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ABSTRACT 

 
 
 

BEHNAM DASHT BOZROG 
TRANSDERMAL AND DERMATOLOGICAL FORMULATIONS FOR DELIVERY 
OF PHARMA- AND COSMECEUTICALS INTO HEALTHY AND DISEASED SKIN  
Under the direction of DR. AJAY K. BANGA 
Professor and Department Chair, Pharmaceutical Sciences 
Mercer University, Atlanta GA 

 
 
 

Matrix type Transdermal Delivery systems (TDS) are comprised of the drug 

dissolved or dispersed in a pressure sensitive adhesive (PSA) matrix and are designed to 

provide a controlled delivery through the skin and into systemic circulation. In this 

research, we investigated the effect of different PSAs (acrylate, polyisobutylene, and 

silicone) on drug permeation, release and adhesive properties of TDSs formulated with a 

model drug (lidocaine) at its saturation point. Results showed the choice of PSA affected 

the drug release and permeation profile. The acrylate systems contained ten times 

higher drug amount than silicone systems, but the permeation flux was only two folds 

higher. Results also showed that the drug release does not linearly correlate to 

saturation, as the silicone TDS with the lowest amount of drug loading, showed the 

highest release percentage. Apart from passive delivery, iontophoresis has been proven 

to be an effective active technique using low-level currents for delivery of active 



 

 
 

xiii 

molecules. Hence, we investigated whether a microcurrent-generating device can 

enhance the delivery of a cosmetic agent (niacinamide) using different types of current 

waveforms. Results indicated that DC and pulsatile DC waveforms effectively enhanced 

the in vitro permeation of niacinamide, suggesting the feasibility of iontophoretic 

delivery of actives. In another aim, we investigated three types of excised human skin 

tissues, including healthy, atopic dermatitis, and psoriasis, and evaluated the effect of 

health status on skin characteristics and in vitro permeation and skin retention of 

hydrocortisone, upon topical administration. Transepidermal water loss and electrical 

resistance values, as well as drug amount retained in psoriatic skin, showed a significant 

difference compared to healthy skin, indicating that barrier dysfunction and structural 

changes in afflicted skin can have a substantial effect on drug permeation profile 

into/across diseased skin. In the last aim, we evaluated an activated carbon-based drug 

disposal system for its efficiency in deactivating prescription psychoactive medications 

(alprazolam, temazepam, zolpidem, and ketamine). The deactivation system efficiently 

adsorbed and deactivated approximately 94% of the tested medications within 8 hours 

and over 99% by 28 days showing that it provides a simple, safe and an efficient method 

for disposal of unused medications. 
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CHAPTER 1 

INTRODUCTION

The potential use of skin as a route of drug administration has been known from 

ancient time. Topical and transdermal delivery offers an alternative route of delivery for 

non-invasive administration of therapeutic and cosmetic agents. It provides several 

advantages including avoiding hepatic first-pass effect, prolonged duration of action, 

ease of administration and discontinuation, and improved patient compliance (Banga, 

2011). 

Development of transdermal delivery systems (TDSs) with the goal of using 

skin as the route of administration for systemic delivery started in 1970s and ever since 

several systems containing numerous drugs have been introduced to the market 

(Banerjee, Chattopadhyay, Ghosh, Datta, & Veer, 2014; Banga, 2011). Among the 

different types of TDSs, the matrix type products, in which the drug is dissolved or 

dispersed in the pressure sensitive adhesive (PSA) layer contacting the skin, are very 

commonly used, being inherently simple in design, thin and comfortable to wear. In this 

design, the PSA acts as both formulation foundation and adhesive. Widely used PSA 

polymers in TDS include polyisobutylene (PIB), acrylates and silicones (Wokovich, 

Prodduturi, Doub, Hussain, & Buhse, 2006). 
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The selection of PSA for TDS is a crucial step for formulation design that can 

affect the drug release, permeation, and performance characteristics, further impacting 

the safety, efficacy and quality evaluation of the final product. Hence, we aimed to 

evaluate the effect of different PSA matrices (acrylate, silicone, polyisobutylene) on the 

release and permeation profile of a model drug (lidocaine) as well as on the 

characteristic properties of prepared TDS. To achieve this, crystallization studies are a 

necessary step to take in order to determine the highest concentration of drug that can 

be incorporated into each matrix. All TDSs were prepared with the goal in mind to keep 

the lidocaine concentration as close as possible to the saturation level to ensure the 

maximum thermodynamic activity. Saturation solubility and crystallization studies were 

performed to determine the highest concentration loading which will not result in 

crystallization during storage. Prepared systems were then evaluated and compared for 

drug release and skin permeation to understand the effect of PSA on drug delivery. 

Furthermore, all systems were evaluated for physical characteristics including tack, 

shear, and peel adhesion measurements. 

Microcurrent is a non-invasive clinically tested anti-aging treatment that can 

safely improve the appearance of the skin. Microcurrent uses a low-level current that 

can stimulate muscle and production of adenosine triphosphate (ATP) which facilitates 

the synthesis of collagen and elastin resulting in reduced wrinkles and improved skin 

tone (Yu, Hu, & Peng, 2014). Meanwhile, electric currents are also recognized as an 

established active enhancement strategy for percutaneous absorption. In a process 

known as iontophoresis, applied current on the skin can facilitate dermal and 
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transdermal delivery by pushing the molecules of same charge (electrorepulsion) across 

stratum corneum (SC) into the skin. Therefore, in our research we aimed to investigate 

whether a microcurrent generating device can similarly enhance the percutaneous 

delivery of actives. We evaluated the potential and the extent of dermal delivery using 

two different types of currents. Constant direct current (DC) and pulsatile DC with 

reversing polarities (equal parts of positive and negative polarities) were utilized for 

dermal delivery of diclofenac, sumatriptan, caffeine, and niacinamide. Niacinamide is the 

physiologically active form of niacin (vitamin B3) and is the most common form of 

niacin used in cosmetic products. There are several clinical benefits for niacinamide 

including reduction in skin redness, improving complexion, and brightening 

hyperpigmentation (Bissett, Miyamoto, Sun, Li, & Berge, 2004). Hence its dermal 

delivery is of great interest in the cosmeceutical industry. To utilize the microcurrent 

generating device, various settings were explored to simulate the real-life use of the 

device in an in vitro setting. In proof-of-concept studies, we coupled the device with a 

Franz diffusion cell setup using Ag/AgCl electrodes to connect to the device in order to 

investigate the extent of niacinamide permeation through human epidermis. 

In healthy skin, the SC, the outermost layer of the skin, consists of corneocytes 

surrounded by lipid regions and functions as the main barrier (Bouwstra & Ponec, 

2006). Since most topically applied drugs permeate along the lipid domains, the lipid 

organization is a key element for skin’s barrier functionality. Diseased skin though is 

often characterized by a reduced barrier function and an altered lipid composition and 

organization. Skin diseases are among the most common illnesses, affecting a large 
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population, and are associated with psychological and social distress and have a 

significant negative impact on patients’ quality of life (Hong, Koo, & Koo, 2008). Atopic 

dermatitis (eczema) and psoriasis are the most common inflammatory skin diseases both 

associated with significant changes in the skin structure and barrier functionality 

(Guttman-Yassky, Nograles, & Krueger, 2011). To this date, there is limited data 

regarding drug permeation using ex-vivo human tissue in a diseased state. Regardless 

of its shortage and variability, excised human skin is considered to be the closest 

surrogate model for in vivo human studies (Abd et al., 2016). Hence in this study, we 

investigated the in vitro skin characteristics as well as permeation and retention profile 

of hydrocortisone in healthy and disease-afflicted human skin to better understand the 

effect of such diseases on skin’s structure and behavior. 

Hydrocortisone was selected as the permeant in this study on account of its 

passive permeability owing it to its low molecular weight and moderate lipophilicity and 

also as a representative of corticosteroids, which are widely used for management of 

eczema and psoriasis. We aimed to design the study in a way to be discriminative in 

establishing the profile of hydrocortisone’s permeation into/through diseased and 

healthy human skin. Skin characterization studies including morphology (SEM imaging, 

and Histology), color, pH, TEWL, and resistance measurements were performed to get 

a better insight of structural changes (perturbed SC and desquamation) occurring in the 

inflammatory skin diseases.  

Prescription drug misuse and abuse, a major public health concern in the United 

States, is the intentional or accidental consumption of medicines in ways other than 
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prescribed or instructed. The accumulation of unused medications in the household has 

been reported as a major source for misuse of prescription medication. 

Utilizing suitable techniques to discard expired, and unused medications in 

households will help to reduce risks associated with accidental exposure or intentional 

abuse and misuse. For safe and secure disposal, FDA suggests that consumers transfer 

their unneeded medicines to drug take-back events held by The U.S. Drug Enforcement 

Administration (DEA) or local law enforcement agencies. Although there is interest and 

participation in drug take-back programs, there is a lack of awareness and accessibility 

of on-going programs (Lystlund, Stevens, Planas, American, & 2014, n.d.). As an 

alternative, FDA recommends the following steps: Unused medicines should be mixed 

with an inedible substance such as used coffee ground, dirt, or cat litter; the mixture is 

then placed in a sealed plastic bag, and finally it is discarded in household trash. In case 

of potentially dangerous medications, they should be flushed down the toilet or sink 

once they are no longer needed (“Safe Disposal of Medicines - Disposal of Unused 

Medicines: What You Should Know,” n.d.). However, other than the risk of these 

medications being misused or abused, improper disposal can result in contamination of 

food and water supplies. Hence, a safe and efficient drug disposal system can be 

advantageous for household and healthcare use.  

Activated carbon is considered to be a universal adsorbent owing to its highly 

porous structure and large surface area and has been successfully used in drug 

deactivation (Herwadkar et al., 2016b; Li, Lei, & Huang, 2009). Hence in our research 

we evaluated the efficiency of an activated carbon disposal system for safe disposal of 
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prescription sedative medications. In this study, medications including alprazolam 

tablets, temazepams capsules, zolpidem tablets, and ketamine injection solution were 

used as model CNS depressant medications. Medications were placed in the deactivation 

system and samples were taken over the course of 28 days to evaluate the deactivation 

profile for each medication. Further, to investigate the reversibility of this process, 

activated carbon was introduced to a large volume of aqueous and organic solvents to 

investigate the possibility of desorption (leakage from the activated carbon). 
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CHAPTER 2 

LITERATURE REVIEW

Topical and Transdermal Drug Delivery 

Topical and transdermal drug delivery offers an attractive alternative for non-

invasive administration of therapeutic agents. It provides various advantages including 

prolonged duration of action, bypassing the hepatic first-pass effect, ease of 

administration, and improved patient compliance (Banga, 2011). 

Human Skin Structure and Function 

The human skin with the approximate surface area of 2 m2 provides the largest 

interface between our bodies and the external environment (J Hadgraft, 2001). The 

primary function of the skin is to act as a protective barrier in addition to its regulation 

and sensation functions. Skin is mainly composed of three layers: Epidermis, Dermis, 

and a subcutaneous fat layer. The outer layer of skin, the epidermis, is composed of 

closely packed specialized epithelial cells called keratinocytes (Betts et al., 2013). The 

inner layer, dermis, is an integrated system of fibrous and dense connective tissue that 

accommodates, nerve endings, blood vessels, hair follicles, and sweat glands (Prost-

Squarcioni, Fraitag, Heller, & Boehm, 2008). Beneath the dermis lies the subcutaneous 

layer also called hypodermis, which is mainly made of loose connective and fatty tissues. 
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The stratum corneum (SC) is the most superficial layer of the epidermis and is 

composed of stratified squamous keratinized epithelium also known as corneocytes. The 

SC layer is comprised of usually 18 to 20 layers of dead corneocytes and provides a 

physical protective barrier and prevents the penetration of foreign particles and the 

water loss of underlying layers (Menon, Cleary, & Lane, 2012). The SC is a two-

compartment structure organization in which corneocytes are embedded in a lipid 

matrix also described as a “brick and mortar system”(Michaels, Chandrasekaran, & 

Shaw, 1975). This multilamellar lipid structure also prevents the entrance of most 

topically applied actives, except for the small lipophilic molecules. This poses a 

significant challenge to deliver active molecules of interest through the skin either for a 

local cutaneous effect or for a systemic delivery followed by their entry into superficial 

dermal vasculature. 

Mechanism of Skin Penetration 

As noted above, the skin’s barrier function is due in large part to the SC which is 

considered the primary barrier to drug absorption into skin. Molecules usually cross the 

SC through the following routes: intercellular, transcellular, and appendageal (through 

sweat glands or hair follicles) (Jonathan Hadgraft, 2001). The intercellular is an 

important route and contains a structured bilayer of lipids such as ceramides and free 

fatty acids. Based on the molecular properties and skin permeability, the for an active to 

become a feasible candidate for transdermal drug delivery it must have: low molecular 

weight (MW < 500 Da), moderate lipophilicity (log P, around 1 to 4), and a potent 

pharmacologic activity (Wiedersberg & Guy, 2014). The underlying transport process 
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in skin permeation is controlled by simple passive diffusion. Fick’s law of diffusion can 

be used to describe and predict the permeation of actives through the skin. The steady 

state diffusion flux can be simplified to: 

𝐽 = 𝐷𝐾∆𝑐 ℎ⁄  

Where J is the flux per unit area, D is the diffusion coefficient, K is the skin-

vehicle partition coefficient, Δc is the concentration difference across the skin, and h is 

the length of diffusional path. The concentration gradient is considered as the driving 

force in passive diffusion. It is noteworthy however, that the flux would increase 

linearly with concentration until the active concentration in the vehicle reaches the 

solubility limit (J Hadgraft, 2001). As shown in Figure 1, upon topical administration, 

the concentration gradient drives the active molecules into the skin. Once passed the SC 

and viable epidermis, active molecules will further diffuse into epidermis and dermis and 

will get pick up by the vasculature located in dermis and enter the systemic circulation. 

 
 
 

 

Stratum Corneum 

Epidermis 

Dermis 

Subdermal Fat 
Muscle 

Figure 1. Schematic structure of human skin layers and percutaneous absorption 
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Transdermal Delivery Systems 

Transdermal delivery systems (TDSs) are designed to deliver an active 

ingredient across the skin and into systemic circulation (Food and Drug 

Administration, 2019). Transdermal systems should be formulated with the sufficient 

payload of the active ingredient close to saturation to provide the maximum 

thermodynamic driving force for passive diffusion through the skin (Alkilani, 

McCrudden, & Donnelly, 2015). There several TDS products on the market for 

different indications (Tan & Pfister, 1999a). 

Types of Transdermal Delivery Systems 

Generally, TDS can be divided into matrix type and reservoir type delivery 

systems. In the matrix type TDS, active ingredient(s) is dissolved or partially suspended 

in the adhesive matrix. This mixture is sandwiched between a backing membrane and a 

release liner and typically is manufactured by solvent casting technique. The reservoir 

type TDS, the active pharmaceutical (liquid or gel) is entrapped between a microporous 

membrane and the backing membrane. The structures are shown in Figure 2. 

 
 
 

Drug 
Adhesive Layer 
Backing Membrane 
Release Liner 
Rate Controller Reservoir type TDS Matrix type TDS 

Figure 2. Schematic structure and components of matrix type and reservoir type 
transdermal delivery systems 
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Due to the safety risks and inherent failure modes associated with the reservoir 

type TDS, FDA recommends manufacturers to focus their development efforts on 

matrix type TDS (Food and Drug Administration, 2019). 

Pressure Sensitive Adhesives 

Pressure sensitive adhesives (PSA) are a critical component in TDS (Tan & 

Pfister, 1999a). Their main function is to provide the adhesion of the system to skin and 

they also act as a matrix to hold the drug and other components such as penetration 

enhancers, softeners, and preservatives (Lobo, Sachdeva, & Goswami, 2016). Different 

types of PSAs used in TDSs include: Silicones (SIL), polyisobutylenes (PIB), and, 

acrylates (ACR) (Banerjee et al., 2014; Barnhart & Carrig, 1998). The selection of an 

adhesive is based on a number of factors, including the TDS design and drug 

formulation. 

Saturation Solubility and Crystallization 

The drug’s concentration in a vehicle is an important factor for the drug 

permeation since it has been shown that the thermodynamic activity is proportional to 

the ratio of drug concentration to its solubility in the vehicle (Cho & Choi, 1998). Hence, 

TDSs are generally designed in a way to incorporate the highest possible amount of 

drug in the matrix. However, Increased drug loading close to the saturation point in the 

TDS, makes such systems unstable as there is a high risk of drug crystallization during 
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storage (J.-H. Kim & Choi, 2002; Minghetti et al., 2007; Sachdeva, Bai, Kydonieus, & 

Banga, 2013). 

Effect of Pressure Sensitive Adhesive on TDS Performance 

There are several factors affecting the drug release process including: drug 

loading and molecular volume, PSA’s free volume or micro-viscosity, environmental 

factors (temperature and hydration) and most importantly, the drug-PSA 

intermolecular interaction (Liu, Quan, & Fang, 2016a; Yasunori, Takemasa, & Kenji, 

1992). It has been shown that several interactions such as hydrogen bond, ionic bond 

and dipole-dipole interaction can occur between functional groups of drug and polymer 

(Kothari, Ragoonanan, & Suryanarayanan, 2015). 

The results of a study for a TDS to deliver palonosetron for prevention of 

chemotherapy-induced nausea and vomiting compared three different acrylic adhesives 

with: no functional groups, carboxyl groups, and hydroxyl groups. The highest drug 

skin permeation was obtained in the acrylic adhesive with hydroxyl groups, which had 

low interaction potential with the drug and high thermodynamic activity (Liu, Hui, 

Quan, & Fang, 2016). 

 
In another study Park, et al., studied the effects of different PSAs and 

permeation enhancers on skin permeation of captopril from prepared TDSs. The 

permeation rate of the drug through the excised skin was dependent on the type of 

polyacrylate copolymers studied. Seven different types of ACR were investigated in 

their study and almost all showed a similar drug release profile. In this study the 
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authors did not investigate PIB, and SIL adhesives as their study was more focused on 

the effect of different types of ACR (Park, Chang, Rhee, & Chi, 2001). 

Gwak et al., investigated the in vitro percutaneous absorption of ondansetron 

hydrochloride from PSA matrices. Two type of ACR adhesives one with acrylate as 

copolymer and the other with acrylate-vinylacetate both with the identical functional 

group of carboxyl. The authors demonstrated that the release rates and permeation 

fluxes of drug from the two PSAs were not significantly different from each other (Hye, 

Ik, & In, 2003). 

