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ABSTRACT 

 

 

 

Cemil Boyoglu 

RESPIRATORY SYNCTIAL VIRUS TREATMENT WITH GOLD NANOPARTICLES 

Dr. James Grady Strom, PhD 

 

 

     Respiratory Syncytial Virus (RSV) is negative-sense RNA virus of the family Paramyxiridiae, 

causing lower respiratory tract infections and hospital visits in infants and young children. Today, 

RSV is known as a global outbreak of the lower respiratory tract disease in infant and young 

children and a high priority for vaccine development. It is estimated that RSV causes between 

50,000 and 125,000 hospitalizations of children < 2 years of age and up to 200,000 deaths each year 

in the world. Here, we developed an innovative treatment model with different attributes from other 

conventional anti-viral approaches that have been reported before. In our first strategy, the main 

objective was to provide experimental evidence for the anti-RSV activity of GNPs and to determine 

the importance of the morphology on the functionality of the particles. Our results showed that 

GNRs prevents the RSV infections more than GNSs due to the positively charged elongated 

surfaces and hydrophobic nature of the particles. In our second project, we applied gold nanorods 

(GNRs) in photothermal therapy to inhibit the pathogenesis of RSV. Rod shape provides an 
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excellent electrodynamic and multiple electron oscillations named as a surface plasmin resonance 

(SPR). The process of SPR on the surface of GNRs results in the conversion of photonic energy to 

thermal that has been use to cure cancer. We successfully applied this mechanism to RSV treatment 

and inhibited virus replication. Our third and last project is based on gene silencing process, in 

which we applied the GNSs as delivery agents for small interfering RNA (siRNA). In the process of 

gene silencing, we temporarily blocked rotary activity of the c subunits on V-ATPase thus to 

prevent the binding of RSF F protein to specific small GTP proteins, such as Cdc42, RhoA and Rac 

1 proteins. Uncertainties associated with efficacy of the treatment was evaluated, analyzed and 

confirmed using different assays, such as ELISA, MTT, ELI-Spot, immunofluorescence 

microscopy and confocal microscopy.  
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CHAPTER 1 

INTRODUCTION 

 

     The history of RSV began when Morris and his colleagues described cytopathogenic agent 

associated with respiratory illness in a colony of 20 chimpanzees at the Walter Reed Army 

Institute of Research in 1955 (Blount, 1956). The team had initially named this agent causing 

symptoms, such as coughing, sneezing, and mucopurulent nasal discharge as a coryza in 

chimpanzees (CCA virus). In 1956, Robert Chanock and his group conducted systematic 

scientific studies by collecting samples from pharyngeal swabs from 2 of 12 infants with croup 

that caused sponge-like cytopathogenic change in monkey kidney tissue culture (Chanock 1956).  

Furthermore, in 1957, Chanock and Finberg reported a serological evidence that human virus 

causing lower respiratory illness, such as bronchopneumonia, bronchiolitis and 

laryngotracheobronchitis in infants was indistinguishable from an outbreak of CCA 

demonstrated by Morris et al (Yang, 2009). Based on this foundation, Robert Chanock proposed 

the name “ Respiratory Synctial Virus” (RSV) (Chanock, 1956). 

     (RSV) is classified in the order Mononegavirales, family Paramyxoviridae, subfamily 

Pneumovirinae, and genus Pneumovirus. RSV causes severe lower respiratory tract infections in 

infants and can result in pneumonia. RSV accounts for approximately 4,500 deaths and 90,000 

hospitalizations in infants and children in the United States each year (Beckham 2005, Bernard 

2011). In the United States, RSV is also responsible for almost 3.3 million cases of respiratory 

tract diseases in elderly patients. The RSV genome is a negative-sense RNA strand consisting of 

15,200 nucleotides, which code for 11 proteins. Among them, the fusion (F), attachment

1 
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glycoprotein (G) and matrix protein (M2) proteins are the leading candidates for vaccine 

development (Boyoglu-Barnum, 2017). However, a safe and effective vaccine against this virus 

is not available for many reasons such as vaccines causing exacerbated disease, residual 

virulence, over attenuation, or failure to induce an adequate immune response.  To fill the gap, 

modern science provides the alternatives platforms to elucidate the role and mechanism of 

infection that lead researchers to develop new platforms to minimize the pathogenesis of viruses.  

     Nanotechnology presents a great innovation for science of the new millennium.  Nano science 

has enabled researchers to fabricate and manipulate materials in nanoscale level for last few 

decades. Today, new technological platforms allow us to use nanotechnology in all aspect of our 

daily life. Among the nanomaterials, gold nanoparticles (GNPs) have received exponential 

attention due to their unique properties including ease of production, admissible toxicity, 

distinctive stability and tunable feature (El-Sayed 2006, Dreaden 2012).  Furthermore, GNPs 

exhibit an exceptional surface that has promising capability for the phenomenon of surface 

Plasmon resonance. Also, their surface have high affinity to biological molecules for the process 

of the delivery and treatment in biomedical applications (El-Sayed 2006, Baffou 2014). In our 

study, we surveyed feasibility of different shape of GNPs on RSV treatment, in which we 

elucidated the impact of morphology on the functionality of GNPs, use gold nanospheres as 

delivery agents, and assess photothermal therapy using gold nanorods. We believe that our study 

provides a significant overview of GNPs based approaches on infectious disease that will lead 

researchers to design new practical models for the accurate assessments in future studies.   

     A goal of this project is to evaluate and to compare the antiviral activity of two different 

shape of GNPs on RSV treatment. To address this goal, we will be using sphere shape GNPs as



 
 

the delivery agents, whereas rod shape GNPs will be used in the photothermal therapy. With this 

approach, following are the specific aims for this project: 

i) to compare of the antiviral efficacy of gold nanorods (GNRs) and gold nanospheres (GNSs) on 

the RSV treatment,  

ii) to use GNSs on delivery of siRNA,  

iii) to use GNRs in the photothermal therapy 
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CHAPTER 2 

 

LITERATURE REVIEW 

 

Viral Infection and Replication 

 

     The science of virology basically refers the study of molecular pathogenesis and an immune 

defense developed by the host during the phenomenon of viral infection. Even though epidemics 

and compositions of the viruses were described approximately 100 years ago, evidences state 

that viral infections appeared and threated human and animal health in ancient times.  

Hieroglyphics  records that were believed to be drawn approximately 3700 BC in Memphis, a 

capital of Ancient Egypt provides significant evidences for the long history of infectious 

diseases. Furthermore, an extraordinarily well-preserved mummified body of Pharoh Rames V in 

the Cairo Museum is believed to be infected with smallpox (Knipe, 2016). Despite to evidences 

proving the epidemic of viruses on the thousand years old mummied bodies, epidemiology and 

composition of viruses had not clearly been described until the invention of electron microscopes 

in the 1930s.  While contagious diseases caused by devastating viruses were spreading via 

endemic transmissions in populations, Louis Pasteur and Edward Jenner were the first scientists 

for developing the vaccines for the treatment of these infectious diseases (Knipe, 2016). Edward 

Jenner pioneered the discovery of vaccine against to smallpox, which is known as the most lethal 

viral infection in history. Lack of knowledge about the cellular immune defense resulting in a 

significant delay to cure these viral diseases caused millions of deaths. Today, modern science 

provides very effective platforms to elucidate the role and mechanism of immune defense and 

lead researchers to develop new platforms to minimize the pathogenesis of viruses.  

      Viral infections might be occur via vector bite, respiratory transmission, needle injury, 

animal bite, or abrasion, in which main favorable routes for viral entry are skin, mucosal 

membranes including the eye and genitourinary tract, alimentary canal via the mouth,

4 
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oropharynx, gut or rectum and last route of access for viruses is respiratory tract. Recent studies 

showed that the respiratory tract is the most common route of viral entry. Respiratory tract is 

further classified as upper respiratory tract that includes nose, sinuses, pharynx, and larynx, and 

lower respiratory tract including trachea (wind pipe), bronchial tubes, the bronchioles  and 

the lungs. Viruses infecting via upper respiratory tract are Adenoviruses, Coronaviruses, 

Orthomyxoviruses, Picornaviruses; rhinoviruses, whereas Paramxoviruses, such as parainfluenza 

and RSV follow the lower respiratory tract ( Knipe, 2016).   

     Negative Stranded RNA Viruses 

     Negative sense RNA viruses were initially described by David Baltiome, who demonstrated 

that the genomes of these type of viruses are complementary to the mRNA of the host. Negative-

sense single stranded RNA viruses are also known as the antisense-strand RNA viruses, because 

their genome have opposite polarity to mRNA (Yang, 2009). Hence, viral RNA should be 

converted to positive RNA before the translation process. Viral nucleocapsid carrying the RNA 

enters into the cytoplasm via either plasma membrane or endosomal pathways, such as TLRs and 

RNA helicases as discussed. Viral RNAs are not released until multiple mRNAs are sensitized 

by the viral replicase in nucleocapsid. Then, mRNAs are released into cytoplasm to be translated 

into the viral proteins, which also assemble and form new negative RNA virions. New virions 

leave the host by budding or lysing through cell membrane for further infection 
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Virus Recognition 

     When virus surface proteins interact with specific cell receptors, a set of antiviral genes are 

ultimately activated to limit the pathogenesis of the virus. The mechanism of immune defense 

against to virus infection starts with recognition and signaling process by the host cells. Current 

knowledge clearly demonstrate that pathogen associated molecular patterns (PAMPs) are the 

primitive molecules associating with pattern recognition receptors (PRRs) on the cell surface. 

These receptors were originally hypothesized by Charles Janeway (Yang 2009). This association 

is followed by penetration of viral genome through the plasma into the cytoplasm. In the 

meantime, recognition of PAMPs by PRRs promotes the antiviral response by opsonizing the 

pathogen, activating the complement protein, phagocytizing pathogens, activating inflammatory 

mediators and secreting cytokines. Depending on genetic structures of the viruses, different type 

of PRRs are involved in viral recognition, such as Toll like receptors (TLRs),  NOD-like 

receptors (NLRs), RIG-I-like receptors (RLRs), C-type lectin receptors (CLRs) and cytosolic 

dsDNA sensors (CDSs). Among the all type of PRRs, (TLRs) are described as the greatest target 

to investigate the immune defense mechanism of viruses. 

     TLRs are expressed on alveolar, airway epitheliums and leukocytes. TLRs  are enumerated 

depending on their location in the cell and the viral genome that they deal with, specifically, TLR 

1, 2, 4, 5, 6, and 10 are expressed on the cell surface, while TLR 7, 8 and 9 are on endosomal 

membrane. Therefore, RNA viruses, such as Influenza and RSV are sensed by TLR 3, 7, and 8. 

TLR 3 is expressed on endosomal compartment and is specific for dsRNA virus (Yang, 2009). 

Even tough (RSV) is single stranded RNA virus, it is recognized by TLR 3 as well, because 

replication of RSV proceeds via dsRNA intermediate. In addition, Kurt et al have demonstrated 

that RSV activates TLR 4 via CD 14 dependent pathway (Kurt, 2000). On the other hand, 

http://www.invivogen.com/nlr
http://www.invivogen.com/nlr
http://www.invivogen.com/rlr
http://www.invivogen.com/clr
http://www.invivogen.com/cds
http://www.invivogen.com/cds
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Double-stranded DNA virus, Herpes simplex virus (HSV) enter into the host cells through TLR 

9, while the component of the human cytomegalovirus (CMV) particle interacts with TLR 2. At 

face value, even small genetic variations cause significant changes on the route of entry and 

immune defense developed by the host.  

