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DEEPAL VORA 

FORMULATION AND ENHANCEMENT STRATEGIES FOR DECONTAMINATION 

AND DRUG DELIVERY INTO HEALTHY AND DISEASED SKIN 

Under the direction of Dr. AJAY K. BANGA 

Professor and Department Chair, Pharmaceutical Sciences 

Mercer University, Atlanta GA 

 

 

Despite the significant benefits of the oral and intravenous route of drug 

administration, there are many problems, such as first-pass metabolism and invasiveness, 

ultimately leading to poor patient adherence. In the past few decades, it has been 

established that transdermal drug delivery provides many advantages compared to other 

drug administration routes. The transdermal route allows drug substances to reach the 

systemic circulation directly across the skin barrier, thereby increasing bioavailability and 

patient compliance. Developing transdermal delivery systems that fit into the routine and 

lifestyle of end-users is critical to the success of a biomedical intervention.  

Topical and transdermal drug delivery has been studied extensively, mainly on 

intact/healthy skin. But it is equally relevant to evaluate the enhancement or retardation 

of these molecules into and across damaged skin. In vitro investigation of healthy and 

diseased human skin would provide a better understanding of the effect of diseases on 

drug permeation or retention. Hence, our research focused on studying the extent of 



 

 
xix 

 

absorption and retention of methotrexate into and across healthy as well as diseased 

human skin. We also screened physical enhancement techniques such as microneedle and 

iontophoresis to enhance methotrexate delivery into and across the skin.  

Other aims of our research focused on screening chemical enhancement 

techniques to evaluate the enhancement in the delivery of olanzapine and raloxifene 

across the skin. We used chemical enhancers such as oleic acid, oleyl alcohol, and 

isopropyl myristate that can disrupt the lipid packing of skin and increase the drug 

partitioning into and delivery across the skin. Based on these findings, we formulated 

different transdermal delivery systems for the sustained delivery of olanzapine and 

raloxifene according to their different physicochemical properties, dosage regimen, and 

as feasible for their indications.  

Our last aim focused on chemical warfare agents that are toxic blister-causing 

agents developed a century ago that continues to be a potential threat to public health. 

Our strategy was to develop a foam-based formulation loaded with antidotes that can 

rapidly and effectively decontaminate the chemical warfare agent from skin. This can be 

a promising strategy to attenuate cutaneous damage and thereby treat lewisite toxicity. 
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CHAPTER 1 

INTRODUCTION

 

The skin is a complex, multilayered structure extending over a wide area in the 

human body with a primary role of acting as an impermeable barrier between the internal 

and external environment(Banga, 2011). However, skin has been explored as a site for 

the topical and transdermal administration of various actives for localized delivery in skin 

and delivery into systemic circulation, respectively. In the past few decades, it has been 

increasingly recognized that transdermal drug delivery provides many advantages as 

compared to other routes of drug administration. A drug molecule can directly enter the 

systemic circulation via transdermal delivery system, and hence it has been an attractive 

route of drug delivery for molecules that undergo extensive first-pass metabolism. 

Various physical and chemical enhancement strategies can be used to effectively enhance 

the delivery of various actives into and across the skin(Dandekar et al., 2022; Nguyen et 

al., 2018; A. Puri et al., 2016). Physical enhancement strategies such as 

microneedle(Scop et al., 2012), iontophoresis(Ita, 2016), sonophoresis(Münch et al., 

2017), and laser ablation(Sklar et al., 2014) have been widely explored in literature. 

Strategies evaluated in this dissertation include various enhancement and 

formulation strategies for decontamination and delivery of various pharmaceutical actives 
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into and across healthy and diseased skin. The specific objectives explored in this 

dissertation include i) Microneedle and iontophoresis mediated delivery of methotrexate 

into and across healthy and psoriatic skin, ii) Development and evaluation of a drug-in-

adhesive transdermal delivery system for delivery of olanzapine, iii) Formulation 

development for transdermal delivery of raloxifene, a chemoprophylactic agent against 

breast cancer, and iv) Investigating critical parameters for using phenylarsine oxide as a 

surrogate for arsenicals and development of a topical foam formulation for 

decontamination of warfare agents. 

Psoriasis is a condition of the skin which involves scales, dry patches, and 

inflammation. Methotrexate (logP:-0.236, MW:454.44g/mol) is an antimetabolite 

administered orally or intravenously to treat psoriasis. However, it is associated with 

undesirable systemic side-effects such as hepatotoxicity, suppression of bone marrow 

function, nausea, vomiting, and fatigue. Liver damage is a serious long-term effect 

observed from methotrexate therapy (Tiwari et al., 2003; Tung & Maibach, 1990). The 

first-pass metabolism and systemic side effects associated with these delivery routes can 

be avoided by transdermal delivery. Methotrexate is a small molecular drug with a log P 

of -0.236 and has a negative charge at physiological pH (Chemicalize - Instant 

Cheminformatics Solutions, 2019). These physicochemical properties make it an ideal 

candidate for microneedle and iontophoretic drug delivery (Banga, 2011). In this study, 
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we investigated the topical and transdermal delivery of methotrexate using iontophoresis 

and microneedles (MN) alone and in combination. Limited information is available on 

the extent of increased absorption and any associated adverse risks on diseased skin for 

methotrexate. Hence, we further investigated and compared the iontophoretic delivery of 

methotrexate using healthy and psoriatic human skin to understand the effect of skin 

disease conditions on topical and transdermal delivery. 

Psychosis is a prominent symptom in schizophrenia and neuropsychiatric 

manifestation of Alzheimer’s disease, occurring in approximately 50% of patients 

affected by the same(White & Cummings, 1996). Antipsychotic medications can broadly 

be classified into typical and atypical antipsychotic medications. However, it is well 

known that many typical antipsychotic medications have a high risk of side effects which 

can be severe. In response to these, newer or second-generation antipsychotic 

medications called ‘atypical antipsychotics’ were approved for use(Breier & Berg, 1999; 

What Medications Are Used to Treat Schizophrenia?, 2022). Atypical antipsychotic 

medications such as clozapine, risperidone, and olanzapine have been the approved 

therapy for the acute and maintenance treatment of schizophrenia, as well as psychosis in 

bipolar disorder, depression, and Alzheimer’s disease(Leo & Del Regno, 2000). 

Extrapyramidal side effects are a major reason for the treatment discontinuation of other 

atypical antipsychotic drugs(Citrome et al., 2019). Olanzapine is associated with lower 
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incidences of extrapyramidal symptoms than other commonly prescribed atypical 

antipsychotics(Citrome et al., 2019). Additionally, the physicochemical properties of 

olanzapine are suitable for transdermal drug delivery, thereby having the potential to 

overcome all the above-mentioned problems(Abruzzo et al., 2019). Thus, in this study, 

the objective was to develop a transdermal delivery system that can exert a slow and 

sustained release of olanzapine for three days. The transdermal delivery system will be 

non-invasive, improve patient adherence, and reduce the drug abuse potential. Thus, the 

development of a transdermal system for sustained delivery of olanzapine would be of 

high clinical relevance. 

The American Cancer Society estimates approximately 1 in 8 women (13%) are 

diagnosed with invasive breast cancer in their lifetime, with an alarmingly high mortality 

rate of 1 in 39 women (3%)(American Cancer Society, 2019). Originally developed as an 

oral medication to treat osteoporosis in postmenopausal women, in 2007, the U.S. Food 

and Drug Administration (FDA) approved the use of raloxifene hydrochloride (RLX-

HCl) to reduce invasive breast cancer risk in postmenopausal women with osteoporosis 

and/or at high risk for breast cancer. RLX-HCl is a second-generation selective estrogen 

receptor modulator(Cummings et al., 1999; Delmas et al., 1997) and is most popularly 

administered as 60 mg oral tablets for daily dosing. However, owing to its poor systemic 

delivery (2% absolute bioavailability)(Scott et al., 1999) and commonly-reported adverse 
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events such as hot flashes, leg cramps, and peripheral edema(American Cancer Society, 

2019; Cummings et al., 1999; Delmas et al., 1997; Scott et al., 1999), adherence to oral 

intake of RLX-HCl is limited to <1% of the target population in the U.S(American 

Cancer Society, 2019; Waters et al., 2012). In this study, our aim was to administer 

raloxifene (RLX) via the topical or transdermal route to bypass first-pass metabolism and 

thereby increase its delivery. Additionally, by providing weekly, sustained, and localized 

delivery in breast tissue, better compliance and effective chemoprevention of breast 

cancer can be achieved with a lower incidence of systemic side effects (Lazzeroni et al., 

2012; Ashana Puri et al., 2019). 

Chemical warfare agents such as lewisite (MW: 207.32 g/mol, clogP: 2.5), 

diethylchloroarsine (MW: 168.50 g/mol, clogP: 2.4), and diphenylcyanoarsine (MW: 

255.0 g/mol, clogP: 3.84) (Chemicalize - Instant Cheminformatics Solutions, 2019) are 

toxic, blister-causing and painful agents developed a century ago that continues to be a 

potential threat to public health. Therapeutic strategies that safely and effectively 

attenuate this damage are urgently needed. However, the laboratory use of highly toxic 

and hazardous arsenicals can be a major problem and is a major impediment to 

therapeutic development. Phenylarsine oxide (PAO) (MW: 168.02 g/mol, clogP: 1.67), a 

strong oxidant with physicochemical properties(PubChem, 2022) similar to other 

chemical warfare agents, has been established as a surrogate for these blistering 
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arsenicals(Srivastava et al., 2016). Investigation of various critical parameters for 

assessing percutaneous absorption of arsenicals using phenylarsine oxide as a surrogate 

becomes a precursory step to further formulation development. Hence, in this study, we 

conducted various studies for the investigation of parameters for using phenylarsine 

oxide as a surrogate for lewisite and other arsenicals. In this study, we also aimed to 

develop a therapeutic formulation for the effective decontamination of arsenicals from 

the skin to attenuate the cutaneous damage caused by arsenicals. We developed a foam-

based formulation since foam formulations can be an easily spreadable formulation with 

no greasy residue, and no rubbing would be needed for inflamed skin or sensitive 

skin(Abram & Hunt, 2008) as in the case of skin exposed to chemical warfare agents.  
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CHAPTER 2 

LITERATURE REVIEW

Topical and Transdermal Drug Delivery 

Structure of skin 

With a surface area of approximately 2 m2, skin is the largest organ of the body. It 

is a multilayered structure with the primary purpose of acting as the body’s protective 

barrier from the external environment(Prausnitz et al., 2012). Skin is composed of 

epidermis, dermis, and the subdermal tissue. The epidermis is the outermost layer, 

followed by inner dermis, continuing to the subdermal fat layers (hypodermis). The total 

thickness of skin is about 2 to 3 mm. The stratum corneum (10 to 15 µm) forms the 

principal barrier to the penetration of drugs since most of the epidermal mass is 

concentrated in the stratum corneum(Banga, 2011). Stratum corneum is composed of 10 

to 15 layers of dead, flattened, cornified cells. The entire epidermis is avascular but is 

supported by the vascularization in the underlying dermis. The dermal layer also consists 

of a network of connective tissue and lymphatic vessels. Various appendages in skin 

embedded in dermis include hair follicles, sebaceous glands, and sweat glands(Illel, 

1997). 
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Topical and Transdermal Drug Delivery 

The primary purpose of the skin is to act as an impermeable barrier for the body 

from all foreign agents. However, scientists have now recognized that this impermeable 

barrier can be used to deliver various pharmaceutical actives locally into the skin and also 

into systemic circulation. In the past decades, various topical formulations such as gels, 

creams, ointments, and other semisolid formulations have been developed for local 

delivery of drugs into skin(Ajazuddin et al., 2013). Also, many transdermal formulations, 

such as transdermal patches, have been developed for the systemic delivery of drugs. 

Hepatic first-pass metabolism is a major hurdle for the drugs taken orally. The 

transdermal route bypasses the hepatic first-pass metabolism since the drugs reach 

systemic circulation directly through skin. For drugs with shorter half-lives, transdermal 

delivery offers continuous administration, like an intravenous infusion(Banga, 2011). 

However, transdermal delivery does not involve the use of a needle and hence eliminates 

the need for trained personnel for intravenous administration. Self-administration and 

termination of therapy can be obtained via transdermal delivery, which ultimately leads 

to better patient compliance. For some drugs, administration via skin can reduce systemic 

exposure and thus reduce the adverse side effects associated. Additionally, dose 

modulation and sustained delivery of various drugs can be designed using strategies for 

transdermal delivery.  
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Ideal properties for topical and transdermal drug delivery 

The physicochemical properties of a molecule, such as partition coefficient, 

molecular weight, melting point, and ionization potential, can significantly affect the 

permeation into and across the skin. Generally, a drug with moderate lipophilicity 

(typically logP of 1 to 3) has significant passive permeation into the skin and the ability 

to diffuse out of the skin into the systemic circulation(Banga, 2011). Other important 

parameters include melting point (less than 250 °C), molecular weight (less than 500 Da), 

and a unionized drug molecule. A lower melting point leads to a higher solubility of the 

drug in skin and a higher flux across the skin. A potent molecule with a low dose, short 

half-life, and a wide therapeutic window can be suitable for transdermal delivery.  

Factors affecting delivery into and across skin 

Various factors play an essential role in determining the transdermal flux of a drug 

molecule, such as evaporation of volatile vehicle in the formulation, incorporation of 

penetration modifiers or solubilizers, and water component. It is essential to conduct 

studies that will enhance the understanding of the effect of metamorphosis of 

dermatological drug products and other simulated formulations on skin absorption and to 

evaluate the local and systemic efficacy of various drug molecules following application 

on skin. It is widely known that vehicles/co-solvents tend to undergo evaporation and 

absorption simultaneously and affect the permeation of drug molecules through the skin. 
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Gujjar et al. have demonstrated the influence of a hydrophilic versus a lipophilic vehicle 

on the permeation of a model drug diclofenac diethylamine across in vitro models 

simulating compromised skin(Gujjar & Banga, 2014b). A larger proportion of topical and 

transdermal product vehicles on the market contain significant amounts of volatile vehicle 

ingredients (e.g., ethanol, dimethylsiloxane, water, propylene glycol). The presence of 

these vehicles in the formulation and their interactions with skin can significantly affect 

the dermal and transdermal delivery of a pharmaceutical or cosmetic active.  

Additionally, factors such as drug concentration in the vehicle, surface area, skin 

hydration, skin temperature, and site of application can affect the percutaneous 

absorption of drugs(Subedi et al., 2010). Lastly, an increase in water content in the 

stratum corneum (skin hydration) can also increase transdermal delivery of the drug. 

Pharmaceutical and cosmetic formulations increase skin hydration by occlusion (e.g., 

ointments, w/o emulsions) or by providing water to the stratum corneum (e.g., o/w 

emulsion). However, vehicles such as glycerol can be hygroscopic, which decreases the 

water content in the skin with penetration retardation(Otto et al., 2009). 

Saturation solubility and thermodynamic stability 

Concentration gradient remains one of the major factors affecting the performance 

of topically applied products. The permeation of drugs into and across skin increases with 

an increase in the degree of saturation owing to an increased concentration 
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gradient(Surber & Knie, 2018). Further, the thermodynamic activity of the drug in the 

vehicle describes the escaping tendency of the drug from the vehicle into the skin, which 

is the driving force for drug permeation. The thermodynamic activity is unity when the 

drug is at its saturation concentration in the vehicle. On the other hand, when a 

formulation is supersaturated, the thermodynamic activity exceeds unity, and the flux is 

further increased.  

This underlines the importance of the degree of saturation of drug in a topical 

formulation. One of the ways topical formulations undergo metamorphosis is by 

supersaturation of formulation post application. In contrast to chemical penetration 

enhancers, which facilitate transport by perturbing SC barrier function, supersaturation is 

hypothesized to act directly on the drug and to increase skin permeation without 

alteration of SC architecture(Moser et al., 2001). Although supersaturation is known to 

enhance the delivery of drugs, the effect of drug saturation in metamorphosis of topically 

applied products is not studied to a greater extent. 

The main limitation of supersaturated systems is related to their thermodynamic 

instability leading to drug crystallization in the vehicle. The addition of anti-nucleating 

agents can be functional to inhibit recrystallization and stabilize the supersaturated 

vehicle. Jain and Banga investigated the ability of various additives such as poloxamer, 
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polyvinyl pyrrolidone, and copovidone to inhibit the crystallization of two model drugs, 

captopril, and levonorgestrel, in transdermal delivery systems(Jain & Banga, 2010).  

Skin condition 

Another important criterion determining the absorption of drug molecules and 

vehicle influence is the skin condition. Wherein the prevalence of skin disease leads to 

compromised skin barrier that can potentially cause variation in permeation of drug 

molecules into and across skin. Recent work by Bhattaccharjee et al. in collaboration 

with CFD Research Corporation, supported by the National Institutes of Health/Food and 

Drug Administration, has successfully compared variation in permeation using a model 

drug hydrocortisone across eczematic, psoriatic, and healthy human skin (Dasht Bozorg 

et al., 2021). The effect of inflammatory disease conditions on skin characteristics and in 

vitro delivery of hydrocortisone upon topical administration was successfully evaluated 

for the first time. They observed that the amount of hydrocortisone retained in psoriatic 

skin was significantly higher compared to healthy skin, which suggested that barrier 

dysfunction and the structural changes in afflicted skin can have a substantial effect on 

drug permeation profile into/across diseased skin.   

In vitro permeation testing (IVPT) 

It is becoming more widely accepted that IVPT using human dermatomed skin 

mounted in diffusion cells is an effective method for proving the bioequivalence of 
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topical dosage forms. Indeed, regulatory organizations, including the US Food and Drug 

Administration, the European Medicines Agency, and the US Environmental Protection 

Agency (FDA), have encouraged the development of such data(US Food and Drug 

Administration, 2016). The diffusion cell assembly has been suggested as a reliable and 

reproducible method for measuring drug release and drug permeation from various 

topical and transdermal dosage forms(USP, 2014). Vertical Franz diffusion cells are the 

most commonly used assembly for IVPT studies. Each vertical diffusion cell has a donor 

and receptor chamber separated by a membrane (synthetic membrane or excised skin) 

and clamped to be held together(USP, 2014).  

Skin models  

A crucial step in the analysis of dermal or transdermal delivery systems is the 

determination of molecules' percutaneous penetration(Banga, 2011). The in vivo human 

assessment is the most suitable setting to conduct the assessment if the actives are meant 

to be administered to humans. However, due to ethical, practical, or economic 

considerations, conducting in vivo human studies may not be possible for the 

development of products. Hence, finding alternatives that use readily available and 

repeatable alternatives for in vivo human skin is important(Schmook et al., 2001). Ex 

vivo human skin, typically collected from cadavers or plastic surgery patients, ex vivo 

animal skin, and artificial skin models are only a few of the models that have been 
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developed by researchers. Excised human skin is the best surrogate for in vivo human 

studies; however, it may have limitations such as less availability and more 

variability(Abd et al., 2016).  

Skin integrity testing 

Each skin section dosed in the IVPT study should be qualified using appropriate 

test procedures to evaluate the stratum corneum barrier integrity. Evaluation of skin 

electrical resistance, trans-epidermal water loss (TEWL), and tritiated water permeation 

are some of the acceptable barrier integrity tests as per regulatory authorities(US Food 

and Drug Administration, 2016). The skin barrier integrity test conditions and acceptance 

standards should be supported by references to the literature review or other standardized 

data. 

Transdermal delivery systems 

Transdermal delivery systems (TDS) are delivery systems formulated to deliver 

drugs systemically by applying on the skin. TDS can be broadly classified into two types, 

namely matrix type and liquid or gel reservoir type delivery systems(FDA, 2019). Matrix 

type TDS includes the drug dissolved or suspended in a blend of various components 

such as adhesives, enhancers, softeners, and many others. A blend of all components is 

made and cast to form the TDS. Matrix type drug in adhesive TDS have been developed 

and evaluated for many drugs in the literature, and there are multiple FDA-approved TDS 
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products as well. Jung et al., in their study, have developed and evaluated a drug in 

adhesive matrix type TDS for fluoxetine and have demonstrated feasibility and effective 

transdermal delivery of fluoxetine from in vitro and in vivo evaluations(Jung et al., 2015). 

Another study by Park et al. demonstrated the investigation of various formulation factors 

affecting in vitro and in vivo characteristics of a galantamine transdermal system. They 

conducted screening studies for various components and parameters of the matrix type 

TDS, such as adhesives, chemical enhancers, drug loading, and drying time and stability 

studies, followed by in vitro and in vivo evaluations (Park et al., 2012). 

On the other hand, for a reservoir-type TDS, a liquid or semisolid formulation is 

heat-sealed to form a reservoir to entrap the formulation between the backing membrane 

and the semi-permeable membrane(FDA, 2019). However, some safety risks are 

associated with reservoir-type TDS due to leakage issues(Prodduturi, S., Sadrieh, N., 

Wokovich, A. M., Doub, W. H., Westenberger, B. J., & Buhse, 2010). Shen et al. 

successfully determined the feasibility of delivering tetramethyl pyrazine from a 

reservoir-type transdermal delivery system. The reservoir contained a drug-loaded 

Carbopol gel, and the TDS showed about 17-fold enhancement due to the presence of 

chemical enhancers in the gel as compared to passive permeation(Shen et al., 2013).  
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Permeation enhancement strategies 

The stratum corneum is the major rate-limiting step for the topical and transdermal 

delivery of various drugs. Chemical and physical enhancement strategies have been 

widely explored in the literature for the enhancement in delivery of various 

pharmaceutical actives.  

Chemical enhancement techniques 

The incorporation of penetration modifiers affects the skin barrier properties by 

either diffusing into the stratum corneum and altering the solubility properties of the skin 

for the active (e.g., Transcutol®- diethylene glycol monoethyl ether) or disrupting the 

lipid packing of the stratum corneum (e.g., oleic acid). Puri et al. have demonstrated the 

feasibility of incorporating chemical enhancers to enhance the permeation of PAL-353 

into and across the skin (Ashana Puri et al., 2017). Bhattaccharjee et al. conducted a 

study on transdermal delivery of breakthrough therapeutics for the management of post-

partum depression, including formulation strategies such as incorporating solubilizers 

such as Transcutol® and development of formulations such as microemulsions (S. A. 

Bhattaccharjee et al., 2020).  Williams and Barry have elaborately described how various 

chemicals such as sulfoxides, azones, pyrrolidones, fatty acids, alcohols, fatty alcohols, 

glycols, surfactants, urea, terpenes, and phospholipids have been extensively used as 
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chemical penetration enhancers for topical and transdermal delivery of drugs(Williams & 

Barry, 2004). 

Physical enhancement techniques 

In spite of using various formulations and chemical enhancement strategies, the 

therapeutic levels for many drugs are not realistically achieved. These challenges of 

topical and transdermal drug delivery are addressed most commonly by using physical 

enhancement techniques such as microneedles, iontophoresis, electroporation, 

microdermabrasion, laser, sonophoresis, and many other techniques, individually or in 

combination with other techniques(Y. Li et al., 2021).  

Microneedles 

Microneedles are micron size needles that create microchannels in the skin 

(Figure 1). Due to the hydrophilic nature of the microchannels filled with interstitial 

fluid, the delivery of hydrophilic drug molecules can be significantly enhanced using the 

microneedle technique(Shaji & Varkey, 2012). It is a minimally invasive technique since 

it involves temporary disruption of the stratum corneum to create microchannels. Various 

types of microneedles, such as solid, hollow, metal, polymeric, and drug-loaded 

microneedles fabricated with different materials, needle lengths, and needle density, have 

been explored by researchers(Banga, 2009). Rapid onset of action can be targeted via 

microneedle-based delivery in contrast to passive permeation.  
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Microneedle patches are an emerging approach for various applications for drug 

delivery in recent times(Dugam et al., 2021). Liu et al. studied the transdermal delivery of 

colchicine using dissolvable microneedle arrays for the treatment of acute gout in a rat 

model. They observed that colchicine was delivered in a significantly higher amount 

from the colchicine-loaded dissolving microneedles and reduced mechanical hyper 

nociception and swollen knee joints in a rat model for acute gout(Liu et al., 2022). 

