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Transdermal drug delivery is a non-invasive route of drug administration 

through the skin. It offers several benefits, such as bypassing the first-pass metabolism, 

avoiding fluctuations in plasma concentrations, and easy termination of therapy. 

Furthermore, local and systemic delivery via this non-invasive route makes it patient-

friendly, and this route avoids compliance issues, especially for pediatric and geriatric 

populations. However, although unionized drugs, having molecular weight <500 Da 

and moderate lipophilicity (log P 1-3) can passively permeate through the skin, larger 

molecules and hydrophilic drugs cannot pass through the stratum corneum, the tightly 

packed lipophilic layer which acts as a barrier to drug delivery. Thus, to overcome this 

barrier, physical enhancement techniques are applied to achieve permeation into and 

across the skin. Physical enhancement techniques like iontophoresis, skin microporation 
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using microneedles or an ablative laser, and microdermabrasion have been explored for 

their drug delivery potential.  

In this study, we evaluated the topical delivery of nordihydroguaretic acid 

(NDGA), a compound having the potential to attenuate arsenic toxicity. Studies showed 

that this compound has the potential to get retained in the skin, which is the target site 

of delivery. Also, skin exposed to UV radiation too showed similar delivery with that of 

normal skin. Thus, topical delivery of NDGA is feasible for reducing arsenic toxicity. 

We also evaluated the topical delivery of kinetin, an antiaging phytohormone that 

inhibits senescence in plants and helps increase catalase activity. We enhanced the 

topical delivery using two approaches: increasing the drug loading in the formulation 

and using microdermabrasion. Our studies showed that increasing the drug loading as 

well as abrading the skin led to enhancement in the topical delivery of kinetin.  

We also evaluated the transdermal delivery of donepezil, a cholinesterase 

inhibitor that is used for managing Alzheimer’s. Physical enhancement were used alone 

and in combination to control the delivery of donepezil. We observed that the flux 

profiles could be tailored successfully using a combination of skin microporation and 

iontophoresis, and therapeutic levels of donepezil can be delivered. In this project, we 

also developed an iontophoretic patch for the transdermal delivery of zanamivir. A 

conducting crosslinked chitosan membrane was formulated that, upon hydration, can 

conduct current. Prophylactic levels of zanamivir were delivered transdermally with 

this iontophoretic patch. Thus, we successfully delivered pharmaceutical actives across 

the skin using passive and physical enhancement techniques that have the potential to 

manage diseases and help patients lead better lives. 
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CHAPTER 1 

INTRODUCTION

Skin is an ideal route for drug delivery due to its large surface area (Boer, 

Duchnik, Maleszka, & Marchlewicz, 2016). Its use as a drug delivery route can be dated 

back to ancient times, where the use of clays and ointments was quite common (Waves, 

Delivery, Godin, Touitou, & Methodist, 2012). This route offers several benefits, such 

as bypassing the first-pass metabolism, avoiding fluctuations in plasma concentrations, 

and easy termination of therapy (Alkilani, McCrudden, & Donnelly, 2015). 

Furthermore, local and systemic delivery via this noninvasive route makes it patient-

friendly, avoiding compliance issues, especially for pediatric and geriatric populations 

(Breitkreutz & Boos, 2007). The applications of topical and transdermal formulations 

range from pain management to delivering arsenic antidotes, and from the management 

of motion sickness to the management of Alzheimer’s (Bozorg & Banga, 2020; Kale, 

Kipping, & Banga, 2020; Kale, Srivastava, Athar, & Banga, 2020; Nachum, Shupak, & 

Gordon, 2006). 

While developing an effective topical or transdermal formulation, the anatomy of 

skin must be taken into consideration. Skin is composed of three layers: the epidermis, 

the dermis, and the hypodermis. The topmost part of the epidermis, called the stratum 

corneum (SC), is comprised of cornified keratinocytes known as corneocytes packed in a 
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lipophilic matrix. This outermost dead layer of skin is the rate-limiting step for 

permeation of drug molecules (Menon, Cleary, & Lane, 2012). Although unionized, 

small molecules (molecular weight less than 500 Dalton) with moderate lipophilicity can 

passively permeate through the skin, hydrophilic and higher molecular weight drugs 

cannot permeate passively through the stratum corneum (Nguyen and Banga, 2018). 

The physicochemical properties of the molecule, along with the site of action play an 

essential role in determining the type of formulation.  

Solutions, gels, creams, and ointments are widely used as topical delivery 

vehicles where skin is the target site of action. The solubility of the drug in a particular 

vehicle generally acts as an important determining factor when choosing the right 

vehicle. Higher solubility leads to a higher thermodynamic activity resulting in better 

partitioning of the drug via the SC (Bunge, Persichetti, & Payan, 2012).  

However, some drugs, due to their intrinsic lipophilicity, might saturate the 

skin. Such a skin saturation was observed by Kale et al for the topical delivery of 

nordihydroguaretic acid (NDGA). NDGA is a lipophilic molecule with a log P of 5.6, 

with skin as its target site of action. It is a polyphenolic compound that can potentially 

attenuate the toxic effects of arsenic exposure in the skin. Because skin is the site of 

action for this drug, concentration and time-dependent studies were carried out for 

establishing the saturation concentration of skin. Changes in topical delivery were also 

evaluated after multiple applications. Studies were carried out in vitro on healthy and 

UV- damaged human skin to evaluate the differences in permeation for healthy and 

damaged skin (Kale, Srivastava, et al., 2020). 
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However, not all molecules can be delivered into and across the skin passively at 

therapeutic concentrations. Physical enhancement techniques like iontophoresis, skin 

microporation, microdermabrasion, electroporation, and sonophoresis have been used 

alone and in combination to enhance the delivery of molecules into and across the skin 

(Nguyen and Banga, 2018; Nguyen and Banga, 2018). In our studies, we investigated 

the use of physical enhancement technique assisted delivery of pharmaceutical and 

cosmetic actives. Iontophoresis, skin microporation using microneedles, and laser were 

employed for enhancing the transdermal delivery of drugs, whereas microdermabrasion 

was used to enhance the topical delivery of a cosmetic active.  

Microdermabrasion (MDA) technology involves the use of crystals (usually 

aluminum oxide or zinc oxide) for abrading the stratum corneum. The apparatus 

consists of a handpiece that propels crystals onto the stratum corneum, causing 

abrasion. It is typically used in cosmetic clinics for removing signs of skin aging (Zhou 

& Banga, 2011). In our study, we used microdermabrasion for enhancing the topical 

delivery of kinetin, a cosmetic active. However, since our site of action was skin, the 

number of MDA passes needed to maximize the delivery in the skin was optimized. 

Since kinetin is a topically acting molecule, we formulated gels using Polyvinylalcohol, a 

film-forming polymer, and characterized the gels for rheology and tack. 

Physical enhancement techniques are not only used for enhancing the delivery of 

cosmetic actives, but also for enhancing the delivery of drug molecules. Several drug 

molecules have been delivered transdermally via skin microporation (Banga, 2011). Skin 

microporation can be carried out using microneedles and ablative lasers. Microneedles 
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are micron-sized needles that create micropores in the skin that facilitate drug delivery 

via microchannels. The length of the microneedles can be varied (50–1000 μm) to create 

pores in the skin at various depths and to deliver drugs without causing pain or 

discomfort (Y. C. Kim, Park, & Prausnitz, 2012). Skin microporation can also be 

achieved by using an ablative laser. P.L.E.A.S.E.® (Precise Laser Epidermal System; 

Pantec Biosolutions AG, Liechtenstein) has been developed explicitly for laser 

microporation of skin (Nguyen and Banga, 2018). Iontophoresis involves the application 

of a low constant current (< 0.5 mA/sq.cm of skin) that drives charged and uncharged 

molecules from an aqueous formulation into and across the skin. The polarity of 

iontophoresis depends on the charge of the drug (Bakshi, Vora, Hemmady, & Banga, 

2020).  

Iontophoretic patches on the market are traditionally comprised of three parts: a 

rate-controlling membrane, a formulation, and the circuit. The iontophoretic membrane 

needs to be conducting to complete the circuit and allow drug delivery via 

electrorepulsion and electroosmosis. Several polymers and their composites have been 

explored for their potential use in an iontophoretic patch (Bera, Alam, Arora, 

Tibarewala, & Basak, 2013; Conaghey, Corish, & Corrigan, 1998). However, there are 

no reports of chitosan membranes being employed in an iontophoretic patch. Also, 

chitosan is a biodegradable and biocompatible polymer that can form sturdy and elastic 

membranes (Nunthanid, Puttipipatkhachorn, Yamamoto, & Peck, 2001). The intactness 

of the membrane is a critical component in the formulation of iontophoretic patches. 

Thus, we explored the potential use of a UV-crosslinked combination of chitosan and 
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polyvinylpyrrolidone for preparing durable membranes for the iontophoretic delivery of 

Zanamivir, an influenza drug. Drug delivery depends on the extent of cross-linking, the 

polymer concentration, and the thickness of the patch. These parameters were 

optimized for preparing the membranes, which upon hydration, can be functional for 

iontophoretic use.  

Physical enhancement techniques can be used individually or in combination for 

delivering drugs across the skin (Gujjar & Banga, 2014a; Sachdeva, Zhou, & K. Banga, 

2013; Singh & Banga, 2013). The combination of these enhancement techniques can 

have a substantial effect on the flux profiles of the drug. Thus, we evaluated the effect of 

skin microporation in combination with iontophoresis for delivering donepezil 

transdermally. We expanded the potential applications of these combination techniques 

for the management of Alzheimer’s. Donepezil, the first line of therapy for Alzheimer’s, 

was delivered transdermally using skin microporation (ablative laser and polymeric 

microneedles) and iontophoresis individually and in combination. Donepezil was 

delivered at therapeutic concentrations in vitro across dermatomed porcine ear skin. 

Flux profiles were assessed for evaluating the possibility of potentially providing 

therapeutic flexibility for Alzheimer patients (Kale, Kipping, et al., 2020). Therefore, 

this project covered the following specific aims: 

1. Topical delivery of nordihydroguaretic acid (NDGA) for attenuating 

cutaneous damage caused by arsenicals 

2. Microdermabrasion mediated topical delivery of Kinetin 
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3. Iontophoretic delivery of donepezil through skin treated with microneedles 

and laser 

4. Development of an iontophoretic patch for transdermal delivery of 

Zanamivir. 
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CHAPTER 2 

LITERATURE REVIEW

The structure of skin 

Human skin has a surface area of about 2 m2, making it the largest organ of the 

human body. Its primary function is to serve as a protective barrier that prevents both 

the loss of water from, and the entry of harmful substances into the body. It is the 

largest interface between the body and its relatively hostile external environment 

(Hadgraft, 2001). Skin is composed of three layers: the epidermis, the dermis and the 

hypodermis (Figure 1). The epidermis contains specialized epithelial cells called 

keratinocytes which are closely packed. The dermis is a vasculated region that also 

holds nerve endings, hair follicles, and the pilosebaceous unit. The hypodermis is a 

reservoir of fats (Banga, 2011). The topmost part of the epidermis, called the stratum 

corneum (SC), is made of cornified keratinocytes known as corneocytes that are packed 

in a lipophilic matrix. It is made of 18- 20 layers of tightly packed, dead corneocytes that 

prevent the penetration of foreign particles and minimize water loss. These dead 

corneocytes are embedded in a lipid matrix that give the SC a brick and mortar like 

appearance. The SC is the rate-limiting step for the permeation of pharmaceutical 

actives delivered either topically or systemically (Menon, 2002; Menon et al., 2012). 
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Figure 1. Schematic strcuture of skin 
 
 
 

Mechanism of drug permeation 

As mentioned, the stratum corneum is the toughest barrier that a molecule needs 

to overcome in order to permeate into and across the skin. A molecule can cross the SC 

through intracellular, intercellular, and transappendegeal pathways. The 

transappendageal route (formed by hair follicles and sweat glands, for example) 

accounts for only about 0.1% of the total permeation of a drug (Hadgraft, 2001). The 

majority of the permeation occurs through the intra and intercellular routes, the latter 

of which is composed of a structured bilayer of lipids such as ceramides and free fatty 

acids (Coderch, López, De La Maza, & Parra, 2003). However, not all drugs can easily 

permeate through the skin. An ideal candidate for transdermal delivery should have a 

low molecular weight (MW < 500 Da), moderate log P (log P range: 1-3), and high 

potency (Ashana Puri, Murnane, Blough, & Banga, 2017). These molecules permeate 

through the skin via simple diffusion. Fick's law of diffusion is most commonly used to 

predict the permeation of drugs across the skin. It states that the flux goes in the 
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direction from high to low concentrations, with the flux magnitude being proportional 

to the concentration gradient. The steady-state diffusion flux can be simplified to:  

𝐽 = 𝐷𝐾∆𝑐 ℎ⁄  

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

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

the path length of the diffusion process. The concentration gradient is the driving force 

for the passive permeation of drugs. Upon application of the formulation, the 

concentration gradient will determine the rate at which the drug molecules enter the 

skin. Once the drug passes the SC and the viable epidermis and reaches the dermis, the 

drug molecules will be taken up by the vasculature into the systemic circulation 

(Hadgraft, 2001).  

Skin delivery systems are typically classified into two types: Topical delivery 

systems and Transdermal delivery systems.  

Topical delivery systems 

The site of action for topically applied products may either be one or more layers 

of the skin like the epidermis and the dermis, or skin appendages like hair follicles, nails, 

and sebaceous glands. The most common targets of topical delivery systems are nerves, 

keratinocytes, melanocytes, Langerhans cells, and hair follicles. The most commonly 

employed topical products are solutions, creams, gels, foams, ointments, and lotions, to 

name a few (Benson, Grice, Mohammed, Namjoshi, & Roberts, 2019). Typically, drugs 

such as diclofenac, hydrocortisone, oxybenzone, and minoxidil are applied topically, 

where the target site of action is the skin (Gujjar & Banga, 2014b; Jeong et al., 2019; 



10 
 
 

 

Laugel, Baillet, Youenang Piemi, Marty, & Ferrier, 1998; Patel, Jain, Yadav, Gogna, & 

Agrawal, 2006).  

