achieved by using monoolein-

containing propylene glycol formulations (Herai et al., 2007), nanoparticles (Janes et 
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al., 2001; Tan, Friedhuber, Dunstan, Choong, & Dass, 2010), liposomes (Gabizon, 

Shmeeda, & Barenholz, 2003; Plosker, 2008), hydrogels (Ta, Dass, Larson, Choong, 

& Dunstan, 2009), iontophoresis with chitosan gel (Taveira et al., 2009), and 

combination of iontophoresis and liposomes (I. Han, Kim, & Kim, 2004). DOX has 

also been loaded in near-infrared-light-triggered biodegradable polycaprolactone 

microneedles (M.-C. Chen, Wang, Chen, Ling, & Liu, 2015), encapsulated into poly 

(lactic-co-glycolic) acid nanoparticles and coated on metal microneedles for intra-

tumoral delivery (Ma, Boese, Luo, Nitin, & Gill, 2015). The fluorescent property (the 

excitation wavelength of 490 nm and the emission wavelength of 560-590 nm) of 

DOX has been used to detect and track its permeation, distribution, and transport 

pathway through the skin (M.-C. Chen, Wang, et al., 2015; I. Han et al., 2004; 

Mansoor et al., 2015).  

Methotrexate 

Methotrexate (N-4-[[2, 4- diamino-6-pteridinyl)methyl] methylamino] 

benzoyl]- L-glutamic acid, MTX) is a well proven chemotherapeutic and anti-

inflammatory folic acid analog with anti-neoplastic and immunosuppressant activity 

that is used in the treatment of psoriasis and rheumatoid arthritis (Vemulapalli, Yang, 

Friden, & Banga, 2008). MTX belongs to the disease-modifying antirheumatic drugs 

class (Rachna Prasad & Koul, 2012). MTX acts by competitively inhibiting the 

enzyme dihydrofolate reductase, which converts dihydrofolate to the active 

tetrahydrofolate, and preventing the formation of tetrahydrofolate, which is necessary 

for the synthesis of purine nucleotides and thymidylate, resulting in inhibition of RNA 

and DNA synthesis, and cell replication (acting primarily at the S-phase of the cell 

cycle) (Dadlani & Orlow, 2005; Patiño-García, Zalacaín, Marrodán, San-Julián, & 

Sierrasesúmaga, 2009; Rachna Prasad & Koul, 2012). Actively proliferating tissues 
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are, in general, more sensitive to this effect and is therefore used in the treatment of 

certain neoplastic diseases such as psoriasis and rheumatoid arthritis (Stagni & 

Shukla, 2003). MTX impairs malignant growth without irreversible damage to normal 

tissues (Rachna Prasad & Koul, 2012). MTX is widely used in the treatment of 

juvenile rheumatoid arthritis, acute lymphocytic leukemia, osteosarcoma, CNS 

embryonal tumors, and dermatomyositis (Dadlani & Orlow, 2005; Patiño-García et 

al., 2009). At high doses, MTX is used in the treatment of certain neoplastic diseases 

and at low doses, for the treatment of psoriasis and rheumatoid arthritis (Stagni & 

Shukla, 2003; Tian & Cronstein, 2007). 

MTX is commercially available in the form of tablets and injections and is 

given orally or by the parenteral route (intramuscular/intravenous) for the treatment of 

psoriasis (Peters, Schornagel, & Milano, 1993). The general dose range of MTX for 

psoriasis and rheumatoid arthritis is 7.5–25 mg per week (Vemulapalli, Yang, et al., 

2008). The systemic use of MTX carries a potential risk inducing hepatotoxicity (the 

most important side effect (Naldi & Griffiths, 2005)), suppressing bone marrow 

function and causing extensive adverse effects, such as oral mucositis, gastrointestinal 

toxicity, abdominal distress, nausea, vomiting, anaemia, fatigue, headache and 

thrombocytopenia, when used over a prolonged period of time (Rosenberg et al., 

2007; Tian & Cronstein, 2007; Van Outryve et al., 2002; Vemulapalli, Yang, et al., 

2008). When taken orally, the uptake of MTX by the gastrointestinal tract is limited 

due to the saturation of the transporter, reduced folate carrier 1. Also, the drug is 

partly metabolized by intestinal bacteria to the inactive form and its bioavailability is 

approximately 40% (Rachna Prasad & Koul, 2012). The parenteral routes are poorly 

acceptable in children and are associated with needle phobia. Moreover, the injections 

have to be administered by trained personnel (Gill & Prausnitz, 2007b).  
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A topical formulation of MTX might be of greater utility for the treatment of 

localized dermatologic, rheumatic, and hyperproliferative skin disorders (Javadzadeh 

& Hamishehkar, 2011; W.-R. Lee, Shen, Fang, Zhuo, & Fang, 2008). Also, 

methotrexate can be delivered transdermally for the treatment of acute lymphocytic 

leukemia, a common malignancy in pediatric patients (Mehtab J. Abla, Chaturvedula, 

O’Mahony, & Banga, 2013). Furthermore, side effect of systemtic MTX can be 

minimized and local tissue concentration can be enhanced if the drug is used topically 

or transdermally (Hwang, Lin, Chen, & Sharpe, 1995; Kumar, Sandhu, & Kaur, 2004; 

Vemulapalli, Yang, et al., 2008). A recent review highlights MTX as a suitable 

candidate for transdermal drug delivery (Shah, Roberts, Orlu Gul, Tuleu, & 

Beresford, 2011). Cancer patients on multi-drug therapy suffer from severe side 

effects from these drugs. Avoiding conventional routes of drug delivery (oral, 

intravenous, intra muscular) will help patients to improve their quality of life (Vagace, 

de la Maya, Caceres-Marzal, de Murillo, & Gervasini, 2012). In vivo studies in mice 

(Ali, Salah, Rafea, & Saleh, 2008; Rachna Prasad, Anand, & Koul, 2011; Stewart, 

Wallace, & Runikis, 1972) and patients (Ali et al., 2008; Comaish & Juhlin, 1969; 

Eskicirak, Zemheri, & Cerkezoglu, 2006; Sutton, Swinehart, Cato, & Kaplan, 2001; 

Syed, Hadi, Qureshi, Nordstrom, & Ali, 2001; van Scott & Reinertson, 1959; 

Weinstein, McCullough, & Olsen, 1989) demonstrated that the topical application of 

MTX was well tolerated locally without systemic adverse effects. 

Efforts have been made to enhance the delivery of MTX across the skin by 

formulating the drug in gels and creams and using enhancement methods (Alvarez-

Figueroa & Blanco-Mendez, 2001; Alvarez-Figueroa et al., 2001; Sutton et al., 2001; 

Vaidyanathan, Chaubal, & Vasavada, 1985)The drug capacity for passive diffusion 

across the skin barrier―the lipophilic stratum corneum―is limited, since MTX is 
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hydrophilic (log P value of -1.85, pKa1 value of 5.6, pKa2 value of 4.8, and pKa3 

value of 3.8), negatively charged molecule at physiological pH (the presence of a 

glutamic acid moiety in its structure), and has a high molecular weight 454.44 Da 

(Mehtab J. Abla et al., 2013; Alvarez-Figueroa et al., 2001; Fang, Liu, & Huang, 

2008; W.-R. Lee et al., 2008; Rachna Prasad & Koul, 2012). Furthermore, MTX is 

not stable in water for extended periods, thus, highlighting the importance of the 

vehicle used for topical MTX delivery. One of the presumed reasons for the lack of 

clinical activity of topical methotrexate in psoriasis is insufficient percutaneous 

penetration necessary to inhibit epidermal DNA synthesis (Javadzadeh & 

Hamishehkar, 2011; W.-R. Lee et al., 2008; Sutton et al., 2001). Kumar et al also 

reported that percutaneous absorption of methotrexate was the limiting factor (Kumar 

et al., 2004). 

To overcome the barrier properties of the stratum corneum, topical delivery of 

MTX has previously been enhanced by chemical enhancement strategies and physical 

barrier penetration techniques including microemulsions (Alvarez-Figueroa & 

Blanco-Mendez, 2001), liposomes (Ali et al., 2008), iontophoresis (Alvarez-Figueroa 

& Blanco-Mendez, 2001; Rachna Prasad et al., 2011), electroporation (W.-R. Lee et 

al., 2008), microneedles (Vemulapalli, Yang, et al., 2008), intracutaneous injections 

(Stewart et al., 1972), diode laser (Ali et al., 2008), full-ablative erbium yttrium 

aluminium garnet laser (Er:YAG laser) (W.-R. Lee et al., 2008), and ablative 

fractional laser (AFXL) (Elisabeth Hjardem Taudorf et al., 2015). Iontophoresis has 

been used to enhance transdermal delivery of MTX (Rachna Prasad, Koul, & Khar, 

2005; T.-W. Wong, Zhao, Sen, & Hui, 2005). However, iontophoretic administration 

causes irreversible damage of skin. Partial removal of the stratum corneum by 

mechanical abrasion, tape-stripping, or chemical treatment may significantly increase 
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skin permeation of hydrophilic molecules (W.-R. Lee et al., 2008). These approaches 

may be limited due to the lack of control and reproducibility, as well as their potential 

to cause irritation (W.-R. Lee et al., 2008). Combinations of chemical enhancers and 

physical enhancers such as iontophoresis/electro-poration/microneedles might more 

effective in increasing the MTX permeation across skin (Rachna Prasad, Anand, 

Khar, Dinda, & Koul, 2009; R. Prasad, Koul, Anand, & Khar, 2007). In vitro studies 

of these techniques have shown that MTX can be delivered topically (Mehtab J. Abla 

et al., 2013; W.-R. Lee et al., 2008; Rachna Prasad et al., 2011). However, the 

efficacy of topical MTX in in vivo studies on animals and human psoriasis patients 

has shown conflicting results, which may be explained by imprecise drug delivery 

(Ali et al., 2008; Comaish & Juhlin, 1969; Fry & McMinn, 1967; Stewart et al., 

1972). Therefore, there is still a need to investigate new approaches to enhance MTX 

permeation.  

Vismodegib 

Amongst more than 2 million cases of non-melanoma skin cancer diagnosed 

in 2006, approximately 80 % were basal cell carcinoma (BCC), which was reported as 

the most commonly occurring human skin malignancy (Cowey, 2013; Macha, Batra, 

& Ganti, 2013). According to the American Cancer Society Facts and Figures 2013, 

2.2 out of 3.5 million non-melanoma skin cancer cases that were treated annually in 

the United States were basal cell carcinoma. Advanced or metastatic BCC is an 

invasive form of disease which spreads distantly in the body and cannot be treated by 

surgery or radiation therapy (Cowey, 2013). Cancer cell growth in BCC occurs due to 

mutation in Smoothened, a transmembrane protein in Hedgehog signal transduction, 

which regulates the Hedgehog (Hh) pathway. Vismodegib (Hedgehog Antagonist 

GDC-0449) was recently approved by US Food and Drug Administration to be a first-
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in-class, orally bioavailable smoothened inhibitor for use in patients with locally 

advanced or metastatic BCC (Cowey, 2013; Macha et al., 2013). Vismodegib 

electively deactivates the Hedgehog pathway by inhibiting the Smoothened protein, 

resulting in suppression of Gli-1/2 transcriptional activation that interferes with tumor 

cell growth and survival (Cowey, 2013). Presently, vismodegib is commercially 

marketed by Genetech as Erivedge TM capsule 150 mg. Vismodegib has a low oral 

absolute bioavailability (31.8 %),  partly due to its poor water solubility (pH 

dependent with 0.1 µg/ml at pH 7) (Fellner, 2012). However, small molecular weight 

(421.30 g/mol), moderate lipophilicity (log P = 2.7) and high permeability of 

vismodegib make it an ideal candidate for transdermal delivery. Furthermore, high 

plasma protein binding (greater than 99 %) facilitates diffusion of vismodegib through 

convective blood, lymphatic and interstitial transport into deep tissues (Dancik, 

Anissimov, Jepps, & Roberts, 2012).  

Salicylic acid 

Acne vulgaris (Acne), a common chronic dermatological condition, is one of 

the top three disorders treated in outpatient dermatological practice (Keratoacanthoma 

et al., 2012). It is found to affect people of almost every age group, in particular, 81-

95% of adolescent boys, 79-82% girls, 12% women, and 3% adult men 

(Keratoacanthoma et al., 2012). The average age of acne sufferers who seek treatment 

from physicians is 24 years (Bowe & Shalita, 2008). In the United States, 

approximately 45 million people are impacted by acne vulgaris (Bowe & Shalita, 

2008). An increase in sales of over-the-counter acne treatment products was reported 

to be more than one billion dollars in 2001 (Keratoacanthoma et al., 2012).  

In the present study, a broadly used anti-acne compound, salicylic acid, was 

selected as the model drug. Salicylic acid, a β-hydroxy acid, is a keratolytic agent 
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used in the treatment of multiple skin diseases including acne, psoriasis, and 

photoaging (Keratoacanthoma et al., 2012). It is an active ingredient in several skin-

care products including acne cleansers, astringents, and lotions (Keratoacanthoma et 

al., 2012). Naturally present in the bark of willow (Salix Alba), it is milder than 

benzoyl peroxide or α-hydroxy acids (M. A. Davies, 2015). In addition to keratolytic 

effect, salicylic acid also exhibits bactericidal and comedolytic properties (M. A. 

Davies, 2015). It is used in the concentration range of 0.5-10 % for treatment of acne 

(Akhavan & Bershad, 2003). However, the maximum strength of salicylic acid is 2% 

in over the counter products in the US such as serum gel, baby face 2% salicylic acid 

gel, smooth E acne hydrogel, and Neutrogena rapid clear® acne eliminating spot gel 

(Akhavan & Bershad, 2003; M. A. Davies, 2015).   

Mechanistically, due to its desmolytic properties, salicylic acid causes 

individual corneocyte desquamation that simulates natural exfoliation and shows 

comedolytic activity. The desmolytic and comedolytic properties of salicylic acid are 

concentration-dependent (Keratoacanthoma et al., 2012). Salicylic acid promotes 

desquamation of stratum corneum by breaking the bonds created by 

corneodesmosomes that maintain adherence between contiguous corneocytes 

(Kaminsky, 2003). Physiological desquamation smoothens the texture and appearance 

of skin and gives an illusion of reduced pore sizes (Keratoacanthoma et al., 2012). 

When desquamation occurs at the periphery of clogged pore, it causes the pore to 

open up, permitting entry of salicylic acid into the area where it can kill bacteria such 

as Propionibacterium acnes and prevent the pore from re-clogging (M. A. Davies, 

2015).  

The most preferred route of administration of salicylic acid is the topical route 

that helps to avoid drug degradation in gastrointestinal tract, first-pass metabolism, 
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drug-drug interactions, serious adverse events or direct toxicities such as nausea, 

vomiting, dyspepsia or diarrhea (Verberne et al., 2002). However, the stratum 

corneum layer of skin with wall-like structure of protein bricks and lipid mortar 

(Simonsen & Fullerton, 2007), acts as a barrier to the penetration of salicylic acid 

(Harada et al., 1993). 

Rubbing 

The effect of rubbing on effectiveness of topical/transdermal formulations has 

been investigated in earlier studies (Hasler-Nguyen & Fotopoulos, 2012; Kampf & 

Hollingsworth, 2008). It is commonly recommended to rub or massage a topical 

product on the treated site. It seems this can cause skin hydration or activation of 

gating mechanisms and densensitization of local nerve endings (Hasler-Nguyen & 

Fotopoulos, 2012) or disruption of skin’s lipid structure, stratum corneum (Hasler-

Nguyen & Fotopoulos, 2012; Ishii, Todo, & Sugibayashi, 2010; Stumpp, Chen, & 

Welch, 2006). Rubbing was reported to increase the skin permeability of entrapped 

drug in ointment (Ishii et al., 2010).  However, a quantitative study has not been 

conducted to date to assess the effect of rubbing on permeation of salicylic acid 

through skin. 

Nail psoriasis 

A human nail consists of the nail plate (0.25-0.60 mm thick, a thin structure of 

approximately 25 layers of tightly packed dead keratinocytes with a matrix of keratin 

filaments) and four epithelial tissues (nail matrix, nail bed, hyponychium, and 

perionychium) (Murdan, 2002; Murthy & Maibach, 2012). The upper layer of the 

human nail plate is a slightly elastic and poorly permeable structure that serves as the 

primary barrier to permeation of  therapeutic agents from topical formulations while 

the full-thickness nail behaves as a hydrophilic gel matrix (Khengar, Jones, Turner, 
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Forbes, & Brown, 2007; Kobayashi, Miyamoto, Sugibayashi, & MORIMOTO, 1999; 

Neev et al., 1997). A common nail disease is nail psoriasis, which presents in 

approximately 50% of psoriasis patients (Armesto et al., 2011; Augustin et al., 2010). 

De Berker reported that nail psoriasis created a social issue in 93% of patients and 

pain in 52% of the patients (D. de Berker, 2009). The distinguishing features of nail 

psoriasis depend primarily on the type of affected nail tissue: the nail matrix, nail bed, 

or nail fold. Psoriatic nail matrix causes pitting, nail fragility, crumbling, or nail loss 

while the psoriatic nail bed causes onycholysis, splinter hemorrhages, and subungual 

hyperkeratosis (Murdan, 2002). Patients with this chronic, debilitating condition 

undergo long-term therapy and commonly experience relapse (Murdan, 2002); drug 

delivery to target nail psoriasis poses a clinical and therapeutic challenge.  

The current treatment landscape of nail psoriasis includes an array of 

treatments, including nail care, intralesional injections (triamcinolone acetonide 

(Grover, Bansal, Nanda, & Reddy, 2005) and methotrexate (Sarıcaoglu, Oz, & Turan, 

2011)), radiation therapy, topical products (tacrolimus, fluorouracil, topical 

cyclosporine, tazarotene, anthralin, and clobetasol propionate), systemic therapies, 

and surgical interventions (Crowley et al., 2015; Sarıcaoglu et al., 2011). However,  

nail psoriasis remains difficult to treat due to poor permeation of topical agents into 

the nail bed, pain with intralesional injections, and patients’ non-compliance with the 

long-duration therapies (Crowley et al., 2015; Murdan, 2002). 

One of the effective compounds to treat nail psoriasis is methotrexate (MTX). 

Sarıcaoglu et al. injected 2.5 mg MTX intralesionally into the proximal nail fold to 

safely and effectively treat nail psoriasis (Sarıcaoglu et al., 2011). Daulatabad et al. 

also injected MTX solution (25 mg/mL, 0.1 mL) into the nail bed to obtain a 

significant decline in the mean Nail Psoriasis Severity Index (Daulatabad, Grover, & 
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Singal, 2017). Similarly, oral administration of MTX has been demonstrated to be 

effective against nail psoriasis (Gümüşel, Özdemir, Mevlitoğlu, & Bodur, 2011; J. Y.-

Y. Lee, 2009; Reich et al., 2011). However, the intralesional injection has several 

limitations: severe pain to patients, injection site hyperpigmentation, and non-

standardized dosing (Sarıcaoglu et al., 2011). Systemic delivery of MTX poses 

adverse effects, such as oral mucositis, liver fibrosis, bone marrow suppression, 

myelotoxicity, hepatotoxicity, thrombocytopenia, and pneumonitis (Kelly & 

Ramanan, 2011; Sarıcaoglu et al., 2011; Van Outryve et al., 2002). Thus, MTX has 

been recommended only for patients who suffer from combined skin and nail disease 

(severe forms of psoriasis) (Schons et al., 2014). To avoid systemic side effects, 

topical therapy using methotrexate appeared promising for nail psoriasis. However, 

delivery of MTX through the nail plate by passive diffusion is challenging due to its 

high molecular weight (454.44 g mol-1). Kobayashi et al. predicted a negligible nail 

permeability of drugs of high molecular weight (>240 g mol-1) (Kobayashi et al., 

2004). To date, topical administration of methotrexate for nail psoriasis has not been 

explored, to the best of our knowledge. 

The transungual delivery of MTX could be enhanced if the nail plate―the 

major barrier to drug permeation―is compromised. Removing part of the nail plate 

has been shown to increase the drug penetration to the target sites to therapeutic levels 

(Murdan, 2002). In clinical trials, Pittrof et al. and Lauharanta showed that the 

physical disruption of the nail plate was critical for the success of topical treatment 

(Lauharanta, 1992; Pittrof, Gerhards, Erni, & Klecak, 1992). The use of physical 

treatment of the nail plate provided several advantages (i) increase the permeation of 

topical agents into the nail bed, (ii) avoid systemic therapy associated with adverse 

effects, and (iii) allow targeted treatment to the diseased nails (Neev et al., 1997). 
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CHAPTER 3 

ENHANCED SKIN DELIVERY OF VISMODEGIB BY MICRONEEDLE 

TREATMENT 

Abstract 

The present study investigated the effects of microneedle treatment (maltose 

microneedles, Admin Pen TM 1200 and Admin Pen TM 1500) on in vitro transdermal 

delivery of vismodegib with different needle length, skin equilibration time and 

microneedle insertion duration. The influence of microneedle treatment on the 

dimensions of microchannels (dye binding, calcein imaging, histology and confocal 

microscopy studies), transepidermal water loss and skin permeability of vismodegib 

was also evaluated. Skin viscoelasticity was assessed by rheometer and microneedle 

geometry was characterized using scanning electron microscopy. Permeation studies 

of vismodegib through dermatomed porcine ear skin were conducted using vertical 

Franz diffusion cells. Skin irritation potential of vismodegib formulation was assessed 

using in vitro reconstructed human epidermis model. Results of the in vitro 

permeation studies revealed significant enhancement in permeation of vismodegib 

through microneedle-treated skin. As the needle length increased from 500 to 1100 

and 1400 µm, drug delivery increased from 14.50 ± 2.35 to 32.38 ± 3.33 and 74.40 ± 

15.86 µg/sq.cm, respectively. Positive correlation between drug permeability and 

microneedle treatment duration was observed. The equilibration time was also found 

to affect delivery of vismodegib.  Thus, changes in microneedle length, equilibration 

time and duration of treatment altered transdermal delivery of vismodegib. 
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Introduction 

Amongst more than 2 million cases of non-melanoma skin cancer diagnosed 

in 2006, approximately 80 % were basal cell carcinoma (BCC), which was reported as 

the most commonly occurring human skin malignancy (Cowey, 2013; Macha et al., 

2013). According to the American Cancer Society Facts and Figures 2013, 2.2 out of 

3.5 million non-melanoma skin cancer cases that were treated annually in the United 

States were basal cell carcinoma. Advanced or metastatic BCC is an invasive form of 

disease which spreads distantly in the body and cannot be treated by surgery or 

radiation therapy (Cowey, 2013). Cancer cell growth in BCC occurs due to mutation 

in Smoothened, a transmembrane protein in Hedgehog signal transduction, which 

regulates the Hedgehog (Hh) pathway. Vismodegib (Hedgehog Antagonist GDC-

0449) was recently approved by US Food and Drug Administration to be a first-in-

class, orally bioavailable inhibitor of Smoothened for use in patients with locally 

advanced or metastatic BCC (Cowey, 2013; Macha et al., 2013). Vismodegib 

electively deactivates the Hedgehog pathway by inhibiting the Smoothened protein, 

resulting in suppression of Gli-1/2 transcriptional activation that interferes with tumor 

cell growth and survival (Cowey, 2013). Presently, vismodegib is commercially 

marketed by Genetech as Erivedge TM capsule 150 mg. Vismodegib has a low oral 

absolute bioavailability (31.8 %),  partly due to its poor water solubility (pH 

dependent with 0.1 µg/ml at pH 7) (Fellner, 2012). However, small molecular weight 

(421.30 g/mol), moderate lipophilicity (log P = 2.7) and high permeability of 

vismodegib make it an ideal candidate for transdermal delivery. Furthermore, high 

plasma protein binding (greater than 99 %) facilitates diffusion of vismodegib through 

convective blood, lymphatic and interstitial transport into deep tissues (Dancik et al., 

2012).  
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Transdermal delivery is a promising and attractive route for delivering  both 

small molecules and macromolecules (Andrews et al., 2013; Kolli & Banga, 2008; 

Prausnitz & Langer, 2008; Tuan-Mahmood et al., 2013) because of skin’s large 

surface area, ease of use (Prausnitz & Langer, 2008), patient compliance (Tuan-

Mahmood et al., 2013) and therapeutic effects. Transdermal delivery bypasses first 

pass-hepatic metabolism and hence, preferred for drugs with poor absorption rate and 

drugs which are unstable in the acidic environment of stomach or cause 

gastrointestinal tract irritation (Y.-C. Kim et al., 2012; Prausnitz & Langer, 2008; 

Tuan-Mahmood et al., 2013). Another advantage of transdermal route is its ability to 

control the rate of drug delivery (Tuan-Mahmood et al., 2013). This can be explained 

by skin’s extremely low permeability (Kolli & Banga, 2008) rendered by the 

outermost lipophillic layer of dead corneocytes or the stratum corneum embedded in 

lipid-enriched matrix (Bolognia et al., 2012). It is the greatest barrier and a key factor 

in regulating drug flux through the skin (Andrews et al., 2013; Kolli & Banga, 2008). 

The cellular, viable, avascular epidermis also offers a significant permeability barrier 

to the transport of drugs (Andrews et al., 2013). Successful transdermal delivery 

allows sufficient amount of drug to be transported across the epidermis to the 

superficial dermal capillary bed (Andrews et al., 2013; Badran et al., 2009). Passive 

diffusion is traditionally limited to molecules of high potency (dose in milligrams or 

less), low molecular weight (< 500 Da) and high-to-moderate lipophilicities 

(Hampton, 2005). Transdermal drug delivery can be enhanced by optimization of the 

drug formulation (Tuan-Mahmood et al., 2013) or disruption of the skin barrier using 

chemical penetration enhancers (Williams & Barry, 2004) or physical approaches 

including lasers, electrical energy, ultrasound, radio frequency and thermal energy 

(Arora et al., 2008; S. Coulman et al., 2006; Tuan-Mahmood et al., 2013). 
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Micron-size microneedles expand the scope of transdermal delivery by 

creating microscopic channels that enhance the delivery of therapeutic agents ranging 

in size from small molecules (including drug-loaded nanoparticles) to 

macromolecules such as proteins across the skin (Kolli & Banga, 2008; G. Li, Badkar, 

Kalluri, & Banga, 2010). Small and very sharp microneedles have sufficient length 

and strength to penetrate the stratum corneum and epidermis, however, do not 

stimulate the nerve fibers and blood vessels (Andrews et al., 2013; Kolli & Banga, 

2008). Microneedles, due to their cost effectiveness, ease of self-administration and 

being minimally invasive, provide patient compliance (Y.-C. Kim et al., 2012). As 

compared to transdermal patches, microneedles can deliver therapeutic amounts of 

pharmaceutical drugs in a shorter period of time (Yuzhakov, 2010). Molecules can be 

placed at a desired depth in skin (Kolli & Banga, 2008) with relatively low microbial 

ingress (Donnelly, Singh, et al., 2009) by using needles of various lengths. Increase in 

microneedle density, insertion time, length, number of applications (Gomaa et al., 

2010; Kaur, Ita, Popova, Parikh, & Bair, 2014) and force of insertion (Cheung, Han, 

& Das, 2014) have been reported to increase the in vitro diffusion rate of drugs across 

the skin. Microneedles treatment significantly enhanced the transdermal delivery of 

PEGylated naltrexone prodrug (Milewski, Yerramreddy, Ghosh, Crooks, & 

Stinchcomb, 2010), nanoencapsulated dye (Gomaa et al., 2012), verapamil 

hydrochloride and amlodipine (Kaur et al., 2014) and mannitol (Badran et al., 2009).  

In the present study, maltose microneedles, Admin PenTM 1200 and Admin 

PenTM 1500 (Figure 1) were used to enhance the in vitro penetration of vismodegib 

across dermatomed porcine ear skin. The studies included characterization of 

dermatomed porcine ear skin samples (dynamic viscoelasticity), microneedle 

dimensions (Scanning electron microscopy) and microchannels (dye binding studies, 
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calcein imaging, histology and confocal microscopy studies); investigation of skin 

after microneedle insertion (transepidermal water loss measurement); evaluation of 

transdermal drug delivery (in vitro permeation studies by vertical Franz diffusion cells 

and skin deposition studies) and acceptability of formulation for application (skin 

irritation test). The present study for the first time characterized microneedle 

geometry and dimensions of Admin PenTM 1200 and Admin PenTM 1500, measured 

depth and pore uniformity of microchannels in skin created by Admin PenTM 1200 

and Admin PenTM 1500, investigated the change of needle length and base dimensions 

of maltose microneedles after different treatment durations, studied dynamic 

viscoelastic properties of untreated and microneedle-treated dermatomed porcine ear 

skin using rheometer, employed ImageJ to measure the surface area of microchannels 

to calculate the total surface area of pores formed by different microneedles and 

evaluated the skin irritation potential of vismodegib solution in propylene glycol (7 

mg/ml). The study also investigated the effect of needle length (500, 1100 and 1400 

µm), 30-minutes post-microneedle treatment equilibration time and microneedle 

insertion duration (1, 2 and 4 minutes) on transdermal delivery of vismodegib. 

Materials and methods 

Materials 

Vismodegib (GDC-0449) was purchased from Medchemexpress LLC 

(Princeton NJ, USA). Propylene glycol (PG), 0.1 M phosphate buffered saline (PBS) 

and polyethylene glycol 400 (PEG 400) were obtained from Sigma® (St. Louis, MO, 

USA), Fisher Bioreagents and Fisher Scientific (Fair Lawn, NJ, USA), respectively. 

Porcine ear skin was harvested in a local slaughter house (Atlanta, GA, USA). 

Fluoresoft® (0.35 %) was procured from Holles Laboratories Inc. (Cohasset, MA, 

USA), methylene blue dye from Eastman Kodak Co (Rochester, NY, USA) while all 
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the other chemicals were obtained from Sigma-Aldrich (St. Louis, MO, USA). Plates, 

assay medium, chemicals, nylon mesh and other materials for in vitro skin irritation 

test were provided by MatTek Corporation (Ashland, MA, USA). 

 

 

 

 

 

 
  

a b c 

Figure 1. Microneedle array on the in vitro diffusion area (0.64 cm2-Red circle) a 

Maltose microneedles, b Admin PenTM 1200, c Admin PenTM 1500 

Maltose microneedles purchased from Elegaphy Inc. (Tokyo, Japan) were 

solid, 500 µm long, sharp tipped and tetrahedron shaped. Each array included 3 

straight parallel lines of 27 identical microneedles. Microneedle array-based pen-

injector devices, Admin PenTM 1200 and Admin PenTM 1500 metal microneedles 

contained 43 and 31 microneedles, each 1100 µm and 1400 µm long respectively, 

distributed as a diamond shape on a 1-cm2 circular area (Admin Med, Sunnyvale, CA, 

USA). 

Methods 

Scanning electron microscopy studies 

The PhenomTM field emission scanning electron microscope (SEM) system 

(Nanoscience instruments Inc, Phoenix, AZ, USA) and Denton Vacuum, DeskV 
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sputter coater with gold target (Denton Vacuum LLC, Moorestown, NJ, USA) were 

utilized to investigate the microneedle shape, dimensions, surface morphology and 

needle distribution pattern on array. Dust-free microneedles were placed in the field 

emission SEM at a primary beam accelerating voltage of 5kV to collect secondary ion 

images of different magnifications. A single line of maltose microneedle was 

carefully isolated from the array and mounted on SEM Pin stub mount (Ted Pella Inc, 

Redding, CA, USA). Metal microneedle array was separated from Admin PenTM 1200 

and Admin PenTM 1500 microneedle liquid injection system, stuck into low profile 

450/900 SEM mount (Ted Pella Inc, Redding, CA, USA) using double-sided carbon 

sticky tape and sputter coated using Denton Vacuum, DeskV sputtering system with 

gold target in order to form a thin layer of conductive coating to increase the signal to 

noise ratio. SEM images were analyzed to obtain the dimensions of microneedles 

such as needle length, base size and tip-to-tip distance. After different microneedle 

treatment durations (1, 2 and 4 minutes), an individual line of maltose microneedle 

was separated for SEM analysis to investigate the change in needle length and base 

dimensions.  

Preparation of skin samples 

Freshly excised porcine ear skin obtained from the local slaughter house was 

washed with 10 mM PBS, wrapped in aluminum foil and stored at – 80 0C. In order to 

obtain a relatively uniform skin thickness, specific sections of the ears were processed 

according to the study of Han et al. (T. Han & Das, 2013).  The stored skin was 

thawed at room temperature for 30 minutes. After being completely thawed, the full 

thickness porcine ear skin was washed with 10 mM PBS solution and dermatomed to 

an average thickness of 0.60 ± 0.11 mm (n=40) (measured by a digital micrometer 

Marathon Watch 1.55 V) by a Padgett electro-dermatome (Kansas City assemblage 
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Co., Kansas City, Mo., USA) after trimming the hair. Then, the skin was cut into 2x2 

cm2 pieces for the study.  

Dynamic viscoelasticity properties of porcine ear skin 

Exploring the effect of microneedle treatment on drug delivery gets more 

complicated and challenging due to the viscoelastic nature of skin (Gomaa et al., 

2010). The importance of considering skin viscoelasticity during microneedle 

insertion has been reported in literature (Olatunji, Das, Garland, Belaid, & Donnelly, 

2013). In the present study, viscoelasticity of freshly dermatomed porcine ear skin and 

microneedle-treated skin were evaluated by an oscillatory rheometer (Rheoplus/32 

V3.62, Anton Paar Germany GmbH, Germany). Skin samples were kept static on the 

plate during the test with the normal force of 2-3 N. The storage and loss modulus of 

the skin were studied at a constant volume strain of 1 % with an increasing angular 

frequency from 6 to 474 rad/s at 32 0C to simulate the skin surface temperature and 

reduce the thermal effects on the test results. The storage modulus (G’) depicts stored 

energy or elastic properties while the loss modulus (G”) demonstrates the energy 

dissipated as heat or viscous properties of the material. If G’ is high, skin will be more 

resistant to the external forces during microneedle insertion (Cheung et al., 2014). 

Dye binding studies  

Methylene blue solution (1 % w/v in deionized water) was used to confirm the 

formation of microchannels in the skin (G. Li et al., 2010). The freshly dermatomed 

porcine ear skin with stratum corneum towards the top was placed flat on 4 layers of 

parafilm (Parafil “M” Laboratory film, Neenah, WI, USA) to mimic the soft tissue 

under the skin and avoid microneedle breakage. The center of skin (desired treatment 

site) was stretched with fingers before manually inserting the microneedles by thumb 

with a relatively uniform force of approximately 40 N (confirmed by a balance). The 
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Admin PenTM was mounted on commercially available 10 ml syringe prior to use. 

After inserting for 1 minute in the skin, the microneedle array was removed. 

Methylene blue dye was immediately applied on the treated site for 1 minute before 

being swabbed by Kimwipes (Kimberly-Clark Worldwide Inc) and alcohol swabs 

(Alcohol Prep, Curity TM Covidien, MA, USA) to remove excessive stain. The stained 

site was visualized using ProScope HR Digital USB Microscope (Bodelin 

Technologies, OR, USA). 

Histology studies  

Histological sectioning was performed to assess the ability of microneedles to 

pierce dermatomed porcine ear skin and create microchannels. A small piece of skin 

(1x1 cm2) was microporated, stained using 1 % (w/v) methylene blue solution, 

cleaned with Kimwipes and alcohol swabs after 1 minute and placed flat in Tissue-

Tek® optical coherence tomography (O.C.T) compound medium (Sakura Finetek 

USA Inc, Torrance, CA, USA). This block was solidified by storing under -80 0C for 

1 hour before sectioning using Microm HM505E (Southeast scientific Inc, GA, USA) 

with the section thickness of 10 µm. The block was tightly glued onto the object 

holder in the microtome chamber at -20 0C using embedding medium. The sample 

was cut and the cryosections of the skin samples were mounted on microscope glass 

slides (Globe Scientific Inc, NJ, USA) and visualized by the Leica DM 750 

microscope. 

Confocal microscopy studies 

The depth and surface area of microchannels created by microneedles were 

measured using confocal microscopy. Freshly dermatomed porcine ear skin was 

treated with maltose microneedles, Admin PenTM 1200 or Admin PenTM 1500. 

Fluoresoft® (0.35 %, 200 µl) was then applied for 1 minute after which the excessive 
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calcein was removed by Kimwipes and alcohol swabs. The treated skin was placed on 

a microscope slide without fixation artifacts or distortion and scanned using a 

computerized Leica SP8 confocal laser microscope (Switzerland) with x10 objective 

at an excitation wavelength of 496 nm. Fluorescent images were then processed by 

Leica Application Suite-Advanced Fluorescence (LAS-AF) software. X-Z sectioning 

was employed to study the distribution pattern of calcein in the channels and the depth 

of the created microchannels. The surface area of micropores was calculated from the 

microscopic images using Image J 1.41o (National Institutes of Health, USA).  

Pore uniformity studies 

The uniformity of microchannels and relative flux values of individual 

channels were investigated by calcein imaging using Fluoropore image analysis tool. 

Fluoresoft® (0.35 %) solution was applied for 1 minute on the microneedle-treated site 

of the skin and then wiped off with Kimwipes and alcohol swabs. The protocol has 

been described by Kolli and Banga (Kolli & Banga, 2008). A two-dimensional 

fluorescent image was taken to show the distribution of fluorescent intensity in and 

around each pore that were then converted into Pore Permeability Index (PPI). The 

PPI value represented the calcein flux for each pore. 

Transepidermal water loss measurement 

The barrier integrity and humidity of porcine ear skin before and after 

microneedle treatment were evaluated rapidly and non-invasively by transepidermal 

water loss (TEWL) value measurement using a VapoMeter with a closed chamber 

(Delfin Technologies Ltd, Kuopio, Finland). The probe was kept on the skin for 13 

seconds to obtain the values on the screen (n=4). The TEWL studies depicted the 

effects of microneedle treatment on skin barrier function. Normal skin showed a small 

amount of water loss while the water loss increased significantly as the skin barrier 
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was disturbed (Kolli & Banga, 2008). In other words, an increase in TEWL value 

indicated compromised skin. The experiments were conducted to compare the TEWL 

values of different microneedle treatment groups.  

In vitro permeation studies by vertical Franz diffusion cells 

In vitro permeation study is a useful technique to measure the rate and extent 

of drug transported across the skin. In the present project, permeation studies of 

vismodegib through porcine ear skin were performed using jacketed PermeGear V6 

station vertical Franz diffusion cells with 9 mm orifice and 0.64 cm2 diffusion area 

(Hellertown, PA, USA). The objective of this study was to investigate the effects of 

needle length (500 µm of maltose microneedles, 1100 µm of Admin PenTM 1200 and 

1400 µm of Admin PenTM 1500), skin equilibration time from piercing the skin with 

microneedles till applying the drug formulation (0 or 30 minutes), and treatment 

duration for which the microneedles were kept in the skin by thumb (1, 2 or 4 

minutes) on drug delivery across the skin. Donor chamber contained 100 µl 

vismodegib solution 7 mg/ml in propylene glycol (90 % saturation level (Nguyen & 

Banga, 2015a)) to give a dose of 1.1 mg/cm2. The donor chamber was kept open to 

mimic in vivo conditions. The receptor compartment was filled with 5 ml of receptor 

solution (10 mM PBS: PEG 400, 50:50 v/v). Receptor was maintained at 37 0C by 

built-in water circulation jacket surrounding the lower part of the Franz cells to have 

the skin surface temperature of 32 0C. The receptor fluid was continuously, 

magnetically stirred during the studies. The procedure followed “Poke and Patch” 

mechanism where micropores were created by insertion and removal of the 

microneedles before the drug formulation was applied (Kaur et al., 2014). 

Microneedles were manually inserted at the desired skin treatment site and removed 

after 1 minute in an identical protocol as in dye binding studies. The microporated 
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skin was clamped between the donor and receptor chamber with stratum corneum 

facing upwards. Air bubbles below the surface of the skin were eliminated carefully 

by tilting the cells. The transdermal delivery of vismodegib was measured by 

removing aliquots of 300 µl receptor fluid from sampling port using 1 ml graduated 

plastic syringe at 0h, 1h, 2h, 4h, 6h, 8h, 10h, 22h and 24h, followed by replacement 

with an equal volume of fresh receptor solution to maintain a constant receptor 

volume. All samples were analyzed by a sensitive, specific and reliable gradient 

reversed-phase high performance liquid chromatography (HPLC) method with the 

linearity range of 0.1-50 µg/ml (R2=1.000) and limit of detection of 0.04 µg/ml 

(Nguyen & Banga, 2015a). The cumulative amount of vismodegib permeated through 

a diffusion unit area was plotted as a function of time (n=4). 

Skin disposition studies 

After 24h of permeation studies, the skin was carefully cleaned 3 times with q-

tips soaked in 10 mM PBS:PEG 400 (50:50 v/v) and dabbed with Kimwipes to 

remove the donor formulation. In order to measure the drug levels in the skin, tape 

stripping technique was used to separate the stratum corneum from the epidermis and 

dermis. Adhesive tapes (3M transpore tapes, 3M Healthcare, St. Paul, MN, USA) 

were cut into pieces (1.9x1.9 cm2). Twenty tapes were applied onto the permeated 

skin site one by one, pressed for proper adhesion, rolled with a glass rod and removed 

quickly with forceps. Tapes 1-5, tapes 6-10 and tapes 11-20 were collected 

individually in 6-well plates (Becton Dickinson, Franklin Lakes, NJ, USA). The 

remaining skin was manually minced with surgical scissors and placed in a separate 

6-well plate. Ethanol (2 ml) was added to each well. The wells were then placed on a 

shaker at 150 rpm for 4 hours and samples were filtered through 0.2 µm filter and 

analyzed by the HPLC method. 



 

35 

 

Skin irritation test 

The in vitro EpiDermTM skin irritation test (EPI-200-SIT) using the 3D in vitro 

reconstructed human epidermal (RHE) model EpiDerm (MatTek Corporation, 

Ashland, MA, USA) is an effective method to classify drug formulation into either 

irritants of GHS category 2 or non-irritant (Kandárová, Hayden, Klausner, Kubilus, & 

Sheasgreen, 2009). It was critical to understand whether vismodegib formulation 

(solution 7 mg/ml in propylene glycol) would alter the stratum corneum and cause 

irritation to the skin. The EpiDermTM SIT has sufficient accuracy and reliability to be 

used as an in vitro replacement for animal skin irritation testing. The present study is 

the first one that reports the skin irritation test data of the vismodegib formulation. 

Aqueous SDS solution (positive control), DPBS (negative control) and 30 µl 

vismodegib solution (test) were applied on separate skin tissues and kept for 60 

minutes in an incubator (37 ± 1 0C, 5 ± 1 % CO2, 95 % RH). Three replicates of 

tissues were performed for each solution. The tissues were rinsed with DPBS before 

being transferred to fresh assay medium. The tissues were incubated for 24 hours at 

37 ± 1 0C, 5 ± 1 % CO2, 95 % RH. Incubation was continued for the next 18 hours 

after replacing the medium with fresh one. MTT assay was then conducted by 

transferring the tissues into yellow MTT solution (1 mg/ml). After 3-hour incubation, 

the blue formazan salt formed by cellular mitochondria was extracted with 2 ml 

isopropanol. The optical density of the extracted formazan was measured using a 

spectrophotometer at 570 nm. Due to the long post-incubation period, the test was 

performed under aseptic conditions in a laminar flow hood. A chemical was classified 

as non-irritant if the mean relative tissue viability of 3 individual tissues was more 

than 50 % of the mean viability of the negative control (Kandárová et al., 2009). 
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Data analysis 

All results were reported as the mean with standard deviation (SD). Statistical 

calculations were performed in Microsoft Excel Worksheets and the SPSS software 

package version 21.0 (IBM, USA). The One-Way ANOVA followed by Tukey HSD 

post-hoc test was used to compare the results of different groups. Statistically 

significant difference was depicted by p value < 0.05. 

Results and discussion 

Scanning electron microscopy studies 

The SEM images of small portions of microneedle arrays (Figure 2) were 

magnified by different factors to study the morphology and dimensions of maltose 

microneedles, Admin Pen TM 1200 and Admin Pen TM 1500 (Table 1).  

The results of microneedle dimensions were consistent with other research 

studies that characterized the pyramidal-shaped solid maltose microneedles with 

needle length of 508.46 ± 9.32 µm (Kolli & Banga, 2008) or 497.41 ± 31.10 µm (G. 

Li et al., 2010) and equilateral triangle side of the base 204.62 ± 7.19 µm (Kolli & 

Banga, 2008) or 197.60 ± 17.53 µm (G. Li et al., 2010). The length of Admin PenTM 

was in concordance with the information provided by Admin Med that Admin PenTM 

1200 and Admin PenTM 1500 stainless steel microneedles were 1100 µm and 1400 µm 

long, respectively. All the parameters including needle density, height, base length, 

width, needle-to-needle distance of Admin PenTM 1200 and Admin PenTM 1500 were 

similar to those of Admin Patch 1200 and Admin Patch 1500 (Cheung et al., 2014; 

Yuzhakov, 2010; Zhang, Das, & Rielly, 2014). The measured dimensions showed the 

likeliness of all the microneedles to pierce porcine ear skin having stratum corneum of 

thickness 21-26 µm and viable epidermis 66-72 µm thick.  
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a b 

Figure 2. SEM image of a Maltose microneedles, b Admin PenTM 1500 

Table 1 Microneedle dimensions 

Microneedle dimensions 

(µm) 

SEM image 

magnification 

Maltose 

microneedles 

Admin PenTM 

1200 

Admin PenTM 

1500 

Length (n=10) 

x400 505.90 ± 9.54   

x200  1108.30 ± 21.81 1396 ± 8.89 

Base 

Shape  Equilateral triangle Rectangle Rectangle 

Dimensions 

(n=10) 

x400 223.70 ± 13.16   

x200  

456.20 ± 9.58 

(long) 

89.80 ± 6.39 

(wide) 

562.90 ± 9.00 

(long) 

120.40 ± 9.28 

(wide) 

Tip-to-tip distance 

(n=10) 

x400 353.30 ± 13.82   

x100  1638.60 ± 10.15 2010.70 ± 12.68 

 

As the treatment duration increased from 1 to 2 and 4 minutes, maltose 

microneedles gradually dissolved and their length decreased significantly from 179.70 

± 64.54 µm (n=10) to 86.90 ± 67.53 µm (n=10) (p<0.05) and 0 µm (p<0.05), 

respectively but the length of the equilateral triangle side of the needle base showed 

an insignificant change from 252.30 ± 25.23 µm to 261.20 ± 43.71 µm (p=0.58). 

When the maltose microneedles were inserted in the skin for 4 minutes, the entire 
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needles dissolved to give SEM images of only the substrate without any visible traces 

of microneedles.  

Dynamic viscoelasticity properties of porcine ear skin 

The difference in viscoelasticity of skin samples was observed to affect the 

insertion behavior of microneedles. Figure 3 shows the storage modulus (G’) and loss 

modulus (G’’) of untreated dermatomed porcine ear skin and microneedle-treated skin 

as a function of angular frequency ω. Both G’ and G’’ increased with an increase in 

angular frequency. As seen in Figure 3a, the storage modulus of untreated skin 

sample (> 10,000 Pa) was determined to be greater than the loss modulus (around 

2,500 Pa) which indicated that dermatomed porcine ear skin would be more elastic 

and hence, present a high resistance to external force. Figure 3b, c shows that 

microneedle treatment reduced the storage modulus and loss modulus of the skin 

samples. 
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Figure 3. a Dynamic viscoelastic properties of  untreated dermatomed porcine ear 

skin, b Storage modulus of untreated dermatomed porcine ear skin and microneedle-
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treated skin, c Loss modulus of untreated dermatomed porcine ear skin and 

microneedle-treated skin. 

According to the results of skin dynamic viscoelasticity, full thickness porcine 

ear skin was found to be more elastic with the storage modulus over 15,000 Pa and 

loss modulus around 5,000 Pa (Cheung et al., 2014; Zhang et al., 2014). In other 

words, dermatomed skin samples were less resistant to microneedle insertion force 

than full thickness skin or a change in the thickness was found to alter the skin 

viscoelasticity. The reduction of storage modulus and loss modulus due to maltose 

microneedles, Admin PenTM 1200 and Admin Pen TM 1500 treatment suggests that the 

skin samples became less viscoelastic and less resistant to external force after the 

treatment. 

Dye binding studies 

Dye binding studies were conducted to confirm the microneedles’ ability in 

terms of sharpness, length and density to pierce the stratum corneum and create 

micron-size channels in the skin. Methylene blue dye would bind to the successfully 

created microchannels and be visible under the ProScope HR Digital USB 

Microscope. 

 

a 
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Figure 4. Microchannels created in dermatomed porcine ear skin a Untreated skin, 

b, c Maltose microneedle array and the channels, d, e Admin PenTM 1200 array 

and the channels, f, g Admin PenTM 1500 array and the channels 

Magnified view of a small portion of microneedle-treated site showed that 

methylene blue dye diffused along the periphery of the microchannels into the lower 

epidermal tissue, however, did not stain other areas on the skin samples. Figure 4 

represents several stained microspots on the skin with the distance between them in 

accord with the tip-to-tip distance of microneedles on arrays. This shows that the 

microchannels were created only by the microneedles. In other words, the substrate of 

maltose and Admin PenTM microneedles did not disturb the barrier function of the 

stratum corneum. Hair follicles did not take up methylene blue, and therefore did not 

show up by staining. As shown in Figure 1, an array of maltose microneedles, Admin 

PenTM 1200 and Admin PenTM 1500 provided a pore density of 81, 43 and 31 

pores/0.64 cm2, respectively. These results were in agreement with the microneedle 

density on the array provided by Elegaphy and Admin Med. The base of maltose 

microneedles was found not to have a significant effect on the stratum corneum 

barrier as also reported by Kolli and Banga (Kolli & Banga, 2008). The center-to-

center distance between any two adjacent microchannels created by maltose 

microneedles within a same line and two adjacent lines was 370.74 ± 41.42 µm and 

1130.34 ± 63.68 µm, respectively while Admin PenTM 1200 and Admin PenTM 1500 

formed microchannels that were 1650.71 ± 109.33 µm and 2046.75 ± 127.22 µm 

apart, respectively (n=5). These results were similar to our earlier study that used 

methylene dye binding studies for maltose microneedles treatment on full thickness 

hairless rat skin and reported the distance between two microchannels within a same 
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line and two adjacent lines to be 376.38 ± 14.37 µm and 1071.10 ± 64.92 µm, 

respectively (Kolli & Banga, 2008). 

Histology studies 

Vertical sectioning perpendicular to the surface of the skin was used to 

visualize 10 µm-thick cryosections of microneedle treated skin samples under Leica 

DM 750 with different magnifications. Moreover, histological sectioning images 

depicted the morphology of microchannels in skin.  

   

a b c 

Figure 5. Histological sectioning images of untreated skin (a) and those treated by 

maltose microneedles (b) or Admin PenTM 1500 (c) 

The vertical sections of the skin samples in Figure 5 indicate that the cross 

section and shape of microchannels were consistent with the geometry of 

microneedles characterized by SEM studies. The pyramidal maltose microneedles 

created somewhat triangular sections while Admin PenTM provided nearly rectangle-

shaped sections.  

 Confocal microscopy studies  

The depth and surface area of microchannels were studied by Leica SP8 

confocal laser microscopy without any dimensional distortions during physical 

sectioning. 

Hair follicles did not show up in the confocal images (Figure 6) which 

revealed that calcein did not transport through follicular pathway. As the micropores 
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greatly differed in their shape, it was not advisable to measure the diameter of the 

pores in the treated skin. Instead, confocal images of micropores of various 

magnifications were analyzed by ImageJ software to calculate the surface area of the 

pores. The surface area of the pores formed by maltose microneedles, Admin PenTM
 

1200 and Admin PenTM 1500 was found to be 12018.01 ± 2682.68 µm2 (55.29 % of 

the average needle base area), 23681.45 ± 2434.16 µm2 (57.79 % of the average 

needle base area), and 47967.86 ± 15315.1 µm2 (70.77 % of the average needle base 

area), respectively. The results are presented as the mean pore surface area ± SD 

(n=10). This observation could be co-related with the literature that reports the 

contraction of channels in a relatively short time after microneedle removal due to the 

inherent elasticity of the skin (Gupta, Gill, Andrews, & Prausnitz, 2011; G. Li et al., 

2010).  

   

a b c 

Figure 6. Confocal images of skin samples treated with a Maltose microneedles, b 

Admin PenTM 1200, c Admin PenTM 1500 
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(* indicated statistical difference from Admin 1500 and MLT-MN and Admin 

group) 

Admin 1200 Admin PenTM 1200, Admin 1500 Admin PenTM 1500, MLT-MN 

maltose microneedle 

Figure 7. The total surface area of microchannels created by microneedles 

Table 2 The average depth of microchannels 

Microneedles Depth of microchannels (µm) (n=10) 

Maltose microneedles 140.5 ± 10.12 

Admin PenTM 1200 242.5 ± 22.27 

Admin PenTM 1500 278 ± 33.35 
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Figure 8. Confocal microscopy z-stack of microchannels created by Admin PenTM 

1200 

The number of microchannels created on the diffusion area of skin samples 

multiplied with the surface area of each channel gave the total surface area of the 

microchannels created by each kind of microneedles (shown in Figure 7). 

Figure 7 illustrates that the total surface area of microchannels created by 

Admin PenTM 1500 on the diffusion area was significantly greater than that created by 

maltose microneedles and Admin PenTM 1200 (p<0.05). The surface area of 

microchannels needs to be considered for transport and potential infection 

considerations (Donnelly, Singh, et al., 2009).   

A z-stack was defined as a sequence of basic images captured at the same 

horizontal position (x, y) but at different imaging depths (z). The z-stack was 
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conducted at different steps starting from the skin surface to the end of microchannels 

or the point where the signal of calcein visually disappeared. The step size of z-stack 

was either 5 µm, 10 µm or 20 µm. The z-stack indicated the depth that the channels 

could reach in the dermatomed porcine ear skin as presented in Table 2. The results 

showed that increase in needle length from 500 µm to 1100 µm and 1400 µm 

significantly enhanced the depth of the microchannels in the skin. As shown in Figure 

8, the intensity of calcein decreased along the microchannels.  

Based on confocal microscopy images, morphology of micropores followed 

the geometry of microneedles base on arrays. In particular, maltose microneedles 

created nearly triangular microchannels while oval-shape channels were observed in 

confocal images of skin samples treated with either Admin PenTM 1200 or Admin 

PenTM1500. Similar findings where the surface morphology of the pores was observed 

to be noticeably close to the shape of the microneedles have been reported by other 

researchers (Kolli & Banga, 2008). The depth of microchannels in the present study 

was consistent with the statement of Martanto et al. that typically only 10-30 % of the 

microneedle length penetrated tissue (Martanto, Moore, Couse, & Prausnitz, 2006). In 

other projects, depth of the channels made by maltose microneedles was found to be 

153.33 ± 20.82 µm (G. Li et al., 2010) or 160 µm (Kolli & Banga, 2008). A possible 

explanation for the lower penetration of microneedles was proposed that at first 

contact with skin, part of the needles just indent the skin while the rest penetrates after 

a sufficient pressure is applied (Martanto et al., 2006). The depth of microchannels 

depended on the insertion pressure of microneedles, needle density, viscoelasticity 

and integrity of skin samples (Yan, Warner, Zhang, Sharma, & Gale, 2010). Stratum 

corneum of human skin is 10-15 µm thick while the thickness of epidermis is 50-100 
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µm (Bolognia et al., 2012). Based on the depth of microchannels, microneedles would 

most likely reach the skin dermis. 

Pore uniformity studies 

The fluorescent images were analyzed by Fluoropore software for the 

volumetric distribution of calcein in and around each pore. The Pore Permeability 

Index (PPI) is an accurate, reliable and ratiometric indicator of the relative flux for 

each pore. According to Figure 9, the average PPI values of pores created by maltose 

microneedles (70 pores), Admin PenTM 1200 (35 pores) and Admin PenTM 1500 (29 

pores) microneedles were 11.70 ± 4.40, 32.1 ± 21.61 and 63.90 ± 27.12, respectively. 

One of the pores created by Admin PenTM 1200 and Admin PenTM 1500 was assigned 

zero PPI value while all the channels created by maltose microneedles were included 

in the analysis. 

 
 

a b 
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c d 

  

e f 

Figure 9. The microchannels with Pore Permeability Index (PPI) values and 

histogram of a, b Maltose microneedles, c, d Admin PenTM 1200 and e, f Admin 

PenTM 1500 

The bell-shaped distribution pattern of the Pore Permeability Index (PPI) 

histogram of pores created by maltose microneedles indicated the uniformity of the 

pores. This result was similar to our previous report that maltose microneedles arrays 

provided relatively uniform channels (average PPI values: 2.30 ± 1.27 for 79 pores) 

(Kolli & Banga, 2008). Besides, the pore uniformity studies also showed that the 

pores created by Admin PenTM 1500 (63.90 ± 27.12, n=29) were bigger and less 
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uniform than those created by Admin PenTM 1200 (32.1 ± 21.61, n=35). This 

observation was also in agreement with the results of the dye binding and confocal 

studies as reported earlier. 

Transepidermal water loss measurement 

Prior to permeation experiments, the integrity of skin samples and formation 

of microchannels were investigated by transepidermal water loss (TEWL) 

measurement studies (Gomaa et al., 2012). The symbols of different skin treatment 

groups have been elaborated in Table 3. The TEWL values of skin with different 

microneedle treatment methods are shown in Figure  10.  

Table 3 Group symbols of different skin treatment methods 

Symbols Dermatomed porcine ear skin treatments 

Control No microneedles, no equilibration 

Control 30E No microneedle treatment, 30-min equilibration 

MLT-MN Maltose microneedle treatment for 1 min, no equilibration 

MLT-MN 2min Maltose microneedle treatment for 2 min, no equilibration 

MLT-MN 4min Maltose microneedle treatment for 4 min, no equilibration 

MLT-MN 30E Maltose microneedle treatment for 1 min, 30-min equilibration 

30E MLT-MN Maltose microneedle treatment for 1 min, 30-min equilibration prior to 

the microneedle insertion 

Admin 1200 Admin PenTM 1200 treatment for 1 min, no equilibration 

Admin 1500 Admin PenTM 1500 treatment for 1 min, no equilibration 

 



 

51 

 

 

(* indicated statistical difference from control group) 

Figure 10. Transepidermal water loss values of skin treated by different microneedles 

An increase in needle length from 500 µm (maltose microneedles) to 1100 µm 

(Admin PenTM 1200) and 1400 µm (Admin PenTM 1500) enhanced the TEWL values 

from 31.10 ± 5.67 g/m2h to 40.73 ± 13.11 g/m2h and 43.33 ± 9.73 g/m2h, respectively. 

This trend was consistent with the results of depth and surface area of microchannels 

previously characterized by the confocal microscopy studies. In the present study, 

significantly higher TEWL values were found in case of Admin PenTM 1200 (Admin 

1200) (p=0.025) and Admin PenTM 1500 (Admin 1500) (p=0.004) groups than control 

group. Besides, 30-min equilibration time after maltose microneedle insertion 

(M3OE) increased the TEWL value to 33.50 ± 5.44 g/m2h. Similar results were 

observed by Gomaa et al. (Gomaa et al., 2010, 2012) and Badran et al. (Badran et al., 

2009) that as the equilibration time after microneedle treatment increased, TEWL 

value first increased, reached the maximum level at 1 hour and then eventually 

decreased due to the closure of the micropores over time. However, there was no 

significant difference of TEWL values between groups of different treatment duration 

or of different kinds of microneedles (p>0.05). In literature, microneedle insertion 
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period of 3 or 5 minutes was found to produce similar TEWL plot (Gomaa et al., 

2010). The TEWL measurement concluding a positive correlation between TEWL 

values and microneedle length has also been reported in other researches (Badran et 

al., 2009; Verbaan et al., 2007). An increase in TEWL values due to microneedle 

treatment was an indicator that all microneedles used in the present experiments 

successfully disrupted the stratum corneum and integrity of the skin. This change was 

comparable to that already mentioned in literature, that the TEWL values of skin 

samples were enhanced sharply by microneedle insertion (Gomaa et al., 2010; G. Li et 

al., 2010; Milewski et al., 2010). The basal TEWL value measured for control group 

was 20.93 ± 2.68 g/m2h. This value was similar to the reported values in other 

projects where Gomaa et al. estimated the TEWL value of untreated full-thickness 

porcine ear skin to be 29.40 ± 2.60 g/m2h (Gomaa et al., 2012) and Elmabjoubi et al. 

measured the basal TEWL value of about 35 g/m2h (Elmahjoubi, Frum, Eccleston, 

Wilkinson, & Meidan, 2009).  

In vitro permeation studies by vertical Franz diffusion cells 

The effect of variation in needle length, equilibration time and treatment 

duration on permeation of vismodegib was evaluated in vitro using dermatomed 

porcine ear skin. Skin that was neither pierced by microneedles nor equilibrated was 

selected as control. No vismodegib was expected to penetrate the skin when the 

passive diffusion experiments were performed (Nguyen & Banga, 2015a). The 

amount of vismodegib permeated across the skin treated with different methods was 

plotted as a function of time (n=4).  

According to Figure 11, maltose microneedle treatment (14.50 ± 2.35 

µg/sq.cm) delivered a significantly smaller amount of drug to the receptor than Admin 

PenTM 1200 (32.38 ± 3.33 µg/sq.cm) (p=0.000) and Admin PenTM 1500 (74.40 ± 
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15.86 µg/sq.cm) (p=0.000). Also, significantly higher amount of drug permeated 

through skin treated by Admin PenTM 1500 than that by Admin PenTM 1200 (p=0.002). 

This data was consistent with the study of Badran et al. that also showed an increase 

in drug delivery with an increase in needle length (Badran et al., 2009). The 

difference in the permeation results of MLT-MN, Admin 1200 and Admin 1500 

might be explained due to the difference in the length and density of needles, depth 

and surface area of microchannels. In particular, Admin PenTM 1500, being the 

longest amongst the three (1396 ± 8.89 µm), produced the deepest channels in skin 

(278 ± 33.35 µm). Moreover, Admin PenTM 1500 had the greatest average total 

surface area of microchannels and the lowest needle density (31 needles/cm2) to avoid 

“bed of nails” effect. Most drug molecules permeated through micropores rather than 

through skin surrounding the channels (Milewski et al., 2010). These characterization 

results rationally supported the highest amount of drug delivered through Admin 

PenTM 1500 treatment. However, the possibility of pain and damage to the small 

blood capillaries resulting in bleeding with the use of longer microneedles exist, as 

they are most likely to reach the nerve fibers. Also, the greater surface area of 

channels may offer potential entry to bacteria or other foreign substances in the skin 

tissues (Donnelly, Singh, et al., 2009). In other experiments, the equilibration was 

performed before maltose microneedle treatment (30E-MLT-MN) to compare with 

the group where the 30-min equilibration time was given after the microneedle 

insertion (MLT-MN 30E). The treatment methods of different groups are mentioned 

in Table 3. The in vitro permeation profiles of vismodegib in 30E MLT-MN, MLT-

MN 30E, MLT-MN, control 30E and control groups were obtained from 4 replicates 

for each group. The results of cumulative amount of drug delivered per the diffusion 

area are illustrated in Figure 12.    
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The enhanced delivery of vismodegib by maltose microneedle treatment was 

explained by the TEWL value measurement, dye binding, histology and confocal 

microscopy studies that proved maltose microneedles pierced the stratum corneum 

and entered the dermis layer thereby disturbing the skin barrier function. The similar 

result was obtained in the research of Kolli and Banga where solid maltose 

microneedles significantly increased the delivery of nicardipine hydrochloride 

through hairless rat skin in vitro and in vivo (Kolli & Banga, 2008). Besides, the 

magnitude of enhancement varied according to the physicochemical properties of 

drug, viscoelasticity of skin and microneedle treatment methods. Without maltose 

microneedle treatment, the equilibration did not affect the permeation profile of 

vismodegib considerably as no significant difference between control (0.00 ± 0.00 

µg/sq.cm) and control 30E group (1.31 ± 1.22 µg/sq.cm) was observed (p=0.076). 

Both the 30-min equilibration before and after the microneedle insertion significantly 

increased the permeability of vismodegib as compared to MLT-MN group (p<0.05). 

Besides, the use of equilibration before maltose microneedle treatment (30E MLT-

MN: 36.28 ± 11.21 µg/sq.cm) did not give statistically different drug delivery from 

the group where the skin tissues were equilibrated after the insertion (MLT-MN 30E: 

31.92 ± 14.00 µg/sq.cm) (p=0.64).  

The similar effects of equilibration time on drug transdermal permeability 

have been discussed in literature where the delivery of Rhodamine B was enhanced 

by 1-hour equilibration (Gomaa et al., 2012). Our previous study using full thickness 

porcine ear skin indicated that vismodegib mostly remained in the stratum corneum 

and negligible amount was delivered to the receptor chamber (Nguyen & Banga, 

2015a). Therefore, the reduction of thickness of skin dermis layer by dermatoming did 
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not enhance the amount of drug penetrated across the skin as found in control group 

(0.00 ± 0.00 µg/sq.cm). 

 

(* indicated statistical difference between MLT-MN and Admin 1200; Admin 1200 and 

Admin 1500 group) 

Figure 11. In vitro permeation profile of vismodegib through microneedle-treated 

porcine ear skin: Maltose microneedle, Admin PenTM 1200 and Admin PenTM 1500 
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(* indicated statistical difference from MLT-MN group) 

Figure 12. In vitro permeation profile of vismodegib through microneedle-treated 

porcine ear skin: 30E MLT-MN, MLT-MN 30E, MLT-MN, control 30E and control. 

 

 

(* indicated statistical difference between MLT-MN 4min and MLT-MN 

group) 

Figure 13. In vitro permeation profile of vismodegib through microneedle-treated 

porcine ear skin: MLT-MN, MLT-MN 2min and MLT-MN 4min 

The effect of different maltose microneedle treatment durations (1, 2 and 4 

minutes) on transdermal delivery of vismodegib was plotted in Figure 13 (n=4). It 

was observed that an increase in the needle insertion time from 1 to 2 minutes resulted 

in an insignificant increase in the amount of drug delivered (p=0.054). However, there 

was significant enhancement in drug permeation when the treatment duration 

increased from 1 minute (MLT-MN: 14.50 ± 2.35 µg/sq.cm) to 4 minutes (MLT-MN 

4min: 49.00 ± 13.09 µg/sq.cm) (p=0.002).Thus, the 4-minute treatment duration 

delivered the greatest amount of drug among the groups (MLT-MN, MLT-MN 2min, 
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MLT-MN 4min). The present study was supported by other projects where the 

permeability of galanthamine was enhanced by an increase in the insertion time. This 

has been explained by Li et al. that during shorter duration of treatment, the skin 

contracts rapidly and microchannels close shortly thereby producing lower skin 

permeability. For longer treatment duration, skin around the channels cause reversible 

plastic deformation, delay elasticity recovery, allow the channels to sustain longer and 

cause significant increase in skin permeability (W.-Z. Li et al., 2010).  

Skin disposition studies 

Tape stripping is a useful technique to investigate the amount of drug in 

stratum corneum and underlying layers of the skin samples. Vismodegib was 

extracted from tapes and skin using 2 ml ethanol before being quantitatively analyzed 

by the gradient HPLC method. The amount of drug in stratum corneum and 

dermatomed skin of MLT-MN, Admin 1200 and Admin 1500 groups is shown in 

Figure 14 (n=4). 

 

(* indicated statistical difference between MLT-MN and Admin 1500 groups) 

Figure 14. The amount of vismodegib in skin layers: MLT-MN, Admin 1200 and 

Admin 1500 

0

10

20

30

40

50

60

MLT-MN Admin
1200

Admin
1500

MLT-MN Admin
1200

Admin
1500

Stratum Corneum Total skin

A
v
g
. 

C
u
m

. 
A

m
t 
/ 

s
q
.c

m
 ±

S
D

 
(µ

g
/s

q
.c

m
)

Microneedle Treatments

* 



 

58 

 

 

 

 

(* indicated statistical difference between the total amount of drug in skin in 

control and control 30E groups) 

Figure 15. The amount of vismodegib in skin layers: control, control 30E 

According to Figure 15, there was an insignificant difference in the total 

amount of vismodegib retained in the skin samples treated by different methods 

(MLT-MN, Admin 1200 and Admin 1500) (p>0.05). The drug level in stratum 

corneum in MLT-MN group (24.16 ± 3.40 µg/sq.cm) was not significantly higher 

than that in Admin 1200 group (17.80 ± 8.15 µg/sq.cm) (p=0.20). However, Admin 

PenTM 1500 produced a statistically lower level of vismodegib in stratum corneum 

than maltose microneedles (p=0.018).  

In order to investigate the effects of 30-min equilibration on the amount of 

drug in skin layers, skin samples harvested from in vitro permeation studies of control 

and control 30E groups (n=4) were analyzed for skin disposition data.  

Figure 15 indicated that the amount of vismodegib in stratum corneum layer 

in the 2 groups were not significantly different (p=0.36). However, the total amount of 

drug in the skin in control 30E group (57.69 ± 20.14 µg/sq.cm) was significantly 
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higher than that in control group (24.51 ± 7.85 µg/sq.cm) (p=0.022). As shown in 

Figure 12, an insignificant difference in the drug level in the receptor between control 

and control 30E groups was observed (p=0.076). Therefore, 30-min equilibration time 

was found to assist the drug entry into deeper skin layers. This finding may be 

explained due to the hydration of skin samples after the equilibration time. 

Skin irritation test 

An in vitro EpiDermTM skin irritation test on reconstructed human epidermal 

model EpiDerm (EPI-200-SIT) was conducted to investigate the irritancy level of 

vismodegib solution in propylene glycol (PG) (7 mg/ml). The results were plotted as 

means ± SD (n=3) for drug formulation, positive control and negative control in 

Figure 16.  

 

Figure 16. The relative tissue viability in in vitro skin irritation test 

As shown in Figure 16, the mean viability of the negative control was 100.0 ± 

24.23 % while that of the positive control was 3.3 ± 0.56 %. The mean relative tissue 

viability of 3 individual tissues exposed to vismodegib formulation was 97.1 ± 1.44 % 

that was greater than 50 %. The skin irritation test results showed that vismodegib 

solution in PG (7mg/ml) was non-irritant (NI) to the reconstructed human epidermal 
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model EpiDerm (Kandárová et al., 2009). The experiment thus proved that 

vismodegib formulation could be applied safely on animal skin without any irritation. 

Conclusion 

The present study indicated that transdermal delivery of vismodegib across 

dermatomed porcine ear skin was enhanced by microneedle treatment. The difference 

in the in vitro drug permeation profile was affected by the needle length, equilibration 

time and microneedle treatment duration. Scanning electron microscopy was utilized 

to characterize the geometry and dimensions of microneedles. Successful 

microporation of the skin samples was confirmed by dye binding and histology 

studies. Characterization of pore uniformity by calcein imaging showed that channels 

created by maltose microneedles were more uniform than those formed by Admin 

PenTM.  In the in vitro permeation studies, the mean cumulative amount of drug 

permeated through skin at 24h by maltose microneedles was  significantly lower than 

that by Admin PenTM 1200 and Admin PenTM 1500 (p<0.05). Equilibration time after 

microneedle treatment significantly increased the amount of vismodegib delivered to 

the receptor chamber (p<0.05). There was a positive correlation between vismodegib 

transdermal delivery and the microneedle treatment duration. The amount of drug 

retained in skin layers was determined and compared between different treatment 

groups. In vitro irritation test on reconstituted human epidermal model EpiDerm 

validated that vismodegib solution in propylene glycol (7mg/ml) was non-irritant. The 

present study, thus investigated the effect of needle length, equilibration time and 

microneedle treatment duration on the delivery of vismodegib through dermatomed 

porcine ear skin.  



 

61 

 

CHAPTER 4 

ENHANCED SKIN DELIVERY OF METHOTREXATE BY POLYMERIC 

MICRONEEDLES AND FRACTIONAL ABLATIVE LASER 

Abtract 

This study investigated in vitro transdermal delivery of methotrexate through 

dermatomed porcine ear and cadaver human skin treated with poly (D,L-lactide-co-

glycolide) acid microneedles or fractional ablative laser treatment.  

The microneedles were fabricated and characterized using scanning electron 

microscopy and mechanical assessment. The integrity of treated skin was evaluated 

by rheometer, transepidermal water loss, and skin electrical resistance measurements. 

Successful skin microporation was validated by dye binding, histology, pore 

uniformity, confocal laser microscopy, and DermaScan studies. In vitro permeation 

experiment was performed on vertical Franz diffusion cells to analyze drug delivery 

into and across the skin.   

Both physical treatments resulted in a considerable decrease in skin resistance 

and an increase in transepidermal water loss value. The laser-created microchannels 

were significantly larger than those formed by microneedles (p<0.05). An effective 

force of 41.04 ± 18.33 N was required to achieve 100% penetration efficiency of the 

microneedles. For both porcine ear and human skin, laser ablation provided a 

significantly higher methotrexate permeability into the receptor chamber and skin 

layers compared to microneedle poration and untreated skin (p<0.05). 

Physical treatments by ablative laser and polymeric microneedles markedly 

enhanced in vitro transdermal delivery of methotrexate. 
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Introduction 

Transdermal drug administration offers considerable advantages over other 

conventional routes, such as oral or parenteral. These include patient compliance, 

circumvention of hepatic first-pass metabolism, drug degradation in the 

gastrointestinal tract, and frequent parenteral painful dosing (Mehtab J. Abla et al., 

2013). However, stratum corneum layer of skin prevents most of therapeutic agents 

from passively diffusing into the skin, with the exception of some potent, small, and 

moderately lipophilic compounds (Prausnitz & Langer, 2008). Several investigators 

have explored the disruption to this barrier using different physical enhancement 

techniques such as microneedles, thermal, radiofrequency ablation, and laser ablation 

(Ajay K. Banga, 2009).  

Micron-size needles or microneedles can be designed to be sharp enough to 

pierce the stratum corneum layer, long enough to reach the target site, yet short 

enough to avoid blood capillaries or pain receptors (Haq et al., 2009). Microneedles 

compromise the skin barrier by creating micron-sized, aqueous, and interstitial fluid-

filled channels that facilitate delivery of various therapeutic compounds (Ajay K. 

Banga, 2009). The literature has described different aspects of microneedles, 

including fabrication process, needles characterization, microneedle-mediated drug 

delivery, and their combination with other enhancement methods (H. Kalluri & 

Banga, 2009).  

The Precise Laser Epidermal System (PLEASE®, PantecBiosolutions AG, 

Liechtenstein) emits a fractional ablative, diode-pumped Erbium:yttrium-aluminium-

garnet laser or a focused light of infrared wavelength (2940 nm), known as the high 

absorption wavelength of water molecules in tissue. On the micron-sized laser-treated 

area, the water molecules absorb high energy of the laser and evaporate rapidly from 
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the skin, leaving aqueous microchannels in skin of approximately 150 µm in diameter 

(Heinrich et al., 2011; Weiss et al., 2012) while the skin in the vicinity of the channels 

appears unaffected (Sklar et al., 2014). Furthermore, the dimensions (depth and area) 

of the channels can be adjusted by altering the system parameters, such as the laser 

energy (the penetration depth), density of pore (the number of pores) and treatment 

area (Hantash et al., 2007; Sklar et al., 2014; Elisabeth H. Taudorf et al., 2014). 

Studies have investigated the effect of changing parameters on the skin uptake of 

various compounds, such as lidocaine, imiquimod, prednisone, 5-aminolevulinate, 

methyl aminolevulinate, ingenol mebutate, and test dyes (Erlendsson et al., 2015; E. 

H. Taudorf et al., 2016; Elisabeth H. Taudorf et al., 2014). Thus, ablative laser could 

provide controllable, desirable, and targeted transdermal drug delivery (Hantash et al., 

2007).  

Methotrexate (MTX) has been widely used to treat immunological diseases: 

psoriasis, acute lymphocytic leukemia, juvenile rheumatoid arthritis, osteosarcoma, 

central nervous system embryonal tumors, and dermatomyositis (Dadlani & Orlow, 

2005; Patiño-García et al., 2009; Vemulapalli, Yang, et al., 2008). MTX is generally 

administered by oral, parenteral, or intramuscular routes. However, the systemic 

delivery of MTX has a potential for several adverse effects such as oral mucositis, 

liver fibrosis, bone marrow supression, myelotoxicity, hepatotoxicity, 

thrombocytopenia, and pneumonitis (Kelly & Ramanan, 2011; Van Outryve et al., 

2002; Vemulapalli, Yang, et al., 2008). With a similar onset of action to the systemic 

route, skin delivery of MTX may overcome these safety concerns, leading to 

improved patient adherence and localized treatment of dermatological and rheumatic 

diseases (E. H. Taudorf et al., 2016; Vagace et al., 2012; Vemulapalli, Yang, et al., 

2008). Nonetheless, MTX does not readily cross the lipophilic stratum corneum by 
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passive diffusion, due to unfavorable physical properties, including hydrophilicity 

(log P -1.85), high molecular weight (454.44 g mol-1), and ionization at physiological 

pH (Fang et al., 2008; Vemulapalli, Yang, et al., 2008). Numerous studies have been 

conducted to deliver MTX into skin using chemical enhancers and physical 

enhancement techniques, such as microemulsions (Alvarez-Figueroa & Blanco-

Mendez, 2001), gels (Sutton et al., 2001), liposomes (Ali et al., 2008), iontophoresis 

(Alvarez-Figueroa & Blanco-Mendez, 2001; Rachna Prasad et al., 2011; Vemulapalli, 

Yang, et al., 2008), electroporation (W.-R. Lee et al., 2008; T.-W. Wong et al., 2005), 

microneedles (Mehtab J. Abla et al., 2013; Vemulapalli, Yang, et al., 2008), 

intracutaneous injection (Stewart et al., 1972), diode laser (Ali et al., 2008), and 

ablative fractional laser (E. H. Taudorf et al., 2016; Elisabeth H. Taudorf et al., 2014; 

Elisabeth Hjardem Taudorf et al., 2015). 

This study aimed to fabricate poly (D,L-lactide-co-glycoside) acid (PLGA) 

microneedles, characterize them, investigate the needle and laser-created 

microchannels, and study the in vitro delivery of MTX into and across dermatomed 

porcine ear and cadaver human skin.  

Materials and methods 

Materials 

MTX and PLGA (Lactide:Glycolide=50:50, MW 38,000-54,000, amorphous 

form) were purchased from Sigma Aldrich (St. Louis, MO, USA). Phosphate buffered 

saline (PBS) (0.1 M, pH 7.4 ± 0.1) was obtained from Fisher Scientific (Fisher 

BioReagent, NJ, USA). Methylene blue dye was bought from Eastman Kodak Co. 

(Rochester, NY, USA). Fluoresoft® (0.35%) was procured from Holles Laboratories 

Inc. (Cohasset, MA, USA). D-Squame stripping discs D101 were purchased from 

CuDerm (Dallas, TX, USA), cotton tipped applicators were obtained from Dynarex 
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(NY, USA). FluoreSpheres® (0.2 µm) were obtained from InvitrogenTM (Carlsbad, 

CA, USA). Sylgard® 186 silicon elastomer base and curing agent were purchased 

from Dow Corning Corp. (MI, USA). Master structure (an array consists of 10x10 

stainless steel, pyramidal-shaped microneedles, 500 µm height, 150 µm x 150 µm 

base and 500 µm pitch) was procured from Micropoint Technologies Pte Ltd 

(Singapore). Porcine ear skin and cadaver dermatomed human skin were obtained 

from a local slaughterhouse (Atlanta, GA, USA) and New York Fire Fighter (NY, 

USA), respectively.  

Methods 

Microneedle fabrication 

The dust-free master structures were covered with a pre-blended PDMS 

mixture (Base: curing agent = 10:1 w/w) (J.-H. Park, Allen, & Prausnitz, 2005). Then, 

the air bubbles were eliminated by a centrifugation at 4000 rpm and 250C for 30 min 

(Centrifuge 5810R, Eppendorf, Hamburg, Germany) and a vacuum application at 200 

mbar and 250C for 30 min in a vacuum drying oven (Binder GmbH, Germany). After 

that, the mold was cured at 1000C for 5 hours. Then, the mold was manually separated 

and used to fabricate PLGA microneedles (J.-H. Park et al., 2005). In the fabrication 

process, PLGA was melted and pulled into the channels of the mold in the vacuum 

oven at 200 mbar and 1800C for 30 min. Then, it was placed in a freezer at -200C for 

30 min before PLGA microneedles were removed from the mold by hand.   

Skin sample preparation 

The full thickness porcine ear skin was dermatomed to an average thickness of 

0.75 ± 0.06 mm (n=12) by a Dermatome 75 mm, Nouvag AG TCM 3000 (Goldach, 

Switzeland) (Nguyen & Banga, 2015b) while the cadaver dermatomed human skin 
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(Thickness 0.20 ± 0.03 mm, n=8) was thawed in 10 mM PBS solution at 37ºC for one 

minute. Then, the skin samples were cut into 2x2 sq.cm pieces for further studies.  

Skin treatment 

In this study, PLGA microneedles were pressed on the central area of skin 

tissue for two minutes using a moderate pressure from a thumb (Nguyen & Banga, 

2015b). In the laser group, the skin pieces were processed by a fractional ablative 

laser with 3 pulses/pore, pulse duration of 175 µs, treatment rate of 200 Hz with the 

energy of 34.1 J/sq.cm (1.2 W), array size of 8 mm and laser density of 10% 

(PLEASE®). Then, the treated skin was characterized and used in permeation studies.   

Scanning electron microscopy studies 

SEM images were obtained to measure the needle length, base dimension, tip 

size, needle distance, and surface properties of the master structure and PLGA 

microneedles (before treatment, after two-minute insertion into skin and after 

deformation with an axial loading). Also, SEM was used to study the area of 

microchannels in skin and PDMS mold.  

For the skin samples, the treated site was separated and fixed on a Polysine® 

microscope slide (Thermo Scientific, Waltham, MA) using 1% w/v formalin (Sigma 

Aldrich, MO, USA). Then, they were dried in a vacuum oven at 500C and 200 mbar 

for 30 min. The dried skin tissues were removed from the slide and mounted on SEM 

pin stub mount. The microneedles, skin, and mold samples were coated with gold and 

visualized under a SEM system (Nguyen & Banga, 2015b, 2017b). From the SEM 

images, the tip diameter of the needles and the area of the channels in skin (n=10) 

were calculated using ImageJ software (National Institute of Health, Bethesda, MD, 

USA).  
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Mechanical properties of PLGA microneedles 

Mechanical strength is a critical requirement for successful poration of skin by 

microneedles. The strength has been defined as the resistance of the needles to 

external forces, such as axial or transverse loadings. The mechanical properties of 

microneedles have been investigated using a Texture Analyzer (Donnelly et al., 2014; 

McCrudden et al., 2014).  

For the axial force, a PLGA microneedle array with a flat base was placed on 

the station of a stable micro system TA.XT Express Texture Analyzer with the 

needles facing upward (Texture Technologies Corp., MA, USA). Then, the stainless 

steel and flat spindle was moved down at a rate of 0.55 mm/s, touched the tips of the 

needles at a trigger force of 0.049 N, and applied an axial loading to deform the 

needles (Figure 17. a).  

 

 

 

a b c 

  

Where A is the spindle, B is the PLGA microneedle array, C is the station, D is the 

dermatomed porcine ear skin, E is a glass slide, and F is the stainless steel microneedle 

array 
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Figure 17. Experimental set-up to study the mechanical properties of PLGA 

microneedles a axial loading, b transverse loading, c effective force of microneedle 

penetration 

To measure the needles’ resistance against a transverse force, PLGA 

microneedle array was mounted vertically on a station using an adhesive. A glass 

microscope slide was firmly attached to the spindle and aligned parallel to the 

needles. Similar to the axial force study, the slide was then moved down along the 

surface of the array substrate, where it touched and broke the lower part of all 10 

needles on the first line (Figure 17. b).  

Additionally, we studied the mechanical resistance of the substrate of PLGA 

microneedle array. A flat substrate was freshly fabricated by the melting technique 

using PDMS mold without any channels. Then, the substrate was placed on the station 

of the Texture Analyzer under an axial loading, generated from moving the stainless 

steel spindle at a speed of 0.5 mm/s. In all the above-mentioned studies, the force (N), 

required to move the spindle, was plotted as a function of the traveling distance (mm) 

(n=4). Also, the deformation pattern of PLGA microneedles was scrutinized under 

SEM.  

Effective force of penetration 

When microneedles were pressed into skin tissue, the skin was first indented, 

then ruptured in microscopic areas under a sufficiently applied pressure. This study 

elaborated on skin indentation and effective force of penetration of the microneedles – 

the insertion force for 100% penetration efficiency that occurred when 100 

microchannels were created in skin by 100 microneedles on array. A stainless steel 

microneedle array (Master structure) was firmly attached to the spindle of the Texture 

Analyzer with the needles facing downward. Freshly dermatomed porcine ear skin 
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was secured on five sheets of parafilm (Parafilm M® Laboratory film, Neenah, WI, 

USA) on the station using a stretchable sealing tape. Then, the needles were moved 

down at a speed of 0.5 mm/s to reach the skin surface at a trigger force of 0.049 N, 

then continued to travel (0.5 mm/s) to a predetermined distance in the skin. After one-

second embedding in the skin, the needles were removed from the skin tissue (0.5 

mm/s) (Figure 17. c). The applied force and traveling distance of the microneedles 

were reported (n=4). The needle-treated skin was covered with FluoSpheres® 

aldehyde sulfate microspheres 1.0 µm (Yellow-green fluorescent, 505/515, 2% solid, 

InvitrogenTM, OR, USA) and recorded by a fluorescent camera to count the number of 

channels created by each insertion (Nguyen & Banga, 2015b).  

Mechanical uniformity of microneedles 

The uniformity of mechanical strength of microneedles on array is an essential 

indicator of uniform channels created in skin. Therefore, this study for the first time 

reported the mechanical uniformity of PLGA microneedles. Four layers of Parafilm 

M® (Thickness of 0.14 ± 0.01 mm) were stacked together and treated by a PLGA 

microneedle array as in the skin treatment methods. After the needles were removed, 

each parafilm layer was manually separated and visualized under an optical 

microscope (Leica DM 750) to measure the dimensions of 20 randomly selected pores 

in the first layer. A minimal standard deviation of these dimensions demonstrated the 

uniformity of the needles. Furthermore, the number of pores appeared in the last 

parafilm layer was evaluated to indicate the uniformity of the needles’ length.  

Skin dynamic viscoelasticity 

Dynamic viscoelasticity studies were conducted to investigate the inherent 

physical properties of dermatomed porcine ear skin and its modification after 

microneedle and laser treatments. The procedure of this study followed the method 
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described by us earlier (Nguyen & Banga, 2015b). Skin tissues of controlled thickness 

was secured flat on the plate of a rheometer (Anton Paar USA Inc., Ashland, VA, 

USA) by a stretchable sealing tape with a distance of 0.59 ± 0.04 mm (n=12) and 

normal force of 3.22 ± 0.15 N. Zero gap was set for every test. The skin temperature 

was maintained at 320C in the chamber. The volume strain was kept constant at 1% 

while the angular frequency increased from 6 to 474 rad/s. Then, the storage (G’) and 

loss moduli (G’’) were recorded against the angular frequency (ω).  

Fourier transform infrared spectrophotometer studies 

Fourier Transform Infrared Spectrophotometer (FTIR) in tandem with 

LabSolution IR software (IRAffinity-1S, Shimadzu Corporation, Kyoto, Japan) was 

used to study the structural and chemical modification of PDMS mold after one 

microneedle fabrication process and porcine ear skin after the treatments by PLGA 

microneedles or ablative laser. PDMS mold and freeze-dried skin samples were 

placed in the chamber of the FTIR at room temperature. Then, the FTIR spectra were 

obtained from 100 scans in a range of 400-4500 cm-1 with spectra resolution of 4 cm-1 

to analyze the alteration of the samples.  

Dye binding studies 

The needles and laser-treated site of skin sample was stained with methylene 

blue solution (1% w/v) and viewed under ProScopeHR Digital USB Microscope 

(Bodelin Technologies, OR, USA) (Haripriya Kalluri, Kolli, & Banga, 2011; Kolli & 

Banga, 2008; Nguyen & Banga, 2015b). Microscopic images of the skin surface were 

procured to show the skin poration and to measure the pore-to-pore distance (n=10).  

Histology studies  

The treated area of skin tissue was stained with methylene blue dye (1% w/v), 

frozen in Tissue-Tek® optimal cutting temperature compound (OCT, Sakura Finetek 
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USA Inc, Torrance, CA, USA) and vertically sectioned using Microm HM505E 

(Southeast scientific Inc, Dallas, GA, USA) with the section thickness of 10 µm 

(Nguyen & Banga, 2015b, 2017b). Then, the sections were stained using the 

conventional hematoxylin and eosin staining protocol and observed under Leica DM 

750 microscope.  

Pore uniformity studies 

The uniformity of the microchannels was evaluated by calcein imaging using 

Fluoropore and ImageJ software. The treated site of skin tissue was stained with 

Fluoresoft® solution (0.35%) (Nguyen & Banga, 2015b, 2017b). Fluorescent images 

of the skin surface were then captured and analyzed to report the distribution pattern 

of fluorescent intensity in and around individual pore, known as Pore Permeability 

Index (PPI), which indicated the uniformity of calcein flux for the channels. 

Dermascan studies 

DermaScan® C, equipped with DermaScan C V3 1.6.5.1 software (Cortex 

Technology, Denmark), was used to visualize the channels in the skin created by 

microneedle poration and laser ablation. After the physical treatments, dermatomed 

porcine ear skin was secured onto a wooden board by pins, covered with a layer of gel 

(Dane-Gel CE, Rohde Produits, Denmark), and probed by the DermaScan.  

Skin integrity measurement 

The skin’s barrier function was evaluated using transepidermal water loss 

(TEWL) and skin electrical resistance measurement (Nguyen & Banga, 2015b, 

2017b). The skin resistance was measured by passing a current (a voltage of 100 mV 

alternating current at 10 Hz, duty cycle 50% without offset) through the skin (0.64 

sq.cm) while TEWL values were obtained non-invasively using a VapoMeter (Delfin 

Technologies Ltd, Finland) (n=4).   
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The skin electrical resistance value (RS, kΩ) was calculated from the voltage 

drop across the skin (VS, mV) using the following equation.  

𝑅𝑠 =  
100 𝑉𝑆

(100 −  𝑉𝑆)
 

A disruption of the skin integrity by the physical treatments was denoted by a 

decrease in skin electrical resistance as well as an increase in TEWL value.  