Kim et al. investigated the effects of various PSAs on the percutaneous 

absorption of physostigmine. The highest permeability was observed from SIL, followed 

by PIB, and ACR matrices. The authors discussed that the higher thermodynamic 

activity of physostigmine in silicone and PIB matrices may be partially responsible for 

the higher flux across the skin in spite of the same drug content (J. H. Kim, Lee, & Choi, 

2002).  

Electrically Assisted Percutaneous Delivery 

Transdermal and intradermal delivery of actives, that is, delivery of molecules 

through or into the skin can be assisted by electrical energy (Banga, 1998).  

Iontophoresis 

Iontophoresis has been a long-established noninvasive technique to enhance 

transdermal delivery by applying a continuous low voltage current (Banga, 1998; Kalia, 

Naik, Garrison, & Guy, 2004). Iontophoresis principally provides an electrical driving 

force using an electrode of the same polarity as the charge on the active molecules to 
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transport them across SC based on electrorepulsion. In this process, charged (ionic) 

molecules are transferred via electrophoresis, while uncharged (non-ionic) and weakly-

charged molecules can be moved by bulk flow of the solvent (i.e. water) generated by 

the preferential movement of mobile cations in a phenomenon known as electroosmosis 

(Pikal, 2001; Prausnitz & Langer, 2008). Electroosmotic flow occurs in the same 

direction as flow of counterions from anode to cathode. 

Iontophoretic Electrochemistry 

Principally, an iontophoretic device comprises of a power source to generate 

current and two electrode compartments: anodal and cathodal. Amongst the various 

type of electrodes, the Ag/AgCl couple has been found to be well-suited for 

iontophoresis since they are less prone to cause pH changes and water electrolysis 

(Cullander, Rao, & Guy, 1993). The formulation containing the ionized active molecule 

is placed under the electrode carrying the same charge. In a case of positively charged 

ion, it would be placed under the anodal compartment (Ag). With the application of an 

electric potential and subsequently the flow of current through the circuit, the electric 

field leads to a directional movement of ions: positive ions will be pushed form anode 

towards cathode and the negative species will move in the opposite direction. To 

provide the counter ions necessary to complete the circuit, NaCl is commonly used. At 

the Ag anode electrode solution interface, Ag+ and Cl- react and form the insoluble 

AgCl and an electron is released. Electromigration transports the cations including 

active molecules form the anodal compartment into the skin. Meanwhile, in the cathodal 

compartment, the AgCl is reduced to metallic silver and Cl- ions (Kalia et al., 2004). 
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Factors Affecting Iontophoretic Delivery 

Several formulation-related, electrochemical, and biological factors come to play 

in iontophoretic delivery of active compounds into the skin. The type and density of 

applied current as well as the physicochemical characteristics of the active are major 

determinants of the rate and extent of dermal delivery. 

Electric Current 

In general, the iontophoretic flux of a charged species, is given as: 

Flux = concentration × mobility × driving force 

where the driving force is the chemical potential gradient. Based on this equation, the 

amount of active delivered is expected to be increased with the increase of applied 

electric current (Banga, 2011). Other than the current density, the modality as well, 

plays an important role in delivery. In direct current (DC) or galvanic mode, the current 

always flows in one direction as compared to the alternating current. The DC current 

can be also be applied in a periodic manner, known as pulsed current (PC). The biphasic 

square-wave PC waveforms are generated when the polarity cycles between equal parts 

of positive and negative amplitudes, producing a series of biphasic square-wave pulses. 

The PC waveforms supposedly allow the skin to depolarize and return to its normal 

state between each pulse and reduce the applied constant current which is less irritating 

to skin (Banga, 2011). 

Physicochemical Properties of the Active 

Many factors including the charge, molecular weight, and lipophilicity of the 

active are all important determinants of whether a compound can be an iontophoresis 



16 
 
 

 

candidate. Small, charged, mobile, and hydrophilic actives are the best candidates for 

iontophoretic delivery (Sieg & Wascotte, 2009).  

Dermatological Applications of Iontophoresis 

In addition to its successful transdermal application for systemic delivery, 

iontophoresis has been proven to be effective for topical delivery of active compounds 

into the dermis as the site of action. Several clinical trials has shown the efficacy of 

iontophoresis in delivery of local anesthetics to provide a fast onset of action (Wagner, 

Cunningham, Zempsky, & Parkinson, 2003; Wallace et al., 2001; Zempsky, Anand, 

Sullivan, Fraser, & Cucina, 1998). Other studies have also shown its efficacy in delivery 

of nonsteroidal anti-inflammatory drugs (NSAIDs) for a targeted pain relief and 

reduced systemic side-effects (Heather A.E. Benson & Watkinson, 2012). Iontophoresis 

has been successfully used for cosmetic purposes as the application of appropriate 

electrical current and an active agent can provide superior results in the treatment of 

various skin aesthetic disorders including hyper-pigmentation, melasma, aging skin and 

acne scars (Schmidt, Binder, Macheiner, & Bieglmayer, 1995). 

Percutaneous Absorption in Diseased Skin 

As mentioned above, SC consists of corneocytes surrounded by lipid regions and 

is mainly responsible for skin’s barrier functionality. Diseased skin is often characterized 

by altered lipid composition and organization and a reduced barrier. Skin diseases such 

as psoriasis and atopic dermatitis both involve an inflammatory response, which 

ultimately influences the skin’s lipid structure and barrier functionality. 
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Psoriasis 

Psoriasis is a chronic systemic inflammatory disease characterized by scaling 

dry, raised, red skin lesions (plaques) (Andersen & Davis, 2013). Pharmacologic 

treatment strategies for management of the disease involve utilizing topical agents, such 

as topical corticosteroids to modulate the immune response (R. M. Law & Gulliver, 

2017).  

In a study, the in vitro release and permeation of anthralin via psoriatic skin was 

evaluated. Results showed that involved psoriatic skin was much more permeable to 

anthralin than uninvolved psoriatic skin (Wang, Patel, Ehmann, & Lowe, 1987). In 

another investigation, 15- to 20-fold-increased penetration of 5-fluorouracil ointment in 

psoriatic patient skin compared to healthy skin was observed (Erlanger et al., 1970). In 

another study, authors reported an increase in 5-methoxypsoralen penetration through 

psoriatic human skin (Colombo et al., 2003). 

The evaluation of transepidermal water loss (TEWL) values and percutaneous 

absorption of hydrocortisone in psoriatic patients receiving treatment revealed a decline 

in both values after 4–6 days of medication therapy, indicating that improvement of skin 

barrier function led to a decreased absorption rate (Aalto-Korte & Turpeinen, 1993). 

These studies show that in psoriatic skin, drug penetration is often increased. 

Since most of treatments for psoriasis are based on topical therapy, particular attention 

should be given to this issue (Chiang, Tudela, & Maibach, 2012). 
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Atopic Dermatitis 

Atopic dermatitis (AD), the common type of eczema, is a relapsing chronic 

disease arising from various genetic and environmental factors (Barnes, 2006). It 

involves inflammation associated with severe itching and rash, both hallmark symptoms 

(R. M. Law & Kwa, 2017). Similar to psoriasis, in the treatment of AD, topical 

corticosteroids are used as the first-line therapy to manage the associated inflammation 

and pruritus (Furue et al., 2003; R. M. Law & Gulliver, 2017). 

A defected barrier function is observed in AD attributed to the abnormalities in 

SC ceramides, resulting in increased TEWL values (Linde, 1992). It has been suggested 

that there is a correlations between TEWL values and skin permeability of compounds 

(Levin & Maibach, 2005). Drug penetration may not be increased through atopic 

dermatitis skin (Ortiz, Hansen, Shah, Menné, & Benfeldt, 2009), but some studies 

suggest the possibility of increased penetration through skin of atopic dermatitis 

patients. 

Two studies have shown that absorption of topical 1% hydrocortisone was 

higher in children with atopic dermatitis and the increased absorption was correlated 

with the severity of dermatitis (Turpeinen, 1988; Turpeinen, Salo, & Leisti, 1986). In an 

in vivo study, authors reported a 1.5-fold higher diffusivity for SLS in atopic persons 

than nonatopics (Jongh, Jakasa, Verberk, & Kezic, 2006). Similarly, in another in vivo 

study, a two-fold increase was observed in percutaneous penetration of SLS with atopic 

dermatitis patients compared to healthy subjects (Jakasa, de Jongh, Verberk, Bos, & 
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Kezic, 2006). Therefore, similar to psoriatic skin, AD can lead to increased percutaneous 

absorption emphasizing the importance of considering risks of exposure in patients. 

Prescription Medication Disposal 

The presence of unused, unwanted, and expired medications in households is a 

major concerning issue in United States as it has a potential negative impact on 

patient’s health as well as environmental safety. Recently, the results of an observational 

study showed that approximately two-thirds of prescription medications end up being 

unused. Main reasons for this were reported to be improvement of disease/condition, 

forgetfulness and side effects (A. V. Law et al., 2015a). 

The accumulation of unused medications in the household poses a significant 

risk as the most common source for misused prescription medication has been reported 

to be from friends or family (Schepis & Krishnan-Sarin, 2009).   

Misuse of Psychotherapeutic Drugs 

Prescription psychotherapeutic drugs consist of the following categories: 

stimulants, tranquilizers or sedatives, and pain relievers. Prescription drug misuse is 

defined as medication use without a prescription or in any ways not intended or directed 

by the prescriber, including use in larger doses, more frequent, and for longer than 

instructed. Based on the results of the 2018 National Survey on Drug Use and Health 

(NSDUH) in 2018, an estimated 16.9 million Americans aged 12 or older reported to 

have misused prescription psychotherapeutic drugs at least once in the past year this 

number corresponds to 6.2 percent of the population (Substance Abuse and Mental 

Health Services Administration (SAMHSA), 2019). 
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Prescription tranquilizers include benzodiazepine tranquilizers (e.g., alprazolam, 

lorazepam, clonazepam, or diazepam products), and muscle relaxants. Prescription 

sedatives include Z-drugs (zolpidem, zaleplon, and zopiclone), benzodiazepine sedatives 

(e.g. temazepam, flurazepam), and barbiturates. The estimate of 6.4 million Americans 

has reported to misuse prescription tranquilizers or sedatives. 

According to the NSDUH results, 19.4% of population aged 12 or older in 2018 

reported a past year illicit drug use. Illicit drugs include marijuana, cocaine, heroin, 

methamphetamine, inhalants and hallucinogens. Several drugs are grouped under the 

category of hallucinogens. Ketamine also called "Special K" or "Super K" is a 

hallucinogen with a potent dissociative anesthetic effect. Ketamine abuse is reported to 

be increasing worldwide (Xu & Lei, 2014). Being a strong psycho-stimulant ketamine 

abuse can cause dependency with somatic, psychiatric and cognitive complications 

(Delimbeuf, Petit, Karila, & Lejoyeux, n.d.). 

Safe Medicine Disposal 

Safe disposal of unwanted and expired medications can limit the access to the 

prescription medications and prevent the risk of intentional abuse or misuse and 

accidental exposure. The best way to get rid of unwanted medications is through 

National Prescription Drug Take Back Day sponsored by the U.S. Drug Enforcement 

Administration (DEA). When the take-back option is not available, FDA suggests 

patients to either flush or dispose them in the household trash after mixing them with 

an unappealing substance such as coffee grounds or cat litter (“Disposal of Unused 
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Medicines: What You Should Know | FDA,” n.d.). However, these substances have been 

shown that cannot effectively deactivate the drugs (Herwadkar et al., 2016a). 

Activated Carbon for Drug Disposal 

Owing to its highly porous structure, large surface area, and the affinity for 

organic compounds, activated carbon is considered to be a universal adsorbent. 

Through intermolecular forces, pharmaceutical molecules can be adsorbed to the surface 

of activated carbon particles and will no longer be physiologically active (e.g. 

deactivated). Previous studies have shown the efficacy of activated carbon for 

deactivation of various medications. In a study comparing different deactivating agents 

including an oxidizing agent (sodium percarbonate), a hydrolysis agent (sodium 

carbonate) and adsorbents (zeolite and activated carbon), activated carbon showed more 

efficiency in deactivation of all tested dosage forms with no observed desorption 

(Herwadkar et al., 2016b). In another study, authors showed that activated carbon can 

successfully deactivate psychoactive prescription medications including lorazepam, 

diazepam, and buprenorphine (Song, Manian, Fowler, Korey, & Banga, 2016). Another 

investigation showed more than 99% deactivation of highly abused opioids including 

morphine, methadone, hydromorphone, and meperidine with the use of activated carbon 

(Gao et al., 2018). Hence activated carbon can be used as an effective tool for a rapid and 

safe disposal of prescription medications (such as CNS depressants) that can be 

conveniently used in households. 
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CHAPTER 3* 

EFFECT OF DIFFERENT PRESSURE SENSITIVE ADHESIVES ON 

PERFORMANCE PARAMETERS OF MATRIX TYPE TRANSDERMAL 

DELIVERY SYSTEMS 

Abstract

Matrix type Transdermal Delivery systems (TDS) are comprised of the drug 

dissolved or dispersed in a pressure sensitive adhesive (PSA) matrix and are designed to 

provide a controlled delivery through the skin and into systemic circulation. PSAs can 

directly affect the permeation, release, and performance characteristics of the system. In 

this study we aimed to design and characterize transdermal delivery systems formulated 

with lidocaine -as the model drug- loaded in different PSAs, including silicone, 

polyisobutylene (PIB), and acrylate. TDS containing lidocaine at its saturation points 

were prepared by solvent casting method. In vitro permeation studies across 

dermatomed porcine ear skin were performed using Franz diffusion cells. In vitro 

release studies were carried out using USP apparatus 5 (paddle over disk). The 

cumulative amount permeated from acrylate was significantly higher than silicone and 

PIB. The acrylate TDS contained ten times higher drug amount than silicone TDS, but 

 
* Bozorg, B. D., & Banga, A. K. (2020). Effect of Different Pressure-Sensitive Adhesives on Performance 
Parameters of Matrix-Type Transdermal Delivery Systems. Pharmaceutics, 12(3), 209. 
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the permeation flux was only two folds higher. Results also showed the release of drug 

does not linearly correlate to saturation, as the silicone TDS comprising of the lowest 

amount of drug loading, showed the highest percentage release indicating the choice of 

PSA affected the drug release and permeation profile. 

Introduction 

Transdermal delivery systems (TDSs) are designed to provide a controlled and 

prolonged delivery of the drug substance across the skin and into the systemic 

circulation. (Parivesh, Sumeet, & Abhishek, 2010; Tan & Pfister, 1999b). TDS can be 

generally categorized into matrix type and reservoir type delivery systems. Matrix type 

TDS contain the active ingredient(s) in a mixture of adhesives and other components 

(Food and Drug Administration, 2019). TDS offer various advantages, including by-

passing first-pass metabolism, extended duration of action, reduced adverse effects by 

maintaining the drug levels within the therapeutic window, and ease of administration 

and termination (Aarti, Kalia, & Guy, 2000; Lobo et al., 2016; Wiedersberg & Guy, 

2014). 

Among the TDS, matrix type systems are most popular owing to their ease of 

formulation, high patient preference, less risk of accidental overdose, and low abuse 

potential. Drug in adhesive (DIA) systems are a type of matrix systems in which the 

drug is dissolved or dispersed in a polymeric matrix which is layered between the 

backing membrane and a release liner (Lobo et al., 2016; Margetts & Sawyer, 2007). In 

this design, pressure sensitive adhesives (PSAs) are used as the matrix to hold the drug 

and control its delivery rate in addition to fulfilling their adhesion function (Tan & 
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Pfister, 1999b),(Pastore, Kalia, Horstmann, & Roberts, 2015). Pressure sensitive 

adhesives are viscoelastic materials that adhere to a substrate upon applying slight 

external pressure, exert strong holding force, and leave no residue after removal from a 

smooth surface (Tan & Pfister, 1999b),(Kandavilli, Nair, & Panchagnula, 2002). 

Different types of PSAs used in TDSs include polyisobutylenes (PIB), silicones, 

acrylic copolymers (Lobo et al., 2016). The choice of PSA is a crucial step in the early 

development and formulation of TDSs and is selected based on numerous factors, 

including solubility, stability, compatibility, and adhesion- cohesion balance (Lobo et al., 

2016). Additionally, the type of PSA and interactions between drugs and PSA can 

influence the flux of a drug from PSA (J.-H. Kim, Cho, & Choi, 2000; Kokubo, 

Sugibayashi, & Morimoto, 1994; Takemasa, Kenji, & Yasunori, 1991). As a result, the 

selection of appropriate PSA matrix is essential in designing a TDS.  

Passive diffusion is a mechanism by which drug molecules move through 

stratum corneum (SC) and is governed by Fick’s Law of diffusion. Fick's first law of 

diffusion states that diffusion occurs in favor of the concentration gradient (Couto et al., 

2014). In regards to the drug loading in the vehicle, the maximum skin permeation rate 

is obtained when the drug is at its highest thermodynamic activity, which is in a 

supersaturated level (Benson, 2005; Higuchi, 1960). It has been shown that the 

maximum skin penetration rate is depended on the thermodynamic activity (saturation 

state) rather than the concentration value (Twist & Zatz, 1986). Hence, in the majority 

of TDSs, the drug is loaded close to the saturation solubility in order to achieve a high 
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thermodynamic activity and a greater force for passive diffusion across the skin 

(Jonathan Hadgraft, 1999; Ravula, Herwadkar, Abla, Little, & Banga, 2016). 

Increasing the drug loading to reach the saturation state in the TDS, makes such 

systems unstable as there is a high probability of drug crystallization during storage (J.-

H. Kim & Choi, 2002; Minghetti et al., 2007; Sachdeva et al., 2013). Crystallization of 

the drug is a major challenge in the design and formulating of TDS as it makes the TDS 

unstable, and reduces the amount of available drug and decreases the intended flux (J.-

H. Kim & Choi, 2002; Variankaval, Jacob, & Dinh, 1999). 

The effect of PSA matrix on drug release and permeation profile, and physical 

characteristics of TDSs has been understudied. Hence a comparative study in this 

regard can help us to better understand the effect of PSA as an integral part of TDSs on 

performance characteristics. In this study, we aimed to investigate the effect of three 

adhesive matrices, including silicone, PIB, and acrylate on performance characteristics 

of TDSs. Lidocaine was selected as the model drug with good passive permeation owing 

to its favorable physicochemical characteristics and was investigated to find the highest 

concentration level in each matrix which will not lead to crystallization. TDSs were 

prepared with the adhesive matrices loaded with lidocaine at its saturation 

concentration and were then further examined and compared for in vitro drug 

permeation and release. Physical characterization of TDS including tack, peel adhesion 

and shear test was also performed. 
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Materials and Methods 

Materials 

Lidocaine powder was purchased from Sigma-Aldrich (St. Louis, MO, USA). 