     The RNA helicase family NLRs are cytoplasmic PRRs.  The RNA helicase family consist of 

RLRs sensing ssRNA and melanoma differentiation-associated proteins 5 (Mda-5), which is 

specific for dsRNA. The NLR family consists of different cytoplasmic PRRs, such as NODs, 

NALPs, IL-1-converting enzyme (ICE)-protease, neuronal apoptosis inhibitor factors (NAIPs), 

and MHC class II trans-activator (CIITA). Although mechanism of NLRs still remains unclear, it 

has been reported that NLRs play an important role on inflammation process. Recent studies 

revealed that NLRs induces the  cytokines Interleukin 1β (IL-1β) and Interleukin 18 (IL-18) by 

activating the caspase 1 subunit of inflammasome  expressed in myeloid cells.  

     CLRs are soluble transmembrane proteins involved in regulating the gene expression and 

modulating TLRs activity. CLRs consist of two subunits, Dectin-1 and Dectin 2 are expressed by 

monocytes, macrophages and dendritic cells. It has been reported that Dectin-1 and 2s are 

specific for the recognition of fructose, mannose and glucan carbohydrate molecules. Recent 

studies demonstrated that Dectin 1 and Dectin 2s play an important role on inducing the immune 

response by promoting NF-kappa B signaling through interacting with spleen tyrosine kinase 

(SYK), by activating the Nuclear factor of activated T-cells (NFAT) and activator protein 1 (AP-

1), and also by controlling the numbers of cytokines associating with innate and adaptive 

immune response (Hull, 2000, Yang, 2009). 

https://en.wikipedia.org/wiki/Herpes_simplex_virus
https://en.wikipedia.org/wiki/Cytokine
https://en.wikipedia.org/wiki/Interleukin_1
https://en.wikipedia.org/wiki/Interleukin_18
https://en.wikipedia.org/wiki/Caspase_1
https://en.wikipedia.org/wiki/Myeloid
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     In addition to TLR 9, extra cellular DNA can be recognized by  family of (CDSs), such as 

DNA-dependent activator of IFN-regulatory factors (DAI), leucine-rich repeat flightless-1-

interacting protein 1(LRRFIP1), Absent in melanoma 2, (AIM2). It has been reported that RIG 

recognizing RNA also interacts with dsDNA due to activity of  RNA polymerase III, which 

transcribes the poly (dA:dT) into a double-stranded RNA intermediate in the cytoplasm and 

nucleus. On the other hand, LRRFIP1 has a significant affinity to deal with AT-rich B-form 

dsDNA and GC-rich Z-form dsDNA. Douchi and coworkers reported that LRRFIP1 plays a 

profound role in cancer metastasis and invasion (Douchi, 2015). They developed the method for 

silencing the LRRFIP1 gene, and they reported a significant reduction on the expression of 

vimentin maintaining the cell structure and induction on the E-cadherin level playing an 

important role in cell adhesion. The result was in the prevention of cancer cell invasion 

interfering with epithelial-mesenchymal transition (EMT), in which cells lose their adhesion 

properties, and gain migratory and invasive properties to be mesenchymal stem cells. However, 

little is known about the role and mechanism of LRRFIP1 in virus related infectious diseases, 

while AIM2 induces an assembly of infammasome resulting in secretion of IL-1β and IL-18 as 

well as NLRs, so it is important to note that irregular expression AIM2 may cause a 

disproportionate immune defense against to viruses. The importance of IL-1β and IL-18 

activation by AIM2 has been reported for different type of pathogens, such as vaccinia virus, 

cytomegalovirus, Chronic hepatitis B virus (CHB) and Listeria monocytogene (Kurt, 2000) 

     RSV Recognition. RSV infection starts with inhalation into the upper airway followed by the 

viral fusion through to membranes of the epithelial cells. Recent studies demonstrated that even 

though RSV is classified as a single-stranded RNA virus, replication of RSV proceeds via a 

dsRNA intermediate thus RSV could be potentially recognized by TLR3 interacting with 

http://www.invivogen.com/puno-aim2
http://www.invivogen.com/poly-dadt
http://www.invivogen.com/poly-dadt
https://en.wikipedia.org/wiki/Mesenchymal_stem_cell
http://www.invivogen.com/puno-aim2
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dsRNAs (Yang, 2009). Rudd et al reported that RSV replication induce CXCL10 and CCL5 

through TLR3-mediated signaling pathways (Rudd, 2015). It has been reported that single-

stranded RNAs are recognized by TLR7 expressed by B cells and plasmacytoid dendritic cell, 

which is involved in type I IFN response during RSV infection. However, there is still no 

underlined study reporting the functionality of TLR 7 to RSV infection. In another interesting 

study, Kurt-Jones et al used recombinant RSV F protein to determine the manner of infection. 

They concluded that the virus evoke innate immune response from human PBMC in TLR4 and 

CD14-dependent pathway (Kurt-Jones, 2000). Similarly, Puthothu et al. investigated the RSV 

inflammatory and immune response in 131 infants with severe RSV infection and 270 controls. 

They concluded that two polymorphisim (299) Gly and (399)Ile in TLR4 was significantly 

associated with severe RSV induced disease (Puthothu, 2009). Therefore, TLR4 has both an 

adaptor molecule, MyD88-dependent and My88-independent pathways. This is very important, 

because MyD88 signaling pathway plays a significant role in inducing Th1 responses to RSV. It 

has been reported that the MyD88 is required for all known TLR signaling pathway except TLR 

3. However, Liu et revealed that RSV is also recognized by retinoic acid inducible gene- I (RIG-

1) like receptor that proceeds TLR3-mediated recognition. As RIG-1, another intracellular sensor 

MDA-5 involved in RSV recognition contains caspase activation and recruitment ( CARD) 

domains providing a link to cell apoptotic machinery. Taken together, RSV recognition is 

involved in both TLR-dependent and TLR-independent signaling that plays a profound role on 

immune response to RSV (Yang, 2009).  

Immune Response 

     A ligation of TLRs promotes the expression important instructive molecules, such as CD40, 

CD80 and IL-12. Additionally, recent studies demonstrated that RSV infection promotes Natural 
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killer cell-mediated cytotoxicity that makes IFNγ very important, because IFNγ produces NK 

cells 4 times greater than other lymphocyte subsets daily. Activation of NK cells and IL-12 

signals promotes Th1 cell mediated response to RSV inflammatory. It has also been 

demonstrated that viral infection by RSV induces the production a variety of chemokines 

including CCL2, CCL3, CCL5 and CXCL8 (Yang, 2009). These chemokines are produced in 

nasal lavages, and CXCL8 increases in early stage of infection, whereas CCL2, CCL3, and 

CCL5 are mainly expressed during virus shedding. Evidence states that B cells and antibodies 

provides protection against to RSV. One of the main achievements for the RSV treatment is a 

humanized murine monoclonal IgG antibody, which is specific for the RSV F protein. This 

achievement proves the importance of production of antibodies from B cells. There is an 

evidence that CD 4 and CD 8 T cells are primarily involved in RSV infection. It also important 

to note that RSV G, N, and P proteins predominantly promotes CD-4 T cell response, M protein 

yield predominantly  CD 8 response, whereas F protein induces both responses. Additionally, 

RSV F protein primarily trigger Th1 (IFNγ) response, while G predominantly evoke Th2 (IL-4, -

5, and -13) response 

 

 

 

 

 

 



 
 

CHAPTER 3 

EVALUATING THE ANTIVIRAL ACTIVITY OF GOLD NANOSPHERES AND GOLD 

NANORODS ON RESPIRATORY SYNCYTIAL VIRUS 

Abstract 

 

     Respiratory Syncytial Virus (RSV) is a negative sense, single stranded RNA virus in the 

family of Paramyxoviridae and subfamily of Pneumovirinae. It has been reported that each year 

RSV causes between 50,000 and 125,000 hospitalizations among infants and young children in 

the United States and up to 200,000 deaths worldwide. The goals of this study were to develop a 

reliable method by applying gold nanoparticles (GNPs) to RSV treatment and to emphasize the 

importance of morphology on the functionality of GNPs. To experimentally demonstrate the 

variations, we used two different shapes of GNPs, gold nanospheres (GNSs) and gold nanorods 

(GNRs). Multiple assays, such as enzyme-linked immunosorbent assay (ELISA), Enzyme-

Linked ImmunoSpot (ELISPOT), Immunofluorescence microscopy, UV-Vis spectrometer, 

particle size and zeta potential were used. Our results showed that i) GNPs present anti-RSV 

activity regardless of shape, but ii) GNRs inhibit RSV replication more than GNSs. The 

correlation between the different assays incorporated in the study provides a significant 

foundation to understanding the anti-viral activity of GNPs with different particle shapes. 
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Introduction 

 

    Respiratory diseases remain an inevitable global health problem due to a lack of the 

understanding of the mechanism of infections and the insensitivity of treatment methods. Early 

detection and an accurate diagnosis of infections requires more comprehensive and 

interdisciplinary research platforms. Recent advances in nanotechnology have allowed 

researchers to design new strategies for treating infectious diseases using nanoparticles (Khan, 

2016). These tiny particles within the nanometer range provide promising advantages in terms of 

delivery through the unreachable regions of biological structures. Among the nanoparticles 

available today, GNPs have received tremendous attention by researchers due to their unique 

chemical and physical properties, such as an ease of preparation, biocompatibility, selectivity, 

prolonged circulation time, high loading capacity, surface plasmon resonance and light-scattering 

properties (Austin, 2014, Bawage, 2016). It has also been reported that the functionality of these 

GNPs has been affected by particle shape and surface charge (Austin, 2014, Bawage, 2016, 

Megan, 2014). In this study, we evaluated the anti-viral activity of two different shapes of GNPs, 

gold nanorods (GNRs) and gold nanospheres (GNSs), on respiratory syncytial virus (RSV) 

treatment. 

     RSV is a negative-sense RNA virus of the family Paramyxiridiae, causing lower respiratory 

tract infections and hospital visits in infants and young children (Levine 1977, Rossi 2017, Zhao 

2000). RSV consists of 11 genes encoding for 10 proteins. Of these, the two surface proteins, 

attachment protein G and fusion protein F, have been considered as the main target proteins for 

the RSV treatment (González-Reyes 2001, Collins 1984). At present, RSV is known as a global 

outbreak of the lower respiratory tract disease in infant and young children and has a high 

priority for vaccine development. It is estimated that RSV causes between 50,000 and 125,000 

hospitalizations of children of age < 2 years and up to 200,000 deaths each year in the world 

(Collins 1984, Leemans 2017). Despite four decades of studies, there is no registered 

prophylactic medication or effective vaccine available against RSV. 

     In this study, the main objective was to provide experimental evidence for the anti-RSV 

activity of GNPs and to determine the importance of the morphology on the functionality of the 
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particles. This investigation employed a set of techniques and assays including, particle 

synthesis, zeta potential/sizer measurements, enzyme-linked immunosorbent assay (ELISA), 

enzyme-linked immunospot and immunofluoresce microscopy study. Briefly, the study showed 

that GNRs present more efficacy than GNSs for the inhibition of RSV replication due to their 

chemical and physical properties and will be discussed in detail below. 