Confocal laser microscopy studies 

In this study, the treated site of porcine ear skin was stained with Fluoresoft® 

solution (0.35%) and visualized under a computerized Leica SP8 confocal laser 

microscopic system at a wavelength of 496 nm (Switzerland) to study the depth of the 

channels and the distribution pattern of calcein dye inside the pores (Haripriya Kalluri 

et al., 2011; Kolli & Banga, 2008; Nguyen & Banga, 2015b). 

In vitro pore monitoring studies  

Due to the skin’s healing process, microchannels could gradually close after 

the microneedle insertion in vivo (Haripriya Kalluri & Banga, 2011; Haripriya Kalluri 

et al., 2011). However, it remains unknown about the pore’s lifetime in vitro. Pore 

closure could not be attributed to skin regeneration, which was absent in dead skin 

tissue in vitro, but could be hypothesized to occur due to skin hydration―skin 

absorbed water from the recetor fluid and swelled. Thus, this work monitored the 

microneedles and laser-created pores in vitro in porcine ear skin at predetermined 

intervals after the treatments. The treated skin was clamped on a vertical Franz 

diffusion cell as in the in vitro permeation studies. At pre-determined time points, 

TEWL and electrical resistance values of the skin were measured (n=4) before the 

skin surface was stained with FluoSpheres® and recorded by a digital camera as in the 

study of effective force of penetration. 
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In vitro permeation studies by vertical Franz diffusion cells 

In vitro permeation study was performed to investigate drug delivery into and 

across skin tissue (Nguyen & Banga, 2015b). The protocol was developed based on 

our earlier work on MTX (Mehtab J. Abla et al., 2013; Vemulapalli, Yang, et al., 

2008). Vertical Franz diffusion cell (permeation area of 0.64 sq.cm, PermeGear, Inc., 

PA, USA) was set with the donor chamber that contained 200 µL of 5 mg/mL MTX 

in propylene glycol and the receptor compartment that was filled with 5 mL of 10 mM 

PBS solution (pH 7.4). The untreated, PLGA microneedle-treated, and laser-treated 

dermatomed porcine ear skin or cadaver human skin were sandwiched between the 

donor and receptor chambers with the epidermis layer facing upward. The untreated 

skin served as the control. Aliquots (300 µL) of the receptor fluid were withdrawn at 

0h, 1h, 2h, 4h, 6h, 8h, 22h, and 24h, and replaced with equal volumes of 10 mM PBS 

solution. Then, the cumulative amount of MTX permeated through a diffusion unit 

area (µg/sq.cm) was plotted with time (n=4).  

Skin distribution studies 

After 24h of the in vitro permeation studies, the drug levels in skin layers were 

determined in skin distribution studies (Nguyen & Banga, 2015b, 2017b). To remove 

the stratum corneum, twenty tapes (D-Squame stripping discs D101, CuDerm, TX, 

USA) were applied onto the permeated site of the skin using a D-Squame pressure 

instrument (Pressure of 225 g/sq.cm, pressure area of 22.24 mm, CuDerm, TX, USA) 

and removed quickly with forceps. Tapes 1-5, 6-10, and 11-20 were pooled together 

(three groups) in six-well plates (Becton Dickinson, NJ, USA). Then, viable 

epidermis and dermis layers were separated using forceps, minced with surgical 

scissors, and placed in separate six-well plates. To extract MTX, the tapes and skin 

pieces were extracted in 2 mL mixture of methanol and 10 mM PBS solution (50:50 
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v/v) under constant shaking at 100 rpm and at room temperature for 24h. Afterwards, 

the samples were filtered through 0.2 µm filters and analyzed using a validated HPLC 

method. 

Quantitative analysis 

MTX concentrations in the samples were analyzed by an isocratic reversed-

phase high performance liquid chromatography (RP-HPLC) method using Waters 

Alliance HPLC system (e2695 Separating Module), equipped with a photodiode array 

detector (Waters 2996) and EmpowerTM software version 2 (Waters Co., Milford, 

MA, USA). A mixture of acetonitrile and 10 mM potassium phosphate monobasic 

buffer (pH 3.5, adjusted by o-phosphoric acid 85%, Fisher Scientific, Fair Lawn, NJ, 

USA) (13:87 v/v) flowed through Gemini-NX C18 110A; 150 x 4.6 mm, 5 µm 

column (Phenomenex, Torrance, CA, USA) at a rate of 1.0 mL/min at 350C. The 

injection volume was 10 µL while the detector wavelength was set at 304 nm and the 

run time at 7 minutes. This HPLC method provided a linear range of 0.1-50 µg/mL 

(R2=1.00).  

Data analysis 

The results were reported in the form of mean ± standard deviation (SD) 

(n≥4). Statistical analysis was performed in Microsoft Excel Worksheet. The 

Student’s t-test and One-Way ANOVA with Tukey HSD post-hoc test were employed 

to compare the results of different groups. A statistically significant difference was 

indicated by a p value less than 0.05. 
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Results 

Scanning electron microscopy studies 

The SEM images of the master structure (Figure 18. a-c), PLGA microneedles 

(Figure 18. d-l), PDMS mold, and microchannels in skin (Figure 18. m-o) were used 

to measure the dimensions of the needles and channels (Table 4).  

Table 4 Microneedle dimensions (n=10) 

Samples 

Needle length 

(µm) 

Needle-to-

needle 

distance (µm) 

Base side 

(µm) 

Tip 

Diameter 

(µm) 

Master structure 460.34 ± 4.33 512.85 ± 4.44 163.45 ± 2.31 12.30 ± 1.19 

PLGA MN 437.69 ± 14.27 514.06 ± 5.93 162.88 ± 3.89 18.70 ± 7.67 

Treated PLGA MN 396.15 ±19.26 511.73 ± 4.80 163.92 ± 3.72 31.48 ± 8.67 

 

The microneedle array had the center area of 4.5x4.5 mm2 for 100 rectangular 

pyramidal-shaped microneedles (Figure 18. d-f). PLGA microneedles were 437.69 ± 

14.27 µm in length with the tip diameter of 18.70 ± 7.67 µm. These dimensions 

(Table 4) indicated the likelihood of skin poration by PLGA microneedles. In 

addition, an insignificant difference was obtained between the master structure and 

PLGA microneedles regarding the needle-to-needle distance as well as the base side 

(p>0.05). Upon insertion into the skin, the PLGA needles’ length significantly 

decreased and tip diameter increased (p<0.01).  
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Figure 18. SEM images of a, b, c master structure; d, e, f untreated PLGA 

microneedles; g, h, i PLGA microneedles after 2-minute insertion into dermatomed 

porcine ear skin; j, k, l PLGA microneedles after axial loading; m untreated skin; 

microchannels in porcine skin created by n PLGA microneedles, o ablative laser  

Furthermore, we investigated the effect of the microneedle fabrication 

procedure (180oC, 30 min, 200 mbar vacuum) on PDMS mold. One hundred uniform 

and evenly distributed pores in the mold remained unchanged regarding the pores’ 

dimensions and surface morphology. Similar to PLGA microneedles, the pore-to-pore 

distance in PDMS mold was 513.54 ± 5.05 µm while the pore side was 163 ± 5.91 µm 

(n=10). This result suggested that the fabrication process maintained the dimensions 

of the PDMS mold.  
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Also, the shape and area of microchannels in skin was investigated using 

SEM. The microchannels created by laser (43350.71 ± 3380.27 sq.µm) were 

significantly larger than those formed by microneedles (1867.96 ± 409.06 sq.µm, 

n=10, p=0.00). The square shape of the microneedle-created channels followed the 

needles’ geometry (Figure 18. n). A carbonization layer or coagulation zone was 

formed around the pores created by ablative laser (Figure 18. o). The skin in the 

vicinity of the channels appeared intact and unaffected by both microneedles and laser 

treatment (Figure 18. m).  

Mechanical properties of PLGA microneedles 

This study investigated the resistance of PLGA microneedles and the substrate 

to withstand axial and transverse loadings. The result showed that the axial force 

continuously increased with the travelling distance of the spindle when it was pressed 

onto the microneedles. However, a sudden decrease of the force, which represents the 

breaking point of microneedles (Davis, Landis, Adams, Allen, & Prausnitz, 2004), 

was absent from the force-distance curve. This means PLGA microneedles resisted 

fracture, bending unilaterally instead (Figure 18. j-l). In addition, we measured a 

transverse loading (1.61 ± 0.13 N) required to break a line of ten PLGA microneedles. 

Furthermore, the substrate of PLGA microneedle array appeared sufficiently strong to 

withstand the maximum level of axial force generated by the Texture Analyzer. This 

strong substrate functioned to maintain perpendicular alignment during microneedle 

insertion into skin.  

Effective force of penetration 

We used an array of stainless steel microneedles to porate dermatomed 

porcine ear skin with preset pressure, force, and traveling distance. After each 

experiment, we recorded the fluorescent images of the stained, treated skin to 
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calculate the penetration efficiency of the needle insertion. Microchannels were 

undetectable until the needles travelled 0.5 mm into the skin. This finding suggests 

that upon the needle treatment, the skin tissue initially indented to 0.5 mm before 

being pierced under a sufficient pressure. In addition, we observed an increase in the 

number of pores created in skin corresponding to an increase from 0.5 to 1.0 mm in 

the distance travelled (Figure 19). Also, a higher pressure was required to drive the 

needles into deeper skin layers. This positive correlation between the distance and 

pressure of microneedle insertion is related to the inherent viscoelasticity of skin 

tissue. Finally, we achieved 100 microchannels, and therefore 100% penetration 

efficiency, when an effective force of 41.04 ± 18.33 N was applied to move the 

needles 1.0 mm into the skin. After that, no significant difference was found in the 

force to move the array to 1.0 mm and 1.3 mm in the skin (60.32 ± 11.47 N, p=0.125).  

     

0.1 mm 0.2 mm 0.3 mm 0.4 mm 0.5 mm 
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Figure 19. Fluorescent images of skin pierced by stainless steel microneedles at 

different travelling distances 

Mechanical uniformity of microneedles 

We used Parafilm M® to design a simple study to evaluate the mechanical 

uniformity of PLGA microneedles on array. Several square-shaped pores were formed 

on the parafilm layers with a gradual decrease in their size from the first to the last 

layer (Figure 20). This observation was in accordance with the pattern of the pores, 

formed by the pyramidal-shaped microneedles. The first parafilm layer’s pore width 

was 55.77 ± 2.23 µm. The small deviation of the side (2.23) indicated the similarity in 

the pores’ dimension, thus, the mechanical uniformity of PLGA microneedles. 

Interestingly, this pores’ width was significantly smaller than the base side of the 

needles (162.88 ± 3.89 µm, p=0.00). This suggests that the needles did not completely 

penetrate the parafilm layers. 

   

a b c 

  

 

d e  
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Figure 20. Microscopic images of parafilm layers treated by PLGA microneedles a 

untreated layer, b first layer, c second layer, d third layer, e last/fourth layer 

Furthermore, we observed circular areas (10370.83 ± 316.60 sq.µm, n=20) 

around individual pores (Figure 20. b) that suggested the parafilm layer indented 

upon PLGA microneedle insertion. In addition, the appearance of 100 pores on the 

last (fourth) layer suggested that the needles had a similar length to reach a similar 

depth in flat and homogeneous parafilm layers. This result demonstrated the 

uniformity of the needles’ length. 

Skin dynamic viscoelasticity 

In this study, we measured the skin dynamic viscoelasticity, known as an 

indicator of the capacity of the tissue to withstand external force. Figure 21. displays 

a continuous increase in both storage (G’) and loss (G”) moduli of porcine ear skin, 

caused by an increase in the angular frequency. Furthermore, G’ was considerably 

greater than G”. These observations denoted the elastic-like property of the skin 

samples. 

 

Figure 21. Storage and loss moduli of untreated, PLGA microneedle-treated, and 

laser-treated skin 
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In addition, both physical treatments led to a consistent decrease in both G’ 

and G”, indicating that microneedle poration and laser ablation reduced the 

viscoelasticity of skin. The moduli curves (G’ and G”) of microneedle-treated skin are 

below those of laser-treated skin in Figure 21. Thus, microneedle insertion offered a 

greater effect on the skin physical resistiance than laser ablation. This result might be 

due to the fact that the skin tissue was compressed under the pressure applied from the 

substrate of the needle array during the skin insertion. However, this effect was non-

existent in the laser group.  

Fourier transform infrared spectrophotometer studies  

The FTIR spectra of PDMS mold and freeze-dried skin samples were used to 

investigate their structural modification due to the microneedle fabrication process 

and physical treatments of skin, respectively. The results demonstrated that a 30-

minute exposure to a high temperature (1800C) during the fabrication process 

maintained the chemical properties of PDMS, regarding both wavenumber and % 

transmittance. We obtained identical spectra of the molds pre- and post-exposure. The 

peak at 2961 cm-1 represents CH2 and CH3 stretching modes of PDMS. This FTIR 

studies, together with SEM images of PDMS mold, suggested that the mold preserved 

its dimensions, morphology, and chemical structure and, thus, could be reused.  

The FTIR spectrum of dermatomed porcine ear skin was analyzed with peaks 

at 2909 cm-1 and 2854 cm-1
 for CH2 asymmetric and symmetric stretching vibration, 

1744 cm-1 for C=O stretching bond of fatty acids in skin, 1647 cm-1 for amid I-type 

stretching vibration (C=O) for the amide bond of proteins in biological tissues, 1557 

cm-1 for amid II polypeptide vibration that consists of C–N stretching vibrations and 

N–H deformation vibrations, and 1395 cm-1 for CH2 scissoring mode of lipid alkyl 

chains in the stratum corneum layer (Hasanovic, Winkler, Resch, & Valenta, 2011; 
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Sviridov et al., 2004). In addition, the FTIR spectra of treated skin samples indicated 

that skin microporation by PLGA microneedles and ablative laser resulted in an 

insignificant change in % transmittance of these peaks. Similarly, no shift of the 

wavenumber was observed. Therefore, the physical enhancement methods in this 

study did not modify the chemical structure of skin.  

Dye binding studies 

The untreated skin appeared unaffected by the staining because the 

hydrophilic property of methylene blue precluded it from penetrating the intact 

hydrophobic barrier of skin-the stratum corneum layer. On the treated skin samples, 

the aqueous, interstitial fluid-filled microchannels absorbed the dye to be visibly 

stained whereas the undamaged vicinity did not (Figure 22. a-d). This result 

confirmed a successful microporation caused by both PLGA microneedles and 

ablative laser. In particular, the microneedles and laser created 100 and 120 

microchannels in skin with the pore-to-pore distance of 0.51 ± 0.01 and 0.72 ± 0.20 

mm, respectively. The microchannels (stained spots) formed by PLGA microneedle 

insertion were uniformly distributed, following the needle pattern on array while the 

channels caused by laser ablation were randomly scattered (Figure 22. c, d). In the 

microneedle group, an insignificant difference was obtained between the needle-to-

needle distance on array (514.06 ± 5.93 µm) and the pore-to-pore distance on PDMS 

mold (513.54 ± 5.05 µm, p>0.05), on parafilm layer and on skin tissue (514.10 ± 

13.50 mm, p>0.05).  
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a b 

  

c d 

Figure 22.  Microscopic images of a PLGA microneedle array, b untreated 

dermatomed porcine ear skin, c PLGA MN-treated skin, and d laser-treated skin 

Histology studies 

The histological images of skin sections displayed different skin layers with 

different colors, which were easily distinguishable from each other. While the stratum 

corneum, epidermis and dermis layers appeared intact in the untreated skin (Figure 

23. a, d), they were broken in the needles and laser-treated skin, following the pattern 

of the microchannels. This demonstrated the effectiveness of microneedles and laser 

treatment to penetrate the stratum corneum and epidermis to reach the superficial 

layer of dermis (Figure 23. b, c, e, f). Furthermore, we estimated the depth of the 
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pores to be approximately 120 µm for both treatment groups. The laser-created 

channels were apparently larger than those caused by microneedle poration. In 

addition, a carbonization layer was visible around the laser-formed channels but not 

the needles-created pores (Figure 23. b, e). 

 

 

 

a b c 

  

 

d e f 

Figure 23. Histological images of skin sections treated by (a, d) untreated skin, (b, e) 

ablative laser, and (c, f) PLGA microneedles 

Pore uniformity studies 

The fluorescent images of the treated skin were analyzed by Fluoropore, 

ImageJ, and SPSS software to measure the fluorescent intensity of each channel, 

representing the uniformity and relative flux of calcein for the individual pore. As a 

result, the bell-shaped histogram of the pores’ fluorescent intensity demonstrated the 

uniformity of the pores created by both microneedles and laser (Figure 24. c, d). We 

also calculated the pore permeability index (PPI) and reported that the microchannels 

formed by PLGA microneedles (35.1 ± 14.19, n=95, nzero =2) were smaller (smaller 
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PPI value) but more uniform (smaller SD of the PPI value) than those caused by laser 

treatment (40 ± 27.04, n=120, nzero=27). Furthermore, we observed a smaller stained 

area of skin after the treatments by PLGA microneedles (4.8x4.8 mm2) than by 

ablative laser (8.0x8.0 mm2). 

  

a b 

 

 

c d 

Figure 24. Microscopic images of skin with the distribution pattern of fluorescent 

intensity of microchannels created by (a, c) PLGA microneedles and (b, d) ablative 

laser 

DermaScan studies 

Without physical sectioning (as in histology studies) or fluorescent staining (as 

in confocal laser microscopy), this study, for the first time, used ultrasound, generated 
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from a DermaScan system, to capture a vertical view of the microchannels created by 

PLGA microneedles and ablative laser treatments. This technique was technically 

superior to other imaging methods, by avoiding the physical distortion of pore size 

and shape (in histology studies) and overestimation of pore dimensions due to dye 

diffusion (in confocal laser microscopy).  

In the present study, even though the stratum corneum, epidermis, and dermis 

layers were almost indistinguishable from each other on the DermaScan images, the 

microchannels could still be recognized. Figure 25. a, b shows one and three pores in 

porcine skin created by laser and microneedles, respectively.   

 

 

a b 

Figure 25. DermaScan images of microchannels created by (a) ablative laser and (b) 

PLGA microneedle treatment 

Skin integrity measurement 

The integrity of porcine ear skin was assessed using skin electrical resistance 

and TEWL measurements. A disruption of the skin barrier would increase TEWL 

value, by allowing more water to evaporate from the skin surface. Also, this 

disruption would decrease skin resistance, by allowing more ion to pass through the 

tissue. The present study reported a significant decrease in the electrical resistance of 

skin (control: 52.30 ± 10.87 kΩ) after the physical treatment by PLGA microneedles 
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(1.47 ± 0.18 kΩ, p=0.00) and ablative laser (1.21 ± 0.08 kΩ, p=0.00). Likewise, there 

was a marked increase in TEWL value of needle-treated (67.53 ± 12.62 g/m2h, 

p=0.00) and laser-treated skin (284.50 ± 30.38 g/m2h, p=0.00), as compared to 

untreated skin (35.18 ± 5.46 g/m2h) (Figure 26). These results validated a successful 

microporation of skin by the physical enhancement techniques.  

 

Figure 26. Skin electrical resistance and TEWL values of untreated skin (Control), 

PLGA microneedle-treated (PLGA MN), and laser-treated skin (Laser) (# denotes a 

significant difference, p<0.01) 

Furthermore, we observed a positive correlation between TEWL value and the 

total surface area of the microchannels, which indicated the extent of the skin 

microporation. An increase in the channels’ area resulted in an increase in TEWL 

value. However, we observed no correlation between the channels’ area and the skin 

electrical resistance, which considerably decreased to a small range of values (<2 kΩ) 

in treated skin. The decrease in skin resistance was independent of the size of the 

disrupted area.    

Confocal laser microscopy studies 

Confocal laser microscopy is an accurate, rapid, and non-invasive technique to 

measure the depth of the pores created by microneedles and laser in skin. This 
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technique is based on an assumption that calcein with hydrophilic nature selectively 

enters and stains the porated area of skin (i.e. microchannels). Thus, the fluorescent 

signal of calcein represents the channels regarding their position, shape, and depth in 

skin. In this study, only the microchannels— not the surroundings—were stained with 

the dye to be visible on the fluorescent images (Figure 27. a, b). 

 

 

a b 

Figure 27. Confocal images of microchannels created by (a) PLGA microneedles and 

(b) ablative laser treatment 

In addition, a multi-step scan was performed, starting from the skin surface, 

with maximum fluorescent area and intensity, to the end of the channels, where the 

signal was undetectable (Figure 28). This scan provided a series of images with a 

gradual decrease of the fluorescent intensity along the channels. The number of steps 

and step size were used to calculate the depth of the pores created by PLGA 

microneedles (115.50 ± 14.42 µm, n=10, Figure 28) and fractional ablative laser 

(112.50 ± 9.79 µm, n=10). 
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Figure 28. Z-Stack of microchannels created by ablative laser in dermatomed porcine 

ear skin 



 

91 

 

In vitro pore monitoring studies 

The pores’ lifetime is important to understand transdermal drug delivery in 

vitro, especially for hydrophilic and macromolecular therapeutic agents, which cannot 

cross intact skin by passive diffusion and rely on pores for access to the tissues. Thus, 

the longer the pores remain open, the greater amount of drug delivered, resulting in 

the more efficient drug delivery. In this study, we monitored the pores in vitro at 

different time intervals after PLGA microneedles and ablative laser treatments. Over 

time, we observed a constant increase in TEWL as well as a decrease in skin 

resistance values (Figure 29. a, b). These observations suggested a continuous 

failure— instead of recovery— of the skin barrier function with time. Furthermore, 

the range of TEWL value was considerably larger than that in skin resistance. The 

skin resistance value ranged between 1.52 ± 0.08 and 2.02 ± 0.26 kΩ, whereas TEWL 

constantly increased from 54.75 ± 12.31 g/m2h (0h) to 206.13 ± 37.07 g/m2h (72h) 

after microneedle insertion and from 157.35 ± 10.85 g/m2h (0h) to 328.48 ± 14.32 

g/m2h (72h) after laser treatment (Figure 29. a, b).  

  

a b 

Figure 29. TEWL and skin electrical resistance values of (a) laser-treated and (b) 

PLGA microneedle-treated skin after different intervals 

Moreover, changes in the pores was directly visualized in fluorescent images 

of the skin surface (calcein imaging studies). As a result, one hundred pores formed 
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by PLGA microneedles remained open to be visible on the images up to 55h after the 

insertion. Interestingly, the intact vicinity of the pores absorbed the receptor fluid to 

be more fragile, hydrated, and stained with the dye at 22h. At 72h, the needle-created 

channels appeared indistinguishable from the untreated area of skin (Figure 30). 

Similarly, the microchannels caused by laser ablation stayed open for 72h, while the 

vicinity also slowly absorbed the dye.   

 

 

    

0h 1h 3h 5h 22h 

    

 

24h 28h 55h 72h  

Figure 30. Fluorescent images of microneedle-treated skin at different time 

intervals 

In vitro permeation studies by vertical Franz diffusion cells 

This study investigated the in vitro delivery of MTX through untreated, 

microneedle-treated, and laser-treated dermatomed porcine ear and cadaver human 

skin. No drug passed through the untreated porcine ear skin into the receptor 

compartment (control: 0.00 ± 0.00 µg/sq.cm) whereas the physical treatments by 

microneedles and laser demonstrated their effectiveness in creating multiple channels, 

disrupting the skin barrier, and allowing a significantly greater amount of MTX to 

cross into the skin. Ablative laser appeared superior to PLGA microneedles in 
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enhancing the transdermal delivery of MTX across both porcine and human skin. On 

porcine skin, ablative laser (322.39 ± 31.88 µg/sq.cm) provided approximately nine 

times greater drug permeability than microneedle insertion (36.32 ± 9.96 µg/sq.cm, 

p=0.00). Likewise, a significantly higher amount of MTX delivered through 

dermatomed human skin after laser ablation (387.78 ± 20.04 µg/sq.cm) than 

microneedle poration (7.05 ± 3.54 µg/sq.cm, p=0.00) (Figure 31. a). Interestingly, we 

observed a noticeable difference in the drug permeation through the two skin models 

after the treatments. Laser-treated human skin received a markedly higher amount of 

MTX than laser-treated porcine ear skin (p<0.05). Microneedle-porated human skin 

allowed fewer drugs to pass through than microneedle-treated porcine skin.  

  

a b 

Figure 31. a Average cumulative amount of MTX in receptor and b level of MTX in 

different skin layers untreated skin (Control), PLGA microneedles treatment on 

porcine ear skin (MN Porcine), ablative laser treatment on porcine ear skin (Laser 

Porcine), PLGA microneedles treatment on human skin (MN Human), and ablative 
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laser treatment on human skin (Laser Human) (*, # denotes statistical differences with 

p<0.05, p<0.01, respectively) 

Skin distribution studies 

We also analyzed the distribution and levels of MTX in different skin layers 

including stratum corneum, epidermis, and dermis. Both physical treatments resulted 

in higher drug levels in the skin tissue than the control. Ablative laser was more 

effective than PLGA microneedles in driving more drug into the skin layers. 

Specifically, the drug amount in dermatomed porcine ear skin after laser ablation 

(40.31 ± 9.20 µg/sq.cm) was markedly higher than that after microneedle 

microporation (11.04 ± 3.02 µg/sq.cm, p<0.01) and the untreated group (7.27 ± 2.17 

µg/sq.cm, p<0.01). We also obtained a similar result for laser-treated human skin 

(9.56 ± 1.13 µg/sq.cm) that was two-fold higher than microneedle-treated human skin 

(4.43 ± 0.69 µg/sq.cm, p<0.05). However, the drug amount in the stratum corneum 

layer of porcine skin appeared insignificantly different among the three groups: 

untreated (4.81 ± 1.19 µg/sq.cm), microneedle-treated (6.71 ± 2.13 µg/sq.cm), and 

laser-treated skin (10.26 ± 6.24 µg/sq.cm) (p=0.19) (Figure 31. b). This result might 

be attributed to the infinite dose of MTX applied onto skin (5 mg/mL, 200 µL) that 

most likely saturated the stratum corneum after 24h study.  

After both treatments, the total amount of drug retained in porcine ear skin 

was significantly higher than that in human skin (p<0.05). While this comparison was 

consistent with the drug level in the dermis layer (MTX accumulated more in the 

dermis layer of porcine skin than human skin), we observed an opposite result with 

the epidermis layer. The human epidermis (microneedles-treated human epidermis: 

4.02 ± 0.56 µg/sq.cm and laser-treated human epidermis: 5.63 ± 0.80 µg/sq.cm) 

contained a markedly higher drug level than that in porcine epidermis (microneedles-
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treated porcine epidermis: 1.36 ± 0.20 µg/sq.cm, p=0.00 and laser-treated porcine 

epidermis: 4.11 ± 0.69 µg/sq.cm, p=0.03).  

Discussion 

Successful skin microporation by both PLGA microneedles and ablative laser 

treatment was validated in SEM, dye binding, histology, pore uniformity, DermaScan, 

skin integrity measurement, and confocal laser microscopy studies. The similarity 

between the needle-to-needle distance on array and pore-to-pore distance on skin 

(p<0.05) demonstrated the skin poration by PLGA microneedles (Figure 22). The 

disruption of skin integrity was contained within the channels, whereas the untreated 

surroundings appeared intact and unstained by the hydrophilic dyes (methylene blue 

and calcein). This result was consistent with other studies where microneedles porated 

the skin, created microchannels to be visualized upon staining and left surrounding 

skin undisturbed and unstained (Haripriya Kalluri et al., 2011; Kolli & Banga, 2008; 

Nguyen & Banga, 2015b).  

Previously, the diameter and area of needle-created channels were investigated 

in confocal laser microscopy studies (Haripriya Kalluri et al., 2011; Nguyen & Banga, 

2015b). Fluorescent areas indicated locations of pores, where dye stained disrupted 

skin and was visible under confocal microscope. However, a rapid diffusion of calcein 

dye into skin layers may have resulted in a larger and less precise stained area than the 

actual pore size, thus overestimating the pores’ dimensions. Also, the shape of the 

microchannels might have varied (not always circular) depending on the geometry of 

the microneedles. The above-mentioned limitations and imprecisions were avoided in 

this study, where we suggested an accurate and reliable method to measure the 

dimensions of microchannels in skin using SEM images. Without the use of 
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fluorescent staining, SEM imaging provided clear visualizations of the channels 

boundaries to measure the dimensions of the microchannels. 

A carbonization layer or thermal coagulation zone around laser-formed 

channels, observed in this study, were also reported by others (E. H. Taudorf et al., 

2016; Elisabeth H. Taudorf et al., 2014). Taudorf et al. reported that MTX could 

diffuse through this layer of varying thickness (6 to 47 µm) to result in similar 

fluorescent intensity within the layer and up to 477 µm of the vicinity (E. H. Taudorf 

et al., 2016). A 47 µm-thick coagulation zone did delay the initial rate of MTX 

absorption, yet did not hinder the drug delivery in vitro (E. H. Taudorf et al., 2016; 

Elisabeth Hjardem Taudorf et al., 2015). This thermal coagulation zone might serve 

as a protective layer around the pores, preventing bacteria from entering skin and 

causing infections. However, this zone could inhibit skin regeneration, thus 

lengthening the period of pore closure in vivo.  

Under a moderate pressure during the skin insertion, microneedles have to 

resist both axial and transverse forces. Therefore, sufficient needle strength is 

essential for a successful skin poration, where the microneedles could porate the 

viscoelastic skin tissue before their deformation. The mechanical resistance of 

microneedles has been interpreted as the force required to break the needles. This 

force varied depending on the needle length, tip diameter, needle density, base 

dimension, needle shape, polymer matrix, water content, and experimental set-up (J.-

H. Park et al., 2005). In this study, PLGA microneedles simply bent under a 

maximum axial loading, generated by a Texture Analyzer (Figure 18. j-l). Park et al. 

used a different PLGA needle design and instrumentation to calculate the fracture 

force of the needles to be 1.08-3.79 N/needle (J.-H. Park et al., 2005). For the first 

time, this study proposed a simple and accurate technique to measure the effective 
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force (41.04 ± 18.33 N) required to achieve 100% penetration efficiency (100 

channels created in skin from 100 microneedles on array, Figure 19). This penetration 

capacity of the needles was necessary to ensure controllable drug delivery through 

skin. The efficacy of microneedle application is maximized when all needles could 

successfully penetrate the skin. In another study, Davis et al. determined the 

disruption point of human skin to be 0.1-3 N, lower than our results (Davis et al., 

2004), indicated by an abrupt decrease in the skin electrical resistance and a sudden 

change in the force applied onto microneedles. However, an uneven skin surface 

resulted in unpredictable, non-uniform penetration of microneedles. Therefore, a 

sensitive measurement of the skin electrical resistance most likely indicated the initial 

stage of skin failure when the first needles penetrated the skin.  

The mechanical uniformity of PLGA microneedles was initially investigated 

in this study using commercial Parafilm M®. The similarity in the needles’ geometry 

and dimensions had been validated using SEM imaging. If PLGA microneedles were 

mechanically uniform, then they should be able to create similar sized pores in the 

parafilm layers, which were flat and homogeneous in structure. The consistent 

dimensions of microneedle-formed pores on the first parafilm layer indicated the 

uniformity of the needles in mechanical properties (Figure 20). In addition, we 

observed an indentation of skin (Figure 19) as well as of parafilm layers (Figure 20) 

due to microneedle insertion, which revealed the viscoelasticity of the materials. 

Larrañeta et al. explored another application of Parafilm M® as a simple, rapid, and 

reliable alternative to biological tissue in studying the depth of microneedle 

penetration (Larrañeta et al., 2014). 

Histology method has been a standard technique to visualize the skin layers 

and penetration depth. Taudorf et al. used histological sections of skin to measure the 
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ablation depth, width, and thickness of the carbonization layer of laser-treated skin (E. 

H. Taudorf et al., 2016). However, physical sectioning of the tissue in histology 

studies poses two major drawbacks: distortion of channels and misaligned cross-

sections, thus create artifacts in the measured depth. Alternatively, non-invasive 

confocal laser microscopy method provides an accurate measurement of pore 

penetration (Nguyen & Banga, 2015b). This study found a good agreement between 

the histology and confocal studies, with the depth of approximately 120 µm for both 

microneedles and laser treatments. 

Compromised skin barrier function can be identified by a change in water 

evaporation from the skin surface (measured as TEWL values) or change in skin 

electrical resistance. A disruption of the skin integrity led to an increase in TEWL as 

well as a decrease in skin resistance values (Haq et al., 2009; Haripriya Kalluri & 

Banga, 2011; Nguyen & Banga, 2015b). Kalluri & Banga reported a 150% increase in 

TEWL value in hairless rat skin in vivo immediately after the insertion of maltose 

microneedles (Haripriya Kalluri & Banga, 2011). Water evaporated primarily through 

the disrupted areas of the skin (microchannels). The change in TEWL value was in 

accordance with the extent of disruption of skin barrier, increasing gradually from 

untreated (no pore) to needle-treated (small pores with area of 1867.96 ± 409.06 

sq.µm) and laser-treated skin (larger pores with area of 43350.71 ± 3380.27 sq.µm). 

The significant difference between TEWL values of the skin after microneedles and 

laser treatments could be explained by the differences in the number, dimension of the 

pores, and pore-to-pore distance. Laser ablation produced a greater quantity (120) of 

significantly larger pores than PLGA microneedles treatment (100 microchannels). 

Also, laser treatment resulted in a larger pore-to-pore distance than PLGA 

microneedles. An abrupt decrease in the skin resistance from untreated (52.30 ± 10.87 
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kΩ) to treated groups (1.21 to 1.47 kΩ) might also be due to the ease of ion transport 

through the aqueous channels formed in skin (Figure 26). Taudorf et al. obtained 

similar results with the use of ablative laser, which led to a decrease of the impedance 

of porcine skin from 12.2 kΩ (untreated skin) to 0.9 kΩ (laser-treated skin) (p<0.001) 

(E. H. Taudorf et al., 2016). Furthermore, we observed a similarity in the skin 

resistance of microneedles-treated and laser-treated skin despite the marked difference 

in the pore size. Skin resistance measurement appeared sensitive to a localized 

disruptions of skin barrier function while TEWL values allowed estimation of the 

disruption.  

Confocal laser microscopy has been employed to study the depth and surface 

area of microchannels in skin (Mehtab J. Abla et al., 2013; Kolli & Banga, 2008; 

Nguyen & Banga, 2015). The hydrophilic nature of calcein dye facilitated its 

diffusion into the aqueous channels instead of the hydrophobic intact area of skin. 

Thus, the channels were stained, differentiated from the surroundings, and were 

selectively detected in confocal images. In this study, the mean depth of 

microchannels formed by either PLGA microneedles or ablative laser (approximately 

120 µm) denoted that the channels passed through the stratum corneum (10-20 µm 

thick) and viable epidermis (50-100 µm thick) to reach the superficial dermis layer. In 

addition, the pore volume could be calculated from the depth (measured by confocal 

images) and the surface area of microchannels (estimated by SEM images), following 

the calculation of the volume of a cone: 1/3 x π x (surface area) x (depth) (E. H. 

Taudorf et al., 2016; Elisabeth Hjardem Taudorf et al., 2015). The total pore volume 

would provide a comprehensive estimation of the skin disruption, which primarily 

contributed to the enhancement magnitude of transdermal drug delivery.  
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In addition to the pores’ dimensions, the opening period of microchannels 

appeared crucial to drug delivery. We have reported a significant effect of the pores’ 

lifetime on the skin delivery of hydrophilic compounds (Mehtab J. Abla et al., 2013; 

Haripriya Kalluri & Banga, 2011). In this study, we found that microchannels 

remained open for 72h in vitro after the treatment by either microneedles or laser. 

This means the 24h-permeation profile of MTX was unaffected by the change in the 

microchannels. The vicinity of the microchannels progressively became more fragile 

and adherent to the dye due to the skin hydration by the receptor fluids. A different 

scenario occurred with microneedle-created pores in vivo that were found to close 

after certain post-treatment intervals (Mehtab J. Abla et al., 2013; Enfield et al., 2010; 

Haq et al., 2009). The skin resealing or regeneration process was found to induce pore 

closure in vivo (Haripriya Kalluri & Banga, 2011). The authors have employed 

staining, TEWL, and skin electrical resistance measurements to investigate the pore 

closure kinetics in vivo. They reported that the pores formed in human skin repaired 

and resealed at 8-24h post insertion under non-occlusive conditions (Haq et al., 2009). 

In another study, we have studied in vivo pore closure on hairless rat skin and 

concluded that time frame for pore recovery ranged from 15h under non-occlusion to 

72h with occlusion.  

This study compared in vitro permeability of MTX through untreated 

(control), microneedle-treated, and laser-treated porcine ear and cadaver human 

dermatomed skin. No drug was detected in the receptor chamber of the control group. 

This result could be explained by the hydrophilic property (log P -1.85) and high 

molecular weight of MTX (454.44 g mol-1) that prevented it from passively diffusing 

through the stratum corneum layer—a dense and hydrophobic structure that 

selectively allows for the penetration of small and moderately lipophilic molecules, 
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typically less than 300 g mol-1 in the molecular weight (Mehtab J. Abla et al., 2013; 

Vemulapalli, Yang, et al., 2008).  

Some definite advantages of the transdermal route of administration have 

attracted researchers to enhance the skin delivery of MTX using physical 

enhancement techniques, especially microneedles (Mehtab J. Abla et al., 2013; 

Vemulapalli, Yang, et al., 2008) and fractional ablative laser (E. H. Taudorf et al., 

2016; Elisabeth Hjardem Taudorf et al., 2015). In this study, we also observed a 

markedly higher amount of drug delivered into both receptor compartment and skin 

layers (epidermis and dermis) in the treatment groups (Figure 31. a, b). The skin 

disruption allowed MTX to bypass the stratum corneum and to reach the underlying 

viable epidermis and dermis layers (E. H. Taudorf et al., 2016). This mediated 

delivery was in accordance with the change in TEWL and skin resistance values. A 

significant enhancement of MTX permeability was also achieved previously due to 

physical treatments using laser (E. H. Taudorf et al., 2016) or microneedle poration 

(Mehtab J. Abla et al., 2013; Vemulapalli, Yang, et al., 2008). Taudorf et al. used 

ablative laser to increase the transdermal permeation of MTX in full thickness porcine 

skin in vitro. Furthermore, they reported a correlation between the amount of drug 

delivered into the receptor fluid and the drug level in the skin layers in a constant ratio 

(1.2-1.7) (E. H. Taudorf et al., 2016). We observed a continuous increase in the drug 

delivery profile with time (Figure 31. a). This result might be explained by the infinite 

dose of MTX applied onto skin, the open pores, and the drug concentration gradient.   

We reported a higher skin delivery of MTX after the treatment by ablative 

laser than that by PLGA microneedles. This result could be attributed to the fact that 

the laser created more and significantly larger pores, and farther pore-to-pore distance 

than the needles. Due to its hydrophilic nature, MTX preferably entered the skin 
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through the aqueous microchannels. Thus, the larger the disrupted area, the more the 

drug delivery.  

Although porcine ear skin has been found to be physically and structurally 

similar to human skin, we still observed a difference in MTX permeability between 

the cadaver human skin and dermatomed porcine skin models. This observation could 

be attributed to the differences in skin thickness (cadaver human skin: 0.20 ± 0.03 mm 

and dermatomed porcine skin: 0.75 ± 0.06 mm), the properties of the skin barrier, and 

the skin’s viscoelasticity. In general, cadaver human skin is more applicable and 

clinically relevant than the porcine ear skin model.  

This study shows that drug delivery can be altered by adjusting the drug 

formulation, the design of microneedles (needle length and needle density), and the 

parameters of the laser (energy levels and pore density) (Mehtab J. Abla et al., 2013).  

Conclusion 

This study employed PLGA microneedles and fractional ablative laser to 

enhance the in vitro transdermal delivery of methotrexate through dermatomed 

porcine ear skin and cadaver human skin. PLGA microneedles were characterized by 

their dimensions, mechanical properties, and uniformity. A failure of skin barrier 

function by both microneedles and laser was validated by rheometer, transepidermal 

water loss, skin electrical resistance, dye binding, histology, and Dermascan studies. 

Furthermore, an effective force (41.04 ± 18.33 N) was required to achieve 100% 

penetration efficiency of the microneedles. PLGA microneedle poration resulted in 

significantly smaller, but more uniform channels than laser ablation. Confocal laser 

microscopy studies reported the depth of the pores created by microneedles (115.50 ± 

14.42 µm) and laser treatment (112.50 ± 9.79 µm). Using in vitro permeation studies, 

laser treatment delivered a significantly higher amount of drug into the receptor 
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chamber and skin layers than microneedle poration on both dermatomed porcine ear 

and human skin (p<0.05). Thus, fractional ablative laser as well as PLGA 

microneedles markedly enhanced the skin delivery of methotrexate in vitro. 
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CHAPTER 5 

ENHANCED TRANSDERMAL DELIVERY OF METHOTREXATE USING 

BIODEGRADABLE POLYMERIC MICRONEEDLES 

Abstract 

This study investigated the in vitro transdermal delivery of methotrexate (mol 

wt 454.44 g/mol), a hydrophilic compound (log P -1.85) used to treat psoriasis and 

rheumatoid arthritis. Poly (D,L-lactide-co-glycolide) acid (PLGA) microneedles were 

fabricated from PLGA EXPANSORB® 50-2A and EXPANSORB® 50-8A, by melting 

technique (1800C in vacuum oven) and characterized by scanning electron 

microscopy, Fourier Transform Infrared spectrophotometer studies, and mechanical 

assessment techniques. A carbopol gel having methotrexate was characterized for pH, 

drug content, density, and rheological properties. Methotrexate delivery was measured 

using in vitro permeation and skin distribution studies on dermatomed human cadaver 

skin using vertical static Franz diffusion cells. Effect of the treatments on skin 

integrity was investigated by transepidermal water loss and skin electrical resistance 

measurement. Successful skin poration by microneedles was demonstrated by dye 

binding and histology studies. Dimensions of microchannels in skin were measured 

by scanning electron microscopy, pore uniformity, and confocal laser microscopy. 

PLGA 50-8A microneedles (449.82 ± 9.94 µm, n=10) were longer than PLGA 50-2A 

needles (393.46 ± 74.89 µm, n=10, p=0.03) while there appeared no significant 

difference between the dimensions of microchannels in skin (p=0.58). A bell-shape 

histogram was obtained for relative pore fluorescent intensity, showing uniformity of 

the pores. Confocal microscopic images provided the depth of microchannels created 

by PLGA 50-2A microneedles (74.00 ± 23.90 µm, n=10) and PLGA 50-8A 

microneedles (99.00 ± 7.75 µm, n=10, p=0.01). Both skin treatments resulted in 
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significant decrease in skin electrical resistance as well as increase in transepidermal 

water loss value (p<0.05). In in vitro permeation studies, the insertion of PLGA 50-

8A microneedles (39.25 ± 10.89 µg/sq.cm, n=4) provided greater drug permeability 

than PLGA 50-2A microneedles (6.13 ± 1.61 µg/sq.cm, n=4, p=0.00) as well as 

untreated group (0.00 ± 0.00 µg/sq.cm, n=4, p=0.00). Furthermore, skin treatment by 

PLGA 50-8A microneedles resulted in a significantly shorter lag time, higher flux, 

and greater diffusion coefficient than that by PLGA 50-2A microneedles (p<0.05). 

The drug levels in epidermis and dermis layers of dermatomed human cadaver skin 

after PLGA 50-8A microneedles poration were significantly higher than that after the 

insertion of PLGA 50-2A microneedles (p<0.05). However, the skin treatment by the 

array base resulted in an insignificant alteration of the drug delivery into and across 

skin as compared to the untreated group (p>0.05). Skin microporation achieved by 

biodegradable polymeric microneedles was found to enhance delivery of methotrexate 

into and across skin in vitro. 

Introduction 

Methotrexate (N-4-[[2, 4- diamino-6-pteridinyl)methyl] methylamino] 

benzoyl]- L-glutamic acid, MTX) is a well proven chemotherapeutic and anti-

inflammatory folic acid analog with anti-neoplastic and immunosuppressant activity 

that is used in the treatment of psoriasis and rheumatoid arthritis (Vemulapalli, Yang, 

et al., 2008). MTX belongs to the disease-modifying antirheumatic drugs class 

(Rachna Prasad & Koul, 2012). MTX acts by competitively inhibiting the enzyme 

dihydrofolate reductase, which converts dihydrofolate to the active tetrahydrofolate, 

and preventing the formation of tetrahydrofolate, which is necessary for the synthesis 

of purine nucleotides and thymidylate, resulting in inhibition of RNA and DNA 

synthesis, and cell replication (acting primarily at the S-phase of the cell cycle) 
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(Dadlani & Orlow, 2005; Patiño-García et al., 2009; Rachna Prasad & Koul, 2012). 

Actively proliferating tissues are, in general, more sensitive to this effect and is 

therefore used in the treatment of certain neoplastic diseases such as psoriasis and 

rheumatoid arthritis (Stagni & Shukla, 2003). MTX impairs malignant growth without 

irreversible damage to normal tissues (Rachna Prasad & Koul, 2012). MTX is widely 

used in the treatment of juvenile rheumatoid arthritis, acute lymphocytic leukemia, 

osteosarcoma, CNS embryonal tumors, and dermatomyositis (Dadlani & Orlow, 

2005; Patiño-García et al., 2009). At high doses, MTX is used in the treatment of 

certain neoplastic diseases and at low doses, for the treatment of psoriasis and 

rheumatoid arthritis (Stagni & Shukla, 2003; Tian & Cronstein, 2007). 

MTX is commercially available in the form of tablets and injections and is 

given orally or by the parenteral route (intramuscular/intravenous) for the treatment of 

psoriasis (Peters et al., 1993). The general dose range of MTX for psoriasis and 

rheumatoid arthritis is 7.5–25 mg per week (Vemulapalli, Yang, et al., 2008). The 

systemic use of MTX carries a potential risk inducing hepatotoxicity (the most 

important side effect (Naldi & Griffiths, 2005)), suppressing bone marrow function 

and causing extensive adverse effects, such as oral mucositis, gastrointestinal toxicity, 

abdominal distress, nausea, vomiting, anaemia, fatigue, headache and 

thrombocytopenia, when used over a prolonged period of time (Rosenberg et al., 

2007; Tian & Cronstein, 2007; Van Outryve et al., 2002; Vemulapalli, Yang, et al., 

2008). When taken orally, the uptake of MTX by the gastrointestinal tract is limited 

due to the saturation of the transporter, reduced folate carrier 1. Also, the drug is 

partly metabolized by intestinal bacteria to the inactive form and its bioavailability is 

approximately 40% (Rachna Prasad & Koul, 2012). The parenteral routes are poorly 
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acceptable in children and are associated with needle phobia. Moreover, the injections 

have to be administered by trained personnel (Gill & Prausnitz, 2007b). 

Transdermal delivery represents an attractive alternative for those drug 

molecules that cause severe toxicities when administered by the oral or parenteral 

route. Transdermal drug delivery offers many advantages over conventional dosage 

forms (Rachna Prasad & Koul, 2012): (i) avoid drug degradation by gastrointestinal 

enzymes, (ii) avoid the first-pass effect, thereby increasing bioavailability (Mehtab J. 

Abla et al., 2013; Rachna Prasad & Koul, 2012) (Mehtab J. Abla et al., 2013), (iii) 

avoid the risk and inconveniences of iv. therapy, provides sustained- and controlled-

drug administration, and frequent intake of medication is no longer necessary thereby 

improving patient compliance and acceptability (Rachna Prasad & Koul, 2012), (iv) is 

a non-invasive, painless mode of drug delivery with no trauma or risk of infection 

(Mehtab J. Abla et al., 2013), (v) and is easy to discontinue the treatment (Mehtab J. 

Abla et al., 2013). Generally, transdermal patches and gels are considered as passive 

delivery techniques while microneedles, iontophoresis, sonophoresis, and 

microdermabrasion are considered as enhanced delivery techniques (Sivaraman & 

Banga, 2017). In spite of the many potential advantages, this transdermal route is 

limited to the delivery of potent molecules, small-molecular-weight (<400 Da),, 

relatively lipophilic molecules, and low melting point (Tuan-Mahmood et al., 2013), 

and only a small subset of drugs, such as scopolamine, nicotine, nitroglycerin, 

fentanyl, estradiol, testosterone, lidocaine, clonidine, oxybutinin and diclofenac, all of 

which have been successfully delivered transdermally (Bajaj, Whiteman, & Brandner, 

2011; Cevc & Vierl, 2010; Guy, 1996; Prausnitz & Langer, 2008; Prausnitz, 

Mitragotri, & Langer, 2004; Purdon, Azzi, Zhang, Smith, & Maibach, 2004). The low 

skin permeability is also a major limitation for transdermal delivery (Naik, Kalia, & 
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Guy, 2000). Due to the presence of an extraordinary rate-limiting barrier―the stratum 

corneum (the outer 10–15 um of skin)―most compounds cannot cross the skin at 

therapeutic rates (J.-H. Park et al., 2005). Another major challenge of transdermal 

delivery is finding a correlation between in vitro, in vivo animal and human studies, so 

as to extrapolate experimental data to clinical studies. The most relevant membrane 

for transdermal studies is the human skin (Rachna Prasad & Koul, 2012).  

A topical formulation of MTX might be of greater utility for the treatment of 

localized dermatologic, rheumatic, and hyperproliferative skin disorders (Javadzadeh 

& Hamishehkar, 2011; W.-R. Lee et al., 2008). Also, methotrexate can be delivered 

transdermally for the treatment of acute lymphocytic leukemia, a common 

malignancy in pediatric patients (Mehtab J. Abla et al., 2013). Furthermore, side 

effect of systemtic MTX can be minimized and local tissue concentration can be 

enhanced if the drug is used topically or transdermally (Hwang et al., 1995; Kumar et 

al., 2004; Vemulapalli, Yang, et al., 2008). A recent review highlights MTX as a 

suitable candidate for transdermal drug delivery (Shah et al., 2011). Cancer patients 

on multi-drug therapy suffer from severe side effects from these drugs. Avoiding 

conventional routes of drug delivery (oral, intravenous, intra muscular) will help 

patients to improve their quality of life (Vagace et al., 2012). In vivo studies in mice 

(Ali et al., 2008; Rachna Prasad et al., 2011; Stewart et al., 1972) and patients (Ali et 

al., 2008; Comaish & Juhlin, 1969; Eskicirak et al., 2006; Sutton et al., 2001; Syed et 

al., 2001; van Scott & Reinertson, 1959; Weinstein et al., 1989) demonstrated that the 

topical application of MTX was well tolerated locally without systemic adverse 

effects. 

Efforts have been made to enhance the delivery of MTX across the skin by 

formulating the drug in gels and creams and using enhancement methods (Alvarez-
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Figueroa & Blanco-Mendez, 2001; Alvarez-Figueroa et al., 2001; Sutton et al., 2001; 

Vaidyanathan et al., 1985)The drug capacity for passive diffusion across the skin 

barrier―the lipophilic stratum corneum―is limited, since MTX is hydrophilic (log P 

value of -1.85, pKa1 value of 5.6, pKa2 value of 4.8, and pKa3 value of 3.8), 

negatively charged molecule at physiological pH (the presence of a glutamic acid 

moiety in its structure), and has a high molecular weight 454.44 Da (Mehtab J. Abla 

et al., 2013; Alvarez-Figueroa et al., 2001; Fang et al., 2008; W.-R. Lee et al., 2008; 

Rachna Prasad & Koul, 2012). Furthermore, MTX is not stable in water for a long 

time, thus, highlighting the importance of the vehicle used for topical MTX delivery. 

One of the presumed reasons for the lack of clinical activity of topical methotrexate in 

psoriasis is insufficient percutaneous penetration necessary to inhibit epidermal DNA 

synthesis (Javadzadeh & Hamishehkar, 2011; W.-R. Lee et al., 2008; Sutton et al., 

2001). Kumar et al also reported that percutaneous absorption of methotrexate was the 

limiting factor (Kumar et al., 2004). 

To overcome the barrier properties of the stratum corneum, topical delivery of 

MTX has previously been enhanced by chemical enhancement strategies and physical 

barrier penetration techniques including microemulsions (Alvarez-Figueroa & 

Blanco-Mendez, 2001), liposomes (Ali et al., 2008), iontophoresis (Alvarez-Figueroa 

& Blanco-Mendez, 2001; Rachna Prasad et al., 2011), electroporation (W.-R. Lee et 

al., 2008), microneedles (Vemulapalli, Yang, et al., 2008), intracutaneous injections 

(Stewart et al., 1972), diode laser (Ali et al., 2008), full-ablative erbium yttrium 

aluminium garnet laser (Er:YAG laser) (W.-R. Lee et al., 2008), and ablative 

fractional laser (AFXL) (Elisabeth Hjardem Taudorf et al., 2015). Iontophoresis has 

been used to enhance transdermal delivery of MTX (Rachna Prasad et al., 2005; T.-

W. Wong et al., 2005). However, iontophoretic administration causes irreversible 
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damage of skin. Partial removal of the stratum corneum by mechanical abrasion, tape-

stripping, or chemical treatment may significantly increase skin permeation of 

hydrophilic molecules (W.-R. Lee et al., 2008). These approaches may be limited due 

to the lack of control and reproducibility, as well as their potential to cause irritation 

(W.-R. Lee et al., 2008). Combinations of chemical enhancers and physical enhancers 

such as iontophoresis/electro-poration/microneedles might more effective in 

increasing the MTX permeation across skin (Rachna Prasad et al., 2009; R. Prasad et 

al., 2007). In vitro studies of these techniques have shown that MTX can be delivered 

topically (Mehtab J. Abla et al., 2013; W.-R. Lee et al., 2008; Rachna Prasad et al., 

2011). However, the efficacy of topical MTX in in vivo studies on animals and human 

psoriasis patients has shown conflicting results, which may be explained by imprecise 

drug delivery (Ali et al., 2008; Comaish & Juhlin, 1969; Fry & McMinn, 1967; 

Stewart et al., 1972). Therefore, there is still a need to investigate new approaches to 

enhance MTX permeation.  

Recently, much research has been conducted to overcome the lipophilic 

stratum corneum barrier (thickness of 10 to 15 μm) by using microneedles (needles of 

microns dimensions) (B. Chen, Wei, & Iliescu, 2010; Prausnitz & Langer, 2008; 

Roxhed, Samel, Nordquist, Griss, & Stemme, 2008). The microneedles are minimally 

invasive and miniature needle-like structures with a length ranging from 250 μm 

typically up to 1500 μm (Donnelly et al., 2014; Tuan-Mahmood et al., 2013). When 

inserted on the skin surface they causes reversible disruption to the stratum corneum 

and creates micron-sized channels, without causing bleeding and pain (these features 

allow self-administration and slow delivery over time (J.-H. Park et al., 2005)), as 

they only pass through the stratum corneum and viable epidermis, whereas the nerves 

that are in the deeper dermis and do not reach the dermis where nerve receptors 
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(produce stimuli to the pain) and blood vessels are present (Mehtab J. Abla et al., 

2013; B. Chen et al., 2010; Roxhed, Samel, et al., 2008; Tuan-Mahmood et al., 2013; 

Vemulapalli, Yang, et al., 2008, 2008). Microchannels formed by microneedles are 

hydrophilic in nature due to the influx of interstitial fluid, hence, providing an 

aqueous conduit (Ajay K. Banga, 2009). Microneedles can be made of a variety of 

materials such as silicon, glass, polymer, sugar, and metal (Vemulapalli, Yang, et al., 

2008). Solid, coated, dissolving, and hollow are the four different types of 

microneedles that have been investigated.  

Coated microneedles that are typically made of silicon, metal, or polymers 

provide rapid onset of drug delivery by allowing the drug to dissolve from the coated 

surface of microneedles after insertion into the skin (K. Ita, 2015; Prausnitz, 2004). 

However, this technique is feasible only for potent drug molecules as it allows only 

tiny surface area for drug coating. Transcutaneous vaccination using these coated 

microneedles has been extensively researched (Gill & Prausnitz, 2007a). 

Polymers and biopolymers such as polyvinylpyrrolidone (PVP), 

poly(vinylpyrrolidone-co-methacrylic acid) (PVP-MAA), polyvinyl alcohol (PVA), 

poly(methyl vinyl ether-maleic anhydride), sodium hyaluronate, chondroitin sulphate, 

and carbohydrates are generally used to fabricate dissolving microneedles (Aoyagi, 

Izumi, & Fukuda, 2008; J.-H. Park et al., 2005). Balance between drug loading and 

mechanical strength of the microneedles, drug stability during fabrication, and 

residual polymer within the skin are few of the limitations with dissolving 

microneedles. Use of biodegradable and water soluble polymers can eliminate the 

concern of residual biohazardous waste within the skin (J.-H. Park et al., 2005; 

Prausnitz & Langer, 2008). Significant attention has been focused towards 

investigation of dissolving microneedles (Sullivan et al., 2010). 
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Hollow microneedles typically made of silicon, metal, glass, or ceramic 

deliver drugs by the process of diffusion as well as pressure through the bore opening 

(Chandrasekaran & Frazier, 2003; Ovsianikov et al., 2007; Roxhed, Griss, & Stemme, 

2008). The length and inner diameter can influence the rate of drug delivery (Bodhale, 

Nisar, & Afzulpurkar, 2010). Clogging of bore opening due to skin de-formation and 

volume loss can happen during application of hollow microneedles (Gardeniers et al., 

2003; Martanto et al., 2006; Wang, Cornwell, Hill, & Prausnitz, 2006). However, 

these limitations can be overcome by using applicator made of non-flexible materials 

with an improved accuracy, precision, and reproducibility (Schipper et al., 2016).  

“Poke with patch” was the widely used strategy for solid microneedle-

mediated transdermal drug delivery (Prausnitz, 2004). In this technique, the drug 

formulation was applied on microporated skin after removal of microneedle from the 

skin and the drug delivery occurred by passive diffusion (Tuan-Mahmood et al., 

2013). Materials such as silicon, maltose, metals, and polymers (i.e., poly (D,L-

lactide-co-glycoside) acid (PLGA) microneedles) are generally used to prepare solid 

microneedles (Donnelly, Morrow, et al., 2009; W.-Z. Li et al., 2010; J.-H. Oh et al., 

2008).  

Thus, creation of hydrophilic microchannels, with the help of microneedles, 

has been employed to facilitate delivery of methotrexate into the epidermis and then 

the dermis for systemic delivery (Mehtab J. Abla et al., 2013; Vemulapalli, Yang, et 

al., 2008, 2008). Methotrexate is currently prescribed for several indications. 

Evidently, high doses of methotrexate might be impossible to be transdermally 

delivered for indications such as osteosarcoma and CNS embryonal tumors using a 

microneedle patch (Mehtab J. Abla et al., 2013). However, Abla et al found it possible 

to design a microneedle patch for indications such as polyarticular-course juvenile 
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rheumatoid arthritis, acute lymphocytic leukemia and dermatomyositis (Mehtab J. 

Abla et al., 2013). Furthermore, solid microneedles in combination with iontophoresis 

has been used to deliver MTX into or across the skin (Vemulapalli, Yang, et al., 

2008). This study aimed to fabricate poly (D,L-lactide-co-glycoside) acid (PLGA) 

microneedles, formulate a MTX-loaded hydrogel, characterize them, investigate the 

microneedle-created microchannels, and study the in vitro delivery of MTX into and 

across dermatomed human cadaver skin. 

Materials and methods 

Materials 

Poly (D,L-lactide-co-glycolide) acid (PLGA) EXPANSORB® 50-2A and 

EXPANSORB® 50-8A were obtained from Merck KGaA (Darmstadt, Germany). 

MTX was provided by Sigma Aldrich (St. Louis, MO, USA). Phosphate buffered 

saline (PBS) (0.1 M, pH 7.4 ± 0.1) was obtained from Fisher Scientific (Fisher 

BioReagent, NJ, USA). Methylene blue dye was bought from Eastman Kodak Co. 

(Rochester, NY, USA). Fluoresoft® (0.35%) was procured from Holles Laboratories 

Inc. (Cohasset, MA, USA). FluoSpheres® (0.2 µm) were obtained from Invitrogen™ 

(CA, USA). All other reagents used were of analytical grade. D-Squame stripping 

discs D101 were purchased from CuDerm (Dallas, TX, USA), cotton tipped 

applicators were obtained from Dynarex (NY, USA). Sylgard® 186 silicon elastomer 

base and curing agent were purchased from Dow Corning Corp. (MI, USA). Master 

structure (an array consists of 10x10 stainless steel, pyramidal-shaped microneedles, 

500 µm height, 150 µm x 150 µm base and 500 µm pitch) was procured from 

Micropoint Technologies Pte Ltd (Singapore). Dermatomed cadaver human skin 

(Thickness 0.31 ± 0.06 mm, n=16, measured by a material thickness gauge, 0-1 in/0–
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25 mm, Electromatic Equipment Co., Inc. Cedarhurst, NY, USA) were obtained from 

New York Fire Fighter (NY, USA).  

Methods 

Fabrication of hydrogel 

Hydrogel 1.5% were prepared using Carbopol 980 NF as a gelling agent. 

Carbopol was dissolved in DI water slowly stirred overnight at room temperature on a 

magnetic stirrer. Meanwhile, we prepared MTX solution in propylene glycol (PG) at a 

concentration of 5 mg/mL. MTX solution (6 mL) was added into 24 g carbopol 

solution to get the final drug concentration of 1 mg/mL or 0.1% w/w while the 

concentration of PG was 20% w/w. The mixture was slowly stirred overnight at room 

temperature and beaker was wrapped in aluminum foil to avoid sunlight. After 24h, 

the mixture was neutralized with TEA to form a transparent gel matrix with pH of 

approximately 5.5.   

Characterization of MTX hydrogel 

The pH of MTX hydrogel was measured using a pH/mV meter mode 215 

(Denver Instrument, NY, USA). Clean and dry probe of the pH meter was dipped into 

1.5 mL Eppendorf containing deaerated MTX gel (centrifuged at 14,000 rpm for 5 

min in Micro240A microcentrifuge). The pH value on the screen was recorded and 

reported as mean ± SD (n=4). Density of the gel was also measured to provide 

correlation between weight and volume. Weight of 10 µL gel was measured on an 

analytical balance (Hamilton Instrument, NJ, USA) and density was calculated 

(n=10). We also measured the drug content and content uniformity within the 

fabricated hydrogel. Specifically, a volume of MTX-loaded hydrogel (10 µL) was 

taken from four different location within the gel container. The gel samples were then 
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dissolved completely in 2 mL PBS (10 mM, pH 7.4) in a centrifuge tube. The solution 

was then filtered through a 0.45 filter and analyzed using the HPLC method.  

Rheological properties of the gel were evaluated at 250C using a Rheoplus/32 

V.3.62 Rheometer (Anton Paar Germany GmbH, Germany) with a stainless steel, 

parallel-plate spindle of PP25/S-SN 33357 mode, 2.4 cm diameter, and 100 µm gap 

distance. An oscillatory amplitude sweep test was performed with a constant angular 

frequency (ω) of 10 rad/s and strain (γ) ranging from 0.001% to 100% to determine 

the linear viscoelastic (LVE) region. The storage modulus, loss modulus, and shear 

stress values were plotted against the amplitude of deformation. 

An oscillatory frequency sweep study was conducted at a controlled shear 

strain (1%) over a range of angular frequency (0.1-100 rad/s). The dynamic moduli 

(G’ and G”) and complex viscosity (Іη*І) were plotted against frequency.  

Besides, a flow curve was plotted to demonstrate the dependence of viscosity 

and shear stress on shear rate (0-100 1/s) in a rotational rheometer. In the present 

study, viscosity was measured as a function of shear stress (0-200 Pa). Herschel-

Bulkley test was performed to calculate the yield stress of MTX gel. Also, viscosity of 

the gel was measured for a temperature range (5-650C) at 200C increments. Shown as 

flow curves, the viscosities were plotted against shear rate in the range of 0 to 100 s-1.  

Furthermore, thixotropic properties of MTX gel were evaluated based on 

oscillatory 3-step thixotropy test. A rotation step was used between 2 oscillatory 

intervals. The gel was oscillated at a constant strain of 1% and angular frequency of 

10 s-1 for 100 seconds in the first interval. In the second interval, a high shear rate 

(3,000 s-1) was applied on the gel for 1 s. Finally, gel structure was allowed to recover 

at a constant strain of 1% and constant angular frequency of 10 s-1 for 300 seconds. In 
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this test, storage modulus and loss modulus were recorded at different time points (0-

300 seconds).  

Fabrication of PLGA microneedles 

PLGA microneedles were fabricated using a high temperature, vacuum 

deposition method (M. Kim, Jung, & Park, 2012; Loizidou, Inoue, Ashton-Barnett, 

Barrow, & Allender, 2016). This mold-based fabrication methods lend themselves to 

inexpensive and robust mass production. PLGA was selected as the microneedle 

material because this polymer has a long history of biocompatibility as resorbable 

sutures and are cost effective and mechanically strong (Ambrose & Clanton, 2004). 

To provide additional safety, biodegradable microneedles that might accidentally 

break off in the skin should safely degrade and eventually disappear (J.-H. Park et al., 

2005). The dust-free master structures were covered with a pre-blended PDMS 

mixture (Base: curing agent = 10:1 w/w) (J.-H. Park et al., 2005). Then, the air 

bubbles were eliminated by a centrifugation at 4000 rpm and 250C for 30 min 

(Centrifuge 5810R, Eppendorf, Hamburg, Germany) and a vacuum application at 200 

mbar and 250C for 30 min in a vacuum drying oven (Binder GmbH, Germany). After 

that, the mold was cured at 1000C for 5 hours. Then, the mold was manually 

separated and used to fabricate PLGA microneedles (DL-lactide/glycolide 

copolymer) (Loizidou et al., 2016; J.-H. Park et al., 2005). In the fabrication process, 

solid PLGA EXPANSORB® 50-2A and EXPANSORB® 50-8A were deposited on 

top of the micromould and then placed in a vacuum oven at 1800C (just above the 

polymer melting points) for 30 min to melt the PLGA granules. The vacuum (200 

mbar) was then applied for a further 30 min to remove entrapped bubbles before 

being slowly released so as to pull the molten polymer into the empty cavities of the 

micromould. Subsequently, the moulds were removed from the oven and allowed to 
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cool for 10 min at room temperature to solidify the PLGA. These were then cooled 

for a further 30 min at -20 0C. The solid PLGA microneedles were then carefully 

removed from the mold by hand. The final polymer needles were stored in a 

desiccated container in the refrigerator for future use.  

Preparation of skin samples 

Dermatomed human cadaver skin was thawed in 10 mM PBS solution at 37ºC 

for one minute. Then, the skin samples were cut into 2x2 sq.cm pieces. In this study, 

PLGA microneedles were pressed on the central area of skin tissue for two minutes 

using a moderate pressure from a thumb (Nguyen & Banga, 2015b). Then, the treated 

skin was characterized and used in in vitro permeation studies.    

Scanning electron microscopy studies 

SEM images were obtained to measure the needle length, base dimension, tip 

size, needle distance, and surface properties of PLGA microneedles. Also, SEM was 

used to study the area of microchannels in skin. For the skin samples, the treated site 

was separated and fixed on a Polysine® microscope slide (Thermo Scientific, 

Waltham, MA) using 1% w/v formalin (Sigma Aldrich, MO, USA). Then, they were 

dried in a vacuum oven at 500C and 200 mbar for 30 min. The dried skin tissues were 

removed from the slide and mounted on SEM pin stub mount. The microneedles and 

skin samples were coated with gold and visualized under a SEM system (Nguyen & 

Banga, 2015b, 2017b). From the SEM images, the tip diameter of the needles and the 

area of the channels in skin (n=10) were calculated using ImageJ software (National 

Institute of Health, Bethesda, MD, USA).  

Fourier transform infrared spectrophotometer studies 

Fourier Transform Infrared Spectrophotometer (FTIR) in tandem with 

LabSolution IR software (IRAffinity-1S, Shimadzu Corporation, Kyoto, Japan) was 
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used to study the chemical modification of PLGA after one microneedle fabrication 

process. In particular, PLGA raw materials and PLGA microneedles product were 

placed in the chamber of the FTIR at room temperature. Then, the FTIR spectra were 

obtained from 100 scans in a range of 400-4500 cm-1 with spectra resolution of 4 cm-1 

to analyze the alteration of the samples.  

Mechanical properties of PLGA microneedles 

The uniformity of mechanical strength of microneedles on array is an essential 

indicator of uniform channels created in skin. Therefore, this study reported the 

mechanical uniformity of PLGA microneedles. Four layers of Parafilm M® (Thickness 

of 0.14 ± 0.01 mm) were stacked together and treated by a PLGA microneedle array 

(50-2A or 50-8A) as in the skin treatment methods. After the needles were removed, 

each parafilm layer was manually separated and visualized under an optical 

microscope (Leica DM 750) to measure the dimensions of 20 randomly selected pores 

in the first layer. The dimensions of these pores indicated the mechanical properties of 

PLGA microneedles.  

Dye binding studies 

The microneedles-treated site of skin sample was stained with methylene blue 

solution (1% w/v) and viewed under ProScopeHR Digital USB Microscope (Bodelin 

Technologies, OR, USA) (Kolli & Banga, 2008; Nguyen & Banga, 2015b). 

Microscopic images of the skin surface were procured to prove the skin microporation 

and to measure the pore-to-pore distance (n=10).  

Histology studies 

The treated area of skin tissue was stained with methylene blue dye (1% w/v), 

frozen in Tissue-Tek® optimal cutting temperature compound (Sakura Finetek USA 

Inc, Torrance, CA, USA) and vertically sectioned using Microm HM505E (Southeast 
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scientific Inc, Dallas, GA, USA) with the section thickness of 10 µm (Nguyen & 

Banga, 2015b). Then, the sections were stained using the conventional hematoxylin 

and eosin staining protocol and observed under Leica DM 750 microscope .  

Pore uniformity studies 

The uniformity of the microchannels was evaluated by calcein imaging using 

Fluoropore (Altea Therapeutics, GA, USA) and ImageJ software. The porated site of 

skin tissue was stained with Fluoresoft® solution (0.35%) (Nguyen & Banga, 2015b). 

Fluorescent images of the skin surface were then captured and analyzed to report the 

distribution pattern of fluorescent intensity in and around individual pore, known as 

Pore Permeability Index (PPI), which indicated the uniformity of calcein flux for the 

channels. 

Confocal laser microscopy studies 

In this study, the treated site of human skin was stained with Fluoresoft® 

solution (0.35%, 20 × 0.3 mL sterile solution, Holles Laboratories, Lancaster, NY) 

and visualized under a computerized Leica SP8 confocal laser microscopic system 

(Leica SP8 Microsystems, IL, USA) at an excitation/emission wavelength of 495/515 

nm to study the depth of the channels and the distribution pattern of calcein dye inside 

the pores (Haripriya Kalluri et al., 2011; Kolli & Banga, 2008; Nguyen & Banga, 

2015b). 

Skin integrity measurement 

The skin’s barrier function was evaluated using transepidermal water loss 

(TEWL) and skin electrical resistance measurement (Nguyen & Banga, 2015b, 

2017b). The skin resistance was measured by passing a current (a voltage of 100 mV 

alternating current at 10 Hz, duty cycle 50% without offset) through the skin (0.64 

sq.cm) while TEWL values were obtained non-invasively using a VapoMeter (Delfin 
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Technologies Ltd, Finland; a VapoMeter consists of a small sensor at the mouth piece 

of the instrument that measures the percentage relative humidity and then converts it 

to a TEWL value measured in g/m2h (Mehtab J. Abla et al., 2013)) (n=4).   

The skin electrical resistance value (RS, kΩ) was calculated from the voltage 

drop across the skin (VS, mV) using Eq (1) (Nguyen & Banga, 2017b; Nguyen, Puri, 

& Banga, 2017). 

𝑅𝑆 =
100𝑉𝑆

(100−𝑉𝑠)
                                                                                               (1) 

A disruption of the skin integrity by the physical treatments was denoted by a 

decrease in skin electrical resistance as well as an increase in TEWL value.  

In vitro permeation studies using vertical Franz diffusion cells 

An in vitro permeation study has been performed to investigate drug delivery 

into and across skin tissue (Nguyen & Banga, 2015b). The protocol was developed 

based on our earlier works on MTX (Mehtab J. Abla et al., 2013; Vemulapalli, Yang, 

et al., 2008). Vertical Franz diffusion cell (permeation area of 0.64 sq.cm, PermeGear, 

Inc., PA, USA) was set with the donor chamber that contained 100 µL MTX hydrogel 

(1.5 % w/v) and the receptor compartment that was filled with 5 mL PBS solution (10 

mM, pH 7.4). The receptor was continuously stirred at 600 rpm and maintained at 

370C (to obtain the skin temperature of 32°C) throughout the study. The untreated and 

PLGA microneedle-treated dermatomed cadaver human skin were sandwiched 

between the donor and receptor chambers with the epidermis layer facing upward. 

The untreated skin served as the control. Aliquots (300 µL) of the receptor fluid were 

withdrawn at 0h, 1h, 2h, 4h, 6h, 8h, 22h, and 24h, and replaced with equal volumes of 

10 mM PBS solution. Then, the cumulative amount of MTX permeated through a 

diffusion unit area (µg/sq.cm) was plotted with time (permeation graph, n=4). Lag 

time of MTX permeability was calculated as the x-intercept of the linear portion 
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(R2>0.95) of this curve. The flux (J) of MTX was calculated as the mass of the 

molecule (m) moving through a cross-sectional area (A) during a certain period of 

time (t) as shown in this equation.  

𝐽 =
𝑑𝑚

𝑑𝑡𝐴
 

The steady-state flux was calculated from the slope of the linear portion of the 

permeation graph. The flux was then used to determine the permeability coefficient, 

using this equation.  

𝐾𝑝 =
𝐽

𝐶 𝐴
 

where Kp is the permeability coefficient (cm/h), J is the steady-state flux 

(µg/h), C is the MTX concentration in the donor (2000 µg/mL), and A is the 

permeation area (0.64 sq.cm).  

The diffusion coefficient of DOX was also determined using this equation. 

𝐷 =  
ℎ2

6t
 

Where D = diffusion coefficient (sq.cm/h); h = skin thickness (cm); t = lag 

time (h). 

Skin distribution studies 

The distribution of MTX in different layers of the skin was estimated after 24-

h permeation studies. MTX gel in the donor chamber was removed using two dry and 

two receptor-soaked q-tips followed by tape stripping (D-Squame stripping discs 

D101, CuDerm, Dallas, TX, USA) the skin twice using a D-Squame pressure 

instrument for proper adhesion (Pressure applied 225 g/sq.cm, pressure area 22.24 

mm, CuDerm, Dallas, TX, USA). The tapes were removed quickly with forceps and 

contained the drug remaining on the skin surface. In order to measure the drug levels 

in the skin, the epidermis was separated from the dermis using forceps and were 
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minced individually with surgical scissors and placed in separate six-well plates. 

MTX was extracted from the skin pieces using 2 mL mixture of methanol and 10 mM 

PBS (50:50 v/v) under continuous shaking at 100 rpm for 24h at room temperature. 

The samples were then filtered through a 0.2 µm filter and analyzed using High-

Performance Liquid Chromatography (HPLC). 

Quantitative analysis 

MTX concentrations in the samples were analyzed by an isocratic reversed-

phase high performance liquid chromatography (RP-HPLC) method using Waters 

Alliance HPLC system (e2695 Separating Module), equipped with a photodiode array 

detector (Waters 2996) and EmpowerTM software version 2 (Waters Co., Milford, 

MA, USA). A mixture of acetonitrile and 10 mM potassium phosphate monobasic 

buffer (pH 3.5, adjusted by o-phosphoric acid 85%, Fisher Scientific, Fair Lawn, NJ, 

USA) (13:87 v/v) flowed through Gemini-NX C18 110A; 150 x 4.6 mm, 5 µm 

column (Phenomenex, Torrance, CA, USA) at a rate of 1.0 mL/min at 350C. The 

injection volume was 10 µL while the detector wavelength was set at 304 nm and the 

run time at 7 minutes. This HPLC method provided a linear range of 0.1-50 µg/mL 

(R2=1.00).  

Statistical analysis 

The results were reported in the form of mean ± standard deviation (SD) 

(n≥4). Statistical analysis was performed in Microsoft Excel Worksheets. The 

Student’s t-test and One-Way ANOVA with Tukey HSD post-hoc test were employed 

to compare the results of different groups. A statistically significant difference was 

indicated by a p value less than 0.05. 
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Results and discussion 

Characterization of hydrogel 

a b 

  

c d 

 

 

e f 

  

Figure 32. Rheological properties of MTX hydrogel (a) amplitude sweep with 

LVE-range analysis at 10 rad/s, (b) frequency sweep (Strain 1%), (c) flow curve, 

(d) yield stress, (e) temperature dependence of viscosity, (f) thixotropy oscillatory 
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The pH and density of the gel were measured to be 5.50 ± 0.00 and 1.00 ± 

0.01 mg/μL, respectively. Drug was found completely dissolved in the gel matrix 

without the presence of any crystal, as observed under a microscope. The drug content 

was measure to be 0.11 ± 0.00 % w/w. This result was in accordance with the 

preparation of MTX-loaded hydrogel. The minimal standard deviation of the drug 

content taken in four different location within the gel container indicated the uniform 

distribution of MTX within the fabricated hydrogel.  

G’ depicts stored energy or elastic properties or rigidity while G” 

demonstrates the energy dissipated as heat or viscous properties of the unsheared 

samples (Touitou, Meidan, & Horwitz, 1998). As shown in Figure 32.a, G’ was 

greater than G” which depicted that the gel was more elastic than viscous. The LVE 

range was determined to have shear strain of 0.01-1%. Therefore, strain (1%) was 

used in the frequency sweep. When the stress was greater than LVE range, both G’ 

and G” decreased, indicating breakdown of structure. At the interaction of G’ with 

G”, the transition from solid-like properties to fluid-like behavior was observed. At 

this shear strain, the material structure was completely destroyed. This cross-over 

(G’=G”) was calculated from the amplitude sweep analysis. Evidently, MTX hydrogel 

structure fluidized completely at a certain shear strain, shear stress, and storage 

modulus. In frequency sweep test, G’ as well as G” values increased while complex 

viscosity of the gel decreased with an increase in angular frequency (Figure 32.b). 

Also, G’ was found higher than G” for the range of frequencies studied (0.1-100 

rad/s), which indicated intrinsic elasticity of the gel. As shown in Figure 32.c, an 

increase in shear rate resulted in a decrease in viscosity and an increase in shear stress. 

This showed the pseudoplastic nature of the gel formulation. The shear-thinning 

behavior of gel was found to avoid immediate injury to the skin during rubbing 
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(Stumpp et al., 2006). Figure 32.d shows as the shear stress increased, the gel 

viscosity first increased to maximum level before it decreased markedly to a plateau 

level. With a decrease in viscosity, the thickening effect of the gel diminished and the 

state changed from an apparent solid to free-flowing liquid. Yield stress was defined 

as the minimum stress that must be applied to trigger significant flow in a structured 

material. Flow initiation was interpreted as the point when the gel structure was 

disrupted. It is an important property of topical gel that influences its processing, 

handling, storage, and performance characteristics. The yield stress should be in a 

reasonable range. If it is too low, the material can flow out of the container due to its 

gravity when the container is turned upside down. On the other hand, high yield stress 

can create a considerable resistance when it is applied on skin. The yield stress of 

MTX hydrogel was determined which is reasonable for topical application. The flow 

curves of viscosity and shear rate were plotted at four temperature values (5, 25, 45, 

650C) (Figure 32.e). Viscosity displayed an inverse relationship with temperature. 

MTX hydrogel was found to be thermally stable in the investigated range of shear rate 

as the viscosity of the gel did not change significantly with change in temperature. 

Thixotropic characteristics exhibit the recovery potential of structured materials after 

application of significant shear. Results of oscillatory 3-step thixotropy test proved the 

structure stability of MTX gel (Figure 33.f). G’ was found to be constant during the 

pre-shear interval. However, upon application of high shear rate of 3000 s-1, it 

decreased. After the final stage of the test, recovery percentage of the gel structure 

was determined. The results of the thixotropy test demonstrated that MTX hydrogel 

was stable and well-recovered after being sheared at high rate. These studies indicated 

that MTX hydrogel obtained the qualifications for a topical formulation, comparable 

to topical gel products available on the market (Nguyen et al., 2017) 
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Scanning electron microscopy studies 

a b c d 

    

e f g h 

    

Figure 33. Scanning electron microscopic images of (a,b) untreated and (c,d) 

treated PLGA 50-2A microneedles; and (e,f) untreated and (g,h) treated PLGA 50-

8A microneedles 

a b c 

   

Figure 34. SEM images of (a) untreated dermatomed human cadaver skin and skin 

treated by (b) PLGA 50-2A-treated skin, (c) PLGA 50-8A treated skin 

Table 5 Dimensions of PLGA microneedles (n=10) 
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Microneedles 

Needle length 

(µm) 

Needle-to-

needle 

distance (µm) 

Base side 

(µm) 

Tip Diameter 

(µm) 

Pore area 

in skin 

(sq.µm) 

Pore depth 

(µm) 

PLGA 50-2A 393.46 ± 74.89 518.36 ± 8.30 162.20 ± 6.88 21.62 ± 17.98  NAa NAa 

PLGA 50-8A 449.82 ± 9.94 516.63 ± 6.39 164.03 ± 4.73 3.66 ± 1.09 NAa NAa 

Treated PLGA 50-2A 161.77 ± 65.94 516.92 ± 11.64 163.88 ± 11.99 104.61 ± 32.24 
8567.11 ± 

1812.77 

74.00 ± 

23.90 

Treated PLGA 50-8A 446.54 ± 7.11   515.30 ± 10.02 162.08 ± 9.36 16.65 ±2.19 

9267.40 ± 

3519.77 

99.00 ± 

7.75 

a Not applicable 

Small portions of microneedle arrays were magnified using SEM imaging to 

measure the geometry, sharpness, and dimensions of the microneedles (Nguyen & 

Banga, 2015b, 2017b). Solid PLGA microneedles showed a rectangular-pyramidal 

geometry with a needle length, needle-to-needle distance, needle base side, and needle 

tip diameter reported in Table 5. PLGA 50-8A microneedles (449.82 ± 9.94 µm) were 

significantly longer than PLGA 50-2A microneedles (393.46 ± 74.89 µm, n=10, 

p=0.03). No significant difference was found in needle-to-needle distance and base 

sides between these two groups (p>0.05) while the mean diameter of the tips of 

PLGA 50-8A microneedles (3.66 ± 1.09 µm) was markedly smaller than that of 

PLGA 50-2A microneedles (21.62 ± 17.98 µm, n=10, p=0.01). The large standard 

deviation of tip diameter of PLGA 50-2A indicated that some needles were sharp with 

small tips to penetrate skin tissues while others were blunt to fail to achieve skin 

disruption. The PLGA 50-8A microneedles appeared to be sharp, strong, and uniform 

in dimensions (Figure 33.e,f). The PLGA 50-8A microneedles replicated the 

geometry and dimensions of the master structure. This result suggested that 

micromolding using the melting technique can be used to produce microneedles with 

specific desired structures. This observation was in accordance with the claim from 

Loizidou et al stating that the dimensions of the PLGA microneedles geometries were 
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in good agreement with the micromould dimensions (Loizidou et al., 2016). This 

structure was in accordance with the suggestion from Miyano T et al that indicated 

that the needle-to-needle distance for 500 µm-long needles should be more than 350 

µm (Miyano et al., 2005), in order to prevent the “bed of nail” effect that hindered the 

penetration of the needles to the target depth in the skin. Sharpness and length of 

maltose microneedles indicated the likeliness of both PLGA microneedles to bypass 

the skin indentation and microporate the epidermis of dermatomed human skin 

(Miyano et al., 2005). After two-minute treatment in human skin, the needle length of 

PLGA 50-2A microneedles decreased substantially and the tip diameter increased 

significantly (p<0.05) while no change was observed with needle-to-needles distance 

and base side (p>0.05). The alteration to the microneedles dimensions were most 

likely due to the physical breakage of the needles upon the skin insertion (depend on 

the mechanical properties of the needles), not the polymer dissolution in a minimal 

volume of skin fluid. However, we observed no marked alteration to the dimensions 

of PLGA 50-8A microneedles. Similarly, Kim et al inserted solid PLGA microneedles 

into the back of a hairless mouse for 1 h in vivo and found the microneedles intact 

after removal (M. Kim et al., 2012). Also, Park et al reported that PLGA 

microneedles were successfully inserted into skin without breaking, as 

confirmed by subsequent microscopic examination of the needles afterwards (J.-

H. Park et al., 2005). Water content in skin ranges from 20% to 60% depending on the 

layer of skin, increasing gradually from the upper part of the stratum corneum down 

to the epidermis, resulting in more water absorption near the tip apex (Caspers, 

Bruining, Puppels, Lucassen, & Carter, 2001) and the response or dissolution of 

polymeric microneedles to water in porcine cadaver skin is significantly slower than 

to PBS (M. Kim et al., 2012). In another work, MinYoung Kim et al. fabricated 
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PLGA microneedles encapsulating hydrogel microparticles (M. Kim et al., 2012), 

which was effective in delivering both hydrophilic and hydrophobic drugs in a 

sustained manner by facilitating the failure of the microneedles as a result of the 

swelling of hydrogel particles after the microneedles have been inserted into the skin 

(M. Kim et al., 2012). Hydrogel particles expand quickly by absorbing water, which 

triggers cracks and partial mechanical failure of the microneedles due to the 

difference in volume expansion between the needle matrix polymer and the particles. 

Then, highly swollen hydrogel microparticles cause mechanical failure of 

microneedles quickly due to mechanical weakness of swollen gel (M. Kim et al., 

2012). 

Also, the shape and area of microchannels in skin was investigated using 

SEM. The square shape of the microneedle-created channels followed the needles’ 

geometry (Figure 34.b,c). The untreated skin (Figure 34.a) and skin area in the 

vicinity of the channels appeared intact and unaffected by both microneedles 

treatments.   

The surface area of microchannels affects the controlled drug transport and 

potential infection (Donnelly, Singh, et al., 2009). In this study, the images indicated a 

close correlation between the shapes of microchannels with the structure of the 

microneedles. This observation was in accordance with the results of previous studies 

(Kolli & Banga, 2008; Nguyen & Banga, 2015b). In addition, we measured the 

precise area of the conduit in human skin caused by the microneedles was measured 

to be 8567.11 ± 1812.77 sq.µm for PLGA 50-2A microneedles (n=10, 32.64% of the 

average area of microneedle base; 0.92% of the permeation area), and 9267.40 ± 

3519.77 sq.µm for PLGA 50-8A microneedles (n=10, 34.46% of the average area of 

microneedle base; 1.45% of the permeation area). This observation could be 
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explained by the skin indentation as well as the immediate contraction of the pores 

after microneedle removal due to the inherent viscoelasticity of skin tissues (G. Li et 

al., 2010; Nguyen & Banga, 2015b). Due to its viscoelastic nature (Rachel Beth 

Groves, Coulman, Birchall, & Evans, 2012), skin is easily deformed when 

microneedles are applied to its surface, and therefore, the microneedle design and 

constructional material will determine the extent of skin penetration by the 

microneedles, and in the resulting effect on drug permeability (Y.-C. Kim et al., 

2012). Dimensions of the microchannels varied based on the geometry of the needles, 

methods of measurement, and insertion techniques. Other studies have used 

fluorescent images of skin surface captured in confocal laser microscopy studies to 

measure the pores’ diameter (Haripriya Kalluri & Banga, 2011; Kolli & Banga, 2008) 

and surface area of the microchannels (Nguyen & Banga, 2015b). The actual area of 

the pores might be erroneously measured due to the non-circular shape of the pore, 

lateral diffusion of the dye inside skin tissue, and unclear border of the stained area. 

These potential issues were resolved using the method described in this study, 

providing a standard technique for the characterization of microchannels in skin.   

Fourier transform infrared spectrophotometer studies 

a b 

  

Figure 35. FTIR spectrum of (a) PLGA 50-2A polymer and PLGA 50-2A 

microneedles and (b) PLGA 50-8A polymer and PLGA 50-8A microneedles 
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FTIR spectra of PLGA 50-2A, 50-8A polymer and microneedles were 

recorded to study the modification of the chemical structure of the polymer due to the 

fabrication process (Figure 35). The characteristic bands represent PLGA was 

represented by the bands in Figure 35. The exposure to high temperature (200 mbar 

and 1800C for 30 min) resulted in a marked alteration to the chemical structure of 

PLGA 50-2A while no significant change was observed with PLGA 50-8A.  

Mechanical properties of PLGA microneedles 

a b c d 

    

e f g h 

    

Figure 36. Miscrosopic images of Parafilm M® film treated by PLGA microneedles 

50-2A (a,b) first layer, (c,d) second layer; and by PLGA microneedles 50-8A (e,f) 

first layer, (g,h) second layer 

We used Parafilm M® to design a simple study to evaluate the mechanical 

uniformity of PLGA microneedles on array. Several square-shaped pores were formed 

on the parafilm layers with a significant decrease in their size from the first to the 

second layer (p<0.05, Figure 36). This observation was in accordance with the pattern 

of the pores, formed by the pyramidal-shaped microneedles. The pore’s area on the 

first parafilm layer was 14708.27 ± 2811.56 µm for PLGA 50-2A microneedles and 
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10545.22 ± 719.30 µm for PLGA 50-8A microneedles (n=10, p<0.05) while the 

pore’s area on the second parafilm layer was 4546.25± 259.47 µm for PLGA 50-2A 

microneedles and 3632.04 ± 821.64 µm for PLGA 50-8A microneedles. The area of 

pore created by both PLGA 50-2A and 50-8A microneedles significantly decreased 

from the first to the second parafilm layer (p<0.05).  

 The small deviation of the pore’s area indicated the similarity in the pores’ 

dimension, thus, the mechanical uniformity of PLGA microneedles. Interestingly, this 

pores’ area on parafilm layers was significantly smaller than the base dimensions of 

the microneedles (p<0.05). This suggests that the needles did not completely penetrate 

the parafilm layers or just a portion of the microneedles successfully penetrated the 

parafilm layers. The pore-to-pore distance on the first Parafilm M® layer was 

reported: 519.56 ± 4.93 µm for PLGA 50-2A microneedles and 521.59 ± 4.24µm for 

PLGA 50-8A microneedles (n=10, p>0.05). Furthermore, we observed circular areas 

around individual pores (Figure 35.a,e) that suggested the parafilm layer indented 

upon PLGA microneedle insertion. In addition, the appearance of 100 pores on the 

second parafilm layer treated by PLGA 50-8A microneedles suggested that the 

needles had a similar length to reach a similar depth in flat and homogeneous parafilm 

layers. This result demonstrated the uniformity of the needles’ length and indicated 

the penetration efficiency of PLGA 50-8A microneedles to be 100 ± 0 % while this 

efficiency was significantly lower in PLGA 50-2A microneedles (91.30 ± 3.20 %, 

n=10, p<0.05).  