Acrylates copolymer (Duro-Tak 87-2287) and polyisobutylene (Duro-Tak 87-6908) 

were received as gift samples from Henkel (Bridgewater, NJ). Silicone adhesive (BIO-

PSA 7-4301) was obtained from Dow Corning® (Midland, MI, USA). 3M Scotchpak™ 

1022 Release Liner Fluoropolymer Coated Polyester Film and 3M Scotchpak™ 9733 

Backing Polyester Film Laminate were provided by 3M Manufacturing Company 

(Maplewood, MN, US). Acetonitrile, methanol, and tetrahydrofuran were of HPLC 

grade and obtained from Pharmco-Aaper (Shelbyville, KY, USA). Phosphate Buffered 

Saline (PBS), 10X Solution was purchased from Thermo Fisher Scientific (Waltham, 

MA, USA). Deionized (DI) water (Milli-Q® Direct 8/16 System) was used. Porcine ears 

were provided by a local slaughterhouse (Atlanta, GA, USA). 

Methods 

Preparation of Transdermal Delivery Systems 

Drug in Adhesive Solubility and Saturation. In this study, three following adhesives 

were studied: acrylates copolymer (ACR), silicone (SIL), and polyisobutylene (PIB). 

ACR used in our study is a non-crosslinked vinyl acetate acrylic PSA with hydroxyl 

functionality. Lidocaine (MW=234.3 g/mol, LogP=2.4) (“National Center for 

Biotechnology Information. PubChem Compound Database; CID=3676,” n.d.) was 

chosen as a model drug to study the effect of matrices on TDS performance. To 

determine the saturation solubility of lidocaine in each matrix, the maximum amount of 

https://www.google.com/search?rlz=1C1SQJL_enUS769US769&q=St.+Louis+Missouri&stick=H4sIAAAAAAAAAOPgE-LUz9U3sLC0SK5U4gAxzcoryrW0spOt9POL0hPzMqsSSzLz81A4VhmpiSmFpYlFJalFxQDMHhGVQwAAAA&sa=X&ved=0ahUKEwimz_rHm5fcAhXFdN8KHVBpB4wQmxMIygEoATAV
https://www.google.com/search?rlz=1C1SQJL_enUS769US769&q=Midland+Michigan&stick=H4sIAAAAAAAAAOPgE-LUz9U3MDcuy85SAjMNjVMqzbW0spOt9POL0hPzMqsSSzLz81A4VhmpiSmFpYlFJalFxQBPpZu9RAAAAA&sa=X&ved=0ahUKEwinveipnZfcAhVDVd8KHUnhDuUQmxMInwIoATAY
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drug soluble in these adhesives was measured. One gram of adhesive was accurately 

weighed in a glass vial, then lidocaine powder in small increments was added. The vial 

was properly sealed and was mounted on a rotating mixer for slow mixing (to avoid 

shear stress and air bubble formation) until the added lidocaine was completely 

dissolved. This procedure was repeated to reach the point that lidocaine particles were 

not dissolving to any further extent. Values of the highest amount of lidocaine dissolved 

were recorded as saturation points for drug containing adhesive mixtures (wet blends). 

This study was performed to get a general idea of the solubility of the drug in the 

adhesives. These solubility values cannot be considered as the saturation point since the 

solvent present in the wet adhesive is capable of dissolving and incorporating more 

drug amount that can result in crystallization after solvent removal. 

Crystallization Studies. Wet blends of adhesive containing lidocaine at different 

percentages lower than the respective wet blend saturation point, were prepared. A 

small amount of the wet blend was cast on a glass microscope slide and left at room 

temperature for 72 hours to evaporate the solvent completely. The dried adhesive film 

on the slides was then observed for the presence of crystals using a polarized 

microscope (Leica MZ6, Leica Microsystems, Wetzlar, Germany). The highest drug 

percentage that showed the absence of crystals indicated the achievement of saturation 

point in dried adhesives on the glass slides. TDS crystallization studies were done 

subsequently to verify the glass slide crystallization study results. In TDS 

crystallization studies, wet blends were cast on the release liner (3M Scotchpak™ 1022) 

then laminated with the backing membrane (3M Scotchpak™ 9733) after drying. The 
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prepared systems were monitored for crystal formation over one month at room 

temperature. The highest percentage of lidocaine that did not lead to crystallization was 

chosen as the saturation point (dry weight basis) for each matrix. 

Preparation of Matrix Type TDS. The solvent casting method was used to 

prepare the lidocaine matrix type TDS with different PSAs. Wet blends of PSAs loaded 

with the drug at the saturation point were prepared by adding lidocaine directly into the 

adhesive, followed by rotary mixing for 48 hours to ensure homogenous mixing. 3M 

Scotchpak™ 1022 Release liner polyester film was fixed on a glass panel with the coated 

surface facing upwards. A casting knife (Tefcrom - Teflon® Coated Microm film 

applicator by Gardco, Pompano Beach, FL, US) was placed on the top of the liner. The 

wet blend was poured directly in front of the knife-blade on the release liner and a film 

was cast by automatic film applicator (Byko-drive XL by BYK Instruments, Wesel, 

Germany) drawing down the applicator toward the lower end of the panel with a steady 

speed. The film applicator was equipped with a micrometer barrel to adjust film 

thickness. Film thickness was set to 12 mil (1 mil = 0.001 inch) for ACR and SIL PSAs 

and 20 mil in case of PIB to produce a 100 gsm (g/m2) coat weight. The casted film on 

the release liner (drawdown) was observed at room temperature for two minutes to 

observe the behavior of the film for possible shrinkage or oozing. The drawdown was 

then transferred into a convection oven at the temperature of 75 °C for 20 minutes. The 

temperature was set to a value that does not exceed the boiling point of any solvent 

present in the wet blends. On another glass panel, 3M Scotchpak™ 9733 backing 

polyester film was affixed. After the oven treatment, the release liner coated with the 
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dried film was laminated onto the backing membrane with the help of a sponge paint 

roller such that to avoid any entrapments of air pockets. Laminates after preparation 

were punched using hollow round punches of the desired size to prepare the TDS 

product. 

Determination of Coat Weight and Drug Content of TDS. Round-shape TDSs (area 

= 0.28 cm2) were prepared by punching the laminates for each matrix (n=4) at different 

sites along the casting path. Systems were accurately weighed, and the weight of equal-

sized respective release liner and the backing membrane was deducted to calculate the 

coat weight. To determine the drug content, each system was placed in 2.0 mL of 

tetrahydrofuran for the adhesive to dissolve completely. The tetrahydrofuran solution 

was then diluted ten times with the addition of 18 mL of methanol. The mixture was 

further vortexed and filtered through a 0.45 µm nylon syringe filter and then analyzed 

using the HPLC-UV method for lidocaine content. 

In Vitro Permeation Testing (IVPT) 

Skin Preparation. Untreated porcine ears were obtained from a local 

slaughterhouse and were rinsed with water to clean any debris. The dorsal side of the 

porcine ear was separated from the cartilage using a scalpel. Subdermal fat tissue was 

removed from the skin by forceps and scissors. Hair was trimmed using an electric hair 

clipper. Skin pieces were then dermatomed to the thickness of 500 µm to 700 µm using a 

Dermatome 75mm (by Nouvag AG, Goldach, Switzerland). Dermatomed porcine ear 

skin was then washed with PBS (Isotonic phosphate buffer saline solution containing 

137 mM NaCl, 2.7 mM KCl, 8 mM Na2HPO4, and 2 mM KH2PO4 with a pH of 7.4). 
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Skin pieces were then dried, wrapped with parafilm, placed in a resealable plastic bag, 

and stored at −80 °C till further use. For the experimental study, skin pieces were 

immersed into PBS at room temperature to thaw then were cut into pieces with the 

desired size for mounting onto the Franz diffusion cells. 

Evaluation of Skin Integrity and Thickness Measurement. Prior to the permeation 

studies, the resistance of the skin pieces was measured to ensure the integrity of the skin 

barrier function. For this purpose, a waveform generator, and a digital multimeter 

(Agilent Technologies, Santa Clara, CA, USA) connected to Ag / AgCl electrodes were 

used. Each skin piece was mounted on a Franz diffusion cell with both the receptor and 

donor chambers filled with PBS, and skin was allowed to equilibrate for 15 min. 

Following equilibration, Ag and AgCl electrodes were inserted in the receptor and 

donor chambers, respectively. A load resistor (RL = 100 kΩ) was placed in series with 

skin, and the voltage drop across the entire circuit (VO) and skin (VS) was recorded on 

the multimeter. The skin resistance (RS) was calculated based on the following equation 

(Jiang, Murnane, Bhattaccharjee, Blough, & Banga, 2019; Murthy, Sen, Zhao, & Hui, 

2003): 

RS = VS RL / (VO - VS) 

where VO is 100 mV. Resistance values were calculated and reported as kΩ. The 

thickness of each skin piece was measured using a digital material thickness gauge 

(MTG-DX2 by Checkline®, Cedarhurst, NY, USA). 

In Vitro Skin Permeation Setup. In vitro permeation studies were performed on 

Franz diffusion cells. Vertical glass jacketed diffusion cells (PermeGear, Hellertown, 
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PA, USA) with a nine mm-diameter opening (diffusion area of 0.64 cm2), flat ground 

joint, 5 mL receptor volume, and a stir bar (600 rpm) were used. The temperature of the 

receptor compartment was maintained at 37 °C using a circulating water bath 

connected to the water jacket around the diffusion cells providing a skin surface 

temperature at 32 °C. The cells were filled with 5 mL of PBS to maintain the sink 

condition throughout the study. Three groups were defined in this study to compare the 

permeation profile of lidocaine for each matrix system (n=4). TDSs were prepared with 

lidocaine at its saturation solubility in SIL, PIB, ad ACR matrices with the 

concentration of 2.5%, 3.5%, and 25% (w/w) respectively. For system application, skin 

pieces were placed on a flat surface, then the release liner was removed from the system, 

and the TDS was applied on the skin. A glass rod was rolled over the skin pieces with 

gentle pressure to ensure proper adhesion of the system to the skin. Skin pieces with 

systems adhered to were then mounted on Franz diffusion cells, and the donor 

compartment was fixed using a metal clamp. Samples (300 µL) were withdrawn from 

the receptor chamber at 15 min, 30 min, 1, 2, 4, 6, 8, 24, 48, and 72 hours and were 

analyzed for drug content using HPLC. Each aliquot was replaced with 300 µL of fresh 

PBS. Results were reported as mean ± SD (n = 4) for each test group. 

In Vitro Release Testing (IVRT) 

In vitro release studies were carried out based on USP apparatus 5 (paddle over 

disk assembly) method using a Sotax dissolution tester (Sotax AT 7smart, 

Westborough, MA, USA). Each vessel was filled with 500 mL of 1X PBS as the 

dissolution media. TDSs examined in this study were prepared with lidocaine at its 
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saturation solubility in SIL, PIB, ad ACR matrices with the concentration of 2.5%, 3.5%, 

and 25% (w/w) respectively. The TDS (area = 4.91 cm2) were adhered to a PTFE 17 

mesh and were fixed on borosilicate watch glass using PTFE clips. the watch glass–

TDS–screen sandwich assembly was then placed at the bottom of the vessel, with the 

mesh facing upwards (n=4). A distance of 25±2 mm between the paddle blade and the 

surface of the disk assembly was maintained during the test. The temperature of the 

media was set at 32±0.5 °C to reflect the skin temperature and the paddle speed was set 

at 50 rpm. The samples (1 mL) were drawn at 15 min, 30 min, 1, 2, 4, 6, 8, 24, 48, 72 h 

and were replaced by fresh media. All samples were filtered through 0.45 µm filter 

syringes prior to HPLC-UV analysis. 

Quantitative Analysis 

Drug content samples and in vitro permeation and release samples were 

quantified using a validated HPLC-UV method.  The chromatographic analysis was 

performed on a Waters (Milford, MA, USA) Alliance 2695 Separations Module HPLC, 

equipped with a quaternary pump, automatic injector and a thermostatted column 

compartment coupled with a photodiode array detector (Waters 996). The method was 

conducted using an isocratic reverse phase technique. The separation was carried out on 

an Agilent Eclipse Plus C18 (4.6×150 mm, 5 µm) column maintained at 40 °C. The 

mobile phase was comprised of Acetonitrile: buffer (15:85) with 20 mM NaH2PO4 

(pH=3 adjusted with o-phosphoric acid) used as the buffer. The flow rate was set at 1 

mL/min and each run-time lasted for 10 minutes. Lidocaine peak was achieved with the 

retention time of 6.1 min. The volume of injection of 5 μL was used for drug content 
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samples, and 20 μL injection volume was used for in vitro permeation and release 

samples. Matrix-matched calibration curves were used for each analysis. Peak area 

values were recorded at the wavelength of 192 nm. Data acquisition and processing 

were performed using Empower 3 software. 

Physical Characterization of the Developed Systems 

Tack Properties. Tack is defined as the ability of an adhesive to immediately form 

a bond with another surface under light contact pressure (Duncan, Abbott, & Roberts, 

1999). The probe tack test can be used with adhesives coated on flexible backings. The 

standard method was developed from the Polyken Tack Tester (Hammond, 1964). In 

the probe tack test, a probe is pushed down to the point that it makes contact with the 

adhesive surface and then retracted at a predefined speed. The required force to break 

the bond after a short period of contact with the adhesive is plotted versus time 

(Cilurzo, Gennari, & Minghetti, 2012). The probe tack test was performed using a 

Texture Analyser (TA.XT Express by Texture Technologies Corp. and Stable Micro 

Systems, Ltd. Systems, Hamilton, MA, USA) with the following test parameters: 

Approach speed: 0.5 mm/s, Return speed: 5.0 mm/s, Hold time: 10.0 s, Return distance: 

10.0 mm, Applied force: 500g (SIL and PIB groups) 1000g (ACR group), temperature 

25 °C, (n=4). The cylindrical probe was of stainless steel with a diameter of 7.00 mm 

and a cross-section area of 154 mm2. Absolute positive force, positive area and 

separation distance were recorded. 

Shear Adhesion. Shear adhesion evaluates the cohesion strength of a PSA matrix 

and its resistance to stress. In the static shear test, the required time to skid a standard 
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area of the TDS from the adherend plate under a standard load is measured. Shear 

adhesion test was conducted on a ChemInstruments static shear tester 

(ChemInstruments Model SS-HT-8, Fairfield, OH, USA). TDS (n=4) were cut (length 

× width: 1 inch × ½ inch) and adhered onto a stainless-steel shear panel using a 4.5-

pound hand roller. The opposite end of the backing membrane was then looped through 

the shear test clip and taped back on itself. The assembly was then loaded into the panel 

holder on the shear bank at room temperature. A 1000g weight was then hooked to the 

shear clip and the time for adhesive samples to fail by falling off the test surface was 

recorded. 

Peel Adhesion. Peel adhesion is a key attribute of TDS, which measures the force 

required to peel-off a path from a surface (Cilurzo et al., 2012). The peel adhesion force 

was performed using a 180-degree peel tester (ChemInstruments Model PA-1000-180, 

Fairfield, OH, USA). TDS (n=4) were cut (length × width: 1 inch × ½ inch) and adhered 

onto a stainless-steel test panel using a 4.5-pound hand roller. The leading loose end of 

the backing membrane was fixed in the load cell grip, and the force required to detach 

the system of test panel with a speed of 6 inch/min was measured. 

Data analysis 

Data were analyzed using GraphPad Prism 8 (GraphPad Software, Inc.). 

Statistical differences were calculated using the two-tailed Student’s t-test and a p-value 

of less than 0.05 was determined as a significant difference. 
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Results 

Drug In Adhesive Solubility and Saturation 

The saturation solubility of lidocaine in different adhesive matrices was 

investigated to determine the maximum possible amount of drug that can be solubilized 

in each matrix without the risk of it crystalizing back upon solvent removal in the 

preparation process or shelf-life storage. The saturation concentration of lidocaine in 

the adhesive (w/w % dry-weight basis) was considered as the highest concentration in 

which no particles or crystallization was observed. The results are shown in Table 1. 

 
 
 
Table 1. Saturation concentration %(w/w) of lidocaine in pressure sensitive adhesives 
matrices using different techniques 

PSA 
Wet adhesive 

(w/w*) 
Slide crystallization 

(w/w) 
TDS crystallization 

(w/w) 

Silicone 5.0% 4.5% 2.5% 

Polyisobutylene 15.0% 12.5% 3.5% 

Acrylate 55.0% 50.0% 25.0% 

*All the concentration values were calculated based on the dry weight of the adhesive matrices 

 
 
 

TDS crystallization studies revealed the saturation concentrations of lidocaine in 

SIL, PIB, and ACR matrices to be 2.50, 3.50, and 25.00% (w/w), respectively. TDS at 

this concentration did not show any crystallization and were stable at room temperature 

for six months. Hence, they were further selected for permeation and release studies. 

Concentrations above this point resulted in the formation of crystals as shown in Figure 

3. As shown in the figure, concentrations at the saturation level did not result in any 
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crystallization when observed with polarized microscopy. However, a slight increase in 

the concentration values resulted in formation of crystals. 

 
 
 

Figure 3. Images of prepared lidocaine TDS crystallization studies using polarized 
microscopy. Lidocaine concentration in the adhesive matrices based on the dry weight is 
as follows: (A) 2.5% (w/w) in silicone. (B) 3.0% (w/w) in silicone. (C) 25% (w/w) in 
acrylate. (D) 26% (w/w) in acrylate. (E) 3.5% (w/w) in PIB. (F) 4.0% (w/w) in PIB. 
 
 
 

Coat Weight and Drug Content 

Coat weight measurement and the results of drug content analysis of the 

prepared systems using different adhesives with lidocaine at the saturation 

concentration in each matrix are reported in Table 2. The results showed that all the 

groups (SIL, PIB, and ACR) had uniformity in both coat weight and drug content. 

 
 
 

A 
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Table 2. Coat weight and drug content of lidocaine matrix type TDS at saturation point 
in different adhesives 

PSA 
Coat Weight (g/m2)  Drug Content (µg/cm2) 

Targeted Experimental  Theoretical Experimental 

Silicone 100.00 95.89 ± 0.78  250.00 179.91 ± 2.52 

Polyisobutylene 100.00 100.89 ± 0.82  350.00 285.27 ± 4.96 

Acrylate 100.00 105.35 ± 2.66  2500.00 2786.68 ± 89.09 

All experimental values are reported as Mean ± SE (n=4). SE: Standard Error. 