 

     Materials and Methods 

 

 

     Synthesis of Gold Nanospheres 

 

     Gold nanopspheres of 21 nm in size were synthesized using the Turkevich method [31, 32] 

modified by Frens [33, 34]. Briefly, 2 M an aqueous solution of chlorauric acid (HAuCl4) 

(Thermo Fisher Scientific, Waltham, MA) was heated to the boiling point, and 2 M trisodium 

citrate (Na3C6H5O7) (Thermo Fisher Scientific, Waltham, MA) was quickly added. The solution 

was vigorously stirred.  because of the reduction of HAuCl4, the yellowish color of the solution 

changed to red indicating the formation of GNSs. The size and zeta potential of the particles was 

determined by Zeiss Zeta Sizer/potential (Malvern Instruments, Worcestershire WR14 1XZ, UK) 

      Preparation of PEG-functionalized Gold Nanospheres 

      GNSs were conjugated with bi functional a HS-PEG5000-NH2 (Laysan Bio, Inc, Arab, AL). 

Briefly,1.2 mL of a 3.75 mM aqueous HS-PEG-NH2 solution was added to 3 mL of an aqueous 

suspension of GNPs  (26 nM). A volume of 1.8 mL H2O was added to make a total volume of 6 

mL. The reaction mixture was immediately vortexed and then incubated at 4 °C overnight, 

followed by centrifuging at 14,000 rpm for 5 min. The supernatant was carefully collected and 

centrifuged two more times to remove the unconjugated GNPs.  
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     Synthesis of gold nanorods 

     Gold nanorods were prepared by following the modified seed-mediated protocol [22]. Briefly, 

the seed nanoparticles were synthesized by the reduction of 250 µL of HAuCl4 (10 mM) (Sigma-

Aldrich, St. Louis, MO) in 7 mL of CTAB (Sigma-Aldrich, St. Louis, MO) (0.1 M) by adding 

600 µL of an ice-cold NaBH4 solution (Sigma-Aldrich, St. Louis, MO) (10 mM) under stirring 

for 2 minutes and kept for 1 h for further use. Afterwards, 400 µL of seed solution was added to 

the growth solution containing 40 mL of CTAB (100 mM), 1.7 mL of HAuCl4 (10 mM), 250 μL 

of AgNO3 (Sigma-Aldrich, St. Louis, MO)  (10 mM), and 270 μL of ascorbic acid (Sigma-

Aldrich, St. Louis, MO) (100 mM). The resultant solution was kept undisturbed for 6 h and then 

purified by centrifugation at 8000 rpm for 10 min. 

      Preparation of PEG-functionalized Gold Nanorods   

     The GNRs were conjugated with mPEG-SH to reduce cytotoxicity. Here, PEG/GNRs were 

prepared by treating 10 mL of 5 nM GNRs solution with 50 μL of mPEG-NH2 solution (1 mM) 

for 24 h. This solution was further purified by centrifugation at 8000 rpm for 7 min to remove 

unbound ligands.  

     Virus Preparation 

     Human epithelial type 2 (HEp-2) cells, considered to originate from a human laryngeal 

carcinoma, were cultured in T-75 flasks using minimum essential medium (MEM) supplemented 

with 1% L-glutamine, 10% fetal bovine serum (FBS), and 1% penicillin-kanamycin- 

streptomycin antibiotics (PKS). Once HEp-2 cells reached approximately 60-70% confluency, 

RSV-A2 have been propagated 0.01 multiplicity of infection (MOI). Flasks were monitored daily 

for sufficient cytopathic effect. After 5e days, loosely-capped flasks were transferred to a -80 °C 
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freezer overnight. After thawing at 4 ºC, cells were scraped down and the cell lysates were 

divided into aliquots, quick-frozen in liquid nitrogen and stored at -80 °C until they were used.  

Virus infectivity titers were determined using a micro-infectivity assay as previously described
15

. 

The serial dilutions of the virus were prepared in Minimal Essential Medium supplemented with 

2 mM L-glutamine (Fisher, Grand Island, NY), and 5,000 units/mL Penicillin Streptomycin 

(Fisher, Grand Island, NY) and were inoculated onto sub-confluent HEp-2 cells in 96-well 

microtiter plate at a density of 2.0 × 10
4
 cells/well. After 2h of adsorption at a temperature of 37 

ºC, 180 µl of tissue culture media was added, and the cells were fixed with 70 % EtOH in 1X 

PBS on day 5
th

. Then, the plates were blocked with 5% BSA in 1X PBS for 1h at room 

temperature. The plates were washed with 1X PBS with 0.05% Tween 20, followed by 

incubation with horseradish peroxidase (HRP) conjugated goat anti-RSV antibody (Millipore, 

Billerica, MA) for 2h at room temperature. The plates were washed and o-Phenylenediamine 

(OPD) substrate (Sigma-Aldrich, St. Louis, MO) was added on each well and incubated about 20 

min untill efficient color development was observed. The enzyme-substrate reaction was 

terminated by the addition of a sulfuric acid solution. The absorbance was measured at a 

wavelength of 450 nm and the infectivity titer was calculated using the Reed and Muench 

method.  

     Evaluation of the Antiviral Efficacy of the Gold Nanorods 

     HEp-2 cells were seeded on two 96-well plates and once the cells reached to 60-70 % 

confluency, cells were treated with GNRs and GNSs solutions with concentrations of 13, 6.5, 

3.3, 1.7, 0.9 nM (Day 1). 24 h after the infection, cells were infected with RSV at MOI of 0.01. 

Plates were monitored daily under the light microscope to observe cell viability and CPU of 

RSV. On day 5, plate I was fixed with Et-OH for the ELISA assay to determine the infectivity 
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titer of RSV as described above. For the MTT assay, medium was removed from the well on 

plate II and wells were rinsed 3 times with PBS buffer. Next, 20 𝜇L of MTT solution (5 mg/mL) 

(Fisher, Grand Island, NY), in endothelial basal medium (EBM)-phenol red free (100 𝜇L) was 

added into each well and allowed to react for 4 h at 37 °C.  After 4 h incubation, medium was 

removed and 200 µl DMSO was added on each well, and an absorbance values were measured at 

595 nm by ELISA plate reader. Along with ELISA and MTT assays, immunofluorescence 

microscope samples were prepared by following the same steps but on 12-chamber slides using 

FITC conjugated polyclonal antibody. 

     HEp-2 cells (1.54*10
5
/ml) were grown in eight- chambered slides for 24 hours at 37°C in 

total media under 5% CO2. Once the cells reached 60-70 % confluency, cells were transfected 

with various concentrations of GNRs and GNSs as mentioned above (Day 1). 24 h after the 

transfection with GNPs, cells were infected with RSV at MOI of 0.01. On day 5
th

, cells were 

washed with PBS and fixed using 10% (vol/vol) trichloroacetic acid for 15 minutes. Cells were 

then washed successively in 70% (vol/vol), 90% (vol/vol), and 100% (vol/vol) ethanol for 5 

minutes each. After a subsequent wash with PBS the cells were incubated in blocking buffer (3% 

dry milk in PBS) for 30 minutes followed by three washes with PBS. The fixed cells were 

incubated for 1 hour at room temperature with polyclonal antibody to RSV in antibody buffer 

(2% dry milk in PBS). The cells were washed three times for 5 minutes each in PBS and then 

incubated for 1 hour at room temperature with fluorescein isothiocyanate–conjugated goat anti-

mouse immunoglobulin G (H+L) secondary antibody in antibody buffer. Subsequently, the cells 

were microscopically visualized (Nikon Model TE 2000-U, Nikon Instruments, Melville, New 

York) 
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     Transmission Electron Microscopy Analysis 

     For TEM analyses, GNPs (13 nM) are seeded on coverslips and images are collected by using 

by using a JEOL 100CX-2 microscope. 

 

     Immune Response Determination 

     Supernatants on each well were analyzed for IL-8 and TNF-α using ELISpot assay as 

described in the manufacturer specifications. Briefly, PVDF plates were coated with monoclonal 

anti-human IL-8 (10 µg/ml) at 4 ◦C for 18 h. Next, plates were incubated with assay buffer at 

room temperature for 1h for blocking. Then, anti-human IL-8 biotin was used as for the detection 

that was followed by Streptavidin-HRP conjugate for 1h at room temperature. It was developed 

with precipitating TMP substrate for 30 min at room temperature with continual shaking (700 

rpm). The absorbance values were measured at 595 nm. Human TNF-α ELISpot kit was run in 

parallel using the same protocol.  Recombinant Human IL-8 and TNF-α were used as the 

standards. 
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     Results 

     Particle Morphology 

     Particle morphology was determined using Zetasizer and Transmission Electron Microscope 

(TEM). The size of the synthesized bare GNSs was determined to be 18 nm ± 0.3 nm. 

Conjugation with NH2-PEG-SH resulted in ~ 35 nm increase in the size of the particles as shown 

figure 1. Zeta potential values of bare GNSs was determined to be 17.1 mV (± 0.45 mV) due to 

citrate residues on outer surface while PEGylation resulted in a value of 5.95 mV (± 0.2 mV) due 

to positively charged amine groups outer surface. For the GNRs, size was determined as 15 nm 

in width and 55 nm in length. 

                       

 

                         

 

Figure 1 Surface visualization of a, GNSs as 50 nm b, GNRs as 15 nm in width and 55 nm in 

length. UV-vis absorbance values of c, GNSs and d, GNRs.  
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Figure 2. Zeta potential and size values for the GNSs before and after PEGylation.  GNPs were 

suspended in 3 ml of deionized water (pH 7.0), transferred to a zeta potential measurement 

cuvette and measured with injection order (1 psi for 5 s) injection order and neurotransmitters 

(10 kV for 10 s).  Values were captured using Phenom Pure Desktop with x7,500 (view angle 

was 28.7), accelerating voltage of 20kV. 
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     Cytotoxicity of Particles 

     The cytotoxicity of GNPs was evaluated in HEp-2 cell lines by the MTT assay. There was no 

considerable cell death when the HEp-2 cells were transfected with both GNS and GNR at the 

concentration of 0.8 nM. Cell viability started to decrease when the GNPs concentration 

increased to 1.7 nM and continued further to about 80% when GNP’s concentrations were 

increased to 3.3 nM. Cell viability decreased to 70% with GNRs and almost 80% with GNS in 

HEp-2 cells at 6.5 nM.       

                

Figure 3. MTT assay for cytotoxicity of GNS and GNR in HEp-2 cells after incubation for 

48hours. Data represent the mean ±SD. N=3. Means were compared between GNS and GNR. 

** p≤0.001 and *, p≤0.05. 
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     Virus Preparation and Inhibition 

     In treatment with GNPs, the results showed that GNRs interact with RSV surface protein 

more efficiently than the GNSs resulting in an enhanced inhibition of RSV replication with 

GNRs. Here, we studied the antiviral activity of GNRs and GNSs at following concentrations 

0.9, 1.7, 3,3, 6.4, and 13 nM. As shown in Figure 4 and Table 1, the antiviral activity increased 

with increasing the concentration of the nanoparticles. According to the ELISA results, 6.5 nM 

of GNRs solution reduced the RSV titer to about 30 %. Similar concentrations of GNSs were 

effective to reduce the titer down to about 50 %. These results also corresponded with the results 

for the immunofluorescence microscopy study, in which a lower signal intensity was observed 

for the GNRs treated samples than the ones prepared with GNSs.  