Loizidou et al reported that the microneedles geometries significantly affected 

their mechanical strength. As the number of vertices in the polygon structure 

increases, the microneedles can withstand higher compressive loads. In particular, 

hexagonal based microneedles are less likely to fail from fracture when compared to 
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triangular based microneedles. Microneedles with a triangular base are at a greater 

risk of failing due to buckling (Loizidou et al., 2016). The mechanical strength of the 

polymer composite structure depends on the content of the composite material in the 

polymer matrix. Microneedles made from material of high Young’s modulus, showed 

enhanced mechanical properties and penetration characteristics (J. W. Lee, Park, & 

Prausnitz, 2008; Loizidou et al., 2015). Young’s moduli of PLGA with 50 kDa of 

M.W. is approximately 1 GPa (Muniz & Geuskens, 2001). Thus, the mechanical 

strength was determined by the PLGA, and the content of the PLGA is critical for 

successful insertion. Park et al investigated the failure force for PLGA needles of 

different length (700, 1000 and 1500 µm) at constant tip diameter (25 µm) and 

base diameter (200 µm). Failure force decreased with increasing needle length 

over a range of 0.10–0.22 N/needle (p < 0.001) (J.-H. Park et al., 2005). This 

dependence is expected, because the critical load at which a column fails by 

buckling is theoretically known to decrease with increasing column length (Mott, 

2007). In a separate study (Davis et al., 2004), insertion force was shown to depend 

on the interfacial needle area at the tip, where other needle geometric parameters 

are less important. Consistent with theory (Mott, 2007), the polymers with greater 

mechanical strength had larger failure forces, which produced high safety ratios 

well above unity (J.-H. Park et al., 2005). However, the low-molecular weight 

PLGA had a safety ratio close to unity, indicating a poor design for microneedles 

intended to insert into skin (J.-H. Park et al., 2005). 

Dye binding studies 

a b 
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Figure 37. Microscopic images of (a) Base, (b) PLGA microneedles 50-2A, (c) PLGA 

microneedles 50-8A, (d) untreated dermatomed human cadaver skin, skin treated by 

PLGA microneedles 50-2A using (e) an applicator, (g) thumb, and skin treated by 

PLGA microneedles 50-8A using (f) an applicator, (h) thumb 

Dye binding studies have been performed using thumb or a spring-loaded 

applicator to investigate the penetration of PLGA microneedles into dermatomed 

human cadaver skin. The untreated skin appeared unaffected by the staining because 

the hydrophilic property of methylene blue precluded it from penetrating the intact 

hydrophobic barrier of skin-the stratum corneum layer. On the treated skin samples, 

the aqueous, interstitial fluid-filled microchannels absorbed the dye to be visibly 

stained whereas the undamaged vicinity did not (Figure 37. a-d). This result 

confirmed a successful microporation caused by both PLGA microneedles groups. 

This observation was in agreement with other studies claiming that when methylene 

blue is applied to the microporated skin, it preferentially diffuses into the 

microchannels that take up the dye, whereas the rest of the skin remains impermeable 

to the dye (Kolli & Banga, 2008; Nguyen & Banga, 2015b, 2017b). The 

microchannels (stained spots) formed by PLGA microneedle insertion were uniformly 

distributed, following the needle pattern on array. An insignificant difference was 

obtained between the needle-to-needle distance on array (518.36 ± 8.30 µm for PLGA 

50-2A and 516.63 ± 6.39 µm for PLGA 50-8A microneedles) and the pore-to-pore 
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distance on dermatomed human skin (515.32 ± 11.28 µm for PLGA 50-2A and 

511.24 ± 9.54 µm for PLGA 50-8A microneedles, p>0.05), and the pore-to-pore 

distance on the parafilm layer (p>0.05).  

The use of PLGA 50-8A microneedles succesfully created 100 microchannels 

in dermatomed human skin (Figure 37.f) while the average number of pores created 

by PLGA 50-2A microneedles was only 68.50 ± 12.89 microchannels (n=10), which 

was markedly less than the number of pores PLGA 50-2A microneedles formed on 

parafilm layers (91.30 ± 3.20 %, Figure 36.a-d). The use of applicator provided a 

superior microneedle insertion as compared to thumb application (Figure 37). 

Applicator provided  a uniform pressure on each individual microneedles to create 

more uniform microchannels in skin. Thus, the applicator has been used to insert the 

microneedles in characterization studies. Similarly, the use of an injection applicator 

was found to greatly enhance penetration with a critical role on force and velocity of 

microneedle injection (Donnelly et al., 2010; Olatunji et al., 2013; van der Maaden et 

al., 2014). Kim et al fabricated hydrogel particle-loaded PLGA microneedles and 

found that the insertion of the needles depended on the mechanical strength and the 

content of the PLGA. When the insertion test was performed with microneedles with 

53% (v/v) hydrogel particle content, microneedles were inserted into skin 

successfully. However, microneedles with 68% hydrogel particle content inserted 

only partially over the array of microneedles (M. Kim et al., 2012). 

Histology studies 

a b c 
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Figure 38. Histological images of (a,d) untreated, (b,e) PLGA 50-2A-microneedle-

treated, and (c,f) PLGA 50-8A-microneedle-treated dermatomed human cadaver skin 

The histology of cryosectioned skin samples was examined to determine the 

formation and shape of the microneedles-created microchannel (Haripriya Kalluri & 

Banga, 2011). The histological images of skin sections displayed different skin layers 

with different colors, which were easily distinguishable from each other. While the 

stratum corneum, epidermis and dermis layers appeared intact in the untreated skin 

(Figure 38. a, d), they were broken in the microneedles-treated skin, following the 

pattern of the microchannels. This demonstrated the effectiveness of microneedles to 

penetrate the stratum corneum and epidermis to reach the superficial layer of dermis 

(Figure 38. b, c, e, f). Furthermore, we estimated the depth of the pores to be 

approximately 120 µm for both PLGA 50-2A and 50-8A microneedles treatment 

groups. Traditionally, histological sectioning has been employed to determine the 

depth of penetration. This involves freezing and sectioning skin that has been treated 

with microneedles (G. Li et al., 2010; Vemulapalli et al., 2012). In addition to being a 
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cumbersome technique, histological processing carries the risks of errors occurring. 

This can be during the selection of the sampling area, and also, of possible alterations 

in the structure of the skin after the microneedles are removed, as expected for 

hyperelastic materials such as the skin (Giannakopoulos & Panagiotopoulos, 2009; 

Rachel B. Groves, Coulman, Birchall, & Evans, 2013). To limit the problems 

associated with histological processing, whole tissue techniques such as confocal 

microscopy (Bal et al., 2010; Kolli & Banga, 2008; Loizidou et al., 2015) and optical 

coherence tomography (S. A. Coulman et al., 2011; Donnelly et al., 2010; Enfield et 

al., 2010), are often implemented. 

Pore uniformity studies 
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Figure 39. Fluorescent image of dermatomed human skin treated by (a) PLGA 50-2A, 

(d) PLGA 50-8A with pore permeability index (b) PLGA 50-2A, (e) PLGA 50-8A, 

and histogram of fluorescent intensity (c) PLGA 50-2A, (f) PLGA 50-8A 
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A fluorescent image was captured with the help of a digital camera (Canon, 

NY, USA) fitted with a macrolens attached in front, with a 525-nm long pass filter to 

provide a field of view that excludes all ambient light. The images of the treated skin 

were then analyzed by Fluoropore software to measure the 2D distribution of 

fluorescent intensity of each channel, representing the uniformity and relative flux of 

calcein for the individual pore (Mehtab J. Abla et al., 2013). As a result, the bell-

shaped histogram of the pores’ fluorescent intensity demonstrated the uniformity of 

the pores created by PLGA 50-8A microneedles (Figure 39. f). We also calculated the 

pore permeability index (PPI) and reported that the microchannels formed by PLGA 

50-2A microneedles (41.30 ± 41.61, n=58, nzero =12) were less uniform (larger SD of 

the PPI value) than those caused by PLGA 50-8A microneedles (33.4 ± 14.33, n=99, 

nzero=2). This observation indicated that PLGA 50-8A microneedles appeared superior 

to PLGA 50-2A microneedles to create uniform microchannels in dermatomed human 

cadaver skin.  

Confocal laser microscopy studies 

In addition to the duration and type of insertion technique, other factors such 

as pressure applied during insertion, density of material used to prepare microneedles, 

angle at which microneedles are inserted, viscoelastic property, and surface tension of 

the skin can determine the depth of microchannels. The most critical factors for 

microneedle skin penetration were attributed to needle length and density (J.-H. Oh et 

al., 2008; Yan et al., 2010), tip and base diameter (Al-Qallaf & Das, 2009; Römgens, 

Bader, Bouwstra, Baaijens, & Oomens, 2014; Teo, Shearwood, Ng, Lu, & 

Moochhala, 2005) and microneedle material (J. W. Lee et al., 2008; Loizidou et al., 

2015; J.-H. Park et al., 2005). Hence, it is essential to determine the depth of 

microchannels in the skin created by microneedles (Yan et al., 2010). Confocal laser 



 

140 

 

microscopy is an accurate, rapid, and non-invasive technique to measure the “true” 

depth of the pores created by PLGA microneedles in skin. This technique is based on 

an assumption that calcein with hydrophilic nature selectively enters and stains the 

microporated area of skin (i.e. microchannels). Thus, the fluorescent signal of calcein 

represents the channels regarding their position, shape, and depth in skin. In this 

study, only the microchannels— not the surroundings—were stained with the dye to 

be visible on the fluorescent images (Figure 40. a, b). In addition, a multi-step Z scan 

was performed, capturing the images in sequence of skin sections at horizontal 

position (x,y) and at different depth (z), starting from the skin surface, with maximum 

fluorescent area and intensity, to the end of the channels, where the signal was 

undetectable or the fluorescent dye diminish entirely (Figure 41) (Nguyen & Banga, 

2015b). This scan provided a series of images with a gradual decrease of the 

fluorescent intensity along the channels. The number of steps and step size (5 µm) 

were used to calculate the depth of the pores created by PLGA 50-2A microneedles 

(74.00 ± 23.90 µm, n=10) and PLGA 50-8A microneedles (99.00 ± 7.75 µm, n=10, 

p=0.01) (Table 5). The penetration depth of the microchannels was significantly 

shorter than the microneedles’ length. An increase in the needles length led to an 

increase in the channels’ depth. Other studies have shown that the penetration depth is 

linearly correlated with microneedle length and inversely correlated with microneedle 

density. The bed-of-nails effect begins to have a negative effect on penetration, at 

interspacing values smaller than 150 µm, which is significantly shorter than the 

needle-to-needle distance in our study (Donnelly et al., 2010; Kochhar et al., 2013; 

Olatunji et al., 2013). These depths of the microchannels could not be able to reach 

the dermis layer to create pain, thus, be non-invasive. This observation was preferred 

as physically invasive microneedles may require complicated safety and sterility 
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considerations (Prausnitz & Langer, 2008). Loizidou and coworkers investigated the 

skin penetration of PLGA microneedles with different geometries: triangular, square, 

and hexagonal microneedle base (Loizidou et al., 2016). The average distance 

between the microneedle base plate and the stratum corneum was estimated at 660 

µm, 657 µm and 803 µm for the triangular (34% penetration), square (34% 

penetration) and hexagonal (20% penetration) base geometries, respectively (Loizidou 

et al., 2016). These values of percent penetration are consistent with other studies on 

microneedle insertion at an approximate insertion force of 4 N/array (Donnelly et al., 

2010). A statistically significant difference was found in the measured penetration 

depths between microneedles with triangular–hexagonal bases and between square–

hexagonal bases, but no difference was observed between triangular–square base 

geometry microneedles. While the mechanical properties of the microneedles improve 

with increasing the number of vertices in a polygon-based geometry, their ability to 

penetrate the skin was reduced (Loizidou et al., 2016). Thus, while hexagonal 

microneedles were predicted to withstand higher compressive stress and critical 

buckling loads than square and triangular microneedles, the latter showed enhanced 

skin penetration compared to the hexagonal microneedles. This can be arguably 

attributed to the sharper edges of the triangular and square microneedles more readily 

initiating stratum corneum penetration (Loizidou et al., 2016). Pyramidal 

microneedles with square and triangular bases demonstrated skin penetration depths 

equal to one-third of the microneedle shaft length (J. W. Lee et al., 2008), compared 

to microneedles with hexagonal base, whose penetration depth was found to be 

approximately one-fifth of the microneedle shaft length. Square pyramidal 

microneedles (the microneedle design on our study) was concluded to offer a good 
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compromise between penetration depth and mechanical strength (Loizidou et al., 

2016). 

 a b 

  

Figure 40. Confocal images of dermatomed human cadaver skin treated by (a) 

PLGA 50-2A, (b) PLGA 50-8A microneedles 
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Figure 41. Confocal microscopy z-stack of microchannel created by PLGA 50-8A 

microneedles 
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Figure 42. Transepidermal water loss and skin electrical resistance values of untreated 

and PLGA microneedle-treated dermatomed human cadaver skin (* indicated 

statistical difference from the untreated and base-treated groups, mean ± SD, n=4, 

p<0.05).  

The integrity of dermatomed human skin was assessed using skin electrical 

resistance and TEWL measurements. A disruption of the skin barrier would increase 

TEWL value, by allowing more water to evaporate through its barrier―the stratum 
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corneum (Mehtab J. Abla et al., 2013). Also, this disruption would decrease skin 

resistance, by allowing more ion to pass through the tissue. The present study reported 

a significant decrease in the electrical resistance of skin (untreated: 132.87 ± 21.06 

kΩ/sq.cm) after the physical treatment by PLGA microneedles 50-2A (6.90 ± 1.61 

kΩ/sq.cm, p=0.00) and 50-8A (4.59 ± 1.20 kΩ/sq.cm, p=0.00). No significant 

alteration in skin electrical resistance was obtained between untreated and base-

treated groups (131.52 ± 23.82 kΩ/sq.cm, p=0.94) as well as between PLGA 50-2A 

and PLGA 50-8A microneedles (p=0.06). Likewise, there was a marked increase in 

TEWL value of PLGA 50-8A microneedle-treated (46.85 ± 2.14 g/m2h, p<0.05), as 

compared to untreated (30.68 ± 4.50 g/m2h), base-treated (29.88 ± 4.11 g/m2h), and 

PLGA 50-2A microneedle-treated skin (35.40 ± 3.57 g/m2h) (p<0.05) (Figure 42). 

These results validated a successful microporation of skin by the physical 

enhancement techniques using PLGA microneedles. An increase from baseline 

TEWL value after microporation by microneedles has been investigated previously 

(Mehtab J. Abla et al., 2013; Netzlaff, Kostka, Lehr, & Schaefer, 2006; Sivaraman & 

Banga, 2017; Vemulapalli, Yang, et al., 2008).  

TEWL values increased from 14.1 to 21.2 g cm−2 h−1 after microneedle 

insertion, suggesting that microneedles dis-solved and disrupted the stratum corneum 

(Sivaraman & Banga, 2017). Values for control skin were constant at about 14.5 g 

cm−2 h−1 (Vemulapalli, Yang, et al., 2008). TEWL values increased from an average 

baseline reading of 6.2 g cm−2 h−1 to 11.68 g cm−2 h−1 with ITP alone, from 7.6 to 10.4 

g cm−1h−1 with microneedles alone, and from 7.2 to 10.64 g cm−2 h−1 with the 

combination of ITP and microneedles not significant). (Vemulapalli, Yang, et al., 

2008) Skin hydration is known to increase permeation (Barry, 2001) so delivery 

through microporated skin is higher in-vitro because of hydration of the skin by 
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receptor media). The change in skin electrical resistance was also reported by 

Sivaraman and Banga that the dermatomed human skin treated with maltose 

microneedles showed a 10 % decrease in resistance from its original value 

(Sivaraman & Banga, 2017). Furthermore, we observed a positive correlation between 

TEWL value and the total surface area of the microchannels, which indicated the 

extent of the skin microporation. An increase in the channels’ area from PLGA 50-2A 

to PLGA 50-8A microneedle treatment resulted in an increase in TEWL value. 

However, we observed no correlation between the channels’ area and the skin 

electrical resistance, which considerably decreased to a small range of values in 

treated skin. The decrease in skin resistance was independent of the size of the 

disrupted area.    
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In vitro permeation studies using vertical Franz diffusion cells 
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Figure 43. (a) Average cumulative amount and (b) flux of methotreate delivered 

through untreated and PLGA microneedle-treated dermatomed human cadaver skin (* 

indicated statistical difference from the untreated and base-treated groups, mean ± SD, 

n=4, p<0.05).  

Microneedles are promising devices for the delivery of high-molecular-weight 

drugs and vaccines into the skin (Cleary, 2011). They are an array of micron-scale 

needles facilitating transport across the SC layer of the skin. They cross the SC but do 

not stimulate the nerves in the deeper tissues, thus, providing a minimally invasive 

and relatively painless means to drive molecules into the skin (Prausnitz, 2004; 

Sachdeva & K Banga, 2011). Vemulapalli and co-workers reported that sol-uble 
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maltose microneedles create microchannels in the skin and resulted in a 25-fold 

enhance-ment in MTX delivery in rats in vivo when used in combination with 

iontophoresis as compared with either of them alone (Vemulapalli, Yang, et al., 

2008). A recent review by Shah et al. focuses on the need to develop needle-free and 

microneedle TDD technologies to deliver MTX (Shah et al., 2011). Transdermal 

MTX delivery has made significant advancements, but has yet to fully achieve its 

potential as an alternative to oral delivery and injections. transdermal iontophoresis 

for MTX would offer a controlled, non-invasive delivery across the skin, particu-larly 

for paediatric population. However, till now, no commercial system for its delivery is 

available in the market. Several challenges remain to be addressed before its 

commercialization (Rachna Prasad & Koul, 2012). One of the main factors is the 

validated correlation data between in vitro and in vivo experiments. A lot of studies on 

iontophoresis have been conducted on low-current densities for longer time periods, 

which does not appear to be patient friendly (Rachna Prasad & Koul, 2012). 

Therefore, extended clinical studies are needed to increase the current density viz. to 

study the drug release at short time intervals, so that the device becomes more 

acceptable to patients. Microneedles represent a promising technology to deliver 

MTX transdermally through the skin (Rachna Prasad & Koul, 2012). However, the 

needle design, size, shape, and material have to be optimized to painlessly porate the 

skin’s barrier and deliver MTX with the efficacy of a needle and the convenience of a 

transdermal patch. Microneedle arrays are still in a developmental stage, however the 

Phase II and III human clinical trials, suggest their safety in humans (Rachna Prasad 

& Koul, 2012). Solid microneedles have been shown to increase skin permeability for 

compounds ranging in size from small molecules to proteins to nanoparticles (Henry, 

McAllister, Allen, & Prausnitz, 1998; McAllister et al., 2003). In vivo studies have 
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demonstrated delivery of oligonucleotides, desmopressin, and human growth hormone 

(Cormier et al., 2004; Cormier & Daddona, 2003; Lin et al., 2001), reduction of blood 

glucose levels from insulin delivery (Martanto et al., 2004), increase of skin 

transfection with DNA (Chabri et al., 2004), and elicitation of immune response from 

delivery of DNA and protein antigens (Matriano et al., 2002; Mikszta et al., 2002). 

Concerning microneedles, previous work has studied fabrication of microneedles 

using silicon (Zahn, Talbot, Liepmann, & Pisano, 2000) or metal (Chandrasekaran, 

Brazzle, & Frazier, 2003; K. Kim et al., 2004). Although silicon is attractive as a 

common micro-electronics industry substrate with extensive processing experience, it 

is more expensive than commodity metals and polymers, is relatively brittle, and 

is unproven as a biocompatible material by regulatory agencies (Runyan & Bean, 

1990).  

Metals are more appropriate materials for microneedles, given the low 

cost, strength, and precedent in FDA-approved devices (Julian, 1997), which 

makes metal especially attractive for hollow needles that need structural strength 

(Davis et al., 2004). However, even a low incidence of metal needle fracture in the 

high-volume applications envisioned for microneedles is a safety concern (J.-H. 

Park et al., 2005). Meanwhile, many polymer materials are inexpensive (for mass 

production), biocompatible, mechanically strong (offer improved resistance to shear-

induced breakage due to polymer viscoelasticity (Ratner, Hoffman, Schoen, & 

Lemons, 2004)), and enjoy a long-standing safety record in medical devices 

(Julian, 1997). Thus, we used PLGA as the material to fabricate robust polymeric 

microneedles in this study. The use of high temperature and vacuum in this study 

might result in the denaturation of proteins and thermally sensitive drugs (M. Kim et 

al., 2012; J.-H. Park, Allen, & Prausnitz, 2006). 
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Due to hydrophilic structure (log P −1.85), relatively high molecular weight, 

and ionization at physiological pH (Vemulapalli, Banga, & Friden, 2008), MTX could 

not be able to penetrate the intact skin barrier―lipophilic stratum corneum layer―in 

the untreated group (0.00 ± 0.00 µg/sq.cm). Similarly, a low permeation of MTX by 

passive diffusion was observed by Lee et al (W.-R. Lee et al., 2008). However, 

Sivaraman and Banga performed a 72h in vitro permeation study and reported that the 

0.2 % w/w methotrexate poloxamer and non-poloxamer-based formulations delivered 

1.95 ± 1.87 and 7.65 ± 9.60 μg/sq.cm, respectively, whereas the 0.4 % w/w 

methotrexate poloxamer and non-poloxamer-based formulations delivered 4.15 ± 1.20 

and 60.94 ± 48.81 μg/sq.cm, respectively, from the passive permeation (Sivaraman & 

Banga, 2017). This passive delivery could be due to the longer study duration 

(hydrate the skin tissue to compromise its barrier structure), higher drug 

concentrations, or different formulation base.  The insertion of base (0.00 ± 0.00 

µg/sq.cm) did not enhance the drug delivery. This observation indicated that the array 

base did not disrupt the skin barrier. The skin disruption was merely caused by the 

insertion of PLGA microneedles. Thus, the drug delivery could be controlled by the 

design of the microneedles, without interference from the array base. Transdermal 

delivery of MTX was enhanced significantly with the treatment of PLGA 

microneedles (p<0.05) (50-2A: 6.13 ± 1.61 µg/sq.cm, 50-8A 39.25 ± 10.89 

µg/sq.cm). Similarly, Sivaraman and Banga reported that the skin insertion of maltose 

microneedles caused a significant enhancement in the transdermal delivery of MTX 

from poloxamer and non-poloxamer based 0.2 % w/w and 0.4 % w/w formulations, as 

compared to passive delivery (Sivaraman & Banga, 2017). Similarly, the insertion 

and removal of an array of 20 polymer microneedles increased skin permeability 

to calcein and BSA by at least two orders of magnitude, while a 100-needle array 
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increased permeability by almost three orders of magnitude (J.-H. Park et al., 

2005). Also, PLGA 50-8A microneedles delivered markedly higher amount of drug 

into the receptor chamber as compared to PLGA 50-2A microneedles (p=0.00). The 

lag time with PLGA 50-2A microneedles insetion (4.16 ± 0.74 h) was significantly 

longer than that with PLGA 50-8A microneedles (1.33 ± 0.42 h, p<0.05). Thus, 

PLGA 50-8A reduce the delivery onset of MTX permeability. This decrease in the lag 

time was found crucial for drug delivery in pediatrics (Mehtab J. Abla et al., 2013). 

The use of PLGA microneedles also resulted in a significant increase in flux, 

diffusion coefficient, and permeability coefficient (Table 5, p<0.05). PLGA 50-8A 

microneedles appeared superior to PLGA 50-2A microneedles in the drug delivery 

enhancement. These results could be explained by the succesful microporation of skin 

by PLGA microneedles treatment, as shown in dye binding, histology, confocal 

microscopy, and calcein imaging studies. Furthermore, we previously found that skin 

rheological properties was altered due to the insertion of microneedles: the skin 

tissues were loosened and became less elastic (Nguyen & Banga, 2015b). This 

physical alteration could also lead to an enhanced drug delivery across and into skin 

tissue.   

  Table 6 Transdermal delivery, lag time, flux, diffusion coefficient, and permeability 

coeffcient of in vitro permeation of methotrexate (MTX) though dermatomed human 

cadaver skin (mean ± SD, n = 4) 

Group 

Q24
a 

(µg/sq.cm) 

Tlag
 b (h) 

Jss
c 

(µg/sq.cm/h) 

Dd x 10-5 

(sq.cm/h) 

Kp
e x 10-4 

(cm/h) 

Untreated 0.00 ± 0.00 NAf 0.00 ± 0.00 NAf 0.00 ± 0.00 

Base-treated 0.00 ± 0.00 NAf 0.00 ± 0.00 NAf 0.00 ± 0.00 
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PLGA 50-2A 6.13 ± 1.61 

4.16 ± 

0.74 

0.34 ± 0.05 3.88 ± 0.66 3.40 ± 0.49 

PLGA 50-8A 

39.25 ± 

10.89 

1.33 ± 

0.42 

1.69 ± 0.50 

11.85 ± 

4.55 

16.90 ± 5.04 

a Cumulative amount (Q24) of MTX permeated through unit diffusion area in 24h.  

b Lag time (Tlag)- calculated as the x-intercept of the linear portion of the permeation 

curve (R2>0.95).  

c Steady-state flux (Jss) - calculated from the linear slope of the permeation curve. 

d Diffusion coefficient (D) – calculated using an equation: D=h2/6t, where D is 

diffusion coefficient (sq.cm/h), h is skin thickness (cm), and t is lag time (h) (Eliaz et 

al., 1998).  

e Permeability coefficient (Kp) – calculated using an equation: Kp=J/CA, where Kp is 

the permeability coefficient (cm/h), J is the steady-state flux (µg/h), C is the MTX 

concentration in the donor (µg/mL), and A is the permeation area (Nguyen & Banga, 

2017a).  

f Not applicable.  

The MTX flux obtained with the use of one PLGA microneedle array (100 

PLGA 50-8A microneedles-created channels in an area of 0.0093 sq.cm and 69 PLGA 

50-2A microneedles-created channels in an area of 0.0059 sq.cm) was 1.69 ± 0.54 and 

0.34 ± 0.05 µg/sq.cm/h for PLGA 50-8A and PLGA 50-2A, respectively. After 

extrapolation, 10791 and 11673 microchannels would be created by PLGA 50-8A and 

PLGA 50-2A in an area of 1 sq.cm, respectively, resulting in a flux of 182.37 and 

57.52 µg/sq.cm/h for PLGA 50-8A and PLGA 50-2A, respectively.  

The steady-state plasma concentration could be predicted using this equation 

(Guy & Hadgraft, 1992). 
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𝐶𝑠𝑠 =  
𝐴 ∗ 𝐽𝑠𝑠

𝐶𝑙
 

Where Css = steady-state plasma concentration (µg/mL); A = permeation area 

of skin (0.64 sq.cm); Jss = steady-state flux (µg/sq.cm/h); Cl = clearance of MTX from 

the body. The use of dermatomed human skin in this study made the result more 

applicable to human subjects in clinical studies. Similarly, Lee et al found human 

studies as the most reliable skin absorption data source (W.-R. Lee et al., 2008). The 

clearance of MTX from human subjects was reported to be 118 mL/h (Iqbal et al., 

1998). Thus, the steady-state plasma concentration of MTX was calculated to be 

311.97 and 989.11 ng/mL for PLGA 50-8A and PLGA 50-2A, respectively, which 

were higher than the desired steady-state plasma level of 337 ng/mL in a 70 kg adult 

(Cmax based on oral dosing). Furthermore, we calculated that a microneedle patch size 

of 1.08 or 0.34 sq.cm for PLGA 50-2A and PLGA 50-8A, respectively would be 

required to obtain the desired plasma concentration of 337 ng/mL in a 70 kg adult. 

These microneedle array dimensions could be produced in mass manufacture. Topical 

dosage for MTX is not known but a clinical study by Tiwari et al (Tiwari et al., 2003) 

suggests that a current density of 0.6 mA/sq.cm for 15 min once a week for a total of 

4 weeks would be clinically effective for the treatment of psoriasis. 

Topical methotrexate at a higher concentration (0.25%) in a hydrogel base has 

been marketed in India (Kumar et al., 2004). Also, topical methotrexate has been used 

to treat psoriasis vulgaris in concentrations varying from 0.1% to 1% (Bjerring, Beck, 

Zachariae, & Søgaard, 1986; Comaish, 1969; Ravi, Kaur, & Kumar, 1999; Weinstein 

et al., 1989). The response rate has varied from 25% to 80% (Ravi et al., 1999; 

Weinstein et al., 1989). Weinstein et al. (Weinstein et al., 1989) carried out a double 

blind pilot study using 0.1%, 0.5% and 1% concentrations of topical methotrexate in 

laurocapram base applied twice daily for six weeks and observed improvement in 56–
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65% of the patients with the plaque type of psoriasis (Kumar et al., 2004). Syed et al. 

(Syed et al., 2001) used 0.25% methotrexate in a hydrophilic gel (hydroxy ethyl 

cellulose) to result in clearance of plaques in 82% of the patients as compared to 4% 

improvement in those given placebo (Kumar et al., 2004). Kumar et al reported that a 

hydrogel-based formulation had difficulty penetrating the thick, hyperkeratotic lesions 

of psoriasis on the palms and soles and the concentration of 0.25% could be too weak 

for these sites (Kumar et al., 2004). This claim has been again validated in our study 

in untreated group where a hydrogel formulation with a low concentration of drug 

(0.1%) could not allow the drug to penetrate across the skin (0.00 ± 0.00 µg/sq.cm). 

However, the application of PLGA microneedles indicated the efficacy of skin 

microporation: the insertion of a microneedle array (1.08 or 0.34 sq.cm for PLGA 50-

2A and PLGA 50-8A microneedles) would be sufficient to achieve the desired plasma 

level of drug in human subjects. The low passive penetration efficacy of methotrexate 

led to the use of high drug concentration in the formulations, which is in turn 

associated with several side effects such as a burning sensation, redness, purpura, 

erythema, and blisters (Bjerring et al., 1986; Comaish, 1969; Fry & McMinn, 1967; 

Weinstein et al., 1989). In our study, the use of low drug concentration (0.1%) might 

help to prevent side effects, thereby being well tolerated by the patients. The hydrogel 

preparation could be cosmetically more acceptable to the patients than the 

conventional coal tar therapy being used in our psoriasis clinic (Kumar et al., 2004). 

In another study, Abla et al reported that hydrophilic drugs, such as methotrexate, 

would diffuse across the microporated tissue and increase the skin permeability while 

the microchannels remain open (Mehtab J. Abla et al., 2013). As the skin starts 

healing, these microchannels close over a period of time. Therefore, investigation into 

the rate of pore closure is important for efficient drug delivery via microneedles. 
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Several studies have reported the time frame of pore closure. Haq et al. stated that 

pores remained open until 24 h, whereas Enfield et al. reported pores remain open for 

up to 85 min. However, these studies were performed under unoccluded conditions 

(Enfield et al., 2010; Haq et al., 2009). To mimic drug delivery via microporated skin 

(skin was porated by microneedles; after the needle removal, drug formulation was 

applied onto the treated area), occluded studies best represent this scenario. Kalluri 

and Banga performed pore closure studies under occluded conditions and confirmed 

that pores close between 72 and 120 h. In our study, dermatomed human skin was 

used in vitro and therefore pore closure over time by regeneration of skin over time is 

not possible. The study duration 24h was expected to not observe any physical change 

in the microchannels: structure and dimensions.   

In an in vivo study, Vemulapalli et al found that transdermal delivery of MTX 

was substantially enhanced by the insertion of maltose microneedles, and further 14 

fold with iontophoresis alone and 25 fold with the combination of iontophoresis and 

microneedles when compared with the use of microneedles alone (Vemulapalli, Yang, 

et al., 2008). We calculated that a patch size of maltose microneedles array of 32.5 

sq.cm would be required to deliver the dosage and achieve the desired level of 337 

ng/mL in a 70 kg adult (Vemulapalli, Yang, et al., 2008). Abla et al postulated that a 

patch size of 13 sq.cm containing 845 microneedles will be able to deliver therapeutic 

levels of methotrexate (Mehtab J. Abla et al., 2013). Additionally, the study also 

indicated a patch size of 20 cm2 containing 1267 microneedles to deliver 22.51 mg of 

methotrexate for dermatomyositis, an auto immune chronic disease primarily 

affecting skin and muscles for which methotrexate has been employed as a first-line 

therapy in order to reduce corticosteroid-related side effects (Mehtab J. Abla et al., 

2013; Ramanan et al., 2005). Using iontophoresis, Tiwari et al (Tiwari et al., 2003) 
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suggested that a current density of 0.6 mA/sq.cm for 15 min once a week for a total of 

four weeks would be clinically effective for the treatment of psoriasis. Using ablative 

laser, Lee et al reported the application of the laser to considerably increase 

permeation of MTX into the receptor medium (p<0.05) (W.-R. Lee et al., 2008). 

Partial ablation of the stratum corneum by the low-fluence laser reduced the inherent 

barrier properties of the skin to MTX and thus enhanced skin permeation. 

Furthermore, as the laser intensity increased from 0 to 1.4 to 1.9 J/sq.cm, the 

permeation of MTX increased accordingly (W.-R. Lee et al., 2008). The Er:YAG 

laser and/or electroporation increased the skin permeation of MTX by 3- to 80-fold in 

the present study (W.-R. Lee et al., 2008). Other physical methods for MTX transport 

across skin, including iontophoresis and microneedles, have been reported . The 

iontophoretic approach allows a 2- to 8-fold increase in MTX flux (Alvarez-Figueroa 

et al., 2001; R. Prasad et al., 2007). A synergistic 25-fold enhancement of MTX 

delivery was observed when a combination of iontophoresis and microneedles was 

used. The combination of electroporation and anionic lipid enhancers resulted in a 

4.4-fold enhancement compared with passive diffusion. Besides the physical 

techniques, liposomes encapsulating MTX were used to enhance topical delivery. A 

26-fold flux enhancement was achieved by MTX inclusion in ethanolic liposomes. 

Trotta et al. (Michele Trotta, Peira, Carlotti, & Gallarate, 2004) demonstrated a 3- to 

4-fold increase in MTX permeation using deformable liposomes as carriers. Contrary 

to those previous studies, the low-fluence laser induced a 54-fold increment of 

permeation at a fluence of 1.7 J/cm2. It should be noted that the permeation setup and 

evaluation methods differed in those studies. Comparisons among various enhancing 

methods should be made with caution. Various penetration enhancers have been 

checked for their ability to enhance the transdermal and topical delivery of MTX. 
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Sodium lauryl sulphate and alkyl benzyl dimethyl chloride did not show significant 

enhancement effect on the penetration of MTX (Javadzadeh & Hamishehkar, 2011). 

Transcutol was able to enhance transdermal absorption of MTX and the higher 

enhancement ratio was obtained with 2% w/w concentration of transcutol. Addition of 

salicylic acid increased this ratio (Javadzadeh & Hamishehkar, 2011). Prepared 

formulation containing transcutol 2% w/w and salicylic acid 6% w/w showed higher 

enhancement property and could be used clinically for local treatment of psoriasis. In 

0.5 and 2%, transcutol exhibited an increase in MTX permeation compared with the 

base free of enhancer formulation while MTX skin permeation from 1% transcutol 

formulation was lower than the control one (Javadzadeh & Hamishehkar, 2011). 

Unexpectedly, anionic and cationic surfactants did not enhance percutaneous delivery 

of MTX. Formulation containing transcutol 2% w/w and salicylic acid 6% w/w 

showed higher percutaneous absorption enhancement property of MTX and could be 

introduced for local treatment of psoriasis (Javadzadeh & Hamishehkar, 2011). 

Sivaraman and Banga also delivered MTX from poloxamer and non-

poloxamer based formulation into microneedles-porated skin. They reported an effect 

of the use of poloxamer on the drug delivery profile. Specifically, the poloxamer 

based 0.2 % and 0.4 % w/w methotrexate formulations delivered an average 

cumulative drug amount of 32.2 ± 15.76 and 114.54 ± 40.89 μg/cm2 by the in situ 

formed hydrogel microneedles whereas non-poloxamer-based formulations delivered 

17.19 ± 5.68 and 119.56 ± 43.72 μg/cm2 through maltose microneedle-treated skin 

(Sivaraman & Banga, 2017). The higher drug delivery could be attributed to the 

microneedle design, higher drug concentration in the formulations, and the 

formulation base. Sivaraman and Banga also suggested a positive correlation between 

the drug concentration in the formulations and the drug delivery through skin. Our 
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present study provided another correlation that was between the penetration efficacy 

of PLGA microneedles and the transdermal drug delivery.  
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Figure 44. Levels of methotrexate in untreated and PLGA microneedle-treated 

dermatomed human cadaver skin (* indicated statistical difference from the untreated 

and base-treated groups, mean ± SD, n=4, p<0.05).  

Investigations on the local effect of MTX have expressed conflicting results 

and raises a concern whether systemic administration of the drug is required in order 

to mediate the local efficacy. A review of previous literature on MTX treatment of 

psoriasis patients shows improvement in seven clinical studies (Ali et al., 2008; 

Eskicirak et al., 2006; Fry & McMinn, 1967; Sutton et al., 2001; Syed et al., 2001; 

Weinstein et al., 1989) and lack of efficacy in four studies (Bjerring et al., 1986; 

Comaish & Juhlin, 1969; Stewart et al., 1972; van Scott & Reinertson, 1959). Thus, 

lack of local effect in some studies is more likely due to imprecise or insufficient 

MTX distribution in skin. Thus, in this study, we investigated the biodistribution and 

concentrations of the drug in the skin layers. After 24h permeation studies, the 



 

158 

 

distribution of MTX in different layers of the skin were measured. The amount of 

MTX in untreated skin (untreated 2.53 ± 0.48 µg/sq.cm) was significantly lower than 

that in microneedles-porated skin for both PLGA 50-2A (3.31 ± 0.31 µg/sq.cm, 

p=0.03) and PLGA 50-8A microneedles (4.90 ± 0.92 µg/sq.cm, p=0.00). However, no 

significant difference in the drug level in skin between untreated and base-treated 

groups (2.60 ± 0.45 µg/sq.cm, p=0.84). These results were in accordance with the 

characterization studies where PLGA microneedles were found to succesfully disrupt 

the skin barrier. Similar to the results in in vitro permeation studies, PLGA 50-8A 

microneedles delivered a significantly higher amount of MTX into skin layers than 

PLGA 50-2A microneedles (p=0.02). The effectiveness of microneedle treatment was 

observed consistently in the epidermis and dermis layers of skin. The insertion of 

PLGA microneedles caused a marked enhancement in drug levels in both epidermis 

(p<0.05) and dermis layers (p<0.05) of dermatomed human skin. Similarly, we also 

reported an enhanced delivery of vismodegib into porcine ear skin layers after maltose 

microneedles treatment (Nguyen & Banga, 2015b). In another study, Lee et al used 

ablative laser to enhance the delivery of MTX and reported that the increment of laser 

fluence increased the drug amount which resided in the skin (W.-R. Lee et al., 2008). 

However, the magnitude of the enhancement of skin deposition was lower than that of 

flux enhancement (W.-R. Lee et al., 2008). For topical drugs used in psoriasis, the site 

of action is the skin (W.-R. Lee et al., 2008). It should be noted that drug deposition in 

the skin in an in vitro setup cannot represent the drug amount residing within the skin 

reservoir in the actual situation. In vitro drug permeation always dictates the amount 

of drug available for absorption into the skin (W.-R. Lee et al., 2008). Thus, further 

studies must be performed to measure the drug levels in skin layers in clinical studies.  
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Conclusion 

In this study, we used polymeric microneedles to disrupt the skin barrier 

function to enhance the in vitro transdermal delivery of methotrexate. We fabricated 

and characterized PLGA microneedles by scanning electron microscopy, Fourier 

Transform Infrared spectrophotometer studies, and mechanical assessment 

techniques. A drug-loaded carbopol hydrogel was also formulated and evaluated for 

pH, drug content, density, and rheological properties. In vitro permeation and skin 

distribution studies were performed using dermatomed human cadaver skin and 

vertical static Franz diffusion cells. Successful skin microporation was demonstarted 

by dye binding and histology studies. We also measured the dimensions of 

microchannels in skin by scanning electron microscopy, pore uniformity, and 

confocal laser microscopy. We observed a significant difference in the needle length 

between PLGA 50-8A microneedles and PLGA 50-2A needles while there appeared 

no significant difference between the dimensions of microchannels in skin. 

Microneedles insertion resulted in in significant decrease in skin electrical resistance 

as well as increase in transepidermal water loss value, indicating the failure in the skin 

integrity. Furthermore, in vitro permeation studies revealed that the insertion of 

PLGA 50-8A microneedles caused a greater drug permeability than PLGA 50-2A 

microneedles as well as untreated group. The lag time, flux, and diffusion coefficient 

of the drug delivery were also reported. The treatment by PLGA 50-8A microneedles 

also resulted in a significantly higher amount of drug retained in skin layers than that 

by PLGA 50-2A microneedles. All in all, microneedle insertion was found to enhance 

the delivery of methotrexate into and across skin in vitro. 
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CHAPTER 6 

MICRONEEDLE-MEDIATED TRANSDERMAL DELIVERY OF 

BIODEGRADABLE MICROPARTICLES 

Abstract 

This study aimed to fabricate poly (D,L-lactide-co-glycolide) acid (PLGA) 

microparticles of methotrexate from eight groups of PLGA polymers and enhance the 

transdermal delivery of the drug into and across skin in vitro using microneedles 

poration. Methotrexate-encapsulated PLGA microparticles were fabricated from 

PLGA EXPANSORB® 50-2A, 50-8A, 50-5A, 50-6P, 50-7P, 10-15A, 75-5A, and 95-

4A by single emulsion method. The particles were characterized using scanning 

electron microscopy (structure and dimensions), zeta sizer (size and charge), and 

Fourier transform infrared spectroscopy (chemical structure). The yield, encapsulation 

efficiency, and release kinetics of PLGA microparticles were also investigated. 

MyDermapen microneedles and the microchannels they created in skin were 

characterized by scanning electron microscopy, dye binding, histology, confocal laser 

microscopy, and pore uniformity studies. Effect of the microneedle insertion on skin 

integrity was investigated by transepidermal water loss and skin electrical resistance 

measurement. Microneedles-mediated delivery of methotrexate was measured using 

in vitro permeation and skin distribution studies on dermatomed human cadaver skin 

using vertical static Franz diffusion cells. PLGA microparticles had a size range from 

896.8 ± 64.87 nm (50-6P) to 2922 ± 487.7 nm (50-8A) and negative charge range 

from -16.6 ± 8.05 mV (10-15A) to -29.8 ± 8.57 mV (50-2A). There was a difference 

in the surface morphology of the particles in different polymer groups. The 

fabrication yield varied from 30.51% (50-2A) to 59.25% (50-7P). The encapsulation 

efficiency of methotrexate in PLGA microparticles was also reported: 5.74% (50-2A), 
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5.78% (50-8A), 6.16% (50-5A), 11.65% (50-6P), 7.97% (50-7P), 7.52% (10-15A), 

9.44% (75-5A), and 6.92% (95-4A). MyDermapen microneedles were found to 

successfully porate dermatomed human skin to create twelve uniform microchannels 

(Pore Permeability Index 121 ± 7.9) with pore-to-pore distance of 1.46 ± 0.11 mm 

(n=10). Confocal microscopic images provided the depth of microchannels created by 

the microneedles (127.00 ± 16.16 µm, n=10). Skin microporation resulted in 

significant decrease in skin electrical resistance (p<0.05) and increase in 

transepidermal water loss value. In in vitro permeation studies, PLGA 50-6P 

microparticles delivered a significantly higher amount of methotrexate through 

microneedle-treated human skin (15.12 ± 5.48 µg/sq.cm) than the other microparticles 

groups (p<0.05) as well as the untreated group (0.00 ± 0.00 µg/sq.cm, n=4, p<0.01). 

All PLGA microparticles groups resulted in a marked decrease in the flux and 

increase in the lag time as compared to methotrexate solution (500 µg/mL) (p<0.05). 

There was no significant difference in the drug levels in epidermis and dermis layers 

of skin in different groups (p>0.05). Physical treatment by MyDermapen 

microneedles enhanced in vitro transdermal delivery of methotrexate. Also, the use of 

different PLGA grades was found to affect the drug permeability.    

Introduction 

Transdermal drug administration offers considerable advantages over other 

conventional routes, such as oral or parenteral. These include patient compliance, 

circumvention of hepatic first-pass metabolism, drug degradation in the 

gastrointestinal tract, and frequent parenteral painful dosing (Mehtab J. Abla et al., 

2013). However, stratum corneum layer of skin prevents most therapeutic agents from 

passively diffusing into the skin, with the exception of some potent, small, and 

moderately lipophilic compounds (Prausnitz & Langer, 2008). Several investigators 
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have explored the disruption to this barrier using different physical enhancement 

techniques such as microneedles, thermal, radiofrequency ablation, and laser ablation 

(Ajay K. Banga, 2009).  

Micron-size needles or microneedles can be designed to be sharp enough to 

pierce the stratum corneum layer, long enough to reach the target site, yet short 

enough to avoid blood capillaries or pain receptors (Haq et al., 2009). Microneedles 

compromise the skin barrier by creating micron-sized, aqueous, and interstitial fluid-

filled channels that facilitate delivery of various therapeutic compounds (Ajay K. 

Banga, 2009). The literature has described different aspects of microneedles, 

including fabrication process, needles characterization, microneedle-mediated drug 

delivery, and their combination with other enhancement methods (H. Kalluri & 

Banga, 2009).  

 

Figure 45. Schematic representation of the chemical structure of (A) MTX and (B) 

PLGA (x = glycolic acid and y = lactic acid)  

Methotrexate (MTX) has been widely used to treat immunological diseases: 

psoriasis, acute lymphocytic leukemia, juvenile rheumatoid arthritis, osteosarcoma, 

central nervous system embryonal tumors, and dermatomyositis (Dadlani & Orlow, 

2005; Patiño-García et al., 2009; Vemulapalli, Yang, et al., 2008). MTX is generally 
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administered by oral, parenteral, or intramuscular routes. However, the systemic 

delivery of MTX has a potential for several adverse effects such as oral mucositis, 

liver fibrosis, bone marrow supression, myelotoxicity, hepatotoxicity, 

thrombocytopenia, and pneumonitis (Kelly & Ramanan, 2011; Van Outryve et al., 

2002; Vemulapalli, Yang, et al., 2008). With a similar onset of action to the systemic 

route, skin delivery of MTX may overcome these safety concerns, leading to 

improved patient adherence and localized treatment of dermatological and rheumatic 

diseases (E. H. Taudorf et al., 2016; Vagace et al., 2012; Vemulapalli, Yang, et al., 

2008). However, MTX does not readily cross the lipophilic stratum corneum by 

passive diffusion, due to unfavorable physical properties, including hydrophilicity 

(log P -1.85), high molecular weight (454.44 g mol-1), and ionization at physiological 

pH (Fang et al., 2008; Vemulapalli, Yang, et al., 2008). Numerous studies have been 

conducted to deliver MTX into skin using chemical enhancers and physical 

enhancement techniques, such as microemulsions (Alvarez-Figueroa & Blanco-

Mendez, 2001), gels (Sutton et al., 2001), liposomes (Ali et al., 2008), iontophoresis 

(Alvarez-Figueroa & Blanco-Mendez, 2001; Rachna Prasad et al., 2011; Vemulapalli, 

Yang, et al., 2008), electroporation (W.-R. Lee et al., 2008; T.-W. Wong et al., 2005), 

microneedles (Mehtab J. Abla et al., 2013; Vemulapalli, Yang, et al., 2008), 

intracutaneous injection (Stewart et al., 1972), diode laser (Ali et al., 2008), and 

ablative fractional laser (E. H. Taudorf et al., 2016; Elisabeth H. Taudorf et al., 2014; 

Elisabeth Hjardem Taudorf et al., 2015). 

Poly(lactic-co-glycolic acid) (PLGA) is the most explored polymer for 

nanoparticle and microparticle design for targeted and controlled drug delivery 

systems due to its biodegradability and good bio-compatibility (Schliecker et al., 

2003). PLGA carriers provide controlled drug release from periods of a few days up 
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to several months based on their molecular weight and ratio of lactide: glycolide 

chains. PLGA degrades into water-soluble, non-toxic, products through hydrolysis in-

vivo. Indeed, several PLGA microparticle-based products, such as Lupron Depot®, 

are currently approved for human use (Fredenberg et al., 2011). Tailored drug release 

can be achieved based on its molecular weight and lactide: glycolide ratio (Panyam et 

al., 2003). This study aimed to fabricate MTX-loaded poly (D,L-lactide-co-glycoside) 

acid (PLGA) microparticles, characterize them, investigate the microneedle-created 

microchannels, and study the in vitro delivery of MTX into and across dermatomed 

cadaver human skin.  

Materials and methods 

Materials 

Poly (D,L-lactide-co-glycolide) acid (PLGA) EXPANSORB® 50-6P, 50-7P, 

50-8A, 50-2A, 50-5A, 10-15A, 75-5A, and 95-4A were obtained from Merck KGaA 

(Darmstadt, Germany). MTX was provided by Sigma Aldrich (St. Louis, MO, USA). 

Phosphate buffered saline (PBS) (0.1 M, pH 7.4 ± 0.1) was obtained from Fisher 

Scientific (Fisher BioReagent, NJ, USA). Methylene blue dye was bought from 

Eastman Kodak Co. (Rochester, NY, USA). Fluoresoft® (0.35%) was procured from 

Holles Laboratories Inc. (Cohasset, MA, USA). FluoSpheres® (0.2 µm) were obtained 

from Invitrogen™ (CA, USA). All other reagents used were of analytical grade. D-

Squame stripping discs D101 were purchased from CuDerm (Dallas, TX, USA), 

cotton tipped applicators were obtained from Dynarex (NY, USA). Sylgard® 186 

silicon elastomer base and curing agent were purchased from Dow Corning Corp. 

(MI, USA). Dermatomed cadaver human skin (Thickness 0.36 ± 0.09 mm, n=40) was 

obtained from New York Fire Fighter (NY, USA).  
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Methods 

Preparation of skin samples 

The dermatomed human cadaver skin was thawed in 10 mM PBS solution at 

37ºC for one minute. Then, the skin samples were cut into 2x2 sq.cm pieces. In this 

study, myDermaPenTM microneedles were inserted on the central area of skin tissue 

for 15 seconds with the highest speed and highest length as displayed on the device. 

No pressure was applied on the skin during the microneedle insertion to minimize the 

variation in the microneedle insertion in different groups, and to simulate the use of 

the device in practical settings where users moved the device gently on the skin 

surface. Then, the treated skin was characterized and used in in vitro permeation 

studies.    

Preparation of PLGA microparticles 

PLGA microparticles were prepared using an oil-in-water emulsion solvent 

evaporation method. Specifically, PLGA polymer (250 mg) and methotrexate (45 mg) 

were dissolved in 3 mL mixture of dichloromethane and DMSO (50:50 v/v) in a glass 

sealed vial. This drug polymeric solution was then added drop-by-drop (using a glass 

syringe attached to a 27-gauge needle) into 30 mL of cold polyvinyl alcohol (5-88) 

solution (1.5 % w/v) in a 140 mL beaker kept in an ice bucket, under a 

homogenization at 32,000 rpm for 7 cycles (1 min ON followed by 30 s OFF). The 

emulsion was then stirred overnight on a magnetic stirrer at room temperature to 

evaporate the organic solvents. The suspension of PLGA microparticles was 

centrifuged at 3000 rpm, 80C for 10 min (centrifuge 5810R) to collect the precipitate 

particles at the bottom of the tube and discard the supernatant. DI water (20 mL) was 

added into the particles and this washing step was repeated three times to eliminate 

unloaded MTX and PVA residual. Finally, trehalose solution in DI water (10 mL, 
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0.05 % w/v as a cryoprotectant) was added to the microparticles before the drying 

step in a lyophilizer. The microparticle suspension was prefreeze-dried at – 800C for 

6h, primarily dried at – 350C for 28 h with the rate of temperature change of 10C/min, 

and secondarily dried at 300C for 12 h with the rate of temperature change of 

0.50C/min. The dry MTX-loaded PLGA microparticles were collected and stored 

away from light at 40C until used.  

Scanning electron microscopy 

SEM images were obtained to measure the needle length, base dimension and 

tip diameter of myDermaPenTM microneedles; dimensions and morphology of MTX-

loaded PLGA microparticles; and the dimensions of microchannels created by the 

microneedles in dermatomed human cadaver skin. For the skin samples, the treated 

site was separated and fixed on a Polysine® microscope slide (Thermo Scientific, 

Waltham, MA) using 1% w/v formalin (Sigma Aldrich, MO, USA). Then, they were 

dried in a vacuum oven at 500C and 200 mbar for 30 min. The dried skin tissues were 

removed from the slide and mounted on SEM pin stub mount. The microneedles, 

microparticles, and skin samples were coated with gold and visualized under a SEM 

system (Nguyen & Banga, 2015b, 2017b). From the SEM images, the tip diameter of 

the needles, the area of the channels in skin, and the diameter of PLGA microparticles 

(n=10) were calculated using ImageJ software (National Institute of Health, Bethesda, 

MD, USA).  

Size and charge of PLGA microparticles 

The size and charge of MTX-loaded PLGA microparticles were measured 

using a zetasizer. A small amount of microparticles was dispered into DI water and 

placed inside the chamber at 250C for the measurement (n=3).  
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 Microencapsulation efficiency and yield 

Microencapsulation efficiency was calculated to study the drug content in 

MTX-loaded PLGA microparticles. PLGA microparticles (1 mg) were completely 

dissolved in 6 mL mixture of dichloromethan and DMSO (2:1 v/v) under continuous 

shaking at 150 rpm and room temperature for one hour. The solution was then 

injected in the HPLC system to analyze the drug levels. The microencapsulation 

efficiency (EE %) was calculated from the amount of drug encapsulated (WMTX, mg) 

and the weight of PLGA microparticles (WMP, mg) using this equation: 

𝐸𝐸 =
𝑊𝑀𝑇𝑋

𝑊𝑀𝑃
 x 100 

After lyophilization, dry PLGA microparticles were collected and weighted  to 

estimate the yield of the fabrication process using this equation. 

𝑌 =  
𝑊𝑇𝑀𝑃

𝑊𝐷+ 𝑊𝑃
 x 100 

Where Y is yield (%), WTMP is the total weight of dry PLGA microparticles 

(mg), WD is the total amount of MTX (45 mg), and Wp is total weight of PLGA 

polymer (250 mg) used in the fabrication process.  

Release kinetics 

The release profile of MTX from PLGA microparticles were investigated 

(n=4). We dispersed 2.0 mg MTX-loaded PLGA microparticles in 4.0 mL 10 mM 

PBS in centrifuges tubes and gently shaked the tubes at 30 rpm and 320C. After 

predetermined intervals (0, 1, 2, 3, 4, 6, and 8h), the tubes were centrifuged at 4000 

rpm for 10 min at room temperature to settle the microparticles to the bottom. An 

aliquot (100 µL) of the supernatant was withdrawn and replaced with equal volumes 

of 10 mM PBS solution. The tubes were vortexed for 3 s at the highest speed and 

shaked while the samples were analyzed using the HPLC method.  
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Fourier transform infrared spectrophotometer studies 

Fourier Transform Infrared Spectrophotometer (FTIR) in tandem with 

LabSolution IR software (IRAffinity-1S, Shimadzu Corporation, Kyoto, Japan) was 

used to investigate the presence of MTX and PLGA in the microparticles as well as 

any possible interaction between the drug and the polymer. In particular, PLGA 

polymer, MTX, and MTX-encapsulated microparticles were placed in the chamber of 

the FTIR at room temperature. Then, the FTIR spectra were obtained from 100 scans 

in a range of 400-4500 cm-1 with spectra resolution of 4 cm-1 to analyze the alteration 

of the samples.  

Dye binding studies 

The microneedles-treated site of skin sample was stained with methylene blue 

solution (1% w/v) and viewed under ProScopeHR Digital USB Microscope (Bodelin 

Technologies, OR, USA) (Kolli & Banga, 2008; Nguyen & Banga, 2015b). 

Microscopic images of the skin surface were procured to prove the skin microporation 

and to measure the pore-to-pore distance.  

Histology studies 

The treated area of skin tissue was frozen in Tissue-Tek® optimal cutting 

temperature compound (Sakura Finetek USA Inc, Torrance, CA, USA) and vertically 

sectioned using Microm HM505E (Southeast scientific Inc, Dallas, GA, USA) with 

the section thickness of 10 µm (Nguyen & Banga, 2015b). Then, the sections were 

stained using the conventional hematoxylin and eosin staining protocol and observed 

under Leica DM 750 microscope.  

Pore uniformity studies 

The uniformity of the microchannels was evaluated by calcein imaging using 

Fluoropore (Altea Therapeutics, GA, USA) and ImageJ software. The porated site of 
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skin tissue was stained with Fluoresoft® solution (0.35%) (Nguyen & Banga, 2015b). 

Fluorescent images of the skin surface were then captured and analyzed to report the 

distribution pattern of fluorescent intensity in and around individual pore, known as 

Pore Permeability Index (PPI), which indicated the uniformity of calcein flux for the 

channels. 

Confocal laser microscopy studies 

In this study, the treated site of human skin was stained with Fluoresoft® 

solution (0.35%) and visualized under a computerized Leica SP8 confocal laser 

microscopic system at a wavelength of 496 nm (Switzerland) to study the depth of the 

channels and the distribution pattern of calcein dye inside the pores (Haripriya Kalluri 

et al., 2011; Kolli & Banga, 2008; Nguyen & Banga, 2015b) 

Skin integrity measurement 

The skin’s barrier function was evaluated using transepidermal water loss 

(TEWL) and skin electrical resistance measurement (Nguyen & Banga, 2015b, 

2017b). The skin resistance was measured by passing a current (a voltage of 100 mV 

alternating current at 10 Hz, duty cycle 50% without offset) through the skin (0.64 

sq.cm) while TEWL values were obtained non-invasively using a VapoMeter (Delfin 

Technologies Ltd, Finland) (n=4).   

The skin electrical resistance value (RS, kΩ) was calculated from the voltage 

drop across the skin (VS, mV) using this equation. 

𝑅𝑆 =
100𝑉𝑆

(100 − 𝑉𝑠)
 

A disruption of the skin integrity by the insertion of myDermaPenTM 

microneedles was denoted by a decrease in skin electrical resistance as well as an 

increase in TEWL value.  
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In vitro permeation studies using vertical Franz diffusion cells 

An in vitro permeation study has been performed to investigate drug delivery 

into and across skin tissue (Nguyen & Banga, 2015b). The protocol was developed 

based on our earlier works on MTX (Mehtab J. Abla et al., 2013; Vemulapalli, Yang, 

et al., 2008). Vertical Franz diffusion cell (permeation area of 0.64 sq.cm, PermeGear, 

Inc., PA, USA) was set with the donor chamber that contained 200 µL MTX solution 

(MN-treated: 750 µg/mL in 10 mM PBS) or suspension of MTX-loaded PLGA 

microparticles in 10 mM PBS with different amount of microparticles (based on the 

encapsulation efficiency) to achieve the total drug concentration of 750 µg/mL (Table 

7). The receptor compartment was filled with 5 mL PBS solution (10 mM, pH 7.4). 

The untreated (n=4) and microneedle-treated (9 groups) dermatomed cadaver human 

skin was sandwiched between the donor and receptor chambers with the epidermis 

layer facing upward. The untreated skin served as the control. Aliquots (300 µL) of 

the receptor fluid were withdrawn at 0h, 1h, 2h, 4h, 6h, 8h, 22h, and 24h, and replaced 

with equal volumes of 10 mM PBS solution. Then, the cumulative amount of MTX 

permeated through a diffusion unit area (µg/sq.cm) was plotted with time (permeation 

graph). Lag time of MTX permeability was calculated as the x-intercept of the linear 

portion (R2>0.95) of this curve [27]. The flux (J) of MTX was calculated as the mass 

of the molecule (m) moving through a cross-sectional area (A) during a certain period 

of time (t) as shown in this equation.  

𝐽 =
𝑑𝑚

𝑑𝑡𝐴
 

The steady-state flux was calculated from the slope of the linear portion of the 

permeation graph. The flux was then used to determine the permeability coefficient, 

using this equation.  
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𝐾𝑝 =
𝐽

𝐶 𝐴
 

where Kp is the permeability coefficient (cm/h), J is the steady-state flux 

(µg/h), C is the MTX concentration in the donor (2000 µg/mL), and A is the 

permeation area (0.64 sq.cm).  

The diffusion coefficient of DOX was also determined using this equation: 

𝐷 =  
ℎ2

6t
 

Where D = diffusion coefficient (sq.cm/h); h = skin thickness (cm); t = lag 

time (h). 

Table 7 Experimental design of in vitro permeation studies (n=4) 

Group Treatment Donor 

Drug conc.c 

(µg/mL) 

Untreated No 200 µL MTX solution in 10 mM PBS 750 

MN-treated MNa 200 µL MTX solution in 10 mM PBS 750 

50-6P MNa 

200 µL suspension of MPb in 10 mM PBS (4.24 mg 

MP/mL) 

750 

50-7P MNa 

200 µL suspension of MPb in 10 mM PBS (6.30 mg 

MP/mL) 

750 

50-8A MNa 

200 µL suspension of MPb in 10 mM PBS (9.01 mg 

MP/mL) 

750 

50-2A MNa 

200 µL suspension of MPb in 10 mM PBS (9.21 mg 

MP/mL) 

750 

50-5A MNa 

200 µL suspension of MPb in 10 mM PBS (8.86 mg 

MP/mL) 

750 

10-15A MNa 

200 µL suspension of MPb in 10 mM PBS (7.18 mg 

MP/mL) 

750 

75-5A MNa 

200 µL suspension of MPb in 10 mM PBS (5.32 mg 

MP/mL) 

750 

95-4A MNa 

200 µL suspension of MPb in 10 mM PBS (7.51 mg 

MP/mL) 

750 
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a Insertion of myDermaPenTM microneedles at the highest speed and highest length, 

for 15 s without any pressure application.  

b MTX-encapsulated PLGA microparticles.  

c The total concentration of MTX in the drug solution or suspension in the donor 

compartment.  

Skin distribution studies 

The distribution of MTX in different layers of the skin was estimated after 24-

h permeation studies. MTX formulations in the donor chamber was removed using 

two dry and two receptor-soaked q-tips followed by tape stripping (D-Squame 

stripping discs D101, CuDerm, Dallas, TX, USA) the skin twice using a D-Squame 

pressure instrument for proper adhesion (Pressure applied 225 g/sq.cm, pressure area 

22.24 mm, CuDerm, Dallas, TX, USA). The tapes were removed quickly with forceps 

and contained the drug remaining on the skin surface. In order to measure the drug 

levels in the skin, the epidermis was separated from the dermis using forceps and 

were both minced individually with surgical scissors and placed in separate 6-well 

plates. MTX was extracted from the skin pieces using 2 mL mixture of methanol and 

10 mM PBS (50:50 v/v) under continuous shaking at 100 rpm for 24h at room 

temperature. The samples were then filtered through a 0.2 µm filter and analyzed 

using High-Performance Liquid Chromatography (HPLC). 

Quantitative analysis 

MTX concentrations in the samples were analyzed by an isocratic reversed-

phase high performance liquid chromatography (RP-HPLC) method using Waters 

Alliance HPLC system (e2695 Separating Module), equipped with a photodiode array 

detector (Waters 2996) and EmpowerTM software version 2 (Waters Co., Milford, 

MA, USA). A mixture of acetonitrile and 10 mM potassium phosphate monobasic 
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buffer (pH 3.5, adjusted by o-phosphoric acid 85%, Fisher Scientific, Fair Lawn, NJ, 

USA) (13:87 v/v) flowed through Gemini-NX C18 110A; 150 x 4.6 mm, 5 µm 

column (Phenomenex, Torrance, CA, USA) at a rate of 1.0 mL/min at 350C. The 

injection volume was 10 µL while the detector wavelength was set at 304 nm and the 

run time at 7 minutes. This HPLC method provided a linear range of 0.1-50 µg/mL 

(R2=1.00).  

Statistical analysis 

The results were reported in the form of mean ± standard deviation (SD) 

(n≥4). Statistical analysis was performed in Microsoft Excel Worksheets. The 

Student’s t-test and One-Way ANOVA with Tukey HSD post-hoc test were employed 

to compare the results of different groups. A statistically significant difference was 

indicated by a p value less than 0.05. 

Results and discussion 

Scanning electron microscopy 

A B C D 

    

E F G H 
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Figure 46. SEM images of MTX-loaded PLGA microparticles (A) 50-6P, (B) 50-7P, 

(C) 50-8A, (D) 50-2A, (E) 50-5A, (F) 10-15A, (G) 75-5A, and (H) 95-4A. Scale bar 

represents 500 nm 

We used SEM images to validate the size (measured by a zetasizer) and 

investigate the surface morphology and physical structure of PLGA microparticles. 

The spherical microparticles were uniform in size. PLGA polymer grades resulted in a 

significant difference in the microparticles’ structure. PLGA 50-6P micropaticles 

appeared rough and porous while other groups of PLGA microparticles were compact 

with smooth surface. The distinguishable structure of PLGA 50-6P microparticles 

could cause a modification in the drug release kinetics. The change in the particles 

appearane might be due to the chemical properties of the polymers as well as the 

dehydration process of the particle during the drying step.  

A B 
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C D 

  

Figure 47. SEM images of (A,B) myDermaPenTM microneedles; (C) untreated, and 

(D) microneedle-treated dermatomed human cadaver skin 

Small portions of microneedle arrays were magnified using SEM imaging to 

measure the geometry, sharpness, and dimensions of the microneedles (Nguyen & 

Banga, 2015b, 2017b). The dimensions of myDermaPenTM microneedles were 

reported: needle length (976.87 ± 32.03 µm), needle-to-needle distance (1.50 ± 0.07 

mm), needle base diameter (199.21 ± 3.73 µm), and needle tip diameter (5.42 ± 1.17 

µm) (n=10). The needle tip indicated the sharpness of the microneedles while the 
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needle-to-needle distance kept the insertion away from “bed of nail” effect, thus, 

enhance the skin penetration of the microneedles. Even though myDermaPenTM 

microneedles were long, only a portion of the needles was empolyed in skin insertion, 

as set in the device. Sharpness and length of myDermaPenTM microneedles indicated 

the likeliness of the microneedles to bypass the skin indentation and perforate the 

epidermis of dermatomed human skin (Miyano et al., 2005). Also, the shape and area 

of microchannels in skin was investigated using SEM. The circular shape of the 

microneedle-created channels followed the needles’ geometry (Figure 47.D). The 

untreated skin (Figure 47.C) and skin area in the vicinity of the channels appeared 

intact and unaffected by both microneedles treatments. The surface area of 

microchannels affects the controlled drug transport and potential infection (Donnelly, 

Singh, et al., 2009). In this study, the images indicated a close correlation between the 

shapes of microchannels with the structure of the microneedles. This observation was 

in accordance with the results of previous studies (Kolli & Banga, 2008; Nguyen & 

Banga, 2015b). In addition, we measured the precise area of the conduit in human 

skin caused by the microneedles was measured to be 21873.50 ± 1198.66 sq.µm 

(n=10, 70.19% of the average area of microneedle base; 0.41% of the permeation 

area). This observation could be explained by the skin indentation as well as the 

immediate contraction of the pores after microneedle removal due to the inherent 

viscoelasticity of skin tissues (G. Li et al., 2010; Nguyen & Banga, 2015b). 

Dimensions of the microchannels varied based on the geometry of the needles, 

methods of measurement, and insertion techniques. Other studies have used 

fluorescent images of skin surface captured in confocal laser microscopy studies to 

measure the pores’ diameter (Haripriya Kalluri & Banga, 2011; Kolli & Banga, 2008) 

and surface area of the microchannels (Nguyen & Banga, 2015b). The actual area of 
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the pores might be erroneously measured due to the non-circular shape of the pore, 

lateral diffusion of the dye inside skin tissue, and unclear border of the stained area. 

These potential issues were resolved using the method described in this study, 

providing a standard technique for the characterization of microchannels in skin.   

Size and charge of PLGA microparticles 

Table 8 Average size, zeta potential, encapsulation efficiency, yield, cumulative 

releas, and release flux of unloaded and methotrexate-loaded PLGA microparticles 

(mean ± SD, n ≥4) 

Group 

Size (nm) 

Loaded MPa 

Size (nm) 

Unloaded MPb 

Zeta potential 

(mV) 

Loaded MPa 

Zeta potential 

(mV) 

Unloaded MPb 

Encapsulation 

Efficiencya (%) 

Yielda 

(%) 

Releasea (µg) 

50-6P 896.8 ± 64.87 3415.0 ± 457.7 - 21.10 ± 7.38 - 19.30 ± 5.12 17.67 ± 2.57 32.34 232.86 ± 15.82 

50-7P 2158.0 ± 270.7 2625.0 ± 435.5 - 20.70 ± 7.03 - 25.60 ± 10.2 11.90 ± 3.03 59.25 109.43 ± 12.09 

50-8A  2922.0 ± 485.7 3217.0 ± 670.4 - 24.50 ± 8.07 - 38.80 ± 15.7 8.33 ± 2.15 54.88 71.33 ± 1.99 

50-2A 2554.0 ± 440.4 4522.0 ± 783.8 - 29.80 ± 8.57 - 35.60 ± 8.60 8.15 ± 0.34 30.51 104.72 ± 6.80 

50-5A 3091.0 ± 495.3 4679.0 ± 642.5 - 23.40 ± 6.85 - 30.70 ± 8.48 8.46 ± 1.00 32.68 155.89 ± 18.57 

10-

15A 

1663.0 ± 213.0 1218.0 ± 84.20 - 16.60 ± 8.05 - 14.30 ± 4.15 10.45 ± 1.41 32.71 118.01 ± 3.13 

75-5A 2082.0 ± 393.9 4307.0 ± 729.0 - 21.70 ± 7.54 - 35.60 ± 16.6 14.09 ± 1.76 33.69 177.98 ± 4.78 

95-4A 1428.0 ± 218.5 4058.0 ± 895.0 - 23.90 ± 7.42 - 36.90 ± 19.1 9.99 ± 2.78 54.68 162.01 ± 10.73 

PLGA microparticles were fabricated by an oil-in-water emulsion solvent evaporation 

method.  

a Methotrexate-encapuslated PLGA microparticles.  

b Unloaded PLGA microparticles.  

Size and charge of MTX-loaded PLGA microparticles were measured using a 

zetasizer. We obtained a significant difference in the size of the microparticles where 

PLGA 50-6P microparticles were smallest (896.8 ± 64.87 nm) and the use of PLGA 

50-5A resulted in the largest micrparticle dimensions (3091.0 ± 495.3 nm). The size 

of the microparticles varied based on the grades of PLGA polymers. MTX-loaded 

PLGA microparticles contained a negative charge, as commonly seen in PLGA 
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particles. The zeta potential altered within a narrow range from - 16.60 ± 8.05 mV 

(PLGA 10-15A microparticles) to - 29.80 ± 8.57 (PLGA 50-2A microparticles). As 

compared to MTX-loaded microparticle, the unloaded microparticles were larger and 

more negatively charged in all PLGA grades except 50-6P and 10-15A where an 

increase in the zeta potential was observed (Table 8). Thus, this results indicated that 

a possible interaction between MTX and PLGA polymer contributed to an alteration 

to the charge of the fabricated microparticles.  

Microencapsulation efficiency and yield 

Microencapsulation efficiency was calculated as the percentage of MTX 

within PLGA microparticles while yield represented the total weight of the 

microparticles as compared with the weight of the materials. PLGA 50-6P 

microparticles provided a significantly higher encapsulation efficiency (17.67 ± 2.57 

%) than other groups (Table 8, n=4, p<0.05) while the drug load was lowest in PLGA 

50-2A microparticles (8.15 ± 0.34 %). No correlation was obtained between the 

encapsulation efficiency and yield of PLGA microparticles. PLGA 50-7P had the 

highest yield (59.25%) while the use of PLGA 50-2A caused a significant lost of the 

materials (yield 30.51%).   
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Release kinetics 
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Figure 48. Release kinetics of MTX from PLGA microparticles 

The rate of MTX release from PLGA microparticles controlled the drug 

amount exposed to skin, thus the drug delivery profile. A burst release was observed 

within the first hour for all microparticle groups. PLGA 50-6P microparticles 

possessed a significant higher release rate (7.65 ± 0.74 µg/h) and cumulative drug 

released at 8h (232.86 ± 15.82 µg) than the other polymer groups (Table 8, n=4, 

p<0.05). We observed a positive correlation between the release flux and the 

cumulative amount of drug release from the micropraticles. The order of drug release 

from microparticles was reported from 50-8A (1.98 ± 0.14 µg/h) to 50-2A (2.24 ± 

0.19 µg/h), 50-7P (3.45 ± 0.25 µg/h), 10-15A (3.49 ± 0.38 µg/h), 50-5A (5.11 ± 0.30 

µg/h), 95-4A (5.12 ± 0.19 µg/h), and 75-5A (5.32 ± 0.13 µg/h). This result indicated 

that PLGA polymer grades provided a marked effect on the drug release profile.  

Fourier transform infrared spectrophotometer studies 

A B 
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Figure 49. FTIR spectrum of PLGA microparticles (A) 50-6P, (B) 50-7P, (C) 50-8A, 

(D) 50-2A, (E) 50-5A, (F) 10-15A, (G) 75-5A, and (H) 95-4A 

FTIR spectra of PLGA 50-6P, 50-7P, 50-8A, 50-2A, 50-5A, 10-15A, 75-5A, 

and 95-4A―polymer, unloaded, and MTX-loaded PLGA microparticles were 

recorded to study the presence of MTX and PLGA in the microparticles and any 

possible chemical interaction between them during the encapsulation process (Figure 

49). The characteristic bands represent PLGA was represented by the bands. The 

spectra of pure MTX showed the characteristic absorption bands of N-H stretch of 

amide at 1509 cm−1, the C=O stretch of carboxylic acid at about 1645 cm−1, the O-H 

at 2968 cm−1, and the C-O at 1211 cm−1 (de Oliveira et al., 2017). The N-H stretch, 

characteristic of the aliphatic primary amine groups, was monitored at 3390 cm−1, 

while the aromatic secondary amine was found at 1339 cm−1. The aromatic C=C 

stretch was found at 1450, 1500, and 1550 cm−1, respectively (de Oliveira et al., 

2017). In the FTIR spectra of the PLGA, the C-O stretching of the aliphatic ester 

group was observed at 1756 cm−1, and the absorptions of the C-O stretch at 1258, 

1178, and 1092 cm−1, respectively. The C-H stretching of the sp3 and sp2 carbons 

were identified in the range of 2997 and 2957 cm−1, respectively. The described bands 

for the individual compounds appeared in the spectra of different MTX-loaded PLGA 
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microparticles. Similar observation was reported by de Oliveira et al (de Oliveira et 

al., 2017). 

Dye binding studies 

A B 

  

 

Figure 50. Microscopic images of (A) untreated dermatomed human cadaver skin and 

(B) skin treated by myDermaPenTM microneedles 

Methylene blue dye, being hydrophilic in nature, was absorbed into the 

aqueous microchannels formed by the microneedles, staining them blue, while the 

intact skin, hair follicles, and sebaceous glands in the vicinity remained unstained 

(Figure 49) (Nguyen & Banga, 2015b, 2017b). Methylene blue staining enabled the 

visualization of 12 uniformly distributed pores in human skin caused by 12 

myDermaPenTM microneedles on the array (100% insertion ratio). The pore-to-pore 

distance (1.46 ± 0.11 mm, n=10) was insignificantly different from the needle-to-

needle distance on the needle array (p>0.05) (Figure 50). The dye binding studies 

validated the success of microporation caused by myDermaPenTM microneedles (Kolli 

& Banga, 2008; Nguyen & Banga, 2015b).  

Histology studies 
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Figure 51. Histological images of (A) untreated, (B) microneedle-treated dermatomed 

human skin 

Histological images of the skin sections provided evidence of perforation by 

maltose microneedles and enabled determination of the depth and shape of the 

microchannels in skin. Intact stratum corneum, epidermis and dermis layers (Figure 

51.A) were observed in untreated skin, whereas the images of the treated skin proved 

the effectiveness of myDermaPenTM microneedles to penetrate the stratum corneum 

and epidermis to reach the superficial layer of the dermis (Figure 51.B). The depth of 

the pores was measured to be approximately 100 µm. However, the physical 

distortion of the skin tissue and error in sectioning might have altered the measured 

depth of the pores.  

Pore uniformity studies 

A B C 
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Figure 52. (A) Fluorescent image of dermatomed human skin treated by 

myDermaPenTM microneedles with (B) pore permeability index, and (C) histogram 

of fluorescent intensity 

The uniformity of the pores created by the microneedles was established using 

calcein imaging (Haripriya Kalluri & Banga, 2011; Puri, Nguyen, & Banga, 2016). 

The uneven surface of skin might affect the uniformity of microchannels formed by 

myDermaPenTM microneedles. The pore uniformity studies indicate a uniform 

transport of therapeutic agents through every individual pore, thereby aiding 

controlled transdermal drug delivery through the microneedle-treated skin. The 

insertion of myDermaPenTM microneedles resulted in uniform microchannels in the 

dermatomed human skin (average pore permeability index of 12 pores 121 ± 7.9) 

without any of the pores being assigned a zero pore permeability index value. 

Additionally, a bell-shaped distribution pattern of the histogram as well as a narrow 

range of fluorescent intensity were observed, which indicated the uniformity of the 

microchannels along with a relatively similar flux of calcein through each channel 

(Figure 52). In accordance with dye binding studies, the vicinity of microchannels 

and hair follicles did not take up calcein staining. Similarly, suppression of the array 

substrate left the skin intact (Kolli & Banga, 2008; Nguyen & Banga, 2015b).  

Confocal laser microscopy studies 

A B 
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Figure 53. Confocal images of dermatomed human cadaver skin treated by 

myDermaPenTM microneedles and stained with (A) Fluoresoft (0.35%)® and (B) 

FluoSpheres® 
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Figure 54. Confocal microscopy z-stack of microchannel created by myDermaPenTM 

microneedles 

Confocal laser microscopy is a rapid, accurate, and non-invasive technique to 

measure the actual depth of microchannels in the skin without physical artifacts 

(Nguyen & Banga, 2015b, 2017b). Hydrophilic calcein in Fluoresoft® could 

completely fill the channels yet appeared inert to lipophilic, intact stratum corneum 

layer of untreated areas. Therefore, the distribution of calcein in the skin has been 

assumed to be the volume of the microchannels (Haripriya Kalluri & Banga, 2011; 

Nguyen & Banga, 2015b). Futhermore, the area of the microchannels was measured 

to be 21873.50 ± 1198.66 sq.µm that allowed FluoSpheres® (0.2 µm diameter) to 

enter easily (Figure 53.B). Thus, the channels would facilitate the diffusion of PLGA 

microparticles into skin tissues. We used z-stack (series of fluorescent images 

captured at the same horizontal position and different depths) to scan the channels 

from the beginning of the skin surface to the end where calcein signal visually 

disappeared. A decrease in the fluorescent intensity with an increase in the depth of 

the channels was detected owing to the shape of the channels as well as the absorption 



 

187 

 

of the dye within skin tissue (Kolli & Banga, 2008) (Figure 54). Furthermore, we 

measured the depth of the microchannels to be 127 ± 16.16 µm (n=10). Other 

investigators have reported that typically only 10-30% of the needle length penetrated 

the skin tissue (Haripriya Kalluri & Banga, 2011; Nguyen & Banga, 2015b). This 

observation might be explained by the indentation of skin upon the needle insertion 

and the immediate resealing of skin after the needle removal (Haripriya Kalluri & 

Banga, 2011). Also, the depth of microchannels depends on the insertion pressure, 

needle density, needle length, shape, sharpness, materials; as well as the 

viscoelasticity and integrity of skin samples. Based on the depth of the channels, we 

could conclude that myDermaPenTM microneedles microneedles bypassed the stratum 

corneum (10-15 µm thick) and the underlying epidermis layer (50-100 µm thick) to 

reach the superficial layer of the skin dermis. Consistent with dye binding and calcein 

imaging studies, hair follicles, appendages and untreated skin area resisted calcein 

staining, thus were invisible in confocal images (Figure 52) (Kolli & Banga, 2008). 

Interestingly, the protocol of confocal laser microscopy studies simulated the design 

of in vitro permeation studies and indicated the skin layer that drug formulation could 

reach initially. A different scenario was observed with drug-loaded dissolving 

microneedles, which were secured inside skin tissue to prevent the immediate 

resealing of the skin (Miyano et al., 2005; Sullivan et al., 2010).  
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Skin integrity measurement 
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Figure 55. Transepidermal water loss and skin electrical resistance values of untreated 

and myDermaPenTM microneedle-treated dermatomed human cadaver skin (* 

indicated statistical difference from the untreated group, mean ± SD, n=4, p<0.05) 

We have investigated the effect of physical treatment on the skin barrier 

function by measuring transepidermal water loss (Nguyen & Banga, 2017b; Nguyen 

et al., 2017) and skin electrical resistance values (Nguyen & Banga, 2015b). In this 

study, the insertion of myDermaPenTM microneedles resulted in an insignificant 

change in TEWL value from 28.18 ±  4.34 to 27.30 ± 3.96 g/m2h (n=4, p>0.05) as 

well as a significant decrease in skin electrical resistance from 82.67 ± 9.57 to 8.16 ± 

2.21 kΩ/sq.cm (n=4, p=0.00) (Figure 55). These results indicated the disruption of the 

skin integrity caused by the microneedle treatment. Moreover, monitoring the TEWL 

value provided an insight into the extent of disruption of the skin (Kolli & Banga, 

2008; Nguyen & Banga, 2015b) and when it recovered (Haripriya Kalluri & Banga, 

2011). Skin electrical resistance, being a sensitive indicator for skin integrity, has 
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been used to evaluate the efficacy of microneedles in previous studies, where a 

marked and abrupt decrease in the skin resistance value were observed after 

microneedle treatment (Nguyen & Banga, 2017b; Puri et al., 2016).        

In vitro permeation studies using vertical Franz diffusion cells 
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P value  Untreated  

MN-

treated 
50-2A 50-5A 10-15A 75-5A 95-4A 50-6P  50-7P 50-8A  

Untreated    <0.01* <0.01* <0.01* <0.01* <0.01* <0.01* <0.01* <0.01* <0.01* 

MN-

treated 

<0.01*   <0.01* <0.01* <0.01* <0.01* <0.01* <0.01* <0.01* <0.01* 
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50-2A <0.01* <0.01*   0.01* 0.23 0.04* 0.01* 0.02* 0.23 0.65 

50-5A <0.01* <0.01* 0.01*   0.50 0.32 0.25 0.11 0.15 0.06 

10-15A <0.01* <0.01* 0.23 0.50   0.24 0.23 0.10 0.75 0.23 

75-5A <0.01* <0.01* 0.04* 0.32 0.24   0.74 0.50 0.12 0.05* 

95-4A <0.01* <0.01* 0.01* 0.25 0.23 0.74   0.29 0.07 0.04* 

50-6P <0.01* <0.01* 0.02* 0.11 0.10 0.50 0.29   0.05* 0.03* 

 50-7P <0.01* <0.01* 0.23 0.15 0.75 0.12 0.07 0.05*   0.27 

50-8A  <0.01* <0.01* 0.65 0.06 0.23 0.05* 0.04* 0.03* 0.27   

 

Figure 56. (A) Average cumulative amount and (B) flux of methotreate delivered 

through dermatomed human cadaver skin (* indicated statistical difference from the 

other groups, mean ± SD, n=4, p<0.05)  

In vitro permeation studies using vertical Franz diffusion cells have been used 

to measure the skin permeability of various compounds (Nguyen & Banga, 2015b; 

Nguyen et al., 2017). In this study, dermatomed human cadaver skin was used to 

simulate the drug delivery in human subjects. A continuous accumulation of MTX 

into the receptor chamber was observed with time (Figure 56). This observation 

might be attributed to the sink condition in the receptor solution, the infinite dose of 

MTX in the donor chamber, and the opening microchannels in skin tissues. 

Cumulative delivery of MTX at 24h was significantly higher for the myDermaPenTM 

microneedle-treated group as compared to the other groups (Figure 56., n=4, p<0.05). 

Due to hydrophilic structure (log P −1.85), relatively high molecular weight, and 

ionization at physiological pH (Vemulapalli, Banga, et al., 2008), MTX could not be 

able to penetrate the intact skin barrier―lipophilic stratum corneum layer―in the 

untreated group (0.00 ± 0.00 µg/sq.cm). The drug delivery in untreated group was 

significantly lower than that in all other groups with microneedles insertion with the 

use of either drug solution (MN-treated) or MTX-loaded PLGA microparticles 

(p<0.05). When the stratum corneum was disrupted by the microneedles insertion, 
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MTX could easily diffuse through the microchannels to reach the hydrophilic dermis 

layer of skin. Other physical enhancement techniques have shown their effectiveness 

in increasing the skin delivery of MTX (Vemulapalli, Banga, et al., 2008, 2008). The 

steady-state flux of MTX was also calculated from the permeation profile. As a result, 

the physical treatment of skin by myDermaPenTM microneedles (0.52 ± 0.06 

µg/sq.cm/h) caused a significant increase in the flux of drug delivery (p<0.05) (Table 

9). A similar trend was obtained with the diffusion coefficient and permeability 

coefficient of MTX delivery through human skin (Table 9).  

The MTX flux obtained with the use of one myDermaPenTM microneedle array 

(12 microneedles in an area of 0.0026 sq.cm) was 0.52 ± 0.06 µg/sq.cm/h. After 

extrapolation, 4572 microchannels would be created in an area of 1 sq.cm, resulting in 

a flux of 198.12 µg/sq.cm/h. The steady-state plasma concentration could be predicted 

using this equation (Guy & Hadgraft, 1992):  

𝐶𝑠𝑠 =  
𝐴 ∗ 𝐽𝑠𝑠

𝐶𝑙
 

Where Css = steady-state plasma concentration (µg/mL); A = permeation area 

of skin (0.64 sq.cm); Jss = steady-state flux (µg/sq.cm/h); Cl = clearance of MTX from 

the body. The use of dermatomed human skin in this study made the result more 

applicable to human subjects in clinical studies. The clearance of MTX from human 

subjects was reported to be 118 mL/h [1R2-Perwaiz et al 1998). Thus, the steady-state 

plasma concentration of MTX was calculated to be 1.07 µg/mL which were higher 

than the desired steady-state plasma level of 337 ng/mL in a 70 kg adult (Cmax based 

on oral dosing). Furthermore, we calculated that a treatment area of myDermaPenTM 

microneedles of 0.31 sq.cm. This area could be achieved by myDermaPenTM 

microneedle treatment.  
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Microneedles have proved their success in enhancing transdermal drug 

delivery in case of several other molecules as well, such as nicardipine hydrochloride 

in vivo and in vitro (Kolli & Banga, 2008), vismodegib in vitro (Nguyen & Banga, 

2015b), and human immunoglobulin in vitro and in vivo (G. Li et al., 2010). The 

magnitude of enhancement was a function of the needle length, needle density, needle 

materials, number of needles, skin viscoelasticity, and pore density as well as the 

properties of the compounds (G. Li, Badkar, Nema, Kolli, & Banga, 2009; Nguyen & 

Banga, 2015b). The results of permeation studies were in accordance with the 

characterization studies performed on the microchannels (dye binding, histology, 

confocal laser microscopy studies and skin integrity measurement) that validated the 

successful perforation of the dermatomed human skin by myDermaPenTM 

microneedles. In addition, a reduction in the skin’s viscoelasticity (storage modulus 

and loss modulus) was seen, which facilitates transdermal drug delivery (Nguyen & 

Banga, 2015b).  

Another essential attribute of transdermal delivery systems is lag time, which 

is the duration that a drug takes to bypass the skin barrier to enter the systemic 

circulation. A shorter lag time concurs with more rapid onset of drug delivery to 

ensure faster achievement of therapeutic effect. The lag time of myDermaPenTM 

microneedles group (MN-treated, 0.24 ± 0.03h) was significantly shorted than that of 

other groups (p<0.05). This observation indicated that microneedle treatment 

considerably decreased the lag time of drug delivery. Reductions in the lag time with 

other drugs such as nicardipine hydrochloride in vitro and in vivo (Kolli & Banga, 

2008) and low molecular weight heparin in vitro (Lanke, Kolli, Strom, & Banga, 

2009) have also been observed.  
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Table 9 Transdermal delivery, skin distribution, lag time, flux, diffusion coefficient, 

and permeability coeffcient of in vitro permeation of methotrexate (MTX) though 

dermatomed human cadaver skin (mean ± SD, n = 4) 

Group 

Q24
a 

(µg/sq.cm) 

Skinb 

(µg/sq.cm) 

Tlag
c (h) 

Jss
d 

(µg/sq.cm/h) 

De x 10-4 

(sq.cm/h) 

Kp
f x 10-4 

(cm/h) 

Untreated 0.00 ± 0.00 1.81 ± 0.15  NAg 0.00 ± 0.00  NAg 0.00 ± 0.00 

MN-

treated 

21.76 ± 2.39 3.04 ± 0.20 0.24 ± 0.03 0.52 ± 0.06 8.92 ± 0.98 6.88 ± 0.86 

50-6P 12.82 ± 2.70 2.50 ± 0,19 1.21 ± 0.12 0.22 ± 0.02 1.79 ± 0.20 2.98 ± 0.23 

50-7P 9.20 ± 1.22 1.91 ± 0.02 1.21 ± 0.36 0.20 ± 0.07 1.92 ± 0.56 2.62 ± 0.99 

50-8A  7.61 ± 2.28 1.22 ± 0.16 1.16 ± 0.56 0.18 ± 0.09 2.25 ± 1.09 2.39 ± 1.24 

50-2A 8.20 ± 0.87 1.66 ± 0.16 0.44 ± 0.16 0.20 ± 0.06 5.39 ± 1.84 2.67 ± 0.84 

50-5A 10.26 ± 0.42 2.03 ± 0.24 0.34 ± 0.06 0.26 ± 0.03 6.56 ±1.26 3.48 ± 0.36 

10-15A 9.57 ± 1.89 2.07 ± 0.18 0.38 ± 0.17 0.25 ± 0.07 6.67 ± 3.15  3.29 ± 0.93 

75-5A 11.55 ± 2.34 2.18 ± 0.23 0.39 ± 0.16 0.26 ± 0.10 6.29 ± 2.77 3.44 ± 1.31 

95-4A 11.09 ± 1.23 2.06 ± 0.20 0.42 ± 0.21 0.24 ± 0.05 6.33 ± 3.30 3.22 ± 0.68 

a Cumulative amount of MTX (Q24) permeated through unit diffusion area in 24h.  

b Level of MTX in dermatomed human skin after 24-h permeation study.  

c Lag time (Tlag) – calculated as the x-intercept of the linear portion of the permeation 

curve (R2>0.95).  

d Steady-state flux (Jss) – calculated from the linear slope of the permeation curve. 

e Diffusion coefficient (D) – calculated using an equation: D=h2/6t, where D is 

diffusion coefficient (sq.cm/h), h is skin thickness (cm), and t is lag time (h) (Eliaz et 

al., 1998).  

f Permeability coefficient (Kp) – calculated using an equation: Kp=J/CA, where Kp is 

the permeability coefficient (cm/h), J is the steady-state flux (µg/h), C is the MTX 

concentration in the donor (µg/mL), and A is the permeation area (Nguyen & Banga, 

2017a).  
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g Not applicable.  