 
 
 

In Vitro Permeation Testing 

The purpose of the IVPT studies was to determine and compare the passive 

permeation profile of lidocaine as the model drug across the skin formulated at the 

saturation solubility in adhesive matrices (SIL, PIB, and ACR). The average cumulative 

amount of drug permeated through dermatomed porcine skin after 72 hours was 

calculated to be 352.92 ± 63.37, 402.89 ± 16.30, and 2575.91 ± 322.14 (µg/cm2) for SIL, 

PIB, and ACR respectively. Though no difference was observed in the first hour 

between the three adhesives, the final amount was significantly higher in the ACR 

group. The permeation and flux profile of lidocaine is shown in Figure 4. The steady-

state flux was calculated based on the slope of the linear portion of the cumulative 

amount of drug plotted versus time and X-intercept values were used to calculate the 

lag time. These values are reported in  

 

 

Table 3.  
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Table 3. Steady-state flux and lag time of lidocaine across dermatomed porcine skin 
from different adhesive matrices 

PSA 
Steady-state Flux 

(µg/cm2/h) 
Lag Time (h) 

Silicone 32.29 ± 2.77 0.31 ± 0.09 

Polyisobutylene 19.18 ± 0.87 0.52 ± 0.01 

Acrylate 59.24 ± 6.21 0.54 ± 0.04 

All values are reported as Mean ± SE (n=4). SE: Standard Error. 

 
 
 

In Vitro Release Testing 

The percentage of lidocaine released as a function of time is shown in Figure 5. 

SIL adhesive demonstrated a rapid release of the drug with significantly higher release 

within one hour of the study (25.23 ± 7.57), compared to ACR (6.06 ± 2.17) and PIB 

Figure 4. In vitro permeation (a) and flux (b) profile of lidocaine TDS comprised of 
lidocaine at saturation solubility in silicone, PIB, and acrylate through dermatomed 
porcine skin epidermis. Values are reported as Mean ± SE (n=4). * Represents 
statistically significant difference (p ≤ 0.05). 
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(5.63 ± 1.07). The total percentage released at the end of 72 h for SIL, PIB, and ACR 

was 83.21 ± 3.35, 55.36 ± 2.39, and 39.58 ± 3.60% respectively. 

 

 
 
 

The cumulative amount of drug permeated, and the total percentage of drug 

released at the end of IVPT and IVRT studies are shown in Table 4 for comparison. 

 
 
 
Table 4. The total amount of drug permeated and the percentage of lidocaine released  

Group 
Drug content 

(w/w%) 
Amount Permeated 

(µg/cm2) 
Released 

(%) 

Silicone 2.50 352.92 ± 63.37 83.21 ± 6.69 

Polyisobutylene 3.50 402.89 ± 16.30 55.96 ± 7.20 

Acrylate 25.00 2575.91 ± 322.14 39.58 ± 4.77 

All values are reported as Mean ± SE (n=4). SE: Standard Error. 

Figure 5. In vitro release profile of lidocaine TDS comprised of lidocaine at saturation 

solubility in silicone, PIB, and acrylate using USP apparatus 5 (paddle over disk 

assembly). Values are presented as Mean ± SE (n=4). * Represents statistically 

significant difference (p ≤ 0.05). 
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Physical Characterizations 

Shear evaluation of the TDS revealed 16.88±3.31, 2.38±0.41, and 0.1±0.00 min 

for SIL, PIB, and ACR, respectively, as the time required to skid the system adhered to 

stainless plates with a 1000 g force. In the 180° peel adhesion test, the force required to 

peel the system from stainless steel panel was measured to be 235.55±35.54, 3.80±1.55, 

233.83±35.86 g respectively. Although ACR showed lower shear properties and a low 

force was required to peel the PIB system, the TDS showed comparable tack properties 

with absolute positive forces of 480.33±65.12, 379.70±136.09, and 280.60±86.80 g for 

the SIL, PIB, and ACR adhesives. The results of all characterization studies are 

summarized in Table 5. 

 
 
 
Table 5. Results of shear, peel adhesion, and tack tests for lidocaine TDS in different 
adhesive matrices  

PSA 
Shear test – time to fail 

(min) 
Peel adhesion force 

(g) 
Tack force (g) 

Silicone 16.88 ± 3.31 235.55 ± 35.54 480.33 ± 65.12 

Polyisobutylene 2.38 ± 0.41 3.80 ± 1.55 379.70 ± 136.09 

Acrylate 0.10 ± 0.00 233.83 ± 35.86 280.60 ± 86.80 

All values are reported as Mean ± SE (n=4). 
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Discussion 

The effect of pressure sensitive adhesive (PSA) matrix was investigated on the 

permeation, release, and physical characteristics of TDS using SIL, PIB, and ACR 

matrices incorporating lidocaine at its saturation solubility. 

Stratum corneum is the outermost layer of the skin, which functions as the main 

barrier for passive permeation allowing only small (< 500 Da) and moderately-lipophilic 

(log p of ideally about 2-3) molecules to passively permeate (Banga, 2011; Wiedersberg 

& Guy, 2014). Hence lidocaine (MW=234.3 g/mol, LogP=2.4) was chosen as a model 

drug in this study to better discriminate and understand the effect of the type of PSA on 

drug permeation. 

While preparing a drug in the adhesive transdermal system using the solvent 

casting technique, determination of the saturation solubility of the drug in the adhesive 

is a crucial step to avoid crystallization upon evaporation of organic solvent (Jain & 

Banga, 2010). The saturation solubility of lidocaine in the wet adhesive blend was 

expectedly higher when compared to slide or TDS crystallization studies since the 

solvent present in the wet adhesive is capable of dissolving and incorporating more 

drug amount. However, since the solvent will be removed during the TDS 

manufacturing process, it will cause the saturation solubility to decrease to a great 

extent. Slide crystallization is used as a preliminary and slightly faster technique used as 

an alternative to prepare TDSs for estimating the saturation solubility of drug 

molecules in adhesives. While the results of slide crystallization studies can provide 

some insight to the saturation solubility of drugs in adhesive blend after evaporation, 
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these values cannot be considered as final saturation solubility as the thickness of the 

actual TDS, as well as processing conditions can affect the phenomenon of 

crystallization (Puri et al., 2019). Following the solubility and slide crystallization 

studies, the TDS crystallization studies were performed and the highest concentrations 

(w/w) of lidocaine in adhesive blend in which no crystals were observed were used for 

further permeation, release and crystallization studies. 

To design a system with a specific coat weight value, the solid percentage (non-

volatile component) of the adhesive were taken into consideration to calculate the 

lidocaine concentration (w/w%) on a dry-weight basis. Multiple factors can affect the 

coat weight including the solid percentage of the adhesive and the thickness of the 

system. Since each adhesive has a different solid percentage, appropriate thicknesses 

were set at the casting time to reach the target coat weight value (=100 gsm). To 

achieve this, a higher casting thickness (20 mil) for the drug in the PIB blend was 

required as compared to both SIL and ACR (12 mil). Keeping the gsm values constant 

while preparing each adhesive system with lidocaine at its saturation level will provide 

information about the effect of each adhesive matrix on lidocaine permeation and release 

profile. 

At the end of the permeation study, the total amount of lidocaine permeated was 

found to be significantly higher in the ACR group compared to SIL and PIB. This can 

be however, due to the higher level of drug incorporation in the ACR adhesive matrix. 

Interestingly, the permeation flux of lidocaine did not correlate with the drug loading. 

The permeation flux of lidocaine in the SIL group was higher than PIB, while it had a 
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lower drug load. The amount of drug loading in ACR was ten times higher than SIL but 

it showed only a two-fold increase in the flux values. The SIL group also showed the 

lowest lag time while having the least amount of drug loading. This can be due to the 

drug-PSA intermolecular interactions that can influence the thermodynamic activity of 

the drug as well as the mobility of PSA molecule both which greatly affect skin 

permeation. 

The results of IVRT studies showed a similar behavior as the SIL group was 

releasing a higher percentage of its drug loading when compared to the other two 

adhesive matrices. The total percentage of drug released at the end of the study was 

significantly higher in the SIL group followed by PIB then ACR showing that drug 

release does not linearly correlate with the saturation point or drug loading. 

There are a few studies investigating the effect of PSA matrices on drug 

permeation and release profile. Liu et al. investigated the delivery of palonosetron 

comparing three different acrylic adhesives with: no functional groups, carboxyl groups, 

and hydroxyl groups. Their results showed that the highest drug skin permeation 

amount was obtained in the acrylic adhesive with hydroxyl groups, which had low 

interaction potential with the drug and high thermodynamic activity (Liu, Hui, et al., 

2016). In another study performed by Park, et al., the permeation rate of captopril was 

shown to be dependent on the type of polyacrylate copolymers (Park et al., 2001). Gwak 

et al., investigated the in vitro percutaneous absorption of ondansetron hydrochloride 

from PSA matrices. Two type of ACR adhesives one with acrylate as copolymer and the 

other with acrylate-vinylacetate both with the identical functional group of carboxyl 
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were used. The authors demonstrated that the release rates and permeation fluxes of 

drug from the two PSAs were not significantly different from each other (Hye et al., 

2003). All these studies were more focused on the effect of different types of ACR; 

hence, they did not include PIB, and SIL adhesives for comparison. 

In another study, Kim et al. investigated the effects of various types of PSAs on 

the percutaneous absorption of physostigmine. The highest permeability was observed 

from SIL, followed by PIB, and ACR matrices. The authors discussed that the higher 

flux can be due to the higher thermodynamic activity of the drug in silicone and PIB 

matrices in spite of the same drug content (J. H. Kim et al., 2002). However, in our 

study, we designed the TDSs to maintain the same saturation level rather than the same 

drug load in PSA matrices. The difference in results across these studies can also be 

attributed to the differences in drug’s physicochemical properties as it would make a 

great impact on the drug-PSA intermolecular interactions and thermodynamic activity 

(Liu, Quan, & Fang, 2016b). 

One concerning issue regarding TDS is that after usage and upon removal of the 

system there is still a significant portion of drug remaining which not only has an abuse 

potential -especially in case of opioids-, but also is a safety concern for the patients, 

family members, caregivers, and the environment (Ravula et al., 2016). The FDA 

Guidance for Industry- Residual Drug in Transdermal and Related Drug Delivery 

Systems (Food and Drug Administration, 2011) addresses the issue of residual drug in 

the TDS from a safety perspective. The guidance recommends methods and appropriate 

scientific approaches during product development and manufacturing to minimize 
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residual drug. TDS manufacturers are expected to make reasonable efforts to minimize 

this drug excess (Strasinger et al., 2016). In our findings, we observed that the SIL 

adhesive was able to release more percentage of its drug loading when compared with 

the other two adhesive matrices. Though this cannot be generalized to other actives, 

such evaluation of permeation and release at saturation level seems to be necessary 

during product development to minimize the residual amount of drug in TDS. While for 

the selection of adhesive matrix many factors are considered, including solubility, 

adhesion properties, and compatibility of the adhesive matrix with the drug (Schalau, 

Huber, Nartker, & Thomas, 2017), the permeation and release profile of the active from 

each matrix should be taken into consideration in early development stages as we 

showed low solubility in a matrix does not necessarily translate into a lower flux rather 

the matrix itself plays an integral role in drug release rate regardless of loading and 

saturation solubility.  

The results of characterization studies indicate that PIB systems would be 

easiest to remove as they required the least adhesion peel force. In the shear test, SIL 

systems showed more resistance to shear, indicating that such systems are less prone to 

show cold flow behavior when compared with the other two. All adhesives showed 

similar tack force showing they have proper adhesion properties. 

Conclusions 

Lidocaine matrix type transdermal delivery systems with saturation solubility in 

SIL, PIB and ACR adhesives were successfully prepared and evaluated for permeation, 

release and adhesion properties. Although all the TDS were prepared at saturation 
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solubility, the choice of PSA affected the drug release and permeation profile. The ACR 

systems contained ten times higher drug amount than SIL systems, but the flux 

permeation was only two folds higher. In addition, results indicate that the release of 

the drug does not linearly correlate to saturation, as the SIL TDS comprising of the 

lowest amount of drug loading, showed the highest percentage release. In this study we 

were able to demonstrate the understudied effect of PSA matrix on drug release and 

permeation profile, and physical characteristics of TDSs. The results of this comparative 

study and similar studies can help us to better understand the effect of PSA as an 

integral part of TDSs on formulation and performance. 

 



 

 
 

47 

CHAPTER 4 

ENHANCED TOPICAL DELIVERY BY A MICROCURRENT GENERATING 

DEVICE 

Abstract

Microcurrent treatment is a non-invasive technique using a low-level current 

that can improve skin’s health. Iontophoresis is a known technique in which electric 

currents can facilitate delivery by pushing charged molecules into the skin. This study 

investigated whether microcurrents can similarly enhance transdermal delivery of 

actives such as niacinamide. In this study, two types of microcurrent waveforms 

including DC, and pulsatile DC with changing polarities were investigated. In vitro 

permeation studies were performed using human epidermis mounted on Franz diffusion 

cells with niacinamide gel applied in the donor. Microcurrent generating device was 

connected to Ag/AgCl electrodes placed in the donor and receptor chambers, 

respectively. Three groups (n=9) were tested: DC, pulsatile DC, and control. The study 

was performed for 20 minutes and samples were withdrawn at predetermined time 

points. All samples were analyzed by HPLC-UV. Statistical analysis was performed 

using Kruskal-Wallis test. Results of the permeation study showed that the cumulative 

amount (mean±SE) of niacinamide delivered with DC current (21.73±10.78 µg/cm2) 

and pulsatile DC (2.62±0.98 µg/cm2) was significantly higher than the control 
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(0.00±0.00 µg/cm2) group indicating that microcurrent is capable to drive niacinamide 

into the skin. In conclusion, a microcurrent device generating DC and pulsatile DC 

waveforms was proven to be successful to enhance the delivery of niacinamide in an in 

vitro model. 

Introduction 

Microcurrent treatment is a clinically tested non-invasive cosmetic technique 

using a low-level current that can safely and effectively improve skin health and 

appearance. Microcurrent has been shown to stimulate adenosine triphosphate 

production which energizes the facial muscles and facilitates the synthesis of essential 

structural proteins, such as collagen and elastin improving skin tone and reduce 

wrinkles (Yu et al., 2014). Meanwhile, electric currents applied on the skin can facilitate 

dermal and transdermal delivery by pushing charged molecules into or across the skin 

in a process known as iontophoresis (Banga & Kasha, 2008; Pang & Qiao, 2011). 

Iontophoresis involves the application of electrical current to push charged drug 

molecules by electrorepulsion wherein the ionized drug solution is placed under a 

corresponding electrode. This study aims to investigate whether microcurrents 

generated can similarly enhance transdermal delivery of actives such as caffeine, 

diclofenac, sumatriptan, and niacinamide. The microcurrent outputs studied in here 

include constant DC, and pulsatile DC (a series of single-phase square-wave pulses). 

These pulses have a 50% duty cycle with equal on and off periods and are delivered at a 

frequency of approximately 8.4 Hz. The pulsatile current (PC) waveform cycles between 

equal parts of positive and negative amplitudes due to changing polarity, producing a 
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constant biphasic square wave. This study aimed to evaluate the potential and extent of 

dermal delivery of actives using two different types of currents. 

Materials and Methods 

Materials 

Niacinamide, diclofenac sodium, caffeine, and sumatriptan succinate were 

obtained from Sigma Aldrich (St. Louis, MO). HPLC grade methanol and acetonitrile 

were obtained from Pharmco-Aaper (Shelbyville, KY, USA). Sodium phosphate dibasic 

salt and 10X Solution of Phosphate Buffered Saline (PBS) were purchased from Thermo 

Fisher Scientific (Waltham, MA, USA). Deionized (DI) water (Milli-Q® Direct 8/16 

System by Millipore Sigma, Burlington, MA, USA) was used.  Silver wire (0.5 mm 

diameter, 99.99%) and silver/silver chloride electrodes (2 mm x 4 mm) were obtained 

from Fisher Scientific (Fair Lawn, NJ, USA) and A-M systems (Sequim, WA, USA), 

respectively. Porcine ears were provided by a local slaughterhouse (Atlanta, GA, USA). 

Dermatomed human skin was obtained from New York Fire Fighters tissue bank (New 

York, NY, USA). 

Methods 

Current Generation Setup 

A microcurrent generating device was used in this study. It is a handheld 

iontophoretic device designed to enhance delivery of cosmetic and pharmaceutical 

actives. The current density of the device is 340 µA/0.77.cm2 or 442 µA/cm2. This 

current density is within the range of current that has been reported in literature to be 

able to deliver a variety of cosmetic and drug actives. This device is composed of two 
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poles able to generate DC and PC waveforms. The proposed mechanism of delivery is 

electrorepulsion in which the charged molecules will be pushed through the skin by the 

application of electrical current Figure 6. 

 
 
 

 
 
 

The microcurrent outputs studied in here include constant DC, and PC. These 

pulses have a 50% duty cycle with equal on and off periods and are delivered. The 

pulsatile DC waveform cycles between equal parts of positive and negative amplitudes 

due to changing polarity, producing a constant biphasic square wave (Figure 7). 

 
 

Figure 6. Schematic demonstration of the used microcurrent generating device 
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Skin Preparation 

Full-thickness porcine skin tissue was thawed in 1X PBS at room temperature 

immediately upon removal from storage (-80C freezer). The subdermal fat tissue was 

removed using forceps and scissors, and the skin pieces were stored at -80 °C ultra-low 

freezer before use. For the experimental study, skin samples were immersed into 1X 

PBS (an isotonic phosphate buffer saline solution containing 137 mM NaCl, 2.7 mM 

KCl, 8 mM Na2HPO4, and 2 mM KH2PO4 with a pH of 7.4) at room temperature to 

thaw and then were cut into desired pieces. In studies, using human skin, dermatomed 

human skin was taken out of −80 °C freezer and was thawed by immersing the skin 

pieces into 1X PBS at room temperature. The epidermis was then carefully separated 

from the underlying layers using forceps after submerging the skin samples wrapped in 

aluminum foil into 60 °C 1X PBS for 2 minutes. Prior to the permeation studies, the 

DC (Constant)                      PC (Biphasic, Pulsatile)
-

A
m

p
li

tu
d

e 
  

  
  

  
+

-
A

m
p
li

tu
d

e 
  

  
  

  
+

Figure 7. Types of generated microcurrent waveforms 
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resistance of skin pieces was measured to ensure the integrity of skin barrier function. 