 

Table 1 The effect of GNR and GNS treatments on viral load in HEP-2 cells. Viral titer 

represented as log values. 

 0 nM 0.8 nM 1.6 nM 3.3 nM 6.5 nM 13 nM 

RSV + GNR 5.48 4.75 ± 0.15 3.42 ± 0.13 2.44 ± 0.48 1.78 ± 0.45 1.45 ± 0.03 

 RSV + GNS 5.48 4.91 ± 0.11 3.90 ± 0.09 3.47 ± 0.11 2.73 ± 0.03 2.15 ± 0.01 

. 
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Figure 4. Morphological analysis of (A) uninfected (B) RSV infected HEp-2 cells using AFM 

 

 

 

 

                                                                                             

 

 

A) 

 

 

 

 

 

 

B) 
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Figure 5. Reduction of a titer of RSV due to treatment with GNPs. Data are mean± SEM. 

Significance (p˂0.001) was determined by one-way analysis of variance (ANOVA) and post-hoc 

Tukey's HSD test. Results are representative of two independent experiments. 

                

                

Figure 6. Expression of RSV protein in HEp-2 cells. Immunofluorescence was performed 72 

hours after transfecting cells with either A: GNSs or B:  GNRs at 0nM and 6.5nM.  
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     Immune Response Study 

     The anti RSV activity of GNSs and GNRs also was evaluated by measuring the immune 

response determined by the IL-8 and TNF-α levels in response to our treatment on RSV 

infection. The data showed that both IL-8 and TNF-α levels significantly increased with RSV 

infection. However, treatment with GNPs reduced the cytokine level presumably due to their 

anti-RSV activity. Therefore, GNRs provided more efficacy on immune response than GNSs. 

Specifically, GNRs reduced the IL-8 and TNF-α levels on RSV infected cells significantly more 

than the ones treated with GNSs. These results corresponded with data from the ELISA and 

microscopy studies in which GNRs are more active GNSs in terms of inhibition of RSV 

replication.  
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Figure 7. After treatment of RSV infection with GNRs and GNSs (3.3 nM) a TNF-α, and b IL-8 

levels. Data are means ± SEM.
*
indicates significant difference in viral load for Virus alone 

compared with GNR and GNS transfected HEp-2 cells. Significance (p<0.001) was determined 

by one-way analysis of variance (ANOVA) and post-hoc Tukey's HSD test. 

 

     Discussion 

     This study introduces the relationship between the shape and surface characteristics of gold 

nanoparticles (GNPs) on the pathogenesis of RSV. The surface chemistry of GNPs primarily 

depends on the ligands being used to stabilize the nanoparticles.  Depending on the application 

purpose, GNPs can be synthesized with various morphologies using different methods (Austin 

2004, Megan, 2014). These methods are based on the reduction of gold ions either with or 

without chemical reductants (Haynes 2009, Stone 2013). It has been revealed that chemical 

reductants are likely to cause a risk of contamination that may affect the morphology and 



26 
 

 
 

functionality of the particles; however, they enhance the yield of reaction for the final product. 

Therefore, it is very difficult to control concentration and morphology of the particles without 

the use of stabilizing or capping agents that is very crucial step for pharmaceutical and 

biomedical applications. Previously, several reducing agents such as sodium borohydride, 

sodium citrate, ascorbic acid, and amino acids were reported for the synthesis of GNPs and play 

a significant role for producing particles with different morphologies. Cetyltrimethylammonium 

bromide (CTAB) is commonly used for the synthesis of GNRs, whereas GNSs are generally 

prepared by using sodium citrate (Jianqiang 2007, Haynes 2009). In addition to particle 

morphology, stabilizing ligands affect the functionality and property of the GNPs in terms of 

their surface charge, hydrophobicity or lipophilicity (Jianqiang, 2007, Haynes, 2009, Smyth 

2002). Here, we report that surface ligand characteristics are one of the main causes likely 

contributing to anti-RSV efficacy. 

           

 

                            

a                                                                          b 

Figure 8 Chemical structures of a CTAB, and b Sodium citrate. 

 

     Chemical composition of CTAB consists of amphiphilic structure that contains cationic 

hydrophilic head group and non-polar hydrophobic tail groups (Hull, 2000) as shown on figure 
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7A. The amphiphilic nature of the CTAB provides diverse advantages on the activity of the 

molecule. Specifically, hydrophobic groups enhance the stability and circulation time, while 

hydrophilic groups increase the water solubility and biocompatibility (Hull, 2000). Therefore, 

cationic hydrophobic head groups of CTAB provide stronger interaction with the viral surface. 

These groups also make the GNRs more likely to be absorbed with particles following a direct 

diffusion pathway. Sodium citrate capped GNSs penetrate through the cell membrane by 

endocytosis, and thereby, enhance absorption resulting in higher cytotoxicity for the GNRs. 

Since viral and bacterial surfaces are negatively charged, it is suggested that cationic head groups 

on GNRs interact with RSV with improved efficiency. In other words, negatively charged citrate 

molecules (figure 7 B) on the GNSs are likely to limit the interaction of the particle with 

pathogenic surfaces.  Gratton et al [13] investigated the effect of the surface charge on the 

particles using monodispersed hydrogen particles into the HELA cells, and reported that after 1h 

incubation, positively charged particles were internalized by 84% of the cells, whereas 

negatively charged particles had been taken by only 5 % of the cells (Gratton, 2008). Their 

results presumably explain the variations that we observed in our study.  

 

     During the inflammation caused by RSV, humoral, cell-mediated and mucosal immune 

responses are developed by the body to lessen severity of the infection. The variety of cells, such 

as alveolar macrophages, neutrophils, eosinophils are activated during the immune response. The 

activation of these cells results in the release of different cytokines and chemokines in lower 

respiratory tract. It has been reported that RSV infection induces several chemokines and 

cytokines, such as IL-8, IL-4, fractalkine, RANTES, TNF-α (Boyoglu-Barnum, 2017). 

Neutrophils, lining on the bronchial lavage in airways, play a significant role for RSV clearance 
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by destroying the extracellular of infected cells and by inducing further release of inflammatory 

cytokines, such as IL-8 and TNF-α (Boyoglu-Barnum, 2017, Waqqar 2017). We conducted 

assays to measure IL-8 and TNF-α levels to determine the relationship between immune 

response and anti-RSV activity of GNPs. Our data clearly demonstrated that GNRs are more 

effective than GNSs activating the immune response and inhibiting the RSV replication. In a 

relevant study, Bawage et al investigated the role of GNRs on the activation of immune response 

against RSV in both HEp-2 cells and BALB/c mice, and they concluded that GNRs inhibits the 

RSV replication by 82% in HEp-2 cells and by 56% in mice due to upregulation of majority of 

genes involved in TLRs, NLRs and RLRs signaling pathways. Their results support the 

interpretation of the efficacy of GNRs in our study, since we also observed that rod shape is 

more suitable than sphere shape to trigger an immune response against to RSV infection.   

     Since our strategy is based on the interactions between GNPs and RSV surface proteins, 

understanding the structure and chemical composition of these proteins will be helpful to 

understand the mechanism of inhibition. It has clearly been demonstrated that RSV F protein 

consists of two disulfide-linked subunits F1 and F2 (Collins, 1984, Gonzales-Reyes, 2001). The 

N terminus of the F1 region glycine rich segment penetrates the cell membrane, while the C 

terminus is a transmembrane region.Both the C and N terminus segments contain 4,3 

hydrophobic heptad repeats (HR),  denoted as HR-N and HR-C. HR-N and HR-C regions form 

trimeric hairpin-like structures that facilitate the apposition of viral and cellular membrane for 

virus entry (Collins, 1984, Gonzales-Reyes, 2001). Recent studies showed that RSV F protein 

undergoes 3 different conformations during the fusion process, starting with i) a native form, in 

which the fusion peptide and HR-N regions are inaccessible, ii) second conformation is referred 

as pre-fusion intermediate conformation where the protein has cone-shaped morphology, and iii) 



29 
 

 
 

post-fusion conformation consists of lollipop-shaped trimers, where HR-C and HR-N regions are 

in association to make the cell membrane overlap with viral surface (Collins, 1984, Gonzales-

Reyes, 2001). These conformational variations on the morphology of the F protein have been 

considered as a key by researchers in order to block the virus entry. 

     Zhao et al (12) designed very innovative research by generating rod shaped, (68 Å in length 

and 27 Å in diameter) HR-N and HR-C specific peptides from recombinant RSV F protein 

denoted as HRSV-N57 and HRSV-C45.  They successfully blocked the association of HR-N and 

HR- C segments to form fusion active trimeric hairpin like structure thus post-fusion 

conformation and RSV entry (Zhao, 2000). At face value, the rod shape ultimately improves the 

interaction with HR-N and HR-C regions of F protein important for the RSV treatment. In 

another very promising study, Stone et al. [16] successfully induced an immune response in 

primary T cell proliferation against to RSV by encapsulating the recombinant RSV protein with 

GNRs with length of 21 nm ± 2.0 nm and 57 nm ± 3.4 nm. Similarly, Singh’s team reported that 

GNRs inhibit the RSV replication by upregulating the inane immunity (Zhao, 2000). 

     An attachment protein G is another antigenic region that has also been considered as a target 

to investigate the mechanism of RSV replication and treat the infection. Several research groups 

focused on defining the morphology of G protein, because it is well known that physical and 

chemical properties of G protein is very important for the RSV entry. The RSV G protein was 

initially defined by Seymour Levine as a highly glycosylated major attachment protein with 80 

kDa molecular weight (Zhao, 2000). Approximately 60% of the molecular mass of the G protein 

is carbohydrate, and the backbone of the protein contains 289 to 299 amino acid (aa), in which 

there is N terminated amino acid (aa) 37, a membrane anchor from aa 38 to 66, a variable 

glycosylated domain from aa 67 to 155, central conserved cysteine noose region aa 155 to 206, 
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and a C terminus glycosylated region from aa 207 (Levine, 1977). A central region of the G 

protein also contains a CX3C chemokine motif at amino acid positions 182–186 specific for the 

CX3CR1/fractalkine receptor that is tremendously important for the viral attachment and entry ( 

Haynes, 2009, Boyoglu-Barnum, 2017). It has been reported that the central region is negatively 

charged mucin like stalk that contains cysteine residues, known to stabilize the hydrophobic 

interactions. Thus, positively charged hydrophobic nature of GNRs might be considered as a 

great feature for the effective electrostatic interactions with the antigenic proteins of RSV to 

block the cellular attachment and fusion of the virus that also explains the differences on the anti-

RSV efficacy of GNRs and GNSs that we have surveyed in our study. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 
 