Skin distribution studies  
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P value  Untreated MN-treated   50-6P   50-7P   50-8A 50-2A 50-5A 10-15A 75-5A 95-4A 

Untreated   <0.01* <0.01* 0.23 <0.01* 0.22 0.16 0.06 0.03* 0.09 

MN-treated <0.01*   0.01* <0.01* <0.01* <0.01* <0.01* <0.01* <0.01* <0.01* 

50-6P <0.01* 0.01*   <0.01* <0.01* <0.01* 0.02* 0.02* 0.08 0.02* 

50-7P 0.23 <0.01* <0.01*   <0.01* 0.02* 0.33 0.11 0.05* 0.18 

50-8A <0.01* <0.01* <0.01* <0.01*   0.01* <0.01* <0.01* <0.01* <0.01* 

50-2A 0.22 <0.01* <0.01* 0.02* 0.01*   0.04* 0.01* 0.01* 0.02* 

50-5A 0.16 <0.01* 0.02* 0.33 <0.01* 0.04*   0.80 0.40 0.88 

10-15A 0.06 <0.01* 0.02* 0.11 <0.01* 0.01* 0.80   0.47 0.92 

75-5A 0.03* <0.01* 0.08 0.05* <0.01* 0.01* 0.40 0.47   0.43 

95-4A 0.09 <0.01* 0.02* 0.18 <0.01* 0.02* 0.88 0.92 0.43   

 

Figure 57. Levels of methotrexate in dermatomed human cadaver skin (* indicated 

statistical difference from the other groups, mean ± SD, n=4, p<0.05)  

After 24h permeation studies, the distribution of MTX in different layers of 

the skin were measured. The amount of MTX in untreated skin (1.81 ± 0.15 µg/sq.cm) 

was significantly lower than that in myDermaPenTM microneedles-treated skin (3.04 ± 

0.20 µg/sq.cm, p<0.01), PLGA microparticles 50-6P (2.50 ± 0.19 µg/sq.cm, p<0.01), 
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50-8A (1.22 ± 0.16 µg/sq.cm, p<0.01), and 75-5A (2.18 ± 0.23 µg/sq.cm, p=0.03) 

(Table 9). However, the use of microneedle insertion and PLGA microparticles 50-7P 

(1.91 ± 0.02 µg/sq.cm), 50-2A (1.66 ± 0.16 µg/sq.cm), 50-5A (2.03 ± 0.24 µg/sq.cm), 

10-15A (2.07 ± 0.18 µg/sq.cm), and 95-4A (2.06 ±  0.20 µg/sq.cm) resulted in an 

insignificant alteration to the drug delivery into the skin layers, as compared to 

untreated skin (Figure 57., p>0.05). Similar trend was reported for the drug levels in 

epidermis and dermis layers of human skin. MyDermaPenTM microneedle treatment 

delivered a markedly higher amount of MTX in epidermis (1.80 ± 0.12 vs 1.02 ± 0.13 

µg/sq.cm, p<0.05) and dermis layer (1.24 ± 0.09 vs 0.79 ± 0.03 µg/sq.cm, p<.0.05) of 

skin than untreated group. The use of different PLGA polymer grades also caused a 

change in the drug levels in skin (Figure 57). Similarly, we also reported an enhanced 

delivery of vismodegib into porcine ear skin layers after maltose microneedles 

treatment (Nguyen & Banga, 2015b).  

Conclusion 

Poly (D,L-lactide-co-glycolide) acid (PLGA) microparticles of methotrexate 

were fabricated from eight groups of PLGA polymer (PLGA EXPANSORB® 50-2A, 

50-8A, 50-5A, 50-6P, 50-7P, 10-15A, 75-5A, and 95-4A) and characterized using 

scanning electron microscopy (structure and dimensions), zeta sizer (size and charge), 

and Fourier transform infrared spectroscopy (chemical structure). We also 

investigated the yield, encapsulation efficiency, and release kinetics of PLGA 

microparticles. Successful skin microporation by the insertion of MyDermapen 

microneedles was indicated by scanning electron microscopy, dye binding, histology, 

confocal laser microscopy, and pore uniformity studies. Skin microporation resulted 

in significant decrease in skin electrical resistance and increase in transepidermal 

water loss value. In in vitro permeation studies, we observed a marked difference in 
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the drug delivery profile with different polymer groups. All PLGA microparticles 

groups resulted in a marked decrease in the flux and increase in the lag time as 

compared to methotrexate solution. There was no significant difference in the drug 

levels in epidermis and dermis layers of skin in different PLGA groups. All in all, the 

insertion of MyDermapen microneedles enhanced in vitro transdermal delivery of 

methotrexate. The drug permeability was affect by the use of different PLGA grades.  
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CHAPTER 7 

POLY (VINYL ALCOHOL) MICRONEEDLES: FABRICATION, 

CHARACTERIZATION, AND APPLICATION FOR TRANSDERMAL DRUG 

DELIVERY 

Abstract 

Poly (vinyl alcohol) microneedles were fabricated, characterized, and applied to 

enhance in vitro transdermal delivery of doxorubicin. The microneedles were 

fabricated using the micromolding technique with the drug load in different locations 

within the needle array. The polymer solution was assessed on rheological properties, 

drug dissolution, and chemical structure studies. Unloaded and drug-loaded 

microneedles were characterized by optical microscopy, fluorescent microscopy, 

scanning electron microscopy, and drug release kinetics. Successful microporation of 

dermatomed human cadaver skin was demonstrated by dye binding, pore uniformity, 

histology, confocal laser microscopy, and skin integrity studies. The microneedles-

mediated transdermal delivery of doxorubicin was investigated using vertical Franz 

diffusion cells.  

The fabricated microneedles were sharp, strong, and uniform. Under a 

controlled light exposure, doxorubicin was markedly more stable in solid 

microneedles (86.75 ± 4.08 %) than in an aqueous solution (26.37 ± 1.95 %, p<0.01). 

In vitro permeation studies showed that the microneedle-treated skin (4.35 ± 0.56 

µg/sq.cm) provided a significantly greater drug permeability than the untreated group 

(0.00 ± 0.00 µg/sq.cm, n=4, p<0.01). The drug location within the needle array was 

found to affect the drug release profile as well as its permeation into and across 

human skin.  
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Skin microporation achieved by poly (vinyl alcohol) microneedles was found 

to enhance transdermal delivery of doxorubicin in vitro. 

Introduction 

Transdermal delivery helps drugs to bypass hepatic first-pass metabolism, 

avoid intestinal degradation, and be delivered at controlled rates (Chu, Choi, & 

Prausnitz, 2010). However, the application of transdermal delivery has been limited to 

only small, potent, and moderately lipophilic molecules due to the lipophilic, inert, 

and tight structure of the stratum corneum layer of skin (Ajay K. Banga, 2011; Chu et 

al., 2010). Skin permeability has been enhanced by using physical enhancement 

techniques such as ultrasound, skin abrasion (Glenn et al., 2007), and thermal ablation 

(Ajay K. Banga, 2009). In general, these techniques are employed to disrupt the 

structure of skin layers: stratum corneum, epidermis, and dermis to create a pathway 

for drug penetration. However, these methods require a two-step process: skin 

treatment (different physical forces are applied to disturb the skin barrier function) 

and formulation application (drug formulation is applied onto the treated area of skin). 

This has some drawbacks when drug formulation is applied on areas other than the 

treated site or the drug delivery is delayed since the drug needs to be released from the 

formulation, dissolved in a small volume of interstitial fluid, and diffused into skin 

layers (Chu & Prausnitz, 2011). 

To address these drawbacks, dissolving, biodegradable, and drug-loaded 

microneedles have been developed using water-soluble polymers. Dissolving 

microneedles can be used in a single-step process of insertion into the skin. Once the 

needles are embedded into the skin, the needles dissolve rapidly and release the drug 

load into skin layers which result in a rapid onset of drug delivery. Therefore, 

dissolvable microneedles have been suggested as a promising technology to enhance 
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transdermal drug delivery. In addition, dissolving microneedles are minimally 

invasive, safely disposable, and clinically efficient (Chu et al., 2010). These needles 

could be easily manufactured with an appropriate drug load and low cost (M.-C. 

Chen, Ling, et al., 2015).  

Microneedles penetrate the stratum corneum, epidermis, and superficial 

dermis; create microchannels in skin; rapidly dissolve in the interstitial fluid of skin; 

release the encapsulated drug load within minutes; and are able to administer a broad 

range of therapeutic agents (small molecules, macromolecules, and biologics) into the 

skin layers for either local or systemic delivery (M.-C. Chen, Ling, et al., 2015; Chu 

et al., 2010). 

Microneedle fabrication technology allows to produce microneedles with 

higher amount of drug to increase the applied dose and to load the drug at the tip of 

microneedles to minimize the waste of drug which can remain in the needles or on the 

skin surface after removal of the needles (Chu et al., 2010). When the drug load is 

localized at the needle tip, an incomplete insertion of the microneedles (due to the 

user-to-user variation of insertion force or skin indentation due to its viscoelastic 

property, or the physical properties of the needles) might not significantly affect the 

drug delivery if the tip of the needles penetrates the skin layers. Dissolving 

microneedles have been fabricated using a wide range of polymers, limited to those 

that are mechanically robust for skin insertion, biocompatible, capable of dissolution 

in the skin, and provide a stable matrix for encapsulated drugs (Chu & Prausnitz, 

2011). Poly vinyl alcohol (PVA) has been used to fabricate coated microneedles (Gill 

& Prausnitz, 2008), mold to fabricate microneedles (Matteucci et al., 2009; Pérennès 

et al., 2006) and dissolving microneedles (Chu et al., 2010; Chu & Prausnitz, 2011; 

McGrath et al., 2014; Yang et al., 2012). PVA, a water-soluble biodegradable 
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polymer, has been shown to be promising for microneedle fabrication (Chu et al., 

2010; Chu & Prausnitz, 2011). PVA microneedles appeared superior than other 

dissolving microneedles such as trehalose, raffinose, polyvinylpyrrolidone, 

carboxymethylcellulose, hydroxypropylmethylcellulose, and sodium alginate with 

respect to poration of stratum corneum and the epidermis (McGrath et al., 2014). 

Interestingly, PVA has been used in combination with PVP K17 (3:1) (Chu et al., 

2010), PVP K17 (ratio 1:1) (Chu & Prausnitz, 2011), sucrose (mass ratio 1:1) (Chu & 

Prausnitz, 2011), trehalose (McGrath et al., 2014), dextran and 

carboxymethylcellulose (Yang et al., 2012) to fabricate drug-loaded dissolving 

microneedles. Dissolving microneedles appeared suitable for drugs with a low dose 

(<1 mg) and low dermal irritation and sensitization potential (Chu & Prausnitz, 2011).  

 Doxorubicin (DOX) (molecular weight 543.52 g/mol) is a non-selective class 

I anthracycline antibiotic compound (Tacar et al., 2013), which is among the most 

widely used Food and Drug Administration-approved antitumor drugs to treat various 

types of cancers especially solid tumors such as breast cancer, neuroblastoma, and 

ovarian cancer (Janes et al., 2001; Wu et al., 2015). DOX has been proved to restrain 

rapidly dividing cells and slow the disease progression (Tacar et al., 2013). The 

common route of administration of DOX is a venous or arterial injection (Wu et al., 

2015). However, due to non-targeted delivery, the systemic administration of a 

therapeutically effective dose of DOX caused toxic adverse effects such as non-

selective cardiotoxicity, myelosuppression, and mucositis (J. O. Kim et al., 2009; 

Taveira et al., 2009). Topical chemotherapy could be an effective alternative to reduce 

the systemic toxicity of DOX (Herai et al., 2007; Taveira et al., 2009).  

DOX has a favorable pharmacokinetic profile for transdermal route such as 

short half-life, low bioavailability, high dose, and dose-dependent toxicity. However, 
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skin permeability of DOX is limited by the superficial lipophilic stratum corneum 

layer due to its physical properties such as its hydrophilicity, charge, and high 

molecular weight (Herai et al., 2007). Furthermore, the anthracycline structure of 

DOX interacts with anionic lipids inside the stratum corneum to prevent it from 

diffusing into the underlying skin layers (Herai et al., 2007). Owing to these reasons, 

the skin permeation of DOX needs to be improved to increase the tumor 

bioavailability. An enhanced delivery of DOX has been achieved by using monoolein-

containing propylene glycol formulations (Herai et al., 2007), nanoparticles (Janes et 

al., 2001; Tan et al., 2010), liposomes (Gabizon et al., 2003; Plosker, 2008), hydrogels 

(Ta et al., 2009), iontophoresis with chitosan gel (Taveira et al., 2009), and 

combination of iontophoresis and liposomes (I. Han et al., 2004). DOX has also been 

loaded in near-infrared-light-triggered biodegradable polycaprolactone microneedles 

(M.-C. Chen, Wang, et al., 2015), encapsulated into poly (lactic-co-glycolic) acid 

nanoparticles and coated on metal microneedles for intra-tumoral delivery (Ma et al., 

2015). The fluorescent property (the excitation wavelength of 490 nm and the 

emission wavelength of 560-590 nm) of DOX has been used to detect and track its 

permeation, distribution, and transport pathway through the skin (M.-C. Chen, Wang, 

et al., 2015; I. Han et al., 2004; Mansoor et al., 2015).  

The aim of this study was to fabricate, characterize, and apply PVA 

microneedles to enhance in vitro transdermal delivery of DOX. Comprehensive 

experiments were performed for characterization of PVA formulation: rheological 

properties, drug dissolution in PVA matrix, Fourier Transform Infrared spectroscopy 

(FTIR), and stability studies; characterization of PVA microneedles: fluorescent 

microscopy, scanning electron microscopy, mechanical properties, drug release from 

the needles, and in-situ dissolution; characterization of microchannels: skin integrity 
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measurement, dye binding, pore uniformity, histology, skin penetration of PVA 

microneedles, and confocal laser microscopy; and in vitro permeation study to 

measure the drug delivery into and across dermatomed human cadaver skin.  For the 

first time, 100% PVA was used to fabricate dissolving microneedles with sufficient 

sharpness and strength. A simple fabrication process using centrifugation was 

employed to make the needles. In this experiment, DOX was loaded in different areas 

in the array to study the effect of drug location on drug release and delivery profile. 

This study can serve as a basis for future in vivo and clinical studies on PVA 

microneedles and transdermal delivery of DOX. 

Materials and methods 

Materials 

EMPROVE® exp Ph Eur, USP, JPE polyvinyl alcohol 26-88 (Viscosity 40 g/L 

in water: 22.1 - 29.9 mPa-s), 4-88 (Viscosity 40 g/L in water: 3.4 - 4.6 mPa-s) were 

kindly provided by Millipore Sigma, a Business of Merck KGaA (Darmstadt, 

Germany). Doxorubicin hydrochloride was obtained from Medchemexpress (NJ, 

USA). Fluoresoft® (0.35 %) was from Holles Laboratories Inc. (Cohasset, MA, USA), 

methylene blue dye from Eastman Kodak Co (Rochester, NY, USA), and Phosphate 

buffered saline (0.1 M PBS pH 7.4) from Fisher Scientific (Fair Lawn, NJ, USA) 

while all the other chemicals were obtained from Sigma-Aldrich (St. Louis, MO, 

USA). Dermatomed human cadaver skin (thickness 0.45 ± 0.11 mm, n=28) was 

obtained from New York Fire Fighter (NY, USA). Stainless steel microneedles 

(master structures consisted of 10x10 pyramidal-shaped needles) were procured from 

Micropoint Technologies Pte, Ltd. (CleanTech Loop, Singapore).  
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Methods 

Fabrication of PVA microneedles 

Unloaded and DOX-loaded PVA microneedles were fabricated using the 

micromoulding technique (Nguyen & Banga, 2017b). PVA (26-88, 4 g) was dissolved 

in 8 mL pre-heated deionized (DI) water at 90°C for 24h. Unloaded microneedles 

were later used in Poke&Solution group while DOX-encapsulated microneedles were 

fabricated with the drug load in different locations within the needle array. For 

unloaded microneedles, the PVA solution (300 µL) was placed on a poly 

(dimethylsiloxane) (PDMS) mold, then centrifuged at 4000 rpm and 40°C for 20 min 

(Eppendorf Centrifuge 5810 R, Eppendorf AG, Hamburg, Germany) to pull the 

solution into the mold cavities and eliminate any entrapped air bubble. For DOX-

loaded microneedles G1 (Figure 58), DOX solution in ethanol (100 µL, 4 mg/mL) 

was filled into the mold cavities and dried under a vacuum application at 25°C for 30 

minutes. Five adhesive tapes (3M) and one water-soaked cotton swab were used to 

remove the drug on the mold surface with minimal interference in the drug inside the 

mold cavities. For DOX-loaded microneedles G2, PDMS mold was covered with 

DOX solution in ethanol (200 µL, 4 mg/mL) and dried in a vacuum oven at 25°C for 

30 minutes to have the drug deposited on both cavities and surface of the mold. The 

drug-contained mold (G1 and G2) was then covered with PVA solution (300 µL) and 

centrifuged at 4000 rpm and 40°C for 20 min. For drug-loaded microneedles G3 and 

G4 (Figure 58), DOX was dissolved in the above-prepared PVA solution (4 mg/mL). 

The drug-contained PVA solution was filled into the mold cavities under a 

centrifugation at 4000 rpm for 30 min at room temperature. For G3, residual polymer 

solution on the mold surface was discarded using a water-dipped spatula and water-

soaked cotton swab, leaving the drug-loaded PVA solution in the cavities only while 
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the backing layer was unloaded PVA solution. For G4, the residual drug-contained 

PVA solution was kept in place to fabricate microneedles with the drug load in both 

microneedles and backing layer. The microneedles (G1, G2, G3, and G4) were dried 

in an oven at 60°C for three days, manually separated from the mold, and stored in a 

desiccator until used.  

  

(A) (B) 

  

(C) (D) 

Figure 58. PVA microneedles (A) G1 DOX in the channels of PDMS mold, (B) G2 

DOX on the surface and in the channels of PDMS mold, (C) G3 DOX in PVA 

solution in the channels of PDMS mold, (D) G4 DOX in microneedles and base of the 

array 

Preparation of skin samples  

Dermatomed human cadaver skin was prepared and treated manually by PVA 

microneedles for two minutes using a thumb (Nguyen & Banga, 2017b). For the 

unloaded microneedles, the needles were removed after two-min insertion and before 

the application of drug solution while the drug-encapsulated microneedles were left in 

the skin for 24h after the insertion. Then, the treated skin was used in characterization 

and in vitro permeation studies.    
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Characterization of formulation  

Rheological properties of PVA matrix  

A rheometer (Rheoplus/32 V3.62. Anton Paar Germany GmbH, Germany) 

was used to analyze the rheological properties of PVA solution including an 

oscillatory amplitude sweep (angular frequency 10 rad/s and strain 0.001-100%), 

oscillatory frequency sweep (shear strain 0.05% and angular frequency 0.1-100 rad/s), 

viscosity study (different temperatures 25, 40, and 600C), oscillatory 3-step thixotropy 

test (the first and third intervals: strain 1%, angular frequency of 10 s-1; the second 

interval: shear rate 3,000 s-1) (Nguyen et al., 2017).  

DOX dissolution in PVA matrix  

DOX-dissolved PVA solution (4 mg/mL) was spread thinly on a microscopic 

slide and observed under Leica DM750 microscope to study the drug dissolution in 

the polymer matrix.  

Fourier transform infrared spectrophotometer studies  

The presence of PVA and DOX in the polymer matrix and fabricated 

microneedles was validated using a Fourier Transform Infrared Spectrophotometer 

(FTIR) equipped with LabSolution IR software (IRAffinity-1S, Shimadzu 

Corporation, Kyoto, Japan). The samples were scanned 20 times in a range of wave 

number of 400-4500 cm-1 with the spectra resolution of 4 cm-1 at room temperature to 

obtain the FTIR spectra.  

Stability studies 

We investigated the effect of light exposure on the stability of DOX in an 

aqueous solution or solid PVA microneedles. DOX solution in DI water (50 µL, 4 

mg/mL) or DOX-loaded PVA microneedles G4 (29.38 ± 1.97 mg, n=4) was kept in a 

transparent glass vial under a controlled light for 24h at room temperature. The drug 
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levels in the formulations before and after the exposure were analyzed to calculate the 

drug photo-stability.  

For microneedles G1 and G2, the amount of drug removed by tapes, remained 

on the mold post-fabrication, and lost due to the evaporation of ethanol were included 

into the calculation of the drug thermal stability. For microneedles G4, the percentage 

of drug degradation was contributed from both dissolution in PVA solution (900C for 

one day) and drying step (600C for three days).  

Characterization of PVA microneedles 

Optical microscopy 

After fabrication, array base, unloaded, and DOX-loaded PVA microneedles 

(G1, G2, G3, and G4) were visualized under a ProScope HR digital USB microscope 

(Bodelin Technologies, OR, USA) to investigate the distribution pattern of 

microneedles on the array.  

Fluorescent microscopy studies 

Due to the intrinsic fluorescent properties, DOX could be detected under an 

Olympus CX41 phase contrast and polarized light microscope in tandem with 

cellSens standard software 1.3 (Tokyo, Japan). Untreated, 1h-treated, and 24h-treated 

PVA microneedles were visualized to study the drug distribution within the array and 

the deformation of the needles with time.  

Scanning electron microscopy studies 

PVA microneedles were coated with gold and visualized under PhenomTM 

SEM system to measure the needle dimensions before and after the skin insertion 

(Nguyen & Banga, 2015b, 2017b).  
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Mechanical properties of PVA microneedles 

Layers of parafilm (Parafilm “M” Laboratory film, Neenah, WI, USA) was 

treated by PVA microneedles and observed under an optical microscope to study the 

mechanical properties of the needles (Nguyen & Banga, 2017b). The mechanical 

uniformity of PVA microneedles was estimated from the dimensions of the pores in 

the first layer (n=20) and the number of pores in the last layer.      

Release kinetics of DOX from microneedles 

Release profiles of DOX from different microneedles groups (G1, G2, G3, and 

G4) were reported to study the effect of the drug location within the microneedle 

array on the drug release kinetics. PVA microneedle arrays of different groups were 

gradually dissolved in 10 mL PBS (10 mM, pH 7.4 to simulate the body fluid) under a 

constant shaking at 100 rpm and room temperature. Samples (300 μL) were 

withdrawn from the vials at pre-determined intervals and replaced with the same 

volume of fresh 10 mM PBS. The average amount of DOX released from the 

microneedles into the medium was plotted against time (n=4). Then, the release flux 

was calculated from the slope of the linear portion of the release profile.  

Characterization of microchannels 

Dye binding studies 

Microneedles-created channels were stained using methylene blue solution 

(1% w/v in deionized water) and visualized under ProScope HR Digital USB 

Microscope to prove the skin microporation (Nguyen & Banga, 2015b, 2017b).  

Pore uniformity studies 

Fluorescent images of stained microchannels (Fluoresoft® 0.35%) were 

captured and used to calculate Pore Permeability Index (PPI) (Fluoropore analysis 
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tool) to build a histogram of fluorescent intensity of individual pore and indicate the 

uniformity of the channels (Nguyen & Banga, 2015b, 2017b). 

Histology studies 

Microneedles-treated skin was vertically sectioned (10 µm-thick sections) to 

study the skin layers that microneedles could reach (Nguyen & Banga, 2015b, 2017b).  

Confocal laser microscopy studies 

The microchannels in skin were stained using Fluoresoft® 0.35% and scanned 

under a computerized Leica SP8 confocal laser microscope to measure the depth of 

the channels (n=10) (Nguyen & Banga, 2015b, 2017b). Due to the fluorescent 

properties of DOX, its distribution within the needles and deposition within the skin 

tissue was detected using z-stack confocal scanning (5 µm step size, n=10) (M.-C. 

Chen, Ling, et al., 2015).   

Skin integrity measurement 

The barrier integrity of skin tissues before and after PVA microneedles 

insertion was evaluated rapidly and noninvasively using transepidermal water loss 

(TEWL, VapoMeter) and skin electrical resistance measurement (n=4) (passing a 

constant current of 100 mV, 10 Hz, and duty cycle 50% through skin) (Nguyen & 

Banga, 2017b; Nguyen et al., 2017).  

In vitro permeation studies by vertical Franz diffusion cells 

We investigated the permeation of DOX into and across dermatomed human 

cadaver skin (New York Firefighters, NY, USA) using jacketed PermeGear V6 

station vertical Franz diffusion cells (9 mm orifice and 0.64 sq.cm diffusion area, 

Hellertown, PA, USA). Donor chamber contained 200 µL DOX solution in DI water 

4.0 mg/mL (Untreated, Poke&Solution, and Base-treated groups) or an array of DOX-

loaded PVA microneedles (G1, G2, G3, and G4). The needles were secured on the 



 

209 

 

skin with an adhesive tape, and the donor was kept open to mimic in vivo conditions. 

The receptor compartment was filled with 10 mM PBS solution (5 mL, pH 7.4), 

continuously stirred at 600 rpm, and maintained at 370C by the built-in water 

circulation on the lower part of the Franz cells. Skin tissues were treated by unloaded 

PVA microneedles (Poke&Solution) or array base (Base-treated) or DOX-loaded 

microneedles (G1, G2, G3, and G4). The intact skin, which was not treated by the 

microneedles, was assigned as control (Untreated group). The skin was then clamped 

between the donor and receptor chambers with the stratum corneum facing upward. 

Aliquots of 300 µL receptor fluid were taken at 0, 1, 2, 4, 6, 8, 22, and 24h, followed 

by the replacement with an equal volume of fresh 10 mM PBS. Then, the samples 

were analyzed by the HPLC method.  The cumulative delivery of DOX through a 

diffusion unit area of skin was plotted against time (n=4). The steady-state flux and 

lag time of DOX permeability was calculated from the slope and x-intercept of the 

linear portion of the in vitro permeation profile, respectively. The diffusion coefficient 

of DOX was determined using this equation (Eliaz et al., 1998): 

𝐷 =  
ℎ2

6t
 

Where D = diffusion coefficient (sq.cm/h), h = skin thickness (cm), and t = lag 

time (h).  

Skin distribution studies 

After 24h of permeation studies, DOX formulation in the donor was discarded 

using Kimwipes and three receptor-soaked cotton swabs. Two tapes (D-Squame 

stripping discs D101, CuDerm, Dallas, TX, USA) were pressed on the permeation 

area of skin using D-Squame pressure instrument (225 g/sq.cm pressure, 22.24 mm 

pressure area, CuDerm, Dallas, TX, USA). The tapes, containing the residual drug on 

the skin surface, were removed quickly using forceps. Then, the epidermis and dermis 
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layers of skin were manually separated. The skin layers were minced with surgical 

scissors and collected individually in six-well plates (Becton Dickinson, Franklin 

Lakes, NJ, USA). Ethanol (2 mL) was added to each well. The wells were then 

covered with aluminum foil and placed on a shaker at 100 rpm, room temperature, for 

24h. The extracts were filtered through a 0.2 µm filter and analyzed using the HPLC 

method. 

Quantitative analysis 

Drug analysis was performed using a Waters Alliance HPLC system (2795 

Separating Module) equipped with a fluorescent detector (Waters 2475), an 

autosampler, a column heater, and EmpowerTM software version 2 (Waters Co., 

Milford, MA, USA). Samples were carried through a column (Kinetex C18, 5 µm, 

150x4.6 mm, Phenomenex, Torrance, CA, USA) using a mixture of acetonitrile and 

DI water (0.1% Triethylamine, pH was adjusted to 3.0 by phosphoric acid) (45:55 

v/v). The flow rate was set at 1.0 mL/min, the injection volume of 20 µL, and the 

detection excitation and emission wavelengths at 480 and 560 nm, respectively. The 

column temperature was maintained at 350C. The sample run time was 10 minutes 

while the drug retention time was approximately 5.4 minutes. This reversed-phase 

HPLC method provided a linear range of 5-50,000 ng/mL (R2=0.999).  

Data analysis 

All results were reported as the mean with standard deviation (SD) (n≥4). 

Statistical calculations were performed in Microsoft Excel and SPSS software 

package version 21.0 (IBM, USA). The Student’s t-test and One-Way ANOVA 

followed by Tukey HSD post-hoc test was applied to compare the results of different 

groups. Statistically, a significant difference was denoted by p value < 0.05. 
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Results 

Characterization of formulation 

Rheological properties of PVA matrix  

Rheological properties of PVA solution might affect its ability to fill the 

PDMS mold, the drug diffusion within the needle array, and the conditions required to 

dry the microneedles. PVA solution in DI water displayed an elastic solid-like 

behavior as the storage modulus (G’) was always greater than the loss modulus (G”) 

at any point within the strain range 0.01-100% (Figure 59.A). G’ and G” were 

heading together at strain 25.10 % but the convergence was absent from the curves. 

The elastic structure of PVA formulation was also revealed in the oscillatory 

frequency sweep. A decrease in the formulation’s viscosity was caused by an increase 

in the angular frequency (Figure 59.B). A reverse correlation between temperature 

and viscosity of PVA solution was observed in which an increase in the temperature 

from 25 to 40 to 60oC led to a decrease in the viscosity (Figure 59.C). Thixotropy 

oscillatory study suggested a stable structure of PVA solution under a high shear 

stress (shear rate 3,000 s-1, 84.87% recovery) (Figure 59.D).  
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(C) (D) 

Figure 59. Rheological properties of PVA solution (A) amplitude sweep, (B) 

frequency sweep, (C) temperature dependence of viscosity, (D) thixotropy oscillatory 

test 

DOX dissolution in PVA matrix 

An optical microscope was used to investigate the drug dissolution in PVA 

solution. We observed a complete dissolution of PVA in DI water (PVA 4-88, 50% 

w/w and PVA 26-88, 33.33% w/w) as well as DOX in PVA solution (4 mg/mL). No 

traces of DOX crystal or undissolved PVA debris were found in the microscopic 

images. These results favored a controlled uniformity of the drug distribution within 

the microneedles and between the needle arrays.  

Fourier transform infrared spectrophotometer studies 

The presence of the components (DOX and PVA) of the microneedles were 

investigated using a Fourier transform infrared spectrophotometer (FTIR). The FTIR 

spectrum of DOX-loaded PVA microneedles indicated that PVA contributes the 

major portion of the microneedles. The PVA spectrum was represented by the peak at 

3425 cm-1 indicating stretching of hydroxyl groups, 2915.83 cm-1 of stretching C-H of 

alkane, 1368.78 cm-1 of O-H bending group of alcohol, and 1092.84 cm-1 of stretching 

C-O group (a secondary alcohol) (Figure 60.A). When PVA was removed from the 

spectrum as the background, the presence of DOX in the drug-loaded microneedles 
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was validated with peaks at 3323.7 cm-1 of N-H amine group, 1726.07 cm-1 of 

stretching C=O group, 1227.36 cm-1 of stretching C-O (strong alkyl aryl ether) group, 

and 1110.09-1148.03 cm-1 of stretching C-N amine group (Figure 60.B). Thus, the 

fabrication method successfully encapsulated DOX in PVA microneedles.  

  

(A) (B) 

Figure 60. FTIR spectrum of (A) unloaded PVA and DOX-loaded PVA 

microneedles, (B) DOX-loaded PVA microneedles using PVA as the background  

Stability studies 

The stability of DOX in solid PVA microneedles was studied under the photo 

and thermal stress. Light stability studies revealed that DOX was significantly more 

stable in PVA microneedles than in aqueous solution with DI water (4 mg/mL) (n=4, 

p<0.05). This result suggested that incorporation of drug into solid microneedles 

improved the drug’s photo stability. Also, the effect of high temperature (60 and 900C 

during the fabrication process) on DOX stability in microneedles G1, G2, and G4 was 

investigated (Figure 58). For PVA microneedles G1, the amount of drug adhered to 

tapes and evaporated due to vacuum application were 349.21 ± 36.91 µg and 391.40 ± 

16.57 µg (n=4), respectively. The amount of DOX remained on PDMS mold after 

removal of the microneedles was 875.23 ng and the drug level in the finished 

microneedles G1 was 8542.16 ng. We calculated the percentage of DOX in 
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microneedles G1 after the fabrication process to be 20.68%. For PVA microneedles 

G2, the amount of DOX evaporated in the vacuum oven was 537.78 ± 43.63 µg (n=4) 

while the average drug levels adhered to PDMS mold and in the finished 

microneedles G2 were 557.17 and 169017.41 ng, respectively. Thus, the percentage 

of drug remained in microneedles G2 post-fabrication was 31.46%. In PVA 

microneedles G4, DOX was exposed to 900C for one day (drug dissolution in PVA 

solution) in addition to the drying step (600C as G1 and G2), thus, might have a higher 

level of degradation than G1 and G2. The percentage of drug remained after the 

dissolution step was 35.08 ± 1.48 % (n=4); the amount of DOX in the finished 

microneedles G4 was 38.48 µg. The percentage of drug in microneedles G4 after the 

fabrication process was calculated to be 17.46 ± 1.57 % (n=4).  

Characterization of PVA microneedles  

Optical microscopy 

An optical microscope was employed to visualize the microneedle array base 

(Figure 61.A), unloaded PVA microneedles (Figure 61.B), and DOX-encapsulated 

microneedles G1, G2, G3, and G4 (Figure 61.C-F). The array base appeared clean 

and smooth without any microneedles while PVA microneedles array was found to 

consist of 100 uniformly distributed microneedles. Moreover, the color pattern of the 

drug-loaded microneedles was in accordance with the location of the red-color drug 

load. Also, the dissolution and diffusion of DOX in PVA matrix was observed in 

microneedles G1, G2, and G3.  
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(A) (B) 

  

(C) (D) 

  

(E)  (F) 

Figure 61. Microscopic images of (A) array base, (B) unloaded PVA microneedles, 

PVA microneedles group (C) G1, (D) G2, (E) G3, (F) G4 
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Fluorescent microscopy studies  

We visualized the location of the drug load in untreated (G1, G2, G3, and G4) 

(Figure 62.A-D) and treated PVA microneedles (1h or 24h after the insertion into 

dermatomed human cadaver skin). As expected by the design (Figure 58), PVA 

microneedles G1 and G3 had the drug located at the tips of the needles (Figure 

62.A,C). A uniform distribution of DOX was observed in the needle tips (G3) or the 

entire array (G4) since DOX was completely dissolved in PVA solution before being 

casted on PDMS mold. In microneedles G1 and G2, the drug diffusion created a 

gradient of the drug concentration in the needles. We also observed a gradual 

dissolution of PVA microneedles in skin with a decrease in the needle length after 1h 

or 24h post-treatment. In microneedles G1 and G3, most of the drug load―in the 

needle tips―was dissolved within 1h while the drug was constantly released from 

PVA microneedles G2 and G4 (DOX was in both the needles and the base).  

  

(A) (B) 

  

(C) (D) 
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Figure 62. Fluorescent microscopic images of untreated PVA microneedles (A) G1, 

(B) G2, (C) G3, (D) G4 

Scanning electron microscopy studies 

SEM has been widely used to study the morphology and dimensions of 

microneedles before and after skin treatment (McGrath et al., 2014; Nguyen & Banga, 

2016, 2017b). Different grades of PVA polymer (PVA 4-88 and PVA 26-88) and 

concentrations of PVA solution (8g/8mL and 4g/8mL DI water) were examined for 

the capacity to fabricate the desired microneedles (Table 10).  

Table 10 PVA microneedles fabricated from different PVA grades 

Symbol PVA Grade mPVA (g) VWater (mL) 

PVA MN (4-88;4-8) 4-88 4 8 

PVA MN (4-88;8-8) 4-88 8 8 

PVA MN (26-88;4-8) 26-88 4 8 

 

We used SEM images to visualize freshly fabricated, untreated microneedles 

and two-minute treated PVA microneedles (Figure 63.A-L). The results revealed that 

sharp and strong microneedles could be fabricated from the above-mentioned 

materials and conditions. The needles had square pyramid shape, sharp tips, and 

appropriate needle-to-needle distance. The dimensions of PVA microneedles were 

elaborated in Table 11.  

Table 11 Microneedle dimensions (n=10) 

 Microneedles Needle length 

(µm) 

Needle-to-

needle 

distance (µm) 

Base side 

(µm) 

Tip Diameter 

(µm) 

Untreated PVA MN (4-88;4-8) 420.97 ± 12.81 511.80 ± 3.04 161.45 ± 8.49 20.83 ± 2.22 
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Untreated PVA MN (4-88;8-8) 443.30 ± 30.46 12.74 ± 3.24 

Untreated PVA MN (26-88;4-8) 451.02 ± 8.07 1.93 ± 0.49 

Treated PVA MN (4-88;4-8) 343.19 ± 50.27 32.34 ± 16.68 

Treated PVA MN (4-88;8-8) 336.96 ± 59.39 36.89 ± 12.93 

Treated PVA MN (26-88;4-8) 288.83 ± 119.01 86.96 ± 33.41 

PVA MN: Polyvinyl alcohol microneedles. 

Treated PVA MN: PVA microneedles after two-minute insertion in dermatomed 

human skin. 

The change in PVA grades and concentrations significantly alter the needle tip 

diameter and needle length, however, the needle-to-needle distance and base side 

were unaffected. The desired microneedle was chosen―PVA 26-88 4g/8mL―based 

on its sharp tip (tip diameter 1.93 ± 0.49 µm, n=10), needle length (451.02 ± 8.07 µm, 

n=10), and rapid in-skin dissolution (needle length post-treatment 288.83 ± 119.01 

µm, n=10). The dimensions of DOX-loaded microneedles (G1, G2, G3, G4) were also 

measured by SEM (Figure 63.M-P). Untreated DOX-loaded PVA microneedles had 

the average length ranging from 453.84 ± 20.16 µm (G4) to 465.33 ± 14.15 µm (G3), 

which was comparable to untreated microneedle (451.02 ± 8.07 µm, n=10, p>0.05). 

This result suggested that the microneedle dimensions remained unchanged after the 

drug encapsulation. Upon skin insertion, the length of PVA microneedles in four 

groups continuously decreased with time, however, the needle-to-needle distance and 

base side did not. Also, we observed different rates of in-skin dissolution of 

microneedles in different groups (G1, G2, G3, and G4) (Table 12).  

Table 12 Length of microneedle at different time after skin insertion (n=10) 

MN groups Untreated MN 1-h treated MN 24-h treated MN 

G1 461.22 ± 12.47 288.12 ± 19.56 134.18 ± 20.85 
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G2 458.58 ± 12.51 276.83 ± 25.13 109.58 ± 36.12 

G3 465.33 ± 14.15 315.84 ± 40.50 142.15 ± 28.82 

G4 453.84 ± 20.16 192.20 ± 35.84 105.00 ± 23.50 

MN: PVA microneedles. 

G1: DOX in the channels of PDMS mold.  

G2: DOX on the surface and in the channels of PDMS mold.  

G3: DOX in PVA solution in the channels of PDMS mold.  

G4: DOX in microneedles and base of the array. 

PVA microneedles G4 displayed the fastest speed of dissolution from 453.84 

± 20.16 µm (0h) to 192.20 ± 35.84 µm (1h) to 105.00 ± 23.50 µm (24h).  

    

(A) (B) (C) (D) 

    

(E) (F) (G) (H) 
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Figure 63. SEM images of PVA microneedles (4-88; 4-8) (A,B) untreated 

microneedle, (C,D) treated microneedles; PVA microneedles (4-88; 8-8) (E,F) 

untreated microneedles, (G,H) treated microneedles; PVA microneedles (26-88; 4-8) 

(I,J) untreated microneedles, (K,L) treated microneedles; untreated microneedles of 

(M) G1, (N) G2, (O) G3, (P) G4 

 Mechanical properties of PVA microneedles 

After the insertion of PVA microneedles on a stack of parafilm layers by 

either thumb (1.5 N (Yang et al., 2012)) or an applicator, each layer was separated 

and visualized under optical microscopes to study the mechanical uniformity of PVA 

microneedles. One hundred square-shaped pores, following the geometry of the 

square pyramidal microneedles, were created on the parafilm layers. The side length 

of the square pores created on the first parafilm layer was 33.74 ± 1.79 µm (n=20); 

the minimal standard deviation of the side length suggested the uniformity of the pore 

as well as the mechanical uniformity of the microneedles. Furthermore, one hundred 
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pores on the second parafilm layer revealed the uniformity of the needle length. Also, 

microneedle insertion using thumb was performed to simulate the practical use of 

microneedles in clinical settings. The treatment resulted in 100 square-shaped pores 

on parafilm layers. The side length of the pores (55.68 ± 1.65 µm, n=20) was 

significantly larger than that by the applicator. Furthermore, the pressure from thumb 

moved the needles to the fourth layer of the parafilm stack as compared to two layers 

disrupted by the needle pressed by the applicator. These results indicated that thumb 

provided a higher pressure on the microneedles than the applicator. In addition, the 

use of thumb also created uniform pores with a low standard deviation of the pores’ 

side length (1.65).   

  

(A) (B) 

Figure 64. Microscopic images of parafilm treated by PVA microneedles by an 

applicator (A) first layer, (B) second layer by a microscope 

Release kinetics of DOX from microneedles 

DOX-loaded PVA microneedles dissolved gradually in a limited volume of 

skin fluid to release the drug into skin layers. There was a marked difference in the 

release flux among the microneedles groups: G2 (8452.50 ± 79.86 ng/h), G1 (429.81 

± 9.80 ng/h), G4 (395.72 ± 73.60 ng/h), and G3 (37.62 ± 0.33 ng/h) (n=4, p<0.001). 

DOX was released faster from PVA microneedles G1 and G2 than microneedles G3 

and G4. This observation suggested that the drug location significantly affect its 
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release rate from PVA microneedles. The total amount of DOX in microneedles G1, 

G2, G3, and G4 was 8542.16 ± 47.21, 169017.41 ± 199.21, 3563.87 ± 178.96, and 

38483.29 ± 514.89 ng (n=4), respectively (Figure 65). 
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Figure 65. Release kinetic profile of DOX from PVA microneedles 

Characterization of microchannels 

Dye binding studies 

Dye binding studies have been performed to confirm the success of skin 

poration by microneedles (Nguyen & Banga, 2015b, 2017b). After microneedle 

insertion, the skin was stained with methylene blue (a hydrophilic dye) that could 

merely diffuse into the disrupted areas of skin (the fluid-filled microchannels), not the 

intact and lipophilic vicinity. The pattern of 100 microchannels in skin followed the 

distribution of 100 PVA microneedles on the array (Figure 66). This observation 

indicated a 100% penetration efficiency of PVA microneedles into dermatomed 

human skin.  
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(A) (B) 

Figure 66. Microchannels created in dermatomed human skin (A) untreated skin, (B) 

PVA microneedle-treated skin 

Pore uniformity studies 

The uniformity of microchannels in skin depends on various factors that 

include mechanical uniformity, the sharpness of microneedles, and properties of skin 

tissues. As drug permeated preferably through microchannels, Pore Permeability 

Index (PPI) reveals the relative flux of each pore to indicate the transdermal drug 

delivery. In this study, the bell-shaped distribution of PPI histogram (16.6 ± 8.17, 

n=100, nzero=0) indicated the uniformity of the microchannels created by PVA 

microneedles (Figure 67). This result, in accordance with the study of mechanical 

uniformity of PVA microneedles on the array, suggested a uniform diffusion of DOX 

solution through each microchannel.  

   

(A) (B) (C) 
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Figure 67. The microchannels (A) with fluorescent intensity (B) and pore 

permeability index (PPI) histogram (C) of PVA microneedles 

Histology studies 

The histological images of the vertical section of microneedles-created 

channels provide an accurate and reliable observation into the actual skin layers that 

microneedles disrupt. Untreated dermatomed human cadaver skin had an intact layer 

of stratum corneum (Figure 68. A, C) while the insertion of PVA microneedles failed 

the skin barrier function, passed the stratum corneum and epidermis layers, and 

reached the superficial layer of skin dermis (Figure 68. B, D).  

  

(A) (B) 

  

(C) (D) 

Figure 68. Histological sectioning images of (A,B) untreated dermatomed human skin 

and (C,D) PVA microneedle-treated dermatomed human skin 
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Confocal laser microscopy studies 

Confocal laser microscopy in tandem with z-stack scanning has been used to 

measure the actual depth of microneedle-created channels in skin. The two-minute 

insertion, followed by the removal of the needles and application of Fluoresoft® 

(Poke&Solution), resulted in microchannels of 121.50 ± 12.48 µm (n=10) in depth. 

Meanwhile, the insertion of DOX-encapsulated microneedles without the following 

removal created microchannels in the skin with different depths: 112.00 ± 14.18 µm 

(G1), 154.50 ± 15.71 µm (G2), 125.50 ± 13.01 µm (G3), and 158.50 ± 17.96 µm 

(G4). One hour after the insertion, DOX was released from PVA microneedles G2, 

deposited into skin tissues, and detected by confocal microscopy with 100 

fluorescent-stained microchannels (Figure 69.A). A rapid diffusion of DOX from its 

solution into fluid-filled microchannels in the skin was observed in Poke&Solution 

group (Figure 69.B). Untreated PVA microneedles G1, G2, G3, and G4 were also 

scanned by z-stack in confocal microscopy to study the drug distribution within the 

array. DOX was uniformly distributed in the entire array in microneedles G4 (Figure 

69.C) while the drug was located only in tips of the microneedles in G1 and G3. 

Furthermore, the length of the drug location within the microneedles was also 

measured: 422.00 ± 18.74 µm (G1), 451.00 ± 13.70 µm (G2), 431.00 ± 22.34 µm 

(G3), and 456.00 ± 23.19 µm (G4) (Figure 69.C,D), which was shorter than the actual 

length of microneedles G1 and G3, measured by SEM images. The exposure to skin 

fluid allowed PVA microneedles to dissolve gradually to result in a significant 

decrease in the needle length to 245.00 ± 27.18 µm (G1), 268.00 ± 37.65 µm (G2), 

256.00 ± 34.38 µm (G3), and 202.00 ± 36.15 µm (G4) at 1h after the treatment.   
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Figure 69. Confocal images of (A) dermatomed human skin one hour after treatment 

by PVA MN G2, (B) microchannels in Poke&Solution group, (C) PVA MN G4, (D) 

z-stack of microchannels at 1 hour after PVA MN G2 insertion 



 

227 

 

Skin integrity measurement 

We evaluated the intactness of the stratum corneum―multilayers of lipid and 

corneocyte membrane―by measuring the ion transport through skin (skin electrical 

resistance) and water evaporation from the skin surface (TEWL) (Nguyen & Banga, 

2017b; Nguyen et al., 2017). In this study, skin electrical resistance was measured 

before the microneedle treatment to guarantee the skin integrity before the in vitro 

permeation studies; and after the insertion of PVA microneedles to validate the skin 

disruption. An uncompromised barrier function of untreated skin provided a mean 

resistance value of 144.60 ± 40.43 kΩ/sq.cm (n=28) while the insertion by PVA 

microneedles caused a sudden drop in the resistance from 173.79 ± 30.61 to 5.36 ± 

2.34 kΩ/sq.cm (n=4, p<0.001), denoting successful poration. Interestingly, the 

insertion of array base resulted in an insignificant alteration to the skin resistance 

from 159.99 ± 27.01 to 131.73 ± 43.36 kΩ/sq.cm (n=4, p>0.05) (Figure 70). These 

results suggested that dermatomed human skin was disrupted by PVA microneedles, 

not the array base. Also, the skin integrity was investigated noninvasively by 

transepidermal water loss measurement using a Vapometer. The base value of TEWL 

of untreated dermatomed human skin was 38.41 ± 5.04 g/m2h (n=8). The insertion of 

either PVA microneedles or array base was found to cause an insignificant change in 

TEWL value (n=4, p>0.05) (Figure 70). The skin disruption was represented by an 

increase in both ion transport and water evaporation from the skin surface.  
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Figure 70. Measurement of transepidermal water loss and skin electrical resistance 

values (* indicated statistical difference from Poke&Solution group, mean ± SD, n=4, 

p<0.05) 

In vitro permeation studies by vertical Franz diffusion cells 

In vitro permeation study has been commonly used to study the transdermal 

drug delivery into and across the skin. In this study, we investigated the effect of 

microneedle treatment and drug encapsulation on the drug permeability. The drug’s 

high molecular weight (543.52 g/mol), high melting point (229-2310C), and 

hydrophilicity minimized its passive diffusion through the intact dermatomed human 

skin (Untreated group, 0.00 ± 0.00 ng/sq.cm). Even though skin integrity studies 

(TEWL and skin electrical resistance measurement) suggested that the insertion of 

array base caused an insubstantial disruption to the skin barrier, the base treatment 

markedly enhanced the drug delivery to 2393.95 ± 125.64 ng/sq.cm (n=4). In 

Poke&Solution group, PVA microneedles successfully porated the skin, created 100 

microchannels, and facilitated a substantial increase in the drug cumulative delivery 
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(4351.55 ± 560.87 ng/sq.cm, n=4, p<0.05), as compared to other groups. No drug was 

found in the receptor fluid in G1, G3, and G4 groups. However, a significant amount 

of DOX was released from microneedles G2, transported through the skin, and 

entered the receptor compartment (2305.05 ± 65.98 ng/sq.cm) (Figure 71.A).  
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Figure 71. (A) In vitro permeation studies on dermatomed cadaver human skin, (B) 

DOX distribution in skin layers (* indicated statistical difference from the other 

groups, mean ± SD, n=4, p<0.05) 

We also calculated the steady-state flux of DOX from the slope of the linear 

portion of the permeation curves. The insertion of unloaded PVA microneedles 
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(Poke&Solution), DOX-loaded microneedles (G2), and array base (Base-treated) 

resulted in a significantly higher flux than the untreated group (p<0.05) (Table 13). 

Furthermore, the drug location within the microneedles array was found to affect the 

drug release kinetics from the microneedles, thus, the drug delivery profile. The 

application of DOX solution on PVA microneedles-treated skin (Poke&Solution) 

provided the highest flux, diffusion coefficient, and rapid onset of drug delivery as 

compared to other groups (p<0.05). No marked difference was found between the 

base-treated and microneedles G2 groups regarding flux, lag time, and diffusion 

coefficient (p>0.05). The flux of DOX permeability after the insertion of PVA 

microneedles array (100 microneedles in an area of 0.2025 sq.cm) was 225.71 ± 44.22 

(Poke&Solution) and 15.29 ± 1.81 ng/sq.cm/h (G2) (Table 13).  

Table 13 Flux, lag time, and diffusion coefficient of DOX transdermal delivery (n=4) 

Group Treatment Drug 

amount 

applied (µg) 

Drug deliverya 

(µg/sq.cm) 

Fluxb 

(ng/sq.cm/h) 

Lag timec (h) Diffusion 

coefficientd 

(sq.cm/h) x 10-5 

Untreated No 800 0 0 NAe 0 

Base-treated Array base 800 2.39 ± 0.13 17.55 ± 3.21 113.52 ± 21.41 0.30 

Poke&solution Unloaded MN 800 4.35 ± 0.56 225.71 ± 

44.22 

7.77 ± 1.71 4.34 

G1 Loaded MN 8.54 ± 0.05 0 0 NAe 0 

G2 Loaded MN 169.02 ± 

0.20 

2.31 ± 0.07 15.29 ± 1.81 125.50 ± 14.86 0.27 

G3 Loaded MN 3.56 ± 0.18 0 0 NAe 0 

G4 Loaded MN 38.58 ± 0.51 0 0 NAe 0 

a Cumulative amount (Q24) of MTX permeated through unit diffusion area in 24h.  

b Steady-state flux (Jss) - calculated from the linear slope of the permeation curve. 

c Lag time (Tlag)- calculated as the x-intercept of the linear portion of the permeation 

curve (R2>0.95).  
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d Diffusion coefficient (D) – calculated using an equation: D=h2/6t, where D is 

diffusion coefficient (sq.cm/h), h is skin thickness (cm), and t is lag time (h).  

e Not applicable. 

We extrapolated this result to predict that 494 microchannels would be created 

in an area of 1 sq.cm of skin (Nguyen & Banga, 2017b), resulting in a flux of 1.11 

(Poke&Solution) and 0.08 µg/sq.cm/h (G2). Then, the steady-state plasma 

concentration was predicted using this equation (Guy & Hadgraft, 1992): 

𝐶𝑠𝑠 =  
𝐴 ∗ 𝐽𝑠𝑠

𝐶𝑙
 

Where Css = steady-state plasma concentration (µg/mL), A = permeation area 

of skin (0.64 sq.cm), Jss = steady-state flux (µg/sq.cm/h), and Cl = clearance of DOX 

from the body.  

The clearance of DOX from human subjects was reported to be 10.5 mL/h 

(630 ± 150 mL/min) (Berg et al., 1994). Thus, the steady-state plasma concentration 

of DOX was calculated to be 0.07 µg/mL (Poke&Solution) and 0.005 µg/mL (G2). In 

clinical studies, Berg et al obtained a steady-state plasma concentration of DOX (0.02 

µg/mL) after 72-h infusion in 49-year-old women with metastatic breast cancer (Berg 

et al., 1994). To achieve this desired drug level, we might use a larger size of PVA 

microneedle array: 0.32 sq.cm (Poke&Solution) and 4.72 sq.cm (G2). These 

dimensions could be appropriate for mass production as well as clinical use since 

fentanyl transdermal patch has been fabricated with a larger size (5.25 to 42 sq.cm) 

(McGrath et al., 2014) 

Skin distribution studies 

The drug levels in skin layers were studied by skin separation and extraction 

techniques. The application of DOX solution on unloaded PVA microneedles-treated 

skin (Poke&Solution, 3020.09 ± 499.84 ng/sq.cm) delivered a significantly higher 
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amount of drug into skin tissue than other treatment groups (n=4, p<0.05). A 

negligible amount of drug was found in skin layers after the insertion of microneedles 

G3 and G4 (Figure 58). The encapsulation of DOX into both microneedles and array 

base (Microneedles G2, 1609.86 ± 16.41 ng/sq.cm) insignificantly increased the drug 

levels in the epidermis and dermis layers than the array with drug contained in 

microneedles only (Microneedles G1, 985.90 ± 395.29 ng/sq.cm, n=4, p>0.05). For 

the untreated group, DOX was found in both the epidermis and dermis layers with a 

comparable level of the base-treated group (p>0.05) (Figure 71).  

Discussion 

Microneedles technology has been widely investigated to disrupt the stratum 

corneum layer, the primary barrier to drug diffusion, to enhance transdermal delivery 

of therapeutic agents. In this study, we fabricated doxorubicin-encapsulated PVA 

microneedles with the drug load in different locations within the array. Drug was 

preferably loaded into the tips of the needles as they are first to pass through the skin 

barrier, dissolve to release the drug, which then diffuses to reach deep layers of skin. 

The drug localization in the tips has been achieved by maximizing the drug deposition 

to the tip and avoiding the drug diffusion to the substrate (Chu et al., 2010). The drug 

localization has been achieved using an atomized spray-filling technique (McGrath et 

al., 2014). In this study, we deposited DOX into the needles by discarding the drug on 

the mold surface, which left the drug load inside the mold cavities only. Also, we used 

highly viscous PVA solution to minimize the drug diffusion, which would alter the 

localization, release, and delivery profile of the drug (Figure 59). Chu et al reported 

that the low viscosity of the casting solution might facilitate the diffusion of 

sulfohodamine B from the mold cavity to the microneedle matrix during the 

microneedle drying step (Chu et al., 2010). 



 

233 

 

However, the high viscosity of the polymer matrix created a challenge to fill 

the mold by vacuum application (Nguyen & Banga, 2017b; Yang et al., 2012) or 

atomized spray technique (McGrath et al., 2014). Thus, centrifugation method was 

used for the fabrication process (J. W. Lee et al., 2008), and may also be simple and 

cost effective for mass production. The use of inert PDMS mold to fabricate PVA 

microneedles offered some advantages: (i) the mold could be reused without any 

modification in the dimensions and structure, (ii) the poor wettability with aqueous 

solutions prevented the drug from adhering to the mold, thus minimized the drug 

wastage (McGrath et al., 2014), (iii) the ease of removal of microneedles from the 

mold. The locations of drug load in the microneedle array have been used to vary the 

drug release profile: drug in both needles and substrate for sustained release while 

drug encapsulation in the needles only for fast release (Yang et al., 2012).  

Investigators have tested the methods to improve the mechanical strength of 

polymeric microneedles: change in the components of polymer matrix or dimensions 

of microneedles. For microneedles’ dimensions, widening the needle base can 

increase the needle strength, however, could result in a poor efficiency of skin 

penetration (Chu et al., 2010; Chu & Prausnitz, 2011). For alteration in the polymer 

matrix, PVA matrix had a weak elastic nature, thus, had been used in combination 

with other materials (PVP, sucrose, dextran, CMC) to improve the mechanical 

strength of the needles (Chu et al., 2010). The choice of materials significantly affects 

the reliability and consistency of needles penetration into skin tissues (McGrath et al., 

2014). Also, the strength of PVA microneedles could be significantly enhanced by 

increasing the dextran concentration in the polymer matrix and the number of freeze-

thaw cycles (Yang et al., 2012), or using the atomized spray-filling method to make 

needle tips out of polymers with high mechanical strength (McGrath et al., 2014). 
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This work, for the first time, fabricated 100% (pure) PVA microneedles with 

sufficient mechanical strength to penetrate skin tissues. We employed the method 

described in the literature to fabricate microneedles G3 and G4 (Chu et al., 2010). 

However, this method posed a challenge to small molecules with high dose due to the 

low solubility of drugs in the viscous polymeric solution that resulted in a small drug 

amount loaded in the needles. Meanwhile, the technique used to make microneedles 

G1 and G2 (evaporation of ethanol to leave solid DOX in the mold) allowed a 

markedly higher drug load since the volume and concentration of the drug solution 

could be adjusted to a desired level (Chu et al., 2010; McGrath et al., 2014). 

Similarly, Chu et al also filled the mold with a solution of sulforhodamine B in 

deionized water, dried the drug solution, and covered the mold with polymer solution 

(Chu et al., 2010). The drug load located within the needle tips (G1 and G3) could be 

advantageous to minimize the drug wastage, reduce the production cost for expensive 

drugs, mitigate the variation in penetration efficiency of microneedles in different user 

groups, and control the delivery of potent compounds with narrow therapeutic 

window (Chu et al., 2010). The in-situ dissolution of microneedles provided a 

practical investigation into the dissolution kinetics of the needles in skin tissue where 

the needle tips dissolved first, followed by the needle base. This dissolution was 

dependent on the volume of skin fluid and the contact area between the needles and 

the tissue; and was affected by the insertion depth of the needles as well as the 

geometry and dimensions of the needles (Chu et al., 2010). Instead of measuring the 

change in the needle length, Chu et al has studied the in-situ dissolution of PVA/PVP 

microneedles by calculating the percentage of the lost volume of the needles after pre-

determined intervals in the skin (Chu et al., 2010).  In another study, Yang et al 

investigated the swelling behavior of PVA microneedles and concluded that PVA 
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microneedles swelled in the skin to create opened channels for drug diffusion (Yang 

et al., 2012).  In this study, PVA microneedles dissolved gradually in skin moisture to 

leave a portion of the needle base unchanged after 24h in the skin. This result could 

be explained by the slow dissolution kinetics of PVA matrix as well as the indentation 

of skin surface to reduce the contact area between the needle base and the skin fluid. 

The needles must be embedded in the skin for a longer time to facilitate the 

dissolution of the needle base outside the skin. Also, the rate of dissolution of PVA 

microneedles could be increased by using the combination of PVA and PVP or 

sucrose in the polymer matrix (Chu & Prausnitz, 2011). We also studied the drug 

release profile from PVA microneedles, which has been found to be highly correlated 

with the drug locations within microneedle array and the drug delivery into and across 

the skin (Chu et al., 2010). The design of microneedles G1 and G3 might be favorable 

to release the drug loads (from the needle tips) in a fast and complete manner. In 

microneedles G4, DOX could be released only when the PVA needles dissolved. This 

mechanism slowed down the rate of drug release in microneedles G4. Yang et al 

reported a fast release of insulin from PVA microneedles where the drug is loaded 

inside the needles tips: 30% of the drug load was released within 30 minutes and an 

additional 26% released within 4 h (Yang et al., 2012). Chu et al fabricated PVA/PVP 

microneedles with the encapsulation of sulforhodamine B in the needle tips to obtain 

an initial burst release within the first 30 s and approximately 80% of the drug load 

released from the needle within 10 min. Meanwhile, the microneedles with 

sulforhodamine B located in the needle matrix but not in the base achieved a smaller 

burst release, followed by a gradual increase in the drug release to approximately 

70%. The encapsulation of the drug into both needle and base demonstrated a low 

release efficiency (about 20% of the drug load) (Chu et al., 2010). However, the 
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encapsulation of drugs within the tips of the microneedles could significantly reduce 

the drug load in the needles (Chu & Prausnitz, 2011). 

In general, crossing the high dose threshold of drug encapsulation in 

dissolving microneedles remains challenging. The loading capacity could be enhanced 

to certain magnitudes by increasing (i) the drug concentration in the polymer matrix 

which could weaken the mechanical strength of the needles, (ii) the needle length 

which might cause a risk of pain, bleeding, and patients’ incompliance, (iii) the needle 

density which might lead to “bed of nail” effect, (iv) the volume of microneedles by 

expanding the microneedle base which decreased the penetration efficiency, (v) the 

treatment duration of microneedles to facilitate the dissolution of the needles in skin, 

and (vi) the area of needle array which might be difficult to design the applicator or 

insert the needles on the uneven surface of skin.  

A complete dissolution of drugs in the solvent (G1 and G2) or polymer matrix 

(G3 and G4) appears crucial for the uniform distribution of the drug inside the 

fabricated microneedles as well as the content uniformity among the arrays. The drug 

distribution within microneedles has been estimated using a dye: sulforhodamine B 

(Chu et al., 2010) or red FluoSpheres™ (McGrath et al., 2014). In this study, the 

fluorescent properties of DOX allowed visualizing the actual distribution pattern of 

the drug within the microneedle array. Due to the poor solubility, insulin was just 

suspended in polymer mixture of PVA, dextran, and CMC before being cast on the 

mold (Yang et al., 2012). On one hand, this approach might allow an increase in the 

drug load in the needles, thus, enhance the drug delivery into the skin. On the other 

hand, the use of drug suspension might lead to a needle-to-needle and array-to-array 

variation in the drug levels. Thus, an increase in the drug solubility in the polymer 
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mixture or solvent vehicle is favorable for an enhanced encapsulation of drug in the 

microneedles.  

The rheological properties of PVA solution were studied to evaluate its 

physical characteristics and possibility to fabricate PVA microneedles. PVA matrix 

showed an elastic behavior while its temperature-dependent viscosity was comparable 

to that of a topical hydrogel (Nguyen et al., 2017). The distinguished effect of 

temperature on the viscosity was found in the low range of shear rate. This 

observation was used to explain the use of high temperature (to reduce the viscosity of 

the polymer matrix) to fill the mold cavities with PVA solution (400C) (McGrath et 

al., 2014) and dry the microneedles (600C). In contrast, using atomized spray 

technique, McGrath et al found viscosity an inessential factor in the fabrication 

process. Materials with various viscosities could be spray-filled the mold using the 

same set of processing parameters (McGrath et al., 2014). The structural stability of 

PVA solution, as illustrated in thixotropy oscillatory study, suggested that the 

polymer structure most likely resisted the centrifugation force (4000 rpm for 30 

minutes during the microneedle fabrication).   

Parafilm M® film has been shown as a simple and effective model to study the 

insertion behavior, length uniformity, and mechanical uniformity of microneedles 

(Nguyen & Banga, 2017b). In this study, we used Parafilm M® film to evaluate the 

mechanical properties of PVA microneedles. The comparable dimensions of pores 

created in parafilm layers indicated the uniformity of the needles while the indentation 

area suggested that only certain portion of microneedles could penetrate the 

viscoelastic material. Furthermore, the insertion behavior of microneedles depended 

on the needle density, geometry, material, needle length, sharpness, and base 

dimensions (Nguyen & Banga, 2017b). Larraneta et al reported that hydrogel-forming 
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microneedles could reach 100% penetration ratio in the parafilm layer and less than 

50% in the second layer (Larrañeta et al., 2015). Yang et al have found that a 

modification of polymer formulation or processing parameters of drying step could 

considerably alter the strength and mechanical properties of fabricated microneedles 

(Yang et al., 2012). Regarding the method for inserting microneedles, a simple and 

standardized applicator might be preferable to thumb pressure to provide a consistent 

force, speed, and vibration, especially to be used by untrained users (Chu & Prausnitz, 

2011).  

We also observed a significant difference in the microneedle length (untreated, 

1-h treated, and 24-h treated microneedles G1 and G3) when measured by SEM and 

confocal laser microscopy (p<0.05) since SEM provided the actual dimensions of 

PVA microneedles while confocal microscopy only revealed the location of the 

fluorescent drug load. This difference was absent from microneedles G2 and G4 

where the drug was distributed in both the microneedles and array substrate. 

Successful skin microporation was affected by several factors such as microneedles 

length, design, geometry, density, tensile strength, and the component materials 

(Donnelly et al., 2011; J.-H. Park, Yoon, Choi, Prausnitz, & Allen, 2007). The 

dimensions of PVA microneedles: sharpness (tip diameter), length, and density 

(needle-to-needle distance), measured in scanning electron microscopy, indicated the 

likeliness of PVA microneedles to avoid the “bed of nail” effect, bypass the skin 

indentation, and penetrate the skin tissue (McGrath et al., 2014). Experiments of skin 

insertion were conducted to validate this suggestion: dye binding, pore uniformity, 

histology, confocal laser microscopy, and skin integrity studies. The results of these 

studies were in an agreement to indicate the successful microporation of 100 PVA 

microneedles to create 100 microchannels in dermatomed human skin.  
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Using a rapid, accurate, and non-invasive technique―confocal laser scanning 

microscopy―we could measure the actual depth of the channels (approximately 27% 

the length of PVA microneedles) in the skin without physical artifacts (Nguyen & 

Banga, 2015b, 2017b). This incomplete insertion of PVA microneedles could be 

explained by the indentation of skin upon the needle insertion (Chu et al., 2010; 

Martanto et al., 2006; Nguyen & Banga, 2017b) and the immediate resealing of skin 

after the needle removal (Haripriya Kalluri & Banga, 2011). The efficiency and depth 

of penetration of microneedles depended on several factors such as the pressure and 

duration of application, composition of the needles (McGrath et al., 2014), 

dimensions (length, sharpness, and geometry) of the needles, and the viscoelastic 

properties of the skin samples (Chu & Prausnitz, 2011; Duan et al., 2011; McGrath et 

al., 2014). The insertion ratio of microneedles into human skin in vivo could increase 

noticeably due to the decrease in skin deformation under the body tension (Chu & 

Prausnitz, 2011). Based on the depth of the channels (112.00-158.50 µm), we could 

conclude that PVA microneedles bypassed the stratum corneum (10-15 µm thick) and 

the underlying epidermis layer (50-100 µm thick) to reach the superficial layer of the 

skin dermis (Ajay K. Banga, 2011; Pérennès et al., 2006). Furthermore, the protocol 

of confocal laser microscopy studies simulated the design of in vitro permeation 

studies of the Poke&Solution group, thus, indicated the skin layer that the drug 

formulation could reach initially. A different scenario was observed with drug-loaded 

microneedles, which were secured in skin tissue to avoid the post-needles-removal 

immediate resealing of the skin (due to the inherent viscoelastic properties of skin). In 

this case, optical coherence tomography (OCT) has been used to visualize the 

penetration of dissolving microneedles into the skin. Enfield et al has employed OCT 

to measure the penetration depth of microneedles to be approximately 61-64% of their 
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length (Enfield et al., 2010), as compared to only 10-30% length of microneedles 

penetrated skin tissue when measured by confocal laser microscopy (Nguyen & 

Banga, 2017b). One major drawback of OCT was its difficulty to distinguish the 

layers of skin (McGrath et al., 2014). Interestingly, the fluorescent property of DOX 

allowed for visualization of the permeation pathway and distribution pattern of the 

drug in skin tissue under a confocal laser microscope (I. Han et al., 2004; Mansoor et 

al., 2015). Thus, confocal microscopy could most likely replace OCT to study the 

penetration depth of microneedle encapsulating fluorescent molecules.  

In histology studies, PVA microneedles bypassed the stratum corneum and 

epidermis layers and reached the superficial dermis layer. This result appeared ideal 

for microneedle design. In addition to stratum corneum layer, the epidermis was 

found to limit the drug delivery (Andrews et al., 2013). Thus, breaching the entire 

epidermis layer allowed to place the drug into the dermis layer and maximize the 

transdermal drug delivery into the blood circulation. Meanwhile, the depth of the 

channels was sufficiently shallow to avoid the intrusion into pain receptor or blood 

capillaries in the dermis. The minimal invasiveness has been reported to be the major 

advantage of microneedles (Gill, Denson, Burris, & Prausnitz, 2008; Haq et al., 

2009). Also, McGrath et al have studied the rate of epidermis compression, epidermis 

breach and stratum corneum rupture upon microneedle insertion (McGrath et al., 

2014). Yang et al have used histological images of skin sections to measure the depth 

of microchannels, created by polymer microneedles (PVA, dextran, and CMC) to be 

approximately 50% of the needles’ length (Yang et al., 2012). However, measuring 

the depth of the channels using histological sectioning might be challenging and 

flawed as physical distortion could alter the dimensions of the channels. Also, we 

found a significant decrease in skin electrical resistance and increase in TEWL values 
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after microneedles insertion to indicate the disruption of the skin barrier (Nguyen & 

Banga, 2015b; Nguyen et al., 2017).  

Microneedles have displayed their effectiveness in enhancing transdermal 

delivery of various therapeutic agents (Chu & Prausnitz, 2011; Nguyen & Banga, 

2015b, 2017b). The magnitude of delivery enhancement varied, depending on the 

needle dimensions, needle materials, skin viscoelasticity, and physicochemical 

properties of the compounds (Nguyen & Banga, 2015b). In this study, in vitro 

permeation studies were performed using Franz diffusion cells to indicate that the 

transdermal drug delivery was highly associated with the drug release profile, the 

depth of microneedle penetration, and the drug localization within the microneedle 

array (Chu et al., 2010). The results of permeation studies were in accordance with the 

characterization studies of both micronneedles and microchannels that validated the 

successful microporation of the dermatomed human skin by PVA microneedles. The 

hydrophilicity, charge, and high molecular weight of DOX limited its diffusion 

through the lipophilic layer of stratum corneum (Herai et al., 2007; Taveira et al., 

2009). Furthermore, the anthracycline structure of DOX interacted with anionic lipids 

in the stratum corneum to prevent the drug penetration into the underlying skin layers 

(Herai et al., 2007). These characteristics of DOX contributed to almost no delivery of 

DOX by passive diffusion in the untreated group. Thus, we employed PVA 

microneedles to disrupt the stratum corneum to facilitate the drug diffusion through 

the created hydrophilic, fluid-filled channels to reach the hydrophilic layer of skin 

dermis.  

An insignificant decrease in the electrical resistance of skin in base treatment 

(159.99 ± 27.01 to 131.73 ± 43.36 kΩ/sq.cm, Figure 70), denoting a partial failure of 

the skin barrier, was highly correlated to an enhanced delivery in the base-treated 
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group (2393.95 ± 125.64 ng/sq.cm, n=4). This result could be possibly explained by 

the sharp periphery of the base after the drying step, which might be able to disrupt 

the skin integrity to a certain level. The difference in the drug permeability in 

microneedles groups could be attributed to the difference in the amount of drug load 

as well as the drug localization within the needle array. In this study, we loaded 

169.02 ± 0.20 µg DOX into PVA microneedles G2 to deliver 2.31 ± 0.07 µg drug into 

dermatomed human skin in vitro while a smaller drug load in the needles (G1: 8.54 ± 

0.05 µg; G3: 3.56 ± 0.18 µg, and G4: 38.58 ± 0.51 µg) led to a negligible transdermal 

drug permeability (Table 13). The drug on the surface of the array substrate (G2) 

might be able to dissolve within 24h study to provide an additional amount of drug on 

skin while the drug, widely scattered in the solid array substrate (G4), was least likely 

released out of the polymer matrix, thus be considered as a waste (Chu et al., 2010). 

Using an atomized spray process, McGrath et al have fabricated ketoprofen-

encapsulated dissolving microneedles from 5% w/v PVA aqueous solution. They 

could load 26.97 ± 8.56 µg ketoprofen into the needles to deliver 5.6 ± 1.9 µg into 

porcine skin ex vivo after 24 h permeation (McGrath et al., 2014). Thus, the drug 

delivery was dependent on the microneedles design, the fabrication technique, and the 

skin models.  

A crucial factor in transdermal drug delivery is the lag time that has been 

defined as the duration that a drug takes to bypass the skin layers to enter the blood 

circulation (Nguyen & Banga, 2017b). A shorter lag time is preferable to achieve a 

rapid onset of drug delivery as well as therapeutic effect. The insertion of PVA 

microneedles significantly decreased the lag time of DOX delivery through the human 

skin. The shortest lag time of Poke&Solution group (7.77 ± 1.71 h) might be due to 

the physical insertion of the microneedles, which penetrated the stratum corneum and 
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epidermis; and allowed the drug to diffuse into the dermis layer, thus significantly 

shortened the traveling distance of the drug. Even though microneedles G2 

successfully pierced the skin tissue, the needles had to slowly dissolve in a limited 

volume of skin interstitial fluid, release the drug load, and deliver it into the skin 

layers. This observation explained the longer lag time (125.50 ± 14.86 h) and delayed 

drug delivery in microneedles G2. An alteration to the polymer matrix and 

components could be made to enhance the dissolution rate and decrease the lag time 

of the drug delivery. We have reported that microneedles treatment resulted in a 

reduction in the lag time with several compounds such as nicardipine hydrochloride in 

vitro and in vivo (Kolli & Banga, 2008) and low molecular weight heparin in vitro  

(Lanke et al., 2009). Differently, the insertion of maltose microneedles in vitro did not 

cause any significant change in the lag time of transdermal delivery of glycopyrrolate 

(Gujjar & Banga, 2014).  

The skin treatment by PVA microneedles in this study provided a higher DOX 

delivery (4351.55 ± 560.87 ng/sq.cm), shorter lag time (7.77 ± 1.71 h), and higher 

flux (225.71 ± 44.22 ng/sq.cm/h, n=4) as compared to the physical disruption of 

dermatomed human cadaver skin (0.73 ± 0.10 mm thickness, n=12) by maltose 

microneedles with the drug permeability of 1513.68 ± 91.24 ng/sq.cm, lag time of 

8.14 ± 5.27 h, and flux of 91.45 ± 36.63 ng/sq.cm/h (n=4) (Nguyen & Banga, 2017b). 

This difference might be attributed to the use of thinner skin in the present study (0.45 

± 0.11 mm thickness, n=28) as well as the microneedle structure. Thicker skin 

samples could cause a “cushion” effect to reduce the penetration depth of the needles 

and form a longer distance for the drug to travel and reach the receptor fluid. 

Similarly, McGrath et al reported that the use of full thickness porcine skin led to a 

decrease in the delivery of ketoprofen as compared to dermatomed skin (McGrath et 
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al., 2014). Maltose microneedles could rapidly dissolve in skin tissue whereas PVA 

microneedles took a significantly longer period to swell and dissolve. Thus, PVA 

microneedles most likely delayed the partial resealing of the channels to maintain a 

larger volume of the opened channels to facilitate the drug diffusion.   

The application of microneedles in future in vivo and clinical experiments 

have been elaborated previously. Also, the possible difference in the drug delivery in 

in vivo and in vitro studies has been discussed (Nguyen & Banga, 2017b). Due to the 

comparable barrier―layers of dead cells in the stratum corneum―between cadaver 

and living skin, the results of this study were applicable and relevant to human 

studies. We envision a more likely scenario that users could purchase microneedles 

and self-administer them without any special training (Chu & Prausnitz, 2011). 

Conclusion 

Poly (vinyl alcohol) microneedles were fabricated by micromolding technique 

and characterized by optical microscopy, fluorescent microscopy, scanning electron 

microscopy, mechanical properties, and drug release. The microneedles successfully 

porated dermatomed human cadaver skin to create uniform microchannels (dye 

binding, pore uniformity, histology, confocal laser microscopy, and skin integrity 

studies). The insertion of microneedles (4351.55 ± 560.87 ng/sq.cm) resulted in a 

significantly greater delivery of doxorubicin into and across human skin, as compared 

to passive diffusion (0.00 ± 0.00 ng/sq.cm, n=4, p=0.00). A change in the drug 

localization within the microneedle array was found to markedly alter the release and 

delivery profile of doxorubicin in vitro. 
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CHAPTER 8 

ENHANCED TRANSDERMAL DELIVERY OF VISMODEGIB BY ABLATIVE 

LASER TREATMENT 

Abstract 

Vismodegib, Hedgehog Antagonist GDC-0449, was approved by FDA in 

January 2012 to be the first oral medication for basal cell carcinoma. Due to low 

solubility and low oral bioavailability, vismodegib was studied to be delivered 

transdermally through skin. Fractional ablative laser was used to overcome the rate 

limiting barrier, allowing the drug to diffuse through the micropores created on skin. 

The project investigated the effect of laser treatment on in vitro drug permeation with 

respect to energy, pore density and drug concentration.  

Skin samples were treated by ablative laser (2940 nm) with pulse duration of 

175 µs, treatment rate of 200 Hz, energy of 34.1 J/sq.cm (3 pulses/pore), 22.7 J/sq.cm 

(2 pulses/pore), 11.4 J/sq.cm (1 pulse/pore), array size of 7 mm and density of 10%, 

6%, 2% (The Precise Laser Epidermal System platform, PLEASE®, Pantec 

Biosolutions AG). Skin microporation was demonstrated by dye binding, histology 

studies. Pore uniformity and dimensions were measured by calcein imaging, confocal 

laser microscopy, scanning electron microscopy studies. Effect of laser treatment on 

skin integrity was investigated by transepidermal water loss and skin electrical 

resistance measurement. The permeation experiment was conducted on vertical Franz 

diffusion cells (n=4) with dermatomed human skin that was mounted between donor 

and receptor chambers in which the donor was 100 µL vismodegib 5.4 mg/mL in 

propylene glycol and the receptor was filled with 10 mM phosphate buffer saline: 

polyethylene glycol 400 (50:50 v/v). Samples were taken at 0h, 1h, 2h, 4h, 6h, 8h, 
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10h, 22h, 24h and analyzed using a validated gradient reversed-phase high-

performance liquid chromatography method. 

No significant difference in pore dimension was found in different treatment 

group in scanning electron microscopy studies (n=10, p>0.05). Laser treatment 

resulted in uniform microchannels in skin (Pore Permeability Index: 20.1±7.15, n=91, 

nrezo=0 for treatment of 34.1 J/sq.cm, 10% density). In confocal studies, the increase 

in pore depth was observed with the increase in energy of laser. A significant increase 

in transepidermal water loss value and decrease in skin resistance indicates 

compromised skin barrier function due to laser treatment (p<0.05). In permeation 

studies, all laser groups provide higher drug delivery into receptor and skin layers 

than untreated group (p<0.05). Also, as the laser increase from 11.4 to 22.7 and 34.1 

J/sq.cm, the cumulative amount of drug delivered at 24h increase significantly from 

32.56 ± 6.85 to 61.57 ± 13.65 and 150.40 ± 16.56 ug/sq.cm, respectively (n=4, 

p<0.05). The drug permeability increased due to the increase in pore density as well 

as drug concentration in the donor. Drug levels in skin layers after different laser 

treatments were also reported.  

Vismodegib delivery across dermatomed human skin was enhanced by 

ablative laser treatment. Changes in the laser energy, pore density and drug 

concentration were found to alter the drug delivery. 

Introduction 

Amongst more than 2 million cases of non-melanoma skin cancer diagnosed 

in 2006, approximately 80 % were basal cell carcinoma (BCC), which was reported as 

the most commonly occurring human skin malignancy (Cowey, 2013; Macha et al., 

2013). According to the American Cancer Society Facts and Figures 2013, 2.2 out of 

3.5 million non-melanoma skin cancer cases that were treated annually in the United 
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States were basal cell carcinoma. Advanced or metastatic BCC is an invasive form of 

disease which spreads distantly in the body and cannot be treated by surgery or 

radiation therapy (Cowey, 2013). Cancer cell growth in BCC occurs due to mutation 

in Smoothened, a transmembrane protein in Hedgehog signal transduction, which 

regulates the Hedgehog (Hh) pathway. Vismodegib (Hedgehog Antagonist GDC-

0449) was recently approved by US Food and Drug Administration to be a first-in-

class, orally bioavailable inhibitor of Smoothened for use in patients with locally 

advanced or metastatic BCC (Cowey, 2013; Macha et al., 2013). Vismodegib 

electively deactivates the Hedgehog pathway by inhibiting the Smoothened protein, 

resulting in suppression of Gli-1/2 transcriptional activation that interferes with tumor 

cell growth and survival (Cowey, 2013). Presently, vismodegib is commercially 

marketed by Genetech as Erivedge TM capsule 150 mg. Vismodegib has a low oral 

absolute bioavailability (31.8 %),  partly due to its poor water solubility (pH 

dependent with 0.1 µg/ml at pH 7) (Fellner, 2012). However, small molecular weight 

(421.30 g/mol), moderate lipophilicity (log P = 2.7) and high permeability of 

vismodegib make it an ideal candidate for transdermal delivery. Furthermore, high 

plasma protein binding (greater than 99 %) facilitates diffusion of vismodegib through 

convective blood, lymphatic and interstitial transport into deep tissues (Dancik et al., 

2012).  

Transdermal delivery is a promising and attractive route for delivering  both 

small molecules and macromolecules (Andrews et al., 2013; Kolli & Banga, 2008; 

Prausnitz & Langer, 2008; Tuan-Mahmood et al., 2013) because of skin’s large 

surface area, ease of use (Prausnitz & Langer, 2008), patient compliance (Tuan-

Mahmood et al., 2013) and therapeutic effects. Transdermal delivery bypasses first 

pass-hepatic metabolism and hence, preferred for drugs with poor absorption rate and 
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drugs which are unstable in the acidic environment of stomach or cause 

gastrointestinal tract irritation (Y.-C. Kim et al., 2012; Prausnitz & Langer, 2008; 

Tuan-Mahmood et al., 2013). Another advantage of transdermal route is its ability to 

control the rate of drug delivery (Tuan-Mahmood et al., 2013). This can be explained 

by skin’s extremely low permeability (Kolli & Banga, 2008) rendered by the 

outermost lipophillic layer of dead corneocytes or the stratum corneum embedded in 

lipid-enriched matrix (Bolognia et al., 2012). It is the greatest barrier and a key factor 

in regulating drug flux through the skin (Andrews et al., 2013; Kolli & Banga, 2008). 

The cellular, viable, avascular epidermis also offers a significant permeability barrier 

to the transport of drugs (Andrews et al., 2013). Successful transdermal delivery 

allows sufficient amount of drug to be transported across the epidermis to the 

superficial dermal capillary bed (Andrews et al., 2013; Badran et al., 2009). Passive 

diffusion is traditionally limited to molecules of high potency (dose in milligrams or 

less), low molecular weight (< 500 Da) and high-to-moderate lipophilicities 

(Hampton, 2005). Transdermal drug delivery can be enhanced by optimization of the 

drug formulation (Tuan-Mahmood et al., 2013) or disruption of the skin barrier using 

chemical penetration enhancers (Williams & Barry, 2004) or physical approaches 

including lasers, electrical energy, ultrasound, radio frequency and thermal energy 

(Arora et al., 2008; S. Coulman et al., 2006; Tuan-Mahmood et al., 2013). 

The Precise Laser Epidermal System (PLEASE®, PantecBiosolutions AG, 

Liechtenstein) emits a fractional ablative, diode-pumped Erbium:yttrium-aluminium-

garnet laser or a focused light of infrared wavelength (2940 nm), known as the high 

absorption wavelength of water molecules in tissue. On the micron-sized laser-treated 

area, the water molecules absorb high energy of the laser and evaporate rapidly from 

the skin, leaving aqueous microchannels in skin of approximately 150 µm in diameter 
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(Heinrich et al., 2011; Weiss et al., 2012) while the skin in the vicinity of the channels 

appears unaffected (Sklar et al., 2014). Furthermore, the dimensions (depth and area) 

of the channels can be adjusted by altering the system parameters, such as the laser 

energy (the penetration depth), density of pore (the number of pores) and treatment 

area (Hantash et al., 2007; Sklar et al., 2014; Elisabeth H. Taudorf et al., 2014). 

Studies have investigated the effect of changing parameters on the skin uptake of 

various compounds, such as lidocaine, imiquimod, prednisone, 5-aminolevulinate, 

methyl aminolevulinate, ingenol mebutate, and test dyes (Erlendsson et al., 2015; E. 

H. Taudorf et al., 2016; Elisabeth H. Taudorf et al., 2014). Thus, ablative laser could 

provide controllable, desirable, and targeted transdermal drug delivery (Hantash et al., 

2007).  

This study aimed to employ fractional ablative laser to disrupt the skin barrier, 

allowing the drug to diffuse through the micropores created on skin, thus, enhance the 

in vitro delivery of vismodegib into and across skin. The study investigated the effect 

of laser treatment on in vitro drug permeation with respect to energy, pore density and 

drug concentration. 

Materials and methods 

Materials 

Vismodegib (GDC-0449) was purchased from Medchemexpress LLC 

(Princeton NJ, USA). Propylene glycol (PG), 0.1 M phosphate buffered saline (PBS) 

and polyethylene glycol 400 (PEG 400) were obtained from Sigma® (St. Louis, MO, 

USA), Fisher Bioreagents and Fisher Scientific (Fair Lawn, NJ, USA), respectively. 

Fluoresoft® (0.35 %) was procured from Holles Laboratories Inc. (Cohasset, MA, 

USA), methylene blue dye from Eastman Kodak Co (Rochester, NY, USA) while all 

the other chemicals were obtained from Sigma-Aldrich (St. Louis, MO, USA). 
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Cadaver dermatomed abdominal human skin were obtained from Science care (2020 

W. Melinda Lane Phoenix, AZ 85027).  

Methods 

Skin preparation 

Human skin stored in sealed plastic bag at -800C  was completely thawed in 10 

mM PBS (pH 7.4) at 370C for 1 minute. After thawing, the dermatomed human skin 

was dried by Kimwipes and cut into 2x2 sq.cm pieces for further studies.  

Skin treatment 

Table 14 Skin treatments by fractional ablative laser 

Code 

Number 

of pulses 

Density (%) 

Drug conc. 

(mg/mL)  

% Drug 

Saturation 

Array size 

(mm) 

Fluence (J/sq.cm) 

U-70S 0 0 5.48 70 0 0 

3P-10D-70S 3 10 5.48 70 7 34.1 

3P-6D-70S 3 6 5.48 70 7 34.1 

3P-2D-70S 3 2 5.48 70 7 34.1 

2P-10D-70S 2 10 5.48 70 7 22.7 

1P-10D-70S 1 10 5.48 70 7 11.4 

3P-10D-52S 3 10 4.11 52 7 34.1 

3P-10D-35S 3 10 2.74 35 7 34.1 

 

The dermatomed human skin with stratum corneum towards the top was 

placed flat on 4 layers of parafilm (Parafil “M” Laboratory film, Neenah, WI, USA) 

to mimic the soft tissue under the skin. The center of skin pieces was processed by 

fractional ablative laser with parameters listed in Table 14. Then, the treated skin was 

used in microchannel characterization and in vitro permeation studies.   

Scanning electron microscopy 

The PhenomTM field emission scanning electron microscope (SEM) system 

(Nanoscience instruments Inc, Phoenix, AZ, USA) and Denton Vacuum, DeskV 



 

251 

 

sputter coater with gold target (Denton Vacuum LLC, Moorestown, NJ, USA) were 

utilized to investigate the dimensions and morphology of microchannels in human 

skin. The treated site was harvested and fixed on a glass slide using 1% formaldehyde 

solution. Then, the skin was dried in vacuum oven at 500C for 30 minutes. The dried 

skin was separated from slide using a knife .Dust-free skin samples were mounted on 

SEM Pin stub mount and  low profile 450/900 SEM mount (Ted Pella Inc, Redding, 

CA, USA) using double-sided carbon sticky tape and sputter coated using Denton 

Vacuum, DeskV sputtering system with gold target in order to form a thin layer of 

conductive coating to increase the signal to noise ratio. Samples were placed in the 

field emission SEM at a primary beam accelerating voltage of 5kV to collect 

secondary ion images of different magnifications. The area of microchannels in skin 

were calcualted by ImageJ.  

Dye binding studies 

Methylene blue solution (1% w/v in deionized water) was used to confirm the 

formation of microchannels in dermatomed human skin by ablative laser. The skin 

tissues with stratum corneum towards the top was placed flat on 4 layers of parafilm 

(Parafil “M” Laboratory film, Neenah, WI, USA) to mimic the soft tissue under the 

skin. The center of skin (desired treatment site) was treated by ablative laser (Table 

1). After the treatments, methylene blue dye was immediately applied on the treated 

site for 1 minute before being swabbed by Kimwipes (Kimberly-Clark Worldwide 

Inc) and alcohol swabs (Alcohol Prep, CurityTM Covidien, MA, USA) to remove 

excessive dye. The stained site was visualized using ProScopeHR Digital USB 

Microscope (Bodelin Technologies, OR, USA). The pore-to-pore distance was 

measured using ImageJ software (n=20).  
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Histology studies 

Histological sectioning was performed to assess the ablation of dermatomed 

human skin by fractional ablative laser. A small piece of skin (1x1 sq.cm) was 

processed by laser (Table 14). Then, the skin was stained using 1% (w/v) methylene 

blue solution – as in dye binding studies - cleaned with Kimwipes and alcohol swabs 

after 1 minute and placed flat in Tissue-Tek®optimal cutting temperature compound 

(Sakura Finetek USA Inc, Torrance, CA, USA). This block was solidified by storing 

under -800C for 4 hour before sectioning using Microm HM505E (Southeast scientific 

Inc, GA, USA) with the section thickness of 10 µm. The block was tightly glued onto 

the object holder in the microtome chamber at -200C using embedding medium. The 

sample was cut and the cryosections of the skin samples were mounted on microscope 

glass slides (Globe Scientific Inc, NJ, USA), stained by conventional H&E staining 

and visualized by the Leica DM 750 microscope at various magnification to study the 

skin layers.  