For this purpose, a waveform generator, and a digital multimeter (Agilent 

Technologies, Santa Clara, CA, USA) connected to Ag / AgCl electrodes were used. 

In Vitro Skin Permeation Setup 

Different setups were used in this investigation. When using porcines ear skin, 

the skin was layed on a flat surface and was treated by the current genmerating device. 

In studies using human epidermis, in vitro permeation studies were performed on Franz 

diffusion cells. Vertical glass jacketed diffusion cells (PermeGear, Hellertown, PA, USA) 

with a 9 mm-diameter opening (diffusion area of 0.64 cm2), flat ground joint, 5 mL 

receptor volume, and a stir bar (600 rpm) were used. The temperature of the receptor 

compartment was maintained at 37 °C using a circulating water bath connected to the 

water jacket around the diffusion cells providing a skin surface temperature at 32 °C. 

The cells were filled with 5 mL of PBS to maintain the sink condition throughout the 

study. The epidermis was mounted on the Franz cell and 500 µL of the active 

formulation in a proprietary conductive gel was applied on the skin in the donor 

chamber. To connect the microcurrent generating device, an Ag wire was connected to 

the positive probe and dipped into the gel in the donor, and an AgCl electrode was 

attached to the negative pole and was placed in the receptor solution (Figure 8). 

Samples were withdrawn at predefined time points and were then analyzed for active 

content using HPLC. 
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Skin Extraction and Drug Distribution Study 

To assess the distribution of active in different layers of skin, skin stripping was 

performed. At the end of permeation study, after removal of excess formulation, a piece 

of tape was placed on the skin and pressed. The tape was then removed using forceps. 

This procedure was repeated with 20 tapes to remove the entire stratum corneum. The 

first five tape strips were extracted and analyzed separately and then tape strips were 

grouped in multiples of five (tapes 6-10, 11-15, and 16-20) for extraction and assay. 

Methanol was added followed by sonication for 10 min and shaking for 1 h at 200 rpm 

to extract the active. Samples were quantified with methanol calibration after filtration 

using 0.45 µm nylon filters. After tape stripping, the remaining skin was extracted as 

well. Skin was minced and 5mL methanol was added followed by mixing using Vortex 

followed by ultrasound for 10 min. Samples were kept on shaker at 200 rpm for 3 h after 

which they were filtered using 0.45 µm and analyzed. To analyze the active amount in 

the remaining tissue, methanol was added to the tubes containing the tissue and were 

A
g

 C
l

Ag wire

Figure 8. In vitro permeation using a microcurrent generating device set up 
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then processed using a bead mill homogenizer (Bead Ruptor 24 Elite by Omni 

International, Kennesaw, GA, USA) using the following parameters: Number of cycles: 

2, Speed: 6.00 m/s, Time: 30 s, Dwell time: 60s. All Samples were filtered using 0.45 μm 

nylon filters (Millex® Syringe Filters by MilliporeSigma) and analyzed using HPLC-

UV. In case of using human epidermis, no tape stripping was performed and the skin 

samples were processed using the aforementioned homogenizing technique upon the 

residual formulation removal at the end of permeating study. 

Quantitative Analyses 

Skin extraction samples and in vitro permeation samples were quantified using a 

validated HPLC-UV method. The chromatographic analysis was performed on a 

Waters (Milford, MA, USA) Alliance 2695 Separations Module HPLC, equipped with a 

quaternary pump, and an automatic injector coupled with a photodiode array detector 

(Waters 996). The method was conducted using an isocratic reverse phase technique. 

The separation was carried out on an Agilent Eclipse Plus C18 (4.6×150 mm, 5 µm) 

column maintained at 25 °C. The mobile phase was comprised of methanol:buffer 

(60:40) with 20 mM Na2HPO4 (pH=6 adjusted with o-phosphoric acid) used as the 

buffer. The flow rate was set at 1.0 mL/min, and each run-time lasted for 10 minutes. 

The volume of injection of 5 μL was used for skin extraction samples, and 20 μL for in 

vitro permeation samples. Matrix-matched calibration curves were used for each 

analysis. Peak area values were recorded at a wavelength of 245 nm. Data acquisition 

and processing were performed using Empower 3 software. 
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Data Analyses 

Statistical analysis was performed using Microsoft Excel Version 1902 

(Microsoft Corporation, Redmond, WA, USA) and Prism 8 (GraphPad Software, LLC, 

San Diego, CA). The p-value of ≤ 0.05 was set as the criterion for statistical 

significance. 

Results and Discussion 

Delivery of Diclofenac from Voltaren Gel Using Pulsatile DC Current. 

In this study, Voltaren gel (diclofenac 1%) was applied on the porcine skin placed 

on a flat surface and the current generating device was placed on the skin in a manner 

so that probes would touch the gel. The skin was treated for 20 minutes, then the 

residual formulation was removed, areas of skin under the probes were marked, and 

cotton swabs (CS) were used to wash the residual formulation. Subsequently, tape 

stripping (T1, T2, T3, T4, T5, T6-10, T11-15, T16-20) was performed, and the stripped skin 

was further analyzed for drug content. Results are shown in Figure 9. No significant 

difference was seen between the active and passive (no current) groups (n=4) for both 

the right and left probes in all collected sample groups. 
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Delivery of Model Positively-Charged, Negatively-Charged, and Neutral 

Molecules from the Conductive Gel Using Pulsatile DC Current. 

Since the conductivity of Voltaren gel in the previous study was unknown, a 

primer gel (designed for the optimum conductivity to be used with the microcurrent 

device) was used as a conductive matrix for the current. As the charge on the molecule 

is an important factor to consider for electrically assisted skin delivery and the polarity 

of the device probes alternates during the study. Diclofenac sodium, caffeine and 

sumatriptan succinate represented the anionic, neutral and cationic molecules; they were 

dissolved in the conductive gel at 1%. The same setup was used as previous study and 

the results are shown in Figure 10. No significant difference was seen between the 

active groups (n=3) and the passive groups. This could be due to the fact that diclofenac 

has a high passive permeation, the effect of electrical current might not be as appreciable 
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Figure 9. Amount of diclofenac in cotton swabs (CS), tape strips, and skin after 
microcurrent treatment. 
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as on the molecules with poor passive permeation. Although caffeine and sumatriptan 

were not good skin permeants via passive diffusion, there was no significant difference 

either, suggesting that a higher current intensity may be needed. 

 
 
 

 
 
 

Delivery of Niacinamide Using Pulsatile DC Current. 

Niacinamide is the physiologically active form of niacin (vitamin B3) and is the 

most common form of niacin used in cosmetic products. Niacinamide suppresses the 

epidermal melanosome transfer resulting in decreased skin pigmentation. It also has 

been documented that niacinamide can reduce sebum production, decrease cutaneous 

erythema, minimizes the enlarged pores, and improves skin texture. In this study, a 

microcurrent device with four probes was used to provide stronger current intensity. 

Larger pieces of pig skin were utilized and a gel formulation of niacinamide (1% in 

conductive gel) was applied under each probe. The device was placed on the skin and 

moved in circular motion for 5 minutes. As results (Figure 11) showed there was no 
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significant difference between the passive and active groups (n=4) in all tape strip and 

skin samples. We further suspect that changing the waveform to be constant or increase 

the current application time may show an enhancement effect. 

 
 
 

 
 
 

Delivery of Niacinamide Using Different Waveform Types. 

Using the same study design as before, an experiment was performed with three 

groups (n=3) including: DC, pulsatile biphasic DC, and passive. Duration of treatment 

was five minutes. The results (Figure 12) showed that there was no significant 

difference in the amount of drug permeated into the skin among the three groups. 
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Figure 11. Amount of niacinamide in tape strips and skin after treatment with a 4-
probe microcurrent generating device. 
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Delivery of Niacinamide Using Different Treatment Times. 

The generated waveform was changed to the hypothetically more effective DC 

form and the effect of duration of current application was studied. Same study designed 

was employed as previous study. Skin was treated with microcurrent at different 

duration of treatment (5,10, 20 min) in the active group. Results (Figure 13) showed no 

significant difference between the passive (n=3) and active (n=1) groups after 20 

minutes of treatment. There was also no significant difference between different 

duration of treatment in the active groups. This could be a result of the current short-

circuiting through the layer of gel applied on the skin. The gel has less electrical 

resistance than skin. The gel in-between the right and left probes could conduct the 

current and become a preferable path for the current to go through, rather than skin. 

Hence, the molecules present under or in between the probes may not be forced to move 

towards the skin and display an enhanced delivery. This implies that the optimization of 

study setup may be required as well. 
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Figure 12. Amount of niacinamide in skin after five minutes of treatment with DC, 
and pulsatile biphasic DC and no current (passive). 
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Delivery of Niacinamide (Stationary with Confined Area). 

The experiment setup was further optimized; the device was used in the 

stationary mode. A foam tape (circularly punched) was placed on the skin sample to 

ensure the area exposed is 0.71 cm2 and the niacinamide gel was applied within this 

confined area so that there was no continuous gel under electrodes to short circuit 

current. After 30 minutes of DC treatment, the amount of the drug was extracted from 

the skin area located under each probe. Results (Figure 13) showed that there was a 

four-fold increase in the active group, however, no significant difference was observed 

between the two groups (n=2). Since skin treated showed darker spots in this study, a 

shorter duration of treatment was proposed to avoid tissue damage. 
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Figure 13. Amount of niacinamide in skin after 5, 10, and 20 minutes of treatment 
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Delivery of Niacinamide (Franz Cell Setup). 

This study was performed as a proof of concept to investigate the delivery of 

niacinamide through human epidermis using Franz diffusion cell setup. The current 

flow was guided through a Franz diffusion cell setup. A silver wire was connected to a 

positive (anode) probe of the device and was coiled into the donor containing 1% 

niacinamide gel. A silver chloride wire was connected to the negative (cathode) probe of 

the device and was placed into the receptor of Franz cell. Two groups (n=3) were 

studied in this design: DC treatment and passive. The study was performed for an hour 

and samples were taken from the receptor at different time points. Receptor samples and 

the skin tissue at the end of the study were analyzed for drug content. The results 

(Figure 15) showed that the amount of drug permeated in DC (60 min) group was 

significantly higher than Passive (60 min), DC (1, 5, 10,15, 20 min). The amount of drug 

permeated in DC (20 min) group was significantly higher than Passive (60 min), DC (1 
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min). No significant difference was observed between the treated epidermis in the two 

groups. 

 
 
 

 
 
 

Delivery of Niacinamide (XYZ Table). 

This study aimed to evaluate the delivery while mimicking the real-life 

application of the device. The current generator was mounted on an XYZ table in which 

facilitated the accurate and calculated movement of the device in three axes. Pig ear skin 

pieces (approx. size of 2 by 3 inches) were mounted on the platform of the instrument. 

Using the table, the device was positioned in the manner for the probes to be in contact 

with the skin and moved around to cover the whole skin area. The skin area was treated 

for three cycles (20 strokes for each cycle with the run time of approximately 20 

minutes. Two groups (n=4) were studied: active (moving DC) and passive (same 
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treatment but without any generated current). At the end of the study skin pieces were 

analyzed using a bead ruptor tissue homogenizer. Results (Figure 16) showed no 

significant difference between the two groups. Likewise, it was speculated that since 

there is a thin layer of gel on skin, the current would short-circuit through the gel 

rather than going through the skin, hence, no significant difference. 

 
 
 

 
 
 

Delivery of Niacinamide (Franz Cell Setup) Comparing Different Types of 

Currents. 

Two types of microcurrent waveforms including DC, PC with changing 

polarities were investigated using human epidermis mounted on Franz diffusion cells. In 

the donor cell, 500 µL of the 1 % (w/w) niacinamide in a conductive gel was applied. 

Ag/AgCl electrodes were connected to the device as described earlier. Three groups 

(n=9) were tested in this study. In the control (passive) group, the gel formulation was 
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be applied; however, the device was not switched on; hence no current was generated. In 

the DC and PC, the device will be switched on and set at the highest intensity. The 

study was performed for 20 minutes and samples were withdrawn at 1, 2, 5, 10, 15, and 

20 minutes. Results of the permeation study showed that the cumulative amount 

(mean±SE) of niacinamide delivered with DC current (21.73±10.78 µg/cm2) and 

pulsatile DC (2.62±0.98 µg/cm2) was significantly higher than the passive (0.00±0.00 

µg/cm2) group (Figure 17). 

 
 

 
Figure 17. Permeation profile of niacinamide using the microcurrent generating device 
coupled with a Franz diffusion cell. (* p ≤ 0.05, *** p ≤ 0.001) 
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This indicates that the microcurrent is capable to drive niacinamide into the 

skin. Niacinamide is expected to be positively charged, hence the anodal iontophoretic 

delivery was successfully achieved by repelling the charged molecules from the positive 

pole to the negative pole. The amount of niacinamide in the epidermis tissue was found 

to be similar in all groups with the values of 12.76±1.18, 11.91±1.84, and 

12.46±1.56 µg/cm2 for the DC, pulsatile DC, and passive groups respectively. 

Conclusion 

In conclusion, a microcurrent generating device was successfully evaluated for 

the potential and extent of delivery of a cosmeceutical agent. Generated DC and 

pulsatile DC waveforms were proven to be effective to enhance the permeation of 

niacinamide in an in vitro model, suggesting the feasibility of iontophoretic delivery of 

actives.
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CHAPTER 5 

TOPICAL AND TRANSDERMAL DELIVERY WITH DISEASED HUMAN SKIN: 

DELIVERY OF HYDROCORTISONE INTO PSORIATIC AND ECZEMATIC 

SKIN 

Abstract

Psoriasis and eczema (atopic dermatitis) are both common immune-mediated 

inflammatory skin diseases associated with changes in skin’s stratum corneum lipid 

structure and barrier functionality. The present study aimed to investigate excised 

human tissue in three groups (healthy, atopic dermatitis, and psoriasis) for the effect of 

non-infectious skin diseases on skin characterization (surface color, pH, transepidermal 

water loss, electrical resistance, and histology), as well as on permeation and retention 

profile of hydrocortisone. Measurements of transepidermal water loss and electrical 

resistance showed a significant difference in psoriasis skin samples indicating a damaged 

barrier function. In vitro permeation studies on full-thickness human skin using vertical 

diffusion cells further confirmed these results as the drug amount retained in the 

psoriatic tissue was significantly higher when compared to the other groups. Despite no 

significant difference, the presence of the drug in the receptor chamber in both diseased 

groups can be concerning as it suggests the increased possibility of systemic absorption 

and adverse reactions associated with it in the use of topical corticosteroids. 
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Introduction 

Skin disease is one of the most common illnesses affecting 30% to 70% of the 

population, causing a huge burden in the global context of public health (Hay et al., 

2014). The prevalence and cost associated with skin diseases exceed those of other 

diseases, such as diabetes and cardiovascular disease (Lim et al., 2017). In 2010, skin 

disease was the fourth leading cause of nonfatal disease burden worldwide (Mounessa, 

Braunberger, Dunnick, & Dellavalle, 2017). In 2013, 85 million people in the United 

States (i.e., 1 in 4 individuals) were reported to see a doctor for at least one skin disease, 

resulting in a direct health care cost of $75 billion (Lim et al., 2017). Skin diseases can 

also cause psychological and social distress and have a significant negative impact on 

patients’ quality of life (Hong et al., 2008). 

Psoriasis is a chronic T cell-mediated systemic inflammatory disease 

characterized by scaling dry, raised, red skin lesions (plaques) (Andersen & Davis, 

2013). Psoriasis is a serious disease associated with significant physical as well as 

psychosocial morbidity and a decrement in health-related quality of life and overall 

patient well-being (Choi & Koo, 2003; Langley, Krueger, & Griffiths, 2005). In Europe 

and North America, approximately 2% of the population is affected by psoriasis, making 

it the most common immune-mediated inflammatory disease (Boehncke & Schön, 2015; 

Daghem & Newby, 2018). Pharmacologic treatment strategies for management of the 

disease involve utilizing topical agents, such as topical corticosteroids to modulate the 

immune response (R. M. Law & Gulliver, 2017). 
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Atopic dermatitis (AD) is the common type of eczema and is a relapsing chronic 

disease arising from various genetic and environmental factors (Barnes, 2006). It 

involves inflammation associated with severe itching and rash, both hallmark symptoms 

(R. M. Law & Kwa, 2017). During the past three decades, the prevalence of AD has been 

continuing to increase (Bieber, 2008). In developed countries, it is estimated that 2-10% 

of adults and 15- 30% of children are affected by AD (Bieber, 2008; Williams & Flohr, 

2006). In the treatment of AD, topical corticosteroids are used as first-line therapy to 

manage the associated inflammation and pruritus (Furue et al., 2003; R. M. Law & 

Gulliver, 2017). 

Topical corticosteroids are the most common prescribed drugs used in the 

management of both psoriasis and atopic dermatitis; however they can cause various 

undesirable local side-effects including but not limited to skin atrophy, spider veins, 

hypertrichosis, hypopigmentation, fungal ⁄bacterial ⁄viral infection, and striae as well as 

systemic side-effects from absorption through the skin (Furue et al., 2003). 

The main barrier for drug permeation through the skin is located in the 

outermost layer of the epidermis, the stratum corneum (SC). It consists of dead 

corneocytes embedded in a complex multilamellar organized lipid matrix containing 

ceramides, cholesterol, and free fatty acids. Ceramides play a crucial role in the 

structuring and maintenance of the epidermal barrier function of the skin (Coderch, 

López, de la Maza, & Parra, 2003; Elias, 1983; Holleran et al., 1991). The lipid 

organization is essential to the skin’s barrier functionality as most drugs applied onto 

the skin permeate along these lipid regions. An altered composition and organization of 
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ceramide profile and subsequently, a reduced barrier function is often observed in skin 

diseases such as atopic dermatitis and psoriasis (Bouwstra & Ponec, 2006; Farwanah, 

Raith, Neubert, & Wohlrab, 2005). 

There is limited information available regarding the impact of diseases on the 

cutaneous absorption of drugs. It is expected that drug permeation through 

disrupted/compromised skin will be higher when compared to intact skin. However, the 

extent of increased absorption and any associated adverse risks is not known (Fang et 

al., 2016). 