CHAPTER 4 

PHOTOTHERMAL THERAPY USING GOLD NANORODS FOR RSV TREATMENT 

Abstract 

      Forensic scientists have long been interested in alternative treatment models for RSV due to 

lack of specificity and sensitivity of the conventional approaches. Downstream interpretation and 

understanding of the mechanism of infections caused a significant delay on diagnosis resulting in 

approximately 4,500 deaths and 90,000 hospitalizations in infants and children in United States 

each year. Here, we suggest an approach based on the photothermal therapy using gold nanorods 

(GNRs). The principle of photothermal therapy (PTT) mainly involves sudden increase of 

temperature that is also known as hypothermia. Evidences state that hypothermia has been used 

by ancient Roman, Greek and Egyptians to cure breast masses in 3000 BC. Several groups have 

applied the process of hypothermia to cure cancer, in which researchers used GNR to produce 

thermal energy to destroy cancer cells via the process of surface plasmon resonance (SPR). This 

phenomenon has substantially opened up the application of this technology for treatment of 

cancer. In our study, we shifted the focus of the application to infectious disease to conduct a 

preliminary evaluation of the PTT on RSV treatment. Previously, GNRs have been conjugated 

with specific antibodies and/or peptides to specifically target cancer cells; however, conducting 

this system on RSV infection is required further optimization to increase specificity to minimize 

damage to the host. To tackle the problem, we started with functional characterization of several 

physiological processes including the mechanism of RSV replication and cell division to 

determine the right time, right concentration and right duration for the treatment.  We believe 

that this study will provide fundamental link between nanotechnology and infectious diseases. 
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Introduction 

     As the scientists search for new diagnosis strategies for the current diseases, multifunctional 

treatment methods and versatile compounds have been introduced in biomedical and 

pharmaceutical studies. In other words, recent advancement in nanomedicine allowed the 

researcher to apply one platform in multiple therapies, at which gold nanoparticles (GNPs) have 

been brought to forefront by the researchers due to their optical, magnetic, chemical, physical 

and kinetic properties (Austin, 2014, Jianqiang, 2007, Dreaden, 2012). These unique properties 

of GNPs offer versatile strategies for the sensitive detection and the accurate treatment 

techniques. Several groups have reported the biomedical activity of GNPs in terms of molecular 

imaging and diagnosis depending on the particle charge and morphology. In these studies, gold 

nanospheres (GNSs) have commonly been used as the delivery agents of the pharmaceutical 

compounds and of the biological molecules, while the rod shape provides an excellent 

electrodynamic and multiple electron oscillations named as a surface plasmon resonance on the 

gold surface that has received a great attention by the researchers to use these particles in 

photothermal therapy. El-Sayed team has clearly demonstrated that plasmonic properties of the 

GNRs has capability to convert the photonic energy into the thermal energy that produce very 

destructive effect on cancer cells (Huang , 2009).  Inspired by the success of El-Sayed group on 

cancer treatment, we designed the platform to develop the preventative and curative therapy for 

Respiratory Synctial Virus (RSV) infection using GNRs. 

     Over the past few decades, researchers have been fascinated by the conversion of energy from 

one format to another one via (SPR), formed when the frequency of the photonic energy matches 

with maximum frequency of the conduction band electrons oscillating on the surface of the metal 

nanoparticles (Huang, 2008, Huang 2009). Even though the mechanism of SPR had been applied 

32 
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in several detection and diagnosis purposes in biomedicine, limited studies have been reported 

considering this phenomenon for the antiviral treatment. To our knowledge, we are the first to 

report applying the process of SPR on RSV inhibition. An initial posited question of this project 

was whether the extinction of energy on GNP surface could specifically inhibit the RSV 

replication with minimum damage on the host. For cancer therapy, GNPs have been targeted on 

the tumor site by conjugation with the cancerous cell specific peptides or antibodies thus shining 

with the light produced destructive effect on only cancerous cells while normal cells remain 

healthy. However, viruses are intracellular parasites, so that inhibition of viral replication was 

required further for optimizations. To improve an accuracy of the model, we investigated several 

variables including different concentrations of GNPs and various time intervals for the laser 

exposure. It is also very important to note that particle morphology plays significant role on the 

SPR on the GNRs. Specifically, when the shape of the particle changes from sphere to rod, the 

wavelength of the absorption also moves from the visible region to the near infrared region. The 

rod shape provides the two different absorption bands due to two dimensional morphology. The 

longitudinal axis and width axis result in hybridized absorption with SPR around 800 nm that 

produces thermal energy that has been used to destroy cancerous cells and tissues. Surface 

plasmon resonance is formulized as;  

                              

                                                                                                                                 

 

(1.1) 
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     Where, Cext is extinction cross-section, λ is the wavelength of the incident light, ε is the 

complex dielectric constant of the metal given by ε = εr(ω) + iεi(ω), εr(ω) is the real part and εi(ω) 

is the imagery part of the dielectric function of the metal, εm is the dielectric constant of the 

surrounding medium, which is also formulated as εm= n
2

m, in which n is given as refractive 

index. It has been revealed that SPR occurs when εr = -2 εm, and SPR band splits into the two 

different bands. Transverse and longitudinal bands on the surface of GNRs due to optical tuning 

on both long and width axis (Huang, 2008, Huang, 2009).  

     Collective oscillation of electron in two different dimension results in shift of the absorption 

band from the visible region to near infrared region and known as a redshift. The process of 

redshift results in substantial increase in heat that has also named as a thermoplasmonic. Several 

attempts had been reported to demonstrate and formulize the mechanism of heat generation on 

the particle surface. To better understand the importance of particle morphology, Baffou et al 

reported that thermal energy generated via SPR during the photonic excitation localizes on only 

the part of the sphere particles facing the incoming light, while the major part of the particles 

remains inactive (Baffou, 2014). However, rod shape provides advanced efficiency for the heat 

distribution through the entire structure, because inner and outer layers are closer in rod 

morphology that eliminates the shielding effect.  

     In is very important to note that an elevation in temperature should produce better clinical 

efficiency. Evidence states that laser activated photothermal therapy depends on the intensity of 

the light, type of laser, photothermal conversion efficiency and concentration of the particles. 

Once we designed this platform, our first consideration was minimizing the cell death to develop 

an effective treatment. Previously, researchers developed the strategies to quantify the cell 
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viability and to develop safe convenient photothermal treatment. In 1947, Henriques formulized 

the thermal damage using Arrhenius integral; 

 

 

 

in which, Ω is given as parameter for the thermal damage, (Photoacoustic imaging for 

temperature), A is frequency factor in 1/s, r is total heating time in s, Ea is an activation energy in 

J/mole, R is universal gas constant. Then, the fraction of thermal damage on cells is given by; 

 

                                                     % cell death = 1 – e 
– Ω 

                                                        (2.2) 

 

     However, incompatibility between experimental data and scientific formulas is very common 

challenge for the scientists in biomedical research that has resulted in failure of several well-

designed platforms. To overcome the intrinsic difficulties, additional parameters need to be 

considered. For example, it is very important note that damaged cells release proteolytic 

enzymes that also damage to surrounding cells. Kannadoria et al. investigated the photothermal 

damage on Human renal cell carcinoma cells (Caki-2 cell line). Specifically, they treated Caki-2 

cell line with GNRs (10 nm in width and 38 nm in length) and exposed to cells laser (with 500 

mW power intensity and the wavelength of 785 nm) with different time intervals ( 0, 2, 4, 6, 8 

and 10 minutes, ) and they calculated the cell viability to be 57 % by the Arrhenius equation after 

6 minutes of laser exposure compare to an experimental value of  % 43 % (Kannadoria, 2015).       

(2.1) 
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     Moreover, they observed the similar difference after 10 minutes exposure, in which cell 

viability decreased to ~ 17%, while ~ 10 % in the experimental study. Another important 

parameter that was not considered in the Arrhenius cell damage model is that cells present 

different heat sensitivity during cell cycle (Bhuyan, 1977). For example, S-phase and mitotic 

cells have been reported to be more heat sensitive than the G1 cells. Bhuyan et al also stated that 

middle and late S phase cell are more sensitive than other phase cells. This information was very 

crucial in design of our model with minimum damage on the host. It has been clearly 

demonstrated that in general, G1 phase, in which cellular content excluding chromosomes are 

replicating, takes ~10 h, S phase, where DNA replication occurs, takes ~ 8-9 h, G 2 phase is 

second check point for the mitosis, and M phase is where mitosis occurs. This knowledge lead us 

to set our laser treatment time to 28 h after we started our cell line. That timing would 

presumably be overlap with G1 phase where the cells were less sensitive to the elevation of 

temperature (Bhuyan 1977). 
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Figure.9. Schematic illustration of cell cycle.  
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To determine the temperature and optimize the treatment conditions, we used the formula that 

has been previously reported as;  

 

                              Photothermal conversion efficiency = Qabs / Qtot × 100 %                                 

(3.1) 

 

                           Qtot = (laser power) × (laser beam spot) × (irritation time)                                (3.2) 

 

                                    Qabs = [(MAu × CpAu) + (Mw × Cpw)] × (ΔT)                                        (3/3) 

In which, MAu is the moles of gold, CpAu is heat capacity of the Au, Mw moles of the water, Cpw 

is heat capacity of water ΔT is the chance in temperature. CpAu was given as 25.42 J / mol.K and 

Cpw = 75.34 J / mol.K.  Therefore, mole of water was determined as: 0.1 ml × (1.0 g/ml) × (1 mol 

/ 18.01 g) = 5.55 mmol.  

      The knowledge from different studies clearly indicates that stability of viral protein have 

been affected by the environmental pH and temperature that has commonly been highlighted in 

antiviral research. Here, we developed an innovative treatment model with different attributes 

from other conventional anti-viral approaches that have been reported before. Specifically, we 

implemented the phenomena of SPR in order to inhibit the RSV replication. Several groups have 

focused on the antiviral efficacy of the GNPs, but we are the first to report GNPs in such an 

innovative platform.  Uncertainties associated with efficacy of the treatment was evaluated, 
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analyzed and confirmed using different assays, such as ELISA, MTT, ELI-Spot, 

immunofluorescence microscope and confocal microscope. 

 

Materials and Methods 

     Synthesis of gold nanorods (AuNRs) 

     Gold nanorods were prepared by following the modified seed-mediated protocol. Briefly, the 

seed nanoparticles were synthesized by the reduction of 250 µL of HAuCl4 (10 mM) (Sigma-

Aldrich, St. Louis, MO) in 7 mL of CTAB (0.1 M) (Sigma-Aldrich, St. Louis, MO) by adding 

600 µL of an ice-cold NaBH4 (Sigma-Aldrich, St. Louis, MO) solution (10 mM) under stirring 

for 2 minutes and kept it for 1 h for further use. Afterwards, 400 µL of seed solution was added 

to the growth solution containing 40 mL of CTAB (100 mM), 1.7 mL of HAuCl4 (10 mM), 250 

μL of AgNO3 (10 mM) (Sigma-Aldrich, St. Louis, MO), and 270 μL of ascorbic acid (100 mM) 

(Sigma-Aldrich, St. Louis, MO). The resultant solution was kept undisturbed for 6 h, and then 

purified by centrifugation at 8000 rpm for 10 min. 