Pore uniformity studies 

The uniformity of microchannels was investigated by calcein imaging using 

Fluoropore analysis tool. Fluoresoft® (0.35%) solution was applied for 1 minute on 

the microneedle-treated site of the skin and then wiped off with Kimwipes and 

alcohol swabs. A two-dimensional fluorescent image was taken to show the 

distribution of fluorescent intensity in and around each pore that were then converted 

into Pore Permeability Index (PPI). The PPI value represented the calcein flux for 

each pore. 

Confocal laser microscopy studies 

The depth of microchannels created by laser treatment were measured using 

confocal laser microscopy. Treated skin was stained using Fluoresoft® (0.35%, 200 
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µl) for 1 minute after which the excessive calcein was removed by Kimwipes and 

alcohol swabs. The treated skin was placed on a microscope slide without fixation 

artifacts or distortion and scanned using a computerized Leica SP8 confocal laser 

microscope (Switzerland) with x10 objective at an excitation wavelength of 496 nm. 

Fluorescent images were then processed by Leica ApplicationSuite-Advanced 

Fluorescence (LAS-AF) software. Z-stack with step of 5 um was employed to study 

the distribution pattern of calcein in the channels and the depth of the created 

microchannels.  

Skin integrity measurement 

The barrier integrity and humidity of dermatomed human skin before and after 

ablative laser treatment were evaluated by transepidermal water loss (TEWL) value 

measurement using a VapoMeter with a closed chamber (Delfin Technologies Ltd, 

Kuopio, Finland). Treated skin samples were mounted on vertical Franz diffusion 

cells. The probe was kept on the skin for 13 seconds to obtain the values on the screen 

(n=4). The TEWL studies depicted the effects of laser treatment on skin barrier 

function. An increase in TEWL value indicated compromised skin. 

The skin barrier integrity was also evaluated rapidly and non-invasively by 

skin resistance assessment. To measure skin electrical resistance, an experiment was 

set up with a Load resistor  RL (Silver chloride, 100 kΩ) dipped in 300 uL 10 mM 

PBS solution without touching the skin membrane in donor chamber of vertical Franz 

diffusion cells (PermeGear, PA, USA). Five-centimeter long silver electrode was 

immersed in 5 mL receptor solution (10 mM PBS solution pH 7.4) that was constantly 

kept at 37 ± 10C. Resistance was assessed by passing a constant current (a voltage of 

100 mV AC electrical field at 10 Hz, duty cycle 50% without offset) through skin 

membrance using Agilent 34410A 61/2 Digit Digital Multimeter and Agilent 33220A 
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20 MHz Function/Arbitrary waveform generator (Agilent Technologies, CA, USA). 

Following a few minutes of equilibration, the electrical resistance values were 

recorded on the screen (n=4). Skin resistance was presented as kΩ/sq.cm based on the 

voltage drop across a diffusion unit area of skin. The skin electrical resistance value 

was calculated using the equation.  

RS = 

VsRL 

A (Vo – VS) 

Where  

RS represents skin electrical resistance per a diffusion unit area (kΩ/sq.cm) 

VS represents the voltage drop across the skin, recorded on the multimeter (mV) 

VO represents the voltage drop across the whole circuit (100 mV) 

RL represents the load resistance (100 kΩ) 

A represent the diffusion area of vertical Franz diffusion cell (0.64 cm2) 

Skin conductivity represents the intactness of stratum corneum. Specifically, a 

decrease in resistance value denoted the failure of skin barrier function. After skin 

resistance measurement, five sheets of Kimwipes were gently dabbed on skin surface 

to remove PBS solution before the invitro permeation studies.  

In vitro permeation studies by vertical Franz diffusion cells 

In vitro permeation study is a useful technique to measure the rate and extent 

of drug transported across the skin. In this study, permeation study of vismodegib 

through dermatomed human skin was performed using jacketed PermeGearV6 station 

vertical Franz diffusion cells with 9 mm orifice and 0.64 sq.cm diffusion area 

(Hellertown, PA, USA). Donor chamber contained 100 uL of vismodegib in 

propylene glycol of different concentrations (Table 14). The donor chamber was kept 

open to mimic in vivo conditions. The receptor compartment was filled with 5 mL 
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mixture of 10 mM PBS solution (pH 7.4) and polyethylene glycol 400 (50:50 v/v). 

Receptor was maintained at 370C by built-in water circulation jacket surrounding the 

lower part of the Franz cells to have the skin surface temperature of 320C. The 

receptor fluid was continuously, magnetically stirred at 600 rpm during the studies. 

Skin that was not treated was denoted as control (Control group, n=4). The laser-

treated skin samples were clamped between donor and receptor chambers with 

stratum corneum facing upwards. In all groups, 100 uL vismodegib solution in 

propylene glycol was applied on skin using a pipet to fully cover the skin pereation 

area. Air bubbles below the surface of the skin were eliminated carefully by tilting the 

cells. The transdermal delivery of vismodegib was measured by removing aliquots of 

300 µl receptor fluid from sampling port using 1 ml graduated plastic syringe at 0h, 

1h, 2h, 4h, 6h, 8h, 22h and 24h, followed by replacement with an equal volume of 

fresh receptor solution to maintain a constant receptor volume. All samples were 

analyzed by a sensitive, specific and reliable reversed-phase high performance liquid 

chromatography (HPLC) method. The cumulative amount of methotrexate permeated 

through a diffusion unit area was plotted as a function of time.  

Skin distribution studies 

After 24h of permeation studies, vismodegib formulation in the donor was 

removed from skin using two dry and two receptor-soaked q-tips. Then, one tape (D-

Squame stripping discs D101, CuDerm, Dallas, TX, USA) was used to remove the 

drug remained on skin surface. In order to measure the drug levels in the skin, tape 

stripping technique was used to separate the stratum corneum from the epidermis and 

dermis. Twenty tapes were applied onto the permeated skin site one by one, pressed 

one time by a D-Squame pressure instrument (Pressure applied: 225 g/sq. cm, 

pressure area: 22.24 mm, CuDerm, Dallas, TX, USA) for proper adhesion and 
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removed quickly with forceps. Tapes 1-5, tapes 6-10 and tapes 11-20 were polled and 

collected in 6-well plates (Becton Dickinson, Franklin Lakes, NJ, USA). The 

remaining skin layers including viable epidermis and dermis were manually minced 

with surgical scissors and placed in a separate 6-well plate. Two mililiters (2 ml) of 

ethanol was added to each well. The wells were then placed on a shaker at 100 rpm at 

room temperature for 24h. Samples were filtered through 0.2µm filter and analyzed 

by the HPLC method. 

Quantitative analysis 

Quantitative analysis of vismodegib was carried out by means of a gradient 

RP-HPLC method. A Waters Alliance HPLC system (e2695 Separating Module) 

equipped with photodiode array detector (Waters 2996) (Waters Co., Milford, MA, 

USA), autosampler and column heater were utilized. Data was recorded and 

processed using EmpowerTM software version 2 (Waters). The column was 5 µ 

micron SU Luna C18 150x4.60 mm (Phenomenex, Torrance, CA, USA) and the 

mobile phase was a mixture of acetonitrile and deionized water (0.05% v/v 

trifuoroacetic acid). Percentage of acetonitrile increased from 10% (0 min) to 80% (8 

min), maintained at 80% (13 min) and decreased to 10% (15 min). The mobile phases 

were filtered through 0.22 um filter (Milipore, Bedford, MA, USA) and degassed in a 

sonicator prior to use. The flow rate was set at 1.0 mL/min, the injection volume at 10 

uL and the detector wavelength at 266 nm  The column temperature was maintained 

at 250C. The sample run time was 15 minutes. This RP-HPLC method provided a 

linear range of 0.1-100 ug/mL (R2=1.00).  

Statistical analysis  

All results were reported as the mean with standard deviation (SD). Statistical 

calculations were performed in Microsoft Excel Worksheets and the SPSS software 
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package version 21.0 (IBM, USA). The One-Way ANOVA followed by Tukey HSD 

post-hoc test was used to compare the results of different groups. Statistically 

significant difference was depicted by p value < 0.05. 

Results and discussion 

Scanning electron microscopy 

   

A B C 

   

D E F 

Figure 72. SEM images of (A) untreated skin, and laser-treated skin (B) 3P-10D, (C) 

3P-6D, (D) 3P-2D, (E) 2P-10D, (F) 1P-10D 

SEM images showed intact skin (Figure 72 A) and laser-treated skin with 

different processing parameters (Figure 72 B-F). Figure 72 A demonstrated the 

integrity of skin or the SEM sample preparation did not interfere the skin barrier 

function, i.e.,  the fixing and drying steps did not change the results, they did not 
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affect the skin appearance and barrier function, therefore, the measure of the 

channels’ dimensions was accurate and reliable. In contrast, the broken area of skin or 

microchannels were recognized in SEM images of laser-treated skin samples. The 

untreated vicinity appeared intact, unaffected by the laser treatments. This observation 

allowed to obtain controlled drug delivery as the hydrophilic compounds or 

macromolecules just go through the channels, instead of the intact surroundings. By 

altering the dimensions of microchannels, researchers could be able to affect the drug 

delivery to certain extent. Carbonization layer or coagulation zone was observed 

around laser-created pores with different thickness. This carbonization layer played 

different roles from delivery and safety perspectives. For drug delivery, this layer 

might prohibit drug diffusion into skin layers, delay the drug delivery. Pores were 

recognized as the area of skin that was disturbed by laser treatment. A change of pore 

density from 10 to 6 and 2% did not cause a significant alteration in pore area from 

49166.90 ± 5903.63 (3P-10D) to 47133.09 ± 6536.98 (3P-6D, p=0.47) and 49603.48 

± 6629.46 sq.um (3P-2D, p=0.88). Similarly, different energy levels or fluences did 

not result in a marked change in pore area (p=0.48).  

Dye binding studies 

   

A B C 
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Figure 73. Microscopic images of (A) untreated skin, and laser-treated skin (B) 3P-

10D, (C) 3P-6D, (D) 3P-2D, (E) 2P-10D, (F) 1P-10D 

As shown in Figure 73, laser treatment sucessfully created pores in skin. Intact 

lipophilic stratum corneum prevent skin uptake of hydrophilic dye (methylene blue). 

That’s why untreated skin was not stained with the dye (Figure 73A). Different 

treatment parameters resulted in different pore properties such as depth and number of 

pore. Microscopic images revealed that only treated area of skin was stained, the 

vicinity was not disturbed. This is important to control the skin damage for enter of 

bateria or to control drug delivery profile. Number of pore decrease and pore-to-pore 

distance increased when the pore density decreased from 10% to 6 and 2%. However, 

when pore density was kept constant, fluence did not change the number of pores on 

skin. Methylene blue dye would bind to the successfully created microchannels and 

be visible under the ProScope HR Digital USB Microscope (Nguyen & Banga, 

2015b). Hair follicles did not take up methylene blue and therefore did not show up 

by staining (Nguyen & Banga, 2015b).  



 

260 

 

Histology studies 

  

A B 

Figure 74. Histological images of (A) untreated skin, (B) laser-treated skin (1P-10D) 

Vertical sectioning perpendicular to the surface of the skin was used to 

visualize 10-μm-thick cryosections of the microneedle-treated skin samples under a 

Leica DM 750 microscope with different magnifications. Moreover, histological 

sectioning images depicted the morphology of microchannels in the skin (Nguyen & 

Banga, 2015b). Histological images proved that laser treatment did disturb the stratum 

corneum and epidermis while untreated skin has intact skin layer (Figure 74 A, B). 

The images also indicated that laser just formed the pores without damaging the 

vicinity. H&E staining allowed clear visualization of skin layers. Furthermore, change 

in fluence or laser energy or pulse/pore did affect the depth of pores in skin, however, 

pore density did not.  

Pore uniformity studies 

     

A B C D E 
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Figure 75. Calcein images, pore permeability index and histogram of fluorescent 

intensity of (A, F, K) 3P-10D, (B, G, L) 3P-6D, (C, H, M) 3P-2D, (D, I, N) 2P-10D, 

(E, J, O) 1P-10D 

The fluorescent images were analyzed by Fluorophore software for the 

volumetric distribution of calcein in and around each pore. The PPI is an accurate, 

reliable, and ratiometric indicator of the relative flux for each pore (Nguyen & Banga, 

2015b). Pores created by ablative in dermatomed human skin were uniform in relative 

flux of calcein (Figure 75). This result was in accordance with SEM study of the 

insignificant difference in surface area or dimension of channels created by different 

laser treatments. The uniformity of the pore facilitated controlled delivery through 

each and every pore. It allowed a predictable delivery profile through laser-treated 

skin. Bell-shape distribution pattern of fluorescent intensity of pores proved the 

uniformity of laser-created pores.Similarly, small deviation of pore permeability 

index indicated the narrow range of fluorescent intensity of each and every individual 

pore (3P-10D: 130.7 ± 16.76, 3P-6D: 33.7 ± 24.26, 3P-2D: 117.5 ± 2.89, 2P-10D: 

63.9 ± 11.3 and 1P-10D: 97.6 ± 17.4). Pore permeability index value did not 
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demonstrate the dimensions of the channels due to different levels of calcein diffusion 

in dermatomed human skin. Laser treatment with pore densities of 5, 10, and 15% 

resulted in creation of 50, 80, and 130 micropores, respectively, on 0.64 cm2 skin 

surface (Song, Hemmady, Puri, & Banga, 2017). 

Confocal laser microscopy studies 
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Figure 76. Confocal images of laser-created channel in dermatomed human skin 

When fluence was constant and density or number of pore changed, the depth 

of pores in skin did no change significantly (p=0.84) with 3P-10D (171.00 ± 37.99 

µm ), 3P-6D (166.00 ± 19.69 µm) and 3P-2D (164.00 ± 21.32 µm). However, when 

the number of pulses per pore increased from 1 (1P-10D) to 2 (2P-10D) and 3 (3P-

10D), the depth of pore increased markedly from 122.50 ± 16.87 µm to 146.50 ± 

23.10 µm (p=0.02) and 171.00 ± 37.99 µm (p=0.00). As shown in Figure 76 only the 

treated area of skin or microchannels was stained with calcein dye while the vicinity 

was not stained and maintained intact. The images were taken immediately after 

removal of excessive dye to prevent dye diffusion in skin to interference with the 

signal and change the shape and depth of depth. As the shape and depth of pores were 

evaluated based on the area of fluorescent signals. This non invasive measurement 

technique provided an accurate and reliable depth of pore in skin. Based on depth and 

surface area (SEM study) and number of pore, the total volume of microchannels in 

skin could be calculated. The depth, measured by confocal images and surface area of 

channels, estimated by SEM images allowed to calculate the pore volume based on 
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volume of a cone as 1/3 (surface area) x (depth) (E. H. Taudorf et al., 2016; Elisabeth 

Hjardem Taudorf et al., 2015). The depth of microchannels created by laser at fluence 

of 34.1, 45.4, and 68.1 J/cm2 were about 140, 170, and 250 μm, respectively. These 

observed depths were close to the theoretical expected depths of micropores (134, 

182, and 273 μm) (Song et al., 2017). The depth of microchannels created by laser at 

fluence of 34.1, 45.4, and 68.1 J/cm2 was about 140, 170, and 250 μm, respectively. 

Also, the widths of the micropores were 250 ± 3.46, 253 ± 11.15, and 271 ± 12.5 μm, 

respectively. Greater depth of micropores resulted in shorter lag time of drug 

permeation (Song et al., 2017). 

Table 15 Dimensions of laser-created microchannels in dermatomed human skin 

Group 

Pore-to-pore 

distance (mm) 
Pore depth (µm) Pore area (µm2) 

Pore volume 

(mm3) 

Number 

of pores 

Total volume of 

pores (mm3) 

3P-10D 1.29 ± 0.33 171.00 ± 37.99 49166.90 ± 5903.63 0.0028 ± 0.0006 90 0.25 ± 0.06 

3P-6D 1.67 ± 0.34* 166.00 ± 19.69 47133.09 ± 6536.98 0.0026 ± 0.0003 54 0.14 ± 0.02* 

3P-2D 3.34 ± 0.41* 164.00 ± 21.32 49603.48 ± 6629.46 0.0027 ± 0.0004 16 0.04 ± 0.01* 

2P-10D 1.31 ± 0.25 146.50 ± 23.10 47651.86 ± 3216.05 0.0023 ± 0.0004 90 0.21 ± 0.03 

1P-10D 1.29 ± 0.27 122.50 ± 16.87* 50235.85 ± 4675.92 0.0021 ± 0.0003* 90 0.18 ± 0.03* 

* indicates significant difference from 3P-10D (p<0.05) 

As shown in Table 15, a decrease in pore density resulted in a significant 

decrease in total pore volume. Effect of alteration of fluence on total pore volume was 

also marked. As the array size was constant (7 mm), an increase in pore density or 

pore numbers resulted in a decrease in pore-pore distance. As long as the stratum 

corneum is ablated by the laser beam, the sensor received back scattered light of 

relative high intensity, due to the low water content of the stratum corneum (Heinrich 

et al., 2011). As soon as the laser beam hits the epidermis, the intensity of the back 

scattered light decreases because the epidermis absorbs the laser beam stronger due to 

the high water content. The measurement of the back scattered light allows detecting 

the transition from the stratum corneum to the epidermis. With this measurement it is 
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possible to reproducible generate micropores with minimal thermal damage suited for 

transdermal drug delivery (Heinrich et al., 2011). With one pulse just the stratum 

corneum is removed while five pulses drill deep into the epidermis but leaves the 

dermis intact (Heinrich et al., 2011).  

A z-stack was defined as a sequence of basic images captured at the same 

horizontal position (x, y) but at different imaging depths (z). The z-stack was 

conducted at different steps starting from the skin surface to the end of microchannels 

or the point where the signal of calcein visually disappeared (Nguyen & Banga, 

2015b). The depth and surface area of microchannels were studied by Leica SP8 

confocal laser microscopy without any dimensional distortions during physical 

sectioning (Nguyen & Banga, 2015b). Hair follicles did not show up in the confocal 

images which revealed that calcein did not transport through follicular pathway 

(Nguyen & Banga, 2015b). Confocal laser scanning microscopy (CLSM) images in 

the XY- and XZ-planes following P.L.E.A.S.E.® poration and subsequent permeation 

of FITC (2 h). Laser treatment led to the formation of well-defined cylindrical pores 

with diameters ranging from 150 to 200 µm; pore depth was estimated to range 

from 100 to 195 µm (Bachhav et al., 2010). 
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Skin integrity measurement 
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Figure 77. Transepidermal water loss and skin electrical resistance values of laser-

treated human skin 

An increase in TEWL values due to microneedle treatment was an indicator 

that all microneedles used in the present experiments successfully disrupted the 

stratum corneum and integrity of the skin (Nguyen & Banga, 2015b). Untreated skin 

(14.95 ± 4.72 g/m2h) had a significantly lower TEWL value in the other groups 

(p=0.03) while different laser treatments did not caused a considerable difference in 

TEWL value of skin (p=0.60). This result revealed that laser processing disrupt the 

barrier function of skin to increase the water evaporation from skin surface. Similarly, 

skin electrical resistance value of untreated skin (226.89 ± 9.38 kΩ/sq.cm) was 

markedly higher than those of laser-treated skin (p=0.00). The number of pores or 

pore density had an effect on skin resistance value. An increase in pore density from 2 

to 6 and 10% resulted in a significantly decrease in skin resistance from 22.87 ± 2.90 

to 13.80 ± 2.64 (p=0.00) and 12.09 ± 3.65 kΩ/sq.cm (p=0.00). Also, an increase in 

number of pulse per pore from 1 to 2 to 3 pulses or fluence increase from 11.4 to 22.7 
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and 34.1 J/sq.cm caused a marked decreased in skin resistance value from 21.27 ± 

1.85 to 17.66 ± 1.43 (p=0.02) and 12.09 ± 3.65 kΩ/sq.cm (p=0.00). This observation 

confirmed the sensitivity of skin electrical resistance measurement for skin integrity 

than TEWL. Skin impedance has been correlated to transdermal drug delivery in 

several studies.  
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In vitro permeation studies by vertical Franz diffusion cells
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Figure 78. In vitro permeation of vismodegib through laser-treated dermatomed 

human skin 

There was no drug detected in the receptor chamber after 24h study (U-70S, 

0.00 ± 0.00 ug/sq.cm). This result agreed with our previous studies (Nguyen & Banga, 

2015, 2015). This may be due to the barrier function of skin in stratum corneum layer. 

When the pore density decreased from 10% to 6% and 2%, the drug delivery 

decreased significantly from 150.40 ± 16.56 to 45.85 ± 8.71 (p=0.00) and 29.31 ± 

5.88 µg/sq.cm (p=0.00). There was also a marked difference in skin permeability of 

vismodegib between 2% and 6% pore density (p=0.02). Similarly, a decrease in 

number of pulse per pore from 3 to 2 and 1 pulse resulted in a considerable decrease 

in drug delivery from 150.40 ± 16.56 to 61.57 ± 13.65 (p=0.00) and 32.56 ± 6.85 

µg/sq.cm (p=0.00). An increase in fluence from one to two pulses also caused a 

significant increase in drug amount delivered into receptor chamber (p=0.01). 

Furthermore, when the parameters of laser treatments were kept constant, drug 

concentrations in formulation in donor chamber also had an profound impact on drug 

delivery. When drug concentration decreased from 5.48 (70% saturation solubility) to 

4.11 (52% saturation solubility) and 2.74 mg/mL (35% saturation solubility), drug 

permeability decreased accordingly from 150.40 ± 16.56 to 87.44 ± 15.88 (p=0.00) 

and 45.06 ± 11.58 µg/sq.cm (p=0.00). This study therefore demonstrated the 

significant effect of laser parameters as well as drug formulation on skin permeability 

of vismodegib in vitro.  

No vismodegib was expected to penetrate the skin when the passive diffusion 

experiments were performed (Nguyen & Banga, 2015). Admin Pen™ 1500, being the 

longest among the three (1396±8.89 μm), produced the deepest channels in the skin 

(278±33.35 μm) (Nguyen & Banga, 2015). Moreover, Admin Pen™ 1500 had the 
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greatest average total surface area of microchannels and the lowest needle density (31 

needles/cm2) to avoid “bed of nails” effect. Most drug molecules permeated through 

micropores rather than through the skin surrounding the channels (Tuan-Mahmood et 

al., 2013). These characterization results rationally supported the highest amount of 

drug delivered through Admin Pen™ 1500 treatment. However, the possibility of pain 

and damage to the small blood capillaries resulting in bleeding with the use of longer 

microneedles exists, as they are most likely to reach the nerve fibers (Nguyen & 

Banga, 2015). Also, the greater surface area of channels may offer potential entry to 

bacteria or other foreign substances in the skin tissues (Donnelly, Singh, et al., 2009). 

The enhanced delivery of vismodegib by maltose microneedle treatment was 

explained by the TEWL value measurement, dye binding, histology, and confocal 

microscopy studies that proved maltose microneedles pierced the stratum corneum 

and entered the dermis layer, thereby disturbing the skin barrier function (Nguyen & 

Banga, 2015). Increasing the number of micropores increases the number of 

transport channels and should thereby increase drug delivery rates (Bachhav et al., 

2010). 
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Skin distribution studies 
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Figure 79. Drug distribution in layers of dermatomed human skin 

There was no significant difference in drug level in stratum corneum layer in 

different treatment groups (p=0.07). Amount of vismodegib in epidermis and dermis 

of untreated skin (1.23 ± 0.21 ug/sq.cm) was markedly lower than that in 3P-10D-70S 

(3.96 ± 1.20 ug/sq.cm, p=0.00). However, no significant difference was observed in 

drug level in epidermis and dermis of different laser treatment groups (p>0.05). For 



 

272 

 

total amount of vismodegib in dermatomed human skin, the drug level was 

significantly lower in untreated group (4.54 ± 0.37 ug/sq.cm) than that in 3P-10D-70S 

(8.62 ± 1.97 ug/sq.cm, p=0.01), 3P-6D-70S (7.75 ± 0.92 ug/sq.cm, p=0.00), 3P-2D-

70S (7.54 ± 1.28 ug/sq.cm, p=0.00), 2P-10D-70S (7.69 ±0.61 ug/sq.cm, p=0.00) and 

3P-10D-35S (7.62 ± 1.89 ug/sq.cm, p=0.02). These results demonstrated that laser 

treatments significantly enhanced drug delivery to receptor chamber as well as skin 

layers in vitro.  

Conclusion 

In this study, we employed fractional ablative laser to enhance the delivery of 

vismodegib into and across skin in vitro. We investigated the effect of laser treatment 

on in vitro drug permeation with respect to energy, pore density and drug 

concentration. Successful skin microporation was demonstrated by dye binding, 

histology studies while pore uniformity and dimensions were measured by calcein 

imaging, confocal laser microscopy, scanning electron microscopy studies. No 

significant difference in pore dimension was found in different treatment group in 

scanning electron microscopy studies. Using confocal laser microscopy, we observed 

an increase in pore depth with the increase in energy of laser. A significant increase in 

transepidermal water loss value and decrease in skin resistance denotes the failure of 

skin barrier function due to laser treatment. In permeation studies, all laser groups 

provide higher drug delivery into receptor and skin layers than untreated group 

(p<0.05). Also, as the laser fluence increased, the cumulative amount of drug 

delivered at 24h increased significantly. The drug permeability increased due to the 

increase in pore density as well as drug concentration in the donor. We also reported 

the drug levels in skin layers after different laser treatments. Ablative laser treatment 

effectively enhance vismodegib delivery across dermatomed human skin.  
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CHAPTER 9 

ELECTRICALLY AND ULTRASONICALLY ASSISTED SKIN DELIVERY OF 

METHOTREXATE 

Abstract 

This study aimed to use sonophoresis and iontophoresis to enhance the in vitro 

transdermal delivery of methotrexate (mol wt 454.44 g/mol), a hydrophilic compound 

(log P -1.85) used to treat psoriasis and rheumatoid arthritis. Dermatomed human 

cadaver skin was treated by cathodal iontophoresis (0.4 mA/sq.cm current density for 

60 min) and low-frequency sonophoresis (20 kHz frequency, 6.9 W/sq.cm intensity, 

and 2 min application). The treated skin was characterized by dye binding studies. 

Effect of the treatments on skin integrity was investigated by transepidermal water 

loss, skin electrical resistance, and skin temperature measurement. Electrically and 

ultrasonically assisted delivery of methotrexate was measured using in vitro 

permeation and skin distribution studies on dermatomed human cadaver skin using 

vertical static Franz diffusion cells. The characterization studies indicated that  low-

frequency sonophoresis disrupted the skin. Both sonophoresis and iontophoresis 

resulted in significant decrease in skin electrical resistance as well as increase in 

transepidermal water loss value (p<0.05). Furthermore, the ultrasonic waves led to a 

significant increase in the skin temperature (p<0.05) while the electrical current did 

not. In in vitro permeation studies, the use of iontophoresis resulted in a significantly 

higher drug permeability than the untreated group (0.00 ± 0.00 µg/sq.cm, n=4, 

p<0.05). The skin became markedly more permeable after the treatment by 

sonophoresis than by iontophoresis (p<0.01). The synergistic effect of sonophoresis 

and iontophoresis was also observed. The drug distribution in skin revealed that 

sonophoresis resulted in a marked higher level of methotrexate in both epidermis and 
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dermis layers of skin than iontophoresis and untreated groups. The combination of 

sonophoresis and iontophoresis caused a significant change in the drug levels in skin 

(p<0.05). Cathodal iontophoresis and low-frequency sonophoresis were found to 

enhance delivery of methotrexate into and across human skin in vitro.  

Introduction 

Methotrexate (4-amino-N10-methyl pteroyl-L-glutamic acid; MTX) is a folic 

acid antagonist with antineoplastic activity that is used in the treatment of psoriasis 

and rheumatoid arthritis (Vemulapalli, Yang, et al., 2008). MTX acts by competitively 

inhibiting the enzyme dihydrofolate reductase, resulting in the inhibition of DNA 

synthesis (Chladek et al., 1998). Since MTX inhibits mitotic activity, it is effective for 

the treatment of recalcitrant psoriasis (Lu, JUN, & SUH, 1997; Vaidyanathan et al., 

1985)― a common chronic disorder characterized by hyperproliferation of epidermal 

cells, giving rise to regions of cutaneous thickening and erythematous lesions, leading 

to erythematous papules and plaques (Vemulapalli, Yang, et al., 2008). MTX is 

generally administered either parenterally or orally for the treatment of psoriasis. 

MTX has been administered by the oral or parenteral route over long periods of time 

with the general dose range of 7.5–25 mg per week for psoriasis and rheumatoid 

arthritis (Alvarez-Figueroa et al., 2001; Vemulapalli, Yang, et al., 2008). The 

prolonged use of MTX systemically may provoke numerous adverse effects including 

hepatotoxicity, suppression of bone marrow function, nausea, vomiting, anemia, 

fatigue, headache, dyspnea, leukopenia, anemia, and thrombocytopenia (Bookbinder, 

Espinoza, Fenske, Germain, & Vasey, 1984; Dooren-Greebe, Kuijpers, Mulder, BOO, 

& Kerkhof, 1994; Vemulapalli, Banga, et al., 2008).  

Transdermal drug delivery has numerous advantages including being painless, 

non-invasiven, and providing improvement in patient compliance, the possibility of 
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increased bioavailability and sustained drug delivery (K. B. Ita, 2014). TDD 

represents a considerable technological advance compared to oral delivery because 

gastrointestinal degradation and first-pass metabolism through the liver are avoided 

and a steady drug concentration is maintained (Prausnitz et al., 2004). However, these 

advantages can only be realized if adequate and therapeutically relevant serum levels 

of drugs are achieved. However, topical or transdermal delivery of drugs is limited by 

low skin permeability caused by the innate barrier functions of the skin―the stratum 

corneum, the outer skin layer that provides substantial protection from pathogens 

(Boucaud et al., 2001; Elias, 1981; Naik et al., 2000). The stratum corneum layer is 

composed of corneocytes interspersed in a laminate of compressed keratin and 

intercorneocyte lipid lamellae, functions to conserve water and electrolytes, and is 

selectively permeable to certain substances. Because of this barrier, available 

transdermal medicines are small molecules (<500 Da) that are active at low blood 

concentrations of a few ng/ml or less (Bos & Meinardi, 2000; Kalia, Nonato, Lund, & 

Guy, 1998). The amount of drug that can cross the skin into systemic circulation is 

influenced by factors such as the integrity of the skin barrier, the physicochemical 

properties of the penetrant and the nature of excipients used (Mohammed, Matts, 

Hadgraft, & Lane, 2014). Transdermal drug delivery systems currently used in 

clinical practice are formulated using approximately 19 active pharmaceutical 

ingredients (K. B. Ita, 2014). Drug delivery scientists are working assiduously to 

expand the range of compounds that can be delivered through the transdermal route. 

Topical delivery of MTX at the psoriatic site has the potential to reduce the systemic 

side effects associated with this drug, and avoids first-pass elimination (Vemulapalli, 

Yang, et al., 2008). Efforts have been made to enhance the delivery of MTX across 

the skin by formulating the drug in gels and creams and using enhancement methods 
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(Alvarez-Figueroa & Blanco-Mendez, 2001; Alvarez-Figueroa et al., 2001; Sutton et 

al., 2001; Syed et al., 2001; Vaidyanathan et al., 1985; T.-W. Wong et al., 2005).  

There have been studies of its administration in ointments, creams, and gels 

(Chatterjee, Li, & Koda, 1997; Hwang et al., 1995; Lu et al., 1997; Singh & Singh, 

1995; M. Trotta, Pattarino, & Gasco, 1996; Vaidyanathan et al., 1985; Weinstein et 

al., 1989). Previously various formulation strategies and enhancement techniques 

have been used to enhance the transdermal delivery of MTX (Alvarez-Figueroa & 

Blanco-Mendez, 2001; Alvarez-Figueroa et al., 2001; Sutton et al., 2001; 

Vaidyanathan et al., 1985; Vemulapalli, Yang, et al., 2008; T.-W. Wong et al., 2005). 

However, no topical dosage forms of this drug are commercially available yet 

(Alvarez-Figueroa et al., 2001). A major problem is that MTX is hydrophilic (log P 

−1.85),  and has a high molecular weight (mol wt 454.44 g/mol), and is mostly in 

dissociated form at physiological pH; its capacity for passive diffusion across the skin 

is thus limited (Singh & Singh, 1995). 

A number of methods have been proposed to overcome the natural barrier 

function of the skin, such as skin patches (Cormier et al., 2004; Wokovich, 

Prodduturi, Doub, Hussain, & Buhse, 2006), iontophoresis (A. K. Banga, Bose, & 

Ghosh, 1999; Guy et al., 2000; Kalia, Naik, Garrison, & Guy, 2004), use of chemical 

enhancers (Hui et al., 2003; Karande, Jain, Ergun, Kispersky, & Mitragotri, 2005), 

and ultrasound methods (Bommannan et al., 1992; Lavon & Kost, 2004; Mitragotri et 

al., 1995). The traditional TDD system includes an impermeable patch and allows for 

controlled drug release over time. Occlusion of the skin traps the natural epidermal 

moisture and causes an increase in the water content and skin membrane swelling, 

which result in a compromise of the skin barrier function (Finnin & Morgan, 1999). 

Chemical enhancers such as Azone (1-dodecylazacycloheptan-2-one or laurocapram), 
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DMSO (dimethyl sulphoxide), and surfactants increase transdermal drug transport via 

several mechanisms such as increased drug solubility in the donor formulation and 

drug partitioning into the stratum corneum because of the solvent properties of these 

compounds (Aungst, Blake, & Hussain, 1990; Goates & Knutson, 1994; Williams & 

Barry, 2004). Specifically, DMSO, a commonly used topical analgesic, anti-

inflammatory, and antioxidant, has been used in studies of skeletal muscle as a 

selective antioxidant or as a solvent for numerous drugs (Silveira et al., 2010).  

Sonophoresis or phonophoresis implies application of ultrasound energy as a 

physical enhancer to drive molecules into and across skin (Mutoh et al., 2003; Polat, 

Hart, et al., 2011). Sonophoresis operates at frequencies in the range of 20 kHz–16 

MHz and intensities up to 14 W/cm2 (spatial average pulse average intensity, ISAPA) to 

enhance skin permeability (Bommannan et al., 1992; Mitragotri & Kost, 2000). 

Depending on the frequency of ultrasound used, it can be further classified into low 

frequency ultrasound (20–100 kHz) and therapeutic frequency ultrasound 1–3 MHz 

(Herwadkar et al., 2012). The exact mechanism behind enhancement of transdermal 

delivery by sonophoresis is not yet fully understood (Boucaud et al., 2001; Herwadkar 

et al., 2012; D. Park et al., 2014). Several proposed mechanisms of sonophoresis 

include thermal effects by absorption of ultrasound energy and cavitation effects 

caused by collapse and oscillation of cavitation bubbles in the ultrasound field. 

However, acoustic cavitation (formation and oscillation of gas microbubbles in the 

coupling medium) is predominant mechanism responsible for sonophoresis mediated 

enhancement in transdermal delivery (Tang et al., 2002; Ueda et al., 2009). Collapse 

of these microbubbles on the surface of skin (stratum corneum) has been proposed to 

lead to disruption in the stratum corneum lipid bilayers thereby leading to 

facilitated percutaneous penetration of drugs and biologicals (Katikaneni et al., 2010; 
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Mitragotri, 2006). Ultimately, it is the capacity of sonophoresis to enhance drug 

delivery in a safe and efficient manner that is of interest in clinical practice (K. Ita, 

2017). Sonophoresis has also been shown to effectively deliver various types of drugs 

regardless of their electrical characteristics and can easily be coupled with other 

transdermal delivery methods to enhance drug delivery rates (Langer, 1990; Merino, 

Kalia, & Guy, 2003; Mitragotri, 2000). Numerous studies of sonophoresis have been 

shown to increase skin permeability to various drugs and therapeutic compounds, 

including hydrophilic and large molecular weight compounds, especially under low 

frequency sonophoresis (20 –150 kHz) (Fang et al., 1999; D. Park et al., 2014; 

Tachibana & Tachibana, 1993; Ueda et al., 1995). Since cavitation is inversely 

proportional to the frequency of ultrasound, low frequency sonophoresis (20–100 

kHz) has been more effective in enhancing transdermal delivery of small hydrophilic 

molecules as well as macromolecules (Herwadkar et al., 2012). Sonophoresis of 

proteins such as insulin has been achieved at a therapeutic level in vivo (Mitragotri et 

al., 1995; Tachibana & Tachibana, 1993). Recent literature suggests that low 

frequency sonophoresis would be a more effective technique in enhancing 

transdermal delivery of small hydrophilic molecules (Sarheed & Rasool, 2011) as 

well as macromolecules (Mitragotri et al., 1995, 1996; Polat et al., 2010; Polat, Seto, 

et al., 2011). This technique has been commonly used to assist delivery of topically 

applied anesthetics, counter irritants and anti-inflammatory agents (Maruani, 

Boucaud, et al., 2010). Additionally, sonophoresis of histamine is being investigated 

as a positive control for allergy testing (Maruani, Vierron, et al., 2010). Therapeutic 

frequency sonophoresis (1 MHz, 1.5 W/cm2 ) for 5 min in both pulsed and continuous 

mode has been shown to be beneficial for transdermal delivery of ketoprofen. 

Delivery with sonophoresis resulted in higher accumulation of ketoprofen in synovial 
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tissue, which is the major site of inflammation in arthritis conditions (Cagnie et al., 

2003). However, sonophoretic enhancement of transdermal permeation is highly 

variable from drug to drug (Mitragotri et al., 1997). 

Iontophoresis (a current-mediated enhancement of transdermal drug delivery) 

is an active energy process which uses small amounts of physiologically acceptable 

electric current (<0.5 mA/sq.cm) for minutes or hours to drive ionized and neutral 

molecules through the skin into the body (Ajay K. Banga, 2002; Jadoul et al., 1999; 

Katikaneni et al., 2010). Iontophoresis (ITP) can enhance transport across the skin by 

a number of possible mechanisms such as electrophoretic (electrorepulsion) and 

electroosmotic (convective flow) driving forces (Green, 1996; A. Kim et al., 1993; 

Lombry et al., 2000; Prausnitz, 1999). Molecular transport during  iontophoresis  is  

believed to occur mainly through hair follicles  and  sweat  glands (Ajay K. Banga, 

2002). Iontophoretic techniques may therefore be useful for increasing transdermal 

penetration of MTX (Alvarez-Figueroa et al., 2001). As MTX is negatively charged at 

physiological pH (pH 7.4), it could be delivered by cathodal ITP by means of 

electrorepulsion. Also, electroosmotic might be useful in delivering negatively 

charged molecules in several cases. Singh et al. (Singh & Singh, 1995) studied the 

combined effect of iontophoresis and enhancers such as DMSO (dimethylsulphoxide), 

DMF (dimethylformamide), DMA (dimethylacetamide) and Azone (1-

dodecylazacycloheptan-2-one) on the transdermal penetration of MTX. They reported 

that iontophoresis further increased the permeability coefficient of MTX as compared 

to that measured using the enhancers passively (Alvarez-Figueroa et al., 2001). 

However, these authors did not characterize the iontophoretic penetration of MTX in 

the absence of chemical enhancers (Alvarez-Figueroa et al., 2001). A clinical study on 

MTX delivery by ITP suggested that a short application of current is sufficient for 
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clinical efficacy and treatment of recalcitrant psoriasis (Tiwari et al., 2003). This 

study aimed to employ cathodal iontophoresis, anodal iontophoresis, and low-

frequency sonophosis (LFS) to enhance the in vitro delivery of methotrexate into and 

across dermatomed human cadaver skin. 

Materials and methods 

Materials 

MTX was purchased from Sigma Aldrich (St. Louis, MO, USA). Phosphate 

buffered saline (PBS) (0.1 M, pH 7.4 ± 0.1) was obtained from Fisher Scientific 

(Fisher BioReagent, NJ, USA). Methylene blue dye was bought from Eastman Kodak 

Co. (Rochester, NY, USA). D-Squame stripping discs D101 were purchased from 

CuDerm (Dallas, TX, USA), cotton tipped applicators were obtained from Dynarex 

(NY, USA). Silver chloride electrodes and silver wire (0.5 mm diameter, 99.9%) were 

procured from ALA Scientific Instruments (Farmingdale, NY, USA) and Alfa Aesar 

(Ward Hill, MA, USA), respectively. Cadaver dermatomed human skin (0.26 ± 0.04 

mm thick, n=24) was obtained from New York Fire Fighter skin bank (Presbyterian 

hospital, NY, USA).  

Methods 

Preparation of skin samples 

A 
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B 

 

C 

 

Figure 80. Experimental set-up of (A) low-frequency sonophoresis, (B) anodal 

iontophoresis, and (C) cathodal ionophoresis 

Low-frequency sonophoresis has been used to enhance transdermal delivery of 

various molecules (Herwadkar et al., 2012). Sonophoresis was performed using a low-

frequency sonicator (a power  generator connected to an ultrasound transducer 

operating at a frequency of 20 kHz frequency and intensity of 6.9 W/sq.cm, VCX 

500, Sonics and Materials, Newtown, CT, USA) operating for two-minute 

application, 100% duty cycle, 0.3 cm distance between the probe and the skin surface, 

1% (w/v) sodium lauryl sulfate (SLS, surfactant solution) as the coupling medium to 

transmit the ultrasound energy to the skin and 30% amplitude (Fig. 1A) (Boucaud et 

al., 2001; Herwadkar et al., 2012; Le, Kost, & Mitragotri, 2000). A piece of 

dermatomed cadaver human skin was placed under the sonicator horn such that the 

epidermal surface of the skin was facing upwards, towards and perpendicular to the 

horn. A wider donor top―cylindrical shaped chamber, made of glass (17.87 mm 

diameter), open from both ends of the vertical Franz diffusion cells, in order to 
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contain the sonicator probe―was then placed over the skin (Herwadkar et al. 2012). 

The coupling medium (1.5 mL) was contained in the donor top. The sonicator horn 

was then placed in the coupling medium and ultrasound was activated for two 

minutes. The sonication system was “tuned” before each new experiment, according 

to a procedure specified by the manufacturer to ensure that the driving frequency of 

the power generator matched the frequency (Boucaud et al., 2001). After ultrasound 

pretreatment, skin was washed three times with 10 mM PBS, gently dabbed with 

kimwipes, and mounted Franz diffusion cells for permeation studies.  

For iontophoresis, the experimental setup is elaborated in Figure 80.B (Anodal 

iontophoresis) and Figure 80.C (Cathodal iontophoresis). For current delivery, an 

electrode of the same polarity as the charge on the drug is used to drive ionic 

molecules into the skin by electrostatic repulsion. MTX is negatively charged at 

physiological pH, hence, cathodal iontophoresis is performed to increase its 

permeation (Alvarez-Figueroa et al., 2001). The efficacy of electroosmosis on the 

drug delivery enhancement was also investigated in anodal iontophoresis.  The 

electrodes were inserted into the donor and receptor compartments. A direct current 

was then applied for 60 min at 0.4 mA/sq.cm using a current source (Keithley 2400, 

Cleveland, OH, USA). The Franz cells were set up that the electrodes were immersed 

in the solution, but not touch the skin to avoid skin burn and no air bubbles were 

trapped below the electrodes to avoid disruption in the current flow (Le et al., 2000). 

When multiple cells were to be iontophoresed, the cells were connected in series with 

the appropriate polarity orientation (Le et al., 2000).  

Characterization of ultrasound 

Intensity of ultrasound was calculated using a calorimetric method. Water (50 

g) was placed in an insulated beaker and ultrasound was activated for predetermined 
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time periods at various duty cycles. The temperature of water was measured using a 

infrared thermometer before and after ultrasound processing. The intensity of 

ultrasound was calculated using this equation (Herwadkar et al., 2012).  

𝑰 = (
𝒎𝒘𝒂𝒕𝒆𝒓 𝒙 𝑪𝒑 𝒘𝒂𝒕𝒆𝒓

𝑨
) 

𝒅𝑻

𝒅𝒕
 

where I is the intensity of ultrasound (W/sq.cm), mwater is the mass of water 

(50 g), Cp water is the specific heat capacity of water (4.18 J/g0C), A is the surface area 

of the sonicator horn, and dT/dt is the rate of change of temperature of water.  

The total ultrasound energy applied during sonophoresis can be calculated 

using this equation.  

𝑬 = 𝑰 𝑻 𝑪 

Where E is energy, I is intensity (W/sq.cm), T is application time and C is 

duty cyle.  

Dye binding studies 

Methylene blue solution (1% w/v in deionized water) was used to visualize the 

surface structure of dermatomed human skin after iontophoresis or sonophoresis 

treatment. After the two-minute treatment by sonophoresis or one hour by anodal or 

cathodal iontophoresis, methylene blue dye was immediately applied on the treated 

site for one minute before being swabbed by Kimwipes (Kimberly-Clark Worldwide 

Inc) and alcohol swabs (Alcohol Prep, CurityTM Covidien, MA, USA) to remove 

excessive dye. The stained site was visualized using ProScopeHR Digital USB 

Microscope (Bodelin Technologies, OR, USA).  

Skin integrity measurement 

After 1h of cathodal and anodal iontophoresis, the drug solution was gently 

removed using three sheets of Kimwipes, the skin surface was washed three times 

using 10 mM PBS before the addition of 300 µL 10 mM PBS for measuring the skin 
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resistance. The skin barrier integrity was also evaluated rapidly and noninvasively by 

skin resistance assessment. To measure skin electrical resistance, an experiment was 

set up with a load resistor  RL (Silver chloride, 100 kΩ) dipped in 300 µL 10 mM PBS 

solution without touching the skin membrane in donor chamber of vertical Franz 

diffusion cells (PermeGear, PA, USA). Five-centimeter long silver electrode was 

immersed in 5 mL receptor solution (10 mM PBS solution pH 7.4) that was constantly 

kept at 37 ± 10C. Resistance was assessed by passing a constant current (a voltage of 

100 mV AC electrical field at 10 Hz, duty cycle 50% without offset) through skin 

membrance using Agilent 34410A 61/2 Digit Digital Multimeter and Agilent 33220A 

20 MHz Function/Arbitrary waveform generator (Agilent Technologies, CA, USA). 

Following a few minutes of equilibration, the electrical resistance values were 

recorded on the screen (n=4). Skin resistance was presented as kΩ/sq.cm based on the 

voltage drop across a diffusion unit area of skin. The skin electrical resistance value 

was calculated using this equation.  

𝑹𝒔 =
𝑹𝑳𝑽𝒔

𝑨 (𝑽𝒐 − 𝑽𝒔)
 

Where  

RS represents skin electrical resistance per a diffusion unit area (kΩ/sq.cm) 

VS represents the voltage drop across the skin, recorded on the multimeter (mV) 

VO represents the voltage drop across the whole circuit (100 mV) 

RL represents the load resistance (100 kΩ) 

A represent the diffusion area of vertical Franz diffusion cell (0.64 cm2) 

Skin conductivity represents the intactness of stratum corneum. Specifically, a 

decrease in resistance value denoted the failure of skin barrier function (Nguyen & 

Banga, 2017b). After skin resistance measurement, five sheets of Kimwipes were 
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gently dabbed on skin surface to remove PBS solution before the TEWL 

measurement.   

The barrier integrity and humidity of dermatomed human skin before and after 

ionotophoresis or sonophoresis treatment were evaluated by transepidermal water loss 

(TEWL) value measurement using a VapoMeter with a closed chamber (Delfin 

Technologies Ltd, Kuopio, Finland). Treated skin samples were mounted on vertical 

Franz diffusion cells. The probe was kept on the skin for 13 seconds to obtain the 

values on the screen (n=4). The TEWL studies depicted the effects of the treatments 

on skin barrier function. An increase in TEWL value indicated compromised skin 

(Nguyen & Banga, 2015, 2017b). 

In vitro permeation studies using vertical Franz diffusion cells 

In vitro permeation study is a useful technique to measure the rate and extent 

of drug transported across the skin. In this study, permeation study of methotrexate 

(MTX) through dermatomed human cadaver skin was performed using jacketed 

PermeGearV6 station vertical Franz diffusion cells with 9 mm orifice and 0.64 sq.cm 

effective diffusion area (Hellertown, PA, USA). The experimental setup of Franz 

diffusion is listed in Table 16. The donor chamber was kept open to mimic in vivo 

conditions. Receptor was maintained at 370C by built-in water circulation jacket 

surrounding the lower part of the Franz cells to have the skin surface temperature of 

320C. The receptor fluid was continuously, magnetically stirred at 600 rpm during the 

studies. Skin that was not treated with either iontophoresis or sonophoresis was 

denoted as control (Passive, n=4). The ultrasound-treated and untreated skin samples 

were clamped between donor and receptor chambers with the epidermal surface of 

skin facing upwards the donor compartment of the cells. Drug solution (500 uL) was 

applied on skin using a pipet to fully cover the skin pereation area and immerse the 
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electrodes (Figure 80.B,C). Air bubbles below the surface of the skin were eliminated 

carefully by tilting the cells. The transdermal delivery of MTX was measured by 

removing aliquots of 300 µl receptor fluid from sampling port using 1 ml graduated 

plastic syringe at 0, 0.5, 1, 2, 4, 6, 8, 22, and 24h, followed by replacement with an 

equal volume of fresh receptor solution to maintain a constant receptor volume. All 

samples were analyzed by a sensitive, specific and reliable reversed-phase high 

performance liquid chromatography (HPLC) method. The cumulative amount of 

MTX permeated through a diffusion unit area into the receptor chamber was plotted 

as a function of time (permeation graph, n=4). Lag time of MTX permeability was 

calculated as the x-intercept of the linear portion (R2>0.95) of this curve. The flux (J) 

of MTX was calculated as the mass of the molecule (m) moving through a cross-

sectional area (A) during a certain period of time (t) as shown in this equation.  

𝑱 =
𝒅𝒎

𝒅𝒕𝑨
 

The steady-state flux was calculated from the slope of the linear portion of the 

permeation graph. The flux was then used to determine the permeability coefficient, 

using this equation.  

𝑲𝒑 =
𝑱

𝑪 𝑨
 

where Kp is the permeability coefficient (cm/h), J is the steady-state flux 

(µg/h), C is the MTX concentration in the donor (2000 µg/mL), and A is the 

permeation area (0.64 sq.cm).  

Table 16 Experimental setup of in vitro permeation studies (n=4) 

Compartment Passivea Anodal ITPb Cathodal 

ITPc 

LFSd Anodal ITPb + 

LFSd 

Cathodal 

ITPc + LFSd 

Donor 500 µL 

MTX 2.0 

500 µL MTX 

2.0 mg/mL in 

500 µL 

MTX 2.0 

500 µL 

MTX 2.0 

500 µL MTX 

2.0 mg/mL in 

500 µL 

MTX 2.0 
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mg/mL in 

10 mM PBS 

10 mM PBS 

(75 mM 

NaClf) 

mg/mL in 10 

mM PBS 

mg/mL in 

10 mM 

PBS 

10 mM PBS 

(75 mM 

NaClf) 

mg/mL in 10 

mM PBS 

Receptor  5 mL PBS 

(10 mM) 

5 mL PBS (10 

mM) 

5 mL PBS 

(10 mM, 75 

mM NaClf) 

5 mL PBS 

(10 mM) 

5 mL PBS (10 

mM) 

5 mL PBS 

(10 mM, 75 

mM NaClf) 

Skin 

pretreatment 

NAe NAe NAe Two-min 

LFS, 100% 

duty cycle  

Two-min LFS, 

100% duty 

cycle 

Two-min 

LFS, 100% 

duty cycle 

a Neither iontophoresis nor sonophoresis was used.  

b Anodal ionophoresis, described in Figure 80.B.  

c Cathodal ionophoresis, described in Figure 80.C. 

d Low-frequency sonophoresis operating at 20 kHz frequency, two minutes 

application, 100% duty cycle, 0.3 cm distance between the sonicator probe and the 

skin surface, 1% (w/v) sodium lauryl sulfate as the coupling medium, and 30% 

amplitude, described in Figure 80.A.  

e No pretreatment was performed on skin tissues.  

f NaCl (75 mM) was added to drive the electrochemistry (Vemulapalli, Yang, et al., 

2008).  

Skin distribution studies 

The distribution of MTX in different layers of the skin was estimated after 24-

h permeation studies. MTX solution in the donor chamber was removed using two dry 

and two receptor-soaked q-tips followed by tape stripping (D-Squame stripping discs 

D101, CuDerm, Dallas, TX, USA) the skin twice using a D-Squame pressure 

instrument for proper adhesion (Pressure applied 225 g/sq.cm, pressure area 22.24 

mm, CuDerm, Dallas, TX, USA). The tapes were removed quickly with forceps and 

contained the drug remaining on the skin surface. In order to measure the drug levels 
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in the skin, the epidermis was separated from the dermis using forceps and were both 

minced individually with surgical scissors and placed in separate 6-well plates. MTX 

was extracted from the skin pieces using 2 mL mixture of methanol and 10 mM PBS 

(50:50 v/v) under continuous shaking at 100 rpm for 24h at room temperature. The 

samples were then filtered through a 0.2 µm filter and analyzed using High-

Performance Liquid Chromatography (HPLC). 

Quantitative analysis 

MTX concentrations in the samples were analyzed by an RP-HPLC method 

using a Waters Alliance HPLC system (e2695 Separating Module), equipped with a 

photodiode array detector (Waters 2996) and EmpowerTM 2 software (Waters Co., 

Milford, MA, USA). A mixture of acetonitrile and 10 mM potassium phosphate 

monobasic buffer (pH 3.5, adjusted by o-phosphoric acid 85%, Fisher Scientific, Fair 

Lawn, NJ, USA) (13:87 v/v) flowed through a Gemini-NX column (C18 110A, 150 x 

4.6 mm, 5 µm, Phenomenex, Torrance, CA, USA) at a rate of 1.0 mL/min at 350C. 

The injection volume was 10 µL while the detection wavelength was set at 304 nm 

and the run time at 7 minutes. This validated HPLC method provided a linear range of 

0.1-50 µg/mL (R2=1.00).  

Statistical analysis 

All results were reported as mean with standard deviation (SD) (n≥4). 

Statistical calculations were performed in Microsoft Excel Worksheets and Graphpad 

Prism 5. The Student’s t-test and One-Way ANOVA followed by Tukey HSD posthoc 

test were used to compare the results of different groups. Statistically, a significant 

difference was depicted by a p-value < 0.05. 
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Results and discussion 

Characterization of ultrasound 

Intensity of ultrasound has been found to affect the skin changes and drug 

delivery (Boucaud et al., 2001). Thus, in this study, we determined important 

parameters of the low-frequency ultrasound: intensity and energy. Using a 

calorimetric technique, the intensity of ultrasound was calculated. The ultrasound 

intensity was then used to determine the total ultrasound energy.  

Dye binding studies 

(A) (B) 

  

(C) (D) 

  

Figure 81. Microscopic images of (A) untreated dermatomed human skin and skin 

treated by (B) anodal iontophoresis, (C) cathodal iontophoresis, and (D) low-

frequency sonophoresis 
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After the physical treatments (Table 16), the treated site of human skin was 

stained using methylene blue dye solution. Untreated skin showed that intact skin did 

not absorbed the dye (Figure 81.A). This observation could be explained by the 

hydrophilic nature of methylene blue dye that prevent it from passing through the 

lipophilic layer of stratum corneum of skin to be visible in the microscopic images. 

After one hour treatment by either anodal or cathodal iontophoresis, the skin tissue 

became more accesible to the dye (Figure 81.B,C). This result might be due to the 

drug transport through the skin layer creating some penetration pathways, or skin 

hydration in contact with the donor and receptor fluids, or the interaction between 

MTX and skin layers. The freeze fracture electron microscopy, light microscopy, and 

FTIR observations indicated that at low current densities, iontophoresis disorganizes 

the stratum corenum only locally, while at higher current densities a general 

perturbation of the stratum corenum lipid was observed (Hinsberg et al., 1997; R. 

Prasad et al., 2007). It also increases the pore size of the hair follicles, providing shunt 

pathways for drug permeation. Iontophoresis is generally well tolerated, although 

mild skin irritation and damage, erythema and non-painful sensation are sometimes 

reported (Rachna Prasad & Koul, 2012). A faster recovery of the skin barrier (soon 

after the current is turned off) and lower skin irritation are expected than when the 

skin barrier is chemically or structurally perturbed (Alvarez-Figueroa et al., 2001).  

Low-frequency sonophoresis clearly disrupted the skin structure, allowing a 

significant amount of dye to diffuse through (Figure 81.D). Furthermore, there was an 

absent of skin disruption pattern due to both iontophoresis and sonophoresis. In 

another study, Herwadkar et al employed confocal microscopy to visualize 

permeation of calcein through sonophoresis-treated skin. They treated the skin with 

low-frequency sonophoresis (2 min, 100% duty cycle, 1% SLS as coupling medium, 
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0.3 cm horn distance) and mounted on vertical Franz diffusion cells. The skin tissue 

was then exposed to calcein solution for 24h before being cleaned and sectioned  

(Herwadkar et al., 2012). Observing the histological sections of the treated skin under 

a confocal microscope, they found that sonophoresis enhanced permeation of the dye 

calcein into skin. This result suggested that continuous application of ultrasound 

resulted in increased accumulation of molecules in skin layers (Herwadkar et al., 

2012). Thus, in addition to enhancing permeation of drugs through skin, sonophoresis 

under optimized conditions can potentially increase intradermal accumulation of 

molecules (Morimoto et al., 2005). Ultrasound has been found to induce damage to 

biological tissues (Barnett, Rott, ter Haar, Ziskin, & Maeda, 1997; M. W. Miller, 

Miller, & Brayman, 1996). Boucaud et al examined low-frequency ultrasound-treated 

skin using histology and electron microscopy techniques. They reported that human 

skin samples exposed to ultrasound intensities lower than 2.5 W/cm2 (continuous or 

pulsed mode) showed no modification of the skin surface in vitro in clinical and 

histologic examination (a macroscopically normal aspect, intact stratum corneum) 

(Boucaud et al., 2001). Moreover, no damage to the underlying structures (dermis, 

capillaries, and sweat ducts) was observed. For hairless rats, slight and transient 

erythema was observed after 2.5 W/cm2 exposure, whereas deep lesions (dermal and 

muscle necrosis) were observed 24 h later (Boucaud et al., 2001). No clinical changes 

were found in hairless rat skins exposed to 1 W/cm2 (pulsed mode, 10% duty cycle), 

and histologic sections were similar to controls in vivo (Boucaud et al., 2001). No 

histologic lesion could be seen when a heat source was applied to animal skin. Thus, 

low-frequency ultrasound induces delayed and deep lesions in hairless rat skin in vivo 

at 2.5 W/cm2 (in pulsed or continuous mode) which are not only attributable to the 

increase in temperature at the skin surface during ultrasound exposure (Boucaud et al., 
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2001). Miller and Gies (D. L. Miller & Gies, 1998) examined the mouse intestine 

after direct exposure to ultrasound at 2.6 W/cm2 (400 kHz). They found that the 

presence of petechia in the animal intestine was related to increase in temperature of 

the coupling medium. The use of 5.2 W/cm2 in pulsed mode resulted in epidermal 

detachment and edema of the upper dermis (Boucaud et al., 2001). Obvious histologic 

modifications such as detachment of the epidermis and dermal necrosis could be seen 

with higher intensity (4 W/cm2, continuous mode, 10 minutes). A second-degree burn 

was observed macroscopically at the highest intensities 7 W/cm2 in continuous and 

12.3 W/cm2 in pulsed mode. These findings indicated that high-intensity, low-

frequency (20 kHz) ultrasound equipment can cause severe skin lesions when used 

with inappropriate ultrasound conditions (Boucaud et al., 2001). Thus, we employed 

the minimal possible treatment duration to avoid skin irritation. Using a lower 

ultrasound intensity, Kost et al (Kost, Leong, & Langer, 1989) reported no difference 

between normal and sonicated histologic sections of rat tissue to 5 W/sq.cm (20 kHz, 

pulsed mode, 1h). Pires-de-Campos et al used continuous ultrasound of 3 MHz with 

an intensity of 0.2 W/sq.cm to deliver caffeine across pig skin (Pires-de-Campos et 

al., 2008). The authors monitored morphological changes after drug administration 

and reported that caffeine treatment was effective only when associated with 

ultrasound therapy (Pires-de-Campos et al., 2008); the combination resulted in a 

significant reduction in the thickness of the subcutaneous adipose tissue, as well as 

damage to the adipocytes, consequently decreasing the number of cells (Pires-de-

Campos et al., 2008). 

Skin integrity measurement 

Sonophoresis resulted in a significant decrease in skin electrical resistance 

(2.90 ± 0.28 kΩ/sq.cm) as compared to other groups (p<0.05). Intact skin (Passive, 
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71.91 ± 12.14 kΩ/sq.cm) with full skin integrity had the highest resistance as 

compared to the ion transport through skin tissue. No significant difference was found 

between anodal (14.59 ± 2.69 kΩ/sq.cm) and cathodal iontophoresis (15.94 ± 1.63 

kΩ/sq.cm) (p=0.43). Similarly, Le et al reported that application of ultrasound and 

SLS increased electrical conductivity of cadaver pig skin. Skin conductivity before 

the application of ultrasound was approximately 0.01 (kΩ/sq.cm)-1. Sonication was 

done until the skin conductivity reached a value of 0.6 (kΩ/sq.cm)-1 (an enhancement 

of about 60 folds). A typical application time required to achieve this resistance was 

10 min (Le et al., 2000). Conductivity measurement peformed by Le et al also 

suggested that the conductivity of the skin increased following one hour of 

iontophoresis and that the increase lasted over the next 24 hours (Le et al., 2000). 

Iontophoresis was found to increase the stratum corneum hydration and, thus, reduces 

electrical resistance of the skin (Kalia, Nonato, & Guy, 1996). Mitragotri et al. 

(Mitragotri, Farrell, et al., 2000) have shown that there exists a threshold dose of 

ultrasound energy below which sonophoresis would not cause a significant increase in 

skin conductivity. However, if the applied energy exceeds the threshold dose, skin 

conductivity and hence permeability would increase with increase in ultrasound 

energy (Herwadkar et al., 2012).  

Transepidermal water loss (TEWL) can be used as an indicator of skin barrier 

function. The intact skin barrier (stratum corneum) maintains homeostasis by 

preventing loss of water from the body. Disruption of the barrier, caused by physical 

or chemical perturbation or due to a disease condition would increase loss of water 

across skin elevating the TEWL values (Kalia et al., 2000; Shimada et al., 2008). 

TEWL can thus be used to estimate the extent of skin barrier disruption. Low-

frequency sonophoresis (67.25 ± 5.23 g/m2h) signigicantly increased the TEWL value 
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of human skin as compared to passive (32.30 ± 5.79 g/m2h), anodal iontophoresis 

(42.30 ± 4.88 g/m2h), and cathodal iontophoresis (39.63 ± 1.35 g/m2h) (p<0.05). 

However, no significant difference was observed in TEWL among passive and 

iontophoresis groups (p=0.05). This observation indicated that ultrasound treatment 

markedly altered the skin structure. Herwadkar et al also found that TEWL of excised 

hairless rat skin increased significantly from a base value of 31.6 ± 0.12 g/m2h to 69.5 

± 12.6 g/m2h following sonophoresis for two min (100% duty cycle, water as 

coupling medium). However, shorter sonophoresis application time of one min did 

not result in significant increase in TEWL from the base value (Herwadkar et al., 

2012). This observation indicated that the ultrasound treatment duration affected that 

skin barrier function, thus, the skin permeability.  

Also, sonophoresis significantly increased the skin temperature from 24.75 ± 

0.960C to 35.00 ± 1.41 0C (p<0.05). Anodal (25.50 ± 0.580C) and cathodal 

iontophoresis (25.00 ± 0.82 0C) did not change the skin temperature (p=0.44). Thus, 

there is a correlation between skin electrical resistance, TEWL and skin temperature 

for physically treated skin samples. In another study, Boucaud et al measured the skin 

temperature after ultrasound treatment. The temperature within the dermis was 42°C 

and 39°C at the end of continuous and pulsed exposure, respectively, whereas it 

remained constant (38°C) when a regular heat source was applied (Boucaud et al., 

2001). When the ultrasound was activated continuously for 10 min at the intensity of 

7 W/sq.cm, the temperature of skin surface reached 650C with the appearance of 

macroscopic necrosis. When the intensity decreased to 4.5 and 2.5 W/sq.cm, the 

temperature decrease accordingly to 59 and 420C. The lower the ultrasound intensity, 

the less severe the skin changes. At the end of the heat treatment, animal skin 

displayed slight erythema similar to that observed at the end of ultrasound exposure. 
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However, histologic examination performed immediately after sonication revealed no 

changes in the animal skin (no epidermal detachment). Moreover, 24 h after this 

experiment, histologic sections revealed intact stratum corneum and normal epidermis 

(no detachment) and the absence of lesions in the dermis and muscles (no necrosis) 

(Boucaud et al., 2001). This preliminary finding indicates that the delayed necrosis 

observed 24 h after ultrasound exposure cannot be attributed to the thermal effects of 

ultrasound alone, or at least not to the increase in temperature of the donor 

compartment (Boucaud et al., 2001). However, it has been shown that the use of low-

frequency ultrasound (20 kHz) can enhance transdermal diffusion of water (Mitragotri 

et al., 1996). It could be hypothesized that heated water (coupling medium) could 

diffuse from the donor compartment through the skin during ultrasound exposure and, 

thus, cause the erythema observed on the hairless rat skin. Ultrasound-induced 

necrosis mechanism is a nonthermal effect. This effect of ultrasound typically arises 

from cavitation, which is defined as the oscillation of gas pockets under the influence 

of a sound wave (Boucaud et al., 2001). Cavitation thresholds vary according to 

several parameters, including frequency and intensity (Mason, 1991; Simonin, 1995). 

This phenomenon seems to occur more readily with low frequency and high intensity 

ultrasound (Boucaud et al., 2001). The occurrence of cavitation during skin exposure 

to ultrasound has already been investigated histologically. Some articles have reported 

the presence of crater-like lesions (Yamashita, Tachibana, Ogawa, Tsujita, & Tomita, 

1997) or holes (Hikima, Hirai, & Tojo, 1998; Machet et al., 1996) on the hairless mice 

skin surface after ultrasound exposure to the effect of cavitation phenomena. 

Although Boucaud et al conducted the study under conditions that allowed the 

occurrence of cavitation (low frequency, high intensity), neither scanning nor 
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transmission electron microscopy revealed any changes in rat skin surface 

immediately after sonication (Boucaud et al., 2001). 
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Figure 82. (A) Electrical resistance, (B) transepidermal water loss, and (C) 

tempearture of dermatomed human cadaver skin  
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In vitro permeation studies using vertical Franz diffusion cells 

Table 17 Transdermal delivery, lag time, flux and permeability coefficient of in vitro 

permeation of methotrexate (MTX) though dermatomed human cadaver skin (mean ± 

SD, n = 4) 

Group Q24
a (µg/sq.cm) Lag timeb (h) Jss (µg/sq.cm/h)c Kp (cm/h)d x 10-4 Css (ng/mL) 

e 

Passive 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 

Anodal ITP 4.74 ± 0.62 3.57 ± 1.07 0.05 ± 0.03 0.26 ± 0.14 0.28 ± 0.15 

Cathodal ITP 0.54 ± 0.07 0.20 ± 0.05 0.01 ± 0.00 0.07 ± 0.02 0.08 ± 0.02 

LFS 161.92 ± 30.06 - 5.09 ± 1.03 6.81 ± 1.31 34.04 ± 6.55 36.92 ± 7.11 

Anodal ITP + LFS 333.10 ± 37.01 11.83 ± 10.77 13.42 ± 1.95 67.08 ± 9.73 72.77 ± 10.55 

Cathodal ITP + LFS 178.30 ± 23.79 -15.93 ± 16.74 8.03 ± 1.17 40.14 ± 5.85 43.54 ± 6.35 

a Cumulative amount of MTX (Q24) permeated through unit diffusion area in 24h.  

b Lag time - calculated as the x-intercept of the linear portion of the permeation curve 

(R2>0.90).  

c Steady-state flux (J) - calculated from the linear slope of the permeation curve. 

d Permeability coefficient (Kp) – calculated using an equation: Kp=J/CA, where Kp is 

the permeability coefficient (cm/h), J is the steady-state flux (µg/h), C is the MTX 

concentration in the donor (µg/mL), and A is the permeation area (0.64 sq.cm) 

(Nguyen & Banga, 2017a).  

e Steady-state plasma concentration (Css) – calculated using an equation: 

Css=(AJss)/Cl, where Css is the steady-state plasma concentration (µg/mL), A is the 

permeation area of skin (0.64 sq.cm); Jss is the steady-state flux (µg/sq.cm/h); Cl is the 

clearance of MTX from the body.  

Due to hydrophilic structure (log P −1.85), relatively high molecular weight, 

and ionization at physiological pH (Vemulapalli, Banga, et al., 2008), MTX could not 

be able to penetrate the intact skin barrier―lipophilic stratum corneum layer―in 

passive group (0.00 ± 0.00 µg/sq.cm). Physical treatments (iontophoresis and 
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sonophoresis) significantly enhanced the drug delivery into the receptor chamber 

(n=4, p<0.05). Cathodal iontophoresis (0.54 ± 0.07 µg/sq.cm, p=0.03) as well as low-

frequency sonophoresis (161.92 ± 30.06 µg/sq.cm, p=0.00) markedly enhanced the 

drug delivery as compared to passive group. This result could be explained by the 

negative charge of MTX at physiological pH (pKa 5.6, 4.8, and 3.8) (Vemulapalli, 

Banga, et al., 2008) that was repelled by the negatively charged electrode (silver 

chloride) in the donor of cathodal iontophoresis. Similarly, Vemulapalli et al reported 

that the passive delivery of MTX across full-thickness rat skin in vitro was very low 

and was enhanced approximately five-fold when iontophoresis (MTX 15 mg/mL in 

phosphate buffer 0.25 M, current density of 0.5 mA/sq.cm, and iontophoresis duration 

of 120 min) were used (Vemulapalli, Banga, et al., 2008). At very low current density 

and very short time of application, the parameters of time and current density, 

respectively, had little or no effect on drug permeation (Vemulapalli, Banga, et al., 

2008). The mechanism of skin penetration enhancement by iontophoresis added 

electrorepulsion and electroosmosis to passive diffusion (Pikal, 2001). Anodal 

iontophoresis delivered a significantly higher amount of MTX into the receptor 

chamber than cathodal iontophoresis (p<0.05). This observation could be attributed by 

the electroosmosis in anodal iontophoresis that provided a stronger driving force on 

MTX than repulsion in cathodal iontophoresis. Interestingly, the combination of 

anodal iontophoresis and sonophoresis (Anodal ITP + LFS, 333.10 ± 37.01 µg/sq.cm) 

significantly enhanced the drug delivery as compared to sonophoresis alone (p<0.05) 

while the the combination of cathodal iontophoresis and sonophoresis (Cathodal ITP 

+ LFS, 178.30 ± 23.79 µg/sq.cm) resulted in a comparable delivery profile as 

sonophoresis alone (p=0.43). Similar trends have been observed with the flux and 

permeability coefficient (Table 17). Physical treatments resulted in a significant 
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increase in the flux and permeability coefficient as compared to the passive group 

(p<0.05). Anodal iontophoresis appeared superior to cathodal iontophoresis when it is 

employed alone or in combination with sonophoresis (p<0.05). Low-frequency 

sonophoresis significantly enhanced the flux and permeability of MTX as compared 

to either anodal or cathodal iontophoresis (p<0.05). The addition of sonophoresis to 

iontophoresis enhanced the delivery effectiveness as compared to the use of 

iontophoresis alone.  

The steady-state plasma concentration could be predicted using this equation 

(Guy & Hadgraft, 1992). 

𝑪𝒔𝒔 =  
𝑨 ∗ 𝑱𝒔𝒔

𝑪𝒍
 

Where Css = steady-state plasma concentration (µg/mL); A = permeation area 

of skin (0.64 sq.cm); Jss = steady-state flux (µg/sq.cm/h); Cl = clearance of MTX from 

the body. The use of dermatomed human skin in this study made the result more 

applicable to human subjects in clinical studies. The clearance of MTX from human 

subjects was reported to be 118 mL h−1 (Iqbal et al., 1998). Thus, the steady-state 

plasma concentration of MTX was calculated and shown in Table 17, which was 

lower than the desired steady-state plasma level of 337 ng/mL in a 70 kg adult (Cmax 

based on oral dosing). The topical dose would be significantly lower than the oral 

dose. Furthermore, the use of combination of anodal iontophoresis and low frequency 

sonophoresis would be preferable to achieve the targeted plasma concentration of 

MTX. The current density, treatment area, treatment duration of anodal iontophoresis 

could be increase to further the drug delivery while the parameters for sonophoresis 

have been optimized. The enhanced drug permeability should be maipulated to avoid 

skin irritation potential. Topical dosage for MTX is not known but a clinical study by 

Tiwari et al (Tiwari et al., 2003) suggests that a current density of 0.6 mA/sq.cm for 
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15 min once a week for a total of 4 weeks would be clinically effective for the 

treatment of psoriasis. 
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Figure 83. (A) Average cumulative amount and (B) flux of methotreate delivered 

through untreated, iontophoresis, and sonophoresis-treated dermatomed human 

cadaver skin (* indicated statistical difference from the passive group, mean ± SD, 

n=4, p<0.05) 

MTX was found to be electroactively stable in PBS and the presence of an 

applied electric field (0.4 mA/sq.cm for 60 min) (Vemulapalli, Yang, et al., 2008). 

Vemulapalli et al have compared the in vitro delivery of MTX through cadaver 

hairless rat skin using different enhacement methods: one maltose microneedles array 

(81 microneedles) and cathodal iontophoresis (MTX, pKa values of 5.6, 4.8, and 3.8, 

negatively charged at physiological pH) and reported that the drug delivery by 
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microneedles alone was significantly higher than by ITP alone. However, the 

combination of ITP with microneedles resulted in an insignificant alteration in the 

drug delivery as compared with microneedles alone (Vemulapalli, Yang, et al., 2008). 

This result indicated a limited enhancement effect of cathodal iontophoresis on MTX 

delivery. Similarly, we observed an insignificant difference in transdermal delivery of 

MTX between low-frequency sonophoresis. Interestingly, using microdialysis 

technique to study the transdermal delivery of MTX in male hairless rat in vivo, 

Vemulapalli et al found that the drug delivery across the skin barrier and into the 

microdialysis probe was significantly higher (approximately 13 times) in ITP alone, 

as compared with microneedles alone. Furthermore, the combination of ITP and 

microneedles resulted in two-time enhancement in the drug permeability as compared 

with ITP alone (Vemulapalli, Yang, et al., 2008). This observation suggested a 

substantial difference in the drug delivery profile in vitro and in vivo. In addition, 

Vemulapalli et al reported that the MTX concentration in the dialysate decreased after 

ITP was stopped and the drug cartridge removed after 1 h (Vemulapalli, Yang, et al., 

2008). This result was absent from our study that the drug delivery kept increasing 

with time after the current was discontinued and the drug solution was maintained in 

the donor chamber. The constant increase in the drug delivery could be more likely 

explained by the presence of the drug formulation on the skin surface rather than the 

drug depot in the skin layers (MTX is a negatively charged hydrophilic molecule with 

a log P of −1.85, should diffuse easily in the deeper skin layers once passed through 

the stratum corneum). The skin structure could be irreversibly changed after one-hour 

iotophoresis, as indicated by skin electrical resistance and TEWL studies, to allow 

further drug diffusion even after the current termination. Alvarez-Figueroa et al 

reported that MTX concentration in the donor solution does not have a significant 
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effect on iontophoretic trasdermal penetration (Alvarez-Figueroa et al., 2001). Results 

of this type have been predicted by Kasting (Kasting & Keister, 1989) in the absence 

of competing ions in the donor solution, and observed experimentally for 

hydromorphone (over the range 0.01 - 0.08 M) by Padmanabhan et al. (Padmanabhan, 

Phipps, Lattin, & Sawchuk, 1990). MTX concentration in the donor solution likewise 

had no significant effect in the presence of NaCl, but this may be attributable to the 

narrow concentration range considered and to the high interassay variability observed 

(Alvarez-Figueroa et al., 2001). 

To optimize the iontophoretic parameters for MTX delivery, Vemulapalli et al 

compared the drug permeability with varying phosphate buffer strength, drug 

concentration, the current density, and time of application. When the phosphate buffer 

strength increased from 0.05 M to 0.5 M, the amount of MTX delivered by 

iontophoresis (at a current density of 0.4 mA/cm2 for 30 min) decreased accordingly 

(Vemulapalli, Banga, et al., 2008). This decrease in delivery is most likely due to the 

increase in the number of competitive ions in the buffer that compete with the drug to 

carry the charge across skin (Kalia et al., 2004). The lower the phosphate buffer 

strength, the higher the drug delivery. However, low buffer strength might be unable 

to maintain a constant pH (Vemulapalli, Banga, et al., 2008). Thus, an appropriate 

buffer strength should be used to both maximize the enhancement effect and maintain 

the buffer pH. As the drug concentration increased in the donor compartment, the 

cumulative amount of drug delivered in the receptor compartment was also found to 

increase (Vemulapalli, Banga, et al., 2008). An increase in the current density and 

time of application increased the cumulative amount delivered, suggesting that there 

is no depot formation of MTX in the skin in the in vitro model of hairless rat skin 

(Vemulapalli, Banga, et al., 2008). However, for 10 min of iontophoresis, an increase 
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in the current density from 0.05 to 0.5 mA/sq.cm did not show a statistically 

significant increase in MTX delivery. Likewise, an increase in time of application 

from 10 to 120 min at 0.05 mA/sq.cm also did not show a significant increase in MTX 

delivery (Vemulapalli, Banga, et al., 2008). This could be because the diffusion of the 

ion is limited in the charged pore, which is the likely pathway for MTX movement 

across the stratum corneum (Al-Khalili, Meidan, & Michniak, 2003). According to 

Manabe et al. (Manabe, Numajiri, Sugibayashi, & Morimoto, 2000), the pore size 

increases from 0.92 nm to 1.78 nm at low current density but when current is stopped, 

there is a reversibility wherein the pore size returns to its initial value and post-

iontophoresis flux returns to passive permeation levels. At higher current densities, 

the pore size was about 14.7 nm and it did not decrease even after the current was 

stopped (Vemulapalli, Banga, et al., 2008). The alteration to the pore size due to 

iontophoresis treatment might be different from in vitro studies where the skin was 

cadaver and any physical change in the skin structure might be irreversible. Skin has 

an average net negative charge above pH 4 and the negative charge per pore increases 

with increase in pH. As the skin and MTX are both negatively charged under the 

conditions used in the experiments reported here, the skin has a higher permselectivity 

for cations than for anions as they would repel each other (Vemulapalli, Banga, et al., 

2008).  

In another study, Le et al performed iontophoresis (application of electric 

current density of 0.45 mA/sq.cm for 1h) to produce an immediate effect on 

transdermal flux of heparin. Specifically,  the nomarlized heparin flux during the first 

hour was about 15 times higher than the controls (Le et al., 2000). Long term 

transport after iontophoresis was about 10 times higher than in controls suggesting 

that the enhancing effect of iontophoresis continued after the electric current was 
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stopped (Le et al., 2000). The enhanced heparin transport during the initial one-hour 

period under intophoresis could be due to the direct electrophoretic effect of the 

electric current on negatively charged heparin molecules (Le et al., 2000). Two 

possibilities could explain the continued drug transport after iontophoresis termination 

(i) the application of the current-like sonication-induces structural changes in the skin, 

making it more permeable to the heparin molecules (Le et al., 2000), (ii) significant 

heparin transport continued over 24h is that one hour application of current actively 

transported and built up a high concentration of heparin molecules in the skin. Once 

high concentration of heparin in the skin was achieved, passive delivery could 

transport the drug more efficiently (Le et al., 2000).  

Singh and Singh studied the effect of iontophoresis in combination with 

chemical enhancers such as dimethylacetamide, dimethylformamide, dimethyl 

sulfoxide and 1-dodecylazacycloheptan-2-one on the transdermal delivery of MTX. 

They observed that iontophoresis further increased the MTX permeation (Singh & 

Singh, 1995). Stagni and Shukla (Stagni & Shukla, 2003) and Alvarez-Figueroa et al. 

(Alvarez-Figueroa et al., 2001) both demonstrated that iontophoresis considerably 

increased the MTX permeation as compared with passive controls. The charged 

structure of MTX at physiological pH makes it suitable for iontophoretic delivery. 

Alvarez-Figueroa and Blanco-Mendez further investigated the iontophoretic delivery 

(direct-current iontophoresis) from hydrogels and passive delivery from 

microemulsions and concluded that both the delivery systems were more effective 

than passive delivery from aqueous solutions (Alvarez-Figueroa & Blanco-Mendez, 

2001). More interestingly, a case of palmer psoriasis treated with iontophoresis of 

MTX has been reported by Tiwari et al. (Tiwari et al., 2003) using 1 mA/sq.cm 

current density for iontophoresis, which is beyond the clinically acceptable limits. 
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Prasad and co-workers have shown that modulated direct-current (mDC) 

iontophoresis remarkably increased the transdermal permeation of MTX, as compared 

with direct-current iontophoresis (R. Prasad et al., 2007). mDC iontophoresis is 

effective in avoiding the polarization effect of the skin, thus, supporting greater flux. 

The authors have also demonstrated that mDC iontophoresis using square-wave 

pulses showed higher bioavailability, as compared with oral delivery (Rachna Prasad 

et al., 2009). The histopathological studies conducted on mice reveal that low-current-

density 0.2 mA/sq.cm iontophoresis is well tolerated by skin tissues and reversal of 

skin injury caused by iontophoresis takes place in 48 h. A combination of enhancers 

has been shown to be more effective and Prasad et al. have reported 161% 

enhancement in MTX flux with ternary combination (ethyl acetate, ethanol and 

menthol) of chemical enhancers and mDC iontophoresis (Rachna Prasad et al., 2009). 

Katikaneni et al have conducted iontophoretic delivery experiments using a 

TransQ patch (IOMED®) with an area of 3.4 sq.cm, 0.2 mA/cm2, for 6 h to delivery 

daniplestim into hairless rat skin in vivo (at two different drug loading concentrations 

into the patch: 2 mg/mL and 5 mg/mL) (Katikaneni et al., 2010). They found no 

iontophoretic permeation for both of the drug concentrations and explained the result 

by the high molecular weight of the compound (12.760 kDa). Furthermore, Abla et al 

suggested that electrotransport decreases with increasing molecular size (N. Abla, 

Naik, Guy, & Kalia, 2005). Iontophoretic transport of peptides and proteins is 

governed to a major extent by the physicochemical properties like charge, sequence, 

etc. Thus, ionotophoresis could be used to deliver proteins with appropriate features 

likes a suitable charge:molecular weight ratio and a proper three-dimensional 

structure (Cázares-Delgadillo, Naik, Ganem-Rondero, Quintanar-Guerrero, & Kalia, 

2007). Some of the previous in vitro work done on iontophoresis of proteins and 
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peptides explained that the iontophoretic flux of this class of molecules is believed to 

be strongly governed by the charge/molecular weight ratio and not, exclusively, by 

either parameters in isolation (N. Abla et al., 2005). It was also reported that at a 

given molecular weight, increase in peptide charge enhanced skin transport by 

iontophoresis (N. Abla et al., 2005). Thus, it is believed that if an increase in 

molecular weight is compensated by an increase in peptide charge, it is possible to 

deliver molecules >10 kDa using iontophoresis (Cázares-Delgadillo et al., 2007). 

Skin penetration of MTX declined with increasing ionic strength. The amount 

of MTX delivered increased with increasing current density (Alvarez-Figueroa et al., 

2001). In a study performed with hairless mouse skin using an MTX-saturated 

microemulsion of lecithin (in water/PG 70:30), pH 5.0 MTX solubility (2.5 mg/g), the 

measured transdermal penetration rate was 5±1 µg/sq.cm/h (M. Trotta et al., 1996). In 

another study (Weinstein et al., 1989) performed with human skin, using a 2% MTX 

solution and the enhancers dodecylmethylsulfoxide and azone, the cumulative 

delivery of MTX was 10-40 mg/sq.cm in 48 h (about 0.2-0.8 µg/sq.cm/h), lower than 

in the present study (Alvarez-Figueroa et al., 2001). In theory, anodic iontophoresis 

should offer the advantage of adding an electroosmotic component to the ion-

tophoretic flux (Pikal, 1992). Furthermore, it has been proposed than the 

electroosmotic contribution becomes more relevant as the transport number of the 

drug considered decreases (Burnette, 1989; Pikal & Shah, 1990). In any case, the 

usefulness of iontophoresis for the treatment of psoriasis requires future sudies aimed 

at assessing: a) the safety of iontophoretic delivery to psoriatic skin; b) optimal MTX 

concentrations for therapeutic effect; and c) measures of MTX iontophoretic transport 

and accumulation through a damage skin barrier such psoriatic skin (Alvarez-

Figueroa et al., 2001). 
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Recent reports in the literature have shown that transdermal sonophoresis may 

be a promising approach for facilitating transdermal drug delivery (Herwadkar et al., 

2012; Schoellhammer et al., 2015). After treatment by low-frequency sonophoresis, 

skin permeability is believed to improve by several phenomenon like radiation 

pressure, cavitation and acoustic microstreaming effects that occur as a result of 

treatment with ultrasound (Ajay K. Banga, 2006). Katikaneni et al investigated 

transdermal delivery of daniplestim using ultrasound at two drug concentrations 

(2 mg/mL and 5 mg/mL) and suggested that ultrasound-mediated delivery of 

daniplestim is dependent on the drug concentration in the patch. At 5 mg/ mL, there 

were detectable levels of the drug in hairless rat plasma, however, no permeation of 

daniplestim was observed with sonophoresis at a donor concentration of 2 mg/mL 

(Katikaneni et al., 2010). Following the ultrasound treatment in vivo, Katikaneni et al 

observed an initial increase in daniplestim levels for the first couple of hours followed 

by a gradual decline. It has been reported that there was a 100-fold increase seen in 

water permeability during sonophoresis and that about 94% of this has been recovered 

within 2 h after the ultrasound was stopped (Mitragotri et al., 1995). However, this 

observation was absent from our in vitro study. In another study, Boucaud et al 

performed in vitro experiment with ultrasound intensities (continuous or pulsed mode) 

ranging from 0.25 W/sq.cm to 7 W/sq.cm (Boucaud et al., 2001). Boucaud et al used 

the duration of sonication 10 min when used in continuous mode and 1 h in pulsed 

mode (10% duty cycle: 0.1 sec on/0.9 sec off) (Boucaud et al., 2001). Boucaud et al. 

reported that the water flux for ultrasound treatment (frequency 20 kHz, intensity 2.5 

W/sq.cm, pulsed mode, and 10% duty cycle) showed an increase of 2.5-fold in 

comparison with that for the control (Boucaud, Garrigue, Machet, Vaillant, & Patat, 

2002). We used two-minute ultrasound treatment as previously reported as the 
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optimal duration for LFS for both skin irritation prevention and enhanced drug 

delivery. In this study, we used SLS as the coupling medium since it has been 

suggested to be superior to saline solution in enhancing the drug delivery (Herwadkar 

et al., 2012). Interestingly, Katikaneni et al employed a SONOPREP skin permeation 

device (Echo Therapeutics, Franklin, MA) to generate a low-frequency ultrasound (55 

kHz) to permeabilize the skin layers (Katikaneni et al., 2010). 

Application of ultrasound significantly facilitated transcutaneous permeation 

of ketoprofen from 74.87 ± 5.27 µg/sq.cm for passive delivery to 491.37 ± 48.78 

µg/sq.cm for ultrasound-mediated delivery (Herwadkar et al., 2012). Drug levels in 

skin layers also increased from 34.69 ± 7.25 µg following passive permeation to 

212.62 ± 45.69 µg following the application of low frequency ultrasound (Herwadkar 

et al., 2012). Tezel and Mitragotri have previously shown that, during transdermal 

sonophoresis, the number of collapse events per unit volume per unit time, depends 

on the ultrasound intensity (Tezel & Mitragotri, 2003). Lim et al. investigated the 

transdermal sonophoretic transport of indocyanine green using 50 kHz ultrasound for 

30s. Sonophoresis was combined with fractional radiofrequency technology. To 

detect and image indocyanine green fluorescence, the Maestro system with a near-

infrared 740: 10:950 filter was used. The average fluorescence index was measured 

by the Maestro system immediately after treatment. Higher fluorescence intensity 

showed greater percutaneous indocyanine green uptake (Lim, Jeong, & Shin, 2015). 

The authors found that indocyanine green-induced fluorescence was significantly 

higher on fractional RF and sonophoresis-pretreated skin than the untreated area. 