Transdermal delivery systems 

Transdermal delivery systems (TDS) are designed to deliver the active 

compound into systemic circulation. Generally, transdermal delivery systems are 

divided into two types: Matrix systems and Reservoir systems. The Matrix-type TDS 

comprises of drug dissolved or partially suspended in an adhesive matrix. A solvent 

casting technique is used to manufacture such drug-in-adhesive patches where the 

adhesive is layered in between the backing membrane and the release liner (Prabhakar, 

Sreekanth, & Jayaveera, 2013). Several matrix type transdermal patches for motion-

sickness, ADHD, and smoking cessation are available on the market (Pastore, Kalia, 

Horstmann, & Roberts, 2015). The Reservoir-type TDS has a solution/liquid or a gel 

held in a rate-controlling microporous membrane, and a backing membrane (M.-K. Kim, 

Zhao, Lee, & Kim, 2001). Due to the numerous safety issues associated with these 

systems, several reservoir patches have been withdrawn from the market(Pastore et al., 

2015).  

Drug delivery depends on not only the type of formulation but also the condition 

of the skin. The integrity of the skin will determine the extent of delivery into and 

across the skin. Skin integrity is assessed by measuring the skin's electrical resistance 

and its transepidermal water loss (TEWL) (A. Puri, Nguyen, & Banga, 2016). Skin can 

be compromised due to a variety of factors. Skin disease, injury, and exposure to warfare 

chemicals can lead to a compromise in the skin barrier properties. Exposure to warfare 
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chemicals in particular can also have a prolonged impact on the skin, leading to skin 

cancers (Maynard & Chilcott, 2009). Chemical warfare agents such as lewisite and 

mustard gas are extremely toxic and can have a long term effect on the health of the 

population. Organoarsenicals, commonly known as lewisite, were widely used in World 

Wars I and II (Flora, Flora, & Saxena, 2009). These toxic compounds are known as 

vesicants, and are rapidly absorbed through the skin and mucous membrane, causing 

painful inflammation, as well as edema, erythema, and blisters. Signs of burning and 

erythema occur in a few minutes of exposure to lewisite, and large, fluid-filled sacs 

become visible on the skin within 24 h after exposure (Nguon et al., 2014). The levels of 

reactive oxygen species (ROS) are also observed to increase rapidly, followed by an 

inflammatory response. Exposure to lewisite is characterized by a sharp increase in the 

TEWL. The initial skin reaction after vesicant exposure is similar to that of actinic 

keratosis, and is followed by blistering(Srivastava et al., 2016a). Varying skin conditions 

like psoriasis and atopic dermatitis also have an impact on the TEWL and skin 

resistance, that can further impact the delivery of drugs (Gattu & Maibach, 2011). 

Gujjar and Banga have reported an increase in the delivery of diclofenac diethylamine 

across tape-stripped skin that mimicked atopic dermatitis (Gujjar & Banga, 2014b). Kale 

et al., however, did not report any significant difference in the delivery of NDGA across 

UV- damaged and normal skin (Kale, Srivastava, et al., 2020). Thus, the delivery of 

drugs into and across the skin is not just dependent on the formulation but also on the 

condition of the skin.  



12 
 
 

 

As mentioned before, not all drugs can easily pass through the formidable 

barrier of the SC. Permeation of hydrophilic and high molecular weight drugs is 

extremely challenging to achieve. However, there are several ways in which the delivery 

of such molecules can be increased into and across the skin. Passive techniques include 

the use of chemical penetration enhancers, prodrugs, or eutectic mixtures for 

formulation development (Hadgraft, 1999). Carrier-based systems such as 

microemulsions, nanoparticles, niosomes, and liposomes are some of the methods 

employed for enhancing the topical and transdermal permeation of drugs, with chemical 

enhancers being the most commonly used. Physical enhancement techniques include 

iontophoresis, electroporation, microdermabrasion, skin microporation using 

microneedles and lasers, and sonophoresis (Naik, Kalia, & Guy, 2000).  

Chemical penetration enhancers 

Chemical enhancers are often added to topical and transdermal formulations to 

increase the permeation of drugs into and across the skin. This is one of the most widely 

applied formulation strategies that aids in drug permeation enhancement by reversibly 

modifying the skin barrier resistance (Karande, Jain, Ergun, Kispersky, & Mitragotri, 

2005). The enhancers act either by loosening the lipid matrix organization of the SC or 

by enhancing the solubility of drugs into the formulation, ultimately resulting in 

partitioning of the drug into the skin. Alcohols (ethanol), fatty acids (oleic acid), fatty 

acid alcohols (oleyl alcohol), sulphoxides (dimethylsulphoxide-DMSO), cyclodextrins, 

terpenes, and surfactants are some of the commonly used penetration enhancers (Pathan 

& Setty, 2009).  
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Penetration enhancers must generally be nontoxic, non-irritant, 

pharmacologically inert, and have compatibility with drugs and excipients. Oleic acid 

has been reported to enhance the diffusivity of skin permeants by delipidizing and 

creating permeable defects in stratum corneum lipids. Only the cis form of oleic acid has 

been shown to have penetration enhancing capability (Touitou, Godin, Karl, Bujanover, 

& Becker, 2002). Oleic acid has been used as an enhancer to deliver a wide range of 

compounds like piroxicam, 5-fluorouracil, and zidovudine, among many others (Saini, 

Baghel, & Chauhan, 2014). Oleyl alcohol, an unsaturated fatty alcohol, has been used 

routinely as a penetration enhancer because of its delipidizing capabilities (Santoyo, 

Arellano, Ygartua, & Martin, 1995). Literature supports the use of oleic acid as a 

successful penetration enhancer for drugs such as melatonin, and tenoxicam (Andega, 

Kanikkannan, & Singh, 2001; Gwak & Chun, 2002). Ethanol has also been used as a 

penetration enhancer in several pharmaceutical formulations. It is used in formulations 

for a variety of reasons. It acts as a solubility enhancer for poorly soluble drugs in the 

vehicle. It permeates into the SC, altering its properties, allowing for better partitioning 

of drugs. Also, being a volatile solvent, the evaporation of ethanol from the formulation 

results in a supersaturation state that further pushes the drug into the skin (Lane, 2013). 

Literature reports the use of ethanol for enhancing the permeation of several drugs such 

as estradiol, hydrocortisone, and levonorgestrel (G.-S. Chen, Kim, & Chien, 1995; 

Laugel et al., 1998). DSMO has also been used cosolvent and a permeation enhancer. It 

causes conformational changes in the keratin, extracts lipids from the skin, and interacts 

with the alkyl chains in the SC. DMSO acts as an enhancer with a concentration higher 
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than 60%. However, DMSO at this concentration is an irritant to the skin. Thus, 

DMSO is used more as a cosolvent than a penetration enhancer (Lane, 2013).  

Physical enhancement techniques 

Physical enhancement techniques like iontophoresis, sonophoresis, 

electroporation, skin microporation using microneedles and an ablative laser have been 

commonly used in the literature for enhancing the transdermal delivery of 

pharmaceutical actives across skin.  

Microneedles 

Microneedles are micron-sized needles that are used for porating the skin. These 

micron-sized needles are currently being researched for their potential to deliver drugs 

and macromolecules into and across the skin. These microneedles create hydrophilic 

micropores in the SC that can provide painless delivery into the skin (Banga, 2009). 

They are a hybrid technology that combines the advantages of non-invasive (topical and 

transdermal) and invasive (injectables) routes of delivery, overcoming the major 

drawbacks associated with conventional routes. Injectables need a clinician to 

administer the dose to the patient; microneedles, on the other hand, can be self-

administered (Prausnitz & Langer, 2008).  

Microneedles are available in several types, such as hollow, solid, dissolving and 

coated, all of which have been investigated for their transdermal applications. However, 

the use of metal, glass, and silicone microneedles is generally avoided as they are not 

biocompatible. This stimulated research into polymeric microneedles that can be 

biodegradable and biocompatible. Polymeric microneedles are fabricated using 
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excipients such as sugars, PVP, PVA, hyaluronic acid, and carboxymethylcellulose 

(Hao, Li, Zhou, Yang, & Qian, 2017; Prausnitz, 2004). Microneedles of different lengths 

can be fabricated, ranging from 25 microns to 1000 microns. The length required 

depends on the site of delivery, and on whether the drug is being delivered into or 

across the skin (Alkilani et al., 2015).  

Microchannels in the skin can be characterized using scanning electron 

microscopy (SEM), histology, methylene blue staining, and confocal microscopy. SEM 

can be used to measure the diameter of the micropores, while methylene blue staining 

can be used to determine the total number of pores formed. Confocal microscopy is used 

to measure the depth of the microchannels formed in the skin (Nguyen et al., 2018). 

Successful microporation in the skin using microneedles for transdermal delivery of 

several drugs like methotrexate, donepezil, PAL 353, rhodamine, and salmon calcitonin 

has been reported in the literature (Chang, Hofmann, Zhang, Deftos, & Banga, 2000; 

Kale, Kipping, et al., 2020; Lee, He, Tsai, & Lin, 2015; Nguyen & Banga, 2018a; Ashana 

Puri et al., 2017).  

Microneedles are not only used for the delivery of drugs but also for cosmetic 

applications. Microneedles are currently in use in cosmetic clinics and are also available 

commercially for self-application (Bhatnagar, Dave, & Venuganti, 2017). Microneedles 

stimulate skin rejuvenation and promote the process of natural healing. They help in 

reducing skin pigmentation, wrinkles, and scars, and also aid in delivering cosmetic 

actives into the deeper layers of the skin. One of the commercially available cosmetic 

microneedle patches is the Dermaroller, which is used for therapy of atrophic scars. 
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Microneedles are also efficacious for treating alopecia and restoring scalp hair (Bao et 

al., 2020; Majid, 2009).  

Laser microporation 

Lasers traditionally used for their anti-aging benefits are now being explored for 

their drug delivery potential. Laser poration of the skin leads to the formation of 

micron-sized channels in the skin that lead to enhanced drug delivery. Two types of 

lasers that have been explored for their transdermal delivery applications are non-

ablative and ablative lasers (Song, Hemmady, Puri, & Banga, 2018).  

Non-ablative lasers, as the name suggests, do not ablate the SC. They heat up 

the skin tissue without removal of the SC. The wavelength emitted by these non-

ablative lasers is in the range of 1000- 1500 nm; it penetrates the deeper layers of the 

skin, but is only weakly absorbed by the superficial layers. The healing time for skin is 

therefore lower for non-ablative lasers as compared to the ablative ones. Furthermore, 

they are also cheaper and safer to use than ablative lasers. Literature supports the use of 

non-ablative lasers for enhancing the delivery of small molecules such as diclofenac 

sodium and sumatriptan succinate (Ganti & Banga, 2016).  

Ablative lasers, as the name suggests, ablate the SC of the skin, creating 

micropores that enhance the transdermal delivery of drug molecules into and across the 

skin. Two types of fractional ablative lasers are generally used: 10,600 nm carbon-

dioxide and the 2940 nm Erbium: YAG laser. These lasers use fractional 

photothermolysis to create microscopic treatment zones, that are defined as zones of 

ablation or channels formed in the stratum corneum and epidermis. These lasers 
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produce similar skin resurfacing effects as full ablative lasers but with a shorter 

recovery time (Heinrich et al., 2011).  

A variety of drugs like the human growth hormone, indomethacin, and vitamin 

C have been delivered transdermally using the ablative erbium-yttrium-aluminum-

garnet (Er: YAG) laser (Ashana Puri et al., 2017). This laser emits light at 2940 nm, 

which corresponds to the absorption peak of water and results in the ablation of the 

stratum corneum, the barrier for transdermal delivery. It creates micropores 100- 150 

nm apart from each other. P.L.E.A.S.E.® (Precise Laser Epidermal System; Pantec 

Biosolutions AG, Liechtenstein) has been specially developed for laser microporation of 

the skin. The system is programmed in a way that the user can control the pulse rate, 

repetition rate, and array size (Bachhav, Heinrich, & Kalia, 2013). Thus, the amount of 

drug delivered can be controlled by these parameters to address the needs of the patient. 

Iontophoresis 

Iontophoresis is a physical enhancement technique that has been used for 

enhancing the transdermal permeation of drugs via an electric current (Banga & Chien, 

1988). Low voltage current, usually less than 0.5 mA/sq.cm, is applied across the skin. 

This facilitates the delivery of neutral, positively or negatively charged drug molecules 

into and across the skin (Tanner & Marks, 2008). Iontophoresis works in two ways: 

electrorepulsion and electroosmosis. Electrorepulsion is a phenomenon in which the 

applied electrical potential repels the charged drug molecules and pushes them into and 

across the skin. Electroosmotic flow is explained as the flux of bulk fluid as a result of 

the potential difference applied across the skin, and always occurs in the direction of the 



18 
 
 

 

flow of counter ions. Human skin is negatively charged. Thus, the movement of cations 

determines the electroosmotic flow, which is from the anode to the cathode. The 

delivery of uncharged molecules and cations is thus facilitated via electroosmosis 

(Rawat, Vengurlekar, Rakesh, Jain, & Srikarti, 2008). 

Transdermal iontophoretic delivery delivery of more than 50 drugs has been 

investigated to date (Banga, 2011). The intensity of the current and its application 

duration can be optimized to meet the therapeutic dose prescribed for the patient. 

Protein delivery via iontophoresis has been extensively researched using anodal 

iontophoresis. Proteins with a high isoelectric point would be positively charged when 

formulated at physiological pH (Kalluri & Banga, 2011b). The human skin has a pH 

range of 4-6. Several proteins and peptides such as thyrotropin-releasing hormone, 

vasopressin, and luteinizing hormone-releasing hormone have been delivered using the 

iontophoresis technique (Banga, Katakam, & Mitra, 1995; L.-L. H. Chen & Chien, 1996; 

Y.-Y. Huang & Wu, 1996).  