     Preparation of PEG-functionalized AuNRs 

     To reduce the cytotoxicity of the AuNRs, they were conjugated with mPEG-NH2. Here, 

PEG/AuNRs were prepared by treating 10 mL of 5 nM AuNRs solution with 50 μL of mPEG-

SH solution (1 mM) for 24 h. This solution was further purified by centrifugation at 8000 rpm 

for 7 min to remove unbound ligands.  
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     Cell Culture 

     HEp-2 cells were obtained from the American Type Culture Collection (ATCC, Manassas, 

VA, USA). The cells were cultured in T-75 flasks using minimum essential medium (MEM) 

(Thermo Fisher Scientific, Waltham, MA) supplemented with 1% L-glutamine, 10% fetal bovine 

serum (FBS), and 1% penicillin-kanamycinstreptomycin antibiotics (PKS) (Thermo Fisher 

Scientific, Waltham, MA). Prior to cell expansion and plating and for other experiments, cells 

were washed with Hank’s balanced salt solution (HBSS) (Thermo-Fisher Scientific, Waltham, 

MA) and fresh 1% trypsin (Thermo Fisher Scientific, Waltham, MA) was used to trypsinize cells 

from T-75/T-25 flasks.  

     RSV Preparation 

     Human epithelial type 2 (HEp-2) cells, considered to originate from a human laryngeal 

carcinoma were cultured in T-75 flasks using minimum essential medium (MEM) supplemented 

with 1% L-glutamine, 10% fetal bovine serum (FBS), and 1% penicillin-kanamycin- 

streptomycin antibiotics (PKS). Once HEp-2 cells reached the approximately 60-70 % 

confluency, RSV-A2 have been infected 0.01 at a multiplicity of infection (MOI) of 0.01. Flasks 

were monitored daily for the sufficient cytopathic effect. After 5 days, loosely-capped flasks 

were transferred to a -80 °C freezer overnight. After thawing at 4 ºC, cells were scraped down 

and the cell lysates were divided into aliquots, quick-frozen in liquid nitrogen and stored at -80 

°C until they were used.  Virus infectivity titers were determined using a micro-infectivity assay, 

specifically, serial dilutions of the virus were prepared in MEM supplemented with 2 mM L-

glutamine (Fisher, Grand Island, NY), and 5,000 units/mL Penicillin Streptomycin (Gibco, 

Grand Island, NY) and were inoculated onto sub-confluent HEp-2 cells in 96-well microtiter 

plate at a density of 2.0 × 10
4
 cells/well. After 2h of adsorption at 37 ºC, 180 µl of tissue culture 
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media was added, and the cells were fixed with 70 % Et-OH in 1X PBS on day 5
th

. Then, the 

plates were blocked with 5% BSA in 1X PBS for 1h at room temperature. The plates were 

washed with 1X PBS with 0.05% Tween 20 that was followed by the incubation with 

horseradish peroxidase (HRP) conjugated goat anti-RSV antibody (Millipore, Billerica, MA) for 

2h at room temperature. The plates were washed and o-Phenylenediamine (OPD) substrate 

(Sigma-Aldrich, St. Louis, MO) was added on each well and incubated for about 20 minutes 

until efficient color development was observed. The enzyme-substrate reaction was terminated 

by the addition of a sulfuric acid solution. Absorbance was measured at a wavelength of 450 nm 

and calculated the infectivity titer using the Reed and Muench method. 

     Pegylated nanorods were mixed with RSV (10 
5.48

 LD50/mL) with 0.01 multiplicity of 

infection (MOI). Then, 2.13 mg of N-Succinimidyl 3-(2-pyridyldithio) propionate was added 

into mixture and mixed overnight at 4 ◦C. RSV with 1/100 dilution in MEM basal media was 

simultaneously stored at 4 ◦C as a positive control.  

     Photothermal Treatment 

     HEp-2 were seeded in a 96-well plate at a density of 2.0 × 10
4
 cells/well and incubated 

overnight at 37∘ C. After cells reached 60-70 % confluency, we applied two different methods. 

In method I, medium was removed from the wells and previously prepared 200 µl RSV-GNR 

mixtures and RSV control solution were added into the wells (Day 1).  In day 2
th, 

a configuration 

for the photothermal therapy was set as shown on figure 10 and laser light (805 nm) was exposed 

on the plate with different time intervals, 30 sec, 1 min, 3 min, 5 min, 10 min, and 15 min. Then, 

ELISA and MTT assays were conducted to analyse the efficacy of the treatment on day 5
th

.  In 
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method II, PTT was applied on RSV solution into the vial before the infection. Following steps 

for the analysis were also conducted for method II. 
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Figure 10 Schematic illustration of method I. 
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Figure 11. Schematic illustration of method II. 
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Figure. 12.  A real picture of a scheme of method II.  
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Results 

 

             

 

             

Figure 13. Reduction of RSV titer after PTT. Data are mean± SEM. Significance (p˂0.001) was 

determined by one-way analysis of variance (ANOVA) and post-hoc Tukey's HSD test. Results 

are representative of two independent experiments 
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Figure 14.  Results of MTT assay for HEp-2 cells after PTT. Data represent the mean ±SD. N=3. 

Means were compared between GNS and GNR. ** p≤0.001 and *, p≤0.05 
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Figure 15. Confocal microscope images of HEP-2 cells stained with A) Calcein AM and B) 

Ethidium Homodimer-1 (EthD-1) after PTT with different time lines for NIR exposure.     

     

                                

 

 

 

Figure 16. Confocal microscope images of RSV infected HEp-2 cells A) without PTT, B) after 

PTT with 5 min NIR exposure 

 

 

 

 

 

Figure 17. Confocal images of HEp-2 cells stained with Calcein AM and Ethd-1 merge after 

A) 5 min and B) 10 min NIR exposure.            
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Figure 18. After treatment photothermal therapy (method II) a TNF-α, and b IL-8 levels. Data 

are means ± SEM.
*
indicates significant difference in viral load for Virus alone compared with 

GNR and GNS transfected HEp-2 cells. Significance (p<0.001) was determined by one-way 

analysis of variance (ANOVA) and post-hoc Tukey's HSD test. 
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Discussion 

     The primary motivation for this study was to accomplish an anti-RSV treatment platform by 

modelling each parameter that has an impact on the efficacy of treatment.  In biomedical 

research, it is very important to take cellular response into account. Recall that under stressful 

conditions, cells express the heat sock proteins that function by refolding and maintain the 

protein structure, by activating the immune response and by preventing activity of proteolytic 

enzymes involved in the intrinsic pathway of apoptosis. Previously, it has been reported that HSP 

70 protein responds to PTT by preventing the activity of cytochrome c/d ATP-mediated caspases 

playing a crucial role in the apoptosis pathway. Encouraging results were also obtained by 

Hoffman et al, in which they clearly demonstrated that HSP 70 and HSP 90 function as a potent 

endogenous ligand to express TLR 2 and TLR 4 on the surface of Dendric Cells (DCs) (Wang, 

2016). Activation of TLR 4 is important to us, since RSV F affinity has a significant affinity to 

bind the TLR 4. In addition to thermal denaturation of viral proteins by PTT, the inducement of 

the cellular response by activating the TLR 4 makes our model very plausible for the RSV 

treatment.  

     Viral infections are assembled in an ordered process beginning with the adherence of viruses 

via their surface proteins. Hence, thermal denaturation of these pathogenic proteins has 

significantly been a focus in the scientific community to cure current infectious diseases. For 

example, Bashir et al. investigated the thermal sensitivity of Influenza surface protein,    
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     Hemagglutin (HA) using differential scanning calorimetry (DSC) at different pH values. The 

author reported the conformational changes on protein structure at 60.1◦ C (pH 5), at 66.2 ◦ C 

(pH 6) and at 67.9 ◦ C (pH 7.4). In similar study, Sahasrabudhe et al revealed that another 

surface protein of Influenza undergoes to denaturation after 1 h incubation at 50 ◦C 

(Sahasrabudhe, 1998). The take home message from these studies is that thermal denaturation is 

a biochemical process that is inherently linked to the morphology and genetic structure of the 

protein. To successfully master this process, we subsequently conducted several assays to 

establish the optimum treatment conditions. Our first experimental model was designed to assess 

the thermal variations with other variables, such as GNRs concentrations and the laser exposure 

time.  

     Our ELISA assay results showed that RSV titer was significantly reduced due to PTT in both 

methods. In comparison to control, we observed approximately 55 % decrease on titer that also 

stands for the inactivation of approximately 5.5 10 
-5 

virus at 5 min NIR exposure, since the 

original titer RSV was 1.10 
6
.  Even though the first method seems to more effectively inhibit 

RSV replication, second method is more practical, since the virus and cells were treated at same 

time and in same environment. However, MTT assay results showed that cell viability decreased 

to ~ 50 % with 5 min exposure. Even though our results are very promising, further optimization 

is required to target more virus and reduce the cellular damage. On the other hand, we conducted 

confocal microscopy assay to determine the mechanism of cellular damage after PTT. It has been 

clearly demonstrated that there are two modes for cell death; apoptosis and necrosis. The main 

difference between the two modes is that the integrity of the cell membrane is not maintained in 

during the process of necrosis. Loss of membrane integrity makes necrosis an undesirable 

pathway. This is because a release of intracellular contents, such as damage associated molecular 
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patterns (DAMPs) result in a detrimental inflammatory response. Only damaged cells are 

specifically engulfed by phagocytotic cell during the apoptosis (Melamed, 2015). In this study, it 

was important to determine the pathway to minimize the cellular damage. Thus, we use two 

different dyes; Calcein AM and Ethd-1 to determine the pathway. Calcein AM functions by 

emitting a green fluorescence when hydrolyzed by the esterases in live cells, since death cells 

lack of esterases. Looking at it the other way, EthD-1 emits strong a red fluorescence when it 

binds to DNA. However, EthD-1 is membrane-impermeable thus a presence of  red fluorescence 

was an indication of death cells.  The confocal microscope assay results that PTT causes cellular 

damage through the pathway of apoptosis until 5 min exposure with NIR. The observation of red 

fluorescence emission with EthD-1 following 10 minute exposure supports the conclusion that 

10 minute exposure causes cell necrosis.  

     The sensitivity of the proteins and other biological molecules to photonic energy present 

potential strategies to researchers in broad range of biomedical applications. This sensitivity has 

been applied in radiotherapy for cancer treatment that has saved millions lives throughout the 

world. Localized delivery of ionic radiation results in destructive effect on cancer cells by 

damaging their DNAs. We have significantly inspired by the mechanism of radiotherapy, since it 

is a painless treatment with minimum side effects. However, radiotherapy is localized treatment 

thus providing limited effectiveness unless combined with other treatment methods, such as 

chemotherapy. Therefore, applying radiotherapy on RSV treatment would be difficult due to a 

lack sensitivity and specificity, since the cellular replication and location of the virus is not very 

predictable. 

     Immune response results also showed that PTT has effectively reduced RSV activity. IL-8 

level increased to level of % 160 without any treatment, but it decreased to % 110 with PTT. 
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Similarly, PTT reduced the CPE of RSV by decreasing the TNF-α level from % 150 to ~ % 105. 

We have previously seen that GNRs present anti-RSV activity without any additional treatment, 

in which particles significantly decreased the both IL-8 and TNF-α levels of RSV infected HEp-

2 cells. With PTT, we observed an additional reduction % 50 for IL-8 and % 10 for TNF- α 

levels.  