Pires-de-Campos et al. used continuous ultrasound of 3 MHz with an intensity of 0.2 

W/sq.cm to significantly enhance the delivery of caffeine across pig skin (Pires-de-

Campos et al., 2008). Zorec et al. showed a statistically significant enhancement of 
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calcein delivery across porcine skin after 5 min of ultrasound application (Tezel, Sens, 

Tuchscherer, & Mitragotri, 2001). The investigators combined sonoporation with 

electroporation hoping to achieve synergistic effects, however, the results showed no 

obvious dramatic improvement over a single method used alone (Zorec, Jelenc, 

Miklavčič, & Pavšelj, 2015). Schoellhammer et al used dual-frequency ultrasound (20 

kHz and 1 MHz wavelengths) to enhance transdermal delivery of 4 kDa dextran in 

phosphate bufferred saline. A statistically significant increase in the flux of 4 kDa 

dextran was observed by using 20 kHz + 1 MHz as opposed to 20 kHz alone. There 

was a statistical difference between the flux observed for samples treated with 20 kHz 

+ 1 MHz for 6 or 8 min but no increase in flux with treatment time for the use of 20 

kHz alone (Schoellhammer et al., 2015). Interestingly, the enhancement in flux at 

both treatment times using 20 kHz + 1 MHz was greater than what would be expected 

based on the increase in localized transport regions (LTR) sizes alone at each 

treatment time. The dextran flux was 3.5- and 7.1-fold greater using 20 kHz + 1 MHz 

at 6 and 8 min, respectively, compared to the use of 20 kHz alone, while LTR area 

increased 2.5- and 6-folds, respectively (Schoellhammer et al., 2015). A previous 

study by the same authors had shown that dual-frequency ultrasound, utilizing 20 kHz 

and 1 MHz wavelengths together led to greater transient cavitation events, as assessed 

by pitting data, and resulted in larger localized transport regions in vitro 

(Schoellhammer et al., 2012). Han and Das pretreated pig skin with microneedles o as 

to alter the skin property and then applied ultrasound field on the pretreated area to let 

the cavitation further increase skin permeability (T. Han & Das, 2013). The authors 

treated porcine skin with both ultrasound and MNs. Results of the experiments 

showed that the permeability of bovine serum albumin increased to 1 mm/s with the 

combination of 1.5 mm microneedles patch and 15-W ultrasound output (T. Han & 
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Das, 2013). This increase in permeability coefficient is about 10 times higher than the 

permeability obtained when bovine serum albumin diffuses passively (T. Han & Das, 

2013). In comparison, the maximum permeability following ultrasound treatment was 

0.4 µm/s (T. Han & Das, 2013). Tezel et al. used low frequency ultrasound (20 kHz, 

2.4 W/cm2) to deliver therapeutically significant quantities of antisense 

oligodeoxynucleotides into the skin (Tezel, Dokka, Kelly, Hardee, & Mitragotri, 

2004). Concentrations of oligodeoxynucleotides in the superficial layers of the skin 

ranged from approximately 0.5% to 5% of the donor concentration after a 10-min 

application of ultrasound and oligodeoxynucleotides (Tezel et al., 2004). The authors 

used both pretreatment and simultaneous sonophoresis modes of application. In the 

pretreatment mode, a 10-min  simultaneous  application  of  ultrasound  (20 kHz  and 

2.4 W/cm2) was used to permeabilize the stratum corneum. At the end of ultrasound 

application, skin conductance increased by about 100-fold and permeability of 

ultrasonically-treated skin to oligodeoxynucleotides was measured to be 4.5x10 5 

cm/h compared to nearly undetectable values across non-treated skin (Tezel et al., 

2004). A 10-min simultaneous appli-cation of oligodeoxynucleotides and ultrasound 

(20 kHz, 2.4 W/cm2) resulted in dermal accumulation of 3500 disintegration per 

second (dpm/cm2) of oligodeoxynucleotides in the skin. With this efficiency, about 53 

g/cm2 oligodeoxynucleotides can be delivered into skin in 10 min from a donor 

solution containing 100 mg/ml oligodeoxynucleotides (Tezel et al., 2004). 

Low-frequency ultrasound has been postulated to enhance skin permeability in 

a heterogeneous manner (K. Ita, 2017). Application of ultrasound affects discrete 

domains of the skin, producing highly permeable localized transport regions (Wolloch 

& Kost, 2010). Wolloch and Kost investigated the contribution of two cavitational 

phenomena (shock waves and microjets) with the aim of examining whether diversion 
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of the bubble collapse mode to shock waves, or microjets, may result in a more 

homogenous effect on skin, and enhanced transdermal flux (Wolloch & Kost, 2010). 

Skin permeability was evaluated by measuring the transport rates of a fluorescent 

conjugated molecule — fluorescein isothiocyanate labeled dextran. The results of the 

study showed that the contribution of microjets to skin permeability enhancement is 

significantly higher than shock waves (Wolloch & Kost, 2010). Boucaud et al. 

investigated insulin delivery across hairless rat skin using 20 kHz ultrasound 

(Boucaud et al., 2002). The authors examined the contribution of different parameters 

– intensity, application time and pulse length to percutaneous flux. Change in blood 

glucose levels of the animals was used to evaluate insulin transport. The results 

showed a threshold below which no detectable changes in blood glucose level was 

observed for each sonophoresis parameter. In the study, it was demonstrated that 

significant hypoglycemia resulted with the application of less than 15 min ultrasound 

and was similar to subcutaneous injection of 0.5 U of insulin (Boucaud et al., 2002). 

Nayak et al. examined the influence of microneedles and sonophoresis pretreatment 

on transdermal delivery of lidocaine from a polymeric hydrogel formulation (Nayak, 

Babla, Han, & Das, 2016). A 4.8-fold increase in lidocaine flux following combined 

application was observed compared with separate pretreatments after 30 min (Nayak 

et al., 2016). Sonophoresis pretreatment alone did not have a significant impact on 

lidocaine delivery during the initial 2 h period. However, microneedles application 

increased permeability at a time of 0.5 h for up to 17 fold with an average up to 4 

fold. The time required to reach therapeutic levels of lidocaine was decreased to less 

than 7 min (Nayak et al., 2016). Huang et al. used polyamidoamine dendrimer 

coupled with sonophoresis to facilitate transcutaneous penetration of diclofenac 

(Huang et al., 2015). 
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Enhancement in skin permeability caused by sonophoresis depends on 

ultrasound parameters such as frequency, intensity and duration of ultrasound 

application. The total ultrasound energy applied during sonophoresis can be 

calculated as energy = intensity × application time × duty cycle. Increase in 

application time would thus, increase the total ultra-sound energy delivered. Different 

ultrasound application times, ranging from 60 s to 4 h (Alvarez-Román, Merino, 

Kalia, Naik, & Guy, 2003; S. Lee, Snyder, Newnham, & Barrie Smith, 2004; Merino, 

Kalia, Delgado-Charro, Potts, & Guy, 2003; Mutoh et al., 2003; Singer, Homan, 

Church, & McClain, 1998; T. Terahara, Mitragotri, Kost, & Langer, 2002; Weimann 

& Wu, 2002), have been used for enhancement of transdermal delivery. Two min of 

ultrasound application (20 kHz, 6.9 W/sq.cm , 100% duty cycle) resulted in 

significantly higher transdermal delivery of ketoprofen in vitro (Herwadkar et al., 

2012). Low frequency sonophoresis can permit reduction in the application time to 2 

min with a significant enhancement in intradermal and transdermal delivery of this 

drug (Herwadkar et al., 2012). Addition of a surfactant such as sodium lauryl sulfate 

(SLS) to the coupling medium during sonophoresis can enhance drug delivery several 

fold over using sonophoresis alone. In a study by Mitragotri et al. (Mitragotri, Ray, et 

al., 2000) treatment of porcine skin with 1% SLS alone, ultrasound alone 20 kHz, 10 

W/sq.cm) and combination treatment resulted in an increase in mannitol permeability 

of 3 fold, 8 fold, and 200 fold respectively over passive permeation demonstrating 

synergistic effect of sonophoresis-SLS treatment. The mechanism of this synergistic 

enhancement has been studied using microscopy as well as using an aqueous pore 

pathway model. Paliwal et al. (Paliwal, Menon, & Mitragotri, 2006) have 

demonstrated increased occurrence of lacunar regions imperfections (in the stratum 

corneum) after ultrasound treatment using transmission electron microscopy. Addition 
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of 1% SLS resulted in an increase in dimensions of lacunar regions thereby increasing 

uptake of quantum dots in skin. It is also claimed that SLS may be responsible for 

increasing pore radii in the localized transport regions of sonophoresis treated skin 

(Polat, Figueroa, Blankschtein, & Langer, 2011). The aqueous pore pathway model 

suggests that sonophoresis-SLS treatment leads to more consistent skin perturbation 

in comparison to sonophoresis treatment alone (Herwadkar et al., 2012). The 

combination treatment also results in more direct pathways being created in skin 

based on porosity to tortuosity ratio. (Herwadkar et al., 2012) Also, the treatment 

times required to achieve the same level of skin electrical resistivity were 5–12 times 

longer with sonophoresis alone compared to combination treatment (Polat, Seto, et al., 

2011). The synergistic effect of using SLS with sonophoresis has been typically tested 

using hydrophilic molecules. Sonophoresis-SLS treatment resulted in 6.5 fold 

enhancement in permeation and 5 fold enhancement in skin accumulation over 

passive delivery (Herwadkar et al., 2012). Pulsed ultrasound is known to avoid 

heating in the coupling medium and hence can be a more patient compliant 

sonophoresis regimen (Herwadkar et al., 2012). The pulsed ultrasound treatment was 

equally effective as the continuous treatment in enhancing transdermal delivery of 

ketoprofen over passive permeation. No significant difference was observed in 

permeation of ketoprofen after continuous and pulsed ultrasound treatments 

(Herwadkar et al., 2012). Similar results have been obtained by Mitragotri et al. 

(Mitragotri, Farrell, et al., 2000) where enhancements in skin conductivity values 

were found to be independent of duty cycle used. However, skin extraction studies 

revealed that intradermal accumulation of ketoprofen was enhanced only with the 

continuous ultrasound treatment (Herwadkar et al., 2012). A possible reason for this 

may be faster increase in temperature of the coupling medium seen with continuous 
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ultrasound treatment as compared to pulsed treatment (Merino, Kalia, Delgado-

Charro, et al., 2003). Another explanation that seems to support this phenomenon 

would be that pulsed ultrasound was used with a surfactant (SLS) in the coupling 

medium. When pulsed ultrasound is applied in presence of a surfactant, some of the 

cavitation bubbles have a tendency to dissolve back in solution (Polat, Hart, et al., 

2011). This would result in lower cavitation which may possibly lower permeability 

of deeper layers of skin reducing the amount of drug available to form a depot in skin 

layers (Herwadkar et al., 2012). Distances between horn and skin previously 

investigated range from zero (tip displacement horn in contact with skin) to 4 cm, 

with 0.3 cm to 1 cm distances typically used for low frequency sonophoresis (Polat, 

Hart, et al., 2011). Permeation of ketoprofen 50% duty cycle, 1% SLS (coupling 

medium) was inversely proportional to the distance between ultrasound horn and skin 

surface (Herwadkar et al., 2012). Increasing distance between ultrasound horn and 

skin is known to reduce cavitation effects hence decreasing permeability (T. Terahara 

et al., 2002). Application of ultrasound (The ultrasound was applied in a pulsed mode 

(5 seconds on and 5 seconds off) at a frequency of 20 kHz from a sonicator and 

transmitted through a surfactant solution 1% sodium lauryl sulphate to disrupt the 

skin) enhanced long term heparin flux by a factor of 13 although ultrasound had little 

effect on the transport during the first hour (Le et al., 2000). Mechanistically, 

ultrasound pretreatment may disorder the lipid bilayers of the skin, thus opening new 

pathways for transport which may increase heparin transport (Le et al., 2000). Several 

studies have been reported that the synergistic effect of surfactant and iontophoresis 

on transdermal drug transport. Specifically cationic as well as anionic surfactants have 

been shown to enhance the effect of iontophoresis on transdermal transport (Le et al., 

2000). The enhancement of drug flux due to ultrasound depends on the choice of 
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ultrasound conditions as well as the choice and concentrations of the surfactant 

(Mitragotri, Farrell, et al., 2000).  

The combination of iontophoresis and low-frequency sonophoresis has been 

explored previously to enhance the transdermal delivery of various compounds (B. 

Chen et al., 2010; Hikima, Ohsumi, Shirouzu, & Tojo, 2009; Le et al., 2000; 

Shirouzu, Nishiyama, Hikima, & Tojo, 2008). Katikaneni et al used ultrasound and 

iontophoresis to deliver daniplestim into and across hairless rat skin in vivo and found 

that the effect of the treatments was dependent on the drug concentration in the 

formulation applied on skin (Katikaneni et al., 2010). Furthermore, they found that 

iontophoresis could be able to allow a controlled release type of profile as the 

application of current might have helped to maintain the drug levels for a long period 

of time after the ultrasound treatment (Katikaneni et al., 2010). Le et al reported a 

synergistic effect of ultrasound and iontophoresis on transdermal heparin transport 

through pig skin. Transdermal delivery of heparin during iontophoresis across 

ultrasound-pretreated skin (the combination of iontophoresis and sonophoresis) during 

the first hour as well as over 24h is significantly higher than that observed during 

ultrasound alone or iontophoresis alone (Le et al., 2000). Long-term heparin flux 

during the combination of ultrasound and iontophoresis is about 2 fold higher 

compared to ultrasound alone or iontophoresis alone (Le et al., 2000).  

Hikima et al investigated the use of combination of sonophoresis (300 kHz, 

5.2 W/cm2, 5.4% duty-cycle) and iontophoresis (0.32 ± 0.03 mA/sq.cm) on hairless 

mouse skin in vitro and reported that the penetration profiles of compounds with a 

molecular weight of less than 500 were influenced by the presence of an electric 

charge, the profiles of ionized chemicals for ITP & LFS were the same as profiles for 

ITP, while the penetration flux of a non-ionized chemical synergistically increased 
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with ITP & LFS compared with the individual flux of LFS and ITP (Hikima et al., 

2009). The chemicals with molecular weight of more than 1000 showed synergistic 

effects with ITP & LFS. The mathematical simulation assuming a bilayer skin model 

revealed that the synergistic effects were mainly influenced by electroosmosis in the 

stratum corneum (Hikima et al., 2009). Therefore the synergistic effects of ITP & LFS 

was mainly caused by the stratum corneum diffusivity of chemicals increased by LFS 

and the electroosmotic water flow by ITP application. This observation also explained 

the superior result we obtained in the sonophoresis and anodal iontophoresis group 

(electroosmosis), as compared with the combination of sonphoresis and cathodal 

iontophoresis (electrorepulsion). Also, the ultrasound (LFS) and iontophoresis (ITP) 

combination synergistically increased the penetration flux of a chemical with large 

molecular weight in vitro (Shirouzu et al., 2008). Low-frequency sonophoresis 

changed the skin structure and increased the diffusivity of chemicals in the stratum 

corneum (Hikima et al., 2009) (Wearley, Jue-Chen, & Chien, 1989) while 

iontophoresis produced the additional physical forces of electrorepulsion and 

electroosmosis, according to the chemical structure.  These phenomena enhanced the 

movement not only of chemicals but also of water in the stratum corneum, and 

electroosmosis was the key factor in the synergistic effects (Hikima et al., 2009). 

Hikima et al also concluded that the synergistic effects appeared in the separate 

treatment and not in the simultaneous treatment with LFS and ITP (Hikima et al., 

2009). It is therefore desirable for ITP to be applied to skin pretreated with low-

frequency ultrasound, as performed in our study (Hikima et al., 2009). 

A combination of ultrasound and iontophoresis offers significant advantages 

over either of them alone, specifically (i) enhancement of transdermal flux: a 

combination of ultrasound and electric current offers a higher enhancement than that 
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offered by each of them individually under the same conditions, (ii) reduction of the 

required voltage/current to achieve the desired flux: since ultrasound pretreatment 

reduces skin resitivity, a lower voltage is required to deliver a given current during 

iontophoresis compared to that in controls, (iii) transdermal delivery of large 

molecules: ultrasound pretreatment reults in the formation of new transport pathway 

which allow transport of macromolecules, it should reduce the size-selectivity of skin 

permeability, thus allowing transdermal delivery of macromolecules, (iv) active 

control of transdermal drug transport: the combination of ultrasound and 

iontophoresis may be used to develop a relatively complex device for drug delivery, 

where ultrasound preatreatment is used to permeabilize skin and electric current is 

used to control the flux. This method may be beneficial in achieving a rapid temporal 

control of transdermal flux (Le et al., 2000).  

Differenty, Hikima et al reported that the penetration enhancement factor of 

ionized chemicals for anodal and cathodal iontophoresis was almost the same value 

when combined with sonophoresis (Hikima et al., 2009). The penetration flux of the 

nonionized chemical hydrocortisone for LFS + anodal ITP (1.83 ug/cm2/h, 30.5-fold 

greater than the flux of the control) was greater than that of LFS (0.16 ug/cm2/h, 2.67-

fold) and anodal ITP (0.53 ug/cm2/h, 8.83-fold). Thus, they suggested that the 

synergistic effects of sonophoresis and iontophoresis occurred with neutral chemicals 

with molecular weight of less than 500 (Hikima et al., 2009). The penetration flux of 

the nonionized chemical vitamin B12 for LFS + anodal ITP (177-fold greater than 

that of the control) was almost the same value as the multiplication product of that for 

LFS (10.7-fold) and anodal ITP (19.6-fold) (Hikima et al., 2009). The same 

phenomenon occurred for the ionized chemical vancomycin hydrochloride. Thus the 

synergistic effects of sonophoresis and iontophoresis was also achieved for chemicals 
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with molecular weight of greater than 1000 irrespective of the electric charge (Hikima 

et al., 2009). The synergistic effects of skin penetration of vitamin B12 with LFS + 

ITP were previously reported. (Shirouzu et al., 2008). Furthermore, Hikima et al 

suggested that the synergistic effects of ultrasound and iontophoresis was absent from 

chemicals whose delivery was mainly enhanced by electrorepulsion (Hikima et al., 

2009). Also, chemicals that had increased convective flow (a major mechanism of 

enhancement by iontophoresis) with ultrasound treatment showed synergistic effects 

in skin penetration with the use of combination of ultrasound and iontophoresis  

(Hikima et al., 2009). 

In addition, sonophoresis has been shown to exhibit a synergistic effect when 

used in combination with other enhancement methods such as microneedles or 

chemical enhancers. Chen et al. evaluated the synergistic effects of low-frequency 

ultrasound (20 kHz) with microneedles for delivery of two drug types (B. Chen et al., 

2010). For delivery of calcein, they observed that skin permeability was enhanced up 

to five times by microneedles in comparison with passive diffusion, seven times for 

sonophoresis, and nine times by a combination low frequency ultrasound with 

microneedles. Similar results were achieved with bovine serum albumin. Increment 

ratios of transdermal drug delivery were increased seven times by microneedles, 8.5 

times by sonophore-sis, and 12 times by a combination of low frequency ultrasound 

and microneedles. These results showed the combination of sonophoresis and 

microneedles greatly enhanced the drug delivery rates compared to passive diffusion 

and either microneedles or ultrasound alone. Addtionally, a synergistic effect of 

sonophoresis and chemical treatment has been shown to enhance transdermal 

transport. Meidan et al. reported a synergistic effect with a combination technique of 

sonophoresis (1.1 MHz and 3.3 MHz) and azone as chemical enhancer (Meidan, 
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Docker, Walmsley, & Irwin, 1998). Synergistic effects between phonophoresis and 

azone treatment was observed for enhancement of percutaneous hydrocortisone 

transport. Pretreatment using azone enhancer increased the hydrocortisone 

permeability almost six-fold. Furthermore, sonication of azone-pretreated skin 

enhanced hydrocortisone permeation by a further 2.5-fold compared to azone 

pretreatment alone. Synergistic effects of sonophoresis and various enhancers of 

transdermal drug delivery have been confirmed through several studies. Combining 

certain technologies and techniques with sonophoresis may offer an advantageous 

method for drug delivery. The practicality and usefulness of combinations of these 

techniques will require further research (D. Park et al., 2014). 

Skin distribution studies 

Epidermis Dermis Total Skin
0

1

2

3

5

10
Passive

Anodal ITP

Cathodal ITP

LFS

Anodal ITP + LFS

Cathodal ITP + LFS

* *
*

*
* *

*
*

*

Skin layers

A
v
g

 A
m

t/
s
q

.c
m

 (
µ

g
/s

q
.c

m
) 

±
 S

D

 

Figure 84. Levels of methotrexate in dermatomed human cadaver skin 

After 24h permeation studies, the distribution of MTX in different layers of 

the skin were measured. The total amount of MTX in untreated skin (passive, 0.40 ± 

0.08 µg/sq.cm) was significantly lower than that in anodal ionophoresis (anodal ITP, 

2.15 ± 0.51 µg/sq.cm, p<0.05), low-frequency iontophoresis (LFS, 8.22 ± 1.21 
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µg/sq.cm, p<0.05), combination of sonophoresis with anodal iontophoresis (anodal 

ITP + LFS, 9.10 ± 2.65 µg/sq.cm, p<0.05) and cathodal iontophoresis (cathodal ITP + 

LFS, 8.06 ± 0.45 µg/sq.cm, p<0.05). However, cathodal iontophoresis alone delivered 

a comparable amount of MTX to skin layers (0.69 ± 0.31 µg/sq.cm) to the passive 

group (n=4, p=0.12). Similarly, no significant difference was observed in the drug 

level in skin after treatment by sonophoresis alone and the combination of cathodal 

iontophoresis and sonophoresis (p=0.81). The enhancement trend was observed 

consistently in both epidermis and dermis layers of skin (Figure 84).  

Alvarez-Figueroa et al  have obserbed a scant ability of MTX to penetrate the 

skin by passive diffusion (Alvarez-Figueroa et al., 2001), only detectable in the 

receptor solution when MTX concentration in the donor solution was high enough. 

Increasing MTX concentration in the donor solution led to significant increases in the 

amount of drug accumulated into the skin, which ranged from 2.38±0.46 to 6.21±0.50 

ug/cm2 (Alvarez-Figueroa et al., 2001). The results are in agreement with those of 

Weintein et al. (Weinstein et al., 1989), who investigated the passive diffusion of 

MTX across human skin. These authors found that transdermal penetration of MTX 

from an aqueous donor solution containing 2% MTX was about 5 ug/sq.cm after 48 h. 

It is clear then that transdermal delivery of MTX almost certainly requires some sort 

of enhancing technique, such as a chemical absorption-promoter (Chatterjee et al., 

1997) or iontophoresis (Singh & Singh, 1995), since passive penetration into the skin 

may be sufficient for treatment of psoriasis, though this cannot be confirmed since the 

skin concentrations required for therapeutic effect are not know (Alvarez-Figueroa et 

al., 2001). The amount of MTX entering and remaining in the skin tends to increase 

with increasing current density, increasing MTX concentration, and declining NaCl 

concentration in the donor solution a higher current density led to higher MTX 



 

322 

 

accumulation only in the experiments performed with 3 mg/ml MTX. Similar values 

(13.5±2.9 µg/sq.cm) were obtained by Lu et al. (Lu et al., 1997) using rabbit ear skin 

and gels containing 0.5 - 1.0% of MTX and 4% N,N-diethyl-n-toluamide DEET). The 

relatively high levels of MTX reached in the skin after iontophoresis suggest that this 

technique may be appropriate for the treatment of psoriasis; however, this cannot be 

confirmed until the con-centration of MTX required for therapeutic effect is 

established (Alvarez-Figueroa et al., 2001). 

Conclusion 

In this study, we employed low-frequency sonophoresis and cathodal/anodal 

iontophoresis to enhance the in vitro transdermal delivery of methotrexate. After the 

physical treatment, we visualized the skin in dye binding studies. Sonophoresis 

treatment resulted in a failure in the skin integrity―a significant increase in 

transepidermal water loss, a marked decrease in skin electrical resistance, and a 

substantial increase in skin temperature. Using in vitro permeation studies on 

dermatomed human cadaver skin, we found that the use of both iontophoresis and 

sonophoresis resulted in a significantly higher drug permeability than the untreated 

group. The combination of sonophoresis and iontophoresis caused a significant 

increase in the drug delivery into and across skin (p<0.05). 
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CHAPTER 10 

FABRICATION, CHARACTERIZATION, AND APPLICATION OF SUGAR 

MICRONEEDLES FOR TRANSDERMAL DRUG DELIVERY 

Abstract 

The objective of this study was to fabricate and characterize maltose 

microneedles for the transdermal delivery of doxorubicin in vitro. Sharp and 

mechanically uniform microneedles were obtained that dissolved rapidly on 

microporation. Various characterization tests were performed, including dye binding, 

histology, pore uniformity, confocal laser microscopy and measurement of skin 

integrity, and these tests demonstrated the success of microporation. A significant 

increase in the in vitro permeation of doxorubicin across human skin, independent of 

the drug concentration and with a distinct reduction in lag time was obtained. The 

maltose microneedles fabricated successfully improved the efficacy of doxorubicin 

permeation and can be exploited as a promising tool for enhanced transdermal drug 

delivery. 

Introduction 

Skin is a large, accessible and attractive route for the administration for 

therapeutic molecules. Drug delivery through skin offers multiple advantages such as 

bypassing first-pass metabolism, avoiding frequent parenteral administrations, better 

patient compliance, ease of monitoring, protection from harsh gastrointestinal 

conditions, reduction of systemic drug exposure, simulation of intravenous infusion, 

sustained delivery of drugs with short half-lives, and the ease of terminating drug 

delivery (Banga, 2011; Kalluri & Banga, 2011). However, the outermost lipophilic, 

extremely low permeable (10-15 µm thick) skin layer, stratum corneum, composed of 

dead keratinocytes embedded in a lipid matrix, proves a major obstacle to skin 
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delivery (Banga, 2006, 2011; Li, Badkar, Kalluri, & Banga, 2010) limiting the 

transdermal delivery of small and/or moderately lipophilic compounds (Banga, 2006, 

2011; Kalluri & Banga, 2011; Kolli & Banga, 2008; Li et al., 2010; Sachdeva, Zhou, 

& Banga, 2013). Several enhancement techniques such as penetration enhancers, 

microneedles, iontophoresis (electrical energy), laser ablation, sonophoresis 

(ultrasound), microdermabrasion, thermal, radiofrequency ablation and their 

combinations have been extensively explored to overcome this barrier to drug 

delivery (Banga, 2006, 2009; Sachdeva & K Banga, 2011; Scott & Banga, 2015). 

Microneedle-mediated delivery is a minimally invasive, painless, cost-

effective, controllable, patient-compliant technique to significantly enhance 

trans/intra-dermal delive(Kalluri & Banga, 2011; Katikaneni, Badkar, Nema, & 

Banga, 2009). Upon insertion into skin, microneedles circumvent the stratum 

corneum, penetrate the epidermis layer to create hydrophilic, interstitial fluid-filled, 

micron-sized conduits in skin (microchannel) that are deep enough to fail the skin 

barrier function, shallow enough to not reach the nerve endings in the dermis layer, 

big enough to be the passage of therapeutic agent of any size (monoclonal 

antibody(Li, Badkar, Nema, Kolli, & Banga, 2009), vaccines (Sullivan et al., 2010), 

proteins and peptides (Katikaneni, Li, Badkar, & Banga, 2010; N. D. Singh & Banga, 

2013), cosmeceuticals (Scott & Banga, 2015)), and still, small enough to avoid 

irreversible damage to skin, irritation and infection (Banga, 2006, 2009, 2011; 

Donnelly et al., 2009; Kalluri & Banga, 2011; Kalluri, Kolli, & Banga, 2011; 

Katikaneni et al., 2009; Kolli & Banga, 2008; Li et al., 2009; Prausnitz, 2004; 

Sachdeva & K Banga, 2011; Vemulapalli, Yang, Friden, & Banga, 2008).  

Micron-sized needles (microneedles) have been fabricated using different 

materials (silicon, titanium, stainless steel, glass, and polymers) in a plethora of 
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designs (solid/hollow/coated/dissolvable microneedles), geometries, densities, shapes 

and dimensions to deliver therapeutic agents to the target site/depth in skin (Banga, 

2009, 2011; Kalluri & Banga, 2011; Kolli & Banga, 2008; Miyano et al., 2005; 

Sachdeva & K Banga, 2011; N. Singh, Kalluri, Herwadkar, Badkar, & Banga, 2012). 

However, potential issues of metal, glass and/or silicon microneedles (breakage of the 

needles in the skin, manufacturing costs and complexities) led to the development of 

biodegradable and biocompatible polymeric microneedles(Abla, Chaturvedula, 

O’Mahony, & Banga, 2013; Banga, 2011; Kalluri et al., 2011; Kolli & Banga, 2008; 

Miyano et al., 2005; Park, Allen, & Prausnitz, 2005; Sullivan et al., 2010).  

Biodegradable microneedles have been fabricated from sugars such as sucrose, 

trehalose (Martin, Allender, Brain, Morrissey, & Birchall, 2012) and maltose (Lee, 

Lee, & Jung, 2011; Miyano et al., 2005). Maltose (a carbohydrate and a GRAS 

substance) is a safe excipient for drug delivery systems (Lee et al., 2011; Miyano et 

al., 2005). It has been used to fabricate drug-loaded, dissolvable microneedles for 

mass production using the inexpensive micro-molding technique (Miyano et al., 2005) 

or stepwise controlled drawing lithography (Lee et al., 2011). The needles obtained 

demonstrate strong mechanical properties and rapid dissolution in skin. Besides, the 

microneedles have been used to perforate skin and create microchannels followed by 

the application of formulations (Banga, 2006) to significantly enhance transdermal 

delivery of various compounds across and into porated skin including nicardipine 

hydrochloride in vivo and in vitro (Kolli & Banga, 2008), vismodegib in vitro 

(Nguyen & Banga, 2015), daniplestim in vivo (13kDa protein) (Katikaneni et al., 

2010), calcein and human growth hormone in vitro (Kumar & Banga, 2012), 

methotrexate in vitro and in vivo (Vemulapalli et al., 2008), human immunoglobulin 

in vitro and in vivo (Li et al., 2010), glycopyrrolate in vitro (Gujjar & Banga, 2014a), 
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human IgG in vitro (Li et al., 2009), ascorbic acid-2-glucoside and niacinamide in 

vivo (Lee et al., 2011), leuprolide in vivo (Sachdeva et al., 2013), methotrexate in vitro 

(Sivaraman & Banga, 2016), diclofenac diethylamine in vitro and in vivo (Gujjar & 

Banga, 2014b), cyanocobalamin in vitro (Yang, Kalluri, & Banga, 2011, p. 12), low 

molecular weight heparin in vitro (Lanke, Kolli, Strom, & Banga, 2009), ascorbate, 

sodium salicylate, and calcein in vitro (Miyano et al., 2005), ropinirole hydrochloride 

in vitro (N. D. Singh & Banga, 2013) and epigallocatechin‐3‐gallate in vitro (Puri, 

Nguyen, & Banga, 2016). Maltose microneedles are designed to break the skin barrier 

and dissolve in skin within minutes, creating microchannels for drugs to diffuse into 

skin layers (Katikaneni et al., 2009, 2010; Kolli & Banga, 2008). Furthermore, 

maltose microneedles have been proved safe for hum(Miyano et al., 2005) avoid 

disposal complexities and can be loaded with proteins, peptides or other therapeutic 

compounds (≤ 10%) for transdermal delivery(Miyano et al., 2005). Moreover, the 

combination of microneedles and other physical enhancement techniques especially 

iontophoresis have shown a synergistic effect on drug delivery(Gujjar & Banga, 

2014a; Katikaneni et al., 2009; Kumar & Banga, 2012; Lanke et al., 2009; Sachdeva 

et al., 2013; N. D. Singh & Banga, 2013; Vemulapalli et al., 2008),  

Doxorubicin possesses high antimitotic, cytotoxic and anti-tumor activity and 

is regarded among the most common and effective anthracycline 

chemotherapeutic(Wu, Xu, Jiang, Shen, & Pu, 2015). However, its application in the 

clinic is always accompanied with severe side-effects such as cumulative 

cardiotoxicity and intrinsic or acquired drug resistance of tumors (Kim, Kabanov, & 

Bronich, 2009). DOX is a hydrophilic anticancer agent and administered by venous or 

arterial injection (Wu et al., 2015). Its short half-life (20 - 48 hours), low 

bioavailability, high dose, dose-dependent toxicity makes it a suitable candidate for 
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sustained transdermal system drug delivery. Moreover, it’s hydrophilic nature and 

moderately high molecular weight (579.98 g/mol) has been of interest to researchers 

for the development of drug-loaded dissolving microneedles and near-infrared-light-

triggered biodegradable polycaprolactone microneedles (Chen, Wang, Chen, Ling, & 

Liu, 2015). In addition, DOX has been encapsulated into poly(lactic-co-glycolic) acid 

nanoparticles and coated on metal microneedles for direct and minimally invasive 

intra-tumoral delivery (Ma, Boese, Luo, Nitin, & Gill, 2015). Furthermore, the 

orange-red fluorescent properties of DOX allows the detection of its diffusion pattern 

in skin tissues (Chen et al., 2015; Ma et al., 2015).  

In the current study, we aimed to fabricate and characterize maltose 

microneedles (scanning electron microscopy, mechanical properties, in situ 

dissolution), used them to perforate dermatomed human cadaver skin followed by 

characterization of the microneedle-created pores (dye binding, histology, pore 

uniformity, confocal laser microscopy studies, measurement of transepidermal water 

loss and skin electrical resistance values). The in vitro transdermal delivery of DOX 

across and into dermatomed human skin was also assessed. For the first time, the 

dimensions of the microchannels created in human skin were measured using SEM 

images, the mechanical properties of maltose microneedles using Parafilm M® film 

was determined and the quantitative analysis of the skin permeability of DOX in vitro 

was performed. This study can successfully provide some foundation for future in 

vivo and clinical studies on maltose microneedles as well as the transdermal delivery 

of DOX.   
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Materials and methods 

Materials 

Doxorubicin hydrochloride was purchased from Medchemexpress (NJ, USA). 

Phosphate buffered saline (PBS, 0.1 M, pH 7.4 ± 0.1) and maltose monohydrate were 

obtained from Fisher Scientific (Fair Lawn, NJ, USA). Fluoresoft® (0.35 %) was 

procured from Holles Laboratories Inc. (Cohasset, MA, USA), methylene blue dye 

from Eastman Kodak Co (Rochester, NY, USA). FluoreSpheres® (0.2 µm) were 

obtained from InvitrogenTM (Carlsbad, CA, USA). Polydimethylsiloxane (PDMS) 

(Sylgard® 186 silicon elastomer base and curing agent) was procured from Dow 

Corning (Midland, MI, USA). Optimum Cutting Temperature (OCT) compound was 

purchased from Tissue-Tek (Sakura Finetek, Torrance, CA, USA) while all the other 

chemicals were obtained from Sigma-Aldrich (St. Louis, MO, USA). Cadaver 

dermatomed human skin (thickness 0.73 ± 0.10 mm, n=12) were obtained from 

Science Care (Coral Springs, FL, USA).  

Solid stainless steel microneedles or master structures and spring-loaded 

applicator were procured from Micropoint Technologies Pte, Ltd. (CleanTech Loop, 

Singapore). Each master structure consisted of 100 (10x10) pyramidal-shaped solid 

stainless steel microneedles with needle height of 500 µm, base dimensions of 150 

µm x 150 µm and needle-to-needle spacing between adjacent microneedles of 500 

µm.  

Methods 

Fabrication of maltose microneedles 

The method of fabricating the maltose microneedles was adopted from 

techniques described by Park et al  (Park et al., 2005) (Figure 85) and Miyano T et al 

[19]. A PDMS mixture was blended and added to pre-dusted master molds. Followed 
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by centrifugation (4000 rpm, 30 min, 250C, centrifuge 5810R, Eppendorf, Hamburg, 

Germany) and application of vacuum (200 mbar, 30 min, 250C, vacuum drying oven, 

Germany) to remove air bubbles. Finally, on curing at 1000C for 5 hours, the molds 

required to fabricate the maltose microneedles were obtained and separated manually. 

Maltose powder was melted and added to the prepared molds and pulled into the 

channels of the mold using a vacuum oven (200 mbar, 30 min, 1800C). On freezing at 

-200C for 30 min, the maltose microneedles were successfully fabricated and stored in 

a desiccator for future use.  

 

Figure 85. Fabrication process of maltose microneedles by micromolding technique 

Skin treatment 

The maltose microneedles were pressed on to dermatomed human skin pieces, 

each measuring 2x2 cm2 in area, using a spring-loaded applicator. The treated skin 

samples were further used for characterization and used in vitro permeation studies. 

Scanning electron microscopy 

Scanning electron microscopy (SEM) was performed to evaluate the needle 

length, base dimension, tip diameter, needle-to-needle distance and surface 

morphology of the maltose microneedles, as described by us previously (Nguyen & 

Banga, 2015). The microported skin samples were fixed on Polysine® microscope 

slides using 1% formalin (Sigma-Aldrich, MO, USA) followed by drying in a vacuum 

oven (500C, 200 mbar, 30 min). The dried skin samples were then mounted on pin 

stubs and sputter coated. The maltose microneedles were sputter coated as well to 
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enable visualization by SEM.  Using ImageJ software, the SEM images were analyzed 

to measure the area of the microchannels formed in the treated skin samples as well as 

the tip diameter of the microneedles (n=10) (National Institute of Health, Bethesda, 

MD, USA).  

Mechanical properties of maltose microneedles 

The uniformity of microneedles on arrays in terms of mechanical strength is 

pivotal to achieve consistent channels in skin tissues. Thus, the mechanical uniformity 

of the maltose microneedles was investigated by applying them on ten layers of 

parafilm (0.14 ± 0.01 mm thick, n=4) stacked together, using an applicator. Post 

treatment, each layer of parafilm was separated and visualized under Leica DM 750 

microscope. The dimensions of the pores created in the first parafilm layer (n=20) 

were measured as well as the number of pores formed in the last parafilm layer was 

analyzed.    

In situ dissolution of microneedles 

Dissolution kinetics of the microneedles on dermatomed human cadaver skin 

was investigated at time intervals of 1, 2, 3, 4 and 5 minutes, after which, the needles 

were observed under SEM. Any change in dimensions of maltose microneedles is 

indicative of dissolution of the needles.  

Dye binding studies 

Microneedle treated skin was stained with 1% w/v methylene blue solution 

and visualized under ProScope HR Digital USB Microscope. Images of skin surface 

were obtained to confirm skin microporation and used to measure the pore-to-pore 

distance (n=10) [25].  
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Histology studies 

Microneedle treated skin was stained with methylene blue dye and frozen in 

Tissue-Tek® optimal cutting temperature compound to obtain vertical sections, 10µm 

in thickness, using Microm HM505E (Southeast scientific Inc, GA, USA). The 

sections were then stained hematoxylin and eosin followed by observation under 

Leica DM 750 microscope.  

Pore uniformity studies 

Fluorescent staining of treated skin was conducted with Fluoresoft® (0.35%) 

solution (Gujjar & Banga, 2014a; Kolli & Banga, 2008; Nguyen & Banga, 2015). 

Pore Permeability Index (PPI) and distribution of fluorescent intensity in each pore 

were investigated using ImageJ and Fluoropore software (Altea Therapeutics, GA, 

USA); the relative intensity of calcein in pores relative to each other is used as a 

measure of pore uniformity.  

Confocal laser microscopy studies 

The depth of the microchannels formed in the skin was determined by 

confocal laser microscopy (Nguyen & Banga, 2015). Microneedle-treated skin was 

stained with Fluoresoft® (0.35%) and scanned under a computerized Leica SP8 

confocal laser microscope at 496 nm (Switzerland) to study the distribution pattern of 

calcein and the depth of the channels.  

Skin integrity measurement 

The barrier integrity of dermatomed human cadaver skin was evaluated 

rapidly and non-invasively by skin electrical resistance and transepidermal water loss 

assessment. The experiment protocol has been elaborated in our previous works 

(Nguyen & Banga, 2015; Puri et al., 2016; Sivaraman & Banga, 2016). Resistance 

was measured by passing an alternating current (100 mV, 10 Hz) through the skin 
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while TEWL values were obtained using a VapoMeter (Delfin Technologies Ltd, 

Finland). Failure of skin barrier function by microneedle and laser treatment was 

recognized by a decrease in skin resistance or an increase in TEWL value (n=4).  

In vitro permeation studies  

The experimental set-up for in vitro permeation study (Nguyen & Banga, 

2015; Puri et al., 2016) consists of Vertical Franz diffusion cells (0.64 sq.cm 

permeation area, PermeGear, Inc., PA, USA) set with a donor chambers containing 

200 µL of 4.0 mg/mL DOX (untreated and MN 4 mg/mL) or 2.0 mg/mL DOX in DI 

water (MN 2 mg/mL) while the receptor compartments contain 5 ml of 10 mM PBS 

solution (pH 7.4) each. Untreated skin as control and maltose microneedle-treated 

(MN 4mg/mL and MN 2 mg/mL) dermatomed human cadaver skin samples were 

clamped between the donor and receptor parts with the stratum corneum facing 

upwards. Aliquots of 300 µl receptor fluid were removed at 0, 1, 2, 4, 6, 8, 10, 22 and 

24h, followed by replacement with equal volumes of fresh receptor solution. The 

cumulative amount of DOX permeated through unit diffusion area was plotted against 

time (n=4). Lag time of DOX permeability was calculated as the x-intercept of the 

linear portion (R2>0.96) of this curve (Gujjar & Banga, 2014a) 

Skin distribution studies 

The distribution of DOX in different layers of the skin was estimated (Nguyen 

& Banga, 2015)fter 24h permeation studies. DOX solution in the donor chamber was 

removed using two dry and two receptor-soaked q-tips followed by tape stripping (D-

Squame stripping discs D101, CuDerm, Dallas, TX, USA) the skin twice using a D-

Squame pressure instrument (Pressure applied 225 g/sq.cm, pressure area 22.24 mm, 

CuDerm, Dallas, TX, USA) for proper adhesion. The tapes were removed quickly 

with forceps and contained the drug remaining on the skin surface. In order to 
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measure the drug levels in the skin, the epidermis was separated from the dermis 

using forceps and were both minced individually with surgical scissors and placed in 

separate 6-well plates. DOX was extracted from the skin pieces using 2 mL ethanol 

under continuous shaking at 100 rpm for 24h at room temperature. The samples were 

then filtered through a 0.2µm filter and analyzed using High-Performance Liquid 

Chromatography (HPLC). 

Quantitative analysis 

The concentration of DOX in the samples were analyzed by an isocratic 

reversed-phase high-performance liquid chromatography (RP-HPLC) method using 

Waters Alliance HPLC system (2795 Separating Module) equipped with a fluorescent 

detector (Waters 2475) and EmpowerTM software version 2 (Waters Co., Milford, 

MA, USA). A mixture of acetonitrile and deionized water (0.1% Triethylamine, 

adjust to pH 3.0 by o-phosphoric acid 85%, Fisher Scientific, Fair Lawn, NJ, USA) 

(30:70 v/v) flowed through Kinetex C18, 5 µm, 150x4.6 mm (Phenomenex, Torrance, 

CA, USA) at a rate of 1.0 mL/min at 350C. Injection volume was 20 µL while the 

excitation and emission wavelengths were 480 and 560 nm, respectively and the run 

time was 5 minutes. This HPLC method provided a linear range of 1-50,000 ng/mL 

(R2=0.99). 

Statistical analysis  

All results were reported as mean with standard deviation (SD) (n≥4). 

Statistical calculations were performed in Microsoft Excel Worksheets. The Student’s 

t-test and One-Way ANOVA followed by Tukey HSD posthoc test were used to 

compare the results of different groups. Statistically, a significant difference was 

depicted by a p-value < 0.05. 
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Results and discussion 

Scanning electron microscopy 

The SEM images of small portions of microneedle arrays were magnified to 

measure the geometry, sharpness, dimensions and morphology of the microneedles 

(Chen et al., 2015; Kalluri & Banga, 2011; Kalluri et al., 2011; Li et al., 2009; Martin 

et al., 2012; Nguyen & Banga, 2015; N. D. Singh & Banga, 2013; Sivaraman & 

Banga, 2016; Vemulapalli et al., 2008).  

Solid maltose microneedles showed a rectangular - pyramidal geometry with a 

needle length of 440.53 ± 14.59 µm (n=10), a needle-to-needle distance of 513.86 ± 

6.20 µm (n=10), needle base side of 163.98 ± 3.74 µm (n=10) and needle tip diameter 

of 13.14 ± 4.48 µm (n=10). The needles appeared sharp, strong and uniform in 

dimensions (Figure 86). This design was in accordance with the suggestion from 

Miyano T et al that pitches for 500 µm-long needles should be more than 350 µm 

(Miyano et al., 2005). It helped to prevent the “bed of nail” effect that hinders the 

penetration of the needles to the target depth in the skin. These properties indicate the 

likeliness of the microneedles to bypass the skin indentation and perforate the 

epidermis of dermatomed human skin (Gujjar & Banga, 2014a; Miyano et al., 2005; 

Sivaraman & Banga, 2016).  

Furthermore, the maltose microneedles replicated the geometry and 

dimensions of the master structure. This result suggested that micromolding using the 

melting technique can be used to anticipate and control the quality of finished 

microneedle products. However, the replicates were not uniform due to shrinking of 

the polymeric matrix during drying, resulting in sharper/shorter/smaller microneedles, 

or incomplete filling of the mold with a viscous formulation (Martin et al., 2012). 
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A B C 

Figure 86. SEM images of (A, B) maltose microneedles and (C) a microneedle-

created pore in dermatomed human cadaver skin 

The surface area of microchannels affects the controlled drug transport and 

potential infection (Donnelly et al., 2009). SEM was used to visualize the maltose 

microneedle-formed channels in hairless rats (Kolli & Banga, 2008) and porcine ear 

skin (Kumar & Banga, 2012). The images indicated a close correlation between the 

shapes of microchannels with the structure of the microneedles. The results observed 

were in accordance with those obtained from previous studies(Kolli & Banga, 2008; 

Nguyen & Banga, 2015). In addition, we measured the precise area of the conduit in 

the human skin caused by the microneedles to be 17871.66 ± 2185.02 sq.µm (n=10) 

(66.46% of the average area of microneedle base; 2.79% the permeation area). This 

observation can be explained by the skin indentation as well as the immediate 

contraction of the pores after microneedle removal due to the inherent viscoelasticity 

of skin tissues (Li et al., 2010; Nguyen & Banga, 2015).  

Dimensions of the microchannels varied based on the geometry of the needles, 

methods of measurement, and insertion techniques. Fluorescent images of skin 

surface captured in confocal laser microscopy studies were used to measure pore 

diameter (Kalluri & Banga, 2011; Kalluri et al., 2011; Kolli & Banga, 2008; Li et al., 



 

336 

 

2010; N. D. Singh & Banga, 2013) and surface area of the microchannels (Nguyen & 

Banga, 2015). The actual area of the pores may be erroneously measured due to the 

non-circular shape of the pore, lateral diffusion of the dye or unclear border of the 

stained area. However, these potential issues were solved using the measurement 

method described in this study, providing a standard technique for the characterization 

of microchannels in skin.   

Mechanical properties of maltose microneedles 

Microneedles need to possess sufficient sharpness and mechanical strength to 

penetrate the skin (Chen et al., 2015; Nguyen & Banga, 2015). Furthermore, the 

uniformity of microneedles-length, mechanical properties, and drug content also 

affect the efficacy of microneedle treatment. In this study, we used Parafilm M® film 

to evaluate the mechanical uniformity of maltose microneedles (Figure 87).  

   

A B C 

Figure 87. Microscopic images of Parafilm M® film (A) untreated, (B) first layer and 

(C) second layer of maltose microneedle-treated film 

Maltose microneedles created 100 square-shaped pores on the first parafilm 

layer (side length 34.87 ± 1.54 µm, n=10), which were significantly smaller than the 

needle base (163.98 ± 3.74 µm, p=0.00). A small SD of the side length (1.54 µm) 

proves the mechanical uniformity of maltose microneedles. Also, indented areas of 

5283.20 ± 557.67 sq.µm (n=10) were observed around the pores. The indentation of 
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the film and difference in dimensions of pores and needles suggested that only a 

certain portion of the microneedles could penetrate viscoelastic materials.    

In addition, 100 maltose microneedles on array caused 100 pores on the 

second layer of Parafilm M® film. This result indicated the uniformity in the needle 

length. The insertion behavior depended on needle density/design, material, needle 

length, shape, tip radius, base diameter and needle geometry. In particular, Larraneta 

E et al reported that hydrogel-forming microneedles pierced around 100%  of the first 

parafilm layer, but less than 50% of the second one (Larrañeta et al., 2015). 

Furthermore, the size of the pores decreased from the first to the second parafilm 

layer, following the pyramidal shape of maltose microneedles (Figure 87).  

Based on the thickness of a single layer (140 ± 10 µm), we estimated the 

penetration depth of maltose microneedles into the Parafilm M® film to be 140-280 

µm. This observation was in agreement with the actual depth of microchannels in 

human skin (measured by confocal laser microscopy) and studies from other groups 

(Larrañeta et al., 2014, 2015). Therefore, Parafilm M® film proved to be a simple and 

effective model to study the insertion behavior, length uniformity and mechanical 

uniformity of maltose microneedles.  

In situ dissolution of microneedles  

We also investigated the dissolution kinetics of maltose microneedles in 

dermatomed human cadaver skin in situ. The needle length gradually decreased from 

440.53 ± 14.59 (0 minute), 218.89 ± 65.64 (1 minute), 154.45 ± 46.65 (2 minutes), 

102.83 ± 47.50 (3 minutes) to 54.08 ± 40.82 um (4 minutes) and disappeared (0.00 ± 

0.00 um) after 5 minutes in skin (Figure 88). Previous studies show a spontaneous 

and complete dissolution of soluble maltose microneedles in skin tissue within 2 

minutes to 20 minutes (Lee et al., 2011)  of insertion due to the hydrolytic cleavage of 
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maltase-glucoamylase in the interstitial fluid of the skin (Martin et al., 2012; Miyano 

et al., 2005). In addition, there was no significant change in the base dimension with 

time (Figure 88). This result was in accordance with previous studies on the 

dissolution of tetrahedron shaped maltose microneedles in porcine ear skin where a 

decrease in length from 505.90 ± 9.54 (0 minutes), 179.70 ± 64.54 µm (1 minute), 

86.90 ± 67.53 µm (2 minutes) to 0 µm (4 minutes) was observed without any change 

in the needle base (Nguyen & Banga, 2015). The indentation of skin upon the 

insertion of the microneedles prevents the contact of skin with the needle base, thus 

averting any change in the base of the needle. The rapid dissolution of the maltose 

microneedles facilitates drug release from the drug-loaded needles into the skin 

layers.  

   

0 min 1 min 2 min 

   

3 min 4 min 5 min 
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Figure 88. Dissolution kinetics of maltose microneedles in dermatomed human 

cadaver skin 

Dye binding studies  

Methylene blue dye, being hydrophilic in nature, was absorbed into the 

aqueous microchannels formed by the microneedles, staining them blue, while the 

intact skin, hair follicles and sebaceous glands in the vicinity remained unstained 

(Figure 89).  (Kalluri & Banga, 2011; Kalluri et al., 2011; Kolli & Banga, 2008; 

Kumar & Banga, 2012, 2012; Lee et al., 2011; Li et al., 2009; Martin et al., 2012; 

Nguyen & Banga, 2015; Sachdeva et al., 2013; Sivaraman & Banga, 2016) Staining 

of the microchannels using methylene blue enabled the visualization of 100 uniformly 

distributed microchannels in human skin caused by one hundred maltose 

microneedles on the array (100% insertion ratio) with a pore-to-pore distance of 

510.30 ± 15.06 µm (n=10) that was not significantly different from the needle-to-

needle distance on maltose microneedle array (p=0.50).  (Figure 89). The dye binding 

studies validated the success of microporation caused by the maltose microneedles 

(Kolli & Banga, 2008; Nguyen & Banga, 2015).  

  

A B 

Figure 89. Microscopic images of (A) untreated, (B) maltose microneedles-treated 

dermatomed human cadaver skin 
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Histology studies 

Histological images of the skin sections provided evidence of perforation by 

the maltose microneedles and enabled determination of the depth and/or shape of the 

microchannels in skin. An intact stratum corneum, epidermis and dermis layers 

(Figure 90.A) were observed in untreated skin, whereas the images of the treated skin 

proved the effectiveness of maltose microneedles to penetrate the stratum corneum 

and epidermis to reach the superficial layer of the dermis (Figure 90.B). An 

agreement in shape between somewhat triangular channels in the skin and pyramidal 

microneedles was observed as well, which was in accordance with results obtained in 

previous studies (Chen et al., 2015; Gujjar & Banga, 2014b; Kalluri & Banga, 2011; 

Kalluri et al., 2011; Lee et al., 2011; Li et al., 2009; Martin et al., 2012; Nguyen & 

Banga, 2015; Sachdeva et al., 2013; Sivaraman & Banga, 2016). The depth of the 

pores was found to be approximately 120 µm [(Chen et al., 2015). However, the 

physical distortion of the skin tissue and/or error in sectioning might alter the 

measured depth of the pores.  

  

A B 

Figure 90. Histological images of (A) untreated and (B) maltose microneedle-treated 

dermatomed human cadaver skin 
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Pore uniformity studies 

The uniformity of the pores created by the microneedles in the skin was 

established using calcein imaging (Abla et al., 2013; Gujjar & Banga, 2014a; Kalluri 

& Banga, 2011; Kalluri et al., 2011; Katikaneni et al., 2009; Kumar & Banga, 2012; 

Li et al., 2010; Nguyen & Banga, 2015; Puri et al., 2016; Sachdeva et al., 2013; Yang 

et al., 2011). Although the uneven surface of skin might affect the uniformity of 

microchannels formed by mechanically uniform maltose microneedles, pore 

uniformity studies lead to a uniform transport of therapeutic agents through every 

individual pore thereby aiding controlled and uniform transdermal drug delivery 

through the microneedle-treated skin. The insertion of the maltose microneedle 

resulted in uniform microchannels in the dermatomed human skin (average pore 

permeability index of 100 pores 5.70 ± 3.35) without any of the pores being assigned 

a zero PPI value. Additionally, a bell-shaped distribution pattern of the histogram as 

well as a narrow range of fluorescent intensity was observed which indicated 

uniformity in the microchannels created along with a relatively similar flux of calcein 

through each channel (Figure 91). In accordance with dye binding studies, the vicinity 

of microchannels and hair follicles withstood calcein staining. Similarly, suppression 

of the array substrate left the skin intact (Abla et al., 2013; Kalluri & Banga, 2011; 

Kalluri et al., 2011; Katikaneni et al., 2009; Kumar & Banga, 2012; Li et al., 2010; 

Nguyen & Banga, 2015; Puri et al., 2016; Sachdeva et al., 2013; Yang et al., 2011).  
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Figure 91. (A) Fluorescent image of maltose microneedle-treated dermatomed human 

skin with (B) pore permeability index and (C) histogram of fluorescent intensity 
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Confocal laser microscopy studies 

Confocal laser microscopy is a rapid, accurate and non-invasive technique to 

measure the actual depth of microchannels in the skin without physical artifacts 

(Kalluri & Banga, 2011; Kalluri et al., 2011; Kolli & Banga, 2008; Lanke et al., 2009; 

Li et al., 2010; Nguyen & Banga, 2015; Sivaraman & Banga, 2016). Hydrophilic 

calcein in Fluoresoft® or FluoreSpheres® could completely fill the microneedle-

created channels, however, appeared inert to lipophilic intact stratum corneum layer 

of untreated skin. Therefore, the distribution of calcein in the skin has been assumed 

to be the volume of the microchannels (Kalluri & Banga, 2011; Kolli & Banga, 2008; 

Nguyen & Banga, 2015). Therefore, we used z-stack (series of fluorescent images 

captured at the same horizontal position, however, at different depths) to scan the 

channels from the beginning of skin surface to the end where calcein signal visually 

disappeared.  
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Figure 92. Confocal images of maltose microneedle-treated dermatomed human 

cadaver skin 

A decrease in the fluorescent intensity with an increase in the depth of the 

channels was detected owing to the pyramidal shape of the channels and 

scattering/absorbance of the dye within skin tissue (Kolli & Banga, 2008) (Figure 92). 

Furthermore, we measured the depth of microchannels to be 120 ± 7.45 µm (n=10) 

(27.24% average length of maltose microneedles). This result was consistent with 
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other reports where typically only 10-30 % of the needle length penetrated the skin 

tissue (Kalluri & Banga, 2011; Kalluri et al., 2011; Lanke et al., 2009; Li et al., 2010, 

2010, 2010; Nguyen & Banga, 2015; N. D. Singh & Banga, 2013; Sivaraman & 

Banga, 2016). In particular, 600 µm-long AdminPatch® metal microneedles could 

reach to the depth of 160 ± 25 um in porcine skin (N. D. Singh & Banga, 2013), 500 

µm-long maltose microneedles created pores with the depth of 153.33 ± 20.82 µm (Li 

et al., 2010) or 160 µm (Kalluri & Banga, 2011; Kolli & Banga, 2008) or 140.5 ± 

10.12 um (Nguyen & Banga, 2015). This observation might be explained by the 

indentation of skin upon needle insertion (Kolli & Banga, 2008), the immediate 

dissolution of maltose microneedles (Kolli & Banga, 2008) and the immediate 

contract/resealing of skin after the needle removal. Also, the depth of microchannels 

depended on the insertion pressure, needle density, needle length, shape, sharpness, 

materials, viscoelasticity and integrity of skin samples (Kalluri et al., 2011). Based on 

the depth of the channels, we could conclude that maltose microneedles bypass the 

stratum corneum (10-15 µm thick) and the underlying epidermis layer (50-100 µm 

thick) to reach the superficial layer of the skin dermis (Banga, 2009, 2011). Consistent 

with dye binding, calcein imaging studies, hair follicles, appendages and untreated 

skin area resisted calcein staining to be invisible in confocal images (Figure 92) 

(Kolli & Banga, 2008).  

Interestingly, the protocol of confocal laser microscopy studies simulated the 

design of in vitro permeation studies, therefore, indicated the skin layer that drug 

formulation could reach initially. However, a different scenario was observed with 

drug-loaded dissolving microneedles, which were secured inside skin tissue to prevent 

the immediate resealing of skin (Chen et al., 2015; Miyano et al., 2005; Sullivan et al., 

2010).  
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Skin integrity measurement 

We have investigated the effect of physical treatment on the skin barrier 

function using TEWL (Kalluri & Banga, 2011; Kalluri et al., 2011; Kolli & Banga, 

2008; Lanke et al., 2009; Li et al., 2010; Martin et al., 2012; Nguyen & Banga, 2015; 

Vemulapalli et al., 2008) and skin electrical impedance measurement (Lanke et al., 

2009; Puri et al., 2016; Sivaraman & Banga, 2016). In this study, insertion of maltose 

microneedles resulted in an increase in TEWL value from 25.53 ± 2.13 to 29.30 ± 

5.49 g/m2h (n=4, p=0.25) as well as a significant decrease in skin electrical resistance 

from 30.93 ± 6.40 to 5.50 ± 0.36 kΩ/sq.cm (n=4, p=0.00) (Figure 93).  

 

(* indicated statistical difference from microneedle-treated group, p<0.05) 

Figure 93. Transepidermal water loss and skin electrical resistance values of untreated 

and maltose microneedle-treated dermatomed human cadaver skin 

These result indicated the disruption of skin integrity caused by the 

microneedle treatment to form microchannels in skin (Kalluri et al., 2011; Kolli & 

Banga, 2008; Lanke et al., 2009; Li et al., 2010; Puri et al., 2016; Vemulapalli et al., 

2008). Moreover, monitoring the TEWL value provided an insight into the extent of 

disruption of the skin(Kolli & Banga, 2008; Nguyen & Banga, 2015) and when it 
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recovered (Kalluri & Banga, 2011; Kalluri et al., 2011). The observations indicated 

that the larger the total area of microneedle-created pores in skin (bigger size of the 

individual pore and more number of pores), higher the TEWL value (Kalluri et al., 

2011; Kolli & Banga, 2008; Nguyen & Banga, 2015). A similar trend was noted in 

other in vitro (Gujjar & Banga, 2014b; Kolli & Banga, 2008; Nguyen & Banga, 2015; 

Puri et al., 2016) and in vivo (Li et al., 2010; Sachdeva et al., 2013) studies performed 

as well. Furthermore, linear correlation (R2=0.73-0.94) between the TEWL values 

corresponding to the in vitro permeability of diclofenac diethylamine (Gujjar & 

Banga, 2014b).  

Skin electrical resistance being a sensitive indicator for skin integrity, has been 

used to evaluate the efficacy of microneedles in previous studies where a marked and 

abrupt decreases in the skin resistance value up to 35 times in dermatomed porcine ear 

skin (Puri et al., 2016) and 10% in dermatomed human skin (Sivaraman & Banga, 

2016) was observed after maltose microneedle treatment.        

In vitro permeation studies  

In vitro permeation studies using vertical Franz diffusion cells have been used 

to measure skin permeability of various compounds (Gujjar & Banga, 2014a, 2014b, 

Puri et al., 2016, 2016; Sivaraman & Banga, 2016). In this study, dermatomed human 

cadaver skin was used to simulate the drug delivery in human subjects. A continuous 

accumulation of DOX into the receptor chamber was observed with time (Figure 94) 

and corresponding levels in skin were also measured (Figure 95). 
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(* indicated statistical difference from untreated group, p<0.05) 

Figure 94. Average cumulative amount of DOX delivered through untreated and 

maltose microneedle-treated human cadaver skin 

 

(* indicated statistical difference from untreated group, p<0.05) 

Figure 95. Doxorubicin levels in skin layers 

Cumulative delivery of DOX at 24h was significantly higher for the 

microneedle-treated groups (MN 2 mg/mL: 1.45 ± 0.03 µg/sq.cm, p=0.00 and MN 4 

mg/mL: 1.51 ± 0.09 µg/sq.cm, p=0.01) as compared to untreated skin (1.31 ± 0.04 

µg/sq.cm) (Figure 94). Microneedles have proved their success in enhancing 
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transdermal drug delivery in case of several other molecules as well, such as 

nicardipine hydrochloride (Kolli & Banga, 2008), ropinirole hydrochloride (N. D. 

Singh & Banga, 2013), vismodegib (Nguyen & Banga, 2015), daniplestim 

(Katikaneni et al., 2010), calcein and human growth hormone (Kumar & Banga, 

2012), methotrexate (Abla et al., 2013; Sivaraman & Banga, 2016; Vemulapalli et al., 

2008), human immunoglobulin G (IgG) (Li et al., 2010, 2009), glycopyrrolate (Gujjar 

& Banga, 2014a), ascorbic acid-2-glucoside, niacinamide (Lee et al., 2011), 

leuprolide (Sachdeva et al., 2013), caffeine (Larrañeta et al., 2015), diclofenac 

diethylamine (Gujjar & Banga, 2014b), cyanocobalamin (Yang et al., 2011), low 

molecular weight heparin (Lanke et al., 2009), ascorbate, sodium salicylate, and 

calcein (Miyano et al., 2005). The magnitude of enhancement, however, was a 

function of the needle length, needle density, needle materials, number of needles, 

skin viscoelasticity, pore density as well as the properties of the compounds (Li et al., 

2009; Nguyen & Banga, 2015; N. D. Singh & Banga, 2013; N. Singh et al., 2012). 

This result was in accordance with the characterization studies performed on the 

microchannels (dye binding, histology, confocal laser microscopy studies and skin 

integrity measurement) that validated the successful perforation of the dermatomed 

human skin by maltose microneedles. In addition, a reduction in the skin’s 

viscoelasticity (storage modulus and loss modulus) was seen which facilitates 

transdermal drug delivery (Nguyen & Banga, 2015) 

The change in drug concentration (from 2 mg/mL to 4 mg/mL) did not have 

any observable effect on the permeation of the drug (p=0.29) (Figure 94) suggesting 

that the effect of concentration of drug in the formulation is insignificant when 

compared the resistance caused by skin barriers. Studies performed by Li et al had 

conflicting results as they demonstrated a significant increase in the amount of IgG 
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transported through hairless rat skin with an increase in IgG concentration from 1 to 5 

to 20 mg/mL. However, the change of the concentration from 20 mg/mL to 40 mg/mL 

had no effect on the delivery (Li et al., 2009). Similarly, an increase in concentration 

of methotrexate in poloxamer formulations from 0.2 to 0.4 % w/w resulted in a 

significant enhancement in the drug permeability from 32.2 ± 15.76 to 114.54 ± 40.89 

μg/sq.cm for porcine ear skin and 3.89 ± 0.60 to 10.27 ± 6.98 μg/sq.cm for 

dermatomed human skin (Sivaraman & Banga, 2016). Based on the observations 

made in the aforementioned studies, it can be concluded that the drug concentration 

affects transdermal drug delivery until certain saturation levels are reached (Li et al., 

2009).  

Another essential attribute of transdermal delivery systems is lag time, which 

is the duration that a drug takes to bypass skin barrier to enter the systemic 

circulation. A shorter lag time concurs with more rapid onsets of delivery of drug to 

ensure faster achievement of therapeutic effect (Gujjar & Banga, 2014a). The lag time 

of the untreated group (37.26 ± 18.66 h) was significantly higher than that of MN 4 

mg/mL group (8.14 ± 5.27 h, n=4, p=0.02). However, there was no significant 

difference in lag time obtained for different concentrations of the drug, as in the MN 4 

mg/mL and 2 mg/mL groups (21.31 ± 13.80 h, p=0.12). This observation indicated 

that microneedle treatment considerably decreased the lag time of drug delivery, 

which however withstood the change in drug concentration. Reduction in lag time 

with other drugs such as nicardipine hydrochloride in vitro and in vivo (Kolli & 

Banga, 2008) and of low molecular weight heparin in vitro (Lanke et al., 2009) have 

also been observed in other studies. However, in the case of glycopyrrolate, the 

insertion of maltose microneedles in vitro did not cause any significant change in the 

lag time (Gujjar & Banga, 2014a).  
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Although the study performed lays the foundation for future in vivo and 

clinical studies on DOX delivery and application of maltose microneedles, differences 

between in vivo and in vitro drug delivery needs to be considered. Drug delivery in 

vivo has been found to be lower than that in vitro for IgG (Li et al., 2010), 

methotrexate (Vemulapalli et al., 2008), and nicardipine hydrochloride (Kolli & 

Banga, 2008)the cushioning effect of the underlying layers of skin that reduces the 

penetration depth of microneedles in vivo (Kolli & Banga, 2008). Furthermore, skin 

hydration by receptor solution may increase the drug permeability in vitro 

(Vemulapalli et al., 2008). In contrast, the lag time of delivery in vivo is lower than 

that in vitro possibly because in an in vitro setting on dermatomed skin, the drug has 

to bypass a portion of dermis layer before reaching and accumulating in the receptor 

whereas drug is spontaneously uptaken and cleared by blood circulation once it 

transports through the epidermis layer in vivo (Kolli & Banga, 2008). Differences in 

in vitro and in vivo delivery are dependent on the properties of the compounds, the 

skin models, and the microneedles (shape, materials, geometry, dimensions and 

density) as well (Li et al., 2010). 

Skin distribution studies 

After 24h permeation studies, the distribution of DOX in the different layers 

of the skin was measured. The amount of DOX in untreated skin (0.39 ± 0.05 

µg/sq.cm) was significantly lower than that in microneedles-perforated skin for both 

MN 4mg/mL (1.51 ± 0.34 µg/sq.cm, p=0.00) and MN 2 mg/mL groups (1.83 ± 0.47 

µg/sq.cm, p=0.00). However, insignificant alteration of drug levels in the skin was 

observed with the change in drug concentration (p=0.32). This result was constituted 

by the similar trend of DOX amount in epidermis and dermis layers. Insertion of 

maltose microneedles caused a marked enhancement in drug levels in both 
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epidermises (p=0.00) and dermis layers (p=0.00) of dermatomed human skin. Also, an 

increase in drug concentration from 2 mg/mL to 4 mg/mL resulted in no considerable 

change in the amount of DOX in the epidermis (p=0.54) and dermis layers (p=0.16). 

Similarly, we also reported an enhanced delivery of vismodegib into porcine ear skin 

layers after maltose microneedles treatment (Nguyen & Banga, 2015).  

Conclusions 

Maltose microneedles were fabricated by melting technique and characterized 

by dimensions, mechanical properties, and in situ dissolution kinetics. The needles 

successfully perforated dermatomed human skin to create 120 µm-deep uniform 

channels in the skin and fail the skin integrity. Microneedle insertion delivered a 

significantly higher amount of doxorubicin into the receptor and skin layers than 

passive diffusion. Change of drug concentration from 2mg/mL to 4 mg/mL caused an 

unmarked alteration in drug delivery in vitro.   
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CHAPTER 11 

DETERMINATION OF VISMODEGIB BY GRADIENT REVERSE-PHASE 

HIGH-PERFORMANCE LIQUID CHROMATOGRAPHY 

Abstract 

This paper presents a sensitive, specific and reliable gradient reverse-phase 

high-performance liquid chromatography method for determination of vismodegib. 

Vismodegib was analyzed on a Phenomenex Luna C18 analytical column (150x4.60 

mm, 5 µm) using acetonitrile–water (0.05 % v/v trifluoroacetic acid) as mobile phase 

at a flow rate of 1.0 mL/min. The method provided a good linearity (R2 = 1.000) over 

the range 0.1–50 µg/mL. The assay method was successfully applied to study 

vismodegib solubility in 10 mM phosphate buffered saline, propylene glycol, 

polyethylene glycol 400, 10 mM phosphate buffered saline:ethanol (75:25 v/v), 10 

mM phosphate buffered saline:polyethylene glycol 400 (50:50 v/v); and the drug 

stability in ethanol and these solvents under different storage conditions. This method 

allows for assessment of vismodegib concentrations for transdermal in vitro 

permeation studies. 

Introduction 

Several preclinical studies illustrate that Hedgehog pathway inhibitors can 

effectively treat cancer, especially basal cell carcinoma [3], medulloblastoma (Romer 

et al., 2004), colon and pancreatic adenocarcinoma (Yauch et al., 2008). Among the 

small molecule inhibitors of the Hedgehog signaling pathway, vismodegib is the most 

advanced (Ding et al., 2010; Rudin et al., 2009; Von Hoff et al., 2009). It has some 

good pharmacokinetics properties such as low in vivo clearance, good oral 

availability, metabolic stability and low toxicology on rat, mouse, dog and monkey 
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(H. Wong et al., 2009). Vismodegib proves effectiveness in treating advanced basal 

cell carcinoma in phase I trial (LoRusso et al., 2011; Von Hoff et al., 2009).  

There are several assay methods for determination of vismodegib available in 

literature. Vismodegib concentration in human plasma was investigated by solid 

phase extraction-liquid chromatographic-tandem mass spectrometry method using 

Oasis 96-well MCX SPE plate (Ding et al., 2010). This method provided an effective 

tool to determine vismodegib pharmacokinetic behavior in phase I on healthy 

volunteers and estimate the drug concentration in human plasma in other phase I and 

phase II clinical trials (Ding et al., 2010). The solid phase extraction high performance 

liquid chromatography coupled to mass spectrometry with the aid of rapid equilibrium 

was used for determination of vismodegib unbound concentration in human plasma 

(Deng et al., 2011). In the present study, a gradient reverse-phase high-performance 

liquid chromatography (RP-HPLC) method for determination of vismodegib was 

developed and validated using mobile phase of acetonitrile and deionized water 

(0.05 % v/v trifuoroacetic acid (TFA)). This method allowed us to investigate 

vismodegib solubility in 10 mM phosphate buffered saline (PBS), propylene glycol 

(PG), polyethylene glycol 400 (PEG 400), 10 mM phosphate buffered saline:ethanol 

(75:25 v/v), 10 mM phosphate buffered saline:polyethylene glycol 400 (50:50 v/v) as 

well as the drug stability in ethanol and these solvents. The method was developed for 

use in determination of vismodegib in samples of in vitro permeation study by vertical 

Franz diffusion cells. 

Materials and methods 

Materials 

Vismodegib (GDC-0449) compound was provided by Medchemexpress LLC 

(Princeton, NJ, USA) with purity by LCMS of 98.29 %.  
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Figure 96. Chemical structure of vismodegib  

Acetonitrile (HPLC grade) was from Pharmco-aaper (Pharmco, Brookfield, 

CT, USA-aaper, Shelbyville, KY, USA), ethanol (95%, ACS spectrophotometric 

grade) was obtained from Sigma-Aldrich (St. Louis, MO, USA), propylene glycol 

(PG) was from Sigma® (St. Louis, MO, USA), 0.1 M phosphate buffered saline 

(PBS) (Fisher Bioreagents), polyethylene glycol 400 (PEG 400), trifluoroacetic acid 

(TFA) (HPLC grade, for peptide and protein analysis) were from Fisher Scientific 

(Fair Lawn, NJ, USA). Deionized (DI) water (MQ Res: 18.2 MΩcm, PermC: 7.4 

µS/cm) or equivalent was generated by Mili-Q Direct 8 (Milipore, Bedford, MA, 

USA), porcine ear skin was obtained from a local slaughter house (Atlanta, GA, 

USA). 

Instrumentation 

The analysis was carried out on a Waters Alliance HPLC system (e2695 

Separating Module) (Waters Co., Milford, MA, USA) using photodiode array detector 

(Waters 2996, wavelength accuracy ± 1 nm, spectral resolution 1.2 nm) (Waters Co., 

Milford, MA, USA) with autosampler and column heater. Data was collected and 

processed using Empower TM software (Version 2) from Waters. 

HPLC Conditions 

The assay method was developed based on the product information 

“Vismodegib Analytical Report” from Medchemexpress LLC (Princeton, NJ, USA). 

The same gradient was used with a different column and detection wavelength. The 
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assay method was then validated and applied to study the drug solubility, stability in 

different solvents and the permeation properties. The mobile phase consisted of 

acetonitrile (Mobile phase A) and DI water containing 0.05 % (v/v) trifuoroacetic acid 

(Mobile phase B). The mobile phase was filtered through 0.2 µm filter (Type GNWP 

0.2 µm, Milipore, Bedford, MA, USA) and degassed by sonication. Samples were 

analyzed using reverse-phase high-performance liquid chromatography with the 

following gradient composition (Table 18) at a flow rate of 1.0 mL/min, injection 

volume of 10 µL on a 5 µ micron SU Luna C18 150x4.60 mm (Phenomenex, 

Torrance, CA, USA) at ambient temperature with 15 min run time and a detection 

wavelength of 266 ± 1.65 nm. 

Table 18 HPLC gradient composition 

Time (min) % Mobile Phase A % Mobile Phase B 

0 10 90 

8 80 20 

13 80 20 

15 10 90 

Preparation of Standards and Solubility Samples 

All standard solutions were prepared using ethanol. The initial vismodegib 

stock solution (1000 µg/mL) was diluted using ethanol to give working standards 

ranging from 0.1 to 50µg/mL. To prepare the solubility samples, vismodegib was 

added in excess to each solvent (PBS, PEG 400, PG, PBS:EtOH (75:25 v/v), 

PBS:PEG 400 (50:50 v/v)). The solutions were placed on a shaker at 100 rpm for 24 

h. Following shaking, samples were centrifuged at 13.4 rpm for 10 min and the 

supernatant was filtered through 0.45 µm filter. 
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Stability 

The stability of vismodegib in ethanol was evaluated on 3 standard 

concentrations (5; 25 and 50 µg/mL) (n=3) after storage at room temperature for 24h; 

at  40C for 30 days and – 200C for 60 days. Vismodegib saturated solutions of 

solubility samples in PBS, PG, PEG 400, PBS:EtOH (75:25 v/v), PBS:PEG 400 

(50:50 v/v) (n=3) were subjected to 40C in a refrigerator for 30 days and room 

temperature for 24h. All stored standard solutions and solubility samples were 

analyzed using freshly prepared calibration standards. The stability of vismodegib 

was assessed by comparing the concentration of the drug in each solution before and 

after the storage period. 

In-vitro Permeation Study by Franz Diffusion Cells 

The assay method was applied to support the in vitro permeation study of 

vismodegib 7 mg/mL in propylene glycol through porcine ear skin with hair trimmed 

and excess fat removed using PermeGear V6 station vertical Franz diffusion cell 

(Hellertown, PA, USA). The  in vitro permeation study was used to measure the 

amount of vismodegib transport across the skin and drug retention in skin. The donor 

was 100 µL solution of vismodegib 7 mg/mL in PG while the receptor chamber was 

filled with the mixture of 10mM PBS:PEG 400 (50:50 v/v) and maintained at 370C. 

Samples were taken from the sampling port at 1h, 2h, 4h, 6h, 8h, 10h, 22h, 24h, 26h, 

28h, 30h, 32h, 46h, 48h, 52h and analyzed using the assay method. After 52 h of 

permeation, the top of the skin was washed 3 times with q-tips dipped in 10mM 

PBS:PEG 400 (50:50 v/v). In order to investigate drug levels in the skin, tape 

stripping (3M Transpore tapes, 3M Health Care, St. Paul, MN, USA) technique was 

used to remove the stratum corneum from the epidermis and dermis. A piece of tape 

was applied onto the skin, rolled with a glass rod, and removed quickly with a forcept. 



 

358 

 

This procedure was repeated for a total of 20 tapes to completely remove the stratum 

corneum. Tapes 1-5, tapes 6-10, tapes 11-20 and the remaining skin were collected 

individually in 6-well plates (Becton Dickinson, Franklin Lakes, NJ, USA).  Ethanol 

(2mL) was added to each well, the wells were placed on a shaker at 150 rpm for 4h, 

and samples were filtered through 0.45 µm filter and analyzed by the HPLC method. 

Statistical Calculations 

Statistical calculations were performed on Microsoft Excel worksheets and the 

SPSS software package version 16.0 (IBM, USA). Regression analysis was performed 

to evaluate the correlations between peak area vs. vismodegib concentration. The 

One-Way ANOVA followed by Tukey HSD post-hoc test was performed to compare 

the mean amount of drug among different groups. A p value < 0.05 was considered 

statistically significant. 

Results and discussion 

Method Validation 

The method was validated according to the validation of analytical procedures 

provided in ICH guideline and draft guidance for industry: analytical procedures and 

methods validation.  

Specificity 

Specificity was used to test the ability of the assay method to eliminate effects 

of all interfering substances on vismodegib peak results specifically by comparing the 

chromatographs of blank and samples. 
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A 

 

B 

 

C 

Figure 97. Representative chromatographs: (A) Blank ethanol; (B) 

Vismodegib solution in ethanol (50µg/mL); (C) Vismodegib solution in PG 

No drug peak is visible in Figure 97. (A) thereby illustrating that blank 

ethanol had no interference in the chromatographs. The similar results demonstrated 
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that blank PBS, PG, PEG 400, PBS:PEG 400 (50:50 v/v) and PBS:EtOH (75:25 v/v) 

did not interfere with the drug peak. 

Linearity and Range 

Linearity of the method was studied to investigate the relationship between 

drug concentration and peak area. The linearity of the analytical procedure for 

vismodegib was conducted with a total of 9 calibration standards: 0.1; 0.25; 0.5; 1; 

2.5; 5; 10; 25 and 50 µg/mL.The peak area could be predicted from the drug 

concentration by the following linear regression equation: 

𝑦 = 32047.282 𝑥 − 3907.550                 R2 = 1.000 

Where y represented the peak area and x represented vismodegib 

concentration in µg/mL. The method (R2 = 1.000) provided a good correlation 

between peak area and drug concentration in the linear range of 0.1-50 µg/mL.  

Sensitivity 

The limit of detection (LOD) was evaluated by determining the minimum 

level of vismodegib that could be reliably detected by the analytical method. The limit 

of quantification (LOQ) was studied by estimating the minimum concentration that 

could be quantified with acceptable accuracy and precision. 

The limit of detection was calculated with the following equation. 

𝐿𝑂𝐷 = 3.3 
σ

S
 

The limit of quantification may be calculated with the following equation. 

𝐿𝑂𝑄 = 10 
σ

S
 

Where σ = the standard of deviation of the response (the standard deviation of 

y-intercept of regression line), and S = The slope of the calibration curve. 

Table 19 Determination of LOD and LOQ 
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LOD and LOQ Slope Y - Intercept 

STD 1 23707 -731.36 

STD 2 29629 -1405.5 

STD 3 29376 -943.9 

Average (S) 27570.67  

SD (σ)  344.65 

𝐿𝑂𝐷 = 3.3 
σ

S
 

 

0.04 (µg/mL) 

𝐿𝑂𝑄 = 10 
σ

S
 0.13 (µg/mL) 

Table 19 showed that the limit of detection of the assay method was 0.04 

µg/mL while the limit of quantification was 0.13 µg/mL. 

Accuracy and Precision 

The intra-day and inter-day accuracy and precision of the assay method were 

studied by analyzing replicates (n=6) at 3 vismodegib concentration levels (0.25; 2.5; 

25 µg/mL).  

Table 20 Intra-day and inter-day accuracy and precision 

Nominal conc. 

(µg/mL) 

Determined mean 

conc. (µg/mL) 

Mean % accuracy Precision (%) 

Intra-day (n=6) 

0.25 0.35 140.98 5.40 

2.5 2.36 94.53 1.37 

25 25.29 101.17 0.39 

Inter-day (n=12) 

0.25 0.35 140.11 5.85 

2.5 2.40 96.17 5.11 
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25 24.41 97.62 3.83 

Table 20 indicates that the intra-day and inter-day accuracy and precision of 

high level of drug concentration (25 µg/mL) was better than that of low drug 

concentrations (0.25 and 2.5 µg/mL).  

Solubility in Solvents 

The solubility samples (n=3) including vismodegib in PBS, PBS:EtOH (75:25 

v/v), PBS:PEG 400 (50:50 v/v), PG and PEG 400 were analyzed using freshly 

prepared calibration standards.  

Table 21 Solubility of vismodegib in solvents (n=3) 

Solvent Solubility (mg/mL) 

PBS 0.0036 ± 0.0005 

PG 7.8872 ± 0.0554 

PEG 400 86.4717 ± 2.2348 

PBS:PEG 400 (50:50 v/v) 1.1612 ± 0.0109 

PBS:EtOH (75:25 v/v) 0.0391 ± 0.0013 

In Table 21, the drug was poorly soluble in 10 mM PBS (0.0036 ± 0.0005 

mg/mL) however highly soluble in PG (7.8872 ± 0.0554 mg/mL) and PEG 400 

(86.4717 ± 2.2348 mg/mL).The drug solubility in 10 mM PBS agreed with a previous 

finding (Fellner, 2012) in which it was determined vismodegib solubility is pH 

dependent, with greater solubility near a pH 7. In the present study the addition of PG, 

PEG 400 and ethanol increased vismodegib solubility. These solvents have been 

previously shown to enhance the solubility of other poorly water soluble compounds 

(Lingam & Venkateswarlu, 2009). 
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Stability  

Three replicates of three concentrations of vismodegib in ethanol (5; 25 and 50 

µg/mL) and three replicates of vismodegib saturated solution in solvents (PBS, PG, 

PEG 400, PBS:PEG 400 (50:50 v/v), PBS:EtOH (75:25 v/v)) were analyzed to assess 

the bench-top and long-term stability. Bench-top stability was evaluated after the drug 

was stored at ambient temperature for 24 h while long-term stability was assessed 

after storage of 30 days at 40C, 60 days at – 200C in ethanol and after storage of 30 

days at 40C in the solvents. The mean % accuracy and RSD were calculated. The 

results were summarized in Table 22. Vismodegib was determined to be stable in 

ethanol after storage at room temperature for 24 h, at 40C for 30 days and at – 200C 

for 60 days. Stability assessments indicated that vismodegib was also stable in PBS, 

PG, PEG 400, PBS:PEG 400 (50:50 v/v) and PBS:EtOH (75:25 v/v) at room 

temperature for 24 h and at 40C for 30 days. 

The present study presented for the first time stability of  vismodegib in 

ethanol, PBS, PG, PEG 400, PBS:PEG 400 (50:50 v/v), PBS:EtOH (75:25 v/v) after 

the storage periods. According to X. Ding et al. (Ding et al., 2010) vismodegib was 

stable in human plasma in several storage conditions: five freeze-thaw cycles, on the 

bench-top for 6 h at ambient temperature, at room temperature for 117 h, and at – 

600C to – 800C for 315 days. Yuzhong Deng et al. (Deng et al., 2011) presented that 

vismodegib was stable in human plasma:PBS solution in the following conditions: 4 

freeze-thaw cycles, at ambient temperature for 6 h, at – 600C and – 800C for 396 days. 

In-vitro Permeation Study 

No drug penetrated through the skin and into the receptor chamber during the 

52-hour study. An extraction study was then conducted to investigate the amount of 

drug remaining in the skin (Figure 3 and Figure 4).  
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{* indicates statistical difference from other group (Single factor ANOVA, p value < 

0.05)} 

Figure 98. Amount of vismodegib in porcine ear skin 

Table 22 Stability assessments for vismodegib 

Nominal 

conc. (µg/mL) 

Storage at room temperature for 24h 

Determined 

mean (µg/mL, 

n=3) 

Mean % accuracy (n=3) RSD (%) (n=3) 

5 5.07 101.41 2.86 

25 24.87 99.47 2.04 

50 50.03 100.07 0.41 

Nominal 

conc. (µg/mL) 

Storage at 40C for 30 days 

Determined 

mean (µg/mL, 

n=3) 

Mean % accuracy (n=3) RSD (%) (n=3) 

5 5.13 102.54 0.21 
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25 25.15 100.62 1.79 

50 49.98 99.96 0.49 

Nominal 

conc. (µg/mL) 

Stored at - 200C for 60 days 

Determined 

mean (µg/mL, 

n=3) 

Mean % accuracy (n=3) RSD (%) (n=3) 

5 5.08 101.63 0.59 

25 24.47 97.89 1.75 

50 50.50 101.01 0.83 

Solvent 

Nominal 

conc. 

(µg/mL) 

Storage at room temperature for 24h 

Determined mean 

(µg/mL, n=3) 

Mean % 

accuracy 

(n=3) 

RSD (%) 

(n=3) 

PBS 3.56 3.48 97.84 3.52 

PG 7887.16 8067.79 102.29 0.28 

PEG 400 86471.68 91418.53 105.72 2.70 

PBS:PEG 400 

(50:50 v/v) 

1161.24 1144.58 98.56 1.31 

PBS:EtOH (75:25 

v/v) 

39.06 39.65 101.50 2.49 

Solvent 

Nominal 

conc. 

(µg/mL) 

Storage at 40C for 30 days 

Determined mean 

(µg/mL, n=3) 

Mean % 

accuracy 

(n=3) 

RSD (%) 

(n=3) 
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PBS 3.56 3.38 94.93 0.68 

PG 7887.16 8213.37 104.14 0.72 

PEG 400 86471.68 89268.17 103.23 1.60 

PBS:PEG 400 

(50:50 v/v) 

1161.24 1060.23 91.30 2.00 

PBS:EtOH (75:25 

v/v) 

39.06 39.04 99.94 0.89 



 

 

 

 

 

 

Figure 98. illustrated that there was statistically significant higher amount of drug 

accumulated in the stratum corneum (4.20 ± 0.22 µg) than that in epidermis and dermis 

of the skin (0.68 ± 0.26 µg). This result indicated that most drug was kept in the stratum 

corneum. The relatively high molecular weight (421.30 g/mol) (Fellner, 2012) and high 

hydrophilicity (log P: 2.7) (Axelson et al., 2013) limit the penetration of vismodegib 

through the stratum corneum. 

According to Figure 99., there was a statistically significant difference between 

the mean amount of drug in different groups of tapes and skin. Vismodegib was 

statistically significantly higher in tapes 1-5 (2.18 ± 0.22 µg) compared to tapes 6-10 

(1.00 ± 0.09 µg, p = 0.000), tapes 11-20 (1.03 ± 0.09 µg, p = 0.000) and epidermis & 

dermis (0.68 ± 0.26 µg, p = 0.000).   

 

{* indicates statistical difference from other group (Single factor ANOVA, p value < 

0.05)} 

Figure 99. Amount of vismodegib in tapes and skin 
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Conclusions 

The present gradient RP-HPLC method for the determination of vismodegib is 

specific, precise and reliable. The regression line equation is capable to statistically, 

reliably predict the drug concentration in the range 0.1–50 µg/mL from the peak area 

obtained. The study for the first time presented the solubility of vismodegib in 10 mM 

phosphate buffered saline, propylene glycol, polyethylene glycol 400, 10 mM phosphate 

buffered saline:ethanol (75:25 v/v), 10 mM phosphate buffered saline:polyethylene 

glycol 400 (50:50 v/v. The stability assessment revealed vismodegib was stable in 

ethanol at room temperature for 24h, at 40C for 30 days and at –200C for 60 days and in 

these solvents after the storage at room temperature for 24h and at 40C for 30 days. The 

in vitro permeation study by vertical Franz diffusion cells indicated that no drug entered 

the receptor chamber during 52-hour experiment. Instead, most of the drug remained in 

the stratum corneum of the skin.  

 

 

 

 

 

 



 

 

 

 

 

CHAPTER 12 

METHODS TO SIMULATE RUBBING OF TOPICAL FORMULATION FOR IN 

VITRO SKIN PERMEATION STUDIES 

Abstract 

Rubbing a topical formulation on skin is generally assumed to enhance drug 

penetration. The aim of this study was to demonstrate different techniques such as using 

glass rod, rheometer, and gloved finger for rubbing a 2% salicylic acid gel on skin and 

investigate their effect on in vitro permeation of salicylic acid through dermatomed 

porcine ear skin. The studies included evaluation of the gel’s rheological properties, gel 

distribution on skin surface, in vitro permeability, drug distribution in skin, skin 

extraction recovery, and mass balance. Rubbing with a gloved finger resulted in a 

uniform gel layer with a thickness of 49.61 ± 15.33 µm on the skin surface. No 

significant difference between the different test groups was observed in terms of the 

cumulative amount of drug that permeated in 24 h (p>0.05). Drug levels in stratum 

corneum, epidermis, and dermis were also analyzed. Rubbing with gloved finger 

delivered significantly higher amount of drug into the skin layers as compared to other 

test groups (p<0.05). Amount of drug extracted from skin was reliably correlated to the 

actual drug levels in skin (R2=0.99). Considering drug amounts in different 

compartments, mass balance ranged from 75.86 ± 2.90 % to 80.44 ± 2.99 %.   

Introduction 

Acne vulgaris (Acne), a common chronic dermatological condition, is one of the 

top three disorders treated in outpatient dermatological practice (Keratoacanthoma et al., 



 

 

 

 

 

2012). It is found to affect people of almost every age group, in particular, 81-95% of 

adolescent boys, 79-82% girls, 12% women, and 3% adult men (Keratoacanthoma et al., 

2012). The average age of acne sufferers who seek treatment from physicians is 24 years 

(Bowe & Shalita, 2008). In the United States, approximately 45 million people are 

impacted by acne vulgaris (Bowe & Shalita, 2008). An increase in sales of over-the-

counter acne treatment products was reported to be more than one billion dollars in 2001 

(Keratoacanthoma et al., 2012).  

In the present study, a broadly used anti-acne compound, salicylic acid, was 

selected as the model drug. Salicylic acid, a β-hydroxy acid, is a keratolytic agent used in 

the treatment of multiple skin diseases including acne, psoriasis, and photoaging 

(Keratoacanthoma et al., 2012). It is an active ingredient in several skin-care products 

including acne cleansers, astringents, and lotions (Keratoacanthoma et al., 2012). 

Naturally present in the bark of willow (Salix Alba), it is milder than benzoyl peroxide or 

α-hydroxy acids (M. A. Davies, 2015). In addition to keratolytic effect, salicylic acid also 

exhibits bactericidal and comedolytic properties (M. A. Davies, 2015). It is used in the 

concentration range of 0.5-10 % for treatment of acne (Akhavan & Bershad, 2003). 

However, the maximum strength of salicylic acid is 2% in over the counter products in 

the US such as serum gel, baby face 2% salicylic acid gel, smooth E acne hydrogel, and 

Neutrogena rapid clear® acne eliminating spot gel (Akhavan & Bershad, 2003; M. A. 