Another interesting study on microneedles was recently reported by Zulcaif et al. They 

demonstrated how simvastatin-loaded dissolvable microneedle patches lead to an 

improved pharmacokinetic performance in an albino rabbit model. The improved 

pharmacokinetic performance confirmed that the release of simvastatin from this drug 

delivery system successfully avoided the first pass effect and increased 

bioavailability(Zulcaif et al., 2022).  

Microneedle techniques have been utilized for the topical delivery of drugs as 

well. A very recent study by Tiraton et al. has reported biodegradable microneedles 

fabricated from sodium alginate-gelatin for delivery of clindamycin. They observed that 

due to clindamycin's rapid release from microneedles and delivery into the skin, the 

treatment for acne takes effect quickly(Tiraton et al., 2022). 
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Figure 1. Basic principle of microneedles as a physical enhancement technique 

 

 

Iontophoresis 

Iontophoresis refers to the use of small amounts of physiologically acceptable 

electric current to drive charged molecules into the skin Figure 2. Various advantages 

offered by this technique include enhanced topical and transdermal delivery for charged 

or neutral molecules, delivery of hydrophilic molecules, non-invasive drug delivery, an 

opportunity to program drug delivery by adjusting the current applied, dose titration for 

individual patients by adjusting the current, ultimately leading to improved patient 

compliance(Bakshi et al., 2020; Banga, 2011).  
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Mechanisms of drug molecules to be moved across the skin by iontophoresis 

include electrorepulsion and electroosmosis. Electrorepulsion refers to the movement of 

molecules into and across the skin due to charged solutes by electrical repulsion from the 

electrode, and electroosmosis refers to the movement of unionized molecules via bulk 

flow(Bakshi et al., 2020; Kalia et al., 2004). The two types of iontophoresis, depending 

on the charge, are anodal and cathodal iontophoresis.  

Iontophoretic administration is influenced by a number of variables, including 

current density, pH, duration, salt and drug concentration in formulation, ionic strength, 

drug concentration, molecular size, and current type (continuous, pulse, AC, and DC). 

The velocity of drug transport over the skin is further influenced by physiochemical 

characteristics of the drug, including charge, size, and lipophilicity. For iontophoretic 

transport, drug candidates with increased water solubility and charge are 

preferable(Banga, 2011; Pignotello et al., 1996). 

Iontophoresis is a powerful technique studied extensively and used for 

enhancement in drug delivery. Chaudon et al. have conducted an interesting proof-of-

concept study for the development of a wearable device for iontophoretic treatment and 

monitoring of pressure ulcers. They observed that the quantity of tolazoline diffused in 

the skin during a 30 minutes treatment using the iontophoretic device was significantly 

higher in comparison to passive diffusion(Chaudon et al., 2022). Iontophoresis has also 
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been used by scientists for the transdermal delivery of protein and peptides based 

drugs.(Kalluri & Banga, 2011) 

 

 

 

Figure 2. Basic principle of iontophoresis as a physical enhancement technique  

 

 

Combination of microneedle and iontophoresis 

As described in the early sections, it is clear that microneedle and iontophoresis 

are based on very different mechanisms. Microneedle disrupts the skin barrier due to 



 

 

22 

 

microporation, while iontophoresis enhances the delivery of ionized molecules by electric 

repulsion and non-ionized molecules by bulk fluid flow by electroosmosis(Banga, 2011). 

Hence, a combination of microneedles and iontophoresis can also be used as an approach 

to obtain a high drug delivery with a shorter lag time. Another recent study by Li et al. 

focusing on the active transdermal delivery of charged liquid therapeutics discussed the 

development and evaluation of a novel iontophoresis-driven porous microneedle array 

patch and a portable iontophoresis-driven device. The study focused on the utilization of 

a combination of microneedle and iontophoresis techniques as a one-step administration 

strategy for penetration, diffusion, and iontophoresis for the delivery of insulin. The 

potential of the strategy was clear from the high skin permeation rate, good 

biocompatibility, and negligible cytotoxicity, with no skin irritation or hypersensitivity, 

observed in the in vitro and in vivo studies conducted with the developed device(Y. Li et 

al., 2021).  
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CHAPTER 3 

MICRONEEDLE AND IONTOPHORESIS MEDIATED DELIVERY OF 

METHOTREXATE INTO AND ACROSS HEALTHY AND PSORIATIC SKIN 

This chapter published as: Vora, D., Garimella, H. T., German, C. L., & Banga, A. K. 

(2022). Microneedle and iontophoresis mediated delivery of methotrexate into and 

across healthy and psoriatic skin. International Journal of Pharmaceutics, 618. 

121693. https://doi.org/10.1016/j.ijpharm.2022.121693 

Abstract 

Psoriasis is a condition of the skin which involves scales, dry patches, and 

inflammation. Methotrexate (logP: -1.8, MW:454.44g/mol) is administered orally or 

intravenously to treat psoriasis. The first-pass metabolism and systemic toxicity can be 

avoided by administration via skin. Topical and transdermal delivery of methotrexate 

using iontophoresis and microneedles, alone and in combination was investigated using 

full-thickness healthy human skin. It is also equally relevant to evaluate the delivery into 

and across damaged/diseased skin. Hence, this study investigated the delivery of 

methotrexate using ex vivo healthy and psoriatic human skin to understand the effect of 

skin disease condition on delivery of methotrexate via skin. A lower resistance and a 
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higher TEWL for psoriatic skin indicated damaged barrier function, while histology 

studies indicated epithelial hyperproliferation and elongated rete ridges. Using the 

optimized iontophoretic parameters, there was no significant difference in receptor 

delivery for psoriatic skin (39.51±4.45µg/sq.cm) as compared to healthy skin 

(43.15±0.83µg/sq.cm). However, methotrexate delivery into psoriatic skin 

(126.23±24.65µg/sq.cm) was significantly higher as compared to healthy skin 

(12.02±4.89µg/sq.cm). Thus, significantly higher total delivery was observed from 

psoriatic skin than healthy skin. 

Introduction 

Psoriasis is a chronic multifactorial disease for which the etiology remains poorly 

understood. It results from a combination of factors including genetics, environment, skin 

barrier disruption, and immune dysfunction (Raychaudhuri et al., 2014). It is common, 

painful, and a disabling skin disease that affects men and women of all ages regardless of 

ethnic origin across the globe and has a great negative impact on  psychological health 

and quality of life (World Health Organization Psoriasis, 2016). According to the World 

Health Assembly Resolution WHA 67.9 by World Health Organization (WHO), psoriasis 

is a serious global problem with at least 100 million individuals affected worldwide 

(World Health Organization Psoriasis, 2016). Psoriasis involves localized or generalized 

skin lesions and plaques covered with silver or white scales. Various comorbidities such 
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as psoriatic arthritis, hypertension, obesity, and depression are associated with psoriasis. 

Treatment of psoriasis is still based on controlling the symptoms, reducing inflammation, 

and retarding the rapid growth of skin cells (FDA, 2014). FDA-approved therapies for 

psoriasis include topical treatment (Vitamin D3 analogs, corticosteroids), phototherapy 

(UV-light therapy), and systemic therapy (methotrexate, biologics) (FDA, 2014; World 

Health Organization Psoriasis, 2016).  

Methotrexate is an antimetabolite used to treat severe psoriasis, neoplastic 

diseases, and adult rheumatoid arthritis. It inhibits DNA synthesis and, as a result, mitotic 

activity by competitively inhibiting the enzyme dihydrofolate reductase. It is indicated in 

the symptomatic relief of severe, recalcitrant, and disabling psoriasis. However, it is 

associated with undesirable systemic side-effects such as hepatotoxicity, suppression of 

bone marrow function, nausea, vomiting, and fatigue. Liver damage is a serious long-

term effect observed from methotrexate therapy (Tiwari et al., 2003; Tung & Maibach, 

1990). These side effects and extensive first-pass metabolism can be minimized by the 

administration of methotrexate via skin and hence is the focus of our study. 

The recommended methotrexate dosage for treatment of psoriasis is 10 to 25 mg 

orally once weekly (FDA, 1953). Thus, based on methotrexate’s absolute bioavailability 

of ~60% from a 25 mg once a week oral tablet (FDA, 1953), we predict an estimated 2.14 

mg/day delivery of methotrexate needed into and across the skin to achieve targeted 
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plasma concentrations. For a daily dose of 2.14 mg, assuming a 50 cm2 patch size, the 

required target delivery calculated per day is about 42.8 µg/cm2. The effective 

concentration of methotrexate required locally in the skin is not known and hence the 

target topical delivery is unknown. Methotrexate is a small molecular drug with a log P of 

-1.8 and has a negative charge at physiological pH (Chemicalize, 2021). Figure 3 

provides more insights about the physicochemical properties of methotrexate. It has three 

active functional groups, two weak acid groups (pKa 3.36 and -5.51) and one tertiary 

amine group (pKa 15.56). The logP value indicates that methotrexate is a water soluble 

molecule. However, the logD values based on the functional groups at different pH’s 

found within the system can be important and is represented in Figure 3 (c,d). 
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Figure 3. Physicochemical properties of methotrexate (a) Chemical structure indicating 3 

active functional groups (2 weak acids and one tertiary amine group) with their pKa 

values (in red) (b) Plot of macrospecies distribution (%) at different pH (c,d) log D of the 

molecule at different pH values. (Chemicalizes, 2021) 

 

 

 

These physicochemical properties make it an ideal candidate for microneedle as 

well as iontophoretic drug delivery(Banga, 2011). Iontophoresis is a physical 

enhancement technique that uses small amounts of physiologically acceptable electric 

current to drive charged molecules into the skin. It is a non-invasive drug delivery 
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technique that facilitates the delivery of charged or neutral molecules. The current can be 

adjusted to program the delivery, and the dose can be modified for every patient leading 

to a higher patient compliance(Banga, 2011). On the other hand, microneedle treatment is 

a minimally invasive physical enhancement technique. Microneedles are used to create 

micron-sized microchannels in skin that typically breach the stratum corneum and some 

part of the epidermis(Banga, 2011). The microchannels created by microporation are 

hydrophilic and thus significantly enhance the delivery of hydrophilic drug molecules 

into and across skin (Banga, 2009). We studied the effect of microneedles and 

iontophoresis, alone and in combination, on the delivery of methotrexate into and across 

skin. These studies can be further help determine the most appropriate dosage form for 

topical and transdermal delivery of methotrexate. 

Various factors such as skin thickness, pH, moisture content in skin, and barrier 

integrity can significantly vary according to skin disease condition. They can affect the 

delivery of various drug molecules into and across the skin. Hence, we have performed 

extensive characterizations for healthy and diseased skin. These characterizations could 

become useful information for transdermal delivery of methotrexate and other therapeutic 

agents for inflamed skin diseases. Topical and transdermal drug delivery has been studied 

extensively mainly on intact/healthy skin. But it is equally relevant to evaluate the 

enhancement or retardation of these molecules into and across damaged skin (Wester et 
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al., 1983). It is assumed that diseased skin has damaged barrier properties that can 

enhance the percutaneous absorption of drug molecules (Gattu & Maibach, 2010). 

Various physical enhancement techniques, such as microneedles, iontophoresis, and 

sonophoresis have been used to enhance the delivery of methotrexate across healthy skin 

(Nguyen & Banga, 2018b; Tekko et al., 2020; Vemulapalli et al., 2008). However, the 

extent of absorption and retention on diseased skin for methotrexate has not been studied 

extensively. In vitro investigation of healthy and disease-afflicted human skin would 

provide a better understanding of the effect of diseases on skin characteristics and 

permeation and retention of methotrexate. 

This study investigated topical and transdermal delivery of methotrexate using 

iontophoresis and microneedles, individually and in combination. Further, to better 

understand the effect of skin disease condition on topical and transdermal delivery of 

methotrexate we conducted ex vivo studies using healthy and psoriatic human skin. 

Materials 

Methotrexate was purchased from MedChemExpress LLC (NJ, USA), Sodium 

phosphate dibasic heptahydrate, and potassium phosphate monobasic were obtained from 

VWR (Atlanta, GA, USA) and Thermo Fisher Scientific (Waltham, MA, USA), 

respectively. Silver wire (0.5 mm diameter, 99.99%) was obtained from Fisher Scientific 

(Fair Lawn, NJ, USA), and silver/silver chloride electrodes (2 mm x 4 mm) were 
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obtained from A-M systems (Sequim, WA, USA). All HPLC grade solvents were 

obtained from Fisher Scientific (Pittsburgh, PA, USA).  

Fresh frozen full-thickness human (healthy and diseased) cadaver skin from 

multiple sites (abdomen, ankle, and calf) from different donors was obtained from 

National Disease Research Interchange. De-identified human skin was used under a 

protocol exempted by Mercer University Institutional Review Board (H0303041). 

Methods 

Skin preparation 

The full-thickness skin procured had the epidermis with the entire thickness of the 

dermis. The subdermal fat tissue was removed using forceps and scissors. This defatted 

skin was stored at -80 °C in an ultralow freezer and was thawed to 37 °C using isotonic 

phosphate-buffered saline (PBS) at pH 7.4. Skin pieces were cut using a circular die 

punch for permeating testing. The thickness of the punched pieces was measured using a 

digital thickness gauge. Average thickness of full-thickness (healthy and psoriatic) 

human skin used was 1.87 ± 0.10 mm. 

Skin integrity testing 

The resistance of each cut piece of skin was measured prior to a permeation study. 

Any skin sample below the cutoff value of 10 kΩ for skin electrical resistance was 
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discarded. The procedure for measurement of resistance was as previously reported by 

Bozorg et al. (Bozorg & Banga, 2020). Another evaluation of the skin’s barrier function 

was conducted by testing the transepidermal water loss (TEWL). TEWL values (g/m2/h) 

were obtained using VapoMeter (Delfin Technologies Inc, Stamford, CT, USA). Any 

skin sample above the cutoff value of 10 g/m2/h was excluded (Zhang et al., 2018). 

IVPT studies  

In vitro permeating testing was performed using vertical Franz diffusion cells 

(PermeGear, Inc., Hellertown, PA, USA). The temperature of the receptor chamber was 

maintained at 37 °C using a circulating water bath connected to the water jacket around 

the diffusion cells. The temperature of the skin was maintained at 32±1 °C. The receptor 

compartment was filled with 5 mL phosphate buffer (pH 7). Die-cut pieces 

(diameter=22 mm, area=3.8 cm2) of full-thickness human skin were mounted on the 

Franz diffusion cells with a permeation area of 0.64 cm2. A phosphate buffer (pH 7.4) 

was used as the donor vehicle and also as the receptor solution. A 90% saturated solution 

of the drug in phosphate buffer (10 mg/mL) was used as the donor solution in all studies 

except the concentration dependent study where the effect of 3 different concentrations 

was studied. A donor volume of 500 µL was added to the donor chamber. Samples (300 

µL) were taken from the receptor chamber at predetermined time points (0, 0.25, 0.5, 1, 

2, 4, 6, 8, 22, and 24 hours) and replaced with an equal amount of fresh receptor solution. 



 

 

32 

 

The drug concentrations in each sample were then analyzed using a validated HPLC 

method.  

After the end of the study, the donor solution was removed with two dry cotton 

swabs. The donor chamber was removed, then the unabsorbed drug from the surface of 

the skin was cleaned with two cotton swabs wetted with a 5% v/v lauryl ether sulfate 

solution. A new donor chamber was placed, followed by three rinses (1 mL each) using 

the receptor solution. The donor chamber was collected, and the skin was removed from 

the Franz cell. The skin permeation area was cut and minced. Methanol was used as the 

extraction solvent. Methanol was added to the cotton swabs (10 mL), donor chambers (25 

mL), and the minced skin (3 mL) and allowed to shake on a platform shaker for 4 hours 

at 150 rpm followed by filtration using 0.22 μm membrane nylon filters (CELLTREAT® 

Scientific Products, MA, USA) and analyzed for drug content by HPLC. The cumulative 

amount of methotrexate permeated across the skin, and the amount delivered into the skin 

was calculated. The lag time for different treatment groups was calculated by 

extrapolating from the linear portion of the permeation profile back to the x-axis. Linear 

regression was obtained, and the y value was set to zero. Lag time was then calculated by 

solving for x.  

IVPT using iontophoresis: IVPT was conducted to study the effect of 

iontophoresis on methotrexate delivery into and across healthy human skin. Silver wire 
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was used as the anode while silver chloride electrode was used as the cathode for 

iontophoresis. The protocol followed for IVPT was same as mentioned in section 3.3. In 

the first study, both cathodal and anodal iontophoresis using a current density of 0.5 

mA/cm2 for a duration of 4 hours followed by passive permeation till 24 hours were 

carried out on full-thickness porcine skin to determine what works better for methotrexate 

delivery. Sufficient chloride concentration was maintained to drive the electrochemistry 

by adding 75 mM sodium chloride in the donor solution for anodal iontophoresis and in 

the receptor solution for cathodal iontophoresis. Additionally, various parameters for 

iontophoretic delivery, such as current density, duration of current (0.5 mA/cm2 for 4 

hours and 0.2 mA/cm2 for 4 hours), and donor concentrations were optimized in further 

studies to reach the target delivery. The electrodes were dipped in the donor solution and 

any contact between the skin and electrodes was avoided for all studies. 

IVPT after microneedle pretreatment: Dr. Pen TM Ultima A6 was used as the MN 

device for microneedle pretreatment. The needle length can be adjusted on this MN 

device. Bhattaccharjee et al. observed successful microporation using this MN device and 

have provided a detailed description about the different characteristics using porcine skin 

(S. Bhattaccharjee et al., 2020). Different needle length and duration of microporation 

was used for two different groups. IVPT using full-thickness healthy human skin had the 

following two treatment groups: (1) microporation with a needle length of 1 mm for 10 
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seconds and (2) microporation with a needle length of 0.5 mm for 5 seconds. Skin 

electrical resistance and TEWL were evaluated before and after microporation to 

determine successful microporation.  

IVPT using a combination of iontophoresis and microneedle pretreatment: IVPT 

using a combination of microneedles (0.5 mm needle-length for 5 seconds) and 

iontophoresis (0.2 mA/cm2 for 4 hours) was conducted to determine the total amount of 

methotrexate delivered into and across the healthy human skin and compared to delivery 

using iontophoresis and microneedle alone.  

IVPT using iontophoresis on healthy and psoriatic human skin: The effect of 

iontophoresis on methotrexate delivery into and across healthy and psoriatic human skin 

was evaluated by IVPT. The protocol followed was the same as mentioned in section 3.3. 

The amount of methotrexate delivered into and across healthy and psoriatic skin was 

analyzed.  

Characterizations of microchannels created by microneedles 

The micropores created by the microneedles and microporated skin were 

characterized by the following techniques:  

Skin integrity measurement 

Skin integrity before and after microporation was evaluated by skin’s electrical 

resistance and TEWL measurements.  
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Histological characterizations  

The microchannels created by microneedles were characterized using histological 

sectioning of the microporated skin. The microchannels were stained by hematoxylin and 

eosin staining and observed under a Leica DM 750 microscope. The staining method was 

followed as previously mentioned by the authors for evaluation of microneedle and laser-

generated micropores (Nguyen & Banga, 2015; Vora et al., 2021). 

Dye-binding study 

Microporated skin was stained with a hydrophilic dye called methylene blue. The 

stained microchannels were observed using ProScopeHR Digital (Bodelin Technologies, 

OR, USA), a portable USB microscope.  

Scanning Electron Microscopy (SEM) study 

SEM images were obtained to study the surface morphology of skin treated with 

microneedles. The PhenomTM field emission S.E.M. system by Nanoscience 

Instruments, Inc. (Pheonix, AZ, U.S.A.) was utilized. The dried skin tissues were 

microporated, mounted on SEM pin stub mount using double-sided tape. Field emission 

S.E.M. (Hitachi, S4100) was used to examine samples. Images of micropores created by 

MN device were collected. 
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Confocal microscopy 

The depth and area of the microchannels created were evaluated using Leica SP8 

confocal microscope (Leica Microsystems GmbH, Germany). Full-thickness human skin 

was thawed in PBS, and the surface was dried. The skin was then microporated by the 

microneedle device, as mentioned earlier. Two settings were tested: 0.5 mm needle 

length for 5 seconds and 1 mm needle length for 10 seconds. Fluoresoft solution (0.35%) 

was applied and allowed to stay for 2 minutes to the microporated skin. This was 

followed by removing excess dye using Kimwipes. The prepared skin sample was then 

observed on the confocal microscope using a 10X objective at an excitation wavelength 

of 496 nm. Leica Application Suite-Advanced Fluorescent software was used to 

determine the depth of the microchannels from z-stack images. 

Psoriatic skin 

Various characterizations such as skin electrical resistance, TEWL, skin histology 

study, scanning electron microscopy study, and confocal microscopy were conducted for 

psoriatic skin and compared to healthy human skin to study psoriatic skin characteristics. 

The procedure followed for these studies was the same as mentioned in Sections 3.2 and 

3.5. Other characterizations for skin color and pH were also conducted. 
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Skin color measurement 

Skin color measurement was carried out for psoriatic as well as healthy human 

skin. A tristimulus colorimeter (CR-400 ChromaMeter, Konica Minolta, Inc., Tokyo, 

Japan) was used for this purpose. The handheld and portable CR-400 Chroma Meter is 

compatible with an optional data processor to record measurements and provides a 

comprehensive color analysis. CR-400 Chroma meters measuring head has a pulsed 

xenon lamp as light source and silicon photocells detectors, with a measurement time of 1 

second. The instrument has a display range of Y:0.01% to 160.00% (reflectance) (Konica 

Minolta. Sensing Americas, 2021). 

The results are recorded using the CIE L*a*b* color space system. The L*a*b* 

system expresses the true color of the skin as perceived by the human eye using three 

values: L* parameter represents the brightness from black (0) to white (100), a* from a 

green (−60) to a red (+60) surface, and b* from blue (−60) to yellow (+60) (Charys et al., 

2000). 

Skin surface pH measurement 

The pH of the skin surface was determined using skin pH Portable Meter 

(HI99181 by Hanna Instruments, Woonsocket, RI, USA). The punched skin piece placed 

on parafilm was dried with Kimwipes, and pH was determined.   
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Analytical method 

Receptor samples from IVPT and skin samples were analyzed using a previously 

established validated HPLC-UV method (Nguyen and Banga, 2018). The method used an 

isocratic reverse phase method of elution. Acetonitrile was used as the organic phase, and 

a 10 mM potassium dihydrogen buffer (pH 3.5) was used as buffer. The pH of the buffer 

was adjusted using ortho- phosphoric acid. A 13: 87 composition of ACN: Buffer was 

used for the analyses. A C18 Gemini-NX column (110 A, 150 X 4.6 mm, 5 μm) was used 

for the analyses with a column temperature of 40 °C. The injection volume used was 10 

µL with a 1 mL/minute flow rate for 10 minutes. Data acquisition was conducted using 

Empower 3 software. The retention time for methotrexate was around 3.2 minutes, and 

the wavelength of detection was 304 nm. The calibration curve was linear over the range 

of 0.1–50 μg/mL (R2 = 1.00) with limit of detection of 0.03 μg/mL and limit of 

quantitation of 0.09 μg/mL. 