The assessment of percutaneous permeation of drugs is an important step in the 

evaluation of dermal or transdermal delivery systems, and the most appropriate setting 

is the in vivo human studies, which may not be possible for ethical, practical, and 

economic reasons. Therefore it is necessary to find alternative methods using 

appropriate surrogates for in vivo human skin (Abd et al., 2016). Various animal and 

artificial tissues have been used to study skin diseases; however, there is limited data 

regarding drug permeation using ex-vivo human tissue in a diseased state. Excised 

human skin is known to be the best surrogate model for in vivo human studies. Though 

it is not readily available and shows variability (Abd et al., 2016), nevertheless, in vitro 

investigation of healthy and disease-afflicted human skin can be of great value as the 

results of such study would provide a better understanding of the effect of diseases on 

skin characteristics as well as drug permeation and retention. 

As mentioned earlier, skin diseases such as psoriasis and AD both involve an 

inflammatory response, which ultimately influences the skin’s lipid structure and barrier 
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functionality. It is essential to assess how the changes in barrier function by such 

diseases impact skin permeability. In this study, we investigated the delivery of topically 

applied hydrocortisone using ex vivo human skin in three groups of healthy, atopic 

dermatitis, and psoriatic skin in order to understand the effect of skin’s disease condition 

on drug permeation into/across intact and diseased skin as well as a comprehensive 

characterization of the diseased skin. 

Material and Methods 

Materials 

Hydrocortisone was purchased from Sigma-Aldrich (St. Louis, MO, USA). 

Propylene glycol was acquired from EK Industries Inc. (Joliet, IL, USA). HPLC grade 

methanol was obtained from Pharmco-Aaper (Shelbyville, KY, USA). Sodium phosphate 

dibasic salt and 10X Solution of Phosphate Buffered Saline (PBS) were purchased from 

Thermo Fisher Scientific (Waltham, MA, USA). Deionized (DI) water (Milli-Q® Direct 

8/16 System by MilliporeSigma, Burlington, MA, USA) was used. All the skin tissues 

were procured from the National Disease Research Interchange (NDRI) with support 

from NIH grant U42OD11158. 

Methods 

Skin Preparation 

Full-thickness human cadaver skin tissue, including three types of healthy, 

psoriatic, and affected by atopic dermatitis (eczema), was received in fresh-frozen state. 

The subdermal fat tissue was removed using forceps and scissors, and the skin pieces 

https://www.google.com/search?rlz=1C1SQJL_enUS769US769&q=St.+Louis+Missouri&stick=H4sIAAAAAAAAAOPgE-LUz9U3sLC0SK5U4gAxzcoryrW0spOt9POL0hPzMqsSSzLz81A4VhmpiSmFpYlFJalFxQDMHhGVQwAAAA&sa=X&ved=0ahUKEwimz_rHm5fcAhXFdN8KHVBpB4wQmxMIygEoATAV
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were stored at -80 °C ultra-low freezer before use. For the experimental study, skin 

samples were immersed into 1X PBS (an isotonic phosphate buffer saline solution 

containing 137 mM NaCl, 2.7 mM KCl, 8 mM Na2HPO4, and 2 mM KH2PO4 with a pH 

of 7.4) at room temperature to thaw and then were cut into pieces using circular die 

punches (diameter=22 mm, area=3.8 cm2) for mounting onto the Franz diffusion cells. 

Each skin piece was weighed, and its thickness was measured using a digital material 

thickness gauge (MTG-DX2 by Checkline®, Cedarhurst, NY, USA).  

Skin Characterization 

Skin Morphology Studies. Representative skin samples for each group were 

selected, and the skin surface was visualized using a handheld microscope (ProScope 

HR) coupled with the imaging software, ProScope HR software v 1.2.1 (Bodelin 

Technologies, Lake Oswego, OR, USA). 

The surface of skin samples for each group was also studied using a Scanning 

Electron Microscope (SEM). Skin samples were mounted on an aluminum stub using 

double-sided tapes, and the surface images were captured digitally and analyzed using 

Image-Pro (Media Cybernetics, Inc., Rockville, MD, USA). 

To investigate the structure of the skin in different health conditions, 

histological sectioning and Hematoxylin and Eosin (H&E) staining was performed. 

Full-thickness skin pieces were immersed in Tissue-Tek® O.C.T. Compound (Sakura 

Finetek USA Inc., Torrance, CA, USA) and were frozen. Samples were then vertically 

sliced with a thickness of 20 µm using an electronic microtome cryostat (Microm HM 

505 E Cryostat, Ramsey, MN, USA). Sectioned samples were then fixed and stained 
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with hematoxylin and eosin. The prepared tissue samples were visualized on a Leica 

DM 750 microscope (Leica Microsystems, Wetzlar, Germany). 

Skin Color Measurement. To determine the skin color, a handheld, portable 

tristimulus colorimeter (CR-400 ChromaMeter, Konica Minolta, Inc., Tokyo, Japan) 

was used. In this measurement, the skin surface is illuminated by a pulsed xenon lamp, 

and the reflected light is collected by the device, and the results are recorded using the 

CIE L*a*b* color space system (Westerhof, 1995). The L*a*b* system expresses the 

true color of the skin as perceived by the human eye using three values: L* parameter 

expresses the brightness from black (0) to white (100), a* from a green (−60) to a red 

(+60) surface, and b* from blue (−60) to yellow (+60) (Charys, Alewaeters, Lambrecht, 

& Bare, 2000). 

Skin Surface pH Measurement. The pH values for the surface of skin samples were 

measured and recorded using a Skin pH Portable Meter (HI99181 by Hanna 

Instruments, Woonsocket, RI, USA) with a flat glass electrode. 

Transepidermal Water Loss (TEWL). Transepidermal water loss (TEWL) is 

widely used for assessing the barrier function of the skin. TEWL is defined as the 

amount of water vapor that diffuses across SC per skin surface per unit time. TEWL is 

measured using a probe with a chamber that is covered with the skin surface and 

contains sensors that monitor changes in relative humidity(Alexander, Brown, Danby, 

& Flohr, 2018). TEWL values for each skin piece were measured and recorded using a 

VaopMeter (Delfin Technologies Inc, Stamford, CT, USA). 
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Skin Electrical Resistance Measurement. Before the permeation studies, the 

resistance of skin pieces was measured to ensure the integrity of the skin barrier 

function. For this purpose, a waveform generator, and a digital multimeter (Agilent 

Technologies, Santa Clara, CA, USA) connected to Ag/AgCl electrodes were used. Each 

skin sample was mounted on a Franz diffusion cell with both the receptor and donor 

chambers filled with PBS, and skin was allowed to equilibrate for 15 min. Following 

equilibration, Ag and AgCl electrodes were inserted in the receptor and donor 

chambers, respectively. A load resistor (RL = 100 kΩ) was placed in series with skin, 

and the voltage drop across the entire circuit (VO) and skin (VS) was recorded on the 

multimeter. The skin resistance (RS) was calculated based on the following equation 

(Jiang, Murnane, et al., 2019; Murthy et al., 2003): 

RS = VS RL / (VO - VS)  

Where VO is 100 mV. Resistance values were calculated and reported as kΩ. 

In Vitro Skin Permeation Study 

In vitro permeation testing (IVPT) was performed on Franz diffusion cells. 

Vertical glass jacketed diffusion cells (PermeGear, Hellertown, PA, USA) with a nine 

mm-diameter opening (diffusion area of 0.64 cm2), flat ground joint, 5 mL receptor 

volume, and a stir bar (600 rpm) were used. The temperature of the receptor 

compartment was maintained at 37 °C using a circulating water bath connected to the 

water jacket around the diffusion cells providing a skin surface temperature at 32 °C. 

The cells were filled with 5 mL of 1X PBS to maintain the sink condition throughout 

the study. Three groups (healthy, psoriatic, and eczema afflicted skin) were defined in 



74 

 
 

 

this study to investigate the effect of skin health status on drug permeation and 

disposition (n=6). Skin pieces were then mounted on Franz diffusion cells, with the 

stratum corneum facing upwards, and the donor compartment was fixed using a metal 

clamp. Hydrocortisone (1%w/v in propylene glycol; 50 µL) solution was applied in the 

donor compartment. Samples (300 µL) were withdrawn from the receptor chamber 

through the sampling arms at 0, 1, 2, 4, 8, and 12 hours and were analyzed for drug 

content using HPLC. Each aliquot was replaced with 300 µL of fresh 1X PBS. 

At the end of the permeation study, donors were removed, and the excess 

formulation was wiped off skin surface using two cotton swabs wetted with 1X PBS. 

Further, the diffusion area was carefully and gently wiped for 30 s in a circular motion 

by a cotton swab dipped in 5% lauryl ether sulfate (LES) solution. This process was 

repeated with a fresh cotton swab. Subsequently, the skin surface was washed with 1 mL 

of 1X PBS three times while a clean donor compartment was fixed over the permeation 

area to facilitate the rinsing process. Finally, the skin surface was dried using two 

cotton swabs. After the removal of unabsorbed formulation, the skin was removed from 

the Franz cell and laid on a flat surface. 

Skin Extraction and Drug Disposition Assessment 

To assess the drug retention and disposition in the skin tissue, the epidermis 

layer (stratum corneum + viable epidermis) was carefully separated using forceps from 

the permeation area of the skin and was collected in a tube, and the remaining skin 

tissue, i.e., dermis was also collected in a separate tube. To extract the drug, methanol 

was added to the tubes and the tissue was processed using a bead mill homogenizer 
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(Bead Ruptor 24 Elite by Omni International, Kennesaw, GA, USA) using the following 

parameters: Number of cycles: 2, Speed: 6.00 m/s, Time: 30 s, Dwell time: 60s. All 

Samples were filtered using 0.22 μm PTFE filters (Millex® Syringe Filters by 

MilliporeSigma) and analyzed using HPLC-UV. Results were reported as mean ± SD (n 

= 6) for each test group. 

Quantitative Analyses 

Skin extraction samples and in vitro permeation samples were quantified using a 

validated HPLC-UV method.  The chromatographic analysis was performed on a 

Waters (Milford, MA, USA) Alliance 2695 Separations Module HPLC, equipped with a 

quaternary pump, and an automatic injector coupled with a photodiode array detector 

(Waters 996). The method was conducted using an isocratic reverse phase technique. 

The separation was carried out on an Agilent Eclipse Plus C18 (4.6×150 mm, 5 µm) 

column maintained at 25 °C. The mobile phase was comprised of methanol:buffer 

(60:40) with 20 mM Na2HPO4 (pH=6 adjusted with o-phosphoric acid) used as the 

buffer. The flow rate was set at 1.0 mL/min, and each run-time lasted for 10 minutes. 

The volume of injection of 5 μL was used for skin extraction samples, and 20 μL for in 

vitro permeation samples. Matrix-matched calibration curves were used for each 

analysis. Peak area values were recorded at a wavelength of 245 nm. Data acquisition 

and processing were performed using Empower 3 software. 

Data Analyses 

All results were reported as mean (n=6) with standard deviation (SD) or 

standard error (SE). Statistical analysis was performed using Microsoft Excel Version 
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1902 (Microsoft Corporation, Redmond, WA, USA) and Prism 8 (GraphPad Software, 

LLC, San Diego, CA). To compare the results of different groups, one-way ANOVA test 

was performed, followed by Tukey's multiple comparisons test.  The p-value of ≤ 0.05 

was set as the criterion for statistical significance. 

Results 

Skin Characterization 

Skin Morphology 

The microscopic images of the skin surface, as shown in Figure 18, show a 

normal brighter surface for healthy skin. Erythema and redness are observed in the AD 

skin type. In the psoriatic skin, thick red scaly patches (plaque) are observed. 

 
 
 

 
 
 

SEM images of the skin surface are presented in Figure 19. A clear surface is 

observed for the healthy skin; however, scaling layers of SC is discernable in the 

eczematous and psoriatic skin. 

(A) (B
) 

(C) 

Figure 18. Microscopic images of skin surface of (A) healthy (B) Eczematous and (C) 
Psoriatic skin pieces 
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Cross-sectional skin tissues stained by H&E technique are shown in Figure 20. 

histopathological changes in AD and psoriasis samples are observed. Epithelial 

hyperproliferation, epidermal acanthosis (thickening of viable layers), and elongated rete 

ridges are visible in both diseased samples but are more pronounced in psoriasis afflicted 

tissue. Parakeratosis (presence of cell nuclei in the cornified layer), which is also another 

hallmark of lesional psoriatic skin (Boehncke & Schön, 2015), is observed in psoriasis 

samples. Spongiosis (intercellular edema between epithelial cells) is clearly visible in AD 

skin samples. 

 
 

Figure 19. Scanning electron microscopy of skin surface of (A) healthy (B) Eczematous 
and (C) Psoriatic skin pieces 

(A) (B) (C) 
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Skin Color Measurement 

The skin color measurements result based on CIE L*a*b* color space system 

are shown in Table 6. The L* parameter, which expresses the brightness of skin surface 

was significantly (p ≤ 0.0001) higher in healthy group as compared to the other groups. 

The a* parameter which represents the redness of the skin was significantly higher in 

AD (p ≤ 0.001) and psoriasis (p ≤ 0.05) when compared to the healthy group showing 

more pronounced erythema in the diseased groups especially in AD samples. No 

significant difference was observed in b* parameter across groups (Figure 21). 

 
 
 
Table 6. In vitro skin color measurements based on CIE L*a*b* color space system 

Skin 
Condition 

L*  a*  b* 

Mean SD SE  Mean SD SE  Mean SD SE 

Healthy 75.58 1.21 0.50  3.05 0.38 0.16  19.19 0.84 0.34 

Eczema 60.31 3.60 1.47  14.62 4.00 1.63  15.76 0.24 0.10 

Psoriasis 59.33 10.19 4.16  10.91 3.56 1.45  14.99 1.29 0.53 

SD: Standard Deviation, SE: Standard Error 

Figure 20. Microscopic cross-sectional images of (A) healthy (B) eczematous and (C) 
psoriatic skin tissues after H&E staining. The length of the scale bar is 50µm in size. 

(A) (B) (C) 
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Skin pH, TEWL, and Electrical Resistance Assessment 

The results of the initial assessment of skin samples, including pH, TEWL, and 

electrical resistance values are listed in Table 7.  

 

Table 7. Skin pH, TEWL, and electrical resistance measurement results 

Skin 
Condition 

 pH (n=6)  TEWL (g/m2h) (n=6)  Resistance (kΩ) (n=6) 

 Mean SD SE  Mean SD SE  Mean SD SE 

Healthy  5.67 0.63 0.26  5.10 0.40 0.16  198.22 53.60 21.88 

Eczema  5.62 0.49 0.20  8.40 1.97 0.80  149.40 38.93 15.89 

Psoriasis  5.04 0.49 0.20  15.00 4.92 2.01  4.38 2.66 1.08 

TEWL: Transepidermal water loss, SD: Standard Deviation, SE: Standard Error 

 
 
 

Figure 21. In vitro skin color measurements based on CIE L*a*b* color space 
system (* p ≤ 0.05, *** p ≤ 0.001, **** p ≤ 0.0001). 
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The skin surface pH measurements showed no significant difference between 

groups, as shown in Figure 22. However, a significant increase in TEWL measurements 

was observed in the psoriasis group when compared to the healthy (p ≤ 0.001) and 

eczema (p ≤ 0.01). There was also a significant decrease in skin resistance in the 

psoriasis group when compared to healthy (p ≤ 0.0001) and eczema (p ≤ 0.001) groups 

confirming a compromised barrier function in psoriatic skin. 

 
 
 

Figure 22. (A) Skin surface pH, (B) transepidermal water loss (TEWL), and (C) 
electrical skin resistance measurements of healthy, eczematic, and psoriatic tissues (* p 
≤ 0.05, ** p ≤ 0.01, *** p ≤ 0.001, **** p ≤ 0.0001). 
 
 
 

In Vitro Permeation 

The permeation profile of hydrocortisone through full-thickness human skin is 

shown in Figure 23. At the end of 12 hours, no drug was found in the receptor in the 

healthy skin group. While there were no significant differences between all groups, 

permeated hydrocortisone was observed in the receptor chamber with the cumulative 

amount (mean±SE) of 0.92±0.03 and 3.48±2.64 for AD and psoriatic samples, 
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slope and x-intercept of linear portion of the cumulative amount graph plotted versus 

time (Jiang, Ray, et al., 2019). The steady-state flux of hydrocortisone across AD and 

psoriasis skin were found to be 0.34±0.00 µg/cm2/h and 0.79±0.61 µg/cm2/h, 

respectively.  

A lag-time of 14.58± 3.22 h in AD samples and 6.7 ± 0.31 h in the psoriatic 

group, were required to reach the steady-state flux. 

 
 
 

 

 
 
 

Skin Extraction and Drug Disposition Assessment 

The results of the hydrocortisone amount extracted from skin samples are 

shown in Figure 24. The results of the drug amount were normalized based on both 

skin weight and area. In both calculations the amount of drug found in psoriatic tissue 
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Figure 23. The in vitro (A) permeation and (B) flux profile of hydrocortisone 
across full-thickness human skin. 
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epidermis was significantly (p ≤ 0.0001) higher than healthy dermis, while no significant 

difference was observed in other groups. 

 
 
 

Figure 24. Amount of hydrocortisone extracted from the skin tissue normalized by (A) 
skin weight, (B) skin area. (C) Disposition of hydrocortisone in different layers of skin 
(** p ≤0.01, **** p ≤ 0.0001). 
 
 
 

Quantitative Analysis 
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Detection (LOD) and Limit of Quantification (LOQ) were calculated by the following 

equations: 

LOD = 3.3 σ/S 

LOQ = 10.0 σ/S 

Where σ is the standard deviation of intercept values, and S is the slope acquired 

from drawn calibration curves. 

The calculated LOD and LOQ values were 0.07 and 0.21 µg/mL, respectively 

confirming that the method had sufficient sensitivity. Accuracy and precision were 

determined by six injections of three levels of concentration for intra-day and total 

injection of nine on three separate days for the inter-day validation. The intra- and 

inter-day precision (%CV) at all concentration levels were found to be less than 5%. 

Accuracy values for all the drugs were found to be within the range of 99.55-109.78% 

(Table 8). All the validation parameters were shown to be within the specified limits. 

The developed HPLC method was specific, sensitive, accurate, precise, and reproducible 

hence was suitably employed to assay the hydrocortisone amount in in vitro permeation 

and skin extraction samples. 

 
 
 
Table 8. Validation parameters (inter- and intra-day precision and accuracy) of the 
HPLC method 

Expected 

Conc. 

(µg/mL) 

Intra-day (n=6)  Inter-day (n=9) 

Measured Conc. 

(µg/mL, 

Mean±SD) 

Accuracy 

(%, 

Mean±SD) 

%CV  

Measured Conc. 