Davies, 2015).   

Mechanistically, due to its desmolytic properties, salicylic acid causes individual 

corneocyte desquamation that simulates natural exfoliation and shows comedolytic 



 

 

 

 

 

activity. The desmolytic and comedolytic properties of salicylic acid are concentration-

dependent (Keratoacanthoma et al., 2012). Salicylic acid promotes desquamation of 

stratum corneum by breaking the bonds created by corneodesmosomes that maintain 

adherence between contiguous corneocytes (Kaminsky, 2003). Physiological 

desquamation smoothens the texture and appearance of skin and gives an illusion of 

reduced pore sizes (Keratoacanthoma et al., 2012). When desquamation occurs at the 

periphery of clogged pore, it causes the pore to open up, permitting entry of salicylic acid 

into the area where it can kill bacteria such as Propionibacterium acnes and prevent the 

pore from re-clogging (M. A. Davies, 2015).  

The most preferred route of administration of salicylic acid is the topical route 

that helps to avoid drug degradation in gastrointestinal tract, first-pass metabolism, drug-

drug interactions, serious adverse events or direct toxicities such as nausea, vomiting, 

dyspepsia or diarrhea (Verberne et al., 2002). However, the stratum corneum layer of 

skin with wall-like structure of protein bricks and lipid mortar (Simonsen & Fullerton, 

2007), acts as a barrier to the penetration of salicylic acid (Harada et al., 1993). 

The effect of rubbing on effectiveness of topical/transdermal formulations has 

been investigated in earlier studies (Hasler-Nguyen & Fotopoulos, 2012; Kampf & 

Hollingsworth, 2008). There is a common practice to rub or massage a topical product on 

the treated site. Evidently, it can cause skin hydration or activation of gating mechanisms 

and densensitization of local nerve endings (Hasler-Nguyen & Fotopoulos, 2012) or 

disruption of skin’s lipid structure, stratum corneum (Hasler-Nguyen & Fotopoulos, 

2012; Ishii et al., 2010; Stumpp et al., 2006). Rubbing was reported to increase the skin 



 

 

 

 

 

permeability of entrapped drug in ointment (Ishii et al., 2010).  However, a quantitative 

study has not been conducted till date to assess the effect of rubbing on permeation of 

salicylic acid through skin. The present study is therefore, the first one to investigate the 

effect of rubbing a topical acne medication (a 2% salicyclic acid gel) on skin surface on 

drug penetration and its distribution in skin. Furthermore, this study also compares the 

drug delivery by 15-second benchtop rubbing methods (glass rod and rheometer) with 

that under practical use (finger). This evaluation would be helpful for designing 

laboratory studies in future to simulate rubbing in clinical practice.  

Materials and methods 

Materials 

Salicylic acid was procured from Sigma-Aldrich (St. Louis, MO, USA) (Purity ≥ 

99.0%). Phosphate buffered saline (PBS) (0.1 M, pH 7.4±0.1) was obtained from Fisher 

Scientific (Fisher BioReagent, Fair Lawn, NJ, USA). Brij®20 (Polyoxyethylene (20) 

oleyl ether) and 2,6-Di-tert-butyl-4-methyl-phenol (BHT) (Purity ≥ 99.0% by GC) were 

provided by Sigma-Aldrich (St. Louis, MO, USA). Trifluoroacetic acid (TFA) was 

purchased from EMD Millipore Corporation (MA, USA). Methylene blue dye was 

bought from Eastman Kodak Co. (Rochester, NY, USA). D-Squame stripping discs D101 

and cotton tipped applicators were purchased from CuDerm (Dallas, TX, USA) and 

Dynarex (NY, USA), respectively. A 2% salicyclic acid gel was used in the entire study 

to avoid formulation-related variations such as pH and drug concentration (Combrinck, 

Otto, & Du Plessis, 2014; Padula, Ferretti, Nicoli, & Santi, 2010). Porcine ear skin was 

obtained from a local slaughter house (Atlanta, GA, USA).  



 

 

 

 

 

Methods 

Salicylic acid gel characterization 

The pH of salicylic acid gel was measured using a pH/mV meter mode 215 

(Denver Instrument, NY, USA). Clean and dry probe of the pH meter was dipped into 1.5 

mL Eppendorf containing deaerated salicylic acid gel (centrifuged at 14,000 rpm for 5 

min in Micro240A microcentrifuge). The pH value on the screen was recorded and 

reported as mean ± SD (n=4).  

Density of the gel was also measured to provide correlation between weight and 

volume. Weight of 10 µL gel was measured on an analytical balance (Hamilton 

Instrument, NJ, USA) and density was calculated (n=10). 

Rheological properties of the gel were evaluated at 250C using a Rheoplus/32 

V.3.62 Rheometer (Anton Paar Germany GmbH, Germany) with a stainless steel, 

parallel-plate spindle of PP25/S-SN 33357 mode, 2.4 cm diameter, and 100 µm gap 

distance. An oscillatory amplitude sweep test was performed with a constant angular 

frequency (ω) of 10 rad/s and strain (γ) ranging from 0.001% to 100% to determine the 

linear viscoelastic (LVE) region. The storage modulus, loss modulus, and shear stress 

values were plotted against the amplitude of deformation. 

An oscillatory frequency sweep study was conducted at a controlled shear strain 

(1%) over a range of angular frequency (0.1-100 rad/s). The dynamic moduli (G’ and G”) 

and complex viscosity (Іη*І) were plotted against frequency.  

Besides, a flow curve was plotted to demonstrate the dependence of viscosity and 

shear stress on shear rate (0-100 1/s) in a rotational rheometer. In the present study, 



 

 

 

 

 

viscosity was measured as a function of shear stress (0-200 Pa). Herschel-Bulkley test 

was performed to calculate the yield stress of salicylic acid gel. Also, viscosity of the gel 

was measured for a temperature range (5-650C) at 200C increments. Shown as flow 

curves, the viscosities were plotted against shear rate in the range of 0 to 100 1/s.  

Furthermore, thixotropic properties of salicylic acid gel were evaluated based on 

oscillatory 3-step thixotropy test. A rotation step was used between 2 oscillatory 

intervals. The gel was oscillated at a constant strain of 1% and angular frequency of 10 s-1 

for 100 seconds in the first interval. In the second interval, a high shear rate (3,000 s-1) 

was applied on the gel for 1 s. Finally, gel structure was allowed to recover at a constant 

strain of 1% and constant angular frequency of 10 s-1 for 300 seconds. In this test, storage 

modulus and loss modulus were recorded at different time points (0-300 seconds).  

Preparation of skin samples 

Skin preparation technique has been described in detail in our previous paper 

(Nguyen & Banga, 2015). Full-thickness porcine ear skin was dermatomed to an average 

thickness of 0.75 ± 0.07 mm (n=20) as measured by Material Thickness Gauge Model 

(Electronic Equip’t Co. Inc, Cedarhurst, NY, USA) using a Dermatome 75 mm (Nouvag 

AG TCM 3000, Goldach, Switzerland). The dermatomed skin was then stored at -200C 

for less than one month before use. 

Rubbing methods 

Topically applied salicylic acid gel was used in the study to simulate the practical 

situation of rubbing gels on skin. The gel was rubbed onto dermatomed porcine ear skin 

for 15 seconds with a relatively constant pressure of 50 g by different modes such as 



 

 

 

 

 

vertical glass rod, horizontal glass rod, rheometer, and gloved finger. Four replicates 

(n=4) were performed for each test group. 

Rubbing by vertical glass rod 

Dermatomed skin pieces (2x2 sq.cm) were mounted on vertical Franz diffusion 

cells (PermeGear, Hellertown, PA, USA) between the donor and receptor compartment 

with stratum corneum facing upwards. Receptor consisted of 5 mL solution of 10 mM 

PBS containing 1.5% w/v Brij® 20 and 0.5% w/v BHT. Salicylic acid gel (4.3 µL) was 

applied on the stratum corneum side of the skin tissue using a positive displacement 

pipette. After gel application, a clean and dry end of a glass rod (200 mm length and 5 

mm diameter) was immediately moved 20 times in circular motion over the skin with a 

constant and moderate pressure for 15 seconds (Figure 100.A). 

    

A B C D 

Figure 100. Rubbing techniques (A) Vertical glass rod (B) Horizontal glass rod (C) 

Rheometer (D) Finger 

Rubbing by horizontal glass rod 

Porcine ear skin was dried using Kimwipes and placed flat on a petridish (tissue 

culture dish 60x15 mm, nonpyrogenic Polystyrene, Becton Dickinson Labware, NJ, 



 

 

 

 

 

USA) (Figure 100.B). The skin was covered by container seal TM sealing tape (Laboratory 

Essentials, Bio-world, OH, USA), leaving 0.64 sq.cm area uncovered. Gel (5.8 µL) was 

placed on the exposed area of skin. A clean and dry glass rod was rolled back and forth 

20 times on the skin surface with a relatively constant force of 50 ± 5 g for 15 seconds on 

a balance (Scout Pro SPE 402, Ohaus Corporation, NJ, USA). The tape was then 

removed from the skin piece followed by mounting of skin on Franz cell, ensuring that 

the treated area of skin fitted the diffusion area of the permeation cell.  

Rubbing by rheometer 

In this study, rheometer was used for the first time to simulate rubbing process by 

an oscillatory 3-step thixotropy test. Parameters were calculated to produce a relative 

force of 50 g for 15 seconds as in other methods. The test consisted of 3 intervals: rest 

before and after shear (20 s at 1% strain and 10 s-1 angular frequency) and application 

(shear interval with shear rate of 1000 s-1 for 15 s). Skin was immobilized on the base 

using seal tape as demonstrated in Fig 1C, leaving 0.64 sq.cm skin exposed to the drug 

formulation. The normal force was estimated to be 0.36 ± 0.12 N (n=4). Zero gap was 

established using a clean spindle for each run. A minimum distance of 0.001 mm was set 

between the spindle and skin surface. A pre-determined amount of gel (6.0 µL) was 

added to the exposed area of skin samples. The chamber was closed to maintain skin 

temperature at 320C (AWC 100 compact recirculating cooler, Julabo USA Inc, 

Allentown, PA, USA). After the thixotropy test, the tapes were removed and skin was 

mounted between the donor and receptor of vertical Franz diffusion cell.  



 

 

 

 

 

Rubbing by finger 

Skin pieces were placed on petri dish, covered by tape as in other methods, and 

kept on a balance (Figure 100.D). Gel (9 µL) was rubbed 20 times for 15 seconds on skin 

surface with a moderate pressure of 50 g with a gloved finger. The skin tissues were then 

mounted on Franz cells as previously described.  

Normalization of gel quantity  

The different rubbing methods resulted in different amounts of gel remaining on 

the skin after rubbing. This was observed due to varying amounts of gel being lost as a 

result of sticking to the glass rods, rheometer or finger. However, in order to study the 

effect of different rubbing modes on drug delivery, the amount of gel present on skin 

after rubbing and prior to in vitro permeation study should be the same. Therefore, 

different volumes of gel were applied before rubbing so as to leave an equal amount of 

gel on skin in each test group after rubbing. Also, this was the objective of the 

normalization study. An accurate 9 µL a 2% salicyclic acid gel was rubbed onto 

dermatomed porcine ear skin using different methods as described earlier. The group 

where salicylic acid gel was applied on skin without rubbing was regarded as the 

normalized control. After rubbing, tapes were removed and gel on the skin surface was 

collected using two dry cotton swabs (Cotton tipped applications, Dynarex Corporation, 

NY, USA) and two receptor-soaked cotton swabs. In the vertical glass rod group, 2 

additional dry cotton tips were used to remove the gel stuck to the donor chamber. All the 

swabs for each skin sample were placed in 15 mL centrifuge tubes containing 3 mL 

ethanol (Sigma-Aldrich, St Louis, MO, USA). All the tubes were covered with aluminum 



 

 

 

 

 

foil to prevent photodegradation of the drug and were allowed to shake overnight at 100 

rpm on digital platform shaker (Excella E2, New Brunswick Scientific Co. Inc., NJ, 

USA). The extractant was then filtered through 0.22 µm syringe filter and analyzed using 

HPLC. Divident of the amount of drug remaining on skin surface to that of the amount 

applied onto skin was denoted as percentage of gel remaining on skin. Each group was 

performed with four replicates to give results in the form of mean ± SD (n=4).  

Gel distribution on skin surface 

Methylene blue was dissolved in the gel to obtain a dye concentration of 1% w/v. 

The addition of the dye did not significantly change the density of salicylic acid gel (0.92 

± 0.01 mg/µL, p=0.84). The volumes of the prepared gel used in this study were same as 

mentioned while describing different rubbing methods. Four different modes of rubbing 

were used to rub the colored gel on dermatomed porcine ear skin. The skin surface was 

then visualized using ProScope HR Digital USB Microscope equipped with ProScope 

HR software (Bodelin Technologies, OR, USA) to investigate the distribution pattern of 

gel on skin surface. In finger-rubbing group, a small area of skin with stained gel was 

placed flat in Tissue-Tek® optimal cutting temperature (OCT) medium (Sakura Finetek 

USA Inc.,Torrance, CA, USA). The block with skin in the center was frozen at -800C in a 

freezer (Southeast Scientific Inc, GA, USA) for 1 hour and sectioned using Microm 

HM505E (Southeast Scientific Inc, GA, USA) with the section thickness of 10 µm. The 

block was tightly attached to the object holder in microtome chamber at -200C using the 

OCT medium. The sample was cut and cryosections were placed on glass slides (Globe 

Scientific Inc, NJ, USA) and visualized under a Leica DM 750 microscope. The thickness 



 

 

 

 

 

of the gel layer on skin surface was measured from the microscopic images using Image J 

1.41o (n=10) (National Institutes of Health, USA). Theoretical thickness of gel layer was 

calculated using cylinder rule with known volume of gel on skin surface (3.1 µL) and 

surface area (0.64 sq.cm). The theoretical and actual gel thickness on skin surface were 

then compared. 

Skin integrity assessment 

The barrier integrity of skin before and after rubbing was evaluated non-

invasively by transepidermal water loss (TEWL) measurement using a VapoMeter 

(Delfin Technologies Ltd, Kuopio, Finland) and skin electrical resistance assessment (D. 

J. Davies, Ward, & Heylings, 2004; Elmahjoubi et al., 2009; Hasler-Nguyen & 

Fotopoulos, 2012; Kimura, Kawano, Todo, Ikarashi, & Sugibayashi, 2012; Murthy, Sen, 

Zhao, & Hui, 2003; Sekkat, Kalia, & Guy, 2002). Experiments for TEWL and skin 

impedance assessment have been elaborated in literature (Akhavan & Bershad, 2003; 

Murthy et al., 2003). To measure skin electrical resistance, an experiment was set up with 

a load resistor RL (Silver chloride, 100 kΩ) dipped in 300 µL 10 mM PBS solution in 

donor chamber of vertical Franz diffusion cells ensuring no contact with the skin 

membrane. Silver electrode (5 cm long) was immersed in 5 mL receptor compartment (10 

mM PBS solution) that was maintained at 37 ± 10C. Resistance was assessed by passing a 

constant current (voltage of 100 mV AC electrical field at 10 Hz, duty cycle 50% without 

offset) through skin membrane using Agilent 34410A 61/2 Digit Digital Multimeter and 

Agilent 33220A 20 MHz Function/Arbitrary waveform generator (Agilent Technologies, 

CA, USA). Following a few minutes of equilibration, the electrical resistance values as 



 

 

 

 

 

displayed on the screen were recorded (n=4). Skin resistance was presented as kΩ/sq.cm 

based on the voltage drop across the diffusion unit area of skin. The skin electrical 

resistance value was calculated using this equation (Murthy et al., 2003).  

 

 

Where  

RS represents skin electrical resistance per diffusion unit area (kΩ/sq.cm) 

VS represents the voltage drop across the skin, recorded on the multimeter (mV) 

VO represents the voltage drop across the whole circuit (100 mV) 

RL represents the load resistance (100 kΩ) 

A represents the diffusion area of vertical Franz diffusion cell (0.64 sq.cm) 

After skin resistance measurement, skin surface was dried using Kimwipes. 

TEWL values were then measured immediately. The probe with a closed chamber was 

kept on skin for 13 seconds to obtain the values on screen (n=4). TEWL and skin 

resistance values were measured at the beginning of the experiment to evaluate the initial 

skin integrity and after the experiment to assess the effect of rubbing on skin. After 

rubbing, gel was gently removed by two dry and two receptor-soaked swabs as 

previously described in “Normalization of gel quantity” study and the tissues were 

mounted on Franz cells to measure skin resistance and TEWL.  

Any potential effect of rubbing on skin structure was investigated by histological 

studies. After being rubbed with salicylic acid gel, the treated area of skin samples was 

cut and embedded in OCT and frozen at – 800C for 4h prior to histological analysis. The 

RS = 

VsRL 

 

A (Vo – VS) 



 

 

 

 

 

skin was vertically sectioned using Microtome HM 505E to a thickness of 10 µm. The 

cryosections were then stained by conventional Hematoxylin and Eosin staining (Fischer, 

Jacobson, Rose, & Zeller, 2008). The samples were visualized under the Leica DM 750 

microscope at various magnifications to find any modification in skin layer structure. A 

negative control experiment was conducted on porcine ear skin where the gel was gently 

applied on skin surface without rubbing.  

In vitro permeation studies by vertical Franz diffusion cell 

Permeability of salicylic acid from a 2% salicyclic acid gel through dermatomed 

porcine ear skin was investigated using jacketed PermeGear V6 station vertical Franz 

diffusion cells (9 mm orifice and 0.64 sq.cm diffusion area). Objective of the study was 

to evaluate the effect of four rubbing techniques on in vitro permeation of salicylic acid. 

Prior to the study, transepidermal water loss and skin resistance values were measured for 

each skin piece to ensure skin integrity. Skin samples with resistance and TEWL values 

out of the range 40-90 kΩ/sq.cm and 20-60 g/m2h, respectively, were replaced with better 

skin. Different amounts of gel as discussed earlier were rubbed onto skin surface to 

provide the same dose of 96.14 µg salicylic acid/sq.cm or 3.44 mg gel/sq.cm in all test 

groups. Control group consisted of application of 3.1 µL gel, gently spread over the skin 

surface by a pipette tip. The donor chambers were covered with aluminum foil 

(Healthrow Scientific LLC, IL, USA) to prevent photodegradation of the light-sensitive 

drug. The receptor compartment was filled with 5 mL receptor fluid (10 mM PBS 

solution, isotonic pH 7.4, 1.5% w/v Brij® 20, 0.5% w/v BHT). The receptor phase 

ensured drug stability during 24-hour experiment and provided sink conditions. Receptor 



 

 

 

 

 

was maintained at 37 ± 1 0C using built-in water circulation jacket that surrounded the 

receptor chamber of the Franz cells to keep the skin-surface temperature at 320C. After 

rubbing, the skin pieces were clamped between the donor and receptor chambers with 

stratum corneum facing upwards and the dermal side in contact with receiver medium 

ensuring that no air bubbles were below the skin. Aliquots of 300 µL receptor fluid were 

removed from sampling port at pre-determined time points followed by replacement with 

an equal volume of fresh, preheated receptor solution. Samples were protected from light 

and analyzed by a sensitive, reliable and validated gradient reversed-phase HPLC method 

with the linearity range of 0.1-50 µg/mL (R2 = 0.9999), limit of detection of 0.18 µg/mL 

and limit of quantification of 0.54 µg/mL. The cumulative amount of salicylic acid that 

permeated through the diffusion unit area (µg/sq.cm) was plotted as a function of time 

(n=4).  

Skin distribution study 

Tape stripping technique was employed to separate the stratum corneum from 

viable epidermis and dermis to evaluate the distribution of salicylic acid in skin 

(Combrinck et al., 2014; Hasler-Nguyen & Fotopoulos, 2012; Kimura et al., 2012). Gel 

was removed from skin surface using cotton swabs and the skin was dried. Twenty 

contact adhesive tapes (D-Squame Stripping DiscsD, Dallas, TX, USA) were pressed five 

times onto the skin (in the diffusion area) one by one manually, with a thumb. Tapes were 

then removed immediately with a pair of forceps and collected individually in 6-well 

plates (Becton Dickinson, Franklin Lakes, NJ, USA) as groups of tapes 1-5, tapes 6-10 

and tapes 11-20 to ensure sufficient analytical sensitivity for determination of low 



 

 

 

 

 

concentration of drug in the deeper stratum corneum layers. After being stripped, the 

underlying skin was minced with a clean surgical scissors and the skin pieces were placed 

in separate 6-well plates. Ethanol (2 mL) was added to each well. Plates were then 

covered with aluminium foil and placed overnight on a shaker (New Brunswick Scientific 

Co. Inc., Edison, NJ, USA) at 100 rpm for drug extraction. Samples were filtered through 

0.22 µm filter and analyzed by the gradient RP-HPLC method. The results were reported 

as mean amount of drug per square centimeter of skin (µg/sq.cm) with standard deviation 

(mean ± SD, n=4).  

Skin extraction recovery study 

Skin extraction recovery study was designed to calculate the extraction efficiency 

or recovery factor for the extraction method to determine the actual amount of drug in 

skin samples. A pair of medical scissors was used to trim hair from dermatomed porcine 

ear skin. The stratum corneum was removed by 20 tape strips to obtain the underlying 

layer of viable epidermis and dermis as described in the skin distribution study (Jacobi et 

al., 2007; Kimura et al., 2012). The skin was then cut into small pieces. Weight of hair-

trimmed, dermatomed porcine ear skin (0.64 sq.cm) was measured to be 93.53 ± 1.71 mg. 

Minced skin (94.07 ± 2.16 mg (n=21)) was added into individual 1.5 mL Eppendorfs 

(Argos Technologies, IL, USA). Solution (50 µL) of freshly-prepared salicylic acid in 

ethanol (2, 5, 10, 20, 50, 100, and 200 µg/mL) (n=3) was added to each of the Eppendorfs 

to provide drug amount (DA µg) of 0.1, 0.25, 0.5, 1, 2.5, 5, 10 µg, respectively. All the 

tubes were then centrifuged at 14,000 rpm for 10 min in Micro240A microcentrifuge 

(Denville Scientific Inc, MA, USA) to ensure that the skin pieces were at the bottom of 



 

 

 

 

 

the tube and completely in contact with drug solution. The tubes were incubated at 370C 

for 4 hours until no solution was visibly observed. After that, ethanol (500 µL) was added 

into each tube and vortexed for 15 seconds on a BenchMixerTM (3 mm orbit, 3000 rpm, 

Benchmark Scientific Inc, NJ, USA). The obtained solution was quantitatively analyzed 

by the gradient RP-HPLC method to calculate the amount of drug adhering to the tube 

and skin surface (DR µg). The theoretical amount of drug in skin (DS µg) was calculated 

by subtracting the weight of salicylic acid added (DA) to the amount of drug adhered to 

skin surface and tube (DR). After that, the correlation equation between the theoretical 

amount of drug in skin (DS) and the actual amount of drug extracted (DE) was applied for 

the calculation of drug amount in skin. 

Mass balance studies 

The protocol of mass balance experiment has been elaborated by Brown MB et al 

(Marc B. Brown, Hanpanitcharoen, & Martin, 2001). The procedure performed in 

“normalization of gel quantity” study was used to quantify the amount of unabsorbed 

drug formulation on the skin surface after 24 hours of in vitro permeation studies. Sum of 

drug amounts in different compartments such as unabsorbed formulation (cotton swabs), 

stratum corneum (tape strips), viable epidermis, dermis (skin extraction), and blood 

circulation (receptor analysis) was compared with the normalized amount of the drug in 

the donor after various rubbing methods (96.14 µg/sq.cm) to calculate the mass balance.  

Quantitative analysis 

Drug analysis was performed using a gradient reverse phase high performance 

liquid chromatography (RP-HPLC) method. A Waters Alliance HPLC system (e2695 



 

 

 

 

 

Separating Module) equipped with a photodiode array detector 2996 (Waters Co., 

Milford, MA, USA), autosampler and column heater was used. Data was recorded and 

processed using EmpowerTM software version 2 (Waters). The column was Kinetex 5u 

EVO C18, 150x4.6 mm, 100A (Phenomenex, Torrance, CA, USA) and the mobile phase 

comprised of a mixture of acetonitrile (0.05% v/v TFA) (Mobile phase A) and deionized 

water (0.05% v/v TFA) (Mobile phase B). The mobile phases were filtered through 0.22 

µm filter paper (Millipore, Bedford, MA, USA) and degassed in a sonicator prior to use. 

The solvent gradient composition was adjusted to time as the volume percentage of 

mobile phase A increased from 10% (v/v) at 0 min to 80 % (v/v) at 8 min, maintained at 

80% (v/v) till 13 min, decreased to 10% (v/v) at 13.01 min and maintained at 10% (v/v) 

up to 15 min. The flow rate was 1.0 mL/min, while injection volume was 10 µL, and the 

detector wavelength was 304 nm. The column temperature was maintained at 250C.  

Data analysis 

All results were presented as mean ± standard deviation (SD) (n≥3). Statistical 

comparison was performed in Microsoft Excel 2013 workbook and SPSS software 

package version 21.0 (IBM, USA). Results of different groups were compared by either 

Student’s t test for single comparison or One-Way analysis of variance (ANOVA) with 

Tukey HSD post-doc test for multi-comparison. Value of p below 0.05 denoted 

statistically significant difference between test groups.  



 

 

 

 

 

Results and discussion 

Characterization of formulation 

Earlier studies have shown that the formulation pH affects permeability of 

salicylic acid across human or porcine skin (M. A. Davies, 2015; Rhein, Chaudhuri, 

Jivani, Fares, & Davis, 2004). The pH and density of the gel were measured to be 3.68 ± 

0.02 and 0.92 ± 0.01 mg/μL, respectively. These parameters have been reported to 

facilitate highest activity of salicylic acid (Rhein et al., 2004). Also, studies have shown 

that an increase in formulation pH decreases the penetration of salicylic acid in skin (M. 

A. Davies, 2015; Harada et al., 1993). The buffering capacity of skin (approximately 4.7-

5.0) is higher than the pKa of salicylic acid (2.9). Therefore, the drug is mostly ionized in 

skin (M. A. Davies, 2015). Optimal pH (3-4) has been found to increase the dissociated 

fraction of salicylic acid, thereby decreasing the transport resistance in human skin 

(Harada et al., 1993).  
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Figure 101. Rheological properties of salicylic acid gel (A) Amplitude sweep with LVE-

range analysis at 10 rad/s, (B) Frequency sweep (Strain 1%), (C) Flow curve, (D) Yield 

stress, (E) Temperature dependence of viscosity, (F) Thixotropy oscillatory test 

G’ depicts stored energy or elastic properties or rigidity while G” demonstrates 

the energy dissipated as heat or viscous properties of the unsheared samples (Touitou et 

al., 1998). As shown in Figure 101. A, G’ was greater than G” which depicted that the 

gel was more elastic than viscous. The LVE range was determined to have shear strain of 

0.01-1%. Therefore, strain (1%) was used in the frequency sweep. When the stress was 
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greater than LVE range, both G’ and G” decreased, indicating breakdown of structure. At 

the interaction of G’ with G”, the transition from solid-like properties to fluid-like 

behavior was observed. At this shear strain, the material structure was completely 

destroyed. This cross-over (G’=G”) was calculated from the amplitude sweep analysis. 

Evidently, salicylic acid gel structure fluidized completely at shear strain, shear stress, 

and storage modulus of 51.8%, 64.99 Pa, and 89.23 Pa, respectively. In frequency sweep 

test, G’ as well as G” values increased while complex viscosity of the gel decreased with 

an increase in angular frequency (Figure 101. B). Also, G’ was found higher than G” for 

the range of frequencies studied (0.1-100 rad/s), which indicated intrinsic elasticity of the 

gel. As shown in Figure 101.C, an increase in shear rate resulted in a decrease in 

viscosity and an increase in shear stress. This showed the pseudoplastic nature of the gel 

formulation. The shear-thinning behavior of gel was found to avoid immediate injury to 

the skin during rubbing (Stumpp et al., 2006). Figure 101. D shows as the shear stress 

increased, the gel viscosity first increased to maximum level before it decreased 

markedly to a plateau level. With a decrease in viscosity, the thickening effect of the gel 

diminished and the state changed from an apparent solid to free-flowing liquid. Yield 

stress was defined as the minimum stress that must be applied to trigger significant flow 

in a structured material. Flow initiation was interpreted as the point when the gel 

structure was disrupted. It is an important property of topical gel that influences its 

processing, handling, storage, and performance characteristics. The yield stress should be 

in a reasonable range. If it is too low, the material can flow out of the container due to its 

gravity when the container is turned upside down. On the other hand, high yield stress 



 

 

 

 

 

can create a considerable resistance when it is applied on skin. The yield stress of 

salicylic acid gel was determined to be 39.19 Pa which is reasonable for topical 

application. The flow curves of viscosity and shear rate were plotted at four temperature 

values (5, 25, 45, 650C) (Figure 101. E). Viscosity displayed an inverse relationship with 

temperature. Salicylic acid gel was found to be thermally stable in the investigated range 

of shear rate as the viscosity of the gel did not change significantly with change in 

temperature. Thixotropic characteristics exhibit the recovery potential of structured 

materials after application of significant shear. Results of oscillatory 3-step thixotropy 

test proved the structure stability of salicylic acid gel (Figure 101. F). G’ was found to be 

constant (451 Pa) during the pre-shear interval. However, upon application of high shear 

rate of 3000 s-1, it decreased to 288 Pa (62.9% recovery) at 111 seconds and 324 Pa 

(70.8% recovery) at 161 seconds. After the final stage of the test, recovery percentage of 

salicylic acid gel structure was determined to be 88.77%. The results of the thixotropy 

test demonstrated that salicylic acid gel was stable and well-recovered after being sheared 

at high rate.  

Normalization of gel quantity 

This study was conducted to normalize the amount of gel remaining on the skin 

surface after rubbing and before in vitro permeation study.  

The amount of salicylic acid in 9 µL gel was calculated to be 178.63 ± 2.18 μg or 

the drug concentration in gel was 1.98 ± 0.02 % w/v. This result represented the drug 

amount on the label (2% salicylic acid). 



 

 

 

 

 

After application of 9 µL gel, control group had the highest amount of drug on the 

skin surface (85.38 ± 4.47%) and the group in which rubbing was performed with gloved 

finger resulted in least percentage of drug on skin (29.39 ± 4.17%) in comparison to other 

groups (p<0.01). The amount of gel remaining on skin after rubbing by vertical glass rod 

(61.41 ± 3.83%) was significantly higher than in groups of horizontal glass rod (45.84 ± 

3.67%, p=0.001) and rheometer (43.88 ± 4.63%, p=0.001) (Figure 102. A). These ratios 

were used to calculate different volumes of gel mentioned in “Rubbing methods”, that 

were then applied on skin in different rubbing groups to result in the same amount of 

drug remaining on the skin after rubbing (61.53 μg) that was then recovered to be in the 

range of 52.32 ± 3.79 to 54.84 ± 1.30 μg (p=0.90) (Figure 102. B).  
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(# indicated statistical difference between control and vertical glass rod from other 

groups, p<0.01) 

Figure 102. Normalization of gel quantity on skin surface (A) Application of 9 µL, (B) 

Application of different volumes of gel after quantity normalization 
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A similar observation was reported by Rhodes et al that the mean surface 

thickness of cream was significantly lower following firm rubbing than light application 

(p<0.01) (Rhodes & Diffey, 1997). Rubbing tends to reduce the surface thickness of the 

applied gel by either aiding its penetration into the epidermis or due to loss of the 

formulation by adherence to the applicator (Sayre, Powell, & Rheins, 1991).  

Overall, different rubbing methods resulted in different amounts of gel remaining 

on the skin surface, post-rubbing. Therefore, the normalization study helped to ascertain 

equal amount of gel remaining on skin after rubbing by different techniques that further 

resulted in equivalent amounts of salicylic acid in the donor for comparison in in vitro 

studies performed for investigation of effect of rubbing on permeation of salicylic acid.  

 Gel distribution on skin surface 

Stained salicylic acid gel (1% w/v methylene blue dye) was rubbed onto 

dermatomed porcine ear skin using different rubbing techniques and the distribution 

pattern of gel on skin surface were observed (Figure 103). Rubbing by vertical glass rod 

and gloved finger resulted in spreading of the gel to the entire exposed area of skin (0.64 

sq.cm). However, the contact area between the formulation and skin surface was lesser in 

horizontal glass rod (about 0.45 sq.cm) and rheometer rubbing group (about 0.26 sq.cm, 

measured by ImageJ). As illustrated in Figure 103., the distribution patterns of topical gel 

on skin surface were found to follow the path of rubbing by different methods. More gel 

was observed on the edges of the treated area after rubbing by vertical glass rod. 

Horizontal rod resulted in a higher amount of gel in the rolling path. For rheometer, the 

spindle produced a constant pressure on gel and thus, majority of the gel was found at the 



 

 

 

 

 

center of treated site after it was lifted. A relatively uniform and even layer of gel was 

formed on skin surface after rubbing with gloved finger. Therefore, the thickness of gel 

layer for this group was investigated using histology study.  

    

A B C D 

Figure 103. Distribution of stained gel on skin surface after 15-second rubbing by (A) 

Vertical glass rod, (B) Horizontal glass rod, (C) Rheometer, (D) Finger 

As the normalized volume of gel on skin surface was found to be 3.1 μL, the 

theoretical thickness of the gel layer was calculated to be 48.44 μm. The captured image 

of small portion of cryosection (Figure 104) was magnified to measure the actual 

thickness of the gel layer on skin surface. The thickness of the gel layer was determined 

to be 49.61 ± 15.33 μm which was comparable to the theoretical thickness. Rubbing by 

finger simulates clinical practice of application of topical formulation on skin. Therefore, 

this study provides information about the practical thickness of the gel layer applied on 

skin surface by rubbing.  



 

 

 

 

 

 

Figure 104. Cryosection of stained gel on skin after finger rubbing 

Stumpp et al used a fine 220-grit sand paper to gently rub cleansing agent into 

skin tissue in various directions and obtained an even distribution of the agent over the 

treated area (Stumpp et al., 2006). A similar result to finger-rubbing group was obtained 

by Rhodes et al who used a gentle rotating motion to apply cream (Neutrogena SPF15 

waterproof cream, Hewlett's cream and Trimovate (clobetasone butyrate) cream) with a 

gloved finger to achieve a gel layer with uniform thickness (Rhodes & Diffey, 1997). 

Besides, gel layer on skin surface created in this study (4.84 µL/sq.cm) was thicker than 

the layer of cream formulation formed on ventral forearm of Caucasian volunteer (2 

µL/sq.cm, measured by intensity of fluorescence) (Rhodes & Diffey, 1997).  

Skin integrity assessment 

TEWL has been described as an indicator of skin barrier function (Herwadkar et 

al., 2012; Simonsen & Fullerton, 2007). The value of TEWL increases considerably as 

the skin barrier is disturbed (Herwadkar et al., 2012). Besides, skin conductivity also 



 

 

 

 

 

represents the intactness of stratum corneum, known as multilayer of lipid and corneocyte 

membrane (Lavon, Grossman, Kost, Kimmel, & Enden, 2007). Specifically, a decrease in 

resistance value denotes the failure of skin barrier function. The basal TEWL value 

measured for untreated dermatomed porcine ear skin was found to be 35.33 ± 10.50 

g/m2h (n=20). This value was similar to the TEWL values of untreated full-thickness 

porcine ear skin reported by Elmabjoubi et al (35 g/m2h) (Elmahjoubi et al., 2009). The 

basal value of skin resistance was determined to be 49.83 ± 24.66 kΩ/sq.cm (n=20). The 

effect of different rubbing methods on skin barrier function was investigated based on 

comparison of TEWL and skin resistance values before and after the treatments (Fig 6. 

A-D). Vertical glass rod rubbing resulted in a significant decrease in skin resistance value 

from 76.62 ± 17.89 to 25.59 ± 22.16 kΩ/sq.cm (p=0.01) (Figure 105. A). However, there 

was no statistically significant difference in skin resistance values before and after 

rubbing by horizontal glass rod, rheometer and finger (p>0.05) (Figure 105. B-D). 

However, harsher rubbing methods have been reported to significantly decrease the 

electrical resistance of skin. According to earlier studies, electrical resistance of human 

skin was found to decrease 2-folds after rubbing diclofenac gel for 45 seconds (p<0.001) 

(Hasler-Nguyen & Fotopoulos, 2012). In another study, skin impedance was measured 

before and after 30 s rubbing of triamcinolone acetonide ointment by a forefinger to 

investigate the effect of rubbing on skin barrier function (Ishii et al., 2010). Interestingly, 

triamcinolone acetonide white petrolatum ointment formulation decreased skin 

impedance by itself (Ishii et al., 2010). Furthermore, skin impedance after 30 s rubbing of 

the ointment was markedly lower than that without rubbing. This was explained due to 



 

 

 

 

 

increase in partitioning of drugs and vehicles into the stratum corneum and hair follicles 

by rubbing that reduces skin resistivity (Ishii et al., 2010). Also, TEWL values did not 

depict any significant change in skin barrier function due to all rubbing methods in our 

study (p>0.05).  

 
 

A B 

  

C D 

(* indicated statistical difference in skin resistance of vertical glass rod group, p<0.05) 

Figure 105. Change of TEWL and skin resistance value due to vertical glass rod rubbing 

(A), horizontal glass rod rubbing (B), rheometer rubbing (C), finger rubbing (D) 

 The representative histological sections of negative control skin sample indicated 

a normal skin histology and intact barrier properties. In all the samples, stratum corneum 

appeared on top, followed by viable epidermis and dermis. Evidently, none of the rubbing 
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techniques considerably disrupted the stratum corneum layer. The skin histology after 

gentle 15-seconds rubbing by vertical/horizontal glass rod, rheometer and finger was 

found to be similar to untreated skin. Results of the present study were similar to the 

observations of Hasler Nguyen and Fotopoulos where 45-second rubbing by a syringe 

piston did not disrupt the skin barrier, however, modified the skin’s lipid structure to 

favor drug penetration (Hasler-Nguyen & Fotopoulos, 2012). Interestingly, harsher 

rubbing by sand paper was reported to cause abrasion of the superficial skin layer 

(stratum corneum), reduce the skin barrier, create microscopic damage to the stratum 

corneum, reduce the thickness of the layer and increase the surface area for diffusion 

(Stumpp et al., 2006). 

In vitro permeation studies by Franz diffusion cells 

Porcine ear skin has been long preferred in transdermal/topical delivery studies as 

it is easy to obtain from suppliers (M. A. Davies, 2015) and has been shown to have 

structural, morphological, functional, and histological similarities to human skin (Jacobi 

et al., 2007; Sekkat et al., 2002; Touitou et al., 1998; Wester & Maibach, 1999). Integrity 

of porcine ear skin membrane can be variable due to seasonal and strain difference. 

However, if the skin integrity is checked before skin exposure, then pig skin is good in 

vitro tissue model (D. J. Davies et al., 2004). Therefore, the effect of different rubbing 

methods on permeation of salicylic acid was evaluated in vitro using dermatomed porcine 

ear skin.  

There was no statistically significant difference between the mean cumulative 

amount of salicylic acid in receptor after 24h in different rubbing groups (p=0.10) 



 

 

 

 

 

(Figure 106). Therefore, rubbing for 15 s did not considerably affect the in vitro drug 

permeability. Interestingly, vertical glass rod-rubbing facilitated a faster delivery or rapid 

onset. At 4h, rubbing by vertical glass rod facilitated penetration of 24.19 ± 3.08 

µg/sq.cm drug into the receptor fluid that was approximately 1.5 times higher than the 

cumulative amount of drug delivered in control group (13.95 ± 2.65 µg/sq.cm, p=0.00) 

and horizontal glass rod (14.00 ± 4.50 µg/sq.cm, p=0.01). The rapid onset of drug 

delivery after rubbing by vertical glass rod could be explained due to direct contact of the 

rod end and skin surface. This result was in agreement with the significant decrease of 

skin resistance observed in this group. Similarly, Hasler-Nguyen et al reported that 

rubbing for 45 seconds using a rounded end of a syringe piston resulted in 5-fold increase 

in flux of diclofenac diethylamine at 8h, but no effect of rubbing was observed at 24h 

(Hasler-Nguyen & Fotopoulos, 2012). This result confirmed that rubbing facilitated the 

rate rather than the cumulative amount of drug delivery. Venuganti et al, in another study 

confirmed that the penetration enhancement was correlated to the percent decrease in skin 

resistance (R2=0.995) (Venuganti, Sahdev, Hildreth, Guan, & Perumal, 2011). A 

correlation between kinetics of drug absorption through skin and skin electrical resistance 

has been reliably established (Hasler-Nguyen & Fotopoulos, 2012; Lavon et al., 2007; 

Takaaki Terahara, Mitragotri, & Langer, 2002). The result of insignificant difference in 

delivery of salicylic acid after rubbing by horizontal glass rod, rheometer or finger was in 

concordance with the results of TEWL, skin electrical resistance measurement, and H&E 

staining study where the skin barrier function and structure of layers were found to be 

intact after rubbing. Therefore, gentle rubbing methods for short period of time (15 



 

 

 

 

 

seconds) in this study did not modify the structure of skin and therefore, no signification 

alteration in the drug delivery profile was observed by rubbing as compared to the control 

group. However, harsher rubbing methods such as application of high pressure or use of 

rough-surface materials or longer duration may cause a significant enhancement in drug 

permeability. Hiroshi Ishii et al performed a study in which an ointment was rubbed on 

excised hairless rat skin for 30 s at a pressure of 1.87-3.12 N/sq.cm using a rubber-sacked 

forefinger and observed 9-times higher in vitro permeability of triamcinolone acetonide 

(Ishii et al., 2010). Similarly, Stumpp et al reported that rubbing a cleansing agent 

manually onto animal skin for 2-4 min in various directions using a fine 220-grit sand 

paper with a force of 15 to 30 N breached the stratum corneum and enhanced the delivery 

of skin cleansing agent (Stumpp et al., 2006). Bhatnagar et al evaluated the effect of 

rubbing on propranolol permeability from a reverse micelle-based microemulsion and 

observed that 10 min rubbing provided a significant enhancement effect in drug delivery 

and enhanced the permeation rate from 122.8 µg/sq.cm.h to 307.7 µg/sq.cm.h (Bhatnagar 

& Vyas, 1994). These intense rubbing methods disrupt the skin barrier function and 

hence, enhance the drug delivery through skin. Since the properties of the stratum 

corneum remain unchanged when it is excised from the body, and porcine ear skin is a 

good model for human tissue, these in vitro results may be correlated with similar effects 

in vivo. Further clinical studies are required to confirm this hypothesis.  



 

 

 

 

 

 

(* indicated statistical difference in cumulative amount of drug at 4h between 

vertical glass rod and control as well as horizontal glass rod group, p<0.05) 

Figure 106. In vitro permeation profile of salicylic acid through dermatomed porcine ear 

skin rubbed by vertical/horizontal glass rod, rheometer and finger 

Skin distribution study 

Skin distribution study using tape stripping technique was employed to investigate 

the difference in amount of salicylic acid in stratum corneum, viable epidermis, and 

dermis of skin. As salicylic acid is used topically to treat acne, it is expected to 

accumulate in skin layers rather than entering the blood circulation. Therefore, the results 

of skin distribution studies have been meticulously interpreted. The amount of drug in a 
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unit of diffusion area of stratum corneum and underlying layers of skin in different test 

groups has been shown in Figure 107.  

 

(* indicated statistical difference between finger rubbing and other groups, p<0.05) 

Figure 107. The amount of salicylic acid in skin layers 

The amount of drug in skin in control group (7.67 ± 0.37 µg/sq.cm) was 

significantly lower than other groups (p<0.05). Rubbing with gloved finger delivered 

higher amount of salicylic acid into stratum corneum as well as viable epidermis and 

dermis than other four groups (17.00 ± 0.58 µg/sq.cm, p<0.05). Interestingly, rubbing by 

vertical glass rod (5.05 ± 0.22 µg/sq.cm), showed a markedly higher amount of drug in 

stratum corneum than control, horizontal glass rod rubbing and rheometer rubbing 

(p<0.05). The higher amount of drug in skin after rubbing by vertical glass rod and finger 

was similar to the observation of Hasler Nguyen and Fotopoulos in which rubbing for 45 

seconds resulted in higher amount of drug in stripped skin (p=0.20) (Hasler-Nguyen & 
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Fotopoulos, 2012). This result can be explained due to the area of spreadability of the gel 

on skin, as described in gel distribution on skin surface. Rubbing with vertical rod and 

gloved finger maximized the contact area between the gel and skin (the entire exposed 

area of 0.64 sq.cm). In other groups, gel was located in a smaller area on skin thereby 

reducing the drug penetration into skin layers. Ishii et al found out that 30-second rubbing 

by a finger produced a 1.6-fold increase in the amount of triamcinolone acetonide in skin 

(Ishii et al., 2010).  

Skin Extraction Recovery Study 

Skin extraction recovery studies were performed to estimate the percentage of 

drug extracted from skin, in particular viable epidermis and dermis using the protocol 

described earlier. The amount of drug extracted from skin (DE µg) was reliably correlated 

to the theoretical amount of salicylic acid in skin (DS µg) in the following equation: 

DE = 0.5296 DS + 0.0290 (R2 = 0.991) 

The positive correlation provided a platform for calculating the actual drug levels 

in skin layers in skin distribution study. Correlation in equation form obtained from this 

extraction recovery study might be more accurate and reliable than other published 

methods where extraction efficiency has been reported as a factor (M. J. Abla & Banga, 

2013; Aguzzi et al., 2008; de Jalón, Blanco-Prı́eto, Ygartua, & Santoyo, 2001; Herwadkar 

et al., 2012; Padula et al., 2010; Rhodes & Diffey, 1997) as this study was particularly 

performed for a wide range of drug concentrations. Padula C et al extracted salicylic acid 

from epidermis and dermis with 1 mL of water:ethanol (80:20 v/v) under sonication for 



 

 

 

 

 

15 and 45 min to obtain the extraction recovery of 95±6% and 89±3% for dermis, 

respectively (Padula et al., 2010).  

Mass balance study 

Mass balance study is a useful technique to compare the amount of drug applied 

onto skin and that recovered from donor chamber, skin, and receptor compartment. Based 

on this, percentage of total drug recovered can be estimated. Efficiency of drug extraction 

from cotton swabs and tapes was assumed to be 100%. Figure 108. A shows the 

difference in drug disposition in different rubbing groups. Also, the percentage of total 

drug recovery after in vitro permeation study has been illustrated in Figure 108. B.  

  

A B 

Figure 108. Drug distribution in different compartments (A) and percentage of drug 

recovery (B) 

No statistical difference in drug recovery was observed (p=0.60). The recovery 

percentage was consistent in different groups, ranging from 78.07 ± 5.22 % (Control) to 

76.72 ± 3.73 % (horizontal glass rod), 78.11 ± 5.24 % (gloved finger), 80.44 ± 2.99 % 

(rheometer) and 75.86 ± 2.90 % (vertical glass rod). In order to have a complete mass 
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balance study, extraction recovery of drug from tape strips and cotton swabs must be 

measured. However, in this work the efficiencies in all five groups were acceptably 

consistent. In literature, sublimation of salicylic acid during evaporation of organic 

solvents has been reported. Major components in salicylic acid gel are water and 38% 

denatured alcohol. Sublimation can be a possible explanation for the results of the 

recovery of salicylic acid in this study. More studies, therefore, need to be conducted to 

study the effect of ingredients on sublimation of salicylic acid.  

Conclusion 

This in vitro study indicated that delivery of salicylic acid into dermatomed 

porcine skin was affected by different rubbing methods. Physical properties of drug 

formulation were characterized and effects of rubbing by vertical/horizontal glass rod, 

rheometer, and finger on gel distribution on skin surface as well as skin integrity were 

investigated. Vertical rod rubbing facilitated a rapid onset of drug delivery at 4h than 

other groups. A uniform thin layer of gel was observed on skin after rubbing with gloved 

finger. Furthermore, rubbing by finger resulted in significantly higher amount of salicylic 

acid in skin layers than other groups (p<0.05). Thus, overall, application of salicylic acid 

gel on skin by rubbing was found to affect its in vitro delivery in the skin. 

 



 

 

 

 

 

CHAPTER 13 

EFFECT OF ABLATIVE LASER ON IN VITRO TRANSUNGUAL DELIVERY 

Abstract 

Topical therapy of nail psoriasis using methotrexate has not been realized due to 

the high molecular weight and low permeability of the compound. In this study, we used 

a 2940 nm fractional ablative laser to disrupt the nail barrier to enhance the in vitro 

transungual delivery of methotrexate. Bovine hoof membrane―an in vitro model of the 

human nail―was treated by the laser at different energy levels and pore densities. A 

successful microporation was characterized by mechanical properties, scanning electron 

microscopy, Fourier transform infrared spectrophotometer, dye binding, histology, pore 

uniformity, confocal laser microscopy, nail integrity measurement, and permeation 

studies. No significant difference in the pore dimension was found in different treatment 

groups (p>0.05). Increases in pore depth corresponded with increases in the laser energy. 

Laser ablation was found to affect the mechanical properties of the hoof membrane. In in 

vitro permeation studies, laser ablation resulted in a significant increase in the drug 

cumulative delivery, flux, and permeability coefficient as compared to the untreated 

group (n=3, p<0.05). A change in the laser energy and pore density was found to alter the 

drug permeability. Thus, transungual methotrexate delivery was enhanced by the 

fractional laser ablation. 

Introduction 

A human nail consists of the nail plate (0.25-0.60 mm thick, a thin structure of 

approximately 25 layers of tightly packed dead keratinocytes with a matrix of keratin 



 

 

 

 

 

filaments) and four epithelial tissues (nail matrix, nail bed, hyponychium, and 

perionychium) (Murdan, 2002; Murthy & Maibach, 2012). The upper layer of the human 

nail plate is a slightly elastic and poorly permeable structure that serves as the primary 

barrier to permeation of  therapeutic agents from topical formulations while the full-

thickness nail behaves as a hydrophilic gel matrix (Khengar et al., 2007; Kobayashi et al., 

1999; Neev et al., 1997). A common nail disease is nail psoriasis, which presents in 

approximately 50% psoriasis patients (Armesto et al., 2011; Augustin et al., 2010). De 

Berker reported that nail psoriasis created a social issue in 93% of patients and pain in 

52% of the patients (D. de Berker, 2009). The distinguishing features of nail psoriasis 

depend primarily on the type of affected nail tissue: the nail matrix, nail bed, or nail fold. 

Psoriatic nail matrix causes pitting, nail fragility, crumbling, or nail loss while the 

psoriatic nail bed causes onycholysis, splinter hemorrhages, and subungual 

hyperkeratosis (Murdan, 2002). Patients with this chronic, debilitating condition undergo 

long-term therapy and commonly experience relapse (Murdan, 2002); drug delivery to 

target nail psoriasis poses a clinical and therapeutic challenge.  

The current treatment landscape of nail psoriasis includes an array of treatments, 

including nail care, intralesional injections (triamcinolone acetonide (Grover et al., 2005) 

and methotrexate (Sarıcaoglu et al., 2011)), radiation therapy, topical products 

(tacrolimus, fluorouracil, topical cyclosporine, tazarotene, anthralin, and clobetasol 

propionate), systemic therapies, and surgical interventions (Crowley et al., 2015; 

Sarıcaoglu et al., 2011). However,  nail psoriasis remains difficult to treat due to poor 

permeation of topical agents into the nail bed, pain with intralesional injections, and 



 

 

 

 

 

patients’ non-compliance with the long-duration therapies (Crowley et al., 2015; Murdan, 

2002). 

One of the effective compounds to treat nail psoriasis is methotrexate (MTX). 

Sarıcaoglu et al. injected 2.5 mg MTX intralesionally into the proximal nail fold to safely 

and effectively treat nail psoriasis (Sarıcaoglu et al., 2011). Daulatabad et al. also injected 

MTX solution (25 mg/mL, 0.1 mL) into the nail bed to obtain a significant decline in the 

mean Nail Psoriasis Severity Index (Daulatabad et al., 2017). Similarly, oral 

administration of MTX has been demonstrated to be effective against nail psoriasis 

(Gümüşel et al., 2011; J. Y.-Y. Lee, 2009; Reich et al., 2011). However, the intralesional 

injection has several limitations: severe pain to patients, injection site hyperpigmentation, 

and non-standardized dosing (Sarıcaoglu et al., 2011). Systemic delivery of MTX poses 

adverse effects, such as oral mucositis, liver fibrosis, bone marrow suppression, 

myelotoxicity, hepatotoxicity, thrombocytopenia, and pneumonitis (Kelly & Ramanan, 

2011; Sarıcaoglu et al., 2011; Van Outryve et al., 2002). Thus, MTX has been 

recommended only for patients who suffer from combined skin and nail disease (severe 

forms of psoriasis) (Schons et al., 2014). To avoid systemic side effects, topical therapy 

using methotrexate appeared promising for nail psoriasis. However, delivery of MTX 

through the nail plate by passive diffusion is challenging due to its high molecular weight 

(454.44 g mol-1). Kobayashi et al. predicted a negligible nail permeability of drugs of 

high molecular weight (>240 g mol-1) (Kobayashi et al., 2004). To date, topical 

administration of methotrexate for nail psoriasis has not been explored, to the best of our 

knowledge. 



 

 

 

 

 

The transungual delivery of MTX could be enhanced if the nail plate―the major 

barrier to drug permeation―is compromised. Removing part of the nail plate has been 

shown to increase the drug penetration to the target sites to therapeutic levels (Murdan, 

2002). In clinical trials, Pittrof et al. and Lauharanta showed that the physical disruption 

of the nail plate was critical for the success of topical treatment (Lauharanta, 1992; Pittrof 

et al., 1992). The use of physical treatment of the nail plate provided several advantages 

(i) increase the permeation of topical agents into the nail bed, (ii) avoid systemic therapy 

associated with adverse effects, and (iii) allow targeted treatment to the diseased nails 

(Neev et al., 1997). 

Compared to other physical enhancement techniques, laser treatment of the nail 

presents additional benefits due to its minimal invasiveness which may enhance patient 

compliance. The Precise Laser Epidermal System (PLEASE®, PantecBiosolutions AG) 

Er:YAG fractional ablative laser has been commonly used to disrupt the nail barrier to 

enhance the drug permeation. The system emits light of infrared wavelength (2940 nm) 

that has an intense affinity for water molecules in tissue (10-30% of nail plate content) 

and causes ablation of the nail plate by evaporating the tissue (the same way as the laser 

does to the skin) (Neev et al., 1997). The 2940 nm Er:YAG laser caused negligible 

damage to the nail plate, thus is a safe laser system (Neev et al., 1997). Several studies 

have shown the efficacy of this ablative laser on topical treatment of subsurface nail 

pathology (de Morais et al., 2013; Neev et al., 1997). The laser treatment created 

microchannels in the nail to increase drug delivery to the nail bed, and increase the 



 

 

 

 

 

contact area between the topical formulation and the nail surface, thus, enhance the drug 

penetration (de Morais et al., 2013). 

In this study, we used a fractional ablative laser to treat bovine hoof membrane 

(an in vitro model of the human nail), characterized the laser-ablated microchannels, and 

investigated the enhanced transungual delivery of methotrexate in vitro. For the first time, 

we performed a comprehensive characterization of laser-treated hoof membrane 

including mechanical properties (Texture Analyzer), dye binding (methylene blue dye), 

histology (hematoxylin and eosin staining), pore uniformity, confocal laser microscopy 

(calcein dye), volume of the laser-created microchannels (polydimethylsiloxane 

replicates of the channels), and measurement of nail integrity (nail electrical resistance 

and transonychial water loss). Also, we conducted an in vitro permeation study to 

investigate, for the first time, the effect of laser ablation on the permeation of MTX into 

and across the hoof membrane. The present study can serve as the foundation for future 

in vivo and clinical studies on fractional ablative laser on nail, characterization of nail, 

and the transungual delivery of MTX.   

Materials and methods 

Materials 

Methotrexate and phosphate buffered saline (PBS, 0.1 M, pH 7.4) were provided 

by Sigma-Aldrich (St. Louis, MO, USA) and Fisher Scientific (Fisher BioReagent, NJ, 

USA), respectively. Fluoresoft® (0.35 %) was obtained from Holles Laboratories Inc. 

(Cohasset, MA, USA), methylene blue dye from Eastman Kodak Co (Rochester, NY, 

USA) while all the other chemicals were obtained from Sigma-Aldrich (St. Louis, MO, 



 

 

 

 

 

USA). Untreated or raw bovine hooves, purchased from Green Cuisine 4 Pets (Marietta, 

GA), were stored in a sealed plastic bag at -80°C till used.   

Methods 

Preparation of bovine hoof membrane 

Finely sliced bovine hoof membrane has been validated to simulate human nail 

(D. Monti et al., 2011; Reichl, Müller-Goymann, & others, 2011). The preparation of the 

hoof membrane has been described earlier (Miron et al., 2014; D. Monti et al., 2011). 

Bovine hooves were soaked in deionized (DI) water for three days, then the soft tissue 

was removed. The bottom of the hooves was dissected and embedded in Tissue-Tek® 

optimal cutting temperature (OCT) compound medium (Sakura Finetek USA Inc, 

Torrance, CA, USA).  This hoof block was solidified at -80°C for four hours and 

vertically sectioned using Microm HM505E (Southeast Scientific Inc., GA, USA) to the 

thickness of 0.31 ± 0.04 mm (n=18) (measured by a digital caliper, Marathon Watch, 

Ontario, Canada).  

The center of the membrane was ablated by fractional ablative laser (PLEASE®) 

with the pulse duration of 175 µs, treatment rate of 200 Hz, array size of 5 mm and other 

parameters listed in Table 23. The laser-treated membrane was then used in 

characterization and in vitro permeation studies.  

Table 23 Skin treatments by fractional ablative laser 

Group Pulses/pore 

Density 

(%) 

Number of 

pores 

Array size 

(mm) 

Fluence 

(J/sq.cm) 



 

 

 

 

 

U 0 0 0 0 0 

3P-2D 3 2 7 5 34.1 

3P-1.5D 3 1.5 4 5 34.1 

3P-1D 3 1 1 5 34.1 

2P-2D 2 2 7 5 22.7 

4P-2D 4 2 7 5 45.4 

 

Scanning electron microscopy 

The dimensions and morphology of laser-created microchannels in bovine hoof 

membrane were investigated using the PhenomTM field emission scanning electron 

microscope (SEM, Nanoscience Instruments Inc, Phoenix, AZ, USA). The treated site of 

the membrane was separated and dried in a vacuum oven at 500C for 30 minutes. The 

dust-free membrane was mounted on a SEM Pin stub mount (Ted Pella Inc, Redding, 

CA, USA) using a double-sided carbon sticky tape and sputter coated with a gold target 

(10 mA, 4 minutes, vacuum 9 x 10-2 mbar) to cover the sample with a thin layer of 

conductive coat to increase the signal-to-noise ratio. The samples were then placed in the 

SEM chamber at a primary beam with an accelerating voltage of 5 kV. The secondary ion 

images were collected and analyzed using Image J (National Institute of Health, 

Bethesda, MD, USA) to measure the area of the microchannels in the hoof membrane.  

Mechanical properties 

The untreated and laser-treated bovine hoof membranes were assembled in a nail 

adapter and placed on a TA.XT Plus Texture Analyzer (Texture Technologies Corp., 



 

 

 

 

 

Surrey, U.K). An intradermal bevel needle (26G x 3/8”, Becton Dickinson & Co, NJ, 

USA) was attached to a plastic probe using a washable glue. The system was set in which 

the needle moved down at a constant speed of 0.5 mm/s, touched the membrane at a 

trigger force of 0.049 N, punctured the membrane at a speed of 2.0 mm/s to a distance of 

3 mm. This study recorded the force (N) required to move the needle as a function of its 

displacement (mm) (Figure 109). The mechanical strength of the membrane was 

represented as a sudden drop of the force with the increase in the displacement (n=4).  

  

A B 

Figure 109. (A) Texture analyzer, (B) Experimental set-up for puncture force test 

Dye binding studies 

The formation of microchannels in bovine hoof membrane due to the laser 

ablation was validated using methylene blue solution (1% w/v in DI water). After the 

laser treatments, the dye was immediately applied on the treated site for one minute 

before being cleaned by Kimwipes (Kimberly-Clark Worldwide Inc) and alcohol swabs 



 

 

 

 

 

(Alcohol Prep, CurityTM Covidien, MA, USA). The stained area was then observed under 

ProScopeHR Digital USB Microscope (Mode B, Bodelin Technologies, OR, USA).  

Histology studies 

Histological sectioning was performed to assess the ablation of bovine hoof 

membrane by fractional ablative laser. The laser-treated membrane was embedded in 

OCT medium, solidified at -800C, and sectioned using Microm HM505E (10 µm thick). 

The cryosection was immobilized on a microscope glass slide (Globe Scientific Inc, NJ, 

USA), stained with conventional hematoxylin and eosin staining, and visualized under 

Leica DM 750 microscope (Leica Microsystems CMS GmbH, Switzerland).  

Pore uniformity studies 

The uniformity of the laser-created microchannels was investigated by calcein 

imaging using Fluoropore analysis software. Fluoresoft® was applied on the treated site of 

the membrane for one minute, then wiped off with Kimwipes and alcohol swabs. A 

fluorescent image was taken to demonstrate the distribution of fluorescent intensity in 

and around each microchannel, which was converted into Pore Permeability Index (PPI), 

to represent the calcein flux for each channel.  

Confocal laser microscopy studies 

The depth of laser-created microchannels was measured noninvasively by a 

confocal laser microscope. The ablated membrane was stained (200 µl Fluoresoft® 

0.35%) and visualized under a computerized Leica SP8 confocal laser scanning 

microscope (x10 objective, excitation wavelength 496 nm, Switzerland). Fluorescent 

images were taken and processed by Leica Application Suite-Advanced Fluorescence 



 

 

 

 

 

software. Z-stack with a step size of 5 µm was used to study the distribution pattern of 

calcein in the channels and the depth of the channels. 

Volume of microchannels 

The total volume (V) of all laser-created microchannels was calculated based on 

the surface area (S), the depth (D), and the number (N) of the channels in the bovine hoof 

membrane using this equation.  

V =  
1

3
 S D N 

To investigate the surface morphology and dimensions of the channels, 

polydimethylsiloxane mixture (PDMS, base: curing agent = 10:1 w/w) was used to 

replicate the channels. The PDMS mixture was pulled into the microchannels under a 

vacuum at 200 mbar, room temperature for 30 minutes. The mixture, embedded in the 

membrane, was then cured at 1000C for one hour. After that, the PDMS structure was 

separated, coated with a gold target, and visualized under the SEM system.  

Fourier transform infrared spectroscopy studies 

Fourier transform infrared (FTIR) spectra of untreated and laser-treated bovine 

hoof membrane were recorded from 100 scans with a spectra resolution of 4 cm-1 and 

wavenumber range from 500 to 4000 cm-1 using a Fourier Transform Infrared 

Spectrophotometer equipped with LabSolution IR software (IRAffinity-1S, Shimadzu 

Corporation, Kyoto, Japan) to study the modification of chemical structure of the 

membrane due to the laser ablation. The freeze-dried membrane was scanned at room 

temperature to obtain the FTIR spectra.  



 

 

 

 

 

Measurement of nail integrity  

The integrity of bovine hoof membrane was evaluated based on the level of water 

evaporation from the membrane’s surface (Transonychial water loss, TOWL) and ion 

transport through the membrane (Nail electrical resistance values) (n=3). The 

measurement was carried out after the membrane (assembled in nail adapter) was 

equilibrated on vertical Franz diffusion cells for 30 minutes.  

The electrical resistance was measured by passing a current (100mV AC, 10 Hz, 

50% duty cycle, no offset, generated from an Agilent Digital Multimeter and waveform 

generator, Agilent Technologies, CA, USA) from a load resistor (RL, 100 kΩ, silver 

chloride electrode dipped in 200 µL 10mM PBS solution in the donor compartment) 

through the membrane into the silver electrode (immersed in 5 mL of 10 mM PBS 

solution). The resistance was calculated from the voltage drop across the hoof membrane 

using this equation. 

Rs  =  
VS RL

A (Vo − VS)
 

        Where: 

RS represents nail electrical resistance per a diffusion unit area (kΩ/sq.cm), RL 

represents the load resistance (100 kΩ), A represent the exposed area of the membrane 

(0.2 sq.cm), Vo represents the voltage drop across the entire circuit (100 mV), VS 

represents the voltage drop across the membrane (mV) 

After the nail resistance measurement, the membrane surface was dried using 

Kimwipes and the TOWL values were measured immediately using a VapoMeter 

(VapoMeter, Delfin Technologies Ltd, Kuopio, Finland).  



 

 

 

 

 

In vitro permeation studies by vertical Franz diffusion cells 

Permeation studies have been performed to investigate the drug delivery across 

and into bovine hoof membrane in vitro. The membrane was assembled in a nail adapter 

(0.20 sq.cm exposure area) and sandwiched between the donor and receptor 

compartments of vertical Franz diffusion cells (0.64 sq.cm permeation area, PermeGear, 

Inc., PA, USA). The receptor (10 mM PBS solution, 5 mL) was continuously stirred at 

600 rpm and 37oC while the donor chamber contained 100 µL MTX solution 2 mg/mL in 

10 mM PBS and was kept open to mimic in vivo conditions. Samples (300 µL) was 

withdrawn from the arm of the receptor compartment at predetermined intervals (0, 1, 2, 

4, 6, 8, 22, and 24h) and replaced with 300 µL fresh 10 mM PBS solution. The samples 

were then quantitatively analyzed using an isocratic reversed-phase high performance 

liquid chromatography (RP-HPLC) method. The cumulative amount of MTX delivered 

into the receptor chamber was plotted against time (permeation graph, n=3). The flux (J) 

of MTX was calculated as the mass of the molecule (m) moving through a cross-sectional 

area (A) during a certain period of time (t) (Miron et al., 2014) as shown in this equation.  

J =
dm

dtA
 

The steady-state flux was calculated from the slope of the linear portion of the 

permeation graph. The flux was then used to determine the permeability coefficient, 

using this equation (Mertin & Lippold, 1997b).  

Kp =
J

C A
 



 

 

 

 

 

where Kp is the permeability coefficient (cm/h), J is the steady-state flux (µg/h), C 

is the MTX concentration in the donor (2000 µg/mL), and A is the permeation area (0.2 

sq.cm).  

The permeability coefficient of MTX through human nail plate (PN) was predicted 

from the permeability coefficient of the drug through bovine hoof membrane (PH), using 

this equation (Mertin & Lippold, 1997b).  

log PN = 3.723 + 1.751 log PH                                             (r=0.971) 

The permeability coefficient of MTX through human nail (PN’) was also 

calculated from the molecular weight of the compound, using this equation (Kobayashi et 

al., 2004; Miron et al., 2014). 

log PN′ = log (
Do

h
) −  β′MW                                  (r = -0.976) 

where D0 represents the diffusivity of a hypothetical molecule (zero molecular 

weight), h represents the membrane thickness (log(D0/h) = -3.805), β’ is a constant 

(0.00257), and MW represents the molecular weight (454.44 g mol-1).  

Nail distribution studies 

The drug level in the hoof membrane was determined after the permeation study. 

The formulation in the donor chamber was discarded using two dry and two receptor-

soaked cotton swabs. The drug remained on the membrane surface was removed using 

two tapes (D-Squame stripping discs D101, CuDerm, Dallas, TX, USA). The permeation 

area of the membrane was then minced into small pieces using surgical scissors and 

placed in six-well plates. MTX was extracted from the tissues using 2 mL extraction 

solvent (Methanol:10 mM PBS=50:50 v/v) under a continuous shaking at 100 rpm for 



 

 

 

 

 

24h at room temperature. The extractant was filtered through 0.2 µm filter and analyzed 

using the HPLC method.  

Quantitative analysis 

MTX concentrations in the samples were analyzed by an RP-HPLC method using 

a Waters Alliance HPLC system (e2695 Separating Module), equipped with a photodiode 

array detector (Waters 2996) and EmpowerTM 2 software (Waters Co., Milford, MA, 

USA). A mixture of acetonitrile and 10 mM potassium phosphate monobasic buffer (pH 

3.5, adjusted by o-phosphoric acid 85%, Fisher Scientific, Fair Lawn, NJ, USA) (13:87 

v/v) flowed through a Gemini-NX column (C18 110A, 150 x 4.6 mm, 5 µm, 

Phenomenex, Torrance, CA, USA) at a rate of 1.0 mL/min at 350C. The injection volume 

was 10 µL while the detection wavelength was set at 304 nm and the run time at 7 

minutes. This validated HPLC method provided a linear range of 0.1-50 µg/mL 

(R2=1.00).  

Statistical analysis  

Results were reported as the mean ± standard deviation (SD) (n≥3). Statistical 

analysis was performed in Microsoft Excel Worksheets. Student’s t-test and One-Way 

ANOVA followed by Tukey HSD post-hoc test were employed to compare the results of 

different groups. Statistical difference was depicted by p value < 0.05. 

Results and discussion 

Scanning electron microscopy 

The radiation of ablative laser was absorbed into the top layer of hard tissues to 

heat up and melt the materials (Ihlemann, Wolff, & Simon, 1992; Neev et al., 1997). As 



 

 

 

 

 

shown in Figure 110., microchannels were successfully created in hoof membrane by 

laser ablation while the vicinity remained unaffected. The channels were rectangular in 

shape with smooth edges. The surface area of the channels was measured using ImageJ 

software. There were no significant differences in the area of the channels created by 

different laser treatments (3P-2D 65402.57 ± 13004.42 sq.µm, 3P-1.5D 59975.88 ± 

2763.95 sq. µm, 3P-1D 81300.35 sq. µm, 2P-2D 77961.47 ± 8748.85 sq. µm, and 4P-2D 

65205.66 ± 7103.04 sq. µm, p=0.07) (Table 24). The diameter of the laser-created 

channels was approximately 0.29 mm, which was similar to the channel diameter of 0.1 

to 0.6 mm created by an Er:YAG laser (2940 nm) fractional ablative laser on a nail plate 

reported by de Morais et al. (de Morais et al., 2013).  
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Figure 110. SEM images of (A) untreated bovine hoof membrane, and laser-treated 

membrane (B) 3P-2D, (C) 3P-1.5D, (D) 3P-1D, (E) 2P-2D, (F) 4P-2D 

Also using SEM images of the human nail plate, Neev J et al. reported that the 

ablation channels, created by an Er:YAG laser, had a rectangular shape with significantly 

larger dimensions (about 1.0 × 0.8 mm in size). Their wall and floor surface were clean 

without any evidence of melting. The depth of the channels was found to affect their 

surface morphology: the deep channels, unlike shallower channels, were observed with 

few large cracks (Neev et al., 1997). Similarly, we did not observe any crack or damage 

around the laser-created pores due to the low levels of laser energy used in this study.  

Unlike laser-ablated skin, a carbonization layer or coagulation zone was absent 

from the laser-treated hoof membrane (E. H. Taudorf et al., 2016; Elisabeth H. Taudorf et 

al., 2014). Furthermore, several holes were visible in the SEM images of both untreated 

and laser-treated hoof membranes, indicating the porous structure of the membranes 

(Figure 110. A-F).  



 

 

 

 

 

Mechanical properties 

The mechanical properties of bovine hoof membrane were investigated for the 

first time using a Texture Analyzer. When the needle was moving down into the 

membrane, the force would increase accordingly due to the physical resistance of the 

membrane. When the needle punctured the membrane, the resistance abruptly decreased, 

resulting in a significant and continuous decrease in the force. The puncture force was 

denoted as the point where the force suddenly decreased with an increase in the traveling 

distance of the needle (Figure 111.A).  
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(* indicated statistical difference from untreated group, p<0.05) 

Figure 111. (A) Force required to puncture bovine hoof membrane as a function of 

travelling distance of the needle (B) Force required to puncture untreated and laser-

treated bovine hoof membrane 
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The force required to puncture the untreated membrane (3.95 ± 0.58 N) was 

significantly higher than that with laser ablation 3P-2D (2.99 ± 0.21 N, p=0.00), 3P-1.5D 

(2.47 ± 0.64 N), 3P-1D (2.42 ± 0.31 N), 4P-2D (1.97 ± 0.22 N). When the pore density 

decreased from 2 to 1.5 to 1%, the puncture force decreased accordingly (p<0.05). 

Similarly, an increase in the fluence resulted in a significant decrease in the puncture 

force (p<0.05). There was no significant difference in the distance that needle traveled 

before puncturing the membrane (1.50 ± 0.11 to 1.55 ± 0.09 mm, p=0.60) (Figure 

111.B). This result could be explained by the uniformity in the thickness of the 

membranes. This study provided an insight into the mechanical properties of bovine hoof 

membrane before and after the laser treatments.  

Dye binding studies 

The laser-created microchannels were recognizable in the bovine hoof membrane 

after methylene blue staining as they absorbed more dye than the surrounding area 

(Figure 112. B-F). The fractional ablative laser in this study merely ablated the 

membrane to create the microchannels without disrupting the vicinity (Figure 112. B-F). 

This observation might be explained by the durable structure of bovine hoof membrane 

and supported the safety profile of the laser system. In another study, Neev J. et al. stated 

that a high absorption of 25 micropulses at 100 MHz from an ablative laser led to 

significant thermal accumulation to cause thermoelastic stresses and tissue cracking in 

human cadaver nail plate (Neev et al., 1997).  
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Figure 112. Microscopic images of (A) untreated bovine hoof membrane, and laser-

treated membrane (B) 3P-2D, (C) 3P-1.5D, (D) 3P-1D, (E) 2P-2D, (F) 4P-2D 

An increase in the laser density from 1 to 1.5 to 2% resulted in an increase in the 

number of pores from 1 (3P-1D) to 4 (3P-1.5D), and 7 (3P-2D, 2P-2D, and 4P-2D). As 

the array size remained constant (5 mm), an increase the pore density caused a decrease 

in pore-to-pore distance. Interestingly, the untreated area of the membrane (Figure 

112.A) also absorbed the dye to be stained because of its porous structure (shown in SEM 

study).  



 

 

 

 

 

Histology studies 

Histological images of bovine hoof membrane suggested that the ablative laser 

successfully created microchannels in the membrane. Furthermore, a change in the laser 

parameters resulted in an alteration in the depth of the channels (Figure 113. B-F). Also, 

the porous structure of the membrane was observed on the surface and inside the 

membrane with visible pink holes (after hematoxylin and eosin staining). Different 

components of the membrane were recognized with different color after the staining.  
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Figure 113. Histological images of (A) untreated bovine hoof membrane, and laser-

treated membrane (B) 3P-2D, (C) 3P-1.5D, (D) 3P-1D, (E) 2P-2D, (F) 4P-2D 

Pore uniformity studies 

The uniformity of laser-created microchannels was studied using calcein imaging. 

Even though the untreated area of the membrane absorbed calcein dye, the stained 

microchannels remained recognizable from the vicinity. The dimensions of the channels 

were uniform with the pore permeability index falling in a narrow range (3P-2D: 15.8 ± 

4.97, n=7; 3P-1.5D: 18.6 ± 8.72, n=4; 3P-1D: 12.8 ± 0.00, n=1; 2P-2D: 6.6 ± 2.94, n=7; 

4P-2D: 17.0 ± 12.1, n=7). The uniformity of the laser-treated channels facilitated a 

controlled and uniform drug delivery through the membrane.  
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Figure 114. Calcein images, pore permeability index, and histogram of fluorescent 

intensity of laser-treated bovine hoof membrane (A, F, K) 3P-2D, (B, G, L) 3P-1.5D, (C, 

H, M) 3P-1D, (D, I, N) 2P-2D, (E, J, O) 4P-2D 

Confocal laser microscopy studies 

Confocal images of fluorescent-stained bovine hoof membrane were taken 

immediately after the staining to prevent the dye diffusion within the membrane. The 

noninvasive method of confocal laser microscopy omitted the need for physical distortion 

or sectioning of the membrane and preserved the shape and dimensions of the channels. 

Thus, this technique was likely to be more accurate and reliable than the histology 



 

 

 

 

 

method to study the actual depth of the pores. The vicinity of the channels or the 

untreated area (especially the porous holes) also absorbed calcein dye to reveal the 

fluorescent signal deep inside the tissue (Figure 115). This observation indicated that the 

porous area of the membrane was sufficiently large to allow macromolecules (calcein) to 

pass through.  
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Figure 115. Confocal images of laser-treated bovine hoof membrane (3P-1D) 

In another study, Neev J et al. compared the efficiency of different laser systems 

to conclude that Er:YAG laser appeared superior in terms of its highest ablation rate than 

Ho:YSGG, XeCl, and CPA lasers (Neev et al., 1997). The strong absorption of 2940 nm 

radiation from Er:YAG laser (long macropulses 250 µs at 4Hz with a series of 1 µs 

pulses separated by 10 µs) resulted in a high ablation rate in human nail plate, which 

increased from 20 µm/pulse at 10 J/sq.cm to more than 30 µm/pulse at 20 J/sq.cm. 

However, a continual increase of the laser fluence to 25 J/sq.cm led to a sudden decrease 

in the ablation rate. This occurrence might be related to the increased plasma density, 

which shields the nail surface from the laser energy (Neev et al., 1992). The decrease in 

ablation efficiency with an increase in laser energy within certain range was also 

observed with Er:YAG ablation of bone (Walsh, Flotte, & Deutsch, 1989) and human 

nail (Neev et al., 1997) due to the plasma shielding. In this study, an increase in the laser 

fluence (short pulse 175 µs) from 22.7 to 34.1, and 45.4 J/sq.cm resulted in a significant 

increase in the pore depth from 125.00 ± 12.91 (2P-2D) to 155.00 ± 9.13 (3P-2D), and 

190.00 ± 21.60 (4P-2D) (p<0.05) (Table 24). The plasma shielding might be absent from 

the use of soft and hydrated hoof membrane as well as shorter pulses of the ablative laser.  



 

 

 

 

 

Volume of microchannels 

The volume of the laser-created microchannels was determined from the depth 

(measured by confocal images) and surface area of the channels (estimated by SEM 

images) using Eq. (1) (E. H. Taudorf et al., 2016; Elisabeth Hjardem Taudorf et al., 

2015). A decrease in the pore density from 2 to 1.5 to 1% resulted in a significant 

decrease in the total volume of the channels (p<0.05). However, the change in the laser 

energy merely caused an insignificant alteration to the total volume (p>0.05). Similarly, 

there was no marked difference in the average volume of the microchannels created by 

different laser treatments (p>0.05) (Table 24).  

Table 24 Dimensions of laser-created microchannels in bovine hoof membrane 

Group 

Pore-to-

pore 

distance 

(mm) 

Pore depth (µm) Pore area (µm2) x 104 

Pore volume (µm3) x 

106 

Total volume of 

pores (µm3) x 106 

3P-2D 1.51 ± 0.22 155.00 ± 9.13 6.54 ± 1.30 3.38 ± 0.67 23.65 ± 4.70 

3P-1.5D 1.91 ± 0.17 151.25 ± 13.15 6.00 ± 0.28 3.02 ± 0.14 12.10 ± 0.56* 

3P-1D  145 8.13 3.93 3.93 

2P-2D 1.34 ± 0.30 125.00 ± 12.91* 7.80 ± 0.87 3.25 ± 0.36 22.74 ± 2.55 

4P-2D 1.43 ± 0.14 190.00 ± 21.60* 6.52 ± 0.71 4.13 ± 0.45 28.91 ± 3.15 

* indicates significant difference from 3P-2D (p<0.05). 

SEM images of PDMS replicates of the microchannels demonstrated the accurate 

shape, dimensions, and morphology of the channels (Figure 116). They represented 

neither a cone shape nor a smooth surface. Instead, a rough surface of the channels was 

observed. Thus, the cone equation (1) for calculating the volume of the laser-created 



 

 

 

 

 

channels might need to be adjusted for higher accuracy. The SEM images also provided 

the height of the PDMS replicates―the actual depth of the pores―to be approximately 

150 (3P-2D, 3P-1.5D, 3P-1D), 120 (2P-2D), and 200 µm (4P-2D). This observation was 

consistent with the results in confocal laser microscopy studies.   
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Figure 116. SEM images of PDMS replications of laser-created microchannels (A) 3P-

2D, (B) 3P-1.5D, (C) 3P-1D, (D) 2P-2D, (E) 4P-2D 



 

 

 

 

 

Fourier transform infrared spectroscopy studies 

FTIR spectra of bovine hoof membrane were recorded to study the modification 

of the chemical structure of the membrane due to laser ablation (Figure 117). The 

characteristic bands represent α-helix, β-sheet, β-turn, and random coil conformations in 

the amide I (1700-1600 cm-1) and amide II (1560-1500 cm-1) (Kong & Yu, 2007). Among 

these regions, amide I (due to the C = O stretch vibrations of the peptide linkages) is 

more sensitive to protein secondary structures (Kakkar, Madhan, & Shanmugam, 2014). 

Researchers reported that α-helical conformation has an amide I and II (mainly from in-

plane N-H bending and from the C-N stretching vibration) bands between 1657 and 1650 

cm-1 and between 1550 and 1540 cm-1, respectively (Lyman, Murray-Wijelath, & 

Feughelman, 2001; Wojciechowska, W\lochowicz, & Wese\lucha-Birczyńska, 2000), 

while the β-sheet has an amide I and II bands between 1635 and 1615 cm-1 and between 

1535 and 1520 cm-1, respectively (Goormaghtigh, Ruysschaert, & Raussens, 2006).  



 

 

 

 

 

 

Figure 117. FTIR spectra of untreated and laser-treated bovine hoof membrane 

The FTIR spectrum shows the amide I and II bands of keratin in untreated (1648 

and 1542 cm-1, respectively) and laser-treated bovine hoof membrane (1651 and 1524 

cm-1), which are characteristic of α-helical conformation (Kakkar et al., 2014). There was 

no significant difference in the wavenumber of keratin structure, suggesting no 

modification in the amide I and II bands. However, the band at 1719 cm-1―the C=O 

stretching for α,β-unsaturated ester―in the untreated membrane was absent from the 

laser-treated membrane. This means there was an alteration to protein structure especially 

the α,β-unsaturated ester due to laser processing.  

The FTIR result suggests that keratin adopts predominantly α-helical 

conformation with an admixture of β-sheet conformation. Unlike amide I and II, the N-H 

stretching vibration (3310–3270 cm-1) of the peptide bond (−CO-NH-) is insensitive to 



 

 

 

 

 

the conformation of the polypeptide backbone as it is exclusively localized on the NH 

group (Kakkar et al., 2014). However, the frequency of N-H stretching depends on the 

strength of the hydrogen bond. In the present case, the characteristic frequency of 

hydrogen bonded N-H has been observed at 3283 and 3280 cm-1 for keratin in untreated 

and laser-treated bovine hoof membrane, respectively, confirming the folded 

conformation of keratin.  

Measurement of nail integrity  

The change in nail integrity due to laser treatment was reported for the first time 

in this study. Laser ablation resulted in a significant increase in TOWL values from 32.37 

± 0.60 g/m2h (untreated group) to 34.40 ± 0.70 g/m2h (3P-2D, p=0.02), 38.43 ± 2.65 

g/m2h (3P-1.5D, p=0.02), and 38.13 ± 1.29 g/m2h (4P-2D, p=0.00). Similarly, a marked 

decrease in the electrical resistance of the membrane was observed from 13.00 ± 1.33 

kΩ/sq.cm (untreated group) to 10.03 ± 0.30 kΩ/sq.cm (3P-2D, p=0.02) (Figure 118). 

These results indicated the considerable effect of the laser treatments on compromising 

the integrity of bovine hoof membrane. The ablation removed a certain volume of the 

membrane (the microchannels), thus increasing both water evaporation and ion transport 

through the membrane.  



 

 

 

 

 

 

(* indicated significant difference from untreated group, p<0.05) 

Figure 118. Nail electrical resistance and TOWL values of bovine hoof membrane 

In vitro permeation studies by vertical Franz diffusion cells 

In vitro transungual delivery of methotrexate across bovine hoof membrane was 

investigated using Franz diffusion cells and nail adapters. The use of hoof membrane has 

been studied by Monti et al. who used in vitro transungual permeation of ciclopirox to 

validate bovine hoof membrane as a model for infected human toenails (D. Monti et al., 

2011). Also, Mertin and Lippold reported the similar characteristics of the human nail 

and bovine hoof and proposed a close correlation between the transungual permeability 

of various compounds in these two tissue models (Eq. (5), r = 0.971) (Mertin & Lippold, 

1997b). Thus, the bovine hoof membrane has been used as a model for human nail plates, 

which are less readily available for the preclinical development of topical formulations 

(Mertin & Lippold, 1997b).  
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In this study, we used the hoof membranes with the desired thickness of 

approximately 350 µm to simulate healthy human nail plates, which have an average 

thickness of 400 µm (350–450 µm) (Kobayashi et al., 2004). Also, the use of the 

membranes of a narrow range of thickness minimized the variation in the drug delivery 

profile. Kobayashi et al. claimed that the drug permeability could be considerably 

influenced by the nail thickness. Specifically, they reported an inverse relationship 

between the transungual flux of 5-fluorouracil through healthy nail plate and the 

thickness of the nail plate (r = 0.796) (Kobayashi et al., 2004).  

 

(* denotes statistical difference from untreated group, p<0.05) 

Figure 119. In vitro permeation of methotrexate through bovine hoof membrane 

The slopes of the permeation graphs suggested that MTX continuously 

accumulated in the receptor solution (Figure 119). We observed a significant difference 

in the cumulative amount of methotrexate delivered into the receptor at 8h, which 
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increased from the untreated (0.00 ± 0.00 µg/sq.cm) to 3P-2D (2.10 ± 0.23 µg/sq.cm, 

p<0.05) and 4P-2D (2.82 ± 0.83 µg/sq.cm, p<0.05) (Table 25). This result was consistent 

with the report from Kobayashi et al. that filing the dorsal layer of nail plate―the major 

barrier to drug diffusion―increased drug permeability (Kobayashi et al., 1999). The 

negligible permeation of MTX through untreated membrane was consistent with the 

observation of Kobayahi et al that compounds with high molecular weight (>240 g mol-1) 

found it challenging to penetrate the nail plate (Kobayashi et al., 2004). There was no 

statistical difference in the 24h cumulative amount of MTX delivered through the 

membrane between the untreated and five laser-treated groups (n=3, p=0.20). This 

insignificant difference could be explained by the inherent porous structure of hydrated 

bovine hoof membrane, as demonstrated in SEM, histology, and pore uniformity studies. 

The longer the study lasted (24h), the more the porous hoof membrane absorbed water 

from the aqueous fluids in both donor (100 µL MTX solution 2 mg/mL in 10 mM PBS) 

and receptor compartments (10 mM PBS, 5 mL) to expand its keratin network, thus, 

facilitate the drug diffusion (Murdan, 2002). 

Table 25 In vitro permeability of methotrexate through bovine hoof membrane (n=3) 

Group 

Drug delivery 

(µg/sq.cm) 

Flux (µg/sq.cm/h) Permeability coefficient (cm/h) x 10-4 Log PH Log PN 

U 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00   

3P-2D 2.10 ± 0.23 0.26 ± 0.08 1.30 ± 0.40 -3.90 ± 0.15 -3.11 ± 0.26 

3P-1.5D 0.61 ± 1.06 0.24 ± 0.12 1.20 ± 0.60 -3.96 ± 0.21 -3.20 ± 0.38 

3P-1D 0.73 ± 1.26 0.21 ± 0.06 1.07 ± 0.28 -3.98 ± 0.12 -3.25 ± 0.21 

2P-2D 1.60 ± 1.51 0.20 ± 0.02 1.00 ± 0.10 -4.00 ± 0.04 -3.28 ± 0.08 

4P-2D 2.82 ± 0.83 0.27 ± 0.06 1.34 ± 0.30 -3.88 ± 0.09 -3.07 ± 0.16 

 



 

 

 

 

 

A decrease in the pore density from 2 to 1.5 to 1% resulted in a decrease in the 

number of pores in the membrane (Table 23). A decrease in the total volume of pores 

corresponded with a decrease in the drug delivery at 8h (Table 24, 3) as the 

microchannels was the primary indicator of the enhancement of the drug permeability. 

An increase in the laser energy (denoted as fluence or number of pulses per pore) from 

22.7 to 34.1 to 45.4 J/sq.cm resulted in a higher ablation efficiency and led to an 

enhancement of the drug permeability from 1.60 ± 1.51 to 2.10 ± 0.23 to 2.82 ± 0.83 

µg/sq.cm (p>0.05). In another study, Neev J et al. used a lower range of laser energy and 

reported that an increase in the Er:YAG fluence from 5 to 15 J/sq.cm caused an increase 

in the ablation rate on the human nail. However, the use of higher laser energies 

increased the plasma formation and shielding on the nail surface, thus, decreased the 

ablation rate (Neev et al., 1997). This shielding effect occurred due to the rigid surface of 

the human nail plate; however, this effect might be absent from a soft and hydrated 

surface of the bovine hoof membrane. The efficiency of high laser energy on nail 

treatment should be considered based on the transungual delivery of drugs and safety 

concerns.  

Due to the greater density of keratin and lower water content in human nail, as 

compared to skin, de Morais et al. used longer ablative laser pulses (fluency of 50 

mJ/mtz, pulse duration of 2 ms, and frequency of 1 Hz) to enhance the ablation rate and 

significantly improve the efficiency of the treatment (de Morais et al., 2013)(de Morais et 

al., 2013). However, this intensive treatment caused a mild discomfort, acute pain, 

overheating sensation post-treatment, and mild bleeding from the ablated area (de Morais 



 

 

 

 

 

et al., 2013). The ablative laser in our study with a significantly shorter pulse duration of 

175 µs appeared to be safer for clinical use.   

Laser ablation significantly enhanced the flux and permeability coefficient as 

compared to the untreated group (p<0.05). This result could be explained by the laser-

induced disruption of the membrane to create microchannels, shorten the diffusion 

pathway, and facilitate the drug delivery. No marked difference in the flux and 

permeability coefficient was obtained among five laser treatment groups (p>0.05) (Table 

25). Both human nails and bovine hooves theoretically functioned as hydrophilic gel 

membranes (Kobayashi et al., 2004; Murdan, 2002; Walters, Flynn, & Marvel, 1985). 

Thus, the drug transport appeared to be dependent on the molecular weight yet 

independent of the degree of dissociation, the octanol/water partition coefficient of the 

compound, and the vehicle lipophilicity (Kobayashi et al., 2004; Miron et al., 2014). In 

particular, researchers have reported a linear correlation (with a negative slope) between 

the permeability coefficient and the molecular weight of multiple therapeutic agents for 

both nail plate and bovine hoof membranes (Kobayashi et al., 2004; Mertin & Lippold, 

1997b). In these tissues, the thermal movement of the keratin fibers would create holes to 

facilitate the drug diffusion. The geometry of the diffusing compound and its interactions 

with the keratin fiber network have an impact on its permeability through the nail plate. 