Statistical analysis 

All studies were conducted in four replicates. The data was reported as mean with 

a standard error (SE) or standard deviation (SD). Statistical analysis was performed using 

Microsoft Excel and Prism 8 (GraphPad Software, LLC, San Diego, CA). Statistical 

significance was calculated by Kruskal-Wallis test followed by Dunn’s multiple 

comparison test. The p-value of ≤ 0.05 was set to determine statistical significance. 
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Results  

Effect of iontophoresis on delivery of methotrexate 

As shown in Figure 4, the total amount of drug delivered (into the skin and in 

receptor compartment) was found to be significantly higher via cathodal iontophoresis 

(218.71 ± 25.66 µg/cm2) as compared to passive diffusion (4.46 ± 1.97 µg/cm2) and 

anodal iontophoresis (13.90 ± 3.73 µg/cm2). The total amount of drug delivered by 

cathodal iontophoresis using a current density of 0.5 mA/cm2 for 4 hours followed by 

passive diffusion was higher than the target delivery needed. 
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Figure 4. Delivery of methotrexate via passive permeation, iontophoresis (IP)- anodal 

and cathodal IP parameters: 0.5 mA/cm2 for 4 hours followed by passive permeation till 

24 hours (a) Average total amount of methotrexate delivered into and across skin (b) 

Permeation profile of methotrexate across skin, and (c) Flux profile of methotrexate 

across skin. (‘ns’ p>0.05, ** p<0.01, n=4)  
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Figure 5. Delivery of methotrexate from different donor concentrations of methotrexate 

in phosphate buffer using cathodal iontophoresis (Current density of 0.2 mA/cm2 for 4 

hours followed by passive permeation till 24 hours) (a) Total amount of methotrexate 

delivered into and across full-thickness human skin after 24 hours (b) Permeation profile 

of methotrexate across full-thickness human skin till 24 hours. (‘ns’ p>0.05, ** p<0.01, 

n=4) 

 

 

Next, the effect of donor concentration was studied using cathodal iontophoresis 

where 2 mg/mL, 5 mg/mL, and 10 mg/mL (90% saturation solubility) of methotrexate in 

the donor vehicle were used. Highest total amount of methotrexate was delivered into and 

across healthy human skin from a donor concentration of 10 mg/mL (55.17 ± 0.94 
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µg/cm2) as compared to a donor concentration of 5 mg/mL (39.21 ± 8.27 µg/cm2) and a 

donor concentration of 2 mg/mL (4.59 ± 0.35 µg/cm2). Next, the effect of current density 

on the delivery of methotrexate into and across skin was studied. Cathodal iontophoresis 

with a lower current density (0.2 mA/cm2 for 4 hours) also reached the target delivery for 

methotrexate. The total amount of drug delivered into and across skin from a 90% 

saturated (10 mg/mL) donor solution was 55.17 ± 0.94 µg/cm2 using a current density of 

0.2 mA/cm2 for 4 hours on full-thickness human skin (Figure 5). The lag time for 

methotrexate using cathodal iontophoresis (0.2 mA/cm2 for 4 hours) was 1.97 ± 0.03 

hours. 

Characterizations of microchannels created by microneedles 

The microchannels created using Dr. PenTM Ultima A6 were successfully 

characterized on full-thickness human skin using skin integrity measurements, histology, 

dye binding study using methylene blue, SEM, and confocal microscopy. 
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Figure 6. Skin electrical resistance (kΩ) and transepidermal water loss (TEWL) (g/m2/h) 

observed before and after microporation. 

 

 

Skin integrity measurement 

Successful microporation of the skin using both settings on Dr. PenTM Ultima A6 

was confirmed with the observation of a drop in skin’s electrical resistance and an 

increase in TEWL after microporation as compared to before microporation, as shown in 

Figure 6. 
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Histological characterizations 

Figure 7 (a) shows images from histological sectioning of full-thickness healthy 

human skin showed intact stratum corneum, epidermis, and superficial dermis. When this 

skin was microporated using two settings on Dr. PenTM Ultima A6, these layers were 

observed (Figure 7 b,c) to have microchannels that crossed the entire epidermis and 

reached the dermis. This characterization thus confirmed successful microporation using 

Dr. PenTM Ultima A6. 

Dye-binding study 

Methylene blue is a hydrophilic dye that gets absorbed into micropores in the skin 

due to the presence of hydrophilic interstitial fluid in the pores. Untreated human skin did 

not absorb any methylene blue due to the intact upper layers. On the other hand, the 

hydrophilic microchannels in microporated skin absorbed the hydrophilic methylene blue 

dye indicating successful microporation (Figure 7 d,e,f). 

Scanning Electron Microscopy study  

SEM images were taken to study the microchannels created by Dr. PenTM Ultima 

A6 on full-thickness human skin. As shown in Figure 8 (a,b,c), an intact surface was 

observed for untreated skin while microchannels were observed for microneedle treated 

human skin.  
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Figure 7. (a,b,c) Histological characterizations using hematoxylin and eosin staining for 

untreated and microneedle pretreated healthy human skin using Dr. PenTM Ultima A6. 

(d,e,f) Dye-binding study using methylene blue for untreated, and microneedle pretreated 

healthy human skin using Dr. PenTM Ultima A6. The scale bar represents 100 µm. 
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Figure 8. Scanning electron microscopy images of full-thickness human skin (a) 

untreated skin (b) microneedle pretreatment using Dr. PenTM Ultima A6 with a 0.5 mm 

needle length for 5 seconds (c) microneedle pretreatment using Dr. PenTM Ultima A6 

with a 1 mm needle length for 10 seconds. 

 

 

 

Confocal microscopy 

The depth of the microchannels using both settings of Dr. PenTM Ultima A6 was 

studied using a confocal microscope. Depth of microchannels formed using 0.5 mm 

needle length for 5 seconds on Dr. PenTM Ultima A6 was 210 micrometers (Figure 9) and 

1 mm needle length for 10 seconds was 300 micrometers (Figure 10). 
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Figure 9. z-stack images of microchannels created by microneedle pretreatment on full-

thickness human skin using Dr. PenTM Ultima A6 with a 0.5 mm needle length for 5 

seconds. Microchannel depth= 210 micrometers. Scale bar represents 250 µm. 
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Figure 10. z-stack images of microchannels created by microneedle pretreatment on full-

thickness human skin using Dr. PenTM Ultima A6 with a 1 mm needle length for 10 

seconds. Microchannel depth= 300 micrometers. Scale bar represents 250 µm. 
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Figure 11.  Delivery of methotrexate after microneedle pretreatment using two 

settings on Dr. PenTM Ultima A6 (0.5 mm needle-length for 5 seconds and 1 mm needle-

length for 10 seconds) using full-thickness healthy human skin (a) Average amount of 

methotrexate delivered across the skin after 24 hours (b) Average amount of methotrexate 

delivered into the skin after 24 hours (c) Average total amount of methotrexate delivered 

 

 

Effect of microneedle on delivery of methotrexate  

As shown in Figure 11, results from IVPT on healthy skin indicated that the total 

amount of drug absorbed (into the skin and in receptor compartment) via microneedle 
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pretreatment using two settings on Dr. PenTM Ultima A6; 0.5 mm needle-length for 5 

seconds (336.43 ± 33.67 µg/cm2) and 1 mm needle-length for 10 seconds (500.10 ± 7.33 

µg/cm2) was significantly higher as compared to passive diffusion (0.00 ± 0.00 µg/cm2) 

using full-thickness human skin.  

into and across the skin after 24 hours (d) Permeation profile of methotrexate delivered 

across the skin after 24 hours. (‘ns’ p>0.05, * p<0.05, n=4) 

 

Effect of combination of microneedle and iontophoresis on delivery of methotrexate  

Microporation and iontophoresis individually resulted in enhanced delivery of 

methotrexate into and across skin as compared to passive delivery. Furthermore, a 

combination of microneedle and iontophoresis delivered a higher total amount of 

methotrexate as compared to microneedle and iontophoresis alone, as shown in Figure 

12. The total amount of methotrexate delivered into and across the skin using a 

combination of microneedles (0.5 mm needle-length for 5 seconds) and iontophoresis 

(0.2 mA/cm2 for 4 hours) was 361.57 ± 6.43 µg/cm2, which was significantly higher as 

compared to passive delivery (0.00 ± 0.00 µg/cm2) and iontophoresis alone (55.17 ± 0.94 

µg/cm2). Thus, the highest total amount of methotrexate was delivered into and across 

healthy human skin from a combination of microneedles and iontophoresis as compared 

to microneedle and iontophoresis alone. 
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Figure 12. Comparative graph demonstrating the amount of methotrexate delivered via 

passive permeation, cathodal iontophoresis, microneedle pretreatment, and combination 

of cathodal iontophoresis (0.2 mA/cm2 for 4 hours) with microneedle pretreatment (0.5 

mm needle-length for 5 seconds) after 24 hours. (‘ns’ p>0.05, * p<0.05, n=4) 

 

 

Characterizations of healthy and psoriatic human skin 

Healthy and psoriatic skin samples were characterized using skin integrity 

measurement, histology, SEM, skin color, pH measurement. Figure 13 (a,b) shows 
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healthy and psoriatic skin mounted on vertical Franz diffusion cells. Visual observations 

indicate red scaly patches for the psoriatic skin. 

 

 

 

Figure 13. Images of punched healthy and psoriatic human skin respectively for (a,b) 

Skin samples mounted on Franz diffusion cell; (c,d) Images captured by Scanning 

electron microscopy (e,f) Histological characterization study. 
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Skin integrity measurement 

As shown in Figure 14, a lower electrical resistance for psoriatic skin than healthy 

skin was observed. The TEWL of psoriatic skin was higher as compared to healthy skin. 

Both these observations indicated compromised barrier function in psoriatic skin. 

 

 

 

Figure 14. Healthy and psoriatic skin characterizations by skin electrical resistance, pH, 

transepidermal water loss (TEWL), and skin color measurement [L*, a*, and b* represent 

brightness from black (0) to white (100), green (−60) to a red (+60) surface and blue 

(−60) to yellow (+60). (‘ns’ p>0.05, * p<0.05, n=4) 
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Histological characterization 

Histology studies indicated epithelial hyperproliferation and parakeratosis 

(presence of cell nuclei in the stratum corneum) in the psoriatic skin sample. Psoriasis is 

also characterized by the presence of elongated rete ridges which were distinctly 

observed in the psoriatic skin samples (Figure 13-e, f).  

Scanning electron microscopy 

SEM images show a scaly surface for the psoriatic human skin and a clear surface 

for the healthy human skin (Figure 13-c, d).  

Skin color measurement 

Skin color measurements were made using the color system CIE L*, a*, and b*. 

L* represents brightness from black (0) to white (100). As shown in figure 14, the L* 

parameter was significantly higher for healthy skin as compared to psoriatic skin. The a* 

parameter represents green (−60) to a red (+60) surface, which was significantly higher in 

psoriatic skin as compared to healthy skin. Lastly, the b* parameter represents blue (−60) 

to yellow (+60) colors on the surface. This was significantly higher in healthy skin as 

compared to psoriatic skin.  
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Skin surface pH measurement 

The skin pH for psoriatic skin was 5.3 ± 0.12, while the skin pH for healthy skin 

was 5.5 ± 0.73. The difference in the skin surface pH measurement of healthy skin 

compared to psoriatic skin was not statistically significant, as shown in Figure 14.  

Comparison of delivery of methotrexate into and across healthy and psoriatic 

human skin 

No significant difference in receptor delivery was observed for psoriatic skin 

(39.51 ± 4.45 µg/cm2) as compared to healthy skin (43.15 ± 1.62 µg/cm2). However, 

significantly higher methotrexate delivery in the skin was observed for psoriatic skin 

(126.23 ± 24.65 µg/cm2) as compared to healthy skin (12.02 ± 4.89 µg/cm2). The total 

amount of methotrexate delivered into and across psoriatic human skin (169.85 ± 32.14 

µg/cm2) was significantly higher as compared to healthy human skin (55.17 ± 2.73 

µg/cm2) as shown in Figure 15.  
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Figure 15. Delivery of methotrexate into and across healthy and psoriatic human skin via 

cathodal iontophoresis (0.2 mA/cm2 for 4 hours followed by passive permeation till 24 

hours) (a) Average amount of methotrexate delivered across the skin (b) Average amount 

of methotrexate delivered into the skin (c) Average total amount of methotrexate 
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delivered into and across the skin (d) Permeation profile of methotrexate delivered across 

the skin. (‘ns’ p>0.05, * p<0.05, n=4) 

Discussion 

Psoriasis is an inflammatory skin disease condition that involves rapid 

hyperproliferation of skin cells, scaling, pain, and redness. Current FDA-approved 

therapies include medicines applied to the skin, phototherapy, and systemic therapy 

(FDA, 2014). The goal of these therapies included in the treatment of psoriasis is to lower 

the inflammation and reduce the skin cells hyperproliferation. Methotrexate is prescribed 

as a part of systemic therapy to treat recalcitrant psoriasis when the conventional therapy 

fails (Tung & Maibach, 1990). 

The result from the IVPT to determine the passive diffusion of methotrexate into 

and across healthy human skin indicated that there was no methotrexate delivered into or 

across skin via passive diffusion. This was because of the hydrophilic nature of 

methotrexate (log P: -1.8). This indicated the need for the use of physical enhancement 

techniques to deliver methotrexate transdermally. Physical enhancement techniques to 

enhance transdermal transport, such as iontophoresis and microneedles, can enhance the 

transdermal flux of molecules that do not have the desired physicochemical properties for 

passive permeation through skin. Subsequent uptake by dermal microcirculation and 
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systemic delivery can be facilitated for various drug molecules by physical enhancement 

techniques. 

As mentioned earlier, iontophoresis refers to the use of a small amount of 

physiologically acceptable electric current (up to 0.5 mA/cm2) to drive charged molecules 

into the skin (Bakshi et al., 2020; Banga, 2011; Herwadkar & Banga, 2011). By using an 

electrode of the same charge as that of the drug molecule, the drug can be driven into the 

skin by electrostatic repulsion. However, nonionized drug molecules can also be driven 

into the skin by the bulk fluid flow by electroosmosis(Banga, 2011). Cathodal 

iontophoresis involves the delivery of negatively charged ions to be delivered into the 

skin under the influence of cathode, while anodal iontophoresis involves the delivery of 

positively charged ions into the skin under the influence of anode(Bakshi et al., 2020). 

Viswatej et al. conducted studies to enhance transdermal delivery of methotrexate using 

hairless rat skin and observed that cathodal iontophoresis delivered a significantly higher 

amount of drug than passive diffusion (Vemulapalli et al., 2008). The results indicated 

that the total amount of methotrexate delivered into and across the skin was significantly 

higher via iontophoresis than passive diffusion. Methotrexate being a negatively charged 

molecule at physiological pH, was delivered at a significantly higher amount via cathodal 

iontophoresis than anodal iontophoresis. The lag time for methotrexate using cathodal 
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iontophoresis was 1.97 ± 0.03 hours (Table 1). This indicated that iontophoresis could be 

a feasible option for a rapid onset of action for methotrexate.  

When concentration gradient and electric field both exist in the system, the flux of 

the ionic species observed is a linear sum of both fluxes arising from each effect alone. 

Thus, various factors such as current density and drug concentration in the donor solution 

can significantly affect the amount of drug delivered via iontophoresis. The total amount 

of methotrexate delivered by cathodal iontophoresis using a higher current density of 0.5 

mA/cm2 for 4 hours followed by passive diffusion exceeded the target delivery range. 

However, delivery via cathodal iontophoresis with a lower current density (0.2 mA/cm2 

for 4 hours) was within the desired target delivery range for methotrexate. Secondly, 

since the flux of an ionic species via iontophoresis depends on the concentration of the 

ionic species and electric field as the driving force, an increase in donor concentration 

can enhance the delivery of the ionic species into and across the skin. Hence, the 

concentration of drug in the donor vehicle and its level of saturation can also play a 

significant role in the amount of drug delivered into and across skin. Highest total amount 

of methotrexate was delivered into and across healthy human skin from a donor 

concentration of 10 mg/mL (90% saturation solubility) as compared to a donor 

concentration of 2 mg/mL and a donor concentration of 5 mg/mL. This indicated a 

maximum thermodynamic activity of methotrexate in the vehicle at 90% saturation 
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solubility. Thus, the parameters for iontophoresis were optimized and used for further 

studies.  

As previously mentioned, microporation is a minimally invasive technique used to 

create micron-sized channels as transport pathways for various hydrophilic 

molecules(Banga, 2011). Nguyen et al., in their study successfully demonstrated the 

feasibility of enhancing the delivery of methotrexate into and across dermatomed porcine 

or human skin using fabricated microneedles(Nguyen & Banga, 2018a). In this study, 

microchannels were created using microneedle device Dr. PenTM Ultima A6 and were 

successfully characterized on full-thickness human skin. Skin integrity was evaluated by 

measuring the skin’s electrical resistance before and after microporation. There was a 

significant drop in the electrical resistance of skin after microporation using the 

microneedle device. A similar drop in electrical resistance after microporation was 

observed by Bhattaccharjee et al. and Nguyen et al. (Bhattaccharjee et al., 2020; Nguyen 

and Banga, 2018). TEWL is also evaluated to assess the barrier function of the skin. 

TEWL measures the amount of water vapor that diffuses across the stratum corneum per 

skin surface per unit time. The TEWL of full-thickness human skin was significantly 

higher after microporation as compared to intact skin before microporation. This is 

because the amount of water vapor diffusing across a broken stratum corneum in 

microporated skin is higher as compared to intact skin. Histological characterizations 
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indicated a broken stratum corneum for the microporated skin. Bhattaccharjee et al. 

conducted similar studies using Dr. PenTM Ultima A6 but using full-thickness porcine ear 

skin (S. Bhattaccharjee et al., 2020). Dye binding studies indicated the creation of 

hydrophilic microchannels in microporated skin, as demonstrated by visualization of the 

micropores by the hydrophilic methylene blue dye. 

SEM images showed an intact surface for untreated skin while microchannels 

were observed for microneedle-treated human skin. Confocal microscopy evaluated the 

depth of microchannels using both settings of Dr. PenTM Ultima A6. All these 

characterizations confirmed successful microporation using Dr. PenTM Ultima A6. 

Microporation and iontophoresis individually resulted in enhanced delivery of 

methotrexate into and across skin compared to passive delivery. However, the lag time 

for delivery of methotrexate into the receptor compartment using microneedles (3.49 ± 

0.13 h) was higher than iontophoresis (1.97 ± 0.03 h). 

Microneedle and iontophoresis are based on very different mechanisms. 

Microneedle disrupts the skin barrier due to microporation, while iontophoresis enhances 

the delivery of ionized molecules by electric repulsion and non-ionized molecules by 

bulk fluid flow by electroosmosis. We conducted a study to determine the effect of a 

combination of both these techniques on the delivery of methotrexate into and across the 

skin. A combination of microneedle and iontophoresis delivered a higher total amount of 
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methotrexate as compared to microneedle and iontophoresis alone. A combination of 

both these active techniques had a lag time of 1.32 ± 0.74 h. This suggested that the lag 

time was further reduced by using a combination of iontophoresis and microneedle. 

These observations were in agreement with earlier studies conducted (Vemulapalli et al., 

2010) using hairless rats and thus confirmed the use of a combination of iontophoresis 

and microneedles. 

In conclusion, we observed that iontophoresis using optimized parameters 

delivered most near to the target delivery desired (about 42.8 µg/cm2) while, 

microneedles and a combination of microneedles and iontophoresis delivered very high 

amounts of methotrexate than the desired target delivery. Thus, in order to avoid excess 

delivery of methotrexate transdermally since it has been associated with potential 

influence on adverse side effects, we further tested the effect of iontophoresis alone on 

psoriatic skin and compared it to healthy skin. 

 

 

  



 

 

63 

 

Table 1. Summary of treatment groups, other parameters, lag time, the total amount of 

methotrexate delivered into and across different skin types. The donor volume for all 

treatment groups was 500 µL and all studies were conducted for a duration of 24 hours. 

 

 

Majority of all psoriasis cases are chronic plaque-type, also known as psoriasis 

vulgaris (Raychaudhuri et al., 2014). The classic clinical manifestations of this type of 

psoriasis are erythematous plaques covered in silvery scales covered on a large area of 

Skin type Group 
Treatment/ Other 

parameters 

MTX 

concentration 

Lag 

time 

Total MTX 

delivery 

(µg/cm2) 

Full-

thickness 

healthy 

human 

skin 

No 

treatment 

(passive) 

- 

10 mg/mL 

(90% 

saturation 

solubility in 

phosphate 

buffer) 

- 0.00 ± 0.00 

Cathodal 

IP 
0.2 mA/cm2 for 4 hours 

1.97 ± 

0.03 h 
55.17 ± 0.94 

MN 

Dr. PenTM Ultima (0.5 

mm needle-length, 5 s) 

3.49 ± 

0.13 h 
336.43 ± 33.67 

Dr. PenTM Ultima (1 

mm needle-length, 10 

s) 

3.5 ± 

1.74h 
500.10 ± 7.33 

Cathodal 

IP+MN 

0.2 mA/cm2 for 4 hours 

+ Dr. PenTM Ultima 

(0.5 mm needle-length, 

5 s) 

1.32 ± 

0.74 h 
361.57 ± 6.43 

Full 

thickness 

psoriatic 

human 

skin 

Cathodal 

IP 
0.2 mA/cm2 for 4 hours 

0.79 ± 

0.15 h 
169.85 ± 32.14 
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skin. The hallmark in the pathogenesis of psoriasis is uncontrolled keratinocyte 

proliferation (Rendon & Schäkel, 2019). In order to study the psoriatic skin, we 

conducted comprehensive characterizations of healthy and psoriatic skin samples using 

multiple techniques. These characterizations could become useful information for many 

therapeutic agents to be delivered via inflamed skin.  Visual observations of skin 

mounted on Franz diffusion cells indicated red scaly patches for the psoriatic skin. 

Disease states such as psoriasis and atopic dermatitis affect the underlying skin status and 

exhibit inherent impairments in the stratum corneum. These factors can predispose to a 

compromised skin barrier indicated by a drop in skin electrical resistance and an 

increased TEWL (Rosso et al., 2011). In concordance to this, a lower electrical resistance 

for psoriatic skin than healthy skin was observed. Also, the TEWL of psoriatic skin was 

higher as compared to healthy skin. Both these observations indicated damaged barrier 

function in psoriatic skin as compared to healthy skin. Further, histology studies indicated 

epithelial hyperproliferation and parakeratosis in the psoriatic skin sample. Parakeratosis 

refers to the presence of nucleated keratinocytes in the stratum corneum due to 

accelerated keratinocytes turnover (Rendon & Schäkel, 2019). Psoriasis is also 

characterized by the presence of elongated rete ridges and was distinctly observed in the 

psoriatic skin samples. This thickening of epidermis (squamous layer) with rete ridges 
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that extend deeper into dermis is also referred to as acanthosis (Rendon & Schäkel, 

2019).  

SEM images show a scaly surface for the psoriatic human skin and a clear surface 

for healthy human skin. The chromametric evaluation was an additional tool to assess the 

diseased skin. Skin pH can be an important factor that can affect all other essential 

parameters and impact the efficacy of various topical and transdermal formulations used 

for the treatment of psoriasis (Bigliardi, 2018). We observed that the skin pH for psoriatic 

skin was 5.3 ± 0.12, while the skin pH for healthy skin was 5.5 ± 0.73. Cannavo et al. 

have also reported similar skin pH observations from their study on evaluation of 

cutaneous surface parameters in psoriatic patients (Cannavò et al., 2017). 

Skin diseases such as psoriasis and atopic dermatitis both involve an inflammatory 

response, which ultimately influences the skin’s lipid structure and barrier functionality. 

It is essential to assess how the changes in barrier function by such diseases impact skin 

permeability. Results from IVPT indicated no significant difference in receptor delivery 

for psoriatic skin as compared to healthy skin. The skin extraction assay was conducted 

to determine the amount of methotrexate delivered into the skin. Significantly higher 

methotrexate delivery in the skin was observed for psoriatic skin as compared to healthy 

skin. This finding indicated that more drug was accumulated in the scaly upper layers of 

the psoriatic skin as compared to healthy skin. Furthermore, the total amount of 
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methotrexate delivered into and across psoriatic human skin was significantly higher as 

compared to healthy human skin. In comparing healthy and psoriatic skin, a higher 

delivery of methotrexate into the psoriatic skin suggested the defects in the skin barrier 

due to classic psoriasis symptoms. Additionally, the lag time when a drug molecule can 

permeate through the skin into the systemic circulation is another critical factor for 

transdermal delivery(Gujjar & Banga, 2014a). The lag time for delivery from psoriatic 

skin was 0.79 ± 0.74 h (Table 1). This indicated that a further reduction in lag time was 

observed for delivery of methotrexate from psoriatic skin as compared to healthy skin. A 

shorter lag time can result in a faster therapeutic effect due to a faster availability of the 

drug at the site of action. These findings from IVPT studies support the barrier integrity 

data by skin electrical resistance and TEWL measurements. Finally, the experimental 

data presented here will be used in calibration and validation of the transdermal drug 

delivery models (both healthy and diseased) that are currently being developed in 

collaboration (Somayaji et al., 2021). 