(µg/mL, 

Mean±SD) 

Accuracy 

(%, 

Mean±SD) 

%CV 

0.1 0.11 ± 0.01 111.17 ± 5.13 4.62  0.11 ± 0.01 109.78 ± 5.05 4.60 

1.0 1.01 ± 0.00 101.14± 0.18 0.17  1.01 ± 0.00 102.61 ± 0.29 0.29 
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Discussion 

Atopic dermatitis (AD) and psoriasis are the most common inflammatory skin 

diseases with a significant impact on the skin’s structure and barrier functionality 

(Guttman-Yassky et al., 2011). Skin compromised by mechanical damage and removal of 

SC through tape stripping has been used as a model for a diseased state of the skin 

(Akomeah, Martin, Muddle, & Brown, 2008; Matsunaga et al., 2007). Such techniques 

can increase TEWL values, as seen similarly in various dermatoses. However, they 

cannot fully represent the disease condition in which a combination of endogenous and 

exogenous factors is involved in the inflammatory process. Artificial and reconstructed 

skin models to mimic disease conditions have also been investigated, though they are 

not capable of representing the multitude of in vivo skin properties (Dąbrowska et al., 

2016). To this date, there is limited data regarding drug permeation using ex-vivo 

human tissue in a diseased state. Regardless of its shortage and variability, excised 

human skin is considered to be the closest surrogate model for in vivo human studies 

(Abd et al., 2016). Hence in this study, we investigated the in vitro skin characteristics 

as well as permeation and retention profile of hydrocortisone in healthy and disease-

afflicted human skin to better understand the effect of such diseases on skin’s structure 

and behavior. 

25 24.89 ± 0.02 99.55 ± 0.07 0.07  24.91 ± 0.05 101.34 ± 0.19 0.19 

Conc.: Concentration, SD: Standard Deviation, CV: Coefficient of Variation 
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Erythema (redness) of the skin surface is one of the most apparent clinical signs 

of AD due to the disease’s inflammatory nature. In our study, the skin’s erythema was 

clearly observed in microscopy imaging of eczematous skin samples. Psoriatic skin 

samples exhibited thick red patches covered with silvery scales, which is a classic 

symptom of the disease. 

SEM imaging of the skin’s surface showed the raised loose corneocytes in 

diseased samples when compared to the healthy tissue showing a perturbed SC and 

desquamation henceforth defect in the skin barrier. 

Epidermal hyperplasia (thickening of viable layers) is a histological hallmark 

observed in both AD and psoriasis (Arima et al., 2016). The results of our histological 

studies also showed similar behavior in afflicted skin. Epidermal hyperplasia is known to 

be a result of a barrier disruption and takes place as part of a series of homeostatic 

processes aimed at barrier restoration (Elias & Feingold, 2001; Ikeyama, Fuziwara, & 

Denda, 2007). Elongated epidermal rete pegs (epithelial extensions which project into 

dermis) and parakeratosis (presence of nuclei in SC) were markedly present in psoriatic 

skin samples. 

Regarding skin color, as measured by the ChromaMeter, significantly increased 

L* values were observed when compared to the diseased skin samples suggesting a 

brighter skin surface. The a* values were found to be significantly higher in eczematic 

and psoriatic samples due to the rash and redness (erythema) in the skin. The L* and a* 

values both seem to be afflicted by the diseased conditions associated with the 

inflammatory response, which has an impact on the skin’s structure and, subsequently, 
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drug permeation into/across the skin. Hence, it seems that a visual as well as 

chromametric assessment of skin can provide an appropriate predictor of potential 

structural skin changes caused by inflammation. While TEWL and skin conductance 

measurements are extensively used tests for initial assessment of skin’s integrity prior 

to an IVPT study (Zhang, Murawsky, LaCount, Kasting, & Li, 2018), a chromametric 

evaluation appears to be an additional critical tool to assess the integrity of deeper 

layers of the skin especially in cases that the skin disease is clinically undiagnosed. 

Skin’s surface is known to have an acidic nature with a pH ranging from 5.4 to 

5.9 (Braun-Falco & Korting, 1986). The pH of the skin surface can be influenced by 

numerous physiological and external factors, as well as diseases (Schmid-Wendtner & 

Korting, 2006). While it is reported that skin surface pH is higher in patients with 

atopic dermatitis than in healthy controls (Rippke, Schreiner, Doering, & Maibach, 

2004), however, in our in vitro study we did not observe any significant pH changes in 

the eczematic skin samples. In case of psoriasis, there is conflicting information 

regarding pH changes in the skin surface. Cannavò et al. reported that the skin surface 

pH is significantly lower in psoriatic patients than in healthy subjects attributing it to 

the metabolic modification of keratinocytes and elevated production of fatty acid 

mediators involved in immune response and inflammation (Cannavò, Guarneri, 

Giuffrida, Aragona, & Guarneri, 2017). In another study performed by Delfino et al., no 

difference in pH values was identified between psoriasis patients and the control group 

(Delfino, Russo, Migliaccio, & Carraturo, 2003). Similarly, we did not find any 

significant difference between psoriatic and healthy skin surface pH values. 
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The in-vitro measurement of TEWL has been used as an accepted quantitative 

parameter to assess skin barrier integrity and function (Alexander et al., 2018). It has 

been suggested that there is a correlation between TEWL values and skin permeability 

of compounds (Levin & Maibach, 2005). The intact SC of healthy skin impedes the free 

passage of water by its barrier function, resulting in a low TEWL value (Tagami, 1985). 

However, there is previous evidence that it is raised in lesional and non-lesional skin in 

subjects with AD (Cork et al., 2008; Irvine, McLean, & Leung, 2011) as well as psoriasis 

(Lee et al., 2012; Nikam, Monteiro, Dandakeri, & Bhat, 2019). Our results similarly 

showed a significant increase in the TEWL values measured in psoriatic skin samples 

indicating a weakened barrier function. In our study, we were able to see the similar 

behavior of in vitro excised human psoriatic skin samples as compared to the previous in 

vivo studies. 

Skin electrical resistance measurement is another quick and reliable method for 

skin integrity test (Davies, Ward, & Heylings, 2004). In this test, the electrical 

resistance of the skin is measured by the application of a small electrical potential across 

the skin sample. In case of a disrupted barrier, the lower electrical resistance is expected 

to be observed. Our results showed that psoriatic skin had significantly lower electrical 

resistance, which is in accordance with the TEWL data confirming a damaged SC. The 

AD samples did not show any significant differences in TEWL and electrical resistance 

measurements, which shows there was no barrier dysfunctionality present in the 

samples studied. However, it cannot be concluded that eczematous skin behaves in the 

same manner as healthy tissue since the inflammation can have a significant impact on 
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the structure of deeper layers of the skin and, consequently, on permeant’s disposition 

and retention in skin. 

Previous in vivo human studies suggest a modest increase in penetration 

through damaged or diseased skin compared to intact skin. Limited data and 

inconsistent results may be explained by the lack of availability of diseased skin tissue 

and variability in skin damage (Chiang et al., 2012; Gattu & Maibach, 2010). The 

previous data regarding penetration through AD skin mostly shows that atopic 

dermatitis leads to increased chemical absorption. Similarly, it has been shown that skin 

penetration is often increased in psoriatic skin. In our IVPT results, drug was found in 

the receptor chamber in both disease groups, while there was no drug present in the 

healthy group. The drug amount in the receptor is often considered as systemic delivery 

of the permeant and is used to measure the rate and extent of percutaneous absorption. 

Although no significant difference was observed between the diseased and the healthy 

group, particular attention should be given to the fact there is a higher level of 

absorption in diseased skin upon topically administered medications. As most of AD and 

psoriasis treatments are based on topical therapy, systemic absorption can be alarming, 

especially in case of corticosteroids, with a long-known list of adverse reactions 

(Coondoo, Phiske, Verma, & Lahiri, 2014). The calculated steady-state flux values in 

psoriatic samples were 23-fold higher than AD group; however, negative lag-time in 

AD groups indicates the drug permeates in a much faster manner compared to the 

psoriasis group. 
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Skin extraction study aimed to assess the drug amount in epidermis and dermis 

and to further understand the effect of disease state on drug disposition behavior. Our 

results showed that the drug amount in the healthy epidermis was significantly higher 

than healthy dermis, while no significant difference was observed in other groups. This 

finding indicates that in diseased skin, the drug further disposes to the deeper layer 

while it tends to be more accumulated in the superficial layers of healthy tissue. 

Furthermore, the comparison of total drug amount also showed that the drug amount 

retained in psoriatic skin was significantly higher than the other groups. This finding is 

in complete accordance with the TEWL and electrical resistance data, proving once 

more the damage in skin barrier in disease state can significantly affect the drug 

permeation and disposition in skin tissue.  

Hydrocortisone was selected as the permeant in this study on account of its 

passive permeability owing it to its low molecular weight and moderate lipophilicity and 

also as a representative of its family that is corticosteroids, which are widely used for 

management of AD and psoriasis. The study design was discriminative in establishing 

the profile of hydrocortisone’s permeation into/through human diseased and healthy 

skin. The variability in results can be attributed to many factors, including the 

difference of skin behavior in lesional and non-lesional areas, clinical severity of the 

disease, the part of the body the skin was obtained from, and inter-personal differences.  

Conclusion 

In this study, we investigated three types of excised human skin tissues, 

including healthy, atopic dermatitis, and psoriasis, and evaluated the effect of these 
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disease conditions on skin characteristics and in vitro permeation and skin retention of 

hydrocortisone, upon topical administration. TEWL and electrical resistance 

measurements, as well as drug amount retained in psoriatic skin, showed a significant 

difference compared to normal skin, suggesting that barrier dysfunction and the 

structural changes in afflicted skin can have a substantial effect on drug permeation 

profile into/across diseased skin. 
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CHAPTER 6* 

EVALUATION OF AN ACTIVATED CARBON DISPOSAL SYSTEM FOR SAFE 

DISPOSAL OF MODEL PRESCRIPTION SEDATIVE MEDICATIONS 

Abstract

Lack of a safe and convenient disposal method for expired and unused 

medications may lead to many problems such as accidental exposure, intentional misuse, 

and food and water contamination. Activated carbon can offer safe disposal of 

medications due to its highly porous structure, which exerts strong physical adsorption 

forces with chemicals. This study aimed to evaluate the efficiency of an activated 

carbon-based drug disposal system for deactivating four model CNS depressant 

prescription medications. Deactivation was performed by mixing the medication, 

activated carbon, and tap water. Desorption was evaluated by exposing the deactivation 

system to wash-out solutions. Rapid, precise, accurate, and sensitive HPLC-UV method 

for each drug was successfully developed, validated and employed. Results of the 28-day 

deactivation study showed that on average, more than 95.00% of drugs were rapidly 

deactivated within 8 hours. All drugs reached more than 99.00% deactivation by the end 

of 28-day period. Desorption study demonstrated that all medications were retained by 

the system, with insignificant amount of drug (0.25%) leached into the washout 

 
* Bozorg, B. D., Fowler, W., Korey, A., Anderson, C., & Banga, A. K. (2020). Evaluation of an activated carbon 
disposal system for safe disposal of model prescription sedative medications. Scientific Reports, 10(1), 1-7. 
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solutions within 24 hours. In conclusion, activated carbon rapidly and successfully 

deactivated the medications tested, suggesting activated carbon-based drug disposal 

system provides a convenient, secure, and effective method for unused medication. 

Introduction 

Prescription drug misuse and abuse, a major public health concern in the United 

States, is the intentional or accidental consumption of medicines without a prescription, 

for a purpose other than prescribed or to experience the feeling they may cause. In 2016, 

National Survey on Drug Use and Health (NSDUH) reported that 10.6 percent of 

people have used illegal substances in the past month, and 7.5 percent were reported to 

experience a drug use disorder in the past year (Lipari, Ahrnsbrak, Pemberton, & 

Porter, 2017). Misuse of prescription psychotherapeutic drugs is relatively common in 

the United States and is second to marijuana as the most commonly used illicit drug 

(Hughes et al., 2016). In 2016, an estimated 6.2 million Americans aged 12 and over 

were reported to misuse psychoactive medications at least once in the past month, 

representing 2.3 percent of the population aged 12 and over (Ahrnsbrak, Bose, Hedden, 

Lipari, & Park-Lee, 2017). Four main categories of prescription psychotherapeutic drugs 

include pain relievers, stimulants, tranquilizers, and sedatives (Hughes et al., 2016). 

In 2016, approximately 294,000 people were reported to have misused 

prescription sedatives for the first time during the past year. This estimated number 

averages to about 800 initiates per day for prescription sedative misuse and 24.8 years 

was reported as the average age at first misuse occurrence among recent initiates 

(Lipari, Ahrnsbrak, et al., 2017). 
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Prescription sedative medications are psychotherapeutics which are often 

prescribed to treat disorders such as insomnia. There are different subtypes to 

prescription sedatives including benzodiazepine sedatives (e.g., alprazolam, temazepam) 

and zolpidem products (e.g., Ambien®). The most common reported reason for the 

misuse of prescription sedatives among adults was to help with sleep (73.2 %), which is 

still considered misuse if taken without a prescription, taken more frequently, or at 

higher doses than prescribed. Other reported reasons for misuse were to relax or relieve 

stress (12.0%), to feel better or get high (5.1%), to help with feelings or mood (3.9%), to 

experience the feeling the drug might cause (3.0%), and to enhance or reduce the effects 

of other drugs (1.3%) (Lipari, Williams, & Van Horn, 2017). 

Many patients report that they store unused or expired medications including 

prescription sedatives in their households. Recently, there has been more focus on the 

accumulation of unused medications in US households and its negative consequences on 

health outcomes, and safety of patients and the environment (A. V. Law et al., 2015b; 

Yang, Doshi, & Mason, 2015).The main reasons that can cause patients to not use all 

the medicines dispensed include side effects, changes in dosage, medicine 

discontinuation, or expiration of medications. It has been reported that two-third of 

dispensed medications are not used, with a national projected cost range of $2.4B to 

$5.4B (A. V. Law et al., 2015b). Unused prescription medications often accumulate in 

households and can be intentionally abused, inappropriately misused to self-medicate or 

accidentally ingested (Seehusen & Edwards, 2006; Wu & Juurlink, 2014). 
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Utilizing suitable techniques to discard expired, and unused medications in 

households will help to reduce risks associated with accidental exposure or intentional 

abuse and misuse. For safe and secure disposal, FDA suggests that consumers transfer 

their unneeded medicines to drug take-back events held by The U.S. Drug Enforcement 

Administration (DEA) or local law enforcement agencies. Although there is interest and 

participation in drug take-back programs, there is a lack of awareness and accessibility 

of on-going programs (Lystlund et al., n.d.). As an alternative, FDA recommends the 

following steps: Unused medicines should be mixed with an inedible substance such as 

used coffee ground, dirt, or cat litter; the mixture is then placed in a sealed plastic bag, 

and finally it is discarded in household trash. In case of potentially dangerous 

medications, they should be flushed down the toilet or sink once they are no longer 

needed (“Safe Disposal of Medicines - Disposal of Unused Medicines: What You Should 

Know,” n.d.). However, other than the risk of these medications being misused or 

abused, improper disposal can result in contamination of food and water supplies. 

Recently, the presence of numerous pharmaceuticals and their metabolites in American 

waterways, groundwater, and even drinking water has been recognized as potentially 

dangerous (Smith, 2002). Since water treatment systems currently are not capable to 

completely remove many pharmaceuticals from drinking water, it results in long-term 

exposure to traces of several medications that can be harmful. Moreover, drug take-back 

programs employ incineration, which can lead to toxic air emissions (US environmental 

protection agency, 2011). The inappropriate methods to discard unused and expired 

medications are a source of water and environment contamination which can be 
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prevented (Seehusen & Edwards, 2006). Hence, a safe and efficient drug disposal system 

can be advantageous for household and healthcare use.  

Activated carbon is considered to be a universal adsorbent. It can inactivate 

chemical substances by adherence of an extremely thin layer of the compounds to the 

large surface area (500 to 1500 g/m2) of the carbon due to its highly porous structure 

which exerts sufficient adsorption and retention of pharmaceutical compounds 

(Changes, 1997; “The Science - Deterra System,” n.d.). It is recommended for treating 

drug overdose or chemical poisonings in emergency situations due to its strong 

adsorption properties (Thakore & Murphy, 2002). Activated carbon has been 

successfully used in drug deactivation (Herwadkar et al., 2016b; Li et al., 2009). For this 

study, the term “deactivation” is used to indicate the irreversible physical adsorption of 

the drug to the activated carbon. The deactivation system tested in this study, is 

fashioned from a pre-packed re-sealable outer plastic pouch containing granulated 

activated carbon utilizing molecular adsorption technology (MAT12®), enclosed in a 

water-soluble film. In this design, medications are to be placed in the pouch, followed by 

the addition of tap water, and the bag is finally sealed and discarded into regular 

household trash. In use, the drugs will dissolve into the water and get adsorbed to the 

activated carbon in an irreversible manner and get deactivated (Fowler, Anderson, & 

Anderson, 2015). In a previous study it has been shown that such system has been able 

to efficiently deactivate some psychoactive medications (Song et al., 2016). This study’s 

aim was to evaluate the efficiency of this drug disposal system for deactivating other 
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medications including alprazolam tablets, temazepam capsules, zolpidem tablets, and 

ketamine injection solution (Figure 25). 

 
 
 

 

 
 
 

Materials and Methods 

Materials 

Analytical standards for alprazolam and temazepam were obtained from Sigma-

Aldrich (St. Louis, MO, USA). Zolpidem tartrate standard was purchased from 2A 

PharmaChem (Lisle, IL, USA). Methanol (MeOH) and acetonitrile (ACN) were of 

Figure 25. Schematic demonstration of the investigated drug deactivation system 
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HPLC grade and supplied by Pharmco-Aaper (Shelbyville, KY, USA). Deionized (DI) 

water (Milli-Q Direct 8/16 System) was used. Alprazolam 2 mg tablets were obtained 

from Sandoz Inc. (Princeton, NJ, USA) and Sun Pharmaceutical Industries (Mumbai, 

India). Zolpidem tartrate 5 mg tablets were provided by TEVA Pharmaceuticals 

(Sellersville, PA, USA). Temazepam 30 mg capsules were purchased from Sandoz Inc. 

(Princeton, NJ, USA). Deterra® Drug Deactivation System was provided by Verde 

Technologies (Minnetonka, MN, USA). 