     El-Sayed team successfully applied this method for the cancer treatment and they had great 

achievements with their work. This process is mainly based on the target GNRs to cancer cells, 

which grow more than normal cells that makes them detectable with high specificity. 

Conjugating the rod surface with certain peptides and antibodies specific for the cell receptors 

makes PTT very applicable and effective platform for the cancer treatment. However, our model 

required further optimization, since virus replication is intracellular process. We designed several 

platforms with various particle concentrations and different timeline for the laser exposure. Our 

results provide baseline data for the application of PTT on RSV treatment and infectious diseases 

in general, but it is also important to note that further optimization is required for the virus 

inhibition with high efficiency and minimum damage on the host. 

 

 

 

 

 

 

 

 



 
 

CHAPTER 5 

USING GOLD NANOSPHERES ON DELIVERY OF SiRNA TO VACUOLOR ATPASE (V-

ATPASE) IN RSV TREATMENT 

Abstract 

     The activity of vacuolar ATPase (V-ATPase) plays a significant role on the cellular pH that 

makes this enzyme a key component involved in the fusion of virus into the host. Several 

research laboratories have previously focused on the functionality of V-ATPase to cure different 

diseases. Physiological understanding of the relationship between V-ATPase activity and viral 

replication helped to researchers to develop accurate treatment models in biomedical application. 

Macrolide antibiotics, such as clarithromycin and bafilomycin are the examples of these 

applications. Evidence demonstrates that clarithromycin and bafilomycin target the c subunits of 

V-ATPase responsible for proton-pump activity. Hence, suspending the functionality of c 

subunit will increase physiological pH and will also hinder viral entry, since an acidic 

environment is required for viruses to fuse into the cells. Inspired by the approach targeting the 

V-ATPase for RSV treatment, we developed a treatment model using the process of gene 

silencing to temporarily block rotary activity of the c subunits on V-ATPase thus to prevent the 

binding of RSF F protein to specific small GTP proteins, such as Cdc42, RhoA and Rac 1 

proteins. Taken together, the specific objectives of this study are i) to examine the efficacy of 

siRNA to inhibit of proton pumping activity of V-ATPase and ii) evaluate the delivery efficiency 

of GNPs to transport siRNA to the c subunits of V-ATPase.  
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Introduction 

     Endocytosis of a virus starts with the recognition of the viral protein by the cell receptors 

(Wang, 2009). The host surface consists of several proteins, a proteoglycan, an oligosaccharide, 

or a glycolipid that interact with cognate viral surface components. The first encounter takes 

place between the attachment protein of the virus and the cell receptor followed by the entry of 

the virus into the host. Evidences suggests that viruses enter host via membrane fusion, genetic 

injection, or endocytosis. Only few viruses, such as HIV and herpes simplex virus penetrate 

through the plasma membrane into the cytosol of the host. Negative sense viruses as RSV have 

to convert their genomes to positive sense in the first step of their replication by RNA 

polymerases for the entire viruses to penetrate through the plasma membrane by endocytosis.  

However, the type of endocytosis that RSV follows to penetrate the cell remains unclear. There 

is some conflict among the studies as to whether RSV endocytosis is clathrin mediated 

endocytosis or it is macropinocytosis. Kolokoltsov et al. reported that RSV enters the cells via 

clathrin mediated endocytosis (Kolokoltsov, 2007). Clathrin mediated endocytosis is the process 

in which the cytoplasmic membrane engulf the extracellular components along with vesicles 

coated with polymeric lattice known as a clathrin pits. The structure of the clathrin is known as 

triskelion, which consist of three light chains and three heavy chains. Once the receptor molecule 

interacts with viral proteins, adopter protein simultaneously binds clathrin, plasma membrane, 

transmembrane receptor. Clathrin coat to inside of the membrane in where adaptor and cell 

receptors are located to pit. Then, the clathrin pit engulfs entire virus and internalizes it to cytosol 

with clathrin coated vesicles. However, Krzyzaniak disagree with this conclusion and 

investigated the pathways for the RSV endocytosis. Specifically they used different inhibitors 

that block CME, such as chlorpromazine, dynasore, pitstop-2, dyngo-4a, and dynol-34-2. They 

55 
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did not observe any inhibition for RSV replication except for Semliki Forest virus (SFV), which 

follows the CME (Krzyzaniak, 2013). Their conclusion was that RSV does not enter the cell by 

clathrin mediated endocytosis, because viruses infect the cells by micropinocytosis mediated 

mechanism. Macropinocytosis was first described by Warren Lewis in 1931 (Sawnson, 1989). 

Macropinocytosis is also known as “cell drinking” that is a non-specific endocytosis for soluble 

molecules, nutrients, antigens and pathogens. It is an actin-dependent process that starts with 

inward infolding of some of the cell ruffles to form endocytic vesicular structures called 

macropinosomes. Macropinocytosis is involved in several physiological process, such cell 

motility immuneresponse and pathogen invasion. Researchers clearly demonstrated that initial 

binding of RSV to the cell receptors was followed by engulfment by micropinocytosis for viral 

entry. It has been reported that Rho family of GTPases, subfamily of Ras superfamily, interreact 

with RSV F protein. Krzyzaniak et al. reported that among the Rho GTPase family, Cdc42 

receptor has more affinity against to RSV F protein than other family members, such as RhoA 

and Rac 1 receptors. These results have been confirmed by Swaine and Dittmar that they 

revealed that RNA viruses have very high affinity to bind to Cdc42 receptors for the endocytosis.  

 

     Viruses require certain conformation on the structure of their fusion proteins (Kolokoltsov, 

2007 Krzyzaniak, 2013). It has been reported that pH plays a significant role to provide proper 

conditions to obtain correct conformation to facilitate fusion of virus into the cytosol. Viruses 

internalize the cytosol through either early endosomes, late endosomes or endolysosomes 

depending on pH level that virus requires for the fusion. Previous studies have clearly 

demonstrated that viruses requiring relatively high pH, such as SFV and VSV fuse in the early 
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endosome, whereas those that fuse at lower pH(~ pH 5) such as an influenza virus fuse in late 

endosome.  

 

     An acidic intracellular environment is required for the organelles to function in their roles for 

cell growth and survival in general. It has been clearly demonstrated that organelle pH is 

regulated by the membrane bound compartments. These compartments are known as the proton 

pumps, or ATPases. ATPases are membrane bound ion channels, and they catalyse the reactions 

of ATP synthesis or hydrolysis (Beyenbach, 2006). ATPases produces the driving force by H 

gradient for ATP synthesis, while using ion gradient as driving force to hydrolyse ATP. Five 

different type of ATPases have been reported so far; F-, V-, A-, P- and E-ATPases (Beyenbach, 

2006, Huss 2018). F-ATPase are found in plasma membranes of bacteria, in the thylakoid 

membranes of chloroplasts, and in the inner membranes of mitochondria. 
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Figure 19. Structure of V-ATPase. 

 

     Similarly, A-ATPases also function as reversible ATPase thus these protein compartments 

have a capability of both synthesizing and hydrolyzing the ATP. However, A-ATPases are found 

in harsh environments, such as Archaea species (Huss, 2018). On the other hand, V-ATPase, 

found in endosomes, lysosomes, and secretory vesicles, only hydrolyzes the ATP to produce H 

gradient. P-ATPases are found in bacteria and different eukaryotic plasma membrane and are 

involved in transportation of variety of different compounds, such as ions and phospholipids. P-

ATPase is also responsible for acid secretion in the stomach. E-ATPases differ by locating on 

cell surface and by hydrolyzing the NTPs in addition to ATPs (Beyenbach, 2006).  
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Materials and Methods 

 

     Materials 

     Chlorauric acid (HAuCl4) (Thermo Fisher Scientific, Waltham, MA), trisodium citrate 

(Na3C6H5O7) (Thermo Fisher Scientific, Waltham, MA), HS-PEG5000-NH2 (Laysan Bio, Inc, 

Arab, AL), Minimal Essential Medium supplemented with 2 mM L-glutamine (Fisher, Grand 

Island, NY), small interfering RNA (siRNA) (Fisher, Grand Island, NY), 5,000 units/mL 

Penicillin Streptomycin,  (LysoTracker Deep Red (Fisher, Grand Island, NY Fisher, Grand 

Island, NY), horseradish peroxidase (HRP) conjugated goat anti-RSV antibody (Millipore, 

Billerica, MA), o-Phenylenediamine (OPD) substrate (Sigma-Aldrich, St. Louis, MO), All other 

analytical grade chemicals used in this study were purchased from Fisher Scientific (Norcross, 

GA). 
 

Methods 

Synthesis of Gold Nanospheres 

  Gold nanopspheres of 21 nm in size were synthesized using the Turkevich method [31, 32] 

modified by Frens [33, 34]. Briefly, 2 M an aqueous solution of chlorauric acid (HAuCl4) 

(Thermo Fisher Scientific, Waltham, MA) was heated to the boiling point, and 2 M trisodium 

citrate (Na3C6H5O7) (Thermo Fisher Scientific, Waltham, MA) was quickly added. The solution 

was vigorously stirred.  because of the reduction of HAuCl4, the yellowish color of the solution 

changed to red indicating the formation of GNSs. The size and zeta potential of the particles was 

determined by Zeiss Zeta Sizer/potential (Malvern Instruments, Worcestershire WR14 1XZ, UK) 
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     Preparation of PEG-functionalized Gold Nanospheres 

     GNSs were conjugated with bi functional a HS-PEG5000-NH2 (Laysan Bio, Inc, Arab, AL). 

Briefly,1.2 mL of a 3.75 mM aqueous HS-PEG-NH2 solution was added to 3 mL of an aqueous 

suspension of GNPs (26 nM). A volume of 1.8 mL H2O was added to make a total volume of 6 

mL. The reaction mixture was immediately vortexed and then incubated at 4 °C overnight, 

followed by centrifuging at 14,000 rpm for 5 min. The supernatant was carefully collected and 

centrifuged two more times to remove the unconjugated GNPs.  

     Conjugation of GNPs to Si-RNA oligonucleotides 

     SiRNAs were treated with 0.1M dithiothreitol (DTT) in 0.1M NaHCO3 at room temperature 

for 1 h to activate the thiol terminal groups. Extra DTT was extracted with ethyl acetate. The 

activated thiol oligonucleotides were mixed with GNSs in a ratio of 0.009 mmole gold 

nanoparticles to 1.8 mmole oligonucleotides incubated at – 4 ◦C overnight. Then, siRNA-GNSs 

conjugates were mixed with 10 mM phosphate buffer, 0.1M NaCl, pH 7.0 for 12 h. Then, 

mixture was centrifugated (25 000g) and pellet was washed with 10 mM phosphate buffer, 0.1M 

NaCl, pH 7.0 three times. Final product was stored in a 10mM phosphate buffer, 0.3 M NaCl, pH 

solution.  