Conclusion 

Passive diffusion for some therapeutic agents such as methotrexate can be difficult 

due to its physicochemical properties. Hence, physical enhancement techniques such as 

iontophoresis and microneedles can be used to help enhance their topical and transdermal 

delivery. Iontophoresis and microneedles, alone and in combination, successfully 
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delivered a significantly higher amount of methotrexate as compared to passive diffusion. 

Iontophoresis, alone and when combined with microneedles reduced the lag time as 

compared to microneedles alone. A compromised skin barrier for psoriatic skin was 

indicated by a low skin electrical resistance and a high TEWL as compared to healthy 

skin. We successfully investigated the iontophoretic delivery of methotrexate using ex 

vivo healthy and psoriatic skin to demonstrate the effect of skin disease condition on 

delivery of methotrexate into and across skin. The amount of methotrexate delivered into 

psoriatic skin was significantly higher as compared to healthy skin. A further reduction in 

lag time was observed for delivery of methotrexate from psoriatic skin as compared to 

healthy skin using iontophoresis. A shorter lag time can result in a faster therapeutic 

effect due to a faster availability of the drug at the site of action. These findings 

demonstrated that barrier dysfunction and structural changes in skin can have a 

substantial effect on the drug permeation into and across diseased skin. 
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CHAPTER 4 

DEVELOPMENT AND EVALUATION OF A DRUG-IN-ADHESIVE 

TRANSDERMAL DELIVERY SYSTEM FOR DELIVERY OF OLANZAPINE 

This chapter is published as: Vora, D. and Banga, A. K. (2022) Development and 

Evaluation of a Drug-in-Adhesive Transdermal Delivery System for Delivery of Olanzapine. 

Expert Opinion on Drug Delivery. https://doi.org/10.1080/17425247.2022.2135700 

Abstract 

Objectives: Olanzapine (OZP) is a safe and effective atypical antipsychotic drug 

used in treating schizophrenia and bipolar disorders. The dosage forms currently on the 

market for OZP are administered via oral or intramuscular routes. However, there are 

many problems associated with oral and intramuscular routes of drug administration. 

Thus, our aim was to develop a drug-in-adhesive transdermal delivery system (TDS) that 

can deliver OZP for three days.  

Methods: We determined passive permeation, effect of oleic acid as chemical 

enhancer, and delivery of OZP across different skin types. Based on preliminary studies 

and saturation solubility of OZP in different pressure sensitive adhesives (PSAs), we 

formulated and characterized solution-based TDS in acrylate PSA and suspension-based 

TDS in silicone and PIB PSA, with oleic acid as chemical enhancer.  
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Results: Acrylate solution-based TDS, silicone and PIB suspension-based TDS 

delivered 58.97±6.59 µg/sq.cm, 129.34±16.59 µg/sq.cm, and 245.00±2.51 µg/sq.cm 

respectively using IVPT. PIB PSA suspension-based TDS met the 3 days desired target 

delivery. Skin irritation testing using In vitro EpiDermTM skin irritation test (EPI-200-

SIT) kit found PIB TDS to be non-irritant.  

Conclusion: The PIB PSA suspension-based TDS could serve as a potentially 

effective transdermal delivery system for olanzapine. 

Introduction 

Psychosis is a prominent symptom in schizophrenia, bipolar disorders, and 

neuropsychiatric manifestation of Alzheimer's disease, occurring in approximately 50% 

of patients affected by the same (White & Cummings, 1996). Thus, there is an unmet 

medical need to develop a less user-dependent, self-use long-acting product for the 

treatment of psychosis. In March 2022, USFDA approved Corium's donepezil 

transdermal system (Adlarity®) for the treatment of mild, moderate, or severe 

Alzheimer's disease (AD) dementia, the first and only once-weekly patch to continuously 

deliver consistent doses of donepezil through the skin (USFDA, 2022). Antipsychotic 

drugs are not commonly available as TDSs but are widely explored. Olanzapine is an 

atypical antipsychotic drug associated with lower incidences of extrapyramidal symptoms 

than other commonly prescribed antipsychotics (Citrome et al., 2019). The dosage forms 
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currently in the market for OZP are administered through oral or intravenous routes. 

However, despite the significant benefits of OZP, there are many problems associated 

with the oral and intravenous route of drug administration, such as first-pass metabolism, 

peak and valley plasma drug concentrations, invasiveness, and inconvenient 

administration, ultimately leading to poor patient adherence (Abruzzo et al., 2019; 

Ashana Puri et al., 2019). 

 In the past few decades, it has been well discovered that transdermal drug 

delivery provides many advantages compared to other drug administration routes. 

Transdermal drug delivery systems are non-invasive, improve patient adherence, and 

reduce the drug abuse potential compared to other traditional drug delivery routes. A drug 

molecule can directly enter the systemic circulation from the patches via skin. Hence, it 

has been an attractive route of drug delivery for molecules that undergo extensive first-

pass metabolism (Vora, Garimella, et al., 2022). The transdermal route of drug delivery 

allows drug administration in a minimally/non-invasive manner, potentially allowing 

self-administration or application under minimally trained health care practitioners. 

Transdermal delivery may reduce the generation of dangerous medical waste and inhibit 

the spread of the disease known to occur through contaminated needles (S. A. 

Bhattaccharjee et al., 2020).  Developing TDSs that fit into the routine and lifestyle of 

end-users is critical to the success of biomedical intervention.  
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 OZP is an excellent candidate for transdermal drug delivery due to its 

moderately lipophilic nature (logP: 2.9) (Olanzapine, 2022) and low molecular weight 

(312.4 g/mol). The physicochemical properties of OZP are suitable for transdermal drug 

delivery, thereby having the potential to overcome all the problems mentioned above and, 

therefore, improve patient compliance (Abruzzo et al., 2019). The typical recommended 

dosage for OZP for the treatment of schizophrenia and psychotic manifestations is 5 mg 

tablets once daily (FDA Access Data, 1996). OZP is extensively metabolized by first pass 

metabolism with approximately 40% of the dose metabolized before reaching the 

systemic circulation(FDA Access Data, 1996). Thus, with an absolute bioavailability of 

60% from a 5 mg once a day oral tablet, we predicted an estimated a 3 mg/day target 

delivery per day via the transdermal route. For a calculated daily dose of 3 mg for a 50 

cm2 patch size, the desired target delivery calculated per day is 60 µg/cm2/day and hence 

180 µg/cm2/ 3 days. 

 Traditionally, transdermal drug delivery systems are broadly classified into 

two types: matrix-based TDS and reservoir-based TDS. Matrix type TDS contain the 

active solubilized or suspended in a blend of adhesives, chemical enhancers, and other 

excipients. On the other hand, reservoir type TDS contain a blend of components in a 

liquid or semi-solid form in a heat-sealed reservoir formed between a backing membrane 

and a semipermeable membrane. However, matrix type TDS are preferred and 
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recommended by the FDA over reservoir type TDS due to some serious limitations with 

reservoir type TDS such as leakage from the reservoir leading to dose dumping(FDA, 

2019). Generally, matrix TDS are drug-in-adhesive transdermal patches that include 

lipophilic drugs either dissolved or dispersed in pressure-sensitive adhesives (PSAs). The 

most commonly used PSAs for transdermal drug delivery systems are acrylates, silicone, 

or polyisobutylene (PIB) PSAs (Tan & Pfister, 1999). The objective of our study is to 

develop a drug-in-adhesive matrix type drug in adhesive TDS that can exert a slow and 

sustained release of OZP for three days. The TDS will be non-invasive, improve patient 

adherence, and reduce the drug abuse potential.  

Materials 

Olanzapine was purchased from TCI America (Portland, OR), Pressure sensitive 

adhesives (Acrylate DURO-TAK 87-2516 PSA and Polyisobutylene DURO-TAK 87-

6908 PSA) were received as gift samples from Henkel Corporation (Dusseldorf, 

Germany) and Silicone BIO-PSA 7-4301 was received as a gift sample from Dow 

Corning Corporation (Washington, DC, USA). The release liners and backing 

membranes were gifted by 3M (St. Paul, MN, USA). Oleic acid, oleyl alcohol, and 

isopropyl alcohol were received as samples from Croda Inc. (Edison, NJ, USA). De-

identified dermatomed human skin was procured from a New York Fire Fighters (New 
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York, NY, USA), while dermatomed porcine skin was excised from porcine ears 

procured from a local slaughterhouse (Atlanta, GA, USA). 

 

Methods 

Quantitative analysis 

A reverse-phase High-Pressure Liquid Chromatography (HPLC) analysis was 

performed to determine the amount of OZP in all samples to calculate the amount 

permeated through skin. An isocratic method with a composition of 35:65:: Acetonitrile: 

10 mM KH2PO4 buffer, pH 6 was used. A Kinetex EVO C18 5 μm, 4.6 X 250 mm 

column was used for the analysis. The column temperature was 35°C, injection volume 

was 5 μL, and the flow rate was 0.8 mL/minute. The run time was 10 minutes and the 

retention time for OZP was at 4.3 minutes. The wavelength of detection was 258 nm. 

Method validation for the developed method was conducted. 

Screening chemical enhancers 

The saturation solubility of OZP in chemical enhancers such as oleic acid, oleyl 

alcohol, and isopropyl myristate was determined. For determining the saturation 

solubility, an excess amount of OZP was added to 1 mL of vehicle and allowed to shake 

overnight on a platform shaker at room temperature. The samples were then centrifuged 
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at 13,400 rpm for 15 minutes. Supernatant was then filtered through 0.45 µm filters. The 

amount of OZP solubilized in the supernatant was determined using HPLC analysis. 

Skin source and preparation 

In vitro skin permeation studies were performed using dermatomed porcine and 

human skin. Porcine skin was excised from porcine ears using scissors and forceps. Full-

thickness porcine skin was then dermatomed using a Dermatome 75 mm (Nouvag AG, 

Goldach, Switzerland). On the other hand, dermatomed human skin was procured from a 

skin bank. All skin were stored at -80 degrees Celsius until use. Prior to a study, skin was 

thawed using phosphate-buffered saline and cut into smaller pieces. In case of heat 

separated human epidermis(Kim et al., 2008), dermatomed human skin thawed at 37 °C 

was packed in aluminum foil and immersed in phosphate-buffered saline (60 °C) for 2 

minutes. The sharp end of a spatula was used to separate the epidermis from the edges, 

and then use the blunt end to remove the rest. Once a major portion of epidermis came 

off, a piece of foil (big enough to fit the epidermis) was cut and placed on the part of skin 

from where the epidermis had been removed. This was followed by carefully transferring 

the epidermis from the free end on the foil. The thickness of each skin piece was 

determined using a thickness gauge and recorded. The thickness of dermatomed human 

skin used in the study was around 400-500 µm while that of heat separated human 

epidermis was 50-150 µm. 
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IVPT studies 

Franz diffusion cells are a powerful in vitro model for determining the 

percutaneous absorption of drug molecules. Vertical static Franz diffusion cells were 

used for the in vitro permeation studies. For IVPT, the skin was mounted on the Franz 

cell. After equilibration for 10 minutes, skin resistance was determined to ensure the 

integrity of the skin. Skin resistance was measured using silver/silver chloride electrodes, 

Agilent 33220A, 20 MHz function/arbitrary waveform generator, and 34410A 6 ½ digit 

multimeter (Agilent Technologies, CA, USA)(Dandekar et al., 2022). The procedure for 

measuring electrical resistance of skin was same as Dandekar et al. have explained in 

their study(Dandekar et al., 2022). Skin pieces with resistance lower than ten kΩ cm2 

were not included in the study. The donor chamber was clamped on the mounted skin, 

followed by dosing of the donor formulation. A 10 mM phosphate buffer (pH 5.6) was 

used as the receptor solution to maintain sink conditions. Receptor samples were 

collected from the sampling arm at predetermined time points for 72 hours. Sample 

volume was replaced with 300 µL of fresh receptor media in the receptor chamber. The 

amount of OZP in all samples was determined to calculate the amount of OZP permeated 

across the skin. dan 
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IVPT to determine passive permeation and effect of chemical enhancer 

An IVPT study was conducted to determine the amount of OZP delivered through 

dermatomed porcine ear skin via passive permeation and after the incorporation of 

chemical enhancers. For passive permeation, 100 µL of a 90% saturated solution of OZP 

in propylene glycol was used as the donor solution. For chemical enhancer group, since 

the solubility of OZP was highest in oleic acid, 100 µL of a 90% saturated solution of 

OZP in 10% w/w oleic acid in propylene glycol was used as the donor solution. 

IVPT using different skin types 

An IVPT study was conducted to determine the effect of various skin types on the 

delivery of OZP. A 90 % saturated solution of OZP in a solution of 10 %w/w oleic acid 

in propylene glycol was used as the donor solution. Dermatomed porcine skin, 

dermatomed human skin, and heat separated human skin were used as different types of 

skin for this study. Skin thickness and skin integrity was evaluated for each sample. Skin 

thickness of each skin type was different, but the skin electrical resistance of each piece 

selected was above the cutoff limit to ensure intact barrier integrity. The amount of OZP 

delivered across skin was determined.  

IVPT from solution and suspension based TDSs 

TDS large enough to cover to cover the diffusion area of Franz diffusion cells 

were cut using a die. For application of the TDS, the heat separated epidermis was first 
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placed on a flat surface. Forceps were used to carefully remove the release liner from the 

TDS. The TDS was then placed on the skin piece, followed by applying pressure by 

gentle rolling of a glass rod on the applied TDS to ensure proper adhesion. The skin with 

TDS was then mounted on the Franz cells, followed by the protocol same as other IVPT 

studies.  

Slide crystallization study 

Crystallization studies were carried out to determine the maximum amount of OZP 

that can be solubilized in each matrix without the risk of the drug crystallizing out upon 

evaporation of the processing solvents. The saturation solubility of OZP in different 

pressure-sensitive adhesives (PSAs) was determined using slide crystallization studies. 

To determine saturation solubility, blends of different concentrations of OZP in blends of 

different adhesives (acrylate, silicone, and polyisobutylene) and oleic acid were cast on 

microscope slides. All the solvents were allowed to evaporate overnight in a fume hood. 

The slide was then observed on a polarized light microscope for any crystallized drug. 

Preparation of drug-in-adhesive TDS 

Based on the saturation solubility of OZP in PSAs, we formulated a solution-based 

PSA patch with acrylate PSA, and a suspension-based PSA patch with silicone and 

polyisobutylene PSA TDS. We optimized various processing parameters to formulate a 

TDS, such as selecting backing membrane, selection of release liners, type of drying, and 
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drying time. To select a backing membrane, blends of the drug in the adhesive were cast 

on different backing membranes and allowed to dry. The backing membrane from which 

the blend came out clean after sticking to a surface was selected and further used to 

determine the release liner. For choosing the release liner, blends of the drug in the 

adhesive were cast on the selected backing membrane. This was then transferred to 

different release liners. The one that peeled off clean was chosen as the release liner for 

the TDS. After selecting the backing membrane and release liner, the drying time for the 

TDS was optimized. Blends of oleic acid and OZP in different PSA were cast on the 

backing membrane and placed on a weighing balance. The weight was noted at 0 minutes 

and at multiple time points till 180 minutes. The percentage of weight loss over time due 

to evaporation of solvents on air drying was calculated and plotted. The time at which 

there was no further weight loss indicated evaporation of all volatile solvents and was 

optimized as the drying time for the preparation of all TDSs.  

TDS characterizations 

Some of the essential attributes of a TDS are its tack, shear adhesion, and peel 

adhesion, in addition to the coat weight and drug content. All characterizations were 

conducted in 3 or more replicates. 
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Determination of drug content 

Punches were used to cut out smaller circular pieces of TDS. The area of TDS 

punched for determination of drug content was 0.49 cm2. These were dissolved in 2 mL 

of tetrahydrofuran and kept on the platform shaker overnight for the drug and PSAs to 

dissolve completely from the backing membrane and release liner. Further, 18 mL of 

methanol was added to the samples for a ten times dilution. The samples were vortexed, 

filtered using a 0.22 µm syringe filter, and analyzed using the validated HPLC for the 

content of OZP in the TDS. 

Determination of coat weight 

TDS of 0.49 cm2 area were punched. The punched TDS was accurately weighed 

(n=4). The coat weight of drug in adhesive laminate was determined by subtracting the 

weight of the backing membrane and release liner with no drug in adhesive laminate. 

Average coat weight of the TDS was determined and reported.  

Tack testing 

Tack can be explained as the ability to immediately form a bond with another 

surface under light contact pressure(Sun et al., 2013). The Texture Analyser (TA.XT 

Express by Texture Technologies Corp. and Stable Micro Systems, Ltd. Systems, 

Hamilton, MA, USA) was used to characterize the tack properties of the formulated 

TDSs. The approach speed of the probe was 0.5 mm/s and the return speed 5 mm/s with a 
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hold time of 10 s. (n = 3). The cylindrical probe made of stainless steel was used. The 

absolute positive force required for debonding, positive area, and separation distance for 

each sample was recorded. 

Shear strength 

Shear adhesion evaluates the cohesion strength and resistance to stress(Sun et al., 

2013). In the static shear test, the time taken by a standard area of the TDS to drop from 

the adherend plate under a standard weight load is determined(Bozorg & Banga, 2020). 

We used a ChemInstruments static shear tester (ChemInstruments Model SS-HT-8, 

Fairfield, OH, USA).  TDS pieces 2 cm wide and 8 cm long were accurately cut. These 

were adhered to the stainless steel panel after peeling the release liner off. The other end 

of the backing membrane was looped through the test clip, which was then hooked to a 

500 g weight. The time taken by each TDS to fall was reported.  

Peel adhesion 

Peel adhesion is a crucial attribute of TDS, which measures the force required to 

peel off a patch from a surface(Sun et al., 2013). Peel adhesion force for the developed 

TDS was determined using a 180-degree peel tester (ChemInstruments Model PA-1000-

180, Fairfield, OH, USA). TDS were adhered to a stainless steel test panel with the loose 

end of the backing membrane fixed in the load cell grip. The average force required to 

detach the TDS from the test panel was measured and recorded.  
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Skin irritation testing 

In vitro EpiDermTM skin irritation test (EPI-200-SIT) kit was purchased from 

MatTek Corporation (Ashland, MA, USA) to conduct skin irritation testing. The kit is a 

three-dimensional (3D) reconstructed human epidermis model (RhE) for in vitro tissue 

culture and involves a cell viability test to get insights into the skin irritation potential of 

test formulations. Cell viability was assessed using methyl thiazolyl tetrazolium (MTT) 

assay. Positive control was 5% SDS, and negative control was Dulbecco Phosphate 

buffered saline (DPBS, pH 7.4). Four replicates of the punched patches were used for the 

testing.  The release liner was peeled off, and patch was applied to the tissues. All 

pretreatment, dosing, incubation, and analysis steps were followed exactly as mentioned 

in the protocol by Mattek. The exposure time for the test was 60 minutes as mentioned in 

the protocol. The optical density at 560 nm of the extracted formazan salt was measured 

using a Synergy HT plate reader (BioTek Instruments, Inc, Winooski, VT, USA). The 

relative percentage viability from negative control, positive control, and PIB PSA 

suspension TDS group was determined. Any treatment group with a mean relative tissue 

viability of less than 50% was considered as an irritant (“In vitro EpiDerm TM Skin 

Irritation Test (EPI -200-SIT), MatTek Laboratories In vitro Life Science,” 2020).  
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Statistical Analysis 

All data were represented as mean ± SE. All experiments were conducted with at 

least three replicates which could provide statistical power to differentiate between 

various groups. For the statistical analysis of outcomes, we used the two-tailed Student's 

t-test to detect between-group effects and one- or two-way ANOVA to test multiple 

group effects with significance levels of at least 0.05. Statistical analysis was performed 

using GraphPad Prism V9 software. 

Results  

Quantitative analysis 

The developed HPLC method was validated for inter-day and intra-day accuracy 

and precision, linearity. The intra-day and inter-day accuracy and precision of the assay 

method were studied by analyzing replicates at three concentration levels 

(percent relative standard deviation less than 5%). The limit of detection was 0.03 

µg/mL. The limit of quantification was 0.08 µg/mL. Figure 16 indicates the HPLC 

chromatogram for a 5 µg/mL concentration of OZP in phosphate buffer.  
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Figure 16. HPLC chromatogram for a 5 µg/mL concentration of olanzapine in phosphate 

buffer. 

 

 

Screening chemical enhancers 

The saturation solubility of OZP in oleic acid, oleyl alcohol, and isopropyl 

myristate was 16.80 ± 0.32 mg/mL, 7.50 ± 0.01 mg/mL, and 5.10 ± 0.25 mg/mL 

respectively. Thus, the saturation solubility of OZP was highest with oleic acid. Hence, 

further studies were conducted to determine the efficacy of oleic acid as a chemical 

enhancer for OZP. 
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 IVPT to determine passive permeation and effect of chemical enhancer 

The amount of OZP delivered into the receptor chamber via passive permeation 

(17.68 ± 2.16 µg/cm2) did not reach the desired target delivery for three days (180 

µg/cm2). However, the amount of OZP delivered across the skin from a solution of 10% 

w/w oleic acid in PG as chemical enhancer (1181.71 ± 179.18 µg/cm2) exceeded the 

desired target delivery for three days and was significantly higher than passive 

permeation (Figure 17). Thus, the feasibility of using oleic acid as a chemical enhancer 

for OZP was established and hence was used as an excipient in the development of a 

TDS. 
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Figure 17. Results from solution based IVPT studies (a) Total amount of olanzapine 

delivered into and across skin in 3 days (b) Permeation profile of olanzapine delivered 

across skin in 3 days. Results from in vitro permeation testing using different skin types 

(c) Cumulative amount of olanzapine delivered to receptor in 3 days (d) Permeation 

profile of amount of olanzapine delivered in 3 days. Values are expressed as average 

amount of olanzapine (µg/cm2) ± SE and n=4; Statistical analysis performed by Mann-
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Whitney t-test and Kruskal-Wallis test, ns indicates no statistical difference between 

groups, p > 0.05 and * indicates statistical difference between groups, p < 0.05. 

 IVPT using different skin types 

We conducted an IVPT study to compare the amount of OZP delivered into the 

receptor chamber across different types of skin mounted on the Franz diffusion cells. The 

amount of OZP delivered into the receptor chamber across dermatomed porcine skin, 

dermatomed human skin, and heat separated human epidermis was 1181.71 ± 179.18 

µg/cm2, 1280.36 ± 80.78 µg/cm2, and 1518.92 ± 37.27 µg/cm2 respectively (Figure 17). 

There was no statistically significant difference in the amount of OZP delivered from all 

three skin types. Further IVPT studies with solution and suspension TDS were conducted 

using heat separated human epidermis. 