When the compound is markedly smaller than the hole size, the permeation may occur by 

both convection and diffusion. Thus, small molecules are likely to diffuse more rapidly 

than larger molecules (Murdan, 2002). The theoretical permeability of MTX through 

human nail was directly calculated from the molecular weight using Eq. (6) (log PN’ = – 



 

 

 

 

 

4.97). Similarly, the MTX transport through bovine hoof membrane in this study was 

used to predict the drug permeability through human nail ranging from -3.07 to -3.28 (log 

PN). Thus, the present study validated the use of bovine hoof membrane as an in vitro 

model of the human nail for the initial investigation of pharmaceutical formulations for 

transungual delivery.  

Also, the difference between human nails and bovine hoof membranes should be 

considered to evaluate the efficiency of laser ablation on the enhanced transungual drug 

delivery. Nogueiras-Nieto et al. reported that even though human nail and hoof 

membrane shared a similar porous structure, the bovine hoof membrane appeared more 

leaky and permeable, due to a less dense network of keratin fibers and lower diffusional 

resistance than the nail plate (L. Nogueiras-Nieto, Gómez-Amoza, Delgado-Charro, & 

Otero-Espinar, 2011). A lower concentration of keratin fibers in the hoof membrane leads 

to weaker chain-chain interactions, larger holes, and a less tortuous path for the drug 

diffusion, thus, a higher permeation profile (Murdan, 2002). Following hydration in 

water, the hoof swells to a larger extent (36%) than the human nails (27%) (Mertin & 

Lippold, 1997b). Also, hoof proteins were found to have a considerably lower content of 

half-cystine and disulfide linkages, thus appeared twice less sensitive to the molecular 

weight of the diffusing molecules than the nail plate (Baden, Goldsmith, & Fleming, 

1973; Marshall & Gillespie, 1977; Mertin & Lippold, 1997b).  

Nail distribution studies 

We investigated the effect of the laser treatments (Table 23) on methotrexate 

levels in the bovine hoof membrane using the extraction method. There was no statistical 



 

 

 

 

 

difference in the amount of MTX in untreated (205.37 ± 23.90 µg/sq.cm) and laser-

ablated membranes after 24h in vitro permeation studies (n=3, p=0.31). Similarly, no 

significant differences of the drug levels in the membrane were noted among different 

laser treatment groups (3P-2D: 210.75 ± 10.49, 3P-1.5D: 190.27 ± 25.22, 3P-1D: 180.72 

± 37.94, 2P-2D: 215.74 ± 14.29, and 4P-2D: 171.57 ± 34.93 µg/sq.cm, p=0.27) (Figure 

120). Due to the porosity of the hydrated hoof membrane after 24h permeation studies, 

MTX could be able to diffuse into the membrane through the laser-created microchannels 

as well as the untreated vicinity.  

 

Figure 120. Levels of methotrexate in bovine hoof membrane 

Conclusion 

A fractional ablative laser was used to enhance transungual delivery of 

methotrexate in vitro. There were no significant differences in the channel area in 

different treatment groups (scanning electron microscopy and pore uniformity studies) 

while an increase in the pore depth was observed with an increase in the laser energy 
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(confocal laser microscopy and volume of the channels) and an increase in the number of 

channels was caused by an increase in the pore density (dye binding studies). The laser-

created microchannels were distinguishable from the vicinity of the porous structure 

(histology studies). Laser ablation was found to weaken the mechanical resistance of the 

membrane and affect its chemical structure. A significant increase in the flux and 

permeability coefficient was obtained in all laser groups as compared to the untreated 

group (p<0.05). The cumulative delivery of methotrexate at 8h markedly increased from 

the untreated (0.00 ± 0.00 µg/sq.cm) to 3P-2D (2.10 ± 0.23 µg/sq.cm, p<0.05) and 4P-2D 

(2.82 ± 0.83 µg/sq.cm, p<0.05). An insignificant difference in the drug levels in the hoof 

membrane was observed among different groups (p>0.05). Overall, treatment of the hoof 

membrane by fractional ablative laser was found to affect the in vitro transungual 

delivery of methotrexate.  

 

 

 

 

 

 

 

 



 

 

 

 

 

CHAPTER 14 

NAIL SOFTENING EFFECT OF TOPICAL FORMULATIONS 

Abstract 

Urea formulations at a range of concentrations are available in the marketplace to soften 

onychomycotic nail and aid removal. A novel in-vitro nail softening study was developed 

to compare and to evaluate the effect of urea concentration on nail softening. This study 

aim to develop a method to detect the effect of urea in topical formulations on the 

softness of bovine hoof membrane. Formulations containing urea are effective in 

softening fungal infected nail. Franz cells were used to evaluate formulations with 

varying amounts of urea. Animal (bovine) hooves which represented infected human 

nails were sectioned using a microtome to a thickness of approximately 0.38 mm and 

used to screen formulations containing different levels of urea. The softening effect on 

the nail was evaluated using a number of techniques including thickness measurement, 

transonychial water loss (TOWL), electrical resistance, texture analyzer and scanning 

electron microscope. Summary texture analyzer data are presented and illustrate the 

relationship between urea concentration and puncture force. A correlation was 

established between the amount of urea present in a formulation and the corresponding 

nail softening effect. Interestingly, the amount of urea in any format (lotion, cream, 

ointment) played a key role in softening the nail as compared to the base of the 

formulation. Using a range of methodologies, it has been possible to develop a novel in-

vitro release testing method to evaluate the effect of urea on nail softening. It was 

concluded that greater softening was observed with more concentrated urea formulations 



 

 

 

 

 

as compared to lower strengths. Urea is known as a keratolytic. It increases moisture in 

the skin by softening/dissolving the horny substance (keratin) and similar action is seen 

when applied on nails.  

Introduction 

The chemical composition of the human nail differs significantly from other 

membranes in the body in its barrier properties (Elkeeb, AliKhan, Elkeeb, Hui, & 

Maibach, 2010). The layered structure of healthy human nail plate is a highly organized 

and dense (with several horizontal homogeneous bands of various intensity and thickness 

(Sattler, Kaestle, Rothmund, & Welzel, 2012)), composed of approximetly 80% highly 

disulfide-linked α-keratins (4/5 hard hair-type keratin and 1/5 soft skin-type keratin) 

(Egawa, Ozaki, & Takahashi, 2006; Thapa et al., 2016a), 10-30% water (Gunt & Kasting, 

2007), and 0.1–1.0% lipids (Kobayashi et al., 1999). The nail plate―a thin (0.25–1.0 

mm, varies between individuals (Murdan, 2008; Saner, Kulkarni, & Pardeshi, 2014)), 

slightly elastic, and convex-shaped structure―is composed of 80–90 compact layers of 

dead, flattened, and keratinized epithelial cells which have a tight junction with numerous 

disulphide linkages, membrane-coating granules, and anchoring desmosomes (Murdan, 

2002, 2008).  

Nails are mainly composed of a hard horny plate known as the nail plate. Nails 

are flattened, almost straight in their longitudinal axis and cambered transversely (Farren, 

Shayler, & Ennos, 2004). The nail plate contains three histological layers: the dorsal, the 

intermediate, and the ventral plates (a thickness ratio of 3:5:2), which are laid down by 

the matrix at the base and below the nail (Kobayashi et al., 1999). In the dorsal and 



 

 

 

 

 

ventral layer, skin-type keratin forms a net and these filaments are oriented parallel and 

perpendicular to the nail growth axis (Vejnovic, Simmler, & Betz, 2010). The narrow 

dorsal layer, which is composed of moderately hard keratin, is laid down along the roof 

and at the very base of the nail bed, though it is also laid down along the lateral fold. The 

narrow ventral layer is made of soft keratin, and is laid down towards the middle of the 

nail bed (Farren et al., 2004). In the harder intermediate layer, hair-type keratin is 

oriented perpendicular to the growth axis and laid down along the proximal nail bed up to 

the end of the lunula (Farren et al., 2004; Garson, Baltenneck, Leroy, Riekel, & Müller, 

2000). The cells of the nails are produced continuously and become keratinized, 

compacted and cemented together, before being forced down the nail bed (Farren et al., 

2004). The nail plate contains approximately 10.5% cystine, which is responsible for 

holding the nail plate together, giving it the structural integrity required for its functions. 

Compared to the skin stratum corneum, the human nail plate contains a relatively 

high water (10-30%) and a ten times lower lipid content (0.1-1%), thus act as a 

hydrophilic gel membrane (with an additional lipophilic pathway) rather than a lipophilic 

partition membrane (Elkeeb et al., 2010; Kobayashi et al., 2004, 1999; MERTIN & 

LIPPOLD, 1997; WALTERS, FLYNN, & MARVEL, 1983). A molecules with 

acceptable permeation characteristics should be of small molecular size and uncharged 

(Murdan, 2002).  

Changes to the nail structure result from a variety of conditions: trauma, fungal, 

bacterial and viral infections and dermatological disorders like psoriasis and lichen 

planus (L. Nogueiras-Nieto et al., 2011). The most frequent of these being mycosis and 



 

 

 

 

 

psoriasis (Murdan, 2008; Obadiah & Scher, 2002; Thomas et al., 2010). The highly 

restrictive barrier properties of the human nail (against the ingress of foreign material) 

prevents effective topical treatment of ungual diseases where the drug has to be delivered 

into the nail bed such as onychomycosisa fungal infection―the most prevalent disease of 

fingernails and toenails involving approximately 19% of the population (Murdan, 2002; 

Seebacher, 2003). When infection resides in the nail plate, nail bed, or both, therapeutic 

antimicrobial drug concentrations must be achieved in the nail bed for treatment to be 

effective. 

Drug permeation across the nail plate via passive diffusion is influenced by 

physicochemical properties of the drug (size, shape, charge, hydrophobicity), 

characteristics (nature of vehicle, pH, drug concentration), nail properties (hydration, 

disease state), as well as interactions between the drug and keratin structure within the 

nail (M. B. Brown et al., 2009; Elkeeb et al., 2010; Murdan, 2002; Täuber & Müller-

Goymann, 2015). Furthermore, the molecular weight makes a greater contribution to the 

transungual drug  permeability coefficient than the octanol/water partition coefficient as 

well as the degree of dissociation (Kobayashi et al., 2004). Binding to keratin reduces 

availability of the active (free) drug, weakens the concentration gradient, and limits deep 

penetration (Narasimha Murthy, Wiskirchen, & Paul Bowers, 2007). Dissociation of the 

drug leads to a reduction in nail permeability, irrespective of its charge (Kobayashi et al., 

2004). The aqueous pathway plays the dominant role in drug penetration through the nail 

(Elkeeb et al., 2010). Due to the hydrogel-like structure, nail appears more permeable to 

polar molecules than the nonpolar drugs (Elkeeb et al., 2010; Murdan, 2002). Isoelectric 



 

 

 

 

 

point of keratin (pI 4.9-5.4) makes the proteins in the nail plate negatively charged thus 

attracts positively charged molecules (Murdan, 2002; Narasimha Murthy et al., 2007). 

The effect of formulation properties on the drug delivery has been shown where the lag-

time of chloramphenicol delivery from a Eudragit RL lacquers through bigtoe human nail 

was significantly longer than for penetration from an aqueous suspension (Mertin & 

Lippold, 1997b).  

Topical therapy appears attractive and highly desirable to treat nail diseases 

(Khengar et al., 2007). Topical treatments (with their its localized effects) minimize 

systemic adverse effects, diminish drug interactions (ie., oral antifungal agents (L. 

Nogueiras-Nieto et al., 2011)), target drugs to the site of action, avoid the pain associated 

with intralesional injections (Crawford & Hollis, 2007; Sánchez-Regaña & Umbert, 

2008; Thomas et al., 2010), thus, possibly reduce the treatment costs improved patient 

adherence and compliance (Elkeeb et al., 2010; Gunt & Kasting, 2007; Saner et al., 

2014). Topical therapy is also preferred in patients with mild-to-moderate nail ailments 

(onychomycosis, a fungal nail infection, and nail psoriasis (Saner et al., 2014)) and for 

those unwilling to use systemic medications. 

However, topical treatments have limited effectiveness due primarily to the highly 

restrictive barrier properties of the nail plate (chemical composition and extensive folding 

of the keratin protein chains (M. B. Brown et al., 2009)) that severely impair the ungual 

penetration of various topically applied therapeutics to the “deep-seated” target site of 

action underneath the nail plate (Baran & Kaoukhov, 2005; De Berker, André, & Baran, 

2007; Khengar et al., 2007; Murdan, 2008; Saner et al., 2014). This highly cross-linked, 



 

 

 

 

 

keratinized nail plate structure imparts the poor passive diffusion of drugs into the nail 

(L. Nogueiras-Nieto et al., 2011). Thus, the drug might be incapable of accumulating 

therapeutically adequate drug concentrations in (Khengar et al., 2007).  

In addition, poor permeability and prolonged transport lag time contribute to 

disappointing topical efficacy in nail diseases (Hao & Li, 2008b). The cure rates using 

topical antifungal formulations are generally low and relapse rates are high (Khengar et 

al., 2007). The success rate for topical therapy was as low as 15% while the topical 

therapy accounts for under 20% of the global market for onychomycosis (Baran & 

Kaoukhov, 2005; Murthy, Vaka, Sammeta, & Nair, 2009; Nair et al., 2009). Due to the 

poor transungual drug permeability and long treatment duration, topical therapy is 

recommended only for the earlier stages of the disease or as support to systemic treatment 

(Murdan, 2002).  

Ungual delivery of topically applied agents has to be enhanced to achieve the 

therapeutic effects (Murdan, 2008). The formulation should contain the drug in a form 

that encourages its release and diffusion into the nail plate. A high drug thermodynamic 

activity in the formulation is expected to achieve a high gradient, and increased drug 

diffusion (Murdan, 2008). The topical drug formulation should be easy to use, remain in 

contact with nail plates over long periods without being wiped or washed off to reduce 

application frequency and thereby increase patient compliance (Murdan, 2008).  

The keratin, water content, and lipids are the factors that affect the permeability of 

the nail, thus, should be considered in developing strategies to enhance drug permeation 

through nails (Thapa et al., 2016a). Strategies employed to increase the ungual 



 

 

 

 

 

permeation of therapeutic agents across the nail plate can be categorised into mechanical 

or chemical methods―both aim to alter the nail plate barrier. The physical techniques 

have been employed such as iontophoresis, acid etching, pulsed laser/carbon dioxide 

laser, microporation, hydration and occlusion, electroporation, UV-light, photodynamic 

therapy, low-frequency ultrasound (sonophoresis) (Saner et al., 2014) partial or total nail 

avulsion(Baran & Coquard, 2005), nail abrasion (using sandpaper (Di Chiacchio, 

Kadunc, De Almeida, & Madeira, 2003)), controlled nail trephination. Mechanical 

methods can be effective, but often involve damage or partial removal of the nail plate. 

Kobayashi et al. (Kobayashi et al., 1999) showed that removal of the dorsal layer of the 

nail plate before drug application increased the ungual permeation of a compound 

irrespective of its water solubility. However, patient compliance tends to be low when 

such aggressive methods are used as part of topical antifungal therapy.  

Chemical methods of nail penetration enhancement involve the use of penetration 

enhancers (Hui et al., 2003) and chemical treatments of the nail plate (Kobayashi, 

Miyamoto, Sugibayashi, & MORIMOTO, 1998; Malhotra & Zatz, 2002). Numerous 

studies have demonstrated the effectiveness of various penetration enhancers in vitro 

(sulfites, mercaptans, hydrogen peroxides, urea, water, keratolytic agents, keratinolytic 

enzymes) (M. B. Brown et al., 2009; Malhotra & Zatz, 2002; Saner et al., 2014). 

Influence of chemicals, such as phosphoric acid on human nail samples (Repka, 

Mididoddi, & Stodghill, 2004) and keratinolytic enzyme, keratinase, on bovine hoof 

membranes (Mohorčič, Torkar, Friedrich, Kristl, & Murdan, 2007) as pretreatment, 

showed an increase in drug permeation rate. Further, Kobayashi et al. (Kobayashi et al., 



 

 

 

 

 

1998, p. 5) described the enhanced transungual permeation using N-acetyll-cysteine and 

2-mercaptoethanol (these substances interact with disulphide bridges in keratin molecules 

to swell and soften the nail). 

Nail permeation tend to be time consuming or difficult to perform and the 

generation of purposeful data can take weeks or months. This only slows down the 

process of identifying ways of improving nail permeation (Khengar et al., 2007). Thus, a 

penetration enhancer should be used to speed up the study and increase the drug 

permeability. In certain cases, a ‘solvent-drag’ effect may be able to carry a permeant 

from a topically applied formulation into the nail as an organic solvent itself traverses 

into the tissue (Murdan, 2008). Extensive folding of the ‘hard’ keratin protein chains of 

the nail are maintained by extremely stable disulphide bonds (critical for protein stability) 

which can be reversibly modified using oxidising or reducing conditions (Murdan, 2008). 

Disruption or cleavage of these disulphide bonds is hypothesised to compromise the 

structure of proteins that have a high proportion of disulphide cross-links (M. B. Brown 

et al., 2009). Some chemical enhancers have been used to increase the permeated drug 

amount such as N-acetylcysteine, mercaptoethanol, thioglycolic acid, cysteine, N-(2-

mercaptopropionyl) glycine, hydrogen peroxide, urea hydrogen peroxide, sodium 

sulphite, keratinase, 2-n-nonyl-1,3-dioxolane, keratolytic agents (papain, urea, and 

salicylic acid). The degree to which permeation enhancers impact the permeability of nail 

plate depends upon their ability to alter physicochemical or structural property of nail 

plates (Chouhan & Saini, 2012). The chemical structure of the enhancer is the most 

important factor determining its ability to enhance nail permeation (Malhotra & Zatz, 



 

 

 

 

 

2002). In general, the effective permeation enhancers which soften the nail and increase 

water uptake by nail clippings will also increase the drug uptake to similar extent 

(Chouhan & Saini, 2012; Malhotra & Zatz, 2002). 

a b 

 

 

Figure 121. Application of a 4xU-O-N1, 4xU-O-N2, 4xU-O-N3 and b 4xU-C-S1, 4xU-S-

N, 4xU-C-S2, 2xU-L-S, 1xU-C-S, 0xU-C-S on a bovine hoof membrane assembled in a 

nail adapter. 

Urea―a denaturing keratolytic, hydrating, and softening agent―disrupts the 

water structure around proteins, decreasing the hydrophobic effect, destabilize the tertiary 

structure, and possibly secondary linkages (i.e., hydrogen bonds) in keratin, thereby 

promoting unfolding, solubilising, and dissociation of the protein molecules (Elkeeb et 

al., 2010; Malhotra & Zatz, 2002; Murdan, 2002). Protein unfolding by urea (probably 

via interaction with their hydrogen bonds) may facilitate the cleavage of the disulphide 

linkages, thereby increase the disruption to the nail plate barrier and subsequent ungual 

drug permeation (Baran & Coquard, 2005; M. B. Brown et al., 2009; Saner et al., 2014). 



 

 

 

 

 

The chemical bond disruption facilitates the uptake of unexpectedly high quantities of 

water (nail plate softening and swelling) after urea application which was proposed to 

enhance drug mobility in the barrier (M. B. Brown et al., 2009; Elsayed, 2015). A clear 

damage on the nail surface has been observed after the application of formulations 

containing urea (Quintanar-Guerrero, Ganem-Quintanar, Tapia-Olguin, Kalia, & Buri, 

1998; Vejnovic et al., 2010). Furthermore, urea exerts its hydrotropic solubilization effect 

primarily by by different mechanisms including altering the internal structure of the 

solvent (Coffman & Kildsig, 1996), changing the ability of water to form hydrogen bonds 

or improving the favorability of solvation, thereby substantially enhancing the solubility 

of the drug as well as other penetration enhancers in the formulations in order to enhance 

the drug delivery (Herbig & Evers, 2013) (Luis Nogueiras-Nieto, Delgado-Charro, & 

Otero-Espinar, 2013). 

Urea has been used at 20% or 10% for gel formulation for nail (Malhotra & Zatz, 

2002). For terbinafine, diclofenac, prednicarbate, enhancement factors were determined 

at lower concentrations of urea: 10% and 20%, marked solubility enhancement could be 

achieved (Herbig & Evers, 2013). Gel containing urea 20% resulted in a 1.16 flux 

enhancement of water  (Malhotra & Zatz, 2002). Urea, as a penetration enhancer at 5% 

w/w, result in a hydration enhancement factor of nail plate of 1.07 ± 0.01 (n=3) (Chouhan 

& Saini, 2012). Vejnovic et al reported that urea expressed moderate consequence in the 

concentration of 5%, which was insufficient for its keratolytic effect (Vejnovic et al., 

2010) while Murdan suggested that urea hydrates and softens the nail, rather than acts as 

permeation enhancer (Murdan, 2002). Urea has been used at 20% in combination with 



 

 

 

 

 

ethanol and water to treat onychomycosis (Baran & Coquard, 2005). Hao and Li reported 

relatively small pH effects upon the passive diffusion of urea across the hydrated nail 

plates (Hao & Li, 2008a). Urea H2O2 is present in some tooth bleaching formulations and 

concentrations used commercially vary between 10 and 35% (Y. Li, 1996; Oltu & 

Gürgan, 2000). 40% urea is the highest registered concentration for topical application 

(Herbig & Evers, 2013). Urea ointment containing 40% of urea is used under occlusion 

for nonsurgical avulsion of nails (Vejnovic et al., 2010). To study the effect of 

concentration of urea, Malhotra and Zatz formulated the gels contained 10% N-(2-

mercaptopropionyl) glycine and three different levels of urea (0, 6.67, and 20%) and 

reported that there was a linear correlation between the urea concentration and 

normalized water flux through nail. As urea concentration increased, the flux of water 

linearly increased (R² = 0.9264) (Malhotra & Zatz, 2002).  

Using urea 40%, Herbig & Evers found out that enhancement factors of more than 

1000 were found for the neutral molecule prednicarbate and for diclofenac in its largely 

undissociated state at pH 4 (Herbig & Evers, 2013). Sun et al demonstrated increased 

(20-fold compared with control) itraconazole (pKa = 3.7) concentration in the nail when 

the nail was incubated in a drug solution containing 10% urea (SUN, Liu, Wang, & De 

Doncker, 1999). Using a spectrophotometric analysis, Guirrero et al. reported the 

influence of urea on the enhanced permeability of three imidazole antifungals 

(miconazole, ketoconazole and itraconazole) (Quintanar-Guerrero et al., 1998). However, 

urea has mostly been found significantly less effective in enhancing ungual drug flux 

through the nail on its own (Kobayashi et al., 1998; Malhotra & Zatz, 2002; Quintanar-



 

 

 

 

 

Guerrero et al., 1998). When urea H2O2 was applied as the sole penetration enhancer to 

treat nail, the flux of caffeine, methylparaben and terbinafine were statistically equivalent 

to their respective flux through untreated nails. No significant decreases in the lag time 

were observed when urea H2O2 was the penetration enhancer (M. B. Brown et al., 2009). 

Urea has been found to reduce ungual flux of 5-FU (Kobayashi et al., 1998), although it 

had no effect on water flux (Malhotra & Zatz, 2002). The reduction in the flux of 5-FU 

was assigned to changes in pH of the solution upon inclusion of urea (from pH 4.7 to 

7.2), which resulted in ionisation of the acidic 5-FU (pKa = 8.0, 13.0) into negatively 

charged species and repulsion between the like-charged drug and the nail (which also 

carries negative charges above pH 5 due to its pKa of ∼ 5) (Kobayashi et al., 1998). 

When used in combination with proven ungual enhancers, urea has a synergistic 

influence on ungual drug permeation (Malhotra & Zatz, 2002; SUN et al., 1999). 

Itraconazole concentration in nail plates in the presence of both N-acetyl cysteine and 

urea was found to be 94 times higher than that of the control (no enhancer), compared 

with 20 times in the presence of urea only and 49 times in the presence of N-acetyl 

cysteine only (SUN et al., 1999). Ungual flux of water increased by 3.5-fold in the 

presence of urea and MPG, compared with an increase of 2.5-fold in the presence of 

MPG only (Malhotra & Zatz, 2002). Urea in combination with potassium hydroxide 

enhanced the permeation of ciclopirox the most as compared to propylene glycol, 

transcutol or sodium salicylate  (Thapa et al., 2016a). Furthermore, urea acted 

synergistically with the sulfhydryl-containing reducing agent, N-(2-mercaptopropionyl) 

glycine, and resulted in an improvement in the flux enhancement of water (Malhotra & 



 

 

 

 

 

Zatz, 2002). The combination of urea and N-acetyl-L-cysteine 5% showed results very 

similar to formulation N-acetyl-L-cysteine 10% (Miron et al., 2014) 

Urea formulations at a range of concentrations are available on the market to 

soften onychomycotic nail and aid removal. Urea has been employed at high 

concentrations (40%) to soften the nail plate for nonsurgical avulsion (chemical avulsion) 

in clinical studies, prior to topical treatment of onychomycosis (Baran & Tosti, 2002; 

Hettinger & Valinsky, 1991). Portions of the nail plate may be removed using an 

occluded urea preparation or a urea nail lacquer (Baran & Coquard, 2005). Thus, urea has 

been included in nail lacquers and other formulations (Baran & Coquard, 2005). Urea 

topical formulations are commonly used as skin/nail moisturizers. 

When hydrated, the nails change their physical properties: they become soft and 

their flexibility increases. The degree of hydration is the most important factor infuencing 

the physical properties of nails (FINLAY, FROST, KEITH, & SNIPES, 1980; van de 

Kerkhof et al., 2005). Nail hydration has been studied by measuring the change in the nail 

weight where the nail was submerged in a drug solution and weight before and after the 

experiment to calculate the change (Chouhan & Saini, 2012; Hao & Li, 2008a; Hao, 

Smith, & Li, 2010; Khengar et al., 2007; J.-H. Kim, Lee, & Choi, 2001) to measure the 

“swelling” of human nail under the influence of the solution. A number of techniques 

such as infrared spectroscopy and transonychial water loss have been performed in vivo 

to determine nail hydration (Egawa et al., 2006; G. B. E. Jemec, Agner, & Serup, 1989; 

NAUER, Gfesser, Ring, & Abeck, 2001). Hydration of nails induce water and protein 

changes. The water uptake of the nail showed a saturating effect after around 10 min 



 

 

 

 

 

(Wessel, Gniadecka, Jemec, & Wulf, 1999). This indicates that the horn cells and the 

keratin molecules can only hold a determined amount of water, i.e. that the nail has a 

definite water holding capacity. The percentage water uptake of a dry nail was about 45 ± 

5.6% or 30 mg/100 mg solid nail (Baden et al., 1973). No significant difference in water 

content between nail water uptake in deionized water and in PBS (Hao & Li, 2008a) 

Also, solution pH and ionic strength have no effect on the hydration of the nail clippings 

(Hao & Li, 2008a).  

Most of the water present in nails is hydrogen bound to proteins; thus an increased 

water content impacts negatively on these secondary chemical bonds, thus loosening the 

nail microstructure (the formation of a less dense structure with larger effective pore 

size), by modifying the van der Waal’s forces, hydrogen bonding and ionic interactions 

between matrix and fibre proteins (Saner et al., 2014; Wessel et al., 1999). Hydration 

produced the randomization of the structure, and the formation of a more homogenous 

system, the formation of a random structure as result of the disappearance of the internal 

non-porous area (L. Nogueiras-Nieto et al., 2011). The polar and highly disulfide-linked 

keratins in the human nail facilitate water penetration into the nail when it is in contact 

with water (Hao et al., 2010). A slight change of coiling behavior in the α-helical chains 

of protein may be a possible consequence of such loosening. Furthermore, a separation 

between the matrix and fiber proteins would be likely because they are bound to each 

other through to secondary bonds including van der Waals’ forces, hydrogen bond and 

ionic interaction. All these kinds of bonds are highly affected by water.Water is the 

principle plasticizer for the nail. Thus, hydration enhances the nail plate porosity, makes 



 

 

 

 

 

the nail plate behaves like a hydrogel (a hydrophilic internal environment; more elastic, 

flexible, and permeable to topically applied substances) with a network of aqueous pores 

and improves the drug diffusivity, thus transungual transport (Benzeval, Bowen, Guy, & 

Delgado-Charro, 2013; Elkeeb et al., 2010; Elsayed, 2015; Gunt & Kasting, 2007; L. 

Nogueiras-Nieto et al., 2011). 

Gunt et al. demonstrated that nail hydration capacity occurs within 10 min at 

approximately 0.3–0.5 g H2O/g dry tissue while the normal water content is 10–15% 

(Gunt, 2006; Gunt, Miller, & Kasting, 2007; Ø. G. Martinsen, Grimnes, & Nilsen, 2008; 

Wessel et al., 1999). In the deep nail layers, the amount of water was constant 20% of the 

total nail weight (Vejnovic et al., 2010). Water content of nail imparts elasticity, 

flexibility, and opacity of the nail (Baden et al., 1973). Also, the average water content of 

the fingernail undergoes seasonal changes (Egawa et al., 2006). The changes in 

mechanical and physical properties and the alteration in water content may be reflected in 

the molecular structure of nail proteins (Bertram & Gosline, 1987). Gniadecka et al. 

(Gniadecka, Nielsen, Christensen, & Wulf, 1998) found that the internal water of the nail 

mainly exists in the bound form. 

The permeation enhancer i.e., urea which affects the structural or 

physicochemical properties of nail plate would also affect their water absorption or 

hydration capacity (Chouhan & Saini, 2012). The extent of hydration enhancement of the 

nail clippings by permeation enhancers was found to be dependent on their individual 

ability to do any structural or physicochemical changes in the nail clippings (Chouhan & 

Saini, 2012). Also, tritiated water (3H2O) has beenused as a marker molecule to screen 



 

 

 

 

 

potential nail penetration enhancers. Water is known to readily permeate the nail and is 

nonreactive; hence it is appropriate as a marker (Malhotra & Zatz, 2002).  

Hydration or the water content has a statistically significant effect on ungual drug 

penetration (J.-H. Kim et al., 2001). Nogueiras-Nieto et al. found that the hydration-

induced microstructural alterations linked to lower barrier to drug diffusion and higher 

drug permeation (L. Nogueiras-Nieto et al., 2011). An effect of hydration on diffusivity 

was observed in a study of mobility or water (Gunt et al., 2007) or ketoconazole in nail 

(Gunt & Kasting, 2007) due to an increased flexibility and segmental mobility of the 

keratin matrix. Thus, the hydration state of the human nail plate was found to be 

important in determining the permeability of the nail (Gunt, 2006; Gunt & Kasting, 

2007). Hydration enhancement factor and drug uptake enhancement factor obtained by 

primary and secondary screening test of permeation enhancers were correlated by 

Pearson’s correlation (Murthy et al., 2009). A linear correlation observed between 

hydration enhancement factor and drug uptake enhancement factor confirmed a good 

Pearson’s correlation coefficient (R2 = 0.966). It means that the hydration enhancement 

of nail clippings by permeation enhancers is correlated with the enhancement of drug 

uptake. Increased water uptake of the nail can be used as a good marker for enhanced nail 

permeability. This clearly shows that the screening of permeation enhancers is possible 

by performing simple hydration studies precluding the time consuming drug diffusion 

studies (Chouhan & Saini, 2012). Thus hydration can be used to predict and compare 

drug delivery from different formulations. Drug solubility in water influences the 

permeation through nails (MERTIN & LIPPOLD, 1997). The maximum flux of a drug 



 

 

 

 

 

through the nail plate and the bovine hoof membrane is primarily a function of its water 

solubility (Mertin & Lippold, 1997b). Similarly, diffusivity of water and other materials 

(i.e. drugs) increases as human skin becomes more hydrated (Kasting & Barai, 2003). 

Aqueous vehicles may be desirable by facilitating drug transport across the nail 

by enhancing nail swelling which presumably results in greater drug mobility in the 

barrier and perhaps the formation of pores (Murdan, 2002, 2008). The hydration state of 

the nail therefore, is undoubtedly an important factor in compound flux, and has been 

demonstrated by numerous researchers (Gunt & Kasting, 2007; Wessel et al., 1999). 

Furthermore, the swelling of hydrophilic gel membranes should be unchanged in contact 

with lipophilic vehicles as long as they also stay in contact with an aqueous solution. The 

initially dry nail plate is slowly hydrated under the occlusive lacquer after contact with 

the acceptor medium, whereupon the partition equilibrium between polymer and nail 

plate and, therefore, the formation of the maximum concentration gradient, is delayed 

than an aqueous suspension formulation (Mertin & Lippold, 1997b). The low water 

concentration and high levels of solute in the formulations can slow down the hydration 

of the membrane and increase the lag time phase (Miron et al., 2014). This indicates that 

water content in the formulations is important.  

Different models have been used to predict in vivo nail permeation such as 

avulsed human cadaver nail plates, nail clippings from healthy volunteers, and bovine 

hoof membranes (Mertin & Lippold, 1997a, 1997b; Murdan, 2002). Kobayashi et al. 

(Kobayashi et al., 2004) found similar permeation of 5-FU in healthy and (mildly) 



 

 

 

 

 

fungally infected nail plates, thus, concluded that the results from healthy human nail 

could be used to calculate the drug delivery through infected nail.  

Formulation screening was conventionally performed by a laborious in vitro 

transungual drug diffusion study using vertical Franz diffusion cells (Chouhan & Saini, 

2012). Futhermore, human nails are rarely used for these preliminary experiments that 

require expressly designed permeation cells (Gunt & Kasting, 2007; Hui et al., 2004; 

Kobayashi et al., 2004). Also, human tissues are often unavailable and their use is 

ethically questionable (D. Monti et al., 2011). Due to the low availability of human nails 

and their convex surface, plates of bovine hooves were established as an artificial nail 

model (Täuber & Müller-Goymann, 2015). In practice, in vitro transungual permeation 

experiments are commonly performed on keratin slices obtained by cryotomy of hooves 

excised mainly from bovines but also from horses and pigs (Khengar et al., 2007; 

Myoung & Choi, 2003). Animal hooves and human nail plate―as hydrophilic gel 

membranes―are reported to possess analogous properties in regard to the content of 

keratin and the release of soluble protein on incubation with keratinase, and thus offer an 

alternative to human nails in permeation studies (Vignardet, Guillaume, Friedrich, & 

Millet, 1999). Therefore, bovine (Daniela Monti et al., 2005), porcine (Myoung & Choi, 

2003) and horse (Khengar et al., 2007) hooves have been used by many researchers as in 

vitro models to assess the nail permeability of topical therapeutics. Myoung et al. utilized 

porcine hoof to investigate the effect of pressure sensitive adhesives on ciclopirox 

penetration (Myoung & Choi, 2003). Monti et al. used bovine hooves to investigate the 

permeation of compounds from an experimental nail lacquer (Daniela Monti et al., 2005). 



 

 

 

 

 

Finely sliced bovine hooves could be employed to simulate the barrier effect of the 

human nail (Mertin & Lippold, 1997a; D. Monti et al., 2011; Reichl & Müller-Goymann, 

2011) (L. Nogueiras-Nieto et al., 2011) as the bovine hooves are easy to obtain, larger 

membranes that easily adapt to conventional diffusion cells, large, flat, resistant, and 

regular in shape and thickness so that they can be easily handled and clamped inside 

conventional diffusion cells; moreover, their reduced thickness ensures fast hydration, 

significant drug transungual flux and, as a direct consequence, a shortening of the 

experiment duration; the variation coefficient is lower, and thus a smaller number of tests 

is required (D. Monti et al., 2011). Considering the similar characteristics of the nails and 

bovine hoof, Mertin and Lippold (Mertin & Lippold, 1997b) proposed an equation 

describing the relationship between the permeability coefficients of several antifungals in 

human nail plate (PN) and bovine hoof membranes (PH). 

𝐿𝑜𝑔 𝑃𝑁 = 3.723 + 1.751 𝐿𝑜𝑔 𝑃𝐻                            (R=0.971)                              

Although care must be taken in using this equation, the excellent correlation 

between the permeability coefficients of the nail and the hoof membranes validated the 

use of bovine hooves as an in vitro model for human nails. Furthermore, Nogueiras-Nieto 

et al. found that the distribution of pore diameters on both types of membranes (nail and 

hoof) is similar (average of approximately 10 um) (L. Nogueiras-Nieto et al., 2011). The 

affinity (a chemical similarity not influenced by the physical structure) of penetrating 

substances for human nails and bovine hooves, both mainly consisting of keratin, should 

be similar (Daniela Monti et al., 2005) (MERTIN & LIPPOLD, 1997).  



 

 

 

 

 

Miron et al has suggested that the maximum drug ungual flow is independent of 

the vehicle lipophilicity (Miron et al., 2014). Also, the formulation vehicle has no 

influence on the maximum flux of drug ungual delivery. No significant difference was 

found between the fluxes from the various vehicles through both nail  plate and hoof 

membrane barriers (MERTIN & LIPPOLD, 1997). In this study, we used different 

formulation base (ointment, cream, suspension, and lotion, Table 26).  

Table 26 Topical formulations with urea concentration and density 

Group Dosage form Urea concentration  

(% w/w) 

Density (mg/µL) 

(n = 4) 

4xU-O-N1 Topical ointment for nail 40 NA 

4xU-O-N2 Topical ointment for nail 40 NA 

4xU-C-S1 Topical cream for skin 40 1.12 ± 0.01 

4xU-S-N Topical suspension for 

nail 

40 1.09 ± 0.05 

4xU-O-N3 Topical ointment for nail 40 NA 

4xU-C-S2 Topical cream for skin 40 1.10 ± 0.01  

2xU-L-S Topical lotion for skin 20 1.04 ± 0.01 

1xU-C-S Topical cream for skin 10 0.99 ± 0.02 

0xU-C-S Topical cream for skin 0  0.99 ± 0.01 

NA Not available 

Urea concentration in the formulations varied ranging from 0, 10, 20 to 40 % 

w/w. Even though, swelling of the nails was limited by saturation effect (Vejnovic et al., 



 

 

 

 

 

2010), 40% has been used as the highest urea concentration in topical formulations on the 

market. We applied a number of formulations of urea on bovine hoof membranse to 

investigate the effect of different urea concentrations on nail softening. Using various 

characterization studies, we designed and optimized the protocol and duration the 

experiment. Vertical Franz diffusion cells equipped with nail adapter was used for in 

vitro testing. Following the completion of the study period, the softening efficacy of 

bovine hoof membrane was evaluated on transonychial water loss (TOWL), electrical 

resistance, thickness, scanning electron microscopy (SEM), and mechanical properties  

Materials and methods 

Materials 

Bovine hooves, purchased from Green Cuisine 4 Pets (Marietta, GA, USA), were 

stored in a sealed plastic bag at -80°C. Phosphate buffered saline (PBS) (0.1 M, pH 7.4 ± 

0.1) was obtained from Fisher Scientific (Fisher BioReagent, Fair Lawn, NJ, USA), 

Tissue-Tek® optimal cutting temperature (OCT) compound medium from Sakura Finetek 

USA Inc (Torrance, CA, USA) while the other chemicals were procured from Sigma-

Aldrich (St. Louis, MO, USA).  

Methods 

Preparation of Bovine Hoof Membranes 

Bovine hoof slices have been validated to simulate fungal infected human nail (D. 

Monti et al., 2011; Reichl et al., 2011). The method for preparing hoof membrane has 

been elaborated previously (Miron et al., 2014; D. Monti et al., 2011; Nguyen & Banga, 

2017a). The adhering connective and cartilaginous tissue were removed from the 



 

 

 

 

 

unprocessed hooves that were then soaked in deionized (DI) water at ambient 

temperature for three days to facilitate the hoof sectioning (Intact hoof is hard and robust, 

thus sectioning without pre-hydration is difficult especially as the material required 

relatively uniform thickness and suface morphology) (Khengar et al., 2007; L. Nogueiras-

Nieto et al., 2011). Also, the nail is known to be hydrated in vivo (containing between 7–

25% water under normal physiological conditions). Thus, most ungual permeability 

studies hydrate the nail samples prior to performing permeation experiments (Egawa et 

al., 2006; Hui et al., 2004; Kobayashi et al., 2004; Murdan, 2002).  The distal part of the 

ball horn of the hooves was dissected and embedded in Tissue-Tek® optimal cutting 

temperature medium (OCT). Then, the hoof was vertically sectioned at -20°C using a 

Cryostat (MicromHM505E, Southeast scientific Inc., GA, USA) to the average thickness 

of 0.31 ± 0.01 mm (n=18) (Marathon Watch digital caliper, Ontario, Canada). The hoof 

membranes were collected, cleaned, and stored in a sealed plastic bag at -80°C until use.  

Application of Topical Formulations 

Topical formulations (10 mg) were applied on the surface of the bovine hoof 

membranes using different methods. The density of thin cream, suspension, and lotion 

(4xU-C-S1, 4xU-S-N, 4xU-C-S2, 2xU-L-S, 1xU-C-S, 0xU-C-S) was measured for 

weight-to-volume conversion (Table 26). Pre-determined volume of these formulations 

was taken using a Pos-DTM positive-displacement pipette MR-10 (Mettler-Toledo Rainin, 

LLC, Oakland, CA, USA) (Figure 121b). Due to the thick texture of the ointment, 4xU-

O-N1, 4xU-O-N2, 4xU-O-N3 were filled in a 1 mL plastic syringe (Becton Dickinson & 



 

 

 

 

 

Co, NJ, USA) and applied on the membrane while the weight of the formulation was 

recorded on an analytical balance (Figure 121a).  

In vitro Permeation Studies Using Vertical Franz Diffusion Cells 

The softening effect of various topical formulations on the bovine hoof 

membranes was investigated using jacketed PermeGear V6 station vertical Franz 

diffusion cells with 9 mm orifice (Hellertown, PA, USA).  

a b 

 

 

Figure 122. a Configuration of a nail adapter and b the dimensions 

The design of this experiment has been elaborated preciously (Nguyen & Banga, 

2017a; Thapa et al., 2016b). Prior to the permeation experiment, the Franz cells were 

washed three times with 70% (v/v) ethanol, three times with DI water, and three times 

with the receptor solution (10 mM PBS, pH 7.4). The membrane was hydrated in DI 

water for 24 h (to reduce rigidity, obtain a planar shape (Daniela Monti et al., 2005), and 

become sufficiently flexible to fit into the nail adapter), checked for integrity using a 

bright light (Täuber & Müller-Goymann, 2015) before being assembled in a nail adapter 

(…) that provided an exposure area of 0.2 sq.cm of the membrane to the formulations 



 

 

 

 

 

(Figure 122). Then, the nail adapter was sandwiched between the donor and receptor 

compartments (Figure 123).  
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Figure 123. a-b Vertical Franz diffusion cell in in vitro transungual drug delivery 

The receptor fluid was 5 mL PBS (10 mM, pH 7.4 to simulate the richly 

vasculated nail bed), maintained at 370C (provided by a built-in water circulation jacket 

surrounding the receptor chamber to provide the temperature of the membrane surface of 

320C), and continuously, magnetically stirred at 600 rpm during the study. Topical 

formulation (10 mg) was applied and spread evenly on the membrane in the donor 

compartment (n=2). Air bubbles underneath the membrane were eliminated by tilting and 

tapping the cells. The donor compartment was left open to mimic in vivo conditions. No 

sample was taken from the receptor during the study. After the permeation study (10, 18, 

or 24h), the residual formulation was gently removed from the membrane using 

Kimwipes (Kimberly-Clark Worldwide, Inc). Then, the softness and hydration of the 

membrane were investigated regarding appearance, mechanical properties, thickness, 



 

 

 

 

 

transonychial water loss (TOWL), and electrical resistance. The freshly sectioned bovine 

hoof membrane that was neither treated by topical formulations nor assembled in the 

Franz cell was selected as the control (Untreated).  

Visual Observation 

The treated bovine hoof membranes were visualized under a ProScope HR digital 

USB microscope (Mode B, Bodelin Technologies, OR, USA) (Nguyen & Banga, 2017a). 

The microscopic images were recorded to investigate the swelling behavior of the 

membranes.  

Mechanical Properties of Bovine Hoof Membranes 

The method for measuring mechanical strength of bovine hoof membrane has 

been described earlier (Nguyen & Banga, 2017a). After the permeation study, the hoof 

membrane was kept in the nail adapter and placed on the station of a TA.XT plus Texture 

Analyzer (Texture Technologies Corp., Scarsdale, NY/Stable Micro Systems, Surrey, 

UK). A hypodermic bevel needle (26G 3/8, Becton Dickinson & Co, NJ, USA) moved 

down at a speed of 0.5 mm/s, touched the membrane (0.049 N trigger force), and 

punctured the membrane (2.0 mm/s, 3 mm distance) (Figure 124.a). This study generated 

a graph of correlation between the force required to move the needle (N) and the needle’s 

displacement (mm) (n=4). The mechanical strength of the membrane was denoted by the 

second abrupt decrease in the force with the increase the traveling distance of the needles 

(Figure 124.b). This study was performed to optimize the study duration (10, 18, or 24h 

using 4xU-O-N1, 4xU-O-N2, 4xU-C-S1) and investigate the effect of urea levels in the 

formulations on the mechanical resistance of the membrane (Table 26).  
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Figure 124. a Experimental set-up for puncture force test using a Texture Analyzer and b 

Force required to puncture a bovine hoof membrane against the travelling distance of the 

needle. 

 Thickness of Bovine Hoof Membranes 

The membrane was separated from the nail adapter and the formulation was 

carefully removed. The thickness of the center of the permeated area of the bovine hoof 

membrane was measured before and after the permeation study using a digital caliper 

(Marathon Watch, 1.55 V, Ontario, Canada). This experiment was conducted using 4xU-

O-N1, 4xU-O-N2, 4xU-C-S1 with different study durations (10, 18, or 24h). The results 

were reported as the average increase (%) in the membrane’s thickness ± SD (n=2).   



 

 

 

 

 

Transonychial Water Loss Studies 

The water content and hydration level of bovine hoof membrane could alter the 

water evaporation from the membrane’s surface, which was indicated by transonychial 

water loss (TOWL) values. After measuring the electrical resistance, we kept the 

membrane in the nail adapter, dried it using Kimwipes, and measured TOWL values 

immediately using a VapoMeter (Nail mode, Delfin Technologies Ltd, Kuopio, Finland) 

(Nguyen & Banga, 2017a). TOWL values of the membrane before and after the 

permeation study were recorded and used to calculate the percentage of TOWL increase 

(%) (n=2). This study was performed for 10, 18, or 24h using topical formulations with 

the same urea concentration (4xU-O-N1, 4xU-O-N2, 4xU-C-S1).  

Nail Electrical Resistance Studies 

Electrical resistance measurement has been widely used as an accurate and 

sensitive tool to evaluate the intactness of skin integrity (Nguyen & Banga, 2017b; 

Nguyen et al., 2017). The hydration and softness of bovine hoof membrane could affect 

its electrical resistance against ion transport across the membrane. In this study, we 

examined the correlation between the nail electrical resistance and its softness. The study 

protocol has been elaborated previously (Nguyen & Banga, 2017a). After the removal of 

the formulation on the membrane, the nail adapter was re-assembled in the Franz cell. A 

constant current (100 mV AC electrical field at 10 Hz, duty cycle 50%) was passed 

through the membrane from the donor (200 µL PBS, 10 mM, pH 7.4) to the receptor 

solution (5 mL PBS, 10 mM) while the electrical resistance was recorded (kΩ/sq.cm). 



 

 

 

 

 

The decrease in the nail electrical resistance (%) was calculated for 4xU-O-N1, 4xU-O-

N2, 4xU-C-S1 (n≥2).  

Scanning Electron Microscopy Studies 

The structure of bovine hoof membrane was investigated in the scanning electron 

microscopy study. The dust-free membrane was mounted on a SEM Pin stub mount (Ted 

Pella Inc, Redding, CA, USA) using a double-sided carbon sticky tape and sputter coated 

using a Denton Vacuum, DeskV sputtering system with gold target (Dentonn Vacuum 

LLC, Moorestown, NJ, USA). Then, the coated sample was placed in a PhenomTM field 

emission SEM (Nanoscience instruments Inc, Phoenix, AZ, USA) at a primary beam 

accelerating voltage of 5kV to collect secondary ion images of different magnifications 

(Nguyen & Banga, 2017a). SEM images of the surface and vertical section of the 

membrane were collected to study the hydration level of the membrane.  

Statistical Analysis 

The study results were reported as the mean with standard deviation (SD) (n≥2). 

Statistical calculations were performed in Microsoft Excel Worksheets and SPSS 

software 21.0 (IBM, USA). Student’s t-test and One-Way ANOVA (with Tukey HSD 

post-hoc test) were employed to compare the results of different groups. Statistically, a 

significant difference was denoted by a p value < 0.05. 

Results 

Visual Observation 

After the permeation study, we observed a swelling of the permeated area (0.2 

sq.cm) of the membrane, which was absent from the untreated group (Figure 125). This 



 

 

 

 

 

study provided a qualitative comparison between different formulation groups regarding 

the appearance and color of the treated area. The swelling of the membrane could be 

attributed by the urea-loaded formulations (urea level, excipients, and formulation base) 

as well as its contact with the aqueous receptor fluid (10 mM PBS, pH 7.4) in the 

receptor compartment. We could identify a difference in the surface morphology and 

color of the treated area, however, failed to deliver a reliable evidence to distinguish a 

group from the other.  
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Figure 125. Microscopic images of a untreated bovine hoof membrane and the membrane 

treated by b 4xU-O-N1, c 4xU-O-N2, d 4xU-C-S1, e 4xU-S-N.  



 

 

 

 

 

Mechanical Properties of Bovine Hoof Membranes 

Effect of Experiment Durations 

An increase in the study duration could result in an increase in the contact time 

between the bovine hoof membranes and the formulations as well as the receptor fluid, 

thus, might enhance the hydration and softness of the membranes. In this study, the 

experiments were performed for 10, 18, or 24h to conclude the optimal duration. There 

was no significant difference in the force required to puncture the membrane after 10h 

treatment by 4xU-O-N1 (0.47 ± 0.09 N), 4xU-O-N2 (0.45 ± 0.09 N), and 4xU-C-S1 (0.45 

± 0.12 N) (n=6, p=0.92). After the membranes were exposed to the formulations for 18h, 

the puncture force was reported (4xU-O-N1: 0.47 ± 0.10 N, 4xU-O-N2: 0.63 ± 0.18 N, 

and 4xU-C-S1: 0.48 ± 0.28 N, n=6, p=0.33). The 24h-treated membranes were pierced by 

the needle with a force of 0.47 ± 0.09 N for 4xU-O-N1, 0.41 ± 0.13 for 4xU-O-N2, and 

0.49 ± 0.04 for 4xU-C-S1 (n=6, p=0.41) (Figure 126). The study was conducted using 

formulations with the same urea concentration (4x % w/w). Thus, a similar puncture 

force was expected. Even though an insignificant difference was obtained for all three 

durations (p>0.05), the longer durations (18 and 24h) provided a larger variation in the 

puncture force (0.41-0.63 N). The similarity in the force required to puncture 10h-treated 

membranes (0.45-0.47 N) suggested 10h study duration for further studies.    
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Figure 126. Force required to puncture membrane after treatment by 4xU-O-N1, 4xU-O-

N2, and 4xU-C-S1 for 10h, 18h, and 24h. Data presented as mean ± SD (n = 6) 

Effect of Urea Concentration in Topical Formulations 

An increase in the urea level in the formulations could result in an enhanced 

softening effect, thus, mechanically weakened the membranes. A comparable force was 

required to pierce bovine hoof membranes treated by various formulations with the same 

urea concentration (4x % w/w): 0.47 ± 0.07 (4xU-O-N1), 0.49 ± 0.12 (4xU-O-N2), 0.48 

± 0.05 (4xU-C-S1), 0.47 ± 0.04 (4xU-O-N3), 0.45 ± 0.03 (4xU-C-S2) (n≥8, p=0.69) 

(Table 27). As the urea concentration decreased from 2x to 1x, and 0x % w/w, the 

puncture force increased from 0.77 ± 0.07 (2xU-L-S) to 0.91 ± 0.09 (1xU-C-S), and 1.33 

± 0.26 (0xU-C-S), respectively (n≥4, p<0.05) (Figure 127).  
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Figure 127. Force required to puncture bovine hoof membranes after 10h treatment by 

topical formulations with different urea concentrations. Single asterisk denotes a 

statistically significant difference from 4xU groups (p<0.05). Data presented as mean ± 

SD (n ≥ 4) 

Moreover, we obtained an insignificant difference in the displacement of the 

needle, ranging from 1.48 ± 0.09 mm (4xU-O-N1) to 1.56 ± 0.09 mm (1xU-C-S) (n≥8, 

p>0.05). This observation indicated that the needle traveled an equivalent distance before 

puncturing the membranes. In this experiment, we reported an inverse correlation 

between urea concentrations in the formulations (x, % w/w) and the force required to 

pierce the treated membranes (y, N), as shown this equation (Figure 128):  

𝑦 = − 0.0152 𝑥 + 1.0837                                        R² = 0.9582  



 

 

 

 

 

This result indicated that the puncture force could be used to accurately and 

reliably predict the urea concentration in the topical formulations, and urea provided a 

positive softening effect on the membranes.  
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Figure 128. Correlation between concentration of urea (% w/w) in topical formulations 

and the force required to puncture (N) the treated bovine hoof membranes 

Thickness of Bovine Hoof Membranes 

We observed the swelling behavior or an increase in the thickness of bovine hoof 

membrane after the permeation study in vitro (Figure 125). Thus, we examined any 

possible correlation between the alteration to the membrane’s thickness and its softness. 

Topical formulations with the same urea concentration (4x % w/w) were employed in this 

study. In general, the membrane absorbed more water and swelled thicker as the study 

duration increased from 10 to 18 and 24h (Figure 129). After 10h study, the membrane 

swelled differently among the groups: 4xU-O-N1 (0.00 ± 0.00 %), 4xU-O-N2 (4.28 ± 

2.52 %), and 4xU-C-S1 (0.00 ± 0.00 %) (n=2) (Table 27).  



 

 

 

 

 

Table 27 The softening effect of topical formulations (10h application) on bovine hoof 

membrane in vitro (n ≥ 2) 

Group Puncture force 

(N) 

Increase in 

thickness (%) 

Increase in 

TOWL (%) 

Decrease in 

resistance (%) 

4xU-O-N1 0.47 ± 0.07 0.00 ± 0.00 1.45 ± 2.05 42.68 ± 19.41 

4xU-O-N2 0.49 ± 0.12 4.28 ± 2.52 21.13 ± 0.93 20.65 ± 5.05 

4xU-C-S1 0.48 ± 0.05 0.00 ± 0.00 35.32 ± 5.55 58.93 ± 10.35 

4xU-S-N NA NA NA NA 

4xU-O-N3 0.47 ± 0.04 NA NA 43.08 ± 12.65 

4xU-C-S2 0.45 ± 0.03 NA NA NA 

2xU-L-S 0.77 ± 0.07 NA NA 39.10 ± 4.09 

1xU-C-S 0.91 ± 0.09 NA NA 38.39 ± 10.54 

0xU-C-S 1.33 ± 0.26 NA NA 21.12 ± 9.53 

NA Not available, TOWL Transonychial Water Loss 

An insignificant change in the membrane’s thickness was obtained when the 

study extended from 18 to 24h: 8.13 ± 1.85 % to 7.87 ± 1.49 % for 4xU-O-N1; 4.69 ± 

4.69 % to 8.57 ± 2.02 % for 4xU-O-N2; and 9.26 ± 3.23 % to 7.09 ± 3.45 % for 4xU-C-

S1 (p>0.05). The same urea concentration in various formulations was found to cause a 

marked difference in the membrane’s thickness. Furthermore, the inconsistent results in 

this study suggested that the increase in the thickness could be a poor indicator of the 

hydration level or the softness of the membrane.  
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Figure 129. Increase in the thickness of bovine hoof membranes at 10h, 18h, and 24h 

after the application of 4xU-O-N1, 4xU-O-N2, and 4xU-C-S1. Data presented as mean ± 

SD (n = 2) 

Transonychial Water Loss Studies 

An increase in TOWL values might indicate a higher hydration level and a softer 

structure of bovine hoof membrane. The water content of the membrane could be either 

enhanced by the absorption of water molecules from the receptor fluid or decreased due 

to the water evaporation from the membrane surface. We observed TOWL values 

increased when the study duration was 10 or 18h: 1.45 ± 2.05 % to 50.86 ± 24.53 % for 

4xU-O-N1; 21.13 ± 0.93 % and 24.23 ± 7.54 % for 4xU-O-N2; and 35.32 ± 5.55 % and 

26.70 ± 3.42 % for 4xU-C-S1. However, a prolonged study (24h) allowed more water to 

evaporate to result in a decrease in TOWL values by 15.8 ± 0.92 % for 4xU-O-N1, 15.22 

± 2.36 % for 4xU-O-N2, and 8.24 ± 0.13 % for 4xU-C-S1 (Figure 130). This observation 

suggested that an appropriate study duration (10 or 18h) was preferred to study the effect 



 

 

 

 

 

of topical formulations on TOWL values of bovine hoof membranes. However, this study 

lacked a reliable correlation between the TOWL values and the urea concentration in the 

formulations applied on the membranes.  
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Figure 130. Increase in transonychial water loss values of bovine hoof membranes at 

10h, 18h, and 24h after the application of 4xU-O-N1, 4xU-O-N2, and 4xU-C-S1. Data 

presented as mean ± SD (n = 2) 

Nail Electrical Resistance Studies 

We investigated the effect of urea concentration in the topical formulations on the 

electrical resistance of bovine hoof membranes. A significant decrease in the resistance 

was obtained for all seven formulations (Figure 131).  
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Figure 131. Decrease in electrical resistance values of bovine hoof membranes after 10h 

application of topical formulations with different urea concentrations. Data presented as 

mean ± SD (n ≥ 2) 

As expected, the higher the urea level in the formulations, the softer the 

membrane structure, and the larger the decrease in the membrane electrical resistance. 

We observed a similar trend in this study; as the urea concentration increased from 0x to 

1x to 2x, and 4x % w/w, the average decrease in the resistance accordingly escalated 

from 21.12 ± 9.53 (0xU-C-S) to 38.39 ± 10.54 (1xU-C-S) to 39.10 ± 4.09 (2xU-L-S), and 

43.08 ± 12.65 % (4xU-O-N3) (n≥2) (Table 27). A positive correlation between urea 

levels (x, % w/w) and percentage of decrease in the resistance (y, %) was presented in 

this equation:  

𝑦 = 0.3771 𝑥 + 30.725                                                       R² = 0.1171  



 

 

 

 

 

A marked difference in the membrane resistance was reported among 4xU-O-N1, 

4xU-O-N2, 4xU-C-S1, and 4xU-O-N3 (p=0.04) ― formulations with the same urea 

levels (4x % w/w). This discrepancy in addition to the low R² value suggested that the 

electrical resistance was an unreliable indicator of the softening effect of topical 

formulations.  

Scanning Electron Microscopy Studies 

SEM images of the surface and vertical section of the untreated and formulation-

treated site of the bovine hoof membranes were shown in Figure 132. No obvious mark 

on the surface was observed to differentiate a group from the others. The surface of the 

membrane appeared smooth, continuous, and clean (Figure 132. a-d). In the vertical 

sections, the swelling of the membrane―due to the contact with the formulation and 

receptor fluid―resulted in the creation of several pores, which was absent from the 

untreated membrane (Figure 132. e-h). The pores in the hoof membranes have been 

reported elsewhere to affect the transungual drug delivery in vitro.    
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Figure 132. SEM images of surface and vertical section of (a, e) bovine hoof membrane 

and the membrane after 10h treatment by (b, f) 4xU-O-N1, (c, g) 4xU-O-N2, (d, h) 4xU-

C-S1 (scale bar represents 50 µm) 

Discussion 

Hydration has been found to alter the microstructure of nail. Benzeval et al 

employed ATR-FTIR to study the pronounced effect of hydration on the nail and 

reported that both the –CH2 symmetric and asymmetric absorbances shifted significantly 

to higher wavenumbers with hydration (Benzeval et al., 2013). Hydration significantly 

increases the broad O-H vibrational band centred around 3,300 cm-1 (Benzeval et al., 

2013) and this has the effect of displacing the –CH2 signals, which sit on the shoulder of 

the O-H absorbance to higher wavenumbers (Mak, Potts, & Guy, 1991). The perturbation 

of the relatively low lipid content of the nail by hydration treatment is at most rather 

small and unlikely, it appears, to play much of a role in terms of altered permeability. 

Hydration significantly decreased the absorbance maximum of the amide I band and 

significantly increased those of the amide II and amide III bands of FTIR spectrum of 

human nail (Benzeval et al., 2013). Meanwhile, Nogueiras-Nieto et al also used FTIR to 

found out that water hydration had caused no modification in disulfide links (L. 

Nogueiras-Nieto et al., 2011). 



 

 

 

 

 

Regarding hydration, human nails retained a more organized structure and be 

capable of taking up and retaining less water than bovine hooves after similar hydration 

times (L. Nogueiras-Nieto et al., 2011). Also, nails and hooves differ in their cysteine 

content (Baden & Kubilus, 1983; Marshall, 1980) and in their water uptake and swelling 

behavior as reported by Khengar et al. (Khengar et al., 2007). The lower abundance of 

disulfide bonds (provide keratin with rigidity) in hooves would make them more 

susceptible to structural changes caused by water interference with secondary bonds and 

result in increased swelling (Baden & Kubilus, 1983; Khengar et al., 2007; Marshall, 

1980).  

Furthermore, the bovine hoof membrane has more pores per unit of area (more 

leaked or less dense keratin matrix) (Elkeeb et al., 2010; L. Nogueiras-Nieto et al., 2011), 

have significantly less cystine residues, and most likely fewer disulfide linkages than 

human nail, thus more permeable than human healthy nails and less selective toward 

large permeants  (Daniela Monti et al., 2005). Hoof proteins have a significantly lower 

disulfide linkages compared to the human nail plate (Baden et al., 1973; Baden & 

Kubilus, 1983). As a result, the hoof may be less susceptible to perungual penetration 

enhancers, which break the disulfide linkages. In such cases, enhancement of perungual 

absorption in the hoof may be less than the enhancement that could be achieved in human 

nail plates (Elkeeb et al., 2010). The delivery of chloramphenicol through the bigtoe 

human nail (average thickness 1000 um) shows the low penetration rate and large lag-

time in comparison with the thinner hoof membrane (Mertin & Lippold, 1997b). The 

bovine hoof slices were significantly more permeable than human infected toenails: the 



 

 

 

 

 

extrapolated ciclopirox flux through the bovine hoof slices was about 14-fold higher than 

through human big toenails (D. Monti et al., 2011). Monti et al validated the correlation 

between the drug delivery through human infected toenails and bovine hooves, so that 

they could extrapolate permeation of human infected toenails directly from investigations 

on bovine hooves (D. Monti et al., 2011). Caution must be exercised when using the hoof 

as a model for the human nail plate in extrapolating data to predict ungual penetration in 

humans in vivo (Khengar et al., 2007). 

Mechanical Properties of Bovine Hoof Membranes 

Human nails are extremely sophisticated structures (Farren et al., 2004). The 

rigidity, thickness, and hardness of the nail plate provide excellent protection for the 

sensitive finger tips (L. Nogueiras-Nieto et al., 2011). Nail, like hair, horn, and hoof, is 

composed of a composite material, keratin, in which long, slender, and sandwich-oriented 

α-keratin protein fibres― the most prevalent form of keratin in nails―are embedded in 

an amorphous protein matrix (Chouhan & Saini, 2012; Fraser & MacRae, 1980), an 

arrangement which should make it both stiff and tough. The keratin filaments are held 

together by these globular, cysteine-rich proteins, whose disulfide links act as “glue” and 

responsible for the toughness and barrier properties of nails (Levit & Scher, 2001). The 

tensile strength of the nails is dependent on the sulfur content that links keratin fibers via 

cysteine disulfide bonds (Baden et al., 1973). Secondary chemical bonds (principally 

hydrogen bonds, Van der Waals and electrostatic interactions) play a key role in the 

interaction between the matrix and filament proteins, contributing to the cohesion of 

keratin and the physical structure and mechanical properties of nails and hooves 



 

 

 

 

 

(Gniadecka et al., 1998; Wessel et al., 1999). The physical and chemical resistance of 

disulfide and hydrogen bonds in the keratins made the nail plate extremely rigid and 

impermeable (Chouhan & Saini, 2012). The fracture properties of the nail are dominated 

by the thick intermediate layer, composed of long narrow cells, which are orientated 

laterally, parallel to the lunula and the free edge of the nail (Farren et al., 2004). Only 

around a quarter of the energy is needed to cut this layer transversely compared with 

longitudinally; a transverse cut just has to separate the cells whereas longitudinal cuts 

would have to cut through the cells (Farren et al., 2004). The main purpose of the dorsal 

and ventral layers is probably to resist longitudinal bending These two layers, away from 

the neutral axis of the nail, are well placed to resist tensile and compressive forces in the 

longitudinal direction  (Farren et al., 2004). Thicker samples of nail would consequently 

be tougher than thin ones because the size of the plastic zone would be greater (Farren et 

al., 2004). Thus, we used bovine hoof membranes with similar thickness to minimize the 

effect of thickness variability. Farren et al reported the toughnesses of human fingernail 

of approximately 3 and 6·kJ/m2 for the transverse and longitudinal directions (Farren et 

al., 2004), which are similar to the values of 5.5–7.8·kJ/m2 that Kasapi and Gosline 

(Kasapi & Gosline, 1997) found for horse hoof. The properties of the nail, however, 

particularly its fracture properties, will depend on the shapes of the cells of which it is 

composed and the orientation of the keratin fibres within them (Farren et al., 2004). 

Baden (Baden, 1970) deduced from x-ray diffraction that the keratin fibres are 

preferentially oriented transversely across the nail. The forces would be strongly resisted 

by their randomly oriented keratin fibres. This interpretation is supported by Baden’s 



 

 

 

 

 

findings (Baden, 1970) about the stiffness of human nail tissue. Using bending tests, he 

found that the bending modulus of nail, approximately 3–5·GPa, was similar in the 

transverse and longitudinal directions, a finding consistent with the idea that most of the 

bending load is resisted by the two isotropic outer layers that are set furthest from the 

nail’s neutral axis. In contrast, measuring stiffness using the speed of sound through nail, 

he found that the Young’s modulus was approx. twice as high (4.3±0.3·GPa) transversely 

as longitudinally (2.1±0.3·GPa). This probably occurred because the tensile and 

compressive properties of the nail would be dominated by the thick anisotropic 

intermediate layer (Baden, 1970). Jemec and Serup reported that (G. B. Jemec & Serup, 

1989) density of nail plate varies through the nail, with the deeper nail being more 

hydrated. The nail water content differs across the nail plate in the longitudinal axis and 

the proximal nail might have a higher water content than the distal nail (Finlay, Western, 

& Edwards, 1990).  

The degree of hydration of nails is the single most important factor in influencing 

the physical properties of hardness, flexibility and brittleness (Finlay et al., 1990). The 

fluxes from lipophilic vehicles are equal to those from aqueous saturated solutions, the 

assumption that the flux is independent of the character of the vehicle is completely 

confirmed (Mertin & Lippold, 1997b). Similarly, we observed no significant effect of 

formulation bases (cream, lotion, ointment, and suspension) on the mechanical properties 

of the hoof membranes, which merely depended on the concentration of urea in the 

formulations. Puncture force measurement could be used to screen formulation rapidly to 

screen formulations for their effects on the mechanical properties of the membrane. The 



 

 

 

 

 

study of Baden (Baden, 1970) also suggests there are substantial differences in fibre 

orientation between the nails of different primates, depending on the shape and curvature 

of their nails. Thus, the mechanical properties of nail plate and hoof membrane might be 

different. Texture analyzer could be also used to study the mechanical properties of 

human nail to investigate ungual formulations or prevent breakage. 

Thickness of Bovine Hoof Membranes 

The average healthy human nail thickness was 0.050 ± 0.005 cm (n = 22, range 

0.039–0.056 cm) (Gunt & Kasting, 2007; Hao et al., 2010), specifically 307 ± 50 µm in 

women (n=3) and 350 ± 82 µm in men (n=7) (Colombo, Gerber, Bronhofer, & 

Floersheim, 1990). A linear relationship (r = 0.796) existed between the 5-FU flux 

through the healthy nail plate and the reciprocal of the nail plate thickness. This means 

the 5-FU flux increased as the nail plate thickness decreased (Kobayashi et al., 2004). In 

addition to the effect of nail thickness, the healthy nail permeability depends on the 

diffusivity of penetrant (Kobayashi et al., 2004). 

In another study, Gunt and Kasting reported an absence of the correlation between 

nail thickness and nail hydration. There were no significant differences between the mean 

thicknesses of the different nail groups with different level of hydration, generated by 

changing the relative humidities (Gunt & Kasting, 2007). Nail thickness, although 

measured three times per each nail edge before cutting, was less reliable. The results of 

nail thickness measurements depended on the applied force, which is especially true for 

wet nails, and the length of area implied by micrometer (Vejnovic et al., 2010). One 

practical problem with the micrometer is the exact siting of the 'gripping' anvil jaws; if 



 

 

 

 

 

they are pushed too far proximally there may be too large a reading because of inclusion 

of compressed adjacent underlying epidermis. The other problem inherent in the 

micrometer used is the small constant force of compression between the calipers of 8 N 

caused by a spring within the instrument. This may cause a variable compression of the 

nail, depending on the nail softness. This error would presumably be greater, i.e. the 

micrometer reading would under-read the true value, the softer or wetter the nail; this 

effect may have been operating in our study. To circumvent this problem, the area of the 

anvil points could be slightly increased to spread the caliper force, and reduce the 

compression of softer nails (Finlay et al., 1990). 

Investigators have employed other techniques to measure the nail thickness: 

optical coherence tomography (OCT) and ultrasound. Using the OCT images, Sattler et al 

could measure the thickness of the entire plate and of the different layers (Sattler et al., 

2012). OCT offers a very helpful device for the measurement of nail thickness with 

comparable values of average thickness in men and women (Sattler et al., 2012). The 

thickness of nail could be measured using the ultrasound transmission time measured by 

the Cutech Dermal Depth Detector, an 18 MHz centre frequency, 16 MHz band-width 

pulse-echo ultrasound system (Finlay et al., 1990).  

Transonychial Water Loss Studies 

In contrast to TEWL, which has been used commonly in scientific research, only 

few data are available on the TOWL of human nails (G. B. E. Jemec et al., 1989; 

Murdan, Hinsu, & Guimier, 2008; NAUER et al., 2001). The permeation patterns for the 

human nail differ significantly from those of normal human epidermis, allowing water to 



 

 

 

 

 

pass about 10 times faster through nail than through stratum corneum (Baden et al., 

1973). In spite of this better permeability the nail retains as much moisture as the stratum 

corneum, when studied at a moderate level of humidity. TOWL is of interest since neither 

the nail nor the nail bed has any sweat glands and this is an index for insensible water 

loss. The baseline mean TOWL of healthy human nail was 19.4 g/m2h (range 11.7-33.5, 

n=21) (G. B. E. Jemec et al., 1989) or 20.5-22.2 g/m2h (Sattler et al., 2012), and changed 

with age, not sex. Vejnovic et al  has attempted but could not be able to establish a 

correlation between permeability coefficient of caffeine and TOWL of human nail 

(Vejnovic et al., 2010). Hand bath has been known to significantly hydrate the nails. 

Sattler et al measured the TOWL of human nail and reported that TOWL (water 

evaporation over the nail plate) increased rapidly immediately after the hand bath to a 

maximum value of 101.6 g/m2h. Also, this peak was detectable only temporarily for a 

few minutes after the bath (Sattler et al., 2012). However, TOWL took a longer return to 

control levels (Murdan et al., 2008). A comparison of TOWL in healthy and affected 

nails with atopic eczema, psoriasis and onychomycosis showed a significantly lower 

TOWL in the affected nails possibly due to the formation of a stratum granulosum in 

these diseased nails, which was absent from healthy nail plates (NAUER et al., 2001). 

However, Kobayashi et al reported that the permeability through healthy and fungal nail 

plates is not significantly different (Kobayashi et al., 2004). Interestingly, Jemec et al 

found no significant correlation between nail plate thickness (as measured by ultrasound 

20 MHz A-scan) and TOWL (G. B. E. Jemec et al., 1989). The level of water loss 

appeared to be independent of the nail thickness (G. B. E. Jemec et al., 1989). Vejnovic et 



 

 

 

 

 

al also reported no correlation between TOWL and weight or thickness of human nail in 

vitro (Vejnovic et al., 2010). TOWL of human nail showed increase in 30 cases of 43 in 

total treated by different topical formulations. In two cases no change in TOWL was 

observed (Vejnovic et al., 2010). This means that TOWL was not a reliable measurement 

for effect of formulations on the nail hydration. However, Murdan et al. (Murdan, 2008) 

found a strong correlation between nail plate thickness and TOWL in vivo (Murdan et al., 

2008) and concluded that an increase in TOWL reflects reduction in the barrier properties 

of the nail plates (Murdan et al., 2008) 

Nail Electrical Resistance Studies 

Water driven ion penetration into the nail by convection during nail hydration, 

thus decreasing the nail resistance (Hao et al., 2010). Martinsen et al. (Ø. G. Martinsen et 

al., 2008) also reported a rapid change in the electrical properties of the nail when the 

relative humidity was increased from 54% to 68%, with the effects reaching a plateau 

after about 1 h. Nail resistance decrease as the hydration time in PBS increased from 0 to 

6h. The electrical resistance of the nail plate decreased during the first 2 h of the study 

and then reached the pseudo steady-state values after 2–3 h (Hao et al., 2010). Immersion 

of nail in water increased its conductance (Hao et al., 2010; Ø. Martinsen, Grimnes, & 

Sveen, 1997). However, a large deviation of the data has been observed to result in an 

insignificant increase in the nail conductance (Hao et al., 2010). The nail can be 

considered as a complex network of conductive (R) and capacitive (C) sites (Benzeval et 

al., 2013). The conductive sites can be considered as current pathways (S. Y. Oh & Guy, 

1995) and the capacitive sites are non-conductive regions (Kalia & Guy, 1995). When the 



 

 

 

 

 

nail is hydrated, and the water content increases, the fraction of conductive sites increases 

and the frequency independent conductivity increases in magnitude (Benzeval et al., 

2013). Hydration increased the overall conductivity of the conductive pathways in the 

nail (Benzeval et al., 2013). The greater degree of hydration also leads to the frequency 

dispersion moving to higher frequencies, which must be achieved before the capacitive 

sites can contribute to conductivity (Benzeval et al., 2013). The nail also exhibits a higher 

relative permittivity with increasing hydration, as has been noted before (Ø. G. Martinsen 

et al., 2008; Marzec & Olszewski, 2009). Martinsen et al  also proposed (Ø. G. Martinsen 

et al., 2008) that the capacitance is also dependent upon the mobility of the keratin 

chains.  

Hao, Smith and Li has designed an experiment to measure the electrical resistance 

of human nail invitro and in vivo (Hao et al., 2010). Comparable nail conductance 

patterns with nail hydration (The electrical conductance of the nail increased significantly 

upon nail hydration) were observed in vitro and in vivo in PBS (Hao et al., 2010). In vivo 

studies, the presence of the endogenous ions in the nail plate and nail bed (D. A. de 

Berker & Baran, 2012) could play an important role in determining the resistance of the 

nail under hydration (Hao et al., 2010). With nail hydration, the nail conductance in vivo 

increased quickly and approached a constant value of 0.082 mS (Hao et al., 2010) after 

6h.  When the human nail was partially hydrated, the ions in the nail were not highly 

conductive due to hindered transport under the partial hydration state of the nail. 

Therefore, the resistance of the nail and the underlying tissues in vivo was generally high 

(Hao et al., 2010). When water permeated into the nail, the nail swelled, the porous 



 

 

 

 

 

network in the nail enlarged, the effective mobilities of the ions in the nail increased, and 

the nail electrical resistance decreased (Hao et al., 2010). The electrical resistance of the 

nail drastically decreased within the first 2 h of hydration in PBS. At 2 h, the nail is 

believed to approach its fully hydrated state, and the nail electrical resistance reached a 

relatively constant value. This resistance profile is consistent with the nail hydration 

kinetic profile in vitro, suggesting the importance of nail hydration in lowering the nail 

electrical resistance (Hao et al., 2010). The initial nail resistances in vivo were 

significantly higher than those in vitro. The decrease in the nail resistance in vivo was 

also found to be faster than that in vitro in the first 2 h of the hydration period (Hao et al., 

2010). Hao, Smith, and Li reported a reliable correlation between nail resistance in vitro 

(x, kΩ/sq.cm) and nail resistance in vivo (y, kΩ/sq.cm), following this equation (Hao et 

al., 2010):  

𝑦 = 2.3676 𝑥 + 0.7123                    (R2 = 0.9335) 

Hao et al also claimed that the nail resistance was not significantly affected by the 

current generated under iontophoresis (Hao et al., 2010). 

Scanning Electron Microscopy Studies 

SEM has been used to visualize the surface of human nails and bovine hoof slices 

to indicate that the surface of bovine hoof slices appeared more heterogeneous and 

irregular; however this could be partially an artifact resulting from the mechanical cut of 

the hooves (L. Nogueiras-Nieto et al., 2011). Our sectioning method is superior as the 

section appeared smooth and cleaned, thus, faciliate a more accurate image evaluation. 

The SEM microphotographs have been used by Nogueiras-Nieto et al to estimate the 



 

 

 

 

 

superficial porosity and the size distribution of superficial pores of bovine hoof slices, 

using the grain analysis modulus of the SPIP software package (L. Nogueiras-Nieto et al., 

2011). The authors claimed that both untreated human nails and bovine hooves present a 

log-normal surface pore size distribution with geometric mean (geometric standard 

deviation) values of 10.2 (2.24) and 10.5 (3.2) μm, respectively and the surface of hoof 

membrane was more porous than the nail surface (L. Nogueiras-Nieto et al., 2011). The 

log-normal distributions showed an increased frequency distribution which suggests an 

important enhancement of the surface porosity for hoof samples treated with N-acetyl-l-

cysteine 10% (L. Nogueiras-Nieto et al., 2011). The authors reported artifacts from the 

mechanical cut of the hooves, which was absent in our study. Also, the author soaked the 

hoof in the drug solution for 24-120h to maximize the effect of the formulations on the 

properties of hoof membranes. Our experimentwas designed to simulate in vivo setting 

where the topical formulations were applied on only one side of the nail, thus, the effect 

was indistinguisable in SEM images. Other works have been done using mercury 

intrusion porosimetry to investigate the alteration in the internal microstructure of human 

nail and bovine hoof (L. Nogueiras-Nieto et al., 2011). Hydration was found to increase 

the porosity of the hoof. Using SEM, Farren et al could observe the three nail layers 

which differed markedly in structure (Farren et al., 2004). Investigators have used 

advanced imaging techniques―confocal laser scanning microscope (CLSM) and optical 

coherence tomography (OCT) ― to visualize the structure of nail. Layers of human nail 

could be differentiated under a (CLSM) which reported the intensity of reflective 

brightness. CLSM allowed to investigate the detailed structure of single corneocytes and  



 

 

 

 

 

in the nail plate (the borders and integrity) (Sattler et al., 2012). Meanwhile, optical 

coherence tomography (OCT) provided high-quality images of layered structure of nail 

with their thickness (Sattler et al., 2012). Thus, OCT and CLSM might have a capacity to 

uncover the effect of topical formulations on nail hydration. However, the use of these 

techniques could be time-consuming, expensive, and challenging to operate.  CLSM had 

the accession depth of 400-500 µm in healthy nail, the scanned area of 500 x 500 sq. µm, 

and required trained personnels to capture the images with minimal artifacts while OCT 

could allow to monitor the nail in real-time to a depth of approximately 2 mm and a 

resolution of 10 µm (Sattler et al., 2012). 

Conclusion 

This study developed and validated a novel method to characterize softness of 

bovine hoof membrane. Force required to puncture the membrane was reliably correlated 

with urea concentration of applied formulations. Using a range of methodologies, it has 

been possible to develop a novel in-vitro release testing method to evaluate the effect of 

urea on nail softening. Summary texture analyzer data illustrate the relationship between 

urea concentration and puncture force. A correlation was established between the amount 

of urea present in a formulation and the corresponding nail softening effect. Interestingly, 

the amount of urea in any format (lotion, cream, ointment) played a key role in softening 

the nail as compared to the base of the formulation. It was concluded that greater 

softening was observed with more concentrated urea formulations as compared to lower 

strengths. 



 

 

 

 

 

CHAPTER 15 

SUMMARY AND CONCLUSIONS 

This study demonstrated that transdermal delivery of vismodegib across 

dermatomed porcine ear skin was enhanced by microneedle treatment. The difference in 

the in vitro drug permeation profile was affected by the needle length, equilibration time 

and microneedle treatment duration. Scanning electron microscopy was utilized to 

characterize the geometry and dimensions of microneedles. Successful microporation of 

the skin samples was confirmed by dye binding and histology studies. Characterization of 

pore uniformity by calcein imaging showed that channels created by maltose 

microneedles were more uniform than those formed by Admin PenTM.  In the in vitro 

permeation studies, the mean cumulative amount of drug permeated through skin at 24h 

by maltose microneedles was  significantly lower than that by Admin PenTM 1200 and 

Admin PenTM 1500 (p<0.05). Equilibration time after microneedle treatment significantly 

increased the amount of vismodegib delivered to the receptor chamber (p<0.05). There 

was a positive correlation between vismodegib transdermal delivery and the microneedle 

treatment duration. The amount of drug retained in skin layers was determined and 

compared between different treatment groups. In vitro irritation test on reconstituted 

human epidermal model EpiDerm indicated that vismodegib solution in propylene glycol 

(7mg/ml) was non-irritant. This part of the project thus investigated the effect of needle 

length, equilibration time and microneedle treatment duration on the delivery of 

vismodegib through dermatomed porcine ear skin. 



 

 

 

 

 

We employed PLGA microneedles and fractional ablative laser to enhance the in 

vitro transdermal delivery of methotrexate through dermatomed porcine ear skin and 

cadaver human skin. PLGA microneedles were characterized by their dimensions, 

mechanical properties, and uniformity. Compromised skin barrier function by both 

microneedles and laser was demonstrated by rheometer, transepidermal water loss, skin 

electrical resistance, dye binding, histology, and Dermascan studies. An effective force 

(41.04 ± 18.33 N) was required to achieve 100% penetration efficiency of the 

microneedles. PLGA microneedle poration resulted in significantly smaller, but more 

uniform channels than laser ablation. Confocal laser microscopy studies reported the 

depth of the pores created by microneedles (115.50 ± 14.42 µm) and laser treatment 

(112.50 ± 9.79 µm). Using in vitro permeation studies, laser treatment delivered a 

significantly higher amount of drug into the receptor chamber and skin layers than 

microneedle poration on both dermatomed porcine ear and human skin (p<0.05). Thus, 

fractional ablative laser as well as PLGA microneedles markedly enhanced the skin 

delivery of methotrexate in vitro. 

We used polymeric microneedles to disrupt the skin barrier function to enhance 

the in vitro transdermal delivery of methotrexate. We fabricated PLGA microneedles and 

characterized them by scanning electron microscopy, Fourier Transform Infrared 

spectrophotometer studies, and mechanical assessment techniques. A drug-loaded 

carbopol hydrogel was also formulated and evaluated for pH, drug content, density, and 

rheological properties. In vitro permeation and skin distribution studies were performed 

using dermatomed human cadaver skin and vertical static Franz diffusion cells. 



 

 

 

 

 

Successful skin microporation was demonstarted by dye binding and histology studies. 

We also measured the dimensions of microchannels in skin by scanning electron 

microscopy, pore uniformity, and confocal laser microscopy. We observed a significant 

difference in the needle length between PLGA 50-8A microneedles and PLGA 50-2A 

needles while there appeared no significant difference between the dimensions of 

microchannels in skin. Microneedles insertion resulted in significant decrease in skin 

electrical resistance as well as increase in transepidermal water loss value, indicating 

compromised skin integrity. Furthermore, in vitro permeation studies revealed that the 

insertion of PLGA 50-8A microneedles caused a greater drug permeability than PLGA 

50-2A microneedles as well as untreated group. The lag time, flux, and diffusion 

coefficient of the drug delivery were also reported. The treatment by PLGA 50-8A 

microneedles also resulted in a significantly higher amount of drug retained in skin layers 

than that by PLGA 50-2A microneedles. Overall, microneedle insertion was found to 

enhance the delivery of methotrexate into and across skin in vitro. 

Poly (D,L-lactide-co-glycolide) acid (PLGA) microparticles of methotrexate were 

fabricated from eight groups of PLGA polymer (PLGA EXPANSORB® 50-2A, 50-8A, 

50-5A, 50-6P, 50-7P, 10-15A, 75-5A, and 95-4A) and characterized using scanning 

electron microscopy (structure and dimensions), zeta sizer (size and charge), and Fourier 

transform infrared spectroscopy (chemical structure). We also investigated the yield, 

encapsulation efficiency, and release kinetics of PLGA microparticles. Successful skin 

microporation by the insertion of MyDermapen microneedles was indicated by scanning 

electron microscopy, dye binding, histology, confocal laser microscopy, and pore 



 

 

 

 

 

uniformity studies. Skin microporation resulted in significant decrease in skin electrical 

resistance and increase in transepidermal water loss value. In in vitro permeation studies, 

we observed a marked difference in the drug delivery profile with different polymer 

groups. All PLGA microparticles groups resulted in a marked decrease in the flux and 

increase in the lag time as compared to methotrexate solution. There was no significant 

difference in the drug levels in epidermis and dermis layers of skin in different PLGA 

groups. Overall, the insertion of MyDermapen microneedles enhanced in vitro 

transdermal delivery of methotrexate. The drug permeability was affect by the use of 

different PLGA grades.  

Poly (vinyl alcohol) microneedles were fabricated by micromolding technique 

and characterized by optical microscopy, fluorescent microscopy, scanning electron 

microscopy, mechanical properties, and drug release. The microneedles successfully 

porated dermatomed human cadaver skin to create uniform microchannels (dye binding, 

pore uniformity, histology, confocal laser microscopy, and skin integrity studies). The 

insertion of microneedles (4351.55 ± 560.87 ng/sq.cm) resulted in a significantly greater 

delivery of doxorubicin into and across human skin, as compared to passive diffusion 

(0.00 ± 0.00 ng/sq.cm, n=4, p=0.00). A change in the drug localization within the 

microneedle array was found to markedly alter the release and delivery profile of 

doxorubicin in vitro.  

We employed fractional ablative laser to enhance the delivery of vismodegib into 

and across skin in vitro. We investigated the effect of laser treatment on in vitro drug 

permeation with respect to energy, pore density and drug concentration. Successful skin 



 

 

 

 

 

microporation was demonstrated by dye binding, histology studies while pore uniformity 

and dimensions were measured by calcein imaging, confocal laser microscopy, scanning 

electron microscopy studies. No significant difference in pore dimension was found in 

different treatment group in scanning electron microscopy studies. Using confocal laser 

microscopy, we observed an increase in pore depth with the increase in energy of laser. A 

significant increase in transepidermal water loss value and decrease in skin resistance 

denotes the failure of skin barrier function due to laser treatment. In permeation studies, 

all laser groups provide higher drug delivery into receptor and skin layers than untreated 

group (p<0.05). Also, as the laser fluence increased, the cumulative amount of drug 

delivered at 24h increased significantly. The drug permeability increased due to the 

increase in pore density as well as drug concentration in the donor. We also reported the 

drug levels in skin layers after different laser treatments. Ablative laser treatment 

effectively enhance vismodegib delivery across dermatomed human skin.  

We employed low-frequency sonophoresis and cathodal/anodal iontophoresis to 

enhance the in vitro transdermal delivery of methotrexate. After the physical treatment, 

we visualized the skin in dye binding studies. Sonophoresis treatment resulted in a failure 

in the skin integrity―a significant increase in transepidermal water loss, a marked 

decrease in skin electrical resistance, and a substantial increase in skin temperature. 

Using in vitro permeation studies on dermatomed human cadaver skin, we found that the 

use of both iontophoresis and sonophoresis resulted in a significantly higher drug 

permeability than the untreated group. The combination of sonophoresis and 



 

 

 

 

 

iontophoresis caused a significant increase in the drug delivery into and across skin 

(p<0.05).  

Maltose microneedles were fabricated by melting technique and characterized by 

dimensions, mechanical properties, and in situ dissolution kinetics. The needles 

successfully perforated dermatomed human skin to create 120 µm-deep uniform channels 

in the skin and fail the skin integrity. Microneedle insertion delivered a significantly 

higher amount of doxorubicin into the receptor and skin layers than passive diffusion. 

Change of drug concentration from 2mg/mL to 4 mg/mL caused an unmarked alteration 

in drug delivery in vitro.   

This in vitro study indicated that delivery of salicylic acid into dermatomed 

porcine skin was affected by different rubbing methods. Physical properties of drug 

formulation were characterized and effects of rubbing by vertical/horizontal glass rod, 

rheometer, and finger on gel distribution on skin surface as well as skin integrity were 

investigated. Vertical rod rubbing facilitated a rapid onset of drug delivery at 4h than 

other groups. A uniform thin layer of gel was observed on skin after rubbing with gloved 

finger. Furthermore, rubbing by finger resulted in significantly higher amount of salicylic 

acid in skin layers than other groups (p<0.05). Thus, overall, application of salicylic acid 

gel on skin by rubbing was found to affect its in vitro delivery in the skin. 

A fractional ablative laser was used to enhance transungual delivery of 

methotrexate in vitro. There were no significant differences in the channel area in 

different treatment groups (scanning electron microscopy and pore uniformity studies) 

while an increase in the pore depth was observed with an increase in the laser energy 



 

 

 

 

 

(confocal laser microscopy and volume of the channels) and an increase in the number of 

channels was caused by an increase in the pore density (dye binding studies). The laser-

created microchannels were distinguishable from the vicinity of the porous structure 

(histology studies). Laser ablation was found to weaken the mechanical resistance of the 

membrane and affect its chemical structure. A significant increase in the flux and 

permeability coefficient was obtained in all laser groups as compared to the untreated 

group (p<0.05). The cumulative delivery of methotrexate at 8h markedly increased from 

the untreated (0.00 ± 0.00 µg/sq.cm) to 3P-2D (2.10 ± 0.23 µg/sq.cm, p<0.05) and 4P-2D 

(2.82 ± 0.83 µg/sq.cm, p<0.05). An insignificant difference in the drug levels in the hoof 

membrane was observed among different groups (p>0.05). Overall, treatment of the hoof 

membrane by fractional ablative laser was found to affect the in vitro transungual 

delivery of methotrexate.  
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