However, for a therapeutic agent to be delivered successfully via iontophoresis, it 

must be soluble in water. The pKa of the drugs and the pH of the formulation play a 

significant role in determining the delivery of drugs into and across the skin via 

iontophoresis. To avoid any irritation, the pH of formulations must be within the range 

of 4 –8 so as to be close to the pH of the skin and the physiological pH (7.4). In the case 

of carrier systems like nanoparticles or lipid carriers, the delivery is governed by the 

surface charge of the particles (Rawat et al., 2008).  
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Combination of skin microporation and iontophoresis 

A combination of skin microporation and iontophoresis has been reported for the 

delivery of donepezil, ropinirole, and leuprolide. A combination of microneedle 

treatment with iontophoresis has been reported for the delivery of vasopressin, whereas 

a combination of skin microporation using microneedles and laser with iontophoresis 

has been reported for the delivery of donepezil hydrochloride. Kale et al. reported the 

flux tailoring of donepezil with the use of a combination of skin microporation and 

iontophoresis; however, such dose tailoring was not observed with microporation and 

iontophoresis used individually. These combination approaches can be used for tailoring 

the flux of drug delivery that can, in turn, be translated clinically to deliver drugs that 

require dose titration (Kale, Kipping, et al., 2020; Sachdeva et al., 2013; Singh & Banga, 

2013). 

Microdermabrasion 

Microdermabrasion is a skin rejuvenation technique that has been used in 

cosmetic clinics for a long time. It is less aggressive when compared to chemical peels, 

and is cheaper than other cosmetic procedures. It has been successfully applied for the 

treatment of scars, wrinkles, enlarged pores, photodamage, and post-inflammatory 

hyperpigmentation (Karimipour, Karimipour, & Orringer, 2010). Microdermabrasion 

abrades the skin by bombarding crystals at high speed onto the skin. The skin debris 

and crystals are vacuumed off simultaneously through a tube. The extent of abrasion 

can be determined by the duration of application, the flowrate of crystals, speed of 
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movement, and the number of passes at the site. Microdermabrasion mediated delivery 

of nicotinamide and retinol has been reported by Zhou et al (Zhou & Banga, 2011). 

Topical and transdermal routes thus are promising routes of drug delivery, and 

offer several advantages over oral, subcutaneous, intramuscular, and intravenous routes 

of administration. Several diseases can be successfully managed with minimal side 

effects (Banga, 2011). This dissertation will cover the topical and transdermal delivery 

of drugs and cosmetic agents through passive and physical enhancement techniques for 

the potential management of Alzheimer's, influenza, arsenic toxicity, and skin aging.
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CHAPTER 3* 

TOPICAL DELIVERY OF NORDIHYDROGUARETIC ACID FOR 

ATTENUATING CUTANEOUS DAMAGE CAUSED BY ARSENICALS 

Abstract

This study evaluated the topical delivery of nordihydroguaretic acid (NDGA), a 

molecule that can potentially alleviate cutaneous damage caused by exposure to arsenic 

warfare chemicals. N-acetylcystine (NAC 0.2% w/v) was added as an antioxidant, 

preventing the oxidation of NDGA to toxic quinones. A 24 h study was performed to 

arrive at a minimum concentration of NDGA needed to deliver maximum drug. A 

solution of 3% w/v delivered the maximum amount of drug at the end of 24 h (37.45 ± 

4.32 µg). Short duration studies were carried out to determine the time needed to 

saturate skin with NDGA. There was no significant difference in the skin 

concentrations for 24 h and 8 h (14.89 ± 2.36 µg), due to skin saturation. However, 

there was significant difference in the amount of drug delivered to the epidermis (12.29 

± 1.87 µg) and dermis (2.54 ± 0.56 µg) at the end of 8 h. Solution of NDGA was applied 

on UV treated skin to assess changes in drug delivery.  

 
* Kale, M., Srivastava, R. K., Athar, M., & Banga, A. K. (2020). Topical delivery of nordihydroguaretic acid for 
attenuating cutaneous damage caused by arsenicals. Journal of Drug Delivery Science and Technology, 101773. 
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Introduction 

Arsenic, a member of the Group V of the periodic table is known for being a 

highly toxic element (Flora, 2015). Historically, its compounds have been used for a 

variety of purposes like pesticides, medicines, doping agent in semiconductors and as an 

additive to glass and wool. However, lewisite, the lethal organoarsenic compound was 

specially synthesized for its use in World War I/II (Srivastava et al., 2016b). These 

toxic organo-arsenicals are commonly known as vesicants. They are rapidly absorbed 

through skin and mucous membrane causing painful inflammation including edema, 

erythema and blisters. Signs of burning and erythema occur in a few minutes of 

exposure to these lewisites and large, fluid filled sacs become visible on skin within 

24hrs after exposure (Srivastava et al., 2018). The levels of reactive oxygen species 

(ROS) is also observed to increase rapidly followed by an inflammatory response (Rao et 

al., 2017). There are reports of arsenic accumulating predominantly in the epidermis and 

causing extensive necrosis to the epidermal layers (Li, Srivastava, & Athar, 2016).  

However, arsenic exposure is not just limited to the catastrophic warfare 

chemicals. Arsenicals and their derivatives contaminate the water table and soil, 

eventually accumulating in the food chain. Soil contamination paves way for entry of 

inorganic arsenic in the ground water that eventually leads to the human population 

consuming arsenic unknowingly (Huq, Joardar, Parvin, Correll, & Naidu, 2017). In 

several countries, arsenic contaminated ground water is a major concern (Rahman et al., 

2006). Skin being the primary organ where arsenic toxicity is often manifested first, 

there is a need to alleviate the cutaneous effects exerted by arsenicals. 
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Nordihydroguaretic acid (NDGA), is polyphenol with a o-dihydroxy structure. 

This catechol obtained from the creosote bush, Larrea tridentate, has a wide range of 

biological applications (Lü et al., 2010). NDGA, commonly known as Masoprocol, is a 

known inhibitor of arachidonic acid 5-lipoxygenase activity and ROS (Gao, Zhai, 

Guanand, & Zheng, 2011). These properties of NDGA might be the reason for a marked 

reduction in inflammation. This phytochemical being a potent ROS inhibitor in addition 

to its free radical scavenging activity has proven to inhibit proliferation of skin 

carcinogenesis by interfering with benzyol peroxide-meditated promotion of 7,12-

dimethylbenz(a)-Anthracene, a powerful carcinogen. It is also a potent anti-tumor 

protector in other organs too (L.-C. S. Huang et al., 2015). 

This polyphenolic compound, having a Xlog P of 4.3 and an experimental log P 

of 5.8, (“DB00179 @ www.drugbank.ca,” n.d.; “Nordihydroguaiaretic-acid @ 

pubchem.ncbi.nlm.nih.gov,” n.d.) has also proven to be effective in treating actinic 

keratosis. It is a condition where the skin is photodamaged by ultraviolet radiation 

(UV). Another study showed that treatment with NDGA was found to be as effective as 

5-flurouracil for treating actinic keratosis (Gonzales & Bowden, 2002). 

Considering the biological activity of NDGA on skin, we aimed to deliver this 

drug topically to potentially mitigate the cutaneous toxicity of arsenicals. The aim of 

this study was to achieve topical delivery of NDGA in an appropriate vehicle that would 

maximize delivery with minimum dose. Hence, various concentrations were tested to 

determine the minimum dose that exhibits maximum passive delivery into skin. Shorter 

delivery time is ideal for treating arsenic toxicity. Hence, short duration studies were 
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performed to analyze the delivery of NDGA in the epidermis and dermis. We also 

investigated the changes in the pattern of drug delivery on multiple applications at 

various time-points. Since NDGA has been previously used for treating solar keratoses 

(Gonzales & Bowden, 2002), it was interesting to demonstrate if there are changes in 

the cutaneous delivery of NDGA in UV- damaged skin. 

NDGA being a polyphenol is prone to oxidation, the products of oxidation being 

toxic quinones. This oxidation can inhibit its therapeutic effects. Thus N-acetyl cysteine 

(NAC) was used as an antioxidant to protect NDGA from oxidation. NAC has been also 

shown to alleviate arsenic toxicity by inhibiting the extracellular reactive oxygen 

species (Ghani, Khan, Koriyama, Akiba, & Yamamoto, 2014). Studies have shown that 

NAC restores the skin barrier properties and plays an active role in reducing erythema 

(Redondo & Bauzá, 1999). Thus, the combined treatment is likely to be beneficial in 

mitigating the cutaneous injury caused by arsenicals.  

The aim of the study was to achieve passive delivery of NDGA using NAC as a 

functional excipient. Effects of UV damage on skin were characterized by measuring the 

Transepidermal water loss (TEWL) and skin resistance values. 

Materials 

NDGA was obtained from Tokyo Chemical Industries (TCI America). Methanol 

was procured from Pharmaco-aaper (Brookfield, CT, USA), propylene glycol (PG) and 

ethanol (Et) from EKI Chemicals (Joilet, IL, USA) while, dimethyl sulfoxide (DMSO) 

from Gaylord Chemical Company L.L.C (AL, USA). Dermatomed human cadaver skin 

(thickness ~750µm) was purchased from Science Care (Pheonix, AZ, USA). Hairless 
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mice were procured from Charles River Laboratories. Phosphate Buffered Saline (10X 

PBS) was obtained from Fisher Scientific (Fairlawn, NJ, USA). Syringe filters, (0.22 µm) 

were bought from Cell treat Scientific Products (Shirley, MA, USA).  

Methods 

Solubility studies 

Solubility of NDGA in deionized water, 10 mM phosphate buffered saline 

(1XPBS), Ethanol, 1XPBS: PEG 400, isopropyl alcohol (IPA) and DMSO was 

investigated. Excess drug was added to each of the solvent compositions to ensure 

saturation. These mixtures were left at room temperature on a shaker for 24 h, at a 

speed of 150rpm. After 24 h, the solutions were subjected to centrifugation at 13,400 

rpm for 15 min. The supernatant was diluted as necessary with methanol and filtered 

using 0.22µm syringe filters, to remove any particulate contamination and subsequently 

analyzed using the High Performance Liquid Chromatography (HPLC).  

Stability studies 

To prevent oxidative degradation of NDGA, NAC was added as an antioxidant. 

For evaluating the efficacy of NAC, concentrations of 0.1%, 0.2%, 0.3% and 0.4%w/v 

were added to a solution of 5% w/v NDGA in methanol: water (80:20). NAC being 

highly hydrophilic, was added to the water phase and then this solution was added to 

methanol containing NDGA. The samples were left for a stability study for three days 

at 25℃ (covered) after which they were analyzed for stability on the HPLC.  
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Skin preparation 

Dermatomed human skin was stored at -80℃ in a deep freezer. This skin was 

thawed using 1X PBS (pH 7.4) at 37℃ and cut in pieces of appropriate sizes to be 

mounted on Franz diffusion cells.  

Skin integrity assessment 

Skin integrity was ensured by measurement of electrical resistance. Any 

potential damage to skin that may have been caused during the surgical removal, 

storage and/or preparation would in turn affect permeation of the drug. The physical 

integrity of the stratum corneum is reflected by the electrical properties of the skin. 

Therefore, electrical resistance of the skin was measured(Ashana Puri et al., 2017). The 

procedure for measuring skin resistance was carried out using silver/silver chloride 

(Ag/AgCl) electrodes, 34410A 6
1

2
 digital multimeter (Agilent Technologies, CA, USA) 

and an arbitrary waveform generator (20MHz Function, Agilent 33220A). Receptor 

contained 5mL whereas, the donor contained 300µL of 1X PBS respectively. Vertical 

Franz diffusion cells were used for this study. Skin pieces mounted on Franz cells were 

left to equilibrate for 30 min after which Ag wire was placed in the donor and the AgCl 

electrode was placed in the receptor through the sampling arm. The load resistor (RL) 

was connected in series with the skin and the voltage drop (VS) across the skin and 

circuit (VO) was shown on the multimeter. Electrical resistance of the skin was 

calculated using the formula: 

RS= VSRL/(VO-VS) 

Here, RL and VO were 100kΩ and 100mV respectively.  
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Skin samples having resistance higher than 10kΩ were selected for the 

permeation studies.  

In-vitro permeation study setup  

Vertical Franz diffusion cells with a receptor capacity of 5 mL were used for 

performing in vitro permeation studies to deliver NDGA. The effective area of diffusion 

was 0.64cm2. The temperature in the receptor compartment was maintained at 37℃ 

with the help of a recirculating water bath. The skin temperature was thus maintained 

at 32℃. Franz cells were cleaned with an optimized protocol after which 5mL receptor 

solution containing 1XPBS: PEG 400 (70:30) was added to maintain sink conditions. 

Skin pieces having adequate resistance were selected and mounted on the Franz cells 

with the side having the stratum corneum facing upwards. Solution containing NDGA 

was added to the donor chamber and the samples (300µL) were withdrawn from the 

sampling arm of the receptor at pre-determined points. The receptor was replaced with 

equal volume of fresh buffered receptor solution after sampling. Samples were analyzed 

using HPLC where, the results were reported as an average ± SE (n=4) for all test 

groups. This protocol was followed for all the studies to investigate the topical delivery 

of NDGA. 

Defining an optimum concentration for NDGA 

For determining the minimum concentration necessary to achieve the maximum 

delivery of NDGA in skin, a series of concentrations were studied investigated. 

Solutions of 1%, 2%, 3%, 4% and 5%w/v concentrations were made by dissolving 

adequate amount of NDGA in a solvent composition of DMSO, isopropyl alcohol, 
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Propylene glycol and water in the ratio 20: 15: 10: 55. A volume of 12.5µL was added to 

the donor chamber. This was followed by sampling from the receptor at 0, 1, 2, 4, 8, 22 

and 24 h. The samples were then analyzed using the HPLC.  