Slide crystallization study 

Slide crystallization study was conducted to determine the saturation solubility of 

OZP in PSAs. Crystals of OZP were observed in drug loading higher than 4 % w/w of 

OZP in an acrylate-oleic acid blend. In acrylate-oleic acid blend, no crystals were 

observed in 3.8 % w/w of OZP. Further, globules were observed in 0.1 % w/w of OZP in 

silicone-oleic acid blend, while crystals of OZP were observed in 0.1 % w/w of OZP in 

PIB-oleic acid blend. Images obtained from a polarized light microscope showing these 

observations are provided in figure 18 (a-e). Since OZP crystallized out from a 4 % w/w 
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blend but not from a 3.8 %w/w blend, we determined that the saturation solubility of 

OZP in acrylate PSA was 3.8% w/w. On the other hand, the saturation solubility in 

silicone and PIB PSA was less than 0.1% w/w. A TDS made from a blend with 0.1 % 

w/w solubility would have less drug loading than the desired target delivery. Hence, 

based on the saturation solubility, a solution based PSA TDS was developed using 

acrylate PSA, while a suspension based PSA TDS was developed using silicone and PIB 

PSA.  
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Figure 18. Images of slide crystallization studies using polarized light microscope (a) No 

crystals were observed in 3.8 % w/w of OZP in acrylate-oleic acid blend (b) crystals of 

OZP in 4 % w/w of OZP in acrylate-oleic acid blend (c) crystals of OZP in 7 % w/w of 

OZP in acrylate-oleic acid blend (d) Globules observed in 0.1 % w/w of OZP in silicone-

oleic acid blend (e) crystals of OZP in 0.1 % w/w of OZP in PIB-oleic acid blend. The 

scale bar represents 50 µm. 
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Preparation of drug-in-adhesive TDS 

3M™ CoTran™ Ethylene Vinyl Acetate Membrane Film 9702 was selected as the 

backing membrane, while 3M Scotchpak™ 9744 Release Liner Fluoropolymer Coated 

Polyester Film was chosen as the release liner for solution as well as suspension based 

TDS as mentioned in Table 2. To determine the optimum drying time, the patch was cast 

on the release liner and the percentage weight loss after casting was noted till 30 minutes. 

We observed that there was no further weight loss after about 30 minutes, which 

indicating evaporation of volatile solvents. Thus, 30 minutes of air drying was optimized 

as the processing parameter. 

 

Table 2. Components and processing parameters used for the preparation of solution and 

suspension based TDS 

Content (% w/w 

dry-weight) 

Acrylate PSA (DURO-

TAK 2516) 

Poly isobutylene 

(DURO-TAK 

6908) 

Silicone PSA 

(BIO-PSA 7-4301) 

PSA 86.58 % w/w 75 % w/w 75 % w/w 

Olanzapine 3.42 % w/w 15 % w/w 15 % w/w 

Oleic Acid 10 % w/w 10 % w/w 10 % w/w 

Release Liner 
3M Scotchpak™ 9744 Release Liner Fluoropolymer Coated 

Polyester Film 

Backing Membrane 3M™ CoTran™ Ethylene Vinyl Acetate Membrane Film 9702 

Optimized drying 

time 
30 minutes 
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Solution based TDS in Acrylate PSA: Acrylate PSA (dry weight basis) and oleic 

acid were added and allowed to shake on a slow rotary shaker to make a blend. OZP was 

added and allowed to shake on rotary shake for 4 hours to dissolve OZP completely. 

Rotary shaker was used to avoid any excess shear in the process. The blend was cast on 

the selected release liner and allowed to air dry for 30 minutes. The matrix on release 

liner was then transferred to the backing membrane. 

Suspension based TDS in silicone and PIB PSA: Silicone or PIB PSA (dry weight 

basis) and oleic acid were added to make a uniform blend. OZP was added to the blend, 

and probe homogenized at 8000 rpm for 1 minute to make a uniform suspension/ slurry. 

To remove air bubbles, this was allowed to shake on the slow rotary shaker for 30 

minutes. The blend was cast on release liner and allowed to air dry for 30 minutes, 

followed by transferring to the backing membrane. 

TDS characterizations 

Determination of drug content 

The drug content for acrylate, silicone, and PIB based patches was 3.40 ± 0.3, 14.2 

± 0.64, and 14.51 ± 0.37 % w/w, respectively. 
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Determination of coat weight 

The coat weight for solution based TDS in acrylate PSA, suspension based TDS in 

silicone, and PIB PSA was 191.93 ± 7.46 g/m2, 182.93 ± 2.51 g/m2, and 181.27 ± 1.10 

g/m2 respectively.  

Tack testing 

Absolute force, positive area, and separation distance were evaluated and are listed 

in Table 3. The absolute force for acrylate, silicone, and PIB PSA TDS was 333.7 ± 

14.46 g, 511.67 ± 63.20 g, 79.20 ± 9.18 g respectively. These parameters were highest for 

silicone based TDS, followed by acrylate based TDS and PIB based TDS.  

Shear strength 

The time for acrylate-based TDS to fall from the test plate was more than 2 hours, 

while the silicone and PIB-based TDS fell within 3.5 minutes, as indicated in Table 3. 

Peel adhesion 

As mentioned in Table 3, the force needed to peel the acrylate based TDS was 

comparable to that required to peel silicone based TDS. PIB based TDS required 

significantly less force to be peeled as compared to the other two. 
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Table 3. Results from TDS characterization studies 

 

Type of TDS 

Tack testing 
Shear 

strength 

Peel 

Adhesion 

Absolute 

force (g) 

Positive 

area (g.s) 

Separation 

distance 

(mm) 

Time to fall 

(minutes) 
Force (g) 

Acrylate PSA 

TDS (Solution) 

333.7 ± 

14.46 

84.53 ± 

7.30 
2.73 ± 0.09 > 2 hours 

172.03 ± 

35.01 

Silicone PSA TDS 

(Suspension) 

511.67 ± 

63.20 

190.30 ± 

41.91 
7.93 ± 1.22 2.83 ± 0.35 

254.6 ± 

89.71 

PIB PSA TDS 

(Suspension) 

79.20 ± 

9.18 

10.87 ± 

1.68 
1.77 ± 0.30 1.29 ± 0.13 

7.37 ± 

2.15 

All data are reported as mean ± SE (n=3) 

 

 

IVPT from solution and suspension based TDSs 

IVPT was conducted to determine the amount of OZP permeated from the TDS 

system using heat-separated human epidermis on vertical static Franz diffusion cells. 

Solution-based TDS in acrylate PSA successfully delivered OZP (58.97 ± 6.59 µg/cm2) 

but did not reach the desired target delivery for three days (180 µg/cm2). Suspension-

based TDS in silicone (129.34 ± 16.59 µg/cm2) and PIB PSA (245.00 ± 2.51 µg/cm2) 

delivered a significantly higher amount of OZP than solution-based TDS, as shown in 
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figure 19. Suspension-based TDS in PIB PSA successfully met the desired target delivery 

for three days. 

 

Figure 19. Results from in vitro permeation testing from solution and suspension based 

TDS (a) Cumulative amount of olanzapine delivered to receptor in 3 days (b) Permeation 

profile of amount of olanzapine delivered in 3 days. Values are expressed as average 
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amount of olanzapine (µg/cm2) ± SE and n=4; Statistical analysis performed by Kruskal-

Wallis test, ** indicates statistical difference between groups, p < 0.01. 

 

 

Skin Irritation Testing 

Results of MTT Assay indicated that the relative percentage viability for negative 

control was 100.0 ± 10.87 % while that for positive control and PIB TDS was 3.1 ± 

0.36 % and 119.7 ± 9.59 % respectively (Figure 20). According to the testing protocol, a 

relative percentage viability of more than 50% indicates that the test chemical is non-

irritant. Thus, the PIB PSA patch was predicted to be non-irritant in addition to 

successfully meeting the desired target delivery of OZP for 3 days. 
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Figure 20. Relative tissue viability results from skin irritation testing studies. Negative 

control: DPBS; Positive control: 5% SDS; Test formulation: OZP suspension TDS in PIB 

PSA. Values are expressed as mean % tissue viability ± SD and n=4; * indicates 

statistical difference between positive control and test formulation, p < 0.05. 

 

 

Discussion 

Skin  has been extensively studied and established as a promising route for topical 

and transdermal delivery of various therapeutic agents(Banga, 2011). A moderately 

lipophilic drug having log P of about 1 to 3 and a molecular weight less than 500 Da can 
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permeate passively into the skin and then diffuse out of the skin into the systemic 

circulation(Banga, 2011). OZP is a molecule with log P of 2.9 and molecular weight of 

312.4 Da, hence can be delivered transdermally via passive permeation. As a part of 

preliminary studies, we conducted IVPT for OZP using dermatomed porcine ear skin. 

IVPT indicated successful passive permeation, but the amount of drug delivered did not 

meet the desired target delivery. Concentration gradient remains one of the significant 

factors affecting the performance of topical or transdermal products (Surber & Smith, 

2005). The permeation of drugs into and across skin increases with an increase in the 

degree of saturation owing to an increased concentration gradient (Surber & Knie, 2018). 

This underlined the importance of the degree of saturation of the drug in a topical or 

transdermal formulation and formed the basis of using a 90% saturated solution of OZP 

in the vehicles used as donor solutions for IVPT studies. 

 It is widely known that functional excipients such as penetration modifiers 

and solubilizers can alter skin barrier properties. The incorporation of these excipients 

can affect the skin barrier properties by either diffusing into the stratum corneum and 

altering the solubility properties of the skin or disrupting the lipid packing of the stratum 

corneum (Williams & Barry, 2004). Our previous studies have demonstrated the 

feasibility of incorporating chemical enhancers into transdermal systems to enhance the 

permeation of a drug into and across the skin (Vora, Dandekar, et al., 2022). Our study on 
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the formulation and evaluation of matrix-type transdermal systems also included the use 

of penetration enhancers such as oleic acid, oleyl alcohol, and isopropyl myristate for 

enhanced delivery of 4-benzyl piperidine (Ganti, Sindhu S.; Bhattaccharjee, Sonalika; 

Murnane, Kevin; Blough, Bruce; Banga, 2017). The current study screened various 

chemicals enhancers such as oleic acid, oleyl alcohol, and isopropyl myristate based on 

their saturation solubility. Oleic acid had the highest solubility for OZP as compared to 

the other two. Hence, we compared the delivery of OZP from solutions in PG via passive 

diffusion and incorporation of the chemical enhancer (10% w/w oleic acid in PG) to 

understand the effect of oleic acid as a chemical enhancer on the transdermal delivery of 

OZP. The group with chemical enhancer (10% oleic acid) delivered a significantly higher 

amount of OZP than passive diffusion and exceeded the target for three days delivery. 

This study indicated that chemical enhancers significantly increased transdermal delivery 

of OZP and can be utilized for further development of a transdermal delivery system for 

OZP. Similarly results were reported by Hu et al. about the synergistic effect of using 

combinations of oleic acid and isopropyl myristate as co-enhancers on the permeability of 

alpha-asarone in a drug in adhesive patch for the treatment of asthma (Hu et al., 2011). 

 For formulations intended for delivery to humans, in vivo assessment is the 

most appropriate. However, this may not always be possible due to various ethical and 

practical purposes, especially during the initial development phase for various topical and 
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transdermal dosage forms. Abd et al. in their review about skin models for testing 

transdermal delivery of drugs have extensively discussed various models such as ex vivo 

human and porcine skin developed and studied in the literature (Abd et al., 2016). Also, 

according to OECD guidance notes on dermal absorption, dermatomed skin and heat 

separated epidermis are considered appropriate models for appropriate models for IVPT 

for dermal or transdermal delivery (OECD Environment, Health and Safety Publications, 

Guidance Notes on Dermal Absorption, 2019). Various factors such as duration of the 

study, skin hydration, metamorphosis of formulation during the study duration in addition 

to skin thickness, and skin barrier integrity throughout the study duration can lead to 

either an under or overestimation of delivery into and across skin. Thus, by keeping the 

donor volume, donor formulation and study duration same but using different skin types, 

namely dermatomed porcine skin, dermatomed human skin, and heat separated human 

epidermis, we intended to study the effect of all intricate skin membrane related factors 

that could affect the delivery of OZP across skin for three days. The results indicated no 

significant difference in the amount of OZP delivered from all three skin types over a 

duration of three days, thus establishing the feasibility of using all three skin types for 

further testing.  

 To design a transdermal delivery system, the percentage of solids in 

different adhesives on a dry weight basis was considered. All adhesives have a different 
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percentage of solids and solvents and hence were considered in the calculations for each 

TDS. The formulation of a TDS involves optimizations of various parameters since a 

change in any parameter can significantly affect the efficacy of the final formulation. 

Various TDSs have been withdrawn from the market due to problems related to drug 

crystallizing out from the patch matrix. Hence, we conducted crystallization studies to 

determine the maximum amount of OZP that can be solubilized in each matrix without 

the risk of crystallizing out upon evaporation of the processing solvents. OZP (0.1 %w/w) 

crystallized out from silicone and PIB adhesive in slide crystallization studies. Similar 

studies for acrylate adhesive indicated 3.8% w/w OZP as the saturation solubility. In 

addition to the inherent solubility of adhesives for actives, the processing solvents can 

also play a role in solubilizing the actives. Acrylate adhesives commonly have ethyl 

acetate, heptane, ethanol, methanol, and isopropyl alcohol in different compositions as 

the processing solvent, while silicone and PIB adhesives have n-heptane as the 

processing solvent (Tan & Pfister, 1999). Olanzapine is soluble in solvents such as ethyl 

acetate, ethanol, and methanol while having a very low (<0.01 mg/mL) solubility in 

heptane. This could explain the high solubility of OZP in acrylate adhesive compared to 

other adhesives. Hence, for a suspension TDS, since we need the drug suspended in the 

adhesive and not solubilized, silicone and PIB PSA were used. Miller et al. have reported 

on the formulation of a suspension-based silicone adhesive formulation for the 
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transdermal delivery of fentanyl. They reported that for a suspension-based TDS, the 

drug particles can either be directly blended with one or more solvated adhesives, or a 

slurry can be formed by first combining the drug with a processing solvent which is then 

blended with the solvated adhesive (Miller KJ, Govil SK, 2009). In our current study, we 

utilized the former method of directly blending OZP particles with oleic acid and PSA 

using a probe homogenizer to form a uniform suspension-based TDS. 

 We aimed to obtain a similar coat weight for TDS with all three adhesives 

to understand the effect of adhesive matrix on the delivery of OZP across skin. The 

results of characterization studies of acrylate systems showed more shear strength than 

the other two, indicating acrylate adhesive-based systems are less prone to cold flow 

behavior. On the other hand, a low peel adhesion force for PIB systems indicated the ease 

of removing these systems due to a comparatively lower peel force required. Silicone 

systems showed the highest tack properties such as absolute force, positive area, and 

separation distance, demonstrating most adhesion properties. In addition to the above-

discussed characterizations, the casted patches were stored at room temperature and 

observed for phase separation, residue on release liner after peeling, 

contraction/shrinkage of the film, edge lifting, tunneling, and ease of peeling off the patch 

applied on the skin model, as well as any residue on skin after removal of the patches(Lu 

& Fassihi, 2015; Wokovich et al., 2006). IVPT studies using all three drug-in-adhesive 
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TDS, indicated successful delivery of OZP for 3 days. However, the amount of OZP 

delivered only from PIB suspension-based TDS met the desired target delivery.  

 The OECD guidelines for testing of chemicals describes how various 

actives in transdermal delivery systems can often cause skin irritation. The guideline also 

provides a test guideline for in vitro procedure for skin irritation testing(Kawahara & 

Tojo, 2007; OECD, 2013). Thus, the evaluation of in vitro skin irritation potential of the 

optimized patch using EpiDerm™ SIT model was conducted. The principle of this assay 

is that the drug or test chemical when exposed to the skin will diffuse through the upper 

layers of the skin and will be cytotoxic to the cells if the test chemical is irritant. In case 

of a TDS, the drug alone, or in combination with other components of the system can be 

irritant to the skin and hence it is crucial to determine the irritation potential (“In vitro 

EpiDerm TM Skin Irritation Test (EPI -200-SIT), MatTek Laboratories In vitro Life 

Science,” 2020). We conducted skin irritation testing for only the PIB suspension-based 

TDS since it met the desired target delivery. The test results followed the assay 

acceptance criteria and indicated that the TDS was non-irritant.  

 

Conclusion 

In this study, we determined the effect of oleic acid as chemical enhancer on the 

delivery on OZP across skin. We also studied the effect of oleic acid using different skin 
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types on the delivery of olanzapine. Further, olanzapine drug-in-adhesive matrix type 

transdermal delivery systems with oleic acid were successfully developed and 

characterized. All developed TDS successfully delivered OZP, however, only PIB PSA 

suspension-based TDS met the desired target delivery for 3 days and was also non-irritant 

to skin. Thus, the PIB PSA suspension-based PSA could serve as a potentially effective 

transdermal delivery system for olanzapine.  
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CHAPTER 5 

FORMULATION DEVELOPMENT FOR TRANSDERMAL DELIVERY OF 

RALOXIFENE, A CHEMOPROPHYLACTIC AGENT AGAINST BREAST 

CANCER 

This chapter published as: Vora, D., Dandekar, A., Bhattaccharjee, S., Singh, O. N., 

Agrahari, V., Peet, M. M., Doncel, G. F., & Banga, A. K. (2022). Formulation 

Development for Transdermal Delivery of Raloxifene, a Chemoprophylactic Agent 

against Breast Cancer. Pharmaceutics, 14(3), 680. 

https://doi.org/10.3390/pharmaceutics14030680 

Abstract 

Raloxifene (RLX) is a second-generation selective estrogen receptor modulator 

approved for the prevention of invasive breast cancer in women. Oral therapy of RLX 

requires daily intake and is associated with side effects that may lead to low adherence. 

We developed a weekly transdermal delivery system (TDS) for the sustained delivery of 

RLX to enhance the therapeutic effectiveness, increase adherence, and reduce side 

effects. We evaluated the weekly transdermal administration of RLX using passive 

permeation, chemical enhancers, physical enhancement techniques, and matrix- and 

reservoir-type systems, including polymeric gels. In vitro permeation studies were 
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conducted using vertical Franz diffusion cells across dermatomed human skin or human 

epidermis. Oleic acid was selected as a chemical enhancer based on yielding the highest 

drug delivery amongst the various enhancers screened and was incorporated in the 

formulation of TDSs and polymeric gels. Based on in vitro results, both Eudragit- and 

colloidal silicon dioxide-based transdermal gels of RLX exceeded the target flux of 24 

μg/cm2/day for 7 days. An infinite dose of these gels delivered 326.23 ± 107.58 µg/ cm2 

and 498.81 ± 14.26 µg/ cm2 of RLX in 7 days, respectively, successfully exceeding the 

required target flux. These in vitro results confirm the potential of reservoir-based 

polymeric gels as a TDS for the weekly administration of RLX. 

Introduction 

In 2021, an estimated ~282,000 new cases of invasive breast cancer (BC) were 

expected to be diagnosed in women (U.S. Breast Cancer Statistics., 2021). For women in 

the US, BC death rates are higher than those of any other cancer, besides lung cancer, and 

about 43,600 women were expected to die in 2021 from the disease (U.S. Breast Cancer 

Statistics., 2021). Aberrant cell growth leading to a malignant tumor in breast cells leads 

to BC. Damage to DNA or mutations in specific genes (e.g., BRCA1, BRCA2, HER2, 

PALB2, PIK3CA) are believed to be the primary causes of BC, which is also commonly 

linked to estrogen exposure (Naeem et al., 2019). Local treatment options such as surgery 

or radiation or the use of systemic treatments including chemotherapy, hormone 
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treatment, or targeted drug therapy are the main approaches used to treat BC. Besides the 

treatment options, various chemoprevention strategies are available to reduce the risk of 

BC (Nounou et al., 2015). Historically, BC prevention strategies were focused on patient 

awareness and screening, but given the rise in BC cases and incidence rates, a focus on 

targeted biomedical prevention has become more widespread and a preferred strategy in 

certain populations (Colditz & Bohlke, 2014). For high-risk individuals, prevention is 

limited to surgical approaches (i.e., bilateral mastectomy and salpingo-oophorectomy) or 

chemoprevention strategies using selective estrogen receptor modulators (SERMs) or 

aromatase inhibitors (Britt et al., 2020). However, only 10% of women eligible for 

chemopreventive (daily oral) medications use them (Ropka et al., 2010), partly because 

prevention options are burdensome and have undesirable side effects (Sauter, 2018).  

Tamoxifen (TMX), an FDA-approved medication for this indication, is safe and 

effective with a risk reduction of approximately 50% in those at high risk (Vogel et al., 

2002). However, uptake and adherence to daily oral TMX are relatively low (Britt et al., 

2020). Raloxifene (RLX), another SERM like TMX, was originally developed to treat 

osteoporosis in postmenopausal women (Britt et al., 2020), but in 2007, the US Food and 

Drug Administration (FDA) approved the use of RLX to reduce invasive BC risk in 

postmenopausal women with osteoporosis and/or at high risk for BC (Anderson et al., 

2020; Lucato et al., 2015). Compared to TMX, RLX has a preferable safety profile with 
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no increased risk for endometrial cancer and less risk for thromboembolism (Britt et al., 

2020), making it an ideal first-line drug to use in a sustained delivery platform for 

chemoprophylaxis. Additionally, unlike TMX, RLX does not need to be converted into 

active metabolites to display potent activity (Y. Maximov et al., 2013). 

RLX is commonly administered as a 60 mg daily oral tablet (EVISTA®), but 

owing to its low aqueous solubility and systemic absorption, its absolute bioavailability is 

only around 2% (USFDA, 2006). RLX predominantly undergoes fecal excretion, and its 

average plasma elimination half-life ranges from 27 to 32 h. Steady-state plasma 

concentrations associated with efficacy show medians ranging from 1.2 to 2.5 ng/mL 

(USFDA, 2006). Considering these targets, we hypothesized that effective plasma 

concentrations of RLX may be achieved and maintained for a longer duration (minimum 

of 1 week) through the enhanced systemic administration provided by a transdermal 

delivery system (TDS). Transdermal delivery of chemopreventive drugs can offer many 

advantages, including bypassing the first-pass metabolism and sustained delivery over an 

extended period, in addition to effective chemoprevention(Banga, 2011). The transdermal 

route allows for drug substances to reach the systemic circulation directly across the skin 

barrier, thereby increasing bioavailability, and eliminating peak and trough plasma 

concentrations, which are usually associated with oral and injectable drug delivery. It 
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further avoids the degradation of labile drugs in the gastrointestinal tract and, in general, 

is non-invasive and more patient-compliant(Banga, 2011). 

RLX is a lipophilic molecule, having a log partition coefficient (LogP) of 5.5, 

which makes its delivery across the skin challenging. Several formulation strategies 

(Joshi et al., 2018; Mahmood et al., 2014, 2018; Nagai et al., 2018; UK, 2018; Waheed et 

al., 2019) have been explored previously for transdermal administration of RLX. These 

include the development of various vesicular delivery systems such as nano-

transferosomes (Joshi et al., 2018; Mahmood et al., 2014) made of phospholipids and 

ethosomes (Mahmood et al., 2018) for enhanced transdermal delivery of RLX. In 

addition, a nanoparticle-based delivery system (Nagai et al., 2018) and microneedle-

based (Thakkar et al., 2016) physical enhancement technique (Thakkar et al., 2016) have 

also been investigated. However, the development of a once-weekly formulation of RLX 

has not been successfully demonstrated to date. Based on RLX’s absolute bioavailability 

of ~2% from a 60 mg daily oral tablet, as well as its half-life and clearance, we predict an 

estimated ~1.2 mg/day delivery of RLX needed transdermally to achieve targeted plasma 

concentrations (Banga, 2011; Scott et al., 1999). For a daily transdermal dose of 1.2 mg, 

assuming a 50-cm2 patch size, the required target delivery calculated for 7 days is 168 

µg/cm2. Our study aimed to evaluate a weekly transdermal delivery of RLX via pressure-

sensitive adhesives (PSAs) and polymeric gels, ultimately to be used for 
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chemoprophylaxis of BC. The overall goal of this product development process is to 

enhance RLX bioavailability, therapeutic effectiveness, adherence, and local tissue 

activity while reducing side effects, in comparison to standard oral delivery. Additionally, 

by providing weekly, sustained, systemic, and potentially localized delivery to breast 

tissue, better adherence and effective chemoprevention of BC may be achieved with a 

lower incidence of systemic side effects (Lazzeroni et al., 2012; Ashana Puri et al., 2019). 

Materials 

Raloxifene (free base and hydrochloride salt form) was purchased from Cayman 

Chemicals (Ann Arbor, MI, USA). Oleic acid and Transcutol®P were received from 

Croda Inc. (Edison, NJ, USA) and Gattefoss’e (Paramus, NJ, USA), respectively. 