Methods 

HPLC Analysis 

Instrumentation and Analytical Conditions. The chromatographic analysis was 

carried out on a Waters (Milford, MA, USA) Alliance e2795 Separations Module HPLC, 

equipped with a quaternary pump, an autoinjector and a column heater coupled with a 

photodiode array detector (Waters 2998). Data acquisition and processing were 

performed using Empower 3 software. The methods utilized an isocratic reverse phase 

elution at ambient temperature. The analytical conditions for the four analytes are 

shown in Table 1. All mobile phases were freshly prepared, filtered through nylon 

membrane with a pore size of 0.22 µm (Millipore, USA), and sonicated (Fisher Scientific 

FS60H, Pittsburgh, PA) for 30 minutes before use to degas entrapped air bubbles. 
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Table 9. The optimized chromatographic conditions for analysis of alprazolam, 
temazepam, zolpidem, and ketamine 

Drug Stationary Phase Mobile Phase 
Flow rate 
(mL/min) 

Run 
time 
(min) 

Injection 
Volume 

(µL) 

Detection 
wavelength 

(nm) 

Retention 
Time 
(min) 

Alprazolam 

Phenomenex 
Kinetex 

C18 (4.6×250 mm 
5µm) 

ACN: KH2PO4, 10mM 
pH=4.5 (40:60 v/v) 

1.0 10 20 221 4.7 

Temazepam 

Phenomenex 
Kinetex 

C18 (4.6×250 mm 
5µm) 

ACN: KH2PO4, 20mM 
pH=3.0 (45:55 v/v) 

1.0 10 20 230 4.8 

Zolpidem 
Agilent Eclipse Plus 
C18 (4.6×150 mm 

5µm) 

ACN: KH2PO4, 25mM 
pH=6.0 (40:60 v/v) 

1.0 10 20 243 5.1 

Ketamine 
Agilent Eclipse Plus 

C18 (4.6×150mm 
5µm) 

MeOH: 
NaH2PO4,50mM 

pH=3.0 (30:70 v/v) 
1.2 10 20 215 6.1 

 ACN: Acetonitrile, MeOH: Methanol 

 
 
 

Preparation of Stock and Standard Solutions. Primary stock solutions (1 mg/mL) of 

all four drugs were prepared in fresh DI water. These stock solutions were further 

diluted with DI water to prepare a series of working standards in the concentration 

range of 0.1-100 µg/mL and were used as calibration standards. 

Linearity. The methods were validated in terms of the analytical parameters of 

linearity, specificity, precision, accuracy, limit of detection (LOD), and limit of 

quantification (LOQ) according to the International Conference on Harmonization 

(ICH) guideline on validation of analytical procedures (The International Council for 

Harmonisation of Technical Requirements for Pharmaceuticals for Human Use (ICH), 

2005). Ten-point calibration curves (n=3) were constructed in the concentration range 

of 0.1-100 µg/mL. Each standard solution was analyzed using the conditions described 

in Table 9. 
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Specificity. For all the analytes, the method’s specificity was assessed to ensure 

the analyte’s peak is not affected by the presence of other excipients and chemicals. 

Precision and Accuracy. Precision and accuracy were determined using quality 

control samples at three pre-defined concentration levels (low, medium, and high) 

within the range of linearity. Repeatability (intra-day precision) was reported as the 

coefficient of variation (%CV) of responses for six replicate injections of each 

concentration. Intermediate precision (inter-day) was measured by comparing the 

responses of each concentration on three different days and the results were reported 

as %CV. Accuracy from all determinations for three concentration levels was reported 

as the percent of analyte determined by an assay from a known injected concentration. 

Limits of Detection (LOD) and Quantitation (LOQ). The LOD is defined as the 

lowest concentration of the analyte which can be differentiated from background noise 

by the analytical method. The LOQ is defined as the lowest concentration which can be 

measured and quantified by the method with acceptable accuracy, precision. The LOD 

and LOQ were calculated by the following formulas: 

LOD = 3.3 σ / S 

LOQ = 10.0 σ / S 

Where σ is the standard deviation of intercept values acquired from drawn 

calibration curves (n=3) and S is the slope. 

Deactivation study 

The deactivation of the pharmaceutical dosage forms was studied on four model 

CNS depressant medications including alprazolam 2 mg tablet, temazepam 30 mg 
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capsule, zolpidem tartrate 5 mg tablet, and ketamine injection vials 500mg/10mL. 

Medications (ten alprazolam tablets, ten temazepam capsules, ten zolpidem tablets, 10 

mL of ketamine solution) were placed in separate Deterra® drug deactivation pouches. 

Deterra® system is a re-sealable plastic pouch (15 cm × 10 cm), containing 15 grams of 

granulated activated carbon enclosed by a bag of a water-soluble film. To each pouch, 

50 mL of warm (43 ºC) tap water was added. For the proper mixture, pouches were 

tilted back and forth ten times. Followed by a 30 second waiting period to allow the air 

bubbles to get released from carbon, pouches were sealed and then stored in an upright 

and undisturbed position at room temperature. For each time point, two separate 

pouches were allocated, and samples were taken from the pouches (n=2) at the following 

intervals: 8h, 1, 2, 4, 7, 14, 21, and 28 days. At the time of sampling, pouches were 

shaken to ensure homogenous mixing and then were opened to take samples (1 mL). 

Collected samples were centrifuged at 12100 ×g for 3 minutes, filtered through 0.45 µm 

nylon syringe filters, and finally analyzed using validated HPLC-UV methods to 

determine drug content. The ratio of deactivation was calculated using the following 

equation: 

% of drug deactivated =
Initial drug amount −  remaining drug amount after deactivation 

Initial drug amount
 ×  100 

Desorption Study 

Followed by the deactivation study, desorption or washout study was performed 

to investigate the potential and the extent to which the drug leaches out of the activated 

carbon.  
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After 28 days, the entire content of each pouch was transferred into an individual 

plastic bottle, followed by the addition of 200mL of deionized water. The containers 

were shaken for one hour at 150 rpm and then stored at room temperature for 23 hours. 

At this point, samples were collected from water washouts, they were then filtered and 

analyzed by HPLC-UV. In the next step, water content was replaced with 250 mL of 

30% ethanol, shook for one hour, and stored for 23 hours at room temperature. Samples 

from ethanol washouts were filtered and then analyzed by HPLC-UV. The ratio of 

desorption was calculated using the following equation: 

% of drug desorbed =  
Drug amount in wash out solution

Initial drug amount
 × 100 

Results and Discussion 

HPLC Method 

A simple and rapid RP-HPLC method was successfully developed and validated 

for each drug. Chromatographic conditions were optimized to obtain a sharp 

symmetrical peak with reasonable retention time. The entire run time was short (10 

min) for all four analytes and the retention times for alprazolam, temazepam, zolpidem 

was 4.7, 4.8 and 5.1 min, respectively. The specificity of analytical methods for each 

analyte was established, and no interfering peak from excipients or other compounds 

was observed at or adjacent to the retention time for all the analytes. Representative 

chromatograms for each drug are shown in Figure 26. 
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Figure 26. Representative chromatograms of a) alprazolam, b) temazepam, c) zolpidem, 
and d) ketamine at a concentration of 10 µg/mL. 
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A ten-point calibration curve was obtained using calibration standards for each 

analyte. All calibration curves were found linear (R2 ≥0.999) in the concentration range 

of 0.1-100 µg/mL. The slopes and intercepts were calculated using the plot of peak area 

versus drug concentration. The calculated LOQ and LOD concentrations established 

that the methods had sufficient sensitivity (Table 10). 

 
 
 
Table 10. Validation parameters (linearity, LOD, LOQ) of HPLC methods for 
alprazolam, temazepam, zolpidem, and ketamine 

Validation parameters Alprazolam Temazepam Zolpidem Ketamine 

Range (µg/mL) 0.1 - 100 0.1 - 100 0.1 - 100 0.1 - 100 

Regression equation y = 127913x + 
18807 

y = 116570x - 
22701 

y = 101849x -
34244 

y = 26951x - 
3724.3 

Correlation coefficient (R2) R² = 0.9999 R² = 0.9996 R² = 0.9996 R² = 0.9995 

σ of intercepts 6520.91 16411.10 2939.95 2804.34 

Average of slopes 135658.67 112817.33 101784.67 26688.33 

Calculated LOD (µg/mL) 0.16 0.48 0.10 0.35 

Calculated LOQ (µg/mL) 0.48 1.45 0.29 1.05 

LOD: Limit of Detection, LOQ: Limit of Quantification 

 
 
 

Accuracy and precision were determined by six injections of three levels of 

concentration for intra-day and total injection of twelve on three separate days for the 

inter-day validation. For all the analytes, the intra- and inter-day precision (%CV) at 
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three concentration levels were observed to be less than 10%. Accuracy values for all 

the drugs were within the range of 92-103% (Table 11). All the validation parameters of 

the four analytes were found to be within the specified limits. The developed HPLC 

methods were specific, sensitive, accurate, precise, and reproducible. Hence, the methods 

were suitably employed o assay the analyte amount in deactivation and desorption 

studies. 

 
 
 
Table 11. Validation parameters (inter- and intra-day precision and accuracy) of HPLC 
methods for alprazolam, temazepam, zolpidem, and ketamine 

Analyte 
Expected 

Conc. 
(µg/mL) 

Intra-day (n=6)  Inter-day (n=12) 

Measured 
Conc. (µg/mL)  

Accuracy 
(%) 

%CV  
Measured 

Conc. (µg/mL) 
Accuracy 

(%) 
%CV 

Alprazolam 

10 10.04 ± 0.08 100.40 ± 0.80 0.80  10.05 ± 0.09 100.48 ± 0.92 0.92 

25 25.82 ± 0.48 103.28 ± 1.93 1.87  25.65 ± 0.60 102.61 ± 2.39 2.33 

50 51.10 ± 0.16 102.20 ± 0.33 0.32  50.67 ± 0.49 101.34 ± 0.97 0.96 

         

Temazepam 

10 9.92 ± 0.05 99.22 ± 0.55 0.55  9.23 ± 1.01 94.70 ± 5.87 6.20 

25 25.25 ± 0.24 100.99 ± 0.95 0.94  24.25 ± 1.36 97.00 ± 5.44 5.61 

50 47.91 ± 0.52 95.81 ± 1.04 1.09  49.68 ± 2.57 99.35 ± 5.14 5.17 

         

Zolpidem 

10 10.07 ± 0.06 100.73 ± 0.60 0.60  10.08 ± 0.07 100.78 ± 0.67 0.66 

25 23.11 ± 0.09 92.43 ± 0.34 0.37  23.12 ± 0.18 92.46 ± 0.71 0.77 

50 50.00 ± 0.30 99.99 ± 0.59 0.59  49.98 ± 0.30 99.95 ± 0.60 0.60 

         

Ketamine 

10 10.5 ± 0.4 105.3 ± 4.1 3.9  10.4 ± 0.4 103.5 ± 4.2 4.0 

25 24.0 ± 0.9 96.1 ± 3.6 3.7  24.5 ± 1.0 98.1 ± 3.9 3.9 

50 47.7 ± 1.3 95.4 ± 2.7 2.8  47.8 ± 1.2 95.5 ± 2.5 2.6 

Measured concentration and accuracy values are reported as Mean ± SE 

 
 
 

Deactivation Study 

Deactivation of the CNS depressant drugs (alprazolam, temazepam, zolpidem, 

and ketamine) using the activated carbon-based drug disposal system was investigated 
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over the course of 28 days. Once the dosage forms are placed into the pouches and water 

is added, the drug is going to be released from the dosage form and gets absorbed to the 

highly porous structure of activated carbon and gets deactivated. The deactivation 

profile for all four drugs is shown in Figure 27. After 8 hours, alprazolam, temazepam, 

zolpidem, and ketamine were deactivated by the extent of 100.00, 98.46, 85.17, and 

99.66% respectively. All drugs continued to be deactivated over time, and by the end of 

study at the 28th day, an average of 99.83±0.34% of the drug content was effectively 

deactivated by the drug disposal system. The residual amount of drug for temazepam 

was less than 1.00%, and no residual amount was found for alprazolam, zolpidem, and 

ketamine. 
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Figure 27. Deactivation profile of alprazolam, temazepam, zolpidem, and 
ketamine over the course of 28 days. 



106 
 

 

 

Desorption Study 

This study was carried out to investigate the possible desorption of tested 

medications from activated carbon. Contents of each pouch went through washing 

procedures with large volumes of aqueous and organic solvents to simulate landfill 

situations. Results showed that in all washout studies less than 0.5% of the drug leached 

out which proves that this disposal system can adsorb the drugs in an irreversible 

manner (Table 12). Once the drug molecules are bond to the surface of active carbon 

particles, the intermolecular forces are strong enough to prevent the release of the 

molecules from the carbon and render the drug molecules inactive (Herwadkar et al., 

2016b). 

 
 
 
Table 12. Desorption study results for alprazolam, temazepam, zolpidem, and ketamine 

Medications % Leached in water % Leached in 30% ethanol 

Alprazolam 0.00 0.00 

Temazepam 0.05 0.04 

Zolpidem 0.00 0.21 

Ketamine 0.00 6.54 

 
 
 

Findings of this study are in accordance with previous research performed 

regarding the use of activated carbon to deactivate medications. Activated has been 

shown to exert better efficiency as a universal drug deactivation agent as compared to 

the other agents such as sodium percarbonate, sodium carbonate, and zeolite 

(Herwadkar et al., 2016b). Activated carbon has also been successfully used for 
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deactivation of opioid medications including morphine solution, methadone, 

hydromorphone, and meperidine tablets. Average deactivation of more than 99.00% was 

observed, and less than 1.3% drug content leached out in desorption studies (Gao et al., 

2018). In another study diazepam tablets, buprenorphine sublingual films, and 

lorazepam tablets were deactivated by the average of more than 99.00% and the leached 

out amount was less than 0.7% in wash-out studies (Song et al., 2016). 

Sedatives including benzodiazepines and Z-drugs (e.g., zolpidem) are widely 

prescribed to treat anxiety and insomnia. However, patients may misuse or abuse 

sedatives for self-medication or recreational purposes leading to intoxication or 

withdrawal syndromes, which may be fatal in either case (Weaver, 2015). Accumulation 

of unused or unexpired medications in households or improper disposal can lead to 

intentional misuse and abuse, accidental exposure and contaminating the environment. 

Results of this study and others as well indicate that an activated carbon-based drug 

deactivation system is capable of successful and irreversible deactivation of various 

medications and dosage forms. making it an efficient system in that users can easily 

discard of their unused medications by simply placing them in the pouch containing 

activated carbon, adding water, sealing the bag and discarding it to normal household 

trash. 

Conclusion 

The efficiency of an activated carbon-based drug disposal system in deactivating 

CNS depressant medications was evaluated. The deactivation system efficiently 

adsorbed and deactivated approximately 94% of the tested medications within 8 hours 
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and over 99% by 28 days. Drug substances did not get released from activated carbon 

when washed out with large volumes of water indicating minimal environmental effect. 

Therefore, this unique system provides a simple, safe and an efficient drug disposal 

system that can be used in households and healthcare settings to deactivate unused or 

expired medications. 
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CHAPTER 7 

SUMMARY AND CONCLUSIONS

In this research, we aimed to investigate different transdermal and 

dermatological formulations for delivery of pharma- and cosmeceuticals into healthy 

and diseased skin. 

One of our research goals was to understand the effect of pressure sensitive 

adhesives (PSAs) on performance characteristics of matrix type transdermal delivery 

systems (TDSs). Three types of PSAs including silicone, polyisobutylene, and acrylate 

polymers were investigated. Saturation solubility and crystallization studies for 

lidocaine (model drug) were performed to determine the maximum concertation of drug 

each matrix can incorporate. All TDSs were successfully prepared using solvent casting 

technique and they were further evaluated for in vitro permeation and release profile 

and adhesion properties. The cumulative amount of lidocaine permeated from acrylate 

systems was significantly higher than silicone and PIB matrices. The acrylate TDS 

contained ten times higher drug amount than silicone TDS, but the permeation flux was 

only two folds higher. Results also showed the release of drug does not linearly 

correlate to saturation, as the silicone TDS comprising of the lowest amount of drug 

loading, showed the highest percentage release indicating the choice of PSA affected the 

drug release and permeation profile. In this study we were able to demonstrate the 
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understudied effect of PSA matrix on drug release and permeation profile, and physical 

characteristics of TDSs. The results of this comparative study and similar studies can 

help us to better understand the effect of PSA as an integral part of TDSs on 

formulation and performance.  

In another aim, we investigated the capability of a microcurrent generating 

device in delivery of active molecules such as caffeine, diclofenac, sumatriptan, and 

niacinamide using different types of current including DC and pulsatile DC. Different 

experimental setups were designed and investigated to mimic the real-life application of 

the device. For proof of concept, the device was mounted on a Franz diffusion cell to 

evaluate the rate and extent of dermal delivery using microcurrents. In our research we 

successfully evaluated a microcurrent generating device for the potential and extent of 

delivery of niacinamide as a cosmeceutical agent. Generated DC and pulsatile DC 

waveforms were proven to be effective in enhancing the permeation of niacinamide in an 

in vitro model, suggesting the feasibility of iontophoretic delivery of actives. 

There is limited information available regarding the impact of diseases such as 

atopic dermatitis and psoriasis on the cutaneous absorption of drugs. Thus, in our 

research we aimed to investigate the delivery of topically applied hydrocortisone as a 

representative of corticosteroids family using ex vivo human skin in three groups of 

healthy, atopic dermatitis, and psoriatic in order to understand the effect of skin’s 

disease condition on drug permeation into/across intact and diseased skin as well as a 

comprehensive characterization of the diseased skin. Transepidermal water loss and 

electrical resistance measurements, as well as drug amount retained in psoriatic skin, 
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showed a significant difference compared to healthy skin, suggesting that barrier 

dysfunction and the structural changes in afflicted skin can have a substantial effect on 

drug permeation profile into/across diseased skin. 

The misuse and abuse of unused prescription medications is a serious health 

issue in the United States. Lack of a proper disposal system at home, can lead to 

accidental exposure or intentional abuse and also can create environmental concerns. 

This issue is even more concerning when there are psychoactive medications involved. 

Hence, in our studies we investigated the efficiency of an activated carbon-based drug 

disposal system in deactivating CNS depressant medications. Prescription medications 

including alprazolam, temazepam, zolpidem, and ketamine were investigated. The 

deactivation system efficiently adsorbed and deactivated approximately 94% of the 

tested medications within 8 hours and over 99% by 28 days. Drug substances did not 

get released from activated carbon when washed out with large volumes of water 

indicating minimal environmental effect. Therefore, this unique system provides a 

simple, safe and efficient drug disposal system that can be used in households and 

healthcare settings to deactivate unused or expired medication.
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