     Anti-RSV Activity 

     HEp-2 cells were seeded on two 96-well plates and once the cells reached to 60-70 % 

confluency, cells were treated SiRNA-GNP conjugates (Day 1). 48 h after the infection, cells 

were infected with RSV at MOI of 0.01 (Day 3). Plates were monitored daily under the light 

microscope to observe cell viability and CPU of RSV. On day 6
th

, plate I was fixed with Met-OH 

for the ELISA assay to determine the infectivity titer of RSV as described above. For the MTT 
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assay, medium was removed from the well on plate II and wells were rinsed 3 times with PBS 

buffer. Next, 20 𝜇L of MTT solution (5 mg/mL) (Fisher, Grand Island, NY), in endothelial basal 

medium (EBM)-phenol red free (100 𝜇L) was added into each well and allowed to react for 4 h 

at 37 °C.  After 4 h incubation, medium was removed and 200 µl DMSO was added on each 

well, and an absorbance values were measured at 595 nm by ELISA plate reader. Along with 

ELISA and MTT assays, immunofluorescence microscope samples were prepared by following 

the same steps but on 12-chamber slides using FITC conjugated polyclonal antibody. 
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            Results 

       

 

 

Figure 20. Zeta potential and zeta sizer values of siRNA conjugated GNSs. GNSs were 

suspended in 3 ml of deionized water (pH 7.0), transferred to a zeta potential measurement 

cuvette and measured with injection order (1 psi for 5 s) injection order and neurotransmitters 

(10 kV for 10 s).  Values were captured using Phenom Pure Desktop with x7,500 (view angle 

was 28.7), accelerating voltage of 20kV. 
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Figure 21. Reduction of RSV titer after treatment with siRNA-GNSs.    

                        

Figure 22. Cell viability after treatment with siRNA-GNSs. 
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Figure 23. After treatment with siRNA-GNP a) IL-8, and b) TNF- α levels. Data are means ± 

SEM.
*
indicates significant difference in viral load for Virus alone compared with siRNA-GNS 

transfected HEp-2 cells. Significance (p<0.001) was determined by one-way analysis of variance 

(ANOVA) and post-hoc Tukey's HSD test. 
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Figure 24. Confocal images of HEp-2 cells stained with lysotracker A) without siRNA treatment 

and B) with treatment. 

 

 

 

 

 

 

 

Figure 25. Inhibition of RSV protein with siRNA-GNS treatment illustrated with immunofluorence 

microscope images; A) PBS, B) RSV and C) RSV-siRNA treated HEp-2 cells. Cells were visualized with a 

Nikon fluorescent microscope (Model Ti-U Phase, Lewisville, TX). 

A) B) 

 

  

  

(A)                                                    (B)                                                         (C) 
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     Discussion 

     Since RSV fuse in early endosomes, we focused on the functionality of endosome membrane 

bound V-ATPase. V-ATPase consists of 13 subunits localized into the two domains; V0 and V1 

domains (Beyenbach 2006).  V-ATPase is involved at many physiological processes, such as pH 

homeostasis, coupled transport, and tumor metastasis, so that researchers developed conceptual 

models targeting V-ATPase on purpose of the treatment of different diseases. The activity of V-

ATPase has received a great attention by biomedical researchers to cure several diseases. 

Evidences stated that malfunction of V ATPase cause diseases, such as osteopetrosis, male 

infertility or renal acidosis. On the other hand, the functionality of V-ATPase is inhibited for 

treatment purposes. For example, Bafilomycin and Concanamycin are the two main inhibitors 

elucidating the activity of V-ATPase. These macrolide antibiotics are specific for the c, c
’
 and c

’’
 

subunits that function as rotary motors within V0 segment. Blocking the rotation of c subunits 

also downregulates the proton pump activity of V-ATPase that results in increase on pH level 

thus affecting several physiological processes, such ligand-receptor interactions. Previously, 

RSV fusion has been reported as a pH-independent process that occurs in early endosomes. 

However, Asada et al conducted an interesting study, in which they investigated the efficacy of 

Bafilomycin and Concanamycin on V-ATPase in regard to inhibit the RSV replication on HEp-2 

cells, and they concluded that both of these macrolide antibiotics significantly dysregulated the 

activity of RhoA receptor protein resulted in a significant decrease on RSV titer (Asada, 2009). 

They also reported that treatment with Bafilomycin and Concanamycin reduced the cytokine 

level, such as Il-6 and Il-8 level after RSV infection. Take home message from this study is that 

RSV fusion might be pH independent but variations of pH level temporarily blocks the 

disassociation of ligand-receptor complex in early endosome that leads the delay on RSV 

https://en.wikipedia.org/wiki/PH
https://en.wikipedia.org/wiki/Homeostasis
https://en.wikipedia.org/wiki/Metastasis
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replication and effects the cellular immune response. More specifically, we hypnotize that RSV 

is temporarily seized in early endosome due to disassociation of RSV F protein with Rho family 

of GTPases that allows host to have more time to develop cellular response against to RSV 

replication.  

     We followed the Turkevich method to prepare the GNSs and analyzed their morphology with 

Zeta potential/sizer and TEM. Zeta values allowed us to follow the conjugation of particles with 

PEG and siRNA. Size of the bare particles was 21.33 nm in diameter and zeta potential values 

were -33.7 mV due to sodium citrate residues on the top of the particles. Conjugating the 

particles with PEG resulted in approximately 25 nm increase in diameter and surface charge 

turned to + 0.78 mV due to amine terminated PEG coating on the particles. Therefore, we 

observed negative charge, - 4.24 mV when we conjugated the particles with siRNA and particle 

size around 66 nm in diameter. According to zeta values, we successfully conjugated siRNA to 

GNS.  

     In this study, our main objective was changing the cellular pH by blocking the proton 

pumping activity of V-ATPAse to slow down RSV entry thus allowing host more time to 

develop immune response to against to RSV infection. We investigated the accuracy of the study 

in three steps. As described above, in first step we measured the differences on zeta values on 

each reaction. Then, we determined the efficacy of the delivery of the particles and track the 

process of gene silencing by measuring the chance on cellular pH, because our main goal with 

siRNA was blocking rotary activity of c subunit of V-ATPase thus reduce cellular pH. Recent 

studies clearly demonstrated that Lysosome function at pH 4.5-5, so that we measured lysosome 

activity with our treatment. We stained the lysosome with lysotraker red to evaluate the efficacy 

of gene silencing in terms of blocking the proton pump activity of V-ATPase under confocal 
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microscope. We observed a significant decrease on signal intensity values of the samples that 

had been treated with siRNA-GNS complexes. Moreover, there is a strong association found 

between blocking the lysosome activity and reducing the RSV severity, specifically, treatment 

resulted in ~ 80 % decrease on RSV titer that also corresponded with immune response study, in 

which both IL-8 and TNF-α values reduced in response to siRNA-GNS treatment. These results 

showed that interruption of proton pump activity through the process of siRNA delivery and 

gene silencing successfully reduced the CPE of the RSV. 

.  

     Over the decades, systematic scientific studies are being conducted to develop the alternative 

treatment methods for diseases due to the paucity of current strategies. Several attempts have 

been reported to minimize the cytotoxicity and the side effects of the curative compounds in 

scientific community. It is significantly desired to develop the effective treatment with high bio-

viability and capability for the excretion. A number research laboratories reported the success of 

gene silencing technology resulted in several publications describing the efficacy of RNA 

interfering (RNAi), which is also known as short interfering RNA or silencing RNA. Gene 

silencing is basically a process of reducing at least 70 % of expression of certain genes by 

preventing the production of mRNA with antisense oligonucleotides, such as, CRISPR, 

or siRNA that has commonly been used in treatment of cancer, infectious diseases 

and  neurodegenerative disorders in biomedical research (Qureshi, 2018). Obbard et al revealed 

that RNAi plays multifunctional roles against to viral infection, in which treatment with RNAi 

can be used to degrade viral RNA or RNAi function as manipulating the genetic code that targets 

the viral mRNA (Obbard, 2009). In our study, we designed the approach to use RNAi to 

temporarily block the rotary function of c subunit of V-ATPase in order to block the proton 

https://en.wikipedia.org/wiki/CRISPR
https://en.wikipedia.org/wiki/SiRNA
https://en.wikipedia.org/wiki/Neurodegenerative_disorders
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pump thus increase the physiological pH. As mentioned before, Asada and coworkers revealed 

the role of V-ATPase on RSV replication and preventing the functionality of V-ATPase by 

Bafilomycin and Concanamycin significantly reduced the RSV replication. To evaluate the 

accuracy of our platform, we conducted confocal microscopy assay, in which we stained 

lysosome with lyso-tracker deep red to determine the functionality of lysosome during our 

treatment. We observed decrease on signal intensity with our siRNA-GNSs treatment, so we 

concluded that we successfully delivered siRNA and temporarily block the proton pump thus 

increase the cellular pH to block endocytosis of RSV. Therefore, we observed decrease of RSV 

titer in assays, ELISA, ELISpot, and immune fluorescence microscopy due to success of our 

treatment model. 

 

 

 

 

 

 

 

 

 

 

 



70 
 

 
 

SUMMARY AND CONCLUSION 

 

     Several studies clearly demonstrated that biological activities of GNPs are significantly 

affected by particles shape; however, we are the first to report anti-RSV efficacy of two different 

shape of GNPs. In our first project, we concluded that both GNRs and GNSs have inhibitory 

efficacy on RSV replication, but functionality of these particles is significantly surface chirality 

and shape dependent, in which GNRs prevents the RSV infections more than GNSs due to the 

positively charged elongated surfaces and hydrophobic nature of the particles. The majority of our 

second study was to develop new beneficial antiviral treatment model with an advanced efficacy and 

minimum side effects. No current technology can suggest either GNRs or the photothermal therapy on 

antiviral treatment for the clinical trials yet thus we believe that we initiated the new complimentary 

way to hinder the RSV replication that will presumably be a welcome addition to the methodological 

repertoire of scientific community. However, we conclude that this platform needs to be studied more 

in-depth in vivo and in other type of research models for the accurate validation and development of 

possible clinical applications. A deterministic goal of our third and last study was evaluating the 

efficacy of siRNA on V-ATPase thus reducing RSV replication and the causality and dynamic of 

gold nanoparticles as anti-viral agents. Unique properties of GNPs have been highlighted several 

times by the scientific community, because these particles are advantageous over other type of 

nanoparticles in terms of many reasons, such as specificity, versatility, toxicity etc. Variabilities 

on their functions depending on their morphologies have received a profound attention in 

biomedical research last few decades. Sphere shaped GNPs have been used as the delivery 

agents by number of research laboratories for the treatment of different diseases, such alzemeir, 

cancer and infectious disease. Evidences clearly stated that unique motion capability, stability 

and an ease of conjugation of GNPs provides a facilitated transportation for the therapeutic 
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agents, such as peptides, antibodies, drugs etc. In addition to duty of siRNA delivery, our 

approach includes to use GNSs as anti-RSV agents that we have reported in our previous study. 

Recap that our treatment model is combinational therapy, in which we use GNSs the stable and 

sufficient delivery of siRNA to c subunits of V-ATPase in order to prevent proton pump thus 

chance physiological pH and manipulate the RSV-host interfere, and ii) we apply GNSs to block 

to RSV replication.   

     This study overall focus on the development of a set of therapeutic strategies and an 

establishment of a new clinical platform for RSV treatment. Since there had been no underlying 

study to compare antiviral activity of GNPs based on the morphological variation, we believe 

that our study coupled with analytic sensitivity and specificity will offer new diagnostic 

strategies for the RSV treatment that will be very important for clinical and public health care to 

develop potential diagnostic treatments and strategies for commercial product development. 
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