Acetonitrile and methanol (Pharmco-Aaper, Brookfield, CT, USA); VOLPOTM 

(Brij®O20: Polyoxyethylene (20) oleyl ether) and trifluoroacetic acid (Sigma Aldrich, St 

Louis, MO, USA); Eudragit®S 100 (Methacrylic acid-methyl methacrylate copolymer 

(1:2)) and colloidal silicon dioxide (CSD) (Evonik Industries, Wesseling, Germany); 

Dimethyl sulfoxide (DMSO) (Gaylord Chemical company, L.L.C, Tuscaloosa, AL, 

USA); and propylene glycol (PG) (Ekichem, Joliet, IL, USA) were procured. Acrylate 

PSA (DURO-TAK 87-2516) and polyisobutylene (PIB) PSA (DURO-TAK 87-6908) 

were received from Henkel Corporation (Dusseldorf, Germany); silicone PSA (BIO-PSA 

7-4301) was from Dow Corning Corporation (Washington, DC, USA). The release liner 
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(3M Scotchpak™ 1022 Fluoropolymer Coated Polyester Film) and backing membrane 

(3M™ CoTran™ Ethylene Vinyl Acetate Membrane Film 9707) were from 3M (St. Paul, 

MN, USA); Loparex Silicone coated PET film 7300A was from Loparex (Cary, NC, 

USA). Dermatomed human skin was procured from a skin bank (New York, NY, USA). 

Methods 

Preliminary Studies 

Preliminary studies using the salt form of RLX (RLX-HCl) were conducted to 

evaluate the passive permeation, pH-dependent diffusion, and microneedle-mediated and 

iontophoretic delivery of RLX-HCl. IVPT was conducted using dermatomed human or 

dermatomed porcine ear skin where polyethylene glycol (PEG) 400:PBS::4:6 was used as 

a receptor solution based on the solubility studies of RLX-HCl and to maintain the sink 

conditions. All studies were conducted using a 90% saturated solution of RLX-HCl in 

respective vehicles. Passive permeation was tested using PG as a vehicle, and pH-

dependent diffusion was checked at pH 3.5 and 8.5 using a 1:1 (%v/v) solution of PG and 

citrate (pH 3.5) or borate (pH 8.5) buffer. Microneedle-assisted delivery was tested using 

skin pre-treated with maltose microneedles for 2 min, whereas anodal iontophoresis was 

conducted for 4 h at 0.5 mA/cm2 using a published protocol (Ashana Puri et al., 2017) 

with 1:1::PG: citrate buffer. All studies were conducted for 7 days except for 

iontophoresis, which was conducted for 24 h. 
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Solubility and Stability Studies 

The solubility of RLX was determined in 10 mM PBS, 4:6:: PEG 400: PBS, 6% 

w/v VolpoTM in citrate buffer (10 mM, pH 3), and 50% ethanol in citrate buffer (10 mM, 

pH 3) to select the receptor solution. Additionally, the solubility was also screened in the 

presence of various chemical enhancers, including PG, oleic acid, DMSO, and 

Transcutol®P. To determine the solubility, an excess amount of drug was added to 500 

µL of each vehicle followed by overnight shaking at room temperature. After that, the 

solution was centrifuged at 13,400 rpm for 15 min. The supernatant was filtered, diluted, 

and analyzed by ultra-performance liquid chromatography (UPLC) to determine the 

solubility. In addition to its solubility, the stability of RLX in the above receptor solutions 

and in PG and DMSO was also studied to analyze for any degradation. For this, a 

specified amount of RLX was dissolved in each vehicle. The samples were incubated at 

37 °C and analyzed by the UPLC method at 0, 24, 72, 120, and 168 h time points to 

determine the amount of RLX. 

Skin Preparation for IVPT Studies 

Heat-separated human epidermis and dermatomed human cadaver skin were used 

for IVPT studies. Human epidermis was freshly isolated by first immersing dermatomed 

skin in 10 mM PBS at 60 °C for 2 min, separated using forceps and a spatula, and then 

cut into suitable pieces to be mounted on the Franz diffusion cells. For IVPT studies 
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using dermatomed human skin, the skin was thawed in 10 mM PBS at 37 °C and cut into 

pieces.  

Skin Integrity Testing 

Skin barrier integrity was assessed by measuring electrical resistance using a 

published method (Ashana Puri et al., 2017). A silver/silver chloride electrode connected 

to the waveform generator and digital multimeter (Agilent Technologies, Santa Clara, 

CA, USA) was used. Pieces of human epidermis or dermatomed skin were mounted on a 

Franz cell containing 5 mL of 10 mM PBS in the receptor compartment. The skin tissue 

was equilibrated for 15 min after adding 300 µL of 10 mM PBS to the donor chamber. 

The voltage drop across the skin was then measured by dipping silver wire and silver 

chloride in the receptor and donor compartments, respectively. The resistance was 

calculated in kΩ using the following equation (Ashana Puri et al., 2017): 

𝑅𝑆 =  𝑉𝑆𝑅𝐿 /(𝑉𝑂 −  𝑉𝑆)  

The load resistor (RL) and VO were 100 kΩ and 100 mV, respectively. Skin 

samples having a resistance >10 kΩ were used for the permeation study.  

IVPT studies 

IVPT on vertical static Franz diffusion cells was performed to determine the rate 

and extent of delivery of RLX into and across porcine ear skin (dermatomed) and human 

skin (dermatomed skin and heat-separated epidermis). The dermatomed skin was thawed 
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and cut to size, and the thickness was recorded. The skin was then mounted between the 

donor and receptor compartments of the Franz diffusion cells with the stratum corneum 

side facing up. The receptor compartment contained 5 mL of receptor solution (6% w/v 

VOLPO™ in citrate buffer of pH 3). After dosing, receptor samples were taken at 

predetermined time points (0, 2, 4, 8, 24, 48, 72, 96, 120, 144, and 168 h) and analyzed 

for the amount of RLX using the UPLC method. An equal amount of receptor solution 

was added at each time point to maintain the sink condition. At the end of the IVPT study 

with dermatomed skin, the permeation area was cut out, and skin was minced into three 

pieces, followed by the addition of methanol to extract RLX from the skin, and quantified 

using UPLC. Passive diffusion of RLX across human epidermis for 7 days was evaluated 

from a 9 mg/mL solution of RLX in PG (300 µL). 

Screening of Chemical Enhancers 

The effect of chemical enhancers on the delivery of RLX was tested across 

dermatomed human skin using 100 µL of 90% saturated solution of RLX in combinations 

with different chemical enhancers, including 10% oleic acid in PG, 5% oleic acid + 40% 

Transcutol®P in PG, 5% oleic acid + 10% Transcutol®P + 15% DMSO in PG, and 

45.50% DMSO in PG (all in % w/w). 
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Drug-in-Adhesive PSA-Based TDS 

To develop a solution-based PSA TDS, the solubility of RLX in blends of 

different PSAs (acrylate, silicone, and PIB) with 10% w/w oleic acid was determined 

using slide crystallization studies. However, due to the very low solubility of RLX in 

PSA–oleic acid blends (<0.10% w/w), the required drug loading was not achieved using a 

solution-based TDS; hence, a suspension-based TDS was developed. For the suspension-

based PSA TDS, three methods (slow rotary mixing, bead mill homogenization, and 

probe homogenization) were tested to produce a uniform suspension. Heptane was used 

as a processing solvent to make up the bulk volume required for probe homogenization. 

PIB PSA was excluded due to difficulty in homogenizing the high-viscosity adhesive 

blend. 

The optimized method for formulating the suspension-based PSA TDS included 

probe homogenizing RLX with PSA and heptane at 32,000 rpm for 5 min. Further, a 

weighed amount of oleic acid was added to the slurry and probe homogenized at 32,000 

rpm for 2 min. This uniform suspension of RLX and oleic acid was then blended with 

PSA at 15,000 rpm for 2 min, followed by slow rotary shaking for 15 min to remove the 

air bubbles. The blend was then cast on the release liner and allowed to air dry for 45 

min. Suitable backing membranes and release liners were selected for acrylate and 

silicone suspension-based PSA TDSs. For the selection of release liners, the blend was 
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cast on different release liners and allowed to air dry. A gloved hand was then used to test 

the peeling and adhesiveness of the formulations on individual membranes. The coat 

weight and drug content for both PSA TDSs were analyzed. The TDSs were punched to a 

size large enough to cover the permeation area on Franz diffusion cells. The IVPT study 

using these punched TDSs (Ashana Puri et al., 2019) was conducted for 7 days to 

determine the amount of RLX delivered across heat-separated human epidermis. 

Polymeric TDS 

Various polymers such as polyvinylpyrrolidone, polyvinyl alcohol, Carbopol, and 

Eudragit were screened for the formulation of a matrix-type TDS. As oleic acid was 

required for enhanced delivery of RLX, a polymer (Eudragit®S100) soluble in the oleic 

acid and PG blend was selected for formulating the TDS. RLX (3.50% w/w) was 

dissolved in a blend of 8.50% w/w oleic acid and 73% w/w PG. Eudragit®S100 (15% 

w/w) was then added to the blend and allowed to dissolve overnight on a slow rotary 

mixer (Preiser Scientific Inc., St. Albans, WV, USA). Ethanol (600 µL for a 5 g blend) 

was added as a processing solvent for casting the TDS. The homogenous blend was then 

cast on the backing membrane using a casting knife, dried to allow the evaporation of 

ethanol, and laminated with the release liner. IVPT was conducted to determine the 

amount of RLX delivered across heat-separated human epidermis. 
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Polymeric Transdermal Gels 

The polymeric transdermal gels were prepared using two polymers, 

Eudragit®S100 and colloidal silicon dioxide (CSD). Oleic acid was incorporated to 

enhance the delivery of RLX. To prepare gels, RLX was first dissolved in a mixture of 

oleic acid and PG using a tissue homogenizer (THq, Omni International, Kennesaw, GA, 

USA). The required quantity of each polymer was then added to the solution and blended 

overnight on a low-shear rotating mixer (Preiser Scientific Inc., St. Albans, WV, USA) to 

obtain a clear gel. Table 4 shows the composition of the formulated polymeric gels. 

 

 

Table 4. Composition of polymeric transdermal gels for raloxifene. 

 

Contents 
Eudragit®S100 Gel 

Colloidal Silicon Dioxide 

Gel 

Amount in % w/w 

Raloxifene 3.69% 3.90% 

Propylene glycol 77.68% 82% 

Oleic acid 8.63% 9.10% 

Polymer 10% 5% 
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The polymeric gels were characterized for their pH and rheology (Vora et al., 

2021). The pH of gels was determined using a pH meter for semi-solids (SympHony 

B30PCI pH meter; VWR, Radnor, PA, USA). Rheological evaluation of the prepared 

polymeric transdermal gels was conducted using a parallel-plate rheometer (Modular 

Compact Rheometer, MCR 302, Anton Paar Germany GmbH, Ostfildern, Germany). A 

flow curve was plotted, and an amplitude sweep test was performed for both gels. The 

flow curve was plotted to determine how the gel behaves when subjected to changing 

shear rates, while the amplitude sweep used increasing amplitude to probe gel properties 

such as rheological stability. Rheoplus/32 V3.62 software was used to analyze the data.  

Delivery of RLX from both finite and infinite doses of polymeric gels was 

evaluated. Approximately 10 mg/cm2 of semi-solid formulation is considered a finite 

dose (Dragicevic & Maibach, 2017). Thus, for a finite dose, 10 µL of gel was applied on 

the permeation area, whereas 200 µL was used for infinite dosing. Permeation of RLX 

from these gels across heat-separated human epidermis was tested using the same 

protocol as mentioned for passive permeation.  

Quantitative Analysis of RLX 

A reverse-phase UPLC method was developed and validated for quantitative 

analysis of RLX. A Waters Acquity H-Class UPLC coupled with a photodiode array 

detector was used. An Acquity UPLC BEH C18 1.7 micron, 2.1 × 50 mm column was 
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used. An isocratic elution with a flow rate of 0.9 mL/min at a solvent composition of 30: 

70:: acetonitrile +0.10% TFA: DI water +0.10% TFA and a run time of 3 min was used. 

The injection volume was 0.5 µL, and the detection wavelength was 287 nm. The 

retention time for RLX was found to be at 0.6 min. The developed UPLC method was 

validated for linearity (R2 = 0.99999), and interday and intraday accuracy and precision. 

The limit of detection was 0.03 µg/mL, while the limit of quantification was 0.08 µg/mL. 

Data Analysis 

All studies were conducted in replicates of 4 or more. Results were calculated as 

the mean value ± standard error (SE). Statistical calculations were performed using 

GraphPad Prism version 8.03. Statistical differences were determined using one-way 

analysis of variance (ANOVA) and a Kruskal-Wallis test. In addition, post hoc tests were 

carried out to calculate the statistical difference between groups. A p-value of less than 

0.05 (p < 0.05) was considered statistically different. 

Results  

Preliminary Studies 

There was no passive permeation of RLX-HCl observed from PG in 7 days. 

Further, no passive delivery was observed with an alteration in the pH (pH 3.5 and 8.5). 

Thus, the pH did not affect the transdermal delivery of RLX-HCl. Both pre-treatment 
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with maltose microneedles to breach the epidermis and anodal iontophoresis resulted in 

increased delivery of RLX-HCl, with a total delivery of 13.56 ± 3.78 µg/cm2 and 45.87 ± 

9.25 µg/cm2, respectively. 

Solubility and Stability Studies 

Solubility and stability studies were conducted to select a suitable receptor 

solution for IVPT studies. The solubility of RLX in 10 mM PBS was <1 mg/mL, which 

was not enough to maintain sink conditions. Among the other receptor solutions screened 

(Figure 21a), 6% w/v VOLPO in citrate buffer showed the highest solubility of 7.71 ± 

0.70 mg/mL, which was enough to maintain sink conditions. The literature also reports 

the use of such solutions for lipophilic compounds (OECD Environment, Health and 

Safety Publications, Guidance Notes on Dermal Absorption, 2019). Stability studies 

indicated significant degradation of RLX in the vehicle containing 4:6::PEG 400: PBS, 

but RLX was found to be stable in other vehicles, including 6% w/v VOLPO in citrate 

buffer (pH 3). Thus, based on the solubility and stability data, 6% w/v VOLPO in citrate 

buffer was selected as the receptor solution for permeation studies. Solubility studies 

showed increased solubility of RLX with the incorporation of chemical enhancers, and 

10% oleic acid in PG showed the highest solubility of 41.08 ± 0.31 mg/mL (Figure 21b). 

Stability studies showed no degradation of RLX in PG and DMSO (Figure 21c). 
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Figure 21. Solubility and stability studies: (a) solubility of RLX in receptor solutions; (b) 

solubility of RLX in combination with chemical enhancers; (c) stability profile of RLX in 

various vehicles at 37 °C; n = 4; PEG: polyethylene glycol 400, PBS: phosphate-buffered 

saline, PG: propylene glycol, OA: oleic acid, DMSO: dimethyl sulfoxide. 
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Passive Permeation 

Passive delivery of RLX from PG at the end of 7 days was only 0.18 ± 0.18 

µg/cm2. The low permeability could be due to the lipophilic nature of RLX and the 

molecular weight falling on the higher side of the ideal range of <500 Da for transdermal 

delivery.  

Screening Chemical Enhancers 

The total delivery of RLX from (all in weight%) 10% oleic acid in PG, 5% oleic 

acid + 40% Transcutol®P in PG, and 5% oleic acid + 10% Transcutol®P + 15% DMSO in 

PG was 645.01 ± 88.07 µg/cm2, 435.18 ± 12.65 µg/cm2, and 500.18 ± 94.30 µg/cm2, 

respectively (Figure 22). The other three combinations, except for 45.50% DMSO in PG, 

exceeded the target delivery required for 7 days. The total amount of RLX delivered into 

and across the skin (645.01 ± 88.07 µg/cm2) from a donor solution of 10% oleic acid in 

PG was the highest and thus was selected for further formulation development of a 

matrix-type PSA-based TDS. 
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Figure 22. Screening of chemical enhancers for delivery of raloxifene: (a) cumulative 

amount of raloxifene delivered into the receptor after 7 days; (b) amount of raloxifene 

delivered into the skin at the end of 7 days; (c) total amount of raloxifene delivered into 

and across the skin in 7 days; (d) permeation profile of raloxifene. Statistical analysis was 

performed with a Kruskal–Wallis test. ns indicates no significant difference between 

groups (p > 0.05); * indicates a significant difference between groups (n = 4, p < 0.05). 
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PSA-Based TDS 

For the formulation development of a matrix-type PSA-based TDS, among the 

three methods tested (slow rotary mixing, bead mill homogenization, and probe 

homogenization), probe homogenization was selected to give a uniform suspension of 

RLX in PSAs. A 3M Scotchpak™ 1022 Release Liner Fluoropolymer Coated Polyester 

Film was used as a release liner based on the observation that it provided the least residue 

on removal. Based on the adhesiveness of the blend to backing membranes, 3M™ 

CoTran™ Ethylene Vinyl Acetate Membrane Film 9707 was selected as the backing 

membrane for the acrylate PSA suspension-based TDS, whereas Loparex Silicone coated 

PET film 7300A was selected as the backing membrane for the silicone PSA suspension-

based TDS. The thickness of 30 mil for the acrylate TDS and 25 mil for the silicone TDS 

was optimized to give a target coat weight of 200 GSM (gram per square meter) for both 

adhesive systems. The amount of RLX permeated from the TDSs with silicone (2.21 ± 

1.02 µg/cm2) and acrylate (0.0 ± 0.0 µg/cm2) PSAs did not meet the desired target 

delivery (Figure 23).  
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Figure 23. Total amount of raloxifene delivered into the receptor from (a) PSA-based 

TDS and (b) polymeric Eudragit-based TDS, n = 4. 

 

 

Polymeric TDS 

A 3M™ CoTran™ 9720 Silicone coated PET film was selected as the backing 

membrane, while 3M Scotch Pak™ 1022 Release Liner Fluoropolymer Coated Polyester 

Film was selected as a release liner for the polymeric TDS. As shown in Figure 23, the 
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amount of RLX delivered into the receptor from the Eudragit® S100 polymeric TDS in 7 

days was 1.89 ± 0.50 µg/cm2, significantly lower than the target delivery required.  

Polymeric Gels 

The pH of Eudragit (10%) and CSD (5%) gels was 5.85 ± 0.01 and 6.15 ± 0.01, 

respectively. The results of the rheological evaluations of both gels are presented in 

Figures 24 and 25. The storage modulus measures the stored energy representing the 

elastic response of a material, whereas the loss modulus measures the heat dissipated by 

the material representing the viscous response of a material (A. Franck, 2019). The flow 

curves for the Eudragit (10%) and CSD (5%) gels (Figure 24) showed that with 

increasing shear rate, the viscosity of the Eudragit and CSD gels was decreased. Figure 

25 indicates the rheograms from the amplitude sweep test, and the Eudragit (10%) gel 

had a higher loss modulus as compared to the storage modulus, indicating a flowy gel, 

whereas the CSD (5%) gel showed a higher storage modulus than the loss modulus, 

indicating a less flowy gel.  
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Figure 24. Rheological characterizations of gels: flow curves of Eudragit (10%) and CSD 

(5%) gels. 

 

 

 

Figure 25. Rheological characterizations of gels: amplitude sweep tests of Eudragit 

(10%) and CSD (5%) gels. 
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The observed total delivery of RLX in 7 days from a finite dose of the Eudragit® 

S100 and CSD gels was 9.63 ± 2.58 µg/cm2 and 4.56 ± 1.13 µg/cm2, respectively, 

(Figure 26). Thus, a finite dose of the gels did not deliver the required amount of RLX; 

however, an infinite dose of the Eudragit® S100 and CSD gels delivered a total of 326.23 

± 107.58 µg/cm2 and 498.81 ± 14.26 µg/cm2 in 7 days, respectively, achieving the 

desired target delivery. The permeation profile of RLX from infinite gel dosing showed a 

continuous increase, as shown in Figure 27. 
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Figure 26. Cumulative amount of raloxifene delivered into the receptor in 7 days from (a) 

finite dosing of gels and (b) infinite dosing of gels. Statistical analysis was performed 

with a Mann–Whitney test. ns indicates no significant difference between groups (n = 4, 

p > 0.05). 
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Figure 27. Permeation profile of raloxifene from infinite dosing of gels. Statistical 

analysis was performed with a Mann–Whitney test. ns indicates a significant difference 

between groups (n = 4, p > 0.05). 

 

Discussion 

This research project focused on developing transdermal formulations of RLX, an 

osteoporosis and BC prevention agent for women. The selection of an appropriate 

receptor solution is essential for determining the in vitro delivery of highly lipophilic 

compounds such as RLX. The commonly used receptor solutions such as saline may 

underestimate results due to the low water solubility of the drug and the inability of the 
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solution to appropriately maintain sink conditions. The use of ethanol, PEG 400, and 

VOLPO as receptor solutions has been described in the literature for lipophilic drugs 

(OECD Environment, Health and Safety Publications, Guidance Notes on Dermal 

Absorption, 2019). Therefore, we tested RLX solubility and stability in the above 

receptor solutions. PEG 400:PBS was selected as a receptor solution in preliminary 

studies based on its sufficient solubility to maintain sink conditions (OECD Environment, 

Health and Safety Publications, Guidance Notes on Dermal Absorption, 2019). However, 

receptor solutions containing PEG 400 showed significant degradation (~50%) in 7 days, 

and the solubility of RLX in 50% ethanol in PBS was not enough to maintain sink 

conditions. The potential reason for the observed degradation of RLX in the PEG 

400:PBS receptor solution could be due to the presence of hydroperoxide in PEG 400, 

leading to oxidative degradation of RLX as seen in similar studies of RLX with 

excipients containing hydroperoxide (K. J. Hartauer et al., 2000; Wasylaschuk et al., 

2007). VOLPO (6% w/v) was selected to be the receptor solution in our studies since it 

maintained sink conditions for RLX while keeping it stable in this solution for 7 days. 

Preliminary studies performed with RLX-HCl showed promising results using 

physical enhancement techniques. These physical permeation enhancement techniques 

are powerful but complex, and their practicability for transdermal application of BC 

chemoprevention agents is low. Hence, other formulation approaches such as TDSs and 
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polymeric gels were explored for better patient compliance and ease of application. Nagai 

et al. successfully designed a transdermal formulation containing RLX nanoparticles for 

osteoporosis treatment. They observed that the incorporation of menthol as a penetration 

enhancer significantly enhanced the delivery of RLX nanoparticles through the skin 

(Nagai et al., 2018). In our studies, the effect of chemical enhancers on the delivery of 

RLX was tested by varying concentrations of oleic acid, DMSO, and Transcutol®P. 

Comparing these different combinations, the degree of saturation of RLX in each 

combination was maintained at the same saturation (90% saturation) to maximize the 

thermodynamic activity in all. This ensured the maximum enhancement effect from each 

vehicle. Each of these enhancers can act differently in different formulations with varying 

vehicles and can exhibit an effect via different mechanisms reported extensively in the 

literature (Williams & Barry, 2004). Oleic acid and DMSO both work as chemical 

enhancers by altering the structure of the skin’s layers, thereby acting on its barrier 

function (Haque & Talukder, 2018). Transcutol®P acts as a drug solubilizer and can 

easily penetrate the stratum corneum and interact with the intracellular fluid to modify 

stratum corneum permeability (Osborne & Musakhanian, 2018), whereas PG can, itself, 

act as an enhancer. We studied possible synergistic effects of PG in combination with 

oleic acid, Transcutol®P, and DMSO. The literature reports synergistic effects of oleic 

acid along with Transcutol®P in some studies (Rhee et al., 2007). In our studies, the 
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addition of Transcutol®P (both 10 and 40%) to oleic acid resulted in increased total 

delivery of RLX, although the difference was not statistically significant (Figure 22). In 

contrast, a higher concentration of oleic acid (10%) alone in PG significantly enhanced 

the delivery of RLX, with the highest total delivery. This can be attributed to the greater 

solubility of RLX in 10% oleic acid in PG as compared to other vehicle combinations 

(Figure 21). In our study, delivery of RLX was successfully enhanced for formulations 

containing oleic acid and Transcutol®P, which met the target delivery required for 7 days. 