Effect of short duration studies on delivery of NDGA 

Results suggested that 3% w/v solution is optimum for delivering NDGA in 

skin. For determining the time during which adequate amounts of NDGA would be 

delivered, several short duration studies were performed. A 3% w/v solution of NDGA 

was used for this study. The first study was carried out for 2hrs, with sampling points at 

0 h, 30 min, 1 h and 2 h. The second study was carried out for 4hrs where the samples 

were withdrawn at 0 h, 30 min, 1 h, 2 h and 4 h. The third study was performed for 8hrs 

with sampling points at 0 h, 30 min, 1 h, 2 h, 4 h and 8 h. These short duration studies 

were performed for assessing the quick delivery of NDGA in skin. 

Effects of multiple dosing on delivery of NDGA 

For replicating a real-life situation where there are chances of formulation 

getting rubbed off and there is a need to reapply the formulation, a multiple dose short 

duration study was performed. Results from time-dependent study suggested that the 

skin saturates after 8 h. Thus, multidose study was carried out for 8 h. A 3% w/v 

solution of NDGA was used for this study. The first study was performed with dosing 

at 0 h and 2 h with sampling points at 0 h, 30 min, 1, 2, 4 and 8 h. For the second study, 

dosing was carried out for 0 h and 4 h with sampling intervals as the previous study. 

Before applying the second dose, the residual formulation from the previous dose was 

gently wiped with two cotton buds.  
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Delivery of NDGA on UV damaged skin 

A solar simulator (Newport® Oriel instruments) was used to treat skin with UV. 

Skin groups (n=4) were treated with UV for 10 min, 20 min and 30 min each with the 

lamp setting at 40W. The skin was then mounted onto the Franz diffusion cells and left 

to equilibrate for 10 min after which 3% NDGA solution was added to the donor.  

Effect of UV on barrier properties of skin 

Transepidermal water loss (TEWL). VapoMeter™ by Delfin technologies was 

used to calculate the TEWL. TEWL values were calculated prior to treating skin with 

UV and after the treatment was complete. Skin was thawed and left for equilibration on 

the Franz cell for 10min. The skin pieces were then removed from the Franz cell and 

gently wiped with Kimwipes™. VapoMeter™ was then placed on the skin, ensuring all 

the permeation area was covered with no contact with surrounding air. Skin was then 

treated with UV light and TEWL after treatment was measured with the procedure 

mentioned above.  

Skin resistance changes. For evaluating the effect of UV treatment on skin 

resistance, skin resistance was measured prior to and after treating skin with UV. Skin 

was thawed and left for equilibration on the Franz cell for 10 min. Initial skin resistance 

was measured after which the skin was dabbed with Kimwipes™. The skin pieces were 

then subjected to a UV treatment. On completion of the treatment, skin was placed on 

the Franz diffusion cells and left to equilibrate for 10 min and skin resistance was 

measured using the setup mentioned earlier.  
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Scanning electron microscopy. The PhenomTM field emission SEM system 

(Nanoscience Instruments Inc., Pheonix, USA) was used to study the changes in skin 

surface after before and after treating skin with UV radiation.  

ATR-FTIR studies for compatibility of NAC and NDGA 

Compatibility of NAC and NDGA was tested using ATR-FTIR, IRAffinity-1S 

model (Shimadzu Scientific Instruments, Columbia, MD, USA). Samples were prepared 

by dissolving NAC, NDGA and mixture of NAC and NDGA in deionized water. The 

samples were placed on the diamond crystal and ATR-FTIR spectra was scanned and 

recorded from 4000 to 800 cm-1 at room temperature.  

Skin extraction protocol 

The skin was subjected to an optimized wash protocol that would ensure 

removal of unabsorbed drug from the skin. After the wash protocol was complete, 

epidermis and dermis were separated with the help of forceps and scissors. The 

separated dermis and epidermis were subjected to extraction using methanol: water 

(80:20) after shaking on horizontal shaker for 4 h. NAC was added to the extraction 

solvent to prevent NDGA from degrading while the extraction was being carried out.  

Quantitative analysis 

Quantitative estimation of NDGA was carried out using a reverse phase high 

performance liquid chromatography system (RP-HPLC). A 2996 photodiode array 

detector was employed with a Waters Alliance 2695 separations module (Milford, MA, 

USA). An Eclipse Plus 5µ C18 100A, 150*4.6mm column (Agilent, USA) was used for 

an isocratic elution at a flow rate set at 1mL/min. The mobile phase used was methanol: 
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buffer (65:30) with the buffer having a pH of 6. Run time for each sample was 10 min 

with the retention time for NDGA at 6 min. Standards for receptor samples were 

prepared in 1XPBS: PEG 400 (70:30) with 0.2% NAC as an antioxidant to prevent drug 

degradation. Standards for skin extractions were prepared in methanol: water (80:20) 

with 0.2%NAC added as an antioxidant. The wavelength used for detecting NDGA was 

271nm. The limit of detection was 0.025µg while, the limit of quantification was 0.1µg. 

Concentrations in the range of 0.025-100 µg/mL depicted linearity with an R2 of 

0.9999. NAC did not interfere with the analysis of NDGA and there was no interference 

observed from the skin components that may have leached in the skin and receptor 

samples while analyzing the same.  

Data analysis 

Data analysis was performed using GraphPad Prism 8. Non-parametric tests 

were used for the statistical analysis and p<0.05 considered for establishing a significant 

difference between test groups.  

Results 

Solubility studies 

Solubility of NDGA in water was found to be 0.08 mg/mL, whereas in 1XPBS it 

was 0.05 mg/mL. Solubility in 1X PBS was not enough for maintaining sink conditions 

in the receptor. Hence, solubility in various ratios of 1XPBS: PEG 400 was determined. 

1X PBS: PEG 400 in the ratio of 70: 30 had a solubility of 0.5 mg/mL. This solubility 

was appropriate for maintaining the sink conditions and was hence chosen as the 
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receptor media. Solubility of NDGA was found to be 15 mg/mL in propylene glycol 

while in DMSO and ethanol, the observed solubility was more than 100 mg/mL.  

Stability studies 

NDGA was found to degrade over time on exposure to light and air. A 

concentration of 0.2% w/v was found to be effective in protecting NDGA from 

degrading. Addition of NAC did not interfere with the NDGA peak (Figure 2). The 

oxidation of NDGA was thus prevented by addition of NAC.  

 

 
 

 
Figure 2. Chromatogram for a three-day stability study for NDGA. (a) NDGA solution 
without antioxidant NAC. (b) NDGA solution with 0.2% w/v NAC 
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In vitro permeation of NDGA 

Optimum concentration of NDGA: There was significant difference in the 

epidermal and dermal delivery of NDGA for all concentrations 5%, 4% and 3%, the 

results of which have been shown in Figure 3. However, there was no significant 

difference in the total skin concentrations for 5% w/v (31.33 ± 2.47 µg), 4% w/v (30.53 

± 3.17 µg) and 3% w/v (37.45 ± 4.32 µg). The lowest effective concentration was found 

to be 3% w/v. Concentrations 2% and 1% delivered significantly lower amount of drug 

(5.06 ± 0.71 µg and 6.65 ± 0.49 µg respectively). Hence, a concentration of 3% w/v was 

chosen for all other studies. No significant difference was observed in the amount of 

NDGA in epidermis and dermis for 2% w/v and 1% w/v (Figure 3). Thus, a 

concentration of 2% and 1% w/v of NDGA did not saturate the skin, and allowed 

diffusion of drug from epidermis to dermis resulting in similar amount of drug delivered 

in both layers of skin. Analysis of receptor samples showed, no drug was delivered to 

the receptor compartment in this study. 
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Figure 3. Delivery of NDGA in 24 h, from an exposure area of 0.64 sq. cm.; data 
expressed as mean ± SE (n=4); *indicates significant difference (p<0.05); unpaired 
student’s t-test. 
 
 

 

Effect of duration of study on permeation of NDGA  

For determining the time needed for NDGA to saturate skin, we carried out 

several time dependent studies. A 3% w/v solution was used for this study. There was 

significant difference in the total amount of drug delivered at the end of 2 h and 24 h 

(Figure 4). However, there was no significant difference in the total drug delivered at the 

end of 4 h (13.05 ± 0.34 µg), 8 h (14.83 ± 2.36 µg) and 24 h (37.45 ± 4.32 µg). This 

signifies that the skin is saturating at early time points. Significant difference in the 

epidermal and dermal concentrations were found only at the end of 8 h and 24 h (Figure 

5). Analysis of the receptor samples showed that the drug was not delivered to the 

receptor. 
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Figure 4. Total amount of NDGA delivered at varying study durations (exposure 
area 0.64 sq.cm); data expressed as mean ± SE (n=4); *indicates significant 
difference (p<0.05); Kruskal Wallis 

 
 
 

 

 
Figure 5. Epidermal and dermal amounts of NDGA at varying study durations with an 
exposure area of 0.64 sq.cm; data expressed as mean ± SE (n=4); *indicates significant 
difference (p<0.05); unpaired student’s t-test 
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Effects of multiple dosing on delivery of NDGA  

There was no significant difference in the epidermal concentrations of NDGA 

when dosing was carried out at 0 h, 2 h and 0 h, 4 h. Similarly, there was no significant 

difference in the dermal concentrations for dosing at 0 h, 2 h and 0 h, 4 h. However, 

there was significant difference in the concentrations of NDGA in the epidermis and 

dermis for both dosing intervals (Figure 6). Thus, it can be inferred that the skin is 

saturated by a single application. Analysis of the receptor samples showed that the drug 

was not delivered to the receptor. 

 

 

 

 
Figure 6. Amount of NDGA delivered in the epidermis and dermis by different dosage 
intervals (area of exposure 0.64 sq.cm); data expressed as mean ± SE (n=4); *indicates 
significant difference (p<0.05); unpaired student’s t-test 
 
 
 

Delivery of NDGA through UV damaged skin  

UV radiation did not seem to have any effect on the permeation characteristics of 

dermatomed human skin. There was no significant difference in the total amount of 
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NDGA delivered treating skin with UV light for 0 min, i.e no exposure (14.83 ± 2.36 

µg), 10 min (30.42 ± 2.47 µg), 20 min (28.19 ± 3.46 µg) and 30 min (20.37 ± 1.84 µg) 

each. There was no significant difference found in the epidermal concentrations of 

NDGA at the end of 8 h for 0 min (12.29 ± 1.87), 10 min (19.32 ± 2.18 µg), 20 min 

(19.33 ± 2.86 µg) and 30 min (12.69 ± 0.88 µg) respectively. There was no significant 

difference in the dermal delivery for 0 min (5.118 ± 1.77 µg), 10 min (11.1 ± 1.94), 20 

min (8.87 ± 1.21 µg) min and 30 min (7.67 ± 1.28 µg) of NDGA at the end of 8 h for all 

the treatment durations. Analysis of the receptor samples showed there was no receptor 

delivery for NDGA.  

Effects of UV treatment on skin barrier properties 

Transepidermal water loss  

TEWL is the amount of water lost passively through the skin layers to the 

environment due to a vapor pressure gradient. The amount of TEWL increased after 

increasing the time of skin exposure to UV. Significant difference was observed in the 

TEWL values for treatment durations of 30 min and all other treatment groups (Figure 

7).  
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Figure 7. UV treatment on skin led to an increase in the TEWL of skin. The percentage 
increase in TEWL is depicted in this figure; data expressed as mean ± SE (n=4); * 
indicates significant difference as compared to the other test groups (p< 0.05);Kruskal 
Wallis 

 

 

 

Skin resistance  

Electrical resistance of the skin is generally attributed to the intactness of the 

stratum corneum. Thus, changes in the skin electrical resistance values can give an 

overall understanding of the structural integrity of the stratum corneum. There was no 

significant difference in the resistance of skin before and after treatment with UV 

radiation (Figure 8). 
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Figure 8. Percentage drop in resistance on treating skin with UV; data expressed as 
mean ± SE (n=4). 

 
 
 

Scanning electron microscopy 

 
 

 

 
Figure 9. SEM images of skin with and without UV treatment. 
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ATR-FTIR studies for compatibility of NAC and NDGA 

The ATR-FTIR studies showed that NAC and NDGA were compatible. NDGA 

shows a characteristic aromatic C-H bend between 1700 cm-1 to 1650 cm-1(Sigma-

Aldrich, n.d.). This is visible in pure NDGA spectra and the spectra of mixture of 

NDGA and NAC (Figure 10). NDGA is a polyphenolic compound. Hence, there is a 

typical C – O stretch visible between 1110 cm-1 to 1000 cm-1 (Sigma-Aldrich, n.d.) for 

NDGA alone and mixture of NDGA and NAC. Thus, presence of NAC did not affect 

the properties of NDGA.  

 
 
 

 
Figure 10. ATR- FTIR study for compatibility of NAC and NDGA 

 

 

 

Discussion 

Topical delivery of NDGA 

Topical delivery of NDGA was investigated for assessing its use for treating 

arsenic exposure induced inflammation and the subsequent keratoses that may occur. 
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This route can help in a faster delivery in skin on cutaneous exposure to arsenicals. The 

rationale behind this study was to deliver NDGA into skin using a suitable vehicle, that 

can potentially be useful in a chemical warfare-like situation. It has been reported by 

Flora et al that exposure to toxic arsenicals like lewisites can lead to a variety of skin 

diseases, many of them heading towards carcinogenicity (Flora, 2015). Spontaneous skin 

reaction on exposure to the vesicants is edema and erythema within minutes while, 

blistering begins in about 6 – 8 h. The dermal epidermal separation begins alongside the 

blistering (Li, Srivastava, Weng, et al., 2016). However, due to the tendency of 

arsenicals accumulating in the epidermis and causing extensive damage in the epidermal 

layers, the target site for NDGA delivery is the epidermis (Flora, 2015). Thus, 

immediate delivery of NDGA can potentially relieve the arsenic exposed victims from 

cutaneous harm. Application of NDGA within minutes of exposure to the toxic arsenic 

gases may prevent progression of possible skin cancers arising due to arsenic exposures. 

It has been reported in literature that NDGA is effective in treating pre-cancerous 

lesions. Thus, NDGA may prevent the formation and/or progression of lesions.  

Choice of solvents for a suitable vehicle 

We carried out solubility studies to incorporate a suitable solvent for dissolving 

NDGA. Solubility for NDGA was low in water and thus various solvents and their 

combinations were tested. NDGA showed highest solubility in DMSO. FDA approves 

the use of DMSO as a solvent in pharmaceutical formulations. DMSO, the 

organosulphur compound has been used as an excipient in Pennsaid® and Pennsaid 2%. 

Thus, DMSO was chosen as a primary solvent to dissolve NDGA (20% v/v). However, 
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addition of water to the DMSO-NDGA solution led to precipitation of NDGA. Thus, 

various concentrations of isopropyl alcohol were tried for effectively solubilizing NDGA 

along with DMSO. There are several formulations in the market using isopropyl 

alcohol as an excipient (“skindeep@ www.ewg.org,” n.d.). Inactive Ingredient (IIG) 

database from the FDA approves the use of isopropyl alcohol up to 78.34 % w/v in a 

topical formulation. A concentration of 15% v/v was incorporated in the vehicle. 

Propylene glycol was added as a co-solvent as well as a surfactant that would prevent 

precipitation of NDGA upon addition of water. Propylene glycol is a common 

pharmaceutical cosolvent and is safe for topical use (Bendas, Schmalfuf3, & Neubert, 

1995). It has a lipophilic carbon chain and hydrophilic -OH moieties that impart 

surfactant-like properties, thus improving drug solubility. Propylene glycol was thus 

used (10% v/v) in the vehicle. Water (55% v/v) was added to make the desired volume. 

Thus, a homogenous mixture of DMSO, isopropyl alcohol, propylene glycol and water 

was used as a vehicle for topical delivery of NDGA. 

Compatibility of NDGA and NAC 

NAC was used as an antioxidant to prevent NDGA from degradation. However, 

to check the compatibility of NDGA with NAC we carried out ATR-FTIR studies. 

Results showed that the NDGA peak did not shift after incorporation of NAC in the 

solution. This shows that, there were no changes to the structure of NDGA, and NAC 

can be incorporated in the formulation along with NDGA. Addition of NAC to the 

formulation would also reduce the toxic effects of the oxidation products of NDGA 

(Billinsky & Krol, 2008). 
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NDGA delivery in skin 

Concentration study was carried out to determine the difference in NDGA 

delivery at several concentrations. NDGA at concentrations 10% or higher can be 

irritant to the skin (Lambert, Dorr, & Timmermann, 2004). Hence, concentrations of 5% 

and lower were used for delivery of NDGA in skin. Concentrations lower than 5% were 

effective in delivering drug in skin with no significant difference between 3%, 4% or 5% 

NDGA. However, the drug delivered by 1% or 2% formulations was significantly lower 

than the 3% to 5% w/v solutions. Thus, the lowest concentration needed to deliver 

adequate amount NDGA in skin was 3% w/v. This concentration was selected for 

subsequent investigations.  

For determining the amount of time needed for adequate delivery of NDGA 

delivery in skin, we performed several short duration studies. There was no significant 

difference in the delivery of NDGA in skin at the end of 4 h, 8 h and 24 h. It can thus be 

inferred that the skin saturated at the early time points. There was a significant 

difference in the epidermal and dermal delivery only at 8 h and 24 h respectively. This 

was interesting because there no significant difference in the NDGA amounts delivered 

in epidermis and dermis at 2 h and 4 h. We can infer from this finding that the dermis 

saturated earlier than the epidermis, and this may be the reason why no significant 

difference was found in the dermal concentrations at the end of 2 h, 4 h, 8 h and 24 h.  

The study duration was reduced from 24 h to 8 h, as no significant difference in 

skin delivery was observed for both test groups. Also, blistering begins in about 6 - 8 h 

after arsenic exposure. Thus, assessing NDGA delivery in skin before the onset of 
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blistering was essential. Faster delivery in skin is desired for a symptomatic relief from 

arsenic exposure. This suggests that on application of NDGA immediately after 

exposure to arsenicals, skin delivery would be ensured within a span of 8 h before the 

lewisite blistering worsens. The results of this experiment were thus promising. 

However, about 80% of the drug was retained in the epidermis. Higher affinity of 

NDGA for the epidermis may be because the lipophilicity of NDGA. Section 3.1 shows 

that NDGA has very low aqueous solubility. Epidermis is more lipophilic than the 

dermis, which makes it a good environment for the hydrophobic NDGA to be retained. 

Dermis being a relatively hydrophilic layer of the skin would not have allowed diffusion 

of the hydrophobic drug from the epidermis. This would be the reason why NDGA was 

largely retained in the epidermis. This, however, is in favor of combating arsenic 

toxicity. Arsenic exposure leads to accumulation of arsenic in the epidermis causing 

extensive necrosis of the epidermal layers (Li, Srivastava, Weng, et al., 2016). Hence, 

there is a need for NDGA to be delivered to the epidermis.  

Topical dosage forms applied on skin tend to be rubbed off on clothes after an 

extended application. This problem can be addressed by reapplying the formulation on 

the necessary area. Hence, we carried out multi-dose studies that can determine changes 

that may occur in the delivery of NDGA in such conditions. The results obtained were 

interesting. There was no significant difference in the delivery of NDGA after multiple 

dosing at various time points. This can be because the epidermis was saturated with 

NDGA and thus did not allow diffusion of drug from the formulation into skin after 
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reapplication. Thus, multiple dosing did not significantly increase the amount of NDGA 

delivered in skin. 

Initial symptoms of arsenic exposure resemble that of a sunburn (Flora, 2015). 

For mimicking skin damaged by arsenic exposure, skin was treated with UV light for 

determining any changes in the skin resulting in subsequent changes in the skin 

delivery of NDGA. There was no significant difference in the delivery of NDGA in UV 

damaged and normal untreated skin. SEM images too, did not show any morphological 

changes on the skin surface after (Figure 9) UV treatment. Electrical resistance of the 

skin is one the important parameters that determines the drug delivery into and across 

skin. The reason for no difference in delivery would be related to the fact that there was 

no significant drop in skin resistance after UV treatment. Stratum corneum imparts 

resistance to skin because of its lower water content. UV treatment dehydrated the skin 

but did not depict any resistance change as, the structural integrity of the stratum 

corneum was not disturbed. Physical damage to skin causes disruption of the stratum 

corneum which decreases the resistance as lower layers of skin are exposed. But UV 

treatment only dehydrated the skin without physically damaging the stratum corneum. 

Thus, there was no resistance drop observed. There have been reports of UV exposure 

increasing the TEWL of skin but not significantly increasing the delivery across skin 

(Hung et al., 2015). Also, there have been reports where skin treated with UV did not 

have a significant impact on the physical intactness of the stratum corneum (Biniek, 

Levi, & Dauskardt, 2012). However, UV treatment caused significant increase in the 

TEWL of skin. Our results were thus in agreement to the studies reported. 
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Interestingly, TEWL has also been indicated as a good measure of functioning of 

cutaneous barrier on exposure to arsenicals. Arsenic exposure to skin causes a 

significant immediate rise in the TEWL values. It has been reported in literature that 

arsenic exposed skin had greater TEWL than normal skin (Nguon et al., 2014). Thus, 

UV- treated skin was predicted to be a good model for evaluating permeation of NDGA 

after an immediate exposure to arsenicals. The UV study shows that application of 

NDGA immediately after exposure to arsenicals can have a similar in vitro delivery to 

normal, uncompromised skin.  

Conclusions 

The overall results obtained in this study are leading in the direction which aims 

to reduce the symptoms and possible skin carcinogenic effects of arsenic exposed 

individuals. Intact dermatomed human skin provided a good model for delivering 

NDGA after immediate exposure to arsenicals. The in vitro permeation data of NDGA 

shows that NDGA is delivered to the epidermal layers. Short duration studies 

demonstrate that NDGA delivery is feasible before blistering spreads. Both single 

dosing and multiple dosing were effective for skin delivery. UV exposure to skin did not 

significantly impact the delivery of NDGA into skin.
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CHAPTER 4 

MICRODERMABRASION MEDIATED TOPICAL DELIVERY OF KINETIN 

Abstract

In this study, we evaluated the topical delivery of kinetin, a phytohormone that 

inhibits senescence in plants. Kinetin acts as an antiaging molecule by stimulating the 

proliferation of keratinocytes and increasing the deposition of elastin and fibrillin. We 

formulated polyvinyl alcohol (PVA) gels containing kinetin and characterized the gels 

for their rheological properties. The gels were found to be viscous and shear-thinning, 

the latter of which is an ideal attribute for topical dosage forms. The topical delivery for 

kinetin was enhanced using two approaches: increasing the loading of the cosmetic 

active in the formulation and, using a physical enhancement technique called 

microdermabrasion (MDA). All the permeation studies were carried out using 

dermatomed human skin mounted on vertical Franz diffusion cells. Increasing the 

loading of kinetin in solution from 0.1% w/w to 0.4% significantly increased the 

delivery of kinetin in skin (0.136 ± 0.01 and 0.751 ± 0.02 µg/sq.cm respectively). 

Application of the PVA gel post microdermabrasion with both 5 and 10 passes 

significantly enhanced the topical delivery of kinetin (1.9 ± 0.11 and 3.6 ± 0.11 µg/sq.cm 

respectively) as compared to passive delivery with gels(0.56 ± 0.03 µg/sq.cm), although 

10 passes also led to permeation of kinetin into the receptor (0.2 ± 0.01 µg/sq.cm). Skin 
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characterization studies such as scanning electron microscopy, measuring the drop in 

skin resistance, histology and measuring the increase in its transepidermal water loss 

(TEWL) were used to confirm the abrasion of skin. 

Introduction 

Skin is the largest interface between the body and its relatively hostile external 

environment. It is exposed to pollution, toxins, and UV radiation, all of which cause skin 

ageing. Maximum ageing occurs in exposed areas of the skin, such as the face, chest, and 

exposed parts of the arm, with the ageing typically characterized by wrinkles, loose 

skin, hyperpigmentation and keratoses (Fisher et al., 2002). There are several products 

on the market that aid in managing these signs of skin ageing (Draelos & Thaman, 

2005). The skin care product market was estimated to have a value of 134.8 billion USD 

in the year 2018 and, is predicted to reach 183.03 billion USD in value by the year 2025 

(“global-skin-care-products-market @ www.grandviewresearch.com,” n.d.).  

Vitamins A, B complex, C, and E, are found naturally in fruits and vegetables; in 

addition to their nutritive benefits, the vitamins are believed to have skin rejuvenation 

properties as well, as a result of which these vitamins are routinely incorporated in skin 

care products (Gaspar & Campos, 2007). On the other hand, there are very few naturally 

available chemical entities that are only used for their skin care benefits. Kinetin, a 

phytohormone available in plants, is one of the few molecules that is used primarily for 

its anti-ageing properties (Wu, Weinstein, Kricorian, Kormeili, & McCullough, 2007).  

Kinetin (N6-furfuryladenine) is an essential plant growth hormone that inhibits 

senescence in plants. Furthermore, it stimulates keratinocyte proliferation and helps 



49 

 
 

 

increase the activity of catalase, an antioxidant enzyme that aids the breakdown of 

cellular hydrogen peroxide (Vicanova, Bouez, Lacroix, Lindmark, & Damour, 2006). 

Kinetin has a log P of 1, making it a moderately lipophilic compound (“Kinetin @ 

pubchem.ncbi.nlm.nih.gov,” n.d.). However, it has a undesirable solubility profile. It is 

soluble at pH higher than 10 and lower than 3. Both these pH ranges are not suitable 

for topical product development. Thus, in this project, we attempted to increase the 

solubility of kinetin in the formulation. There are several anti-ageing formulations such 

as creams, gels, foams, solutions and sprays available in the market today (Glaser, 2004). 

We formulated gels using polyvinyl alcohol (PVA), as PVA is a film-forming, 

biodegradable and water-soluble polymer that has been used for a variety of 

formulations (Kale, Kipping, et al., 2020; Lee et al., 2015; Sharma & Pathak, 2011). We 

formulated PVA gels and increased the drug loading in the formulation to evaluate the 

enhancement in the topical delivery of kinetin. The gels were evaluated for their 

rheological properties.  

Topical delivery of drugs and cosmetic agents can also be enhanced by the use of 

several physical enhancement techniques. Literature supports the use of techniques such 

as microneedles, ablative lasers, non-ablative lasers and microdermabrasion (MDA) for 

enhancing the topical delivery of drugs and cosmetic agents (Bhattaccharjee, Beck-

Broichsitter, & Banga, 2020; Ganti & Banga, 2016; Song et al., 2018; Zhou & Banga, 

2011). Amongst these, microdermabrasion has been widely used for skin rejuvenation in 

cosmetic clinics as it is less aggressive than the lasers (Zhou & Banga, 2011).  
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MDA abrades the skin by bombarding crystals at a high speed into skin. The 

used crystals and skin debris are vacuumed simultaneously through a tube. Skin treated 

with MDA undergoes a wound healing process, where the skin is remodeled with 

minimal damage to the epidermis (Karimipour et al., 2010). The apparatus consists of a 

handpiece that propels crystals onto the stratum corneum and causes abrasion. The 

crystals are usually aluminum or zinc oxide, but the use of diamond crystals has also 

been reported (Zhou & Banga, 2011). The global market for MDA devices in the year 

2018 was estimated to be valued at 413.4 million USD (“global-skin-care-products-

market @ www.grandviewresearch.com,” n.d.).  

The efficacy of this technique depends on the number of passes, duration of 

application, speed of movement, and flow rate of crystals (Zhou & Banga, 2011). In this 

study, we evaluated the effect of MDA on the topical delivery of kinetin using 

dermatomed human skin. The changes in skin structure were evaluated by measuring 

the changes in the skin’s electrical resistance and transepidermal water loss (TEWL), 

histology, and SEM.  

Materials 

Kinetin was obtained from T.C.I America, U.S.A. Phosphate buffered saline was 

obtained from Fisher Scientific, while methanol was purchased from Pharmaco-aaper 

(Brookfield, CT, U.S.A.). Sodium phosphate dibasic was obtained from Sigma Aldrich, 

U.S.A. Polyvinyl alcohol (PVA) 18-88 (EMPROVE® exp Ph Eur, USP, JPE) and PVA 

26-88 (EMPROVE® exp Ph Eur, USP, JPE) were generously provided by Merck 

K.G.A (Darmstadt, Germany). Dimethyl sulfoxide was obtained from Gaylord 
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chemicals, while propylene glycol was obtained from EKI industries. Dermatomed 

human skin was obtained from Science Care (Pheonix, AZ, USA)..  

Methods 

Solubility studies 

The solubility of kinetin was assessed in 10 mM Phosphate buffered Saline, 

propylene glycol, deionized (DI) water, DMSO, Oleic acid, oleyl alcohol, isopropyl 

myristate and polyethylene glycol, where all the aforementioned were used both 

individually, and in combination. The drug was added to 1 mL of each of the solvents 

and left for shaking at room temperature until saturation. After removal from the 

shaker, the solutions were centrifuged for 20 min at 13400 rpm. The supernatant was 

then diluted with the respective solvents and filtered through 0.22 µm filters. The 

samples were analyzed using the HPLC method described ahead.  

Formulation of PVA gels 

Kinetin (0.1% and 0.4% w/w) was added to a solvent mixture containing PG: 

DMSO: Water in the ratio 20: 20: 60. This was heated to a temperature of 90 degrees 

Celsius followed by addition of 12 PVA w/w(grade 18-88 and 26-88). This mixture was 

left in a hot air oven for 2 h at 90 degree Celsius to ensure gelation. Upon removal of 

the gel from the oven, the gel was allowed to blend overnight on a vertical blender. 

Rheological evaluation of PVA gels 

Rheological characterization the gels was performed using a parallel-plate 

rheometer (Rheoplus/32 V3.62, Anton Paar Germany GmbH, Germany). The plate had 
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a diameter of 24.987 mm with a spindle PP 25/S, where a gap of 1 mm was maintained 

between the plates. Rotational and oscillatory tests were then performed on the 

hydrogels at a temperature of 32°C to assess the flow behaviour and structural stability 

of the gel formulations.  

Flow curves 

Gels were sheared with an increasing rate of 0-1000s-1, and rheograms of 

viscosity versus shear rate were plotted. The data were fitted using a Herschel– Bulkley 

model.  

Amplitude sweep test 

An oscillatory amplitude sweep test was performed with a constant angular 

frequency (ω) of 10 rad/s and strain (γ) ranging from 0.01% to 0.1% to determine the 

storage modulus and, the loss modulus. 

Microdermabrasion procedure 

Microdermabrasion was performed using a Microclear Vortex system (Lasermax 

services, Inc., Atlanta, GA, USA). Aluminum oxide crystals were bombarded onto the 

skin at a vacuum pressure of 15 in Hg. A mobile application mode was chosen for this 

study. In the mobile mode, the hand piece was passed along the skin surface for 5 and 10 

passes.  
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Skin preparation 

Dermatomed human skin obtained from Science Care was stored at -80℃. The 

thickness of the skin was about 700 µm. Prior to mounting the skin on the Franz cell, it 

was thawed at 37 ℃ in 1XPBS and dried with Kimwipes.  

Skin integrity testing 

Skin pieces were tested for barrier integrity by measuring the electrical 

resistance of the skin. A detailed procedure has been previously established by our 

lab(Kale, Srivastava, et al., 2020). In brief, the current was measured using Ag/AgCl 

electrodes, a digital multimeter (34410A 6 ½), and a waveform generator (Agilent 

33220A, 20MHz Function). The conducting fluid here was 1X PBS, with 5mL in the 

receptor, and 300µL in the donor. Skin pieces were delicately mounted onto the Franz 

cells and left for equilibration for 30mins. Post equilibration, the AgCl electrode was 

placed in the donor while the Ag wire was placed in the receptor. The drop in the 

voltage (VS) across the entire circuit and skin was reflected on the multimeter on 

coupling the load resistor (R.L.) in series with the skin. The formula for calculating the 

skin resistance was as follows:  

RS=VSRL/(VO-VS) 

Here, V.O. and R.L. were fixed at 100mV and 100kΩ, respectively.  

Skin samples having an electrical resistance higher than 10kΩ were included for 

the permeation studies.  



54 

 
 

 

In vitro permeation study design 

In-vitro permeation studies were carried out to evaluate the topical delivery of 

kinetin. Dermatomed human skin was mounted on Franz diffusion cells (PermeGear, 

Hellertown, PA, U.S.A) to assess the permeation. A recirculating water bath was 

employed to keep the receptor chamber at 37℃. The skin temperature was thus 

maintained at 32℃. The diffusion area for this set up was 0.64 cm2. Cells were washed 

with DI water and then with 1X PBS (pH 7.4, 10 mM). For maintaining sink conditions, 

the receptor was filled with 5 mL of 1X PBS. Skin pieces selected for the study were 

mounted on the Franz cells with the receptor solution in contact with the dermis. Care 

was taken to ensure that there was no air gap between the receptor solution and the 

dermis. The drug formulation was added in the donor chamber, and samples were 

collected (300 µL) at pre-determined time-points through the sampling arm. The 

receptor was then replenished with fresh 1XPBS of equal volume after each sample. 

Samples were analyzed using the HPLC  

The permeation protocols for passive delivery as well as delivery aided by 

microdermabrasion have been described in the following sections.  

Passive permeation via solution 

Passive permeation of kinetin was carried out by dissolving kinetin (0.1% w/w 

and 0.4% w/w) in a solution of PG: DMSO: Water in the ratio 20: 20: 60. A volume of 

100 uL was added to the donor of the Franz cell, and samples were withdrawn from the 

receptor at 0, 1, 2, 4, 8, 22 and 24 h. All samples were analyzed using the HPLC method 

described earlier. 
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Passive permeation via application of PVA gels 

Passive delivery of kinetin was assessed with PVA gels formulated as per the 

procedure described previously. A volume of 100 uL was added to the donor of the 

Franz cell and samples were withdrawn from the receptor at the timepoints mentioned 

before. 

Microdermabrasion mediated delivery of kinetin 

The microdermabrasion procedure was carried out as described in section 2.2.4. 

Formulations containing 0.4% w/w kinetin were applied on microdermabrated 

dermatomed human skin to analyze the enhancement in delivery. A volume of 100 uL of 

formulation was added to the donor of the Franz cell and samples were withdrawn from 

the receptor at the time points mentioned before. 

Data analysis 

Graph Pad Prism 8 was used as the software package used to analyze data, and a 

p-value of less than 0.05 was considered to denote a significant difference between the 

various groups.  

Quantitative analysis 

Kinetin was quantified using Reverse Phase High-Performance Liquid 

Chromatography (RP-HPLC). The drug was eluted isocratically using a Waters 

Alliance 2695 separations module (Milford, MA, U.S.A.). The detector coupled with this 

system was a 2996 photodiode array, and the wavelength for the detection of kinetin 

was 272 nm. A Kinetex C18 (250*4.6 mm, 100 A, Phenomenex, CA, U.S.A.) column was 

used as the stationary phase, with the mobile phase having a flow rate of 1 mL/min. 
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Methanol (phase A) and Buffer pH 3 (phase B) in the ratio of 40 : 60 were the 

chromatographic conditions employed. The run time for the method was 10 min and the 

retention time was 5 min. Standards were prepared for 1X PBS and DMSO for the 

receptor and skin extraction samples respectively.  

Skin characterization 

Scanning electron microscopy (SEM) 

To investigate the surface morphology of skin treated with microdermabrasion, 

the PhenomTM field emission S.E.M. system by Nanoscience Instruments, Inc. (Pheonix, 

AZ, U.S.A.) was used. Dermatomed human skin was treated with 5 and 10 passes of 

microdermabrasion and washed with 1X PBS. These samples were later dried and 

mounted on a metal stub using double-sided tape (Ted Pella, Inc. Redding, CA, U.S.A.). 

Field emission S.E.M. (Hitachi, S4100) was used to examine the samples.  

TEWL measurements 

VapoMeter™ by Delfin technologies was used to calculate the TEWL. TEWL 

values were calculated prior to treating skin with MDA and after the treatment was 

complete. Skin was thawed and left for equilibration on the Franz cell for 10min, after 

which the skin pieces were removed from the Franz cell and gently wiped with 

Kimwipes™. VapoMeter™ was then placed on the skin, ensuring all the permeation 

area was covered with no contact with surrounding air. Skin was then treated with 5 

and 10 passes of MDA, following which TEWL after treatment was measured. 
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Skin resistance changes 

For evaluating the effect of MDA treatment on skin resistance, skin resistance 

was measured prior to and after treating skin with MDA. Skin was thawed and left for 

equilibration on the Franz cell for 10 min. The initial skin resistance was measured, 

after which the skin was dabbed with Kimwipes™. The skin pieces were then treated 

with 5 and 10 passes of MDA treatment. On completion of the treatment, the skin was 

placed on the Franz diffusion cells and left to equilibrate for 10 min, after which the skin 

resistance was measured using the setup described before 

Histology 

Characterization of skin treated with MDA was done by histological sectioning. 

The optical coherence tomography (OCT) compound medium was used to fix the skin 

samples flat in the Tissue-Tek. The block was stored at -80℃ and allowed to solidify. 

This solid block was then sectioned using a Microm HM 505 E (Southeast Scientific, 

Inc, GA, U.S.A.). While sectioning, care was taken to ensure that the block was glued 

tightly to the holder in the cryotome chamber. The temperature in the cryotome 

chamber was maintained at -20℃. Sections of 10 µm thickness were chosen for 

microscopy. They were mounted on glass slides (Globe Scientific, Inc, NJ, U.S.A.) for 

observing under a Leica DM 750 microscope (Leica, microsystems, Buffalo Grove, IL, 

U.S.A.).  



58 

 
 

 

Results 

Solubility studies 

The solubility of kinetin in DI water was found to be about 750 µg/mL, while 

the solubility in 1X PBS was found to be about 500 µg/mL. DMSO showed the highest 

solubility of more than 30 mg/mL, while oleic acid and oleyl alcohol showed a solubility 

of less than 10 µg/mL. All the solubility studies were carried out at room temperature. 

The final composition consisted of PG: DMSO: DI water in the ratio 20: 20: 60 with a 

kinetin loading of 0.1% w/w and 0.4 % w/w.  

In vitro permeation studies 

Permeation of kinetin from topically applied solutions 

Topical solution containing 0.1 % w/w and 0.4 % w/w kinetin was applied on 

dermatomed human skin. A significantly higher delivery of kinetin was seen in the 

epidermis with the application of 0.4 % w/w (0.62 ± 0.2 ug/sq.cm) solution as compared 

to 0.1 % w/w (0.1 ± 0.01 ug/sq.cm) solution (Figure 11). Similarly, a significantly higher 

retention of kinetin was observed in the dermis with the 0.4 % w/w solution (0.13 ± 

0.01 ug/sq.cm) as compared to 0.1% w/w solution (0.03 ± 0.00 ug/sq.cm) (Figure 12). 
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Figure 11. Epidermal delivery of kinetin with 0.1% and 0.4 % w/w solution; Student’s t-
test, *** indicates significant difference (p<0.001), n=4. 
 

 

 

Figure 12. Dermal delivery of kinetin with 0.1% and 0.4 % w/w solution; Student’s t-
test, *** indicates significant difference (p<0.001), n=4. 
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Permeation of kinetin from topically applied PVA gels 

Polyvinyl alcohol is available in several grades. For the formulation of kinetin 

gels, we screened two grades of PVA: PVA 18-88 and PVA 26-88. PVA grade 18-88 

delivered a significantly higher amount of kinetin (0.47 ± 0.03 ug/sq.cm) in the 

epidermis as compared to PVA grade 26-88 (0.185 ± 0.02 ug/sq.cm) (Figure 13). 

Similarly, PVA grade 18-88 delivered a significantly higher amount of kinetin in the 

dermis (0.089 ± 0.00 ug/sq.cm) at the end of 24 h as compared to PVA grade 26-88 

(0.002 ± 0.00 ug/sq.cm) (Figure 14).  

 
 
 

 

Figure 13. Epidermal delivery with different grades of PVA; Student’s t-test, * indicates 
significant difference (p<0.05), n=4. 
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Figure 14. Dermal delivery with different grades of PVA; Student’s t-test, * indicates 
significant difference (p<0.05), n=4. 
 
 

 

Microdermabrasion mediated topical delivery of kinetin 

Microdermabrasion was carried out on dermatomed human skin to enhance the 

topical delivery of kinetin. Microdermabrasion (5 and 10 passes) was followed by 

application of 100 µL of PVA gel (grade 18-88) containing 0.4% w/w kinetin. 

Microdermabrasion significantly increased the delivery of kinetin into and across the 

skin. Also, 10 passes delivered a significantly higher amount of drug in the epidermis 

(Figure 15) and dermis (Figure 16) as compared to 5 passes. There was a significantly 

higher total amount of kinetin delivered in skin with microdermabrasion (5 and 10 

passes) as compared to the control group (Figure 17). However, 10 passes led to kinetin 

getting delivered in the receptor (0.2 ± 0.00 ug/sq.cm) at the end of 24 h. Thus, 5 passes 
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of kinetin were optimum for enhancing the delivery of kinetin into skin, while 

eliminating or minimizing delivery across skin.  

 
 

 
Figure 15. Epidermal delivery of kinetin on microdermabrasion treated skin, Student’s t-
test,*** indicates significant difference (p<0.001), n=4. 
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Figure 16. Dermal delivery of kinetin on microdermabrasion treated skin, student’s t-
test, * indicates significant difference (p<0.05), n=4. 

 
 
 

 
Figure 17. Total delivery of kinetin in skin upon MDA, One-Way Anova, ***indicates 
significant difference(p<0.001); n=4. 
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Skin characterization studies 

Scanning electron microscopy 

Scanning electron microscopy confirmed the abrasion of the SC. Figure 18 shows 

SEM images of untreated skin, and skin treated with 5 and 10 passes of 

microdermabrasion.  

 
 
 

 

Figure 18. SEM image of (a) Untreated skin, (b) Skin treated with 5 passes of MDA and 
(c) Skin treated with 10 passes of MDA. 

 
 
 

TEWL measurements 

TEWL is the amount of water lost passively through the skin layers to the 

environment due to a vapor pressure gradient. TEWL for skin treated with 10 passes of 

MDA was significantly higher than all other groups (Figure 19).  
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Figure 19. Transepidermal water loss upon microdermabrasion of skin, One-Way 
Anova; *, *** indicates significant difference (p<0.05 and p<0.001 respectively), n=4 
 

 

 

Skin resistance changes 

Electrical resistance of the skin is generally attributed to the intactness of the 

stratum corneum. Thus, changes in the skin electrical resistance values can give an 

overall understanding of the structural integrity of the stratum corneum. There was a 

significant reduction in the skin resistance values upon treatment with 5 and 10 passes 

of microdermabrasion. Figure 20 shows the reduction of skin resistance post 

microdermabrasion. 
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Figure 20. Reduction in skin resistance upon MDA treatment; One-Way Anova; *, *** 
indicates significant difference (p<0.05 and p<0.001 respectively), n=4. 
 

 

 

Histology 

Histological sectioning confirmed the abrasion of the stratum corneum post 

MDA treatment. Figure 21 depicts the differences in the untreated skin, and skin treated 

with 5 and 10 passes of MDA. 
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Figure 21. Histological sectioning of (a) Untreated skin, (b) Skin treated with 5 passes of 
MDA and (c) Skin treated with 10 passes of MDA. 
 
 

 

Rheological characterization of gels 

G’ depicts stored energy or elastic properties or rigidity, while G” demonstrates 

the energy dissipated as heat or viscous properties of the unsheared samples. G’’ was 

greater than G’ which depicted that the gel was more viscous than elastic (Figure 22). 

An increase in shear rate resulted in a decrease in viscosity and an increase in shear 

stress (Figure 23). This showed the pseudoplastic nature of the gel formulation. 
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Figure 22. Rheogram depicting the storage modulus and the loss modulus of the gels 
 
 

 

 
Figure 23. Flow curve of PVA gels 
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Discussion 

In this study, we investigated the enhancement in the topical delivery of kinetin, 

an antiaging molecule, using two approaches: increasing the drug loading in the 

formulation, and using a physical enhancement technique called microdermabrasion. 

Kinetin is a phytohormone, a plant-derived cytokine that helps in reducing the signs of 

skin ageing. Literature supports the use of kinetin to reduce the signs of mild to 

moderate photodamaged facial skin, and to aid in restoring the normal skin-barrier 

function (Vicanova et al., 2006).  

Kinetin has a log P of 1 and a molecular weight of 215.2 g/mol. However, this 

molecule has a undesirable solubility profile. As seen in Figure 24, the molecule is 

soluble at pH lower than 3 and higher than 10, both of which are unfavorable for 

developing topical formulations. 

 
 
 

 
Figure 24. pH dependent solubility profile of kinetin 
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We screened several excipients and their combinations for enhancing the drug 

loading of kinetin in the formulation. A maximum drug loading of 0.4% w/w was 

achieved using a vehicle composition of PG: DMSO: DI in the ratio 20:20:60. Kinetin 

has a very high solubility in DMSO. However, the Inactive Ingredient (IIG) database 

from the FDA approves the use of DMSO up to only 45.5% w/w of the topical 

formulations (FDA, 2018). Thus, we tried to minimize the amount of DMSO in the 

formulation. Propylene glycol is a commonly used vehicle which is safe for topical 

application. It has a lipophilic carbon chain and hydrophilic -OH moieties that impart 

surfactant-like properties, thus improving drug solubility (Watkinson, Guy, Hadgraft, & 

Lane, 2009). Our aim was to formulate gels using PVA for the topical delivery of 

kinetin. Thus, we used a vehicle composition of PG, DMSO and DI water, with water 

content enough to ensure homogenous hydration of the PVA polymer.  

Rheological characterization of the gels 

The gels were characterized for their rheology. The G’ depicts stored energy or 

elastic properties or rigidity while G” demonstrates the energy dissipated as heat or 

viscous properties of the unsheared samples. The gels had a higher G” than G’, which 

indicates that the gels are more viscous than elastic (Nguyen, Puri, & Banga, 2017). An 

increase in shear rate resulted in a decrease in viscosity. This showed the pseudoplastic 

nature of the gel formulation. The shear-thinning behavior of the gel will make it non-

abrasive to skin during rubbing. As the shear stress increased, the gel viscosity first 

increased to a maximum level before decreasing markedly to a plateau level. With a 

decrease in viscosity, the thickening effect of the gel diminished, and the state changed 
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from an apparent solid to free-flowing liquid. Thus, the PVA gels were sensorially 

acceptable and could be applied on skin with ease.  

Skin characterization 

We carried out skin resistance and TEWL measurements to assess the impact of 

MDA on the barrier properties of the skin. Skin resistance dropped with an increase in 

the number of passes, while the TEWL increased with the number of passes. SEM 

images confirmed that the abrasion of the SC after 5 passes led to relatively lesser 

abrasion as compared to after 10 passes. Thus, all these characterization studies 

confirmed the abrasion of skin with microdermabrasion, that was used to enhance the 

topical delivery of kinetin.  

Permeation of kinetin across dermatomed human skin 

The currently available marketed formulations of kinetin contain a maximum 

drug loading of 0.1% w/w. Thus, we aimed to increase the drug loading in the 

formulation to increase the topical delivery of kinetin. Drug delivery occurs as a 

function of the concentration gradient. Thus, by increasing the drug loading to 0.4% 

w/w, the delivery of kinetin increased significantly. Microdermabrasion was used to 

further enhance the delivery of the antiaging compound into skin. MDA is a skin 

rejuvenation technique that has been used in cosmetic clinics. There can be two modes 

of operation for microdermabrasion: the stationary mode and the mobile mode. Studies 

carried out previously in our lab report the formation of microblisters with the use of 

the stationary mode. Microblisters are formed as a result of the separation of the viable 

epidermis and the dermis (Zhou & Banga, 2011). Thus, in all our studies, the mobile 
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mode was used. We observed that the delivery increases with an increase in the number 

of passes. This was in agreement with the studies carried out by Zhou and Banga. Even 

though increasing the number of passes led to an increased delivery into skin, 10 passes 

led to kinetin permeating into the receptor compartment which was not desirable. On 

the other hand, 5 passes significantly increased the permeation of kinetin while avoiding 

receptor delivery. Thus, 5 passes were found to be optimum for enhancing the delivery 

of kinetin into skin.  

Conclusion 

In this study, we carried out the topical delivery of kinetin by increasing the 

drug loading in the formulation, and then using a physical enhancement technique 

called microdermabrasion. MDA is used in cosmetic clinics as a skin rejuvenation 

therapy. Thus, we attempted to enhance the topical delivery of kinetin using MDA. Skin 

characterization studies confirmed the abrasion of skin using MDA. We formulated gels 

using PVA, where the gels were shear thinning systems; this is an ideal attribute for 

topical dosage forms to possess. Delivery of kinetin increased with an increase in the 

number of MDA passes. However, 5 passes were found to be optimum for increasing the 

delivery of kinetin while preventing drug loss in the receptor.
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CHAPTER 5* 

MODULATED DELIVERY OF DONEPEZIL USING A COMBINATION OF SKIN 

MICROPORATION AND IONTOPHORESIS 

Abstract

The present study investigated the transdermal delivery of donepezil 

hydrochloride across dermatomed porcine ear skin using passive and physical 

enhancement techniques. In vitro permeation studies were performed on Franz diffusion 

cells. Microneedles were fabricated in the lab using a polymeric blend of polyvinyl 

alcohol (PVA) and polyvinyl pyrrolidone (PVP). The fabricated microneedles were 

characterized using SEM. Effect of PVA-PVP microneedles and ablative laser 

(P.L.E.A.S.E) alone, and in combination with anodal iontophoresis on the delivery of 

donepezil hydrochloride was investigated. Scanning electron microscopy, histology, 

methylene blue staining, and confocal laser microscopy were used to characterize the 

microchannels created in the skin. Permeation of donepezil after passive delivery was 

found to be 26.87 ± 3.97 µg/sq.cm. Microneedles, laser, and iontophoresis significantly 

increased the permeation to 282.23 ± 8.28 µg/sq.cm, 1562 ± 231.8 µg/sq.cm and 623.4 

± 21.3 µg/sq.cm. Also, a significantly higher permeation was achieved with 

 
* Kale, M., Kipping, T., & Banga, A. K. (2020). Modulated delivery of donepezil using a combination of skin 
microporation and iontophoresis. International Journal of Pharmaceutics, 589, 119853. 



74 

 
 

 

microneedles and laser in combination with iontophoresis (1000 ± 160.9 µg/sq.cm and 

1700.4 ± 189.43 µg/sq.cm respectively). A sharp increase in flux was observed with a 

combination of skin microporation and iontophoresis, however, the same was not 

observed for iontophoretic delivery alone. Thus, flux can be successfully tailored with a 

combination of skin microporation and iontophoresis to suit patient needs.  

Introduction  

Alzheimer's is a neurodegenerative disease that is the leading cause of dementia; 

typical symptoms of the disease are loss of memory, language, and cognition (Rossor et 

al., 2016). A recent estimate shows that the number of people who have Alzheimer's 

worldwide by the year 2050 will reach a total of 115.4 million (Hebert, Weuve, Scherr, 

& Evans, 2013). Hence, Alzheimer's is predicted to be a pandemic of the 21st century. On 

the financial side, the total monetary cost of Alzheimer's and other forms of dementia in 

the U.S. alone was estimated to be approximately $257 billion in the year 2017 (Folch et 

al., 2017). Reducing this cost and helping patients to lead healthier lives are, therefore, 

the pressing matters for our time. Alzheimer's is caused due to several reasons like the 

degeneration of neurons, which leads to a lack of neurotransmitter production, an 

increase in amyloid fragments and free radicals, and a reduction in calcium homeostasis 

(Hölscher, 1998; Munoz & Feldman, 2000). Restoring the neurotransmitter balance is a 

symptomatic treatment that is currently used to alleviate patient discomfort. The most 

widely used cholinesterase inhibitors, a first line of therapy for Alzheimer's are 

donepezil, rivastigmine, and galantamine. Donepezil, prescribed for all stages of 

Alzheimer's, is available in three strengths: 5 mg, 10 mg, and 23 mg (RXLIST, 2020). A 
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safety and efficacy study for the three drugs suggested that donepezil is the preferred 

drug for treating Alzheimer’s (Shega, Ellner, Lau, & Maxwell, 2009).  

Alzheimer's patients also suffer from deglutition disorders and dysphagia (Kalia, 

2003), a survey conducted amongst the elderly suffering from Alzheimer's revealed that 

71% of the patients were suffering from oral stage dysfunction, and 43% of the 

population suffered from abnormalities of the pharynx and esophagus (Feinberg, 

Ekberg, Segall, & Tully, 1992). Oral delivery is thus not a desired route for delivery. A 

transdermal delivery system that prevents gastrointestinal side effects is easier to 

administer and bypasses the oral route may thus serve as a better drug delivery route 

for Alzheimer's patients. 

Skin is the largest organ of the body with a surface area of 1-2 m2 (Boer et al., 

2016). Several drugs have been administered topically and transdermally due to the 

large surface area and accessibility of skin (Ashana Puri et al., 2017). However, the 

topmost layer of skin, the stratum corneum, serves as a barrier to the permeation of 

drugs into and across the skin. Unionized drugs having a low molecular weight (M.W. 

< 500 Da), moderate lipophilicity (log P 1-3), and high potency have a tendency to cross 

the stratum corneum through passive diffusion. However, passive delivery of molecules 

having log P higher than three is difficult, as the drug would have a greater affinity for 

the lipophilic stratum corneum (Song et al., 2018). Hence several active techniques like 

iontophoresis, skin microporation using microneedles, and ablative laser and 

microdermabrasion have been explored for their drug delivery potential (Alkilani et al., 

2015). In this study, we investigated the effect of iontophoresis in combination with 
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microneedles and laser, respectively, for transdermal delivery of donepezil 

hydrochloride. 

Iontophoresis is a technique that drives charged and uncharged molecules into 

the skin on the application of an electric current (Bakshi et al., 2020). Drugs are 

delivered into and across the skin via repulsion and electroosmosis (Nguyen and Banga, 

2018). Transdermal delivery of more than 50 drugs has been investigated to date 

(Banga, 2011). The intensity of the current and its application duration can be optimized 

to meet the therapeutic dose prescribed for the patient.  

Microneedles are being researched extensively for their potential to deliver 

drugs via the skin. Microneedles are micron-sized needles that create pores in the skin, 

enabling better permeation of drugs into and across the skin. Transdermal delivery of 

several molecules like ropinirole hydrochloride, methotrexate, and glycopyrrolate via 

microneedles, has been explored in our lab (Gujjar and Banga, 2014; Nguyen and Banga, 

2018; Singh and Banga, 2013). Polyvinyl alcohol and polyvinyl pyrrolidone are water 

soluble, biocompatible polymers. Successful skin microporation using PVA-PVP 

microneedles has been reported in literature for the delivery of Rhodamine(Lee et al., 

2015). Thus, in this study, polyvinyl alcohol (PVA) and polyvinyl pyrrolidone (PVP) 

microneedles were fabricated in the lab and used to porate skin for investigating the 

transdermal delivery of donepezil hydrochloride. 

A variety of drugs like the human growth hormone, indomethacin, and vitamin 

C have been delivered transdermally using the ablative erbium-yttrium-aluminum-

garnet (Er: YAG) laser(Song et al., 2018). This laser emits light at 2940 nm, which 
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corresponds to the absorption peak of water and results in the ablation of the stratum 

corneum, the barrier for transdermal delivery. P.L.E.A.S.E.® (Precise Laser Epidermal 

System; Pantec Biosolutions AG, Liechtenstein) has been specially developed for laser 

microporation of the skin (Bachhav et al., 2013). The system is programmed in a way 

that the user can control the pulse rate, repetition rate, and array size. Thus, the amount 

of drug delivered can be controlled by these parameters to address the needs of the 

patient. Transdermal delivery of donepezil via microneedles has been reported in 

literature (Kearney, Caffarel-Salvador, Fallows, McCarthy, & Donnelly, 2016; J. Kim et 

al., 2016). However, these studies do not report flux modulation for the same. 

Combination of iontophoresis and microporation have been explored for a variety of 

therapeutic applications ranging from peptide and protein delivery to delivery of small 

molecules, covering a wide range of diseases like hypertension, Parkinson’s, 

inflammatory skin disorders, prostate cancers and endometriosis (K. Pawar, Kolli, 

Rangari, & Babu, 2017; K. R. Pawar, Smith, Kolli, & Babu, 2013; Sachdeva et al., 2013; 

Singh & Banga, 2013). 

Thus, with this range of potential applications in mind, we have investigated this 

combination approach for the treatment of Alzheimer’s. This study focused on 

delivering donepezil hydrochloride transdermally through dermatomed porcine ear skin 

using iontophoresis in combination with microneedles and laser, and assess the 

modulation of flux for the delivery of donepezil. The effects of enhancement techniques 

were further characterized by scanning electron microscopy (S.E.M.), dye binding 

studies, histological evaluation, calcein imaging, and skin resistance measurements.  
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Materials 

Donepezil hydrochloride was obtained from T.C.I. America (Tokyo Chemical 

Industry), U.S.A. Phosphate buffered saline (PBS, 10X), pH 7.4, was obtained from 

Fisher Scientific. Methanol was purchased from Pharmco-aaper (Brookfield, CT, 

U.S.A.), and sodium phosphate dibasic was obtained from Sigma Aldrich, U.S.A. 

Staining dye methylene blue was obtained from Holles Laboratories Inc. (Cohasset, MA, 

U.S.A.), and Fluorescent dye Fluoresoft (0.35%) was obtained from Eastman Kodak Co. 

(Rochester, NY, U.S.A.). Polyvinyl alcohol was generously provided by Merck KGaA. 

(Darmstadt, Germany). A silver wire having a diameter of 0.5 mm (99.99%) was 

purchased from Fisher Scientific (Fair Lawn, NJ, U.S.A.). Silver/Silver Chloride 

electrodes (2 mm* 4 mm) were procured from A-M systems (Sequim, WA, U.S.A.). 

Porcine ear skin was obtained from a local slaughterhouse (Hollifield farms, G.A., 

U.S.A.).  

Methods 

Solubility studies 

The solubility of donepezil hydrochloride in 10 mM phosphate-buffered saline, 

phosphate buffer at pH 5, and deionized water (DI water) was tested. The drug was 

added to 1mL of each solvent and left for shaking at room temperature until it reached 

saturation. On removing the solutions from the shaker after 24 h, they were subjected to 

centrifugation for 15 min at 13400 rpm. The supernatant was diluted with the 

respective solvents and filtered through 0.22 µm syringe filters. The samples were then 

analyzed using the HPLC method. 
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Microneedle fabrication 

Polydimethyl siloxane molds were made by the procedure optimized previously 

in our lab (Y. Kim, Bhattaccharjee, Beck-Broichsitter, & Banga, 2019). PVA and PVP 

were mixed in the ratio of 3:1 to prepare a dry blend. The dry blend was added to 

deionized water heated to 90℃. This mixture was kept at 90℃ in a hot air oven until 

the polymers completely dissolved to form a homogenous mixture. The polymer 

mixture was then poured in PDMS molds, followed by centrifugation. They were then 

dried for a day in a vacuum oven at 60℃, followed by two days in a desiccator. 

Fabricated microneedles were separated from the molds and stored in a desiccator until 

further use.  

Skin preparation 

Full-thickness pig ears were obtained from the slaughterhouse, after which skin 

was stored at -80℃. Prior to dermatoming, the skin was thawed. Hair from the skin was 

trimmed using a trimmer, following which the skin was subjected to dermatoming 

using the Nouvag dermatome apparatus. An average of 500 microns was the thickness 

used for the permeation studies. 

Skin integrity testing 

Skin pieces were tested for their barrier integrity by measuring the skin's 

electrical resistance described in detail by our lab previously(Kale, Srivastava, et al., 

2020). In brief, the current was measured using Ag/AgCl electrodes, a digital 

multimeter (34410A 6 ½), and a waveform generator (Agilent 33220A, 20MHz 

Function). The conducting fluid here was 1X PBS, 5 mL in the receptor, and 300 µL in 
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the donor. Skin pieces were delicately mounted onto the Franz cells and left for 

equilibration for 30 min. Post equilibration, the AgCl electrode was placed in the donor 

while the Ag wire was placed in the receptor. The drop in the voltage (VS) across the 

entire circuit and skin was reflected on the multimeter on coupling the load resistor 

(R.L.) in series with the skin. The formula for calculating the skin resistance was as 

follows:  

RS=VSRL/(VO-VS) 

Here, V.O. and R.L. were fixed at 100mV and 100kΩ, respectively.  

Skin samples having electrical resistance higher than 10kΩ were included for the 

permeation studies.  

In vitro permeation study design 

In-vitro permeation studies to evaluate the transdermal delivery of donepezil 

hydrochloride were performed on vertical Franz diffusion cells (PermeGear, 

Hellertown, PA, U.S.A.) using dermatomed porcine ear skin. A recirculating water bath 

was employed to keep the receptor chamber at 37℃. The skin temperature was thus 

maintained at 32℃. The diffusion area for this set up was 0.64 cm2. Cells were washed 

with DI water and then with 1X PBS (pH 7.4, 10 mM). For maintaining sink conditions, 

the receptor was filled with 5 mL of 1X PBS. Skin pieces selected for the study were 

mounted on the Franz cells with the receptor solution in contact with the dermis. Care 

was taken to ensure that there was no air gap between the receptor solution and the 

dermis. The drug solution was added in the donor chamber, and samples were collected 

(300 µL) at pre-determined time-points through the sampling arm. The receptor was 
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then replenished with fresh 1XPBS of equal volume after each sample. Samples were 

analyzed using the HPLC method mentioned above.  

Passive permeation of donepezil hydrochloride  

Passive permeation of donepezil hydrochloride (control) was evaluated by 

adding 100 µL of 3% w/w drug in a buffer (pH 5) in the donor. The sampling points 

were 0, 0.5 h, 1 h, 2 h, 4 h, 8 h, 22 h, and 24 h. Receptor samples were withdrawn at each 

time point.  

Microneedle-aided delivery of donepezil hydrochloride 

Fabricated PVA-PVP microneedles were used to enhance the transdermal 

delivery of donepezil hydrochloride. Microchannels were created by employing an array 

of 100 solid microneedles arranged in rows of 10, with each needle having a length of 

approximately 415 µm. For mimicking the soft tissue underneath the skin, parafilm 

(Parafilm "M" Laboratory film, Neenah, WI, U.S.A.) was placed under the 

skin(Larrañeta et al., 2014; Nguyen and Banga, 2018). This prevented the breakage of 

needles and avoided exertion of excess pressure in the skin. Care was taken to ensure 

that the microneedles were placed perpendicular to the skin for 1 min. Skin 

microporation was confirmed by histology, S.E.M., and dye-binding studies.  

Laser-mediated transdermal delivery of donepezil hydrochloride  

Microporation of skin was carried out by placing skin pieces on a flat surface 

with four layers of parafilm under each piece. These skin pieces were then treated with 

the ablative laser - P.L.E.A.S.E. (Pantech Biosolutions AG, Liechtenstein). The 

specifications of the laser treatment were as follows: 34.1 kJ/cm2 fluence, 7 mm array 
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size with a 10% density. S.E.M., dye binding, and histology were used to characterize 

the micropores generated. Sampling points and donor conditions were the same as in 

the passive study.  

Iontophoretic delivery of donepezil hydrochloride  

For investigating the delivery of donepezil hydrochloride via iontophoresis, a 

500 µL solution containing 3% w/w drug in a buffer was added to the donor. Donepezil 

is positively charged at pH 5; hence anodal iontophoresis was conducted. Silver wire 

was placed in the donor (anode), while the AgCl electrode was placed in the sampling 

arm of the receptor. Care was taken to ensure that the anode does not touch the skin. A 

current having a density of 0.4 mA/cm2 was applied for 2 h. Sampling points were 0 h, 

0.5 h, 1 h, 2 h, 4 h, 8 h, 22 h and 24 h.  

Lag time calculation  

A graph was plotted for the cumulative drug permeated/cm2 against time. The 

X-intercept of the linear portion of this graph was used for calculating the lag time. 

Quantitative analysis 

Donepezil hydrochloride was quantified using Reverse Phase High-Performance 

Liquid Chromatography (RP-HPLC). The drug was eluted isocratically using a Waters 

Alliance 2695 separations module (Milford, MA, U.S.A.). The detector coupled with this 

system was a 2996 photodiode array, and the wavelength for the detection of donepezil 

hydrochloride was 315 nm. A Kinetex C18 (250*4.6 mm, 100 A, Phenomenex, CA, 

U.S.A.) column was used as the stationary phase with the mobile phase having a flow 

rate of 1 mL/min. Methanol (phase A) and Buffer pH 3 (phase B) in the ratio of 45:55 
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were the chromatographic conditions employed. The run time for this method was 10 

min with the drug retention time of around 5 min. Standards for the drug were prepared 

in 1X PBS; the limit of detection was 0.05 µg/mL, and the limit of quantification was 

0.1 µg/mL. Linearity was seen in the range of 0.1-100 µg/mL with an R2=0.999. There 

was no interference observed in the chromatogram while analyzing the receptor 

samples, which may have leached some substances from the skin.  

Data analysis 

Graph Pad Prism 8 was used as the software package used to analyze data, and a 

p-value of less than 0.05 was considered to denote a significant difference between the 

various groups.  

Characterization of skin samples treated with laser and microneedles 

SEM 

To investigate the surface morphology of skin treated with microneedles and 

laser, the PhenomTM field emission S.E.M. system by Nanoscience Instruments, Inc. 

(Pheonix, AZ, U.S.A.) was used. Dermatomed porcine ear skin was treated with 

microneedles and laser and washed with 1X PBS. These samples were later dried and 

mounted on a metal stub using double-sided tape (Ted Pella, Inc. Redding, CA, U.S.A.). 

Field emission S.E.M. (Hitachi, S4100) was used to examine samples. The length of the 

microneedles and the diameter of pores generated by the microneedles and laser 

treatment were calculated.  
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Dye binding studies 

Methylene blue solution (1% w/v) was used to stain microchannels created by 

the microneedles and the laser. Dermatomed porcine ear skin was placed on parafilm 

and was treated with microneedles and laser, respectively. Methylene blue solution was 

added onto the area of treatment and left for 1 min. Excess dye was wiped with 

Kimwipes and swabs of isopropyl alcohol. A ProScope HR Digital USB Microscope 

(Bodelin Technologies, OR, U.S.A.) was used to view the stained micropores.  

Confocal Laser Scanning Microscopy (CLSM) studies  

For investigating the depth of microchannels created by the microneedles and 

laser, CLSM studies were carried out. Fluorosoft (0.3%) was applied on the skin 

immediately after the skin was treated with an ablative laser. A Leica SP8 confocal laser 

microscopy was used with a 10X objective with the excitation wavelength at 496 nm. 

To know the depth of microchannels created and the uniformity of calcein distribution, 

the Application Suite-Advanced Fluorescent software by Leica was used.  

Histological studies  

Characterization of microchannels created by laser and microneedles was done 

by histological evaluation. Methylene blue (1% w/v) was used to stain the microporated 

skin samples. Excess dye was removed using Kimwipes and alcohol swabs. The optical 

coherence tomography (OCT) compound medium was used to fix the skin samples flat 

in the Tissue-Tek. The block was stored at -80℃ and allowed to solidify. This solid 

block was then sectioned using a Microm HM 505 E (Southeast Scientific, Inc, GA, 

U.S.A.). While sectioning, care was taken to ensure that the block was glued tightly to 



85 

 
 

 

the holder in the cryotome chamber. The temperature in the cryotome chamber was 

maintained at -20℃. Sections of 10 µm thickness were chosen for microscopy. They 

were mounted on glass slides (Globe Scientific, Inc, NJ, U.S.A.) for observing under a 

Leica DM 750 microscope (Leica, microsystems, Buffalo Grove, IL, U.S.A.).  

Results 

Solubility studies 

The solubility of Donepezil hydrochloride in DI water and 1X PBS was found to 

be 30 mg/mL and 3 mg/mL, respectively. The solubility of donepezil was greater than 

100 mg/mL in the phosphate buffer at pH 5.  

Characterization of fabricated PVA-PVP microneedles 

SEM of fabricated PVA-PVP microneedles  

S.E.M. images showed that the length of the microneedles calculated from the 

base to the tip was 415 ± 8.2 µm. The shape of the fabricated microneedles was 

pyramidal with a base of approximately 115 µm, while the distance between 

neighboring needles was about 351 µm. Figure 25 shows an S.E.M image of the 

fabricated microneedles. The microneedles were in linear arrays and showed no 

deformities. The microneedles successfully porated the skin (Figure 26) 
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Figure 25. S.E.M. image of fabricated PVA-PVP microneedles 

 
 
 
 

 
Figure 26. SEM image of skin treated with MN 

 
 

 

Dye binding studies and histology 

Dye-binding studies were carried out to evaluate the penetration ability and 

sharpness of the fabricated microneedles that created microchannels in the porcine ear 

skin. For dye-