However, the group containing 45.50% DMSO in PG did not meet the target delivery, 

which contrasts with several other studies that showed enhanced drug delivery using 

DMSO (Williams & Barry, 2004). Possible reasons for lower delivery could be the 

higher affinity of RLX in DMSO, which did not allow the drug to permeate across the 

skin. Based on the results of our screening, oleic acid was selected as the chemical 

enhancer to be incorporated in TDSs for RLX. 

We first formulated a suspension-based drug-in-adhesive matrix-type TDS for 

weekly administration of RLX and tested it for IVPT (Figure 28). However, the amount 

of RLX permeated from the matrix-type TDSs with silicone and acrylate PSAs did not 

meet the desired target delivery. Since the PSA-based TDSs could not deliver the 

required amount of RLX, other polymers were screened to formulate a matrix-type 

polymeric TDS. Eudragits are polymethacrylate-based copolymers used to formulate 
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matrix-type TDSs because of their film-forming and adhesive nature (Chantasart et al., 

2018). Chantasart et al. formulated and evaluated Eudragit® polymeric films for 

transdermal delivery of piroxicam. They demonstrated the use of Eudragit® for the 

formulation of TDSs (Chantasart et al., 2018). We formulated an RLX polymeric TDS 

using the Eudragit®S100 polymer (Figure 28b). However, like the suspension-based PSA 

TDS, the delivery of RLX from the polymeric TDS was also very low. These results 

indicate that a matrix-type TDS might not be suitable for the weekly administration of 

RLX. Hence, we then explored reservoir-type polymeric transdermal gels of RLX 

(Figure 28c). The pH of the formulation applied on the skin is an essential factor to be 

considered since it may affect the irritation properties of the formulation and also impact 

the dermal absorption of the actives. (OECD Environment, Health and Safety 

Publications, Guidance Notes on Dermal Absorption, 2019). The pH of the skin is widely 

known to be acidic (~5.5) for the maintenance of the stratum corneum and barrier 

permeability (Lukić et al., 2021). The pH of our formulated gels was also on the acidic 

side and within the acceptable range (pH 4–6) for formulations applied on the skin (Lukić 

et al., 2021).  
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Figure 28. Images of raloxifene loaded in (a) a suspension-based PSA TDS, (b) a 

polymer-based TDS, and (c) polymeric transdermal gels. 

 

 

Further characterizations were conducted to understand the rheology of the 

formulated gels. Both gels presented shear-thinning properties, which is ideal for topical 

gel application (Dantas et al., 2016). The higher loss modulus of the Eudragit gel 

indicated a less viscous gel, whereas the higher storage modulus than the loss modulus 

for the CSD gels indicated the gels’ ability to store deformation in an elastic manner. 

Both finite and infinite doses of the formulated polymeric gels were tested by IVPT, and 

the infinite dose of gels successfully achieved the target delivery required for 7 days. The 

higher delivery observed from an infinite dose than a finite dose of gel can be due to 

various factors. For example, evaporation of formulation excipients leading to 

metamorphosis and drying of the formulation on the skin was observed in the case of the 

finite dose, which could be one of the reasons for the low delivery of RLX. Thus, 



 

 

135 

 

applying these gels as a typical semi-solid formulation (finite dose) may not be a practical 

strategy to achieve the desired therapeutic concentration. On the other hand, the infinite 

dose showed significantly higher delivery, which can be due to the occlusive effect 

observed in the case of the large volumes applied (Coderch et al., 2021). Infinite dosing is 

generally recommended for pharmacokinetics evaluation, whereas finite dosing is 

important to determine drug distribution in the skin (Coderch et al., 2021). This study 

indicates that an infinite dose of these gels can be used for sustained systemic delivery of 

RLX over 7 days. Thus, these results from in vitro studies confirm the feasibility of the 

weekly administration of RLX using polymeric gels in a higher volume in a reservoir-

based TDS for the prevention of breast cancer. 

Conclusion 

This study aimed to develop a weekly transdermal formulation for sustained de-

livery of RLX to ultimately enhance its adherence and therapeutic effectiveness while 

reducing side effects. Various formulation strategies, including passive permeation, use 

of chemical enhancers, physical enhancement techniques, PSA- and polymer-based 

matrix-type systems, and polymeric transdermal gels, were tested. Among the strategies 

explored, Eudragit- and CSD-based transdermal gel formulations of RLX exceeded the 

target skin flux, achieving adequate transdermal delivery for at least 7 days. These in 
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vitro results confirm the potential for transdermal gels to be used as a reservoir-based 

TDS approach for the weekly administration of RLX. 
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CHAPTER 6 

INVESTIGATING CRITICAL PARAMETERS FOR USING PHENYLARSINE 

OXIDE AS A SURROGATE FOR ARSENICALS AND DEVELOPMENT OF A 

TOPICAL FOAM FORMULATION FOR DECONTAMINATION OF WARFARE 

AGENTS 

This chapter is published as: Vora, D., Dandekar, A. A., Srivastava, R. K., Athar, M., & 

Banga, A. K. (2022). Development and Evaluation of a Topical Foam Formulation for 

Decontamination of Warfare Agents. Molecular Pharmaceutics. 

https://doi.org/10.1021/acs.molpharmaceut.2c00636 

Abstract 

Lewisite is a highly toxic and potent chemical warfare vesicating agent capable of 

causing pain, inflammation, and blistering. Therapeutic strategies that safely and 

effectively attenuate this damage are important.  Early and thorough decontamination of 

these agents from skin is required to prevent their percutaneous absorption. In our 

studies, we used phenylarsine oxide (PAO), a surrogate for arsenicals to simulate lewisite 

exposure. Various parameters such as determination of extraction solvents, skin 

extraction efficiency, donor volume, and donor concentration were optimized for 

decontamination of phenylarsine oxide. We aimed to develop a novel, easy to apply foam 

formulation that can decontaminate arsenicals. We screened various foaming agents, 
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vehicles, and chemical enhancers for the development of foam. Lead formulation foam 

F30 was further characterized for foam density, foam expansion, foam liquid stability, 

foam volume stability, and foam gas fraction. The amount of PAO delivered into human 

skin in 30 minutes of exposure was 228.57 ± 28.44 µg/sq.cm. The amount of PAO 

remaining in human skin after decontamination with blank foam F30 was 50.09 ± 9.71, 

demonstrating an overall percentage decontamination efficiency of over 75%. Further, 

the decontamination efficacy of F30 was also tested in the porcine skin model and results 

indicated an even higher decontamination efficacy. These studies demonstrated that the 

developed foam formulation can be used for effective decontamination of chemical 

warfare agents. 

Introduction 

Chemical warfare agents such as lewisite (MW: 207.32 g/mol, clogP: 2.5) and 

other related structurally similar arsenicals such as diethylchloroarsine (MW: 168.50 

g/mol, clogP: 2.4), and diphenylcyanoarsine (MW: 255.0 g/mol, clogP: 3.84) are toxic, 

blister-causing and painful agents developed a century ago that continues to be a potential 

threat to public health(C. Li, Srivastava, & Athar, 2016). Being more reactive than 

mustard gas, these agents can prove to be fatal if exposed to skin in small quantities or 

due to systemic toxicity(Davis, 1944; Schwartz et al., 2012). Thus, strategies that safely 

and effectively attenuate this damage are urgently needed. The mechanism of skin injury 
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by these arsenicals is undefined, which is a major impediment to therapeutic 

development. Further, these highly toxic agents being hazardous restricts laboratory use 

of these arsenicals limited to facilities having adequate storage and handling capabilities. 

Phenylarsine oxide (PAO) (MW: 168.02 g/mol, clogP: 1.67), a strong oxidant with 

physicochemical properties similar to other chemical warfare agents, has been established 

as a surrogate for these blistering arsenicals in our initial studies(Srivastava et al., 2016). 

The molecular pathogenesis of PAO-induced cutaneous toxicity recapitulates toxicity 

induced by warfare arsenicals(BARRON & MILLER, 1947; Bogumil et al., 2000). Also, 

permeation of lewisite and other structurally similar arsenical chemical warfare agents 

into and across skin can be predicted to an extent based on their logP values (a measure 

of lipophilicity) which are close to that of PAO. Thus, decontaminating investigations 

using PAO may depict the decontamination efficacy of our formulations for lewisite and 

also other warfare chemical weapons.  

Phenylarsine oxide is a small molecule with a logP of 1.67 and no ionizable 

species in the structure(Chemicalize - Instant Cheminformatics Solutions, 2019). Figure 

29 provides some details about the physicochemical properties of PAO, which can further 

give insights into the extent of absorption of PAO into or across skin. The logD values at 

different pH within the systems can be important. Since PAO has no ionizable groups, the 

logD value at all pH is identical. These physicochemical properties make PAO a 
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candidate that can be rapidly absorbed into and across the skin. Our studies focus on 

developing a therapeutic formulation for the decontamination of lewisite using PAO as a 

surrogate model. Investigation of various critical parameters for assessing percutaneous 

absorption of lewisite using phenylarsine oxide as a surrogate is a precursory step to 

further formulation development. Thus, in this study we investigated these critical 

parameters for the use of PAO to understand the absorption of lewisite into and across 

skin.  
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Figure 29. Physicochemical properties of phenylarsine oxide (a) Chemical 

structure indicating no ionizable groups (b,c)  logD of the molecule at various pH 

values(Chemicalize - Instant Cheminformatics Solutions, 2019) 
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As mentioned earlier, lewisite is a highly toxic chemical warfare agent leading to 

pain, inflammation, blisters, and toxicity upon exposure(C. Li, Srivastava, Weng, et al., 

2016). Skin is an effective barrier to most chemicals and drugs. However, the same skin 

barrier is ineffective against lewisite which readily permeates into skin and systemic 

circulation(Banga, 2011). Decontamination refers to the process of removing the 

chemical warfare agents from exposed surfaces and to keep the agent from spreading to 

anybody who may further come in contact with the exposed, including medical 

personnel(Schwartz et al., 2012; Tuorinsky, 2008). It can be achieved via various 

methods for decontamination, which are broadly classified as physical, chemical, 

enzyme-based, and thermal process. The first and most crucial step in case of chemical 

warfare exposure, therefore, would be decontamination of the exposed area. Considering 

variable sensitivity of human skin to different agents, decontamination of agents from 

human skin needs a different approach than decontamination from objects. 

Decontaminating solutions, foams, microemulsion, nanoparticles, sorbent systems, and 

absorbing pads are various kinds of decontamination products which have been 

investigated for decontamination of chemical warfare agents from the human body (Khan 

et al., 2013).  
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Traditionally, foam formulations are easily spreadable formulations with no greasy 

residue and do not need to be rubbed on skin in case of sensitive or inflamed skin in cases 

of arsenicals exposed skin. Foams can also be a two-in-one formulation for both 

decontamination and delivery purposes. Various sensory attributes such as greasiness, 

oiliness, or tackiness can be avoided using foams as formulations for dermal applications 

(Arzhavitina & Steckel, 2010). Moreover, due to the quick breaking ability, the vehicles 

can reach the stratum corneum even through the hair shafts, making foams the ideal 

formulation choice for quick absorption via the skin (Arzhavitina & Steckel, 2010). 

Hence, our study aimed to develop a novel foam formulation capable of 

decontaminating PAO. The selection of appropriate excipients can be crucial in 

determining the overall efficacy of the formulations. Hence, in this study, we screened 

various excipients and their combination to develop a foam formulation. IVPT was 

conducted to test decontamination efficacy of the developed foam formulation. The aim 

of this study is to develop and evaluate topical foam formulation for decontamination of 

chemical warfare agents. 

Materials 

PAO, was purchased from Sigma Aldrich (St. Louis, MO, U.S.A). 

Polyoxyethylene 20 sorbitan monolaurate (Tween 20®), polyoxyethylene 80 sorbitan 

oleate (Tween 80®), orthophosphoric acid, sodium phosphate dibasic, polyethylene glycol 
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400 (PEG 400), and phosphate-buffered saline, pH 7.4 (PBS, 100 mM) were obtained 

from Fisher Scientific (Fair Lawn, NJ, U.S.A) while D-squame® tape (22 mm diameter) 

used for tape stripping was obtained from Cuderm Corp., Dallas, TX, USA. HPLC grade 

acetonitrile, ethanol, and methanol were procured from Pharmco-Aaper (Brookfield, CT, 

U.S.A). Samples of oleic acid, oleyl alcohol, and isopropyl myristate were provided by 

Croda Inc. (Edison, NJ, USA). Propylene glycol (PG) (Ekichem, Joliet, IL, USA), 

sodium lauryl ether sulfate (SLES, 27% solution) (Chemistry connections, Conway AR, 

USA) were used. Porcine ears were obtained from Animal Technologies Inc. (Tyler, TX, 

USA). De-identified dermatomed human skin under a protocol exempted by Mercer 

University Institutional Review Board (H0303041) was used. 

Methods 

Skin preparation 

Dermatomed human skin was obtained from skin bank (New York, NY, USA). 

For dermatomed porcine skin, full thickness porcine skin was separated from porcine ear 

using a surgical blade and then dermatomed using Dermatome 75 mm (Nouvag AG, 

Goldach, Switzerland). The skin was stored in a freezer at -80 °C till use. The skin was 

thawed in 10 mM PBS at 37 °C, dried using Kim wipes, and cut into appropriate size 

pieces for use in studies. The thickness of each skin piece was also measured using a 
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thickness gauge (MTG-DX2 by Checkline®, Cedarhurst, NY, USA). The thickness of 

dermatomed skin used in the studies was approximately 400-500 µm. 

Skin integrity testing 

The barrier integrity of skin was measured by measuring skin’s electrical 

resistance by a procedure previously reported by Dandekar et al. and Vora et 

al.(Dandekar et al., 2022; Vora, Garimella, et al., 2022). A digital multimeter (Agilent 

Technologies, Santa Clara, CA, USA) and waveform generator were connected to the 

silver/silver chloride electrode assembly. Dermatomed porcine and human skin was 

mounted on Franz cell with the stratum corneum side up, and the receptor compartment 

contained 5 mL of 10 mM PBS. The skin tissue was equilibrated for 15 min after adding 

300 µL of 10 mM PBS to the donor chamber. After that, the voltage drop across the skin 

was evaluated by placing silver wire and silver chloride, respectively, in the donor and 

receptor compartments. The resistance was calculated in kΩ using the following 

equation: RS = VSRL/(VO-VS). The load resistor (RL) and VO were 100 kΩ and 100 

mV, respectively. The procedure involved measuring the voltage drop across skin and 

using an equation to calculate skin resistance in kΩ. Skin pieces having resistance of 

more than 10 kΩ were used for all the studies. 
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Investigating critical parameters for using phenylarsine oxide as a surrogate 

for arsenicals 

Methods of quantification, skin extraction efficiency, optimization studies for the 

determination of extraction solvents, donor solution volume, and donor solution 

concentration for IVPT studies on Franz diffusion cells were performed using 

dermatomed porcine and human skin as mentioned in detail in following sections.  

Skin extraction efficiency 

A skin extraction protocol was performed after each study to determine the 

amount of PAO absorbed into skin using a solvent as described under IVPT protocol. To 

select an appropriate solvent for skin extraction and to determine accurate amount of 

PAO in skin, skin extraction efficiency study was conducted using a method used in 

some of our previous studies(Junaid et al., 2022; A. Puri et al., 2016). First skin pieces 

were weighed (~50 mg) and placed in separate vials. PAO standard solutions in ethanol 

(20, 50, 100, 150, and 200 µg/mL) were prepared, and 50 µL of each of the solution was 

added to respective vials containing the weighed amount of skin (n=3). The vials were 

shaken at room temperature to ensure contact of skin pieces with ethanol. And then 

incubated at 37°C for 30 minutes to ensure maximum drug absorption into skin layers in 

the exposure window of 30 minutes. Ethanol (100 µL) was then added to each vial and 

vortexed for 30 seconds to remove any drug present on the skin surface or adhering to the 
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walls of the vials. Ethanol solutions were analyzed using HPLC to calculate the amount 

of PAO present. An extraction solvent (2 mL) was added to each vial with skin and kept 

on shaker (New Brunswick Scientific Co. Inc., Edison, NJ, USA) at 150 rpm for 4 hours. 

After 4 hours, the solvent was filtered through 0.22 µm filters and analyzed using HPLC. 

Methanol and ethanol were used as extraction solvents to compare and select a suitable 

solvent based on the extraction efficiency. The study was first conducted on porcine skin. 

Based on the results similar study was conducted on human skin using the selected 

solvent (methanol) to determine the actual amount of PAO absorbed into human skin. 

Determination of donor concentration and donor volume 

To determine the optimum donor volume of PAO solution to be used for IVPT 

study, we conducted a study using different donor volumes and determined the optimum 

donor volume based on the amount of PAO in skin. For donor volume study, 7.5, 50, 100, 

150, and 200 µL of PAO solution in ethanol (3.3 mg/mL) was applied in donor chamber 

of Franz diffusion cell with dermatomed porcine skin mounted. The donor chamber was 

kept open for 30 minutes to mimic in vivo conditions with exposure time of 30 minutes. 

At the end of 30 minutes, the excess solution on skin was wiped off, followed by three 

rinses with 10 mM PBS. The amount of PAO absorbed into skin was then determined 

using skin extraction protocol. In addition, we also studied the effect of different donor 

concentrations of PAO to understand the effect of higher doses of lewisite exposure and 
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to select appropriate concentrations for IVPT to check decontamination efficacy. For this, 

solutions having different concentrations of PAO in ethanol were applied to dermatomed 

porcine skin mounted on Franz diffusion cell for 30 minutes. At the end of 30 minutes, 

the excess solution was wiped off using similar protocol as mentioned in earlier donor 

concentration study.  Tape stripping was performed to determine the amount of PAO 

absorbed into the stratum corneum. This involved application of D-squame® tape (22 

mm diameter, Cuderm Corp., Dallas, Tex., USA) on top of the skin permeation area 

using an applicator for 10 seconds and then pulling the tape off with equal force using 

forceps. This process was repeated with 20 tapes. The first five tapes were collected 

individually, whereas the next were collected in groups of five. These tapes were 

extracted with 2 mL of methanol and analyzed for quantity of PAO. After 20 tape strips, 

the remaining skin was also extracted using methanol to determine the amount of PAO. 

The concentrations of PAO (in ethanol) tested were 3.3 mg/mL, 50 mg/mL, 100 mg/mL, 

and 500 mg/mL.  

Foam formulation development 

A matrix of total 34 foam-based formulations comprising different percentages of 

various foaming agents, vehicles, and chemical enhancers was designed for the 

development of the best foam formulation. Surfactant/ foaming agents such as SLES, 

Tween 20®, Tween 80®, and Pluronics in varying concentrations were screened. Since 
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the solubility of PAO was observed to be high in ethanol, we included ethanol in all 

formulations in the matrix, as it could aid in the enhancement of decontamination 

efficacy. The percentage of ethanol screened was 10% and 33% v/v. Various chemical 

enhancers such as 5% v/v oleic acid, 10% v/v oleyl alcohol, 15% v/v isopropyl myristate 

were screened. The volume was made up to 100% with a vehicle or combination of 

vehicles (PG or PEG 400 or deionized water). Formulations with different excipients and 

compositions were made, checked visually for clarity, and tested for foamability using a 

foam bottle. Observations were made, and pictures of foam produced were taken.  

Foam characterizations 

The selected foam formulation was further characterized for various foam 

parameters, including foam density, foam expansion, foam liquid stability, foam volume 

stability, and foam gas fraction, as described by Arzhavinita and Steckel (Arzhavitina & 

Steckel, 2010). 

IVPT protocol to determine decontamination efficiency 

We established an IVPT protocol for testing the decontamination efficacy of 

different formulations after 30-minute exposure to PAO, as indicated in Figure 30.  

These studies were conducted using vertical Franz diffusion cells (PermeGear, 

Hellertown, PA, U.S.A) having a diffusion area of 0.64 cm2 where skin was mounted 

between the donor and receptor chamber. The receptor chamber was filled with 5 mL of 
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10mM PBS and maintained at 37 °C to maintain sink conditions. First, 100 µL PAO 

dissolved in ethanol (100 mg/mL) was added to the donor chamber using a micropipette. 

The donor compartment was left open to mimic in vivo conditions. Receptor samples 

(300 µL) were taken at 0 minutes and 30 minutes of PAO exposure. An equal volume of 

fresh receptor solution was replaced after each sample was taken. At 30 minutes, 100 µL 

of selected foam formulation was added to the donor chamber and kept for 5 minutes to 

decontaminate the PAO on the skin. At the end of 5 minutes, the formulation on skin 

surface was wiped off the skin surface with two cotton buds, followed by removing the 

donor chamber and another wipe with one dry cotton bud. A new wash-donor chamber 

was then fixed over the permeation area, followed by three rinses, each with 1 mL of 

10mM PBS. Finally, the skin was dried with two cotton buds. The permeation area of 

skin was then cut, minced, and extracted using 2 mL of methanol by shaking on a 

platform shaker for four h at 150 rpm, followed by filtration using 0.22 μm membrane 

nylon filters (CELLTREAT® Scientific Products, MA, USA) and analyzed by HPLC. 

The decontamination efficiency of the tested formulation was calculated using the 

following formula: 

% 𝑑𝑒𝑐𝑜𝑛𝑡𝑎𝑚𝑖𝑛𝑡𝑖𝑜𝑛

=
𝐴𝑚𝑜𝑢𝑛𝑡(𝑎𝑓𝑡𝑒𝑟 𝑒𝑥𝑝𝑜𝑠𝑢𝑟𝑒) − 𝐴𝑚𝑜𝑢𝑛𝑡(𝑎𝑓𝑡𝑒𝑟 𝑑𝑒𝑐𝑜𝑛𝑡𝑎𝑚𝑖𝑛𝑎𝑡𝑖𝑜𝑛)

𝐴𝑚𝑜𝑢𝑛𝑡 (𝑎𝑓𝑡𝑒𝑟 𝑒𝑥𝑝𝑜𝑠𝑢𝑟𝑒)
 𝑥 100% 
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Where Amount (after exposure) refers to the total amount of PAO delivered in 

skin after 30 minutes of exposure, and Amount (after decontamination) refers to the 

amount of PAO remaining in skin after decontamination using test formulation.  

 

 

 

 

Figure 30. In vitro permeation testing protocol to determine decontamination efficiency 

 

 

 Decontamination efficacy of blank foam F30 in human and porcine skin model 

Testing permeation of drugs into and across skin using appropriate models is key 

to the development of topical/transdermal formulation. An ideal model to predict in vivo 

performance is testing in vitro permeation using human skin. However, considering the 
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availability and accessibility of human skin alternative skin models are investigated. 

After human skin, porcine skin is considered the next best model with reported similar 

flux and amount in human skin(Schmook et al., 2001). We evaluated foam F30 

(Composition: 20% v/v of a 27% SLES solution, 5% v/v oleic acid, 10% v/v ethanol, 

65% v/v PG) for its decontamination efficiency in dermatomed human skin as well as in 

porcine skin. For both porcine and human skin studies, the respective skin treated with 

PAO solution without application of any formulation served as a control to determine 

percentage decontamination efficacy. The rest of the protocol was the same as mentioned 

above under IVPT protocol.  

 Quantitative analysis 

A novel UV-HPLC method was developed and validated to determine amount of 

PAO in different samples. Isocratic elution was performed using Waters Alliance 2695 

separation module (Milford, MA, USA) coupled with 2996 photodiode array detector 

with Eclipse Plus C18 (5 μm, 4.6X150 mm) as the stationary phase. The mobile phase 

consisted of acetonitrile: 10 mM sodium phosphate (Na2HPO4; pH 7) buffer in the ratio 

of 15:85 at a flow rate of 1.2 mL/min with 10 µL of injection volume. The detection was 

carried out at 210 nm with a run time of 10 minutes, where the retention time for PAO 

was around 3.9 minutes.  
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Statistical analysis: The results were reported as mean (n=4) with standard error 

(SE) or standard deviation (SD). Statistical analysis was performed using GraphPad 

Prism (GraphPad Software, San Diego, CA; version 8.4.3). 

Results  

Quantitative analysis 

Figure 31a shows the observed chromatogram of PAO for a concentration of 25 

µg/mL. As seen in figure 31 b, the observed linearity range for quantitative analysis of 

PAO was 0.1-50 µg/mL. There was no interference observed for components leaching 

out of skin for analysis of PAO.  
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Figure 31. HPLC method development for quantitative analysis of PAO (a) 

Chromatogram indicating a peak for PAO (concentration 25 µg/mL) at retention time 

around 3.9 minutes (b) Calibration curve of PAO in ethanol using the developed HPLC 

method 
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Skin extraction efficiency 

Figure 32 (a and b) shows a plot of amount of PAO added to porcine skin vs 

amount of PAO recovered in the extraction study using the solvent mentioned in the 

methods section. Overall recovery from both solvents was low (ranging from 16% to 

27%). The observed low skin extraction efficiency can be due to the strong chemical 

binding of PAO with skin proteins or lipids. Amongst the two solvents tested, methanol 

showed higher skin extraction with an average of 26.74 ± 0.33 % as compared to ethanol 

which was 20.35 ± 1.67 %. Thus, based on higher percentage recovery of PAO and a 

better extraction efficiency, methanol was further used as the extracting solvent for PAO 

from skin. The amount of PAO obtained after permeation studies was corrected using the 

equation in figure 32b to determine corrected amount of PAO absorbed into porcine skin. 

The skin extraction study was repeated on human skin using methanol as solvent. The 

average extraction efficiency for extraction of PAO from human skin using methanol was 

77.25 ± 3.75 % while the corrected equation in figure 32c was used to calculate actual 

amount of PAO in human skin. 
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Figure 32. Skin extraction efficiency from a) porcine skin using ethanol as solvent b) 

porcine skin using methanol as solvent c) human skin using methanol as solvent 

 

 

Determination of donor concentration and donor volume 

The amount of PAO delivered into skin from donor volumes of 7.5, 50, 100, 150, 

and 200 µL was 3.64 ± 0.66 µg/cm2, 3.40 ± 1.39 µg/cm2, 3.75 ± 0.04 µg/cm2, 3.89 ± 0.12 

µg/cm2, 3.75 ± 0.44 µg/cm2 respectively (Figure 33a). There was no statistical 

significance in the amount of PAO delivered into skin from different donor volumes. 
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Thus, considering practicality to avoid precipitation and no significant difference among 

all donor volumes, 100 µL of PAO in ethanol was used for future studies. PAO is a small 

molecular weight (MW: 168.02 g/mol) compound with a clogP of 1.67. Thus, it can 

permeate the skin via passive diffusion due to its ideal lipophilicity for delivery into skin. 

Tape stripping was performed for donor concentration study to understand permeation of 

PAO into different layers of skin. Table 5 shows amount of PAO in each tape. As seen in 

the table, the tape stripping data suggests concentration gradient in amount of PAO 

absorbed in deep layers of stratum corneum. Further, the amount of PAO delivered into 

skin from a donor concentration of 3.3 mg/mL, 50 mg/mL, 100 mg/mL, and 500 mg/mL 

was 6.47 ± 0.61 µg/cm2, 385.27 ± 31.27 µg/cm2, 642.86 ± 163.31 µg/cm2, and 1575.31 ± 

347.63 µg/cm2 respectively (Figure 33b). Thus, the amount of PAO delivered into skin 

increased with an increase in PAO concentration. No receptor delivery of PAO was 

observed for the study duration (30 minutes). To simulate real world severity with 

significantly higher exposure of lewisite, 100 mg/mL concentration was selected for 

future studies involving decontamination. 
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Figure 33. (a) Effect of donor volumes on amount of PAO into and across skin (b) Effect 

of donor concentration on amount of PAO in different layers of skin. Data reported as 

mean ± SE (n>3) 
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Table 5. Effect of donor concentration on amount of PAO in different layers of skin. Data 

reported as mean ± SE (n>3) 

Donor 

Concentration 
3.33 mg/mL 50 mg/mL 100 mg/mL 500 mg/mL 

Receptor 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 

TAPE 1 0.00 ± 0.00 168.66 ± 73.71 386.18 ± 245.59 1181.21 ± 555.84 

TAPE 2 0.00 ± 0.00 54.21 ± 25.38 41.15 ± 23.32 146.91 ± 132.94 

TAPE 3 0.00 ± 0.00 34.65 ± 16.96 29.40 ± 23.77 32.58 ± 24.70 

TAPE 4 0.00 ± 0.00 16.10 ± 7.62 20.89 ± 20.82 23.49 ± 18.87 

TAPE 5 0.00 ± 0.00 7.12 ± 3.07 6.34 ± 1.58 7.26 ± 4.27 

TAPE 6-10 0.00 ± 0.00 24.68 ± 11.26 29.26 ± 25.00 40.81 ± 22.39 

TAPE 11-15 0.00 ± 0.00 8.93 ± 6.01 21.52 ± 30.21 17.17 ± 12.41 

TAPE 16-20 1.03 ± 2.05 4.28 ± 3.73 3.53 ± 4.00 8.66 ± 3.35 

Skin 5.44 ± 0.63 66.65 ± 34.68 104.59 ± 60.31 117.22 ± 28.61 

Total 6.47 ± 0.82 385.27 ± 53.70 642.86 ± 105.50 1575.31 ± 347.63 

 

 

Foam formulation development 

Table 6 indicates the matrix of 34 combinations tested for the development of 

foam formulations, and Figure 34 shows images of formulations that foamed from the 

matrix of formulations. Based on foamability and composition, foam F30 (20% v/v of a 

27% SLES solution, 5% v/v oleic acid, 10% v/v ethanol, 65% v/v PG) was selected to be 
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evaluated for further characterizations and for in vitro testing to determine their 

decontaminating efficiency. 

 

Table 6. Matrix showing the screening of foaming agents, vehicles, and chemical 

enhancers for foam formulations. SLES: Sodium lauryl ether sulfate; PG: Propylene 

Glycol; PEG: Polyethylene Glycol; DI: Deionized; IPM: Isopropyl myristate  
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F1 10 - - - 10 80 - - - - - Foam 

F2 - 10 - - 10 80 - - - - - Foam 

F3 - - 10 - 10 80 - - - - - 
Hazy solution 

F4 - - - 10 10 80 - - - - - 
Hazy gel 

F5 10 - - - 33 57 - - - - - No foam 

F6 - 10 - - 33 57 - - - - - 
No foam 

F7 - - 10 - 33 57 - - - - - 
Hazy gel 

F8 - - - 10 33 57 - - - - - 
Hazy gel 

F9 20 - - - 10 70 - - - - - Foam 

F10 - 20 - - 10 70 - - - - - 
No foam 

F11 - - 20 - 10 70 - - - - - 
NA 
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Observation 

F12 - - - 20 10 70 - - - - - 
Hazy gel 

F13 20 - - - 33 47 - - - - - No foam 

F14 - 20 - - 33 47 - - - - - 
No foam 

F15 - - 20 - 33 47 - - - - - 
NA 

F16 - - - 20 33 47 - - - - - 
Hazy gel 

F17 - - - 1 10 89 - - - - - No foam 

F18 - - - 1 20 79 - - - - - No foam 

F19 - - - 1 33 66 - - - - - 
No foam 

F20 10 - - - 33 37 - 20 - - - 
No foam 

F21 - 10 - - 33 37 - 20 - - - No foam 

F22 10 - - - 33 - 37 20 - - - Foam 

F23 - 10 - - 33 - 37 20 - - - 
No foam 

F24 10 - - - 10 75 - - 5 - - 
Foam 

F25 10 - - - 10 70 - - - 10 - Foam 

F26 10 - - - 10 65 - - - - 15 Hazy 

F27 - 10 - - 10 75 - - 5 - - 
Foam 

F28 - 10 - - 10 70 - - - 10 - 
Foam 

F29 - 10 - - 10 65 - - - - 15 Hazy Solution 

F30 20 - - - 10 65 - - 5 - - 
Foam 

F31 20 - - - 10 60 - - - 10 - 
Foam 

F32 20 - - - 10 55 - - - - 15 
Hazy  

F33 20 - - - 33 42 - - 5 - - No foam 

F34 20 - - - 33 37 - - - 10 - 
No foam 
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Figure 34. Images of formulations that foamed from the matrix of 34 formulations 

 

 

Foam characterization 

The selected foam formulation (foam F30) was characterized by different 

properties such as foam density, foam expansion, foam stability, and foam gas fraction 

(Figure 35). Following are the results of characterization studies and the calculations. 

Foam density: 𝑭𝑫 =
𝒎(𝒇𝒐𝒂𝒎)

𝒎(𝒘𝒂𝒕𝒆𝒓)
= 

𝟎.𝟗𝟖𝟎𝟖

𝟏.𝟎𝟎𝟏𝟐
 = 0.98 

where m(foam) mass of foam per volume unit (g); m(water) mass of water per 

volume unit (g) 

Foam expansion: 𝑭𝑬% =
𝑽(𝒇𝒐𝒂𝒎)−𝑽(𝒇𝒐𝒓𝒎𝒖𝒍𝒂𝒕𝒊𝒐𝒏)∗𝟏𝟎𝟎%

𝑽(𝒇𝒐𝒓𝒎𝒖𝒍𝒂𝒕𝒊𝒐𝒏)
=  

(𝟏𝟕−𝟏𝟎)∗𝟏𝟎𝟎

𝟏𝟎
 = 70% 
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where V(foam) volume of produced foam (mL); V(formulation) volume of 

formulation to produce V(foam) (mL) 

Foam liquid stability: 𝑭𝑳𝑺(%) =
𝑽(𝒍𝒊𝒒𝒖𝒊𝒅, 𝟓 𝒎𝒊𝒏𝒔)∗𝟏𝟎𝟎%

𝑽(𝒇𝒐𝒓𝒎𝒖𝒍𝒂𝒕𝒊𝒐𝒏)
= 

𝟗.𝟓∗𝟏𝟎𝟎%

𝟏𝟎
= 95% 

where V (liquid,5 min) volume of liquid drained after 5 min 

Foam volume stability: 𝑭𝑽𝑺(%) =
𝑉(𝑓𝑜𝑎𝑚, 5 𝑚𝑖𝑛𝑠)∗100%

𝑉(𝑓𝑜𝑎𝑚)
= 

0.5∗100

17
= 2.9% 

where V (foam,5 min) volume of foam after 5 min 

Foam gas fraction: 𝑮𝑭 (𝑚𝐿) = 𝑉(𝑓𝑜𝑎𝑚) − 𝑉(𝑓𝑜𝑟𝑚𝑢𝑙𝑎𝑡𝑖𝑜𝑛)= (17-10) = 7 mL 

 

 

 

Figure 35. Evaluation of volume of foam produced and volume of liquid drained from 

foam after 5 minutes for foam characterizations 
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IVPT protocol to determine decontamination efficiency 

Amount of PAO delivered from 100 µL of 100 mg/mL PAO in ethanol was 

228.57 ± 28.44 µg/cm2 in human skin and 642.86 ± 163.31 µg/cm2 in porcine skin. This 

amount was considered as control for determining percentage decontamination efficacy 

(Table 5, Figure 36). 

Decontamination efficacy of blank foam F30 using human and porcine skin 

The amount of PAO in human skin decontaminated using blank foam F30 was 

50.09 ± 9.71 µg/cm2 indicating a percentage decontamination efficiency of over 78%. 

Using porcine skin, the amount of PAO in skin decontaminated using blank foam F30 

was 10.27 ± 5.12 µg/cm2 indicating decontamination efficiency over 95% as seen in 

Figure 36. 
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Figure 36. Comparison of decontamination efficiency using human and porcine skin 

models. Data reported as mean ± SE (n>3) 

 

 

Discussion 

Arsenicals including lewisite and other warfare chemicals are painful, toxic, and 

blister-causing agents(Srivastava et al., 2016). The aim of current study is to develop a 

formulation that can effectively decontaminate the warfare chemicals from the surface of 

skin.  
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The hazardous and toxic nature of these agents with requirement of extensive 

regulations for their safe storage and handling restricts its use in laboratory settings. 

Thus, use of alternative agents to simulate the warfare agents exposure is 

necessary(Srivastava et al., 2016). Our previous studies have established phenylarsine 

oxide as a surrogate to mimic lewisite injury and was used as model for lewisite in the 

current study. Phenylarsine oxide is available in the form of solid powder 

form(PubChem, 2022). Application of a solid drug for IVPT is not ideal as it will not 

mimic the percutaneous absorption of lewisite which is usually present as liquid 

form(Khan et al., 2013). Hence, in order to conduct studies using PAO, we first 

determined the solubility of PAO in various vehicles such as methanol and ethanol since 

PAO was insoluble in aqueous vehicles. High solubility of PAO in these vehicles enabled 

maximum permeation to mimic maximum lewisite absorption in skin. Use of PAO in 

ethanol as the donor solution for simulating the lewisite exposure ensured mimicking the 

in vivo conditions used in animal studies establishing PAO as prototype for lewisite. 

Based on solubility, 10 mM PBS was used as receptor solution. 

 We then optimized various processing parameters such as solvent for extraction 

for PAO and skin extraction efficiency. These studies enabled the selection of a suitable 

extraction solvent – methanol for extracting PAO absorbed in skin. The skin extraction 

efficiency study conducted both in human and porcine skin established a correlation plot 
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to determine corrected amount of PAO in skin as 100% extraction efficiency cannot be 

achieved. The correlation plot aided in determining the amount of PAO absorbed in skin 

pre and post decontamination for determining the percent decontamination efficacy. The 

donor volume of 100 µL was selected based on donor volume studies and considering a 

practical application to avoid precipitation of PAO. We also conducted donor 

concentration study to understand effect of different concentration of PAO exposure. Our 

previous studies demonstrating PAO as surrogate for lewisite injury used a concentration 

of 3.3 mg/mL(Srivastava et al., 2016). We tested 3.3 mg/mL and higher concentrations 

up to 500 mg/mL, as mentioned previously. These studies demonstrated a higher amount 

of PAO in skin from a higher concentration of PAO in ethanol. We selected 100 mg/mL 

as a concentration of PAO in ethanol to be tested for our IVPT studies to better mimic the 

real lewisite threat with a significantly higher exposure of lewisite.  

Various studies in literature have studied decontamination after a short-term 

exposure and also a long-term exposure to chemical warfare agents. For instance, Braue 

et al. have reported efficacy studies using various decontamination products such as 

medical device approved by USFDA named Reactive Skin Decontamination 

Lotion(Schwartz et al., 2012) (RSDL, Bracco Diagnostics Inc., Princeton, NJ, USA), 

Fuller’s Earth, 0.5% hypochlorite, and soapy water after a short exposure of 2 minutes to 

chemical warfare agents using their guinea pig model(Braue Jr et al., 2011). They 



 

 

168 

 

discussed the importance of quick decontamination after exposure. On the other hand, 

Bjarnason et al. used a domestic swine model to test the efficacy of similar skin 

decontaminant products 45 minutes after exposure to chemical warfare agents(Bjarnason 

et al., 2008). Similarly, decontamination efficacy claims reported in US patent 5695775A 

are based on using microemulsion formulation after 4 minutes and 30 minutes of lewisite, 

mustard gas, VX(Von Blucher et al., 1997). Thus, based on various studies reported in 

literature, we selected a 30-minute exposure for lewisite, considering the time taken for 

first responders to reach victims in case of such chemical warfare. Thus, these studies 

enabled identification and optimization of various parameters to use PAO as a surrogate 

to simulate lewisite exposure for IVPT studies.  

After identifying the critical parameters, we developed a foam formulation for 

decontaminating the chemical warfare agents. The properties desired in an ideal 

formulation for attenuating the damage caused by chemical warfare agents are to be 

easily applied by hand without any rubbing, be effective in decontaminating all arsenic-

based chemical warfare agents, as well as be safe, cost-effective, and stable(Khan et al., 

2013). Literature reports the application of stable, non-propellant foam containing 

surfactants to solubilize the chemical warfare agents as a promising strategy for 

decontamination of chemical and biological warfare agents considering minimal logistic 

support, inexpensive manufacturing, and reduced collateral damage(Cronce, 2000; 
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TADROS, MAHER E, & TUCKER, 2000). Von Blucher et al. have reported the 

formulation of a microemulsion-based non-propellant foam containing an anionic 

surfactant, alcohol, water, and alkane for decontamination of chemical warfare 

agents(Von Blucher et al., 1997).  

We screened a matrix of formulations with different percentages of various 

foaming agents, vehicles, and chemical enhancers. We screened SLES, Tween 20®, 

Tween 80®, and Poloxamer P407 as foaming agents; ethanol, PG, PEG 400, and DI 

water as vehicles; and oleic acid, oleyl alcohol, and isopropyl myristate as chemical 

enhancers in the matrix(Vora, Dandekar, et al., 2022). Our aim was to formulate a clear, 

liquid formulation that could form a good foam using a non-propellant foam bottle. Many 

of the formulations with Tween 20® and Tween 80® as a foaming agent formed a hazy 

solution or did not foam, while the formulations with Poloxamer P407 formed a hazy gel. 

On the other hand, most formulations screened with SLES as a foaming agent formed a 

rich foam. Since PAO is soluble in ethanol, we believed that ethanol as a component of 

the foam formulation could aid in effective decontamination. Hence, we screened two 

percentages (10% and 33%) of ethanol in the matrix. We observed that the formulations 

with 33% ethanol did not foam while the ones with 10% did. We optimized 10% as the 

amount of ethanol. We also observed that upon addition of isopropyl myristate, all 

formulations became hazy, and hence isopropyl myristate was not included in the final 
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formulation. PG or PEG 400 was used as the vehicle in all formulations to make up the 

volume to 100%. Amongst the 34 formulations tested, 8 formulations were clear liquid 

solutions capable of forming foam. Based upon visual inspection and foamability we 

selected F30 as lead foam formulation to be further evaluated. Various foam 

characterization studies, including foam expansion, foam stability indicated F30 to be a 

formulation capable of forming quick breaking foam. 

The protocol followed for determining decontamination efficacy involved 

exposing skin to 100 µL of PAO solution in ethanol for 30 minutes and then application 

of developed foam formulation. The foam formulation was allowed to be kept on skin for 

5 minutes to determine the decontaminating ability of foam in 5 minutes. Similar studies 

in literature have reported in vitro studies using human skin conducted for various types 

of decontaminating formulations such as foam, lotion, and gel(Cao et al., 2018; Larsson 

et al., 2021; Thors et al., 2020). In our studies, we applied foam in the form of solution as 

the developed foam formulation is a quick breaking foam that will result in solution upon 

application. As seen from the results, the developed foam formulation showed effective 

decontamination of over 75% in human skin. Additionally, for more robustness, the 

optimized foam formulation was then tested in porcine skin model also. As mentioned 

earlier, porcine skin is the next best in vitro model after human skin to predict absorption 

of molecules into and across skin. The developed foam formulation showed more than 
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90% decontamination efficiency in porcine skin, confirming an effective 

decontamination. 

Overall, the current study shows that the developed foam formulation is a 

promising candidate demonstrating an excellent in vitro decontaminating efficiency in 

both human and porcine skin models. The developed foam formulation will be further 

tested in vivo for its decontamination efficiency in animal studies to confirm translation 

of the results observed in our in vitro studies. We have also identified certain therapeutic 

agents to treat lewisite toxicity. We aim to incorporate these therapeutic agents in the 

developed foam formulation and test its effect on decontamination in future. 

Conclusion 

This study investigated critical parameters such as methods of drug quantification 

and optimization studies for the determination of extraction solvents, skin extraction 

efficiency, donor volume, and donor concentration for using PAO as a surrogate for 

lewisite for IVPT studies. A topical foam formulation was developed, characterized, and 

optimized for decontamination efficacy. The selected foam formulation F30 successfully 

decontaminated a significant amount of PAO from both human and porcine skin, 

demonstrating efficient decontamination. The formulation was thus identified as a 

promising formulation to be evaluated for in vivo efficacy against PAO or other war-

grade arsenicals. 
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CHAPTER 7 

SUMMARY AND CONCLUSION 

The main aim of this study was to explore various strategies for the enhanced 

delivery of various pharmaceutical actives across skin and further to formulate different 

transdermal delivery systems for sustained delivery of these actives, taking into 

consideration the different physicochemical properties, dosage regimens, and indications. 

Furthermore, a foam formulation was developed for the decontamination of chemical 

warfare agents.  

Our first aim was to conduct in vitro permeation into and across healthy and 

disease-afflicted human skin using physical enhancement strategies such as microneedles 

and iontophoresis that would provide a better understanding of the effect of diseases on 

skin characteristics and permeation and retention of methotrexate. Passive diffusion for 

some therapeutic agents, such as methotrexate, can be difficult due to its hydrophilic 

properties. Hence, physical enhancement techniques such as iontophoresis and 

microneedles successfully enhanced the topical and transdermal delivery. Iontophoresis 

and microneedles, alone and in combination, successfully delivered a significantly higher 

amount of methotrexate with a significantly lower lag time as compared to passive 

diffusion. Further, we successfully investigated the iontophoretic delivery of 

methotrexate using ex vivo healthy and psoriatic skin to demonstrate the effect of skin 
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disease conditions on the delivery of methotrexate into and across skin. The amount of 

methotrexate delivered into psoriatic skin was significantly higher as compared to healthy 

skin. A further reduction in lag time was observed for delivery of methotrexate from 

psoriatic skin as compared to healthy skin using iontophoresis. A shorter lag time can 

result in a faster therapeutic effect due to a faster availability of the drug at the site of 

action. These findings demonstrated that barrier dysfunction and structural changes in 

skin could have a substantial effect on the drug permeation into and across diseased skin. 

The other two aims of our research focused on the development of transdermal 

delivery systems for sustained delivery of olanzapine and raloxifene for three and seven 

days, respectively. We first evaluated the effect of oleic acid as a chemical enhancer on 

the delivery of olanzapine across skin and also studied the effect of oleic acid using 

different skin types on the delivery of olanzapine. Based on these findings, olanzapine 

drug-in-adhesive matrix type transdermal delivery systems with oleic acid were 

successfully developed and characterized. We determined using IVPT studies that all 

developed TDS successfully delivered OZP; however, only PIB PSA suspension-based 

TDS met the desired target delivery for three days and was also non-irritant to skin. Thus, 

the PIB PSA suspension-based PSA could serve as a potentially effective transdermal 

delivery system for olanzapine. Similarly, for raloxifene, we aimed to develop a weekly 

transdermal formulation for sustained delivery to ultimately enhance its adherence and 
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therapeutic effectiveness while reducing side effects. Various formulation strategies, 

including passive permeation, use of chemical enhancers, physical enhancement 

techniques, PSA- and polymer-based matrix-type systems, and polymeric transdermal 

gels, were tested. Among the strategies explored, Eudragit- and CSD-based transdermal 

gel formulations of RLX exceeded the target skin flux, achieving adequate transdermal 

delivery for at least seven days. These in vitro results confirm the potential for 

transdermal gels to be used as a reservoir-based TDS approach for the weekly 

administration of RLX. 

Our last study investigated the critical parameters such as methods of drug 

quantification and optimization studies for the determination of extraction solvents, skin 

extraction efficiency, donor volume, and donor concentration for using PAO as a 

surrogate for lewisite for IVPT studies. A topical foam formulation was developed, 

characterized, and optimized for decontamination efficacy. The selected foam 

formulation F30 successfully decontaminated a significant amount of PAO from both 

human and porcine skin, demonstrating efficient decontamination. The formulation was 

thus identified as a promising formulation to be evaluated for in vivo efficacy against 

PAO or other war-grade arsenicals. 
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Overall, we evaluated different formulation and enhancement strategies for the 

delivery of drugs into healthy and diseased skin and the decontamination of chemical 

warfare agents from skin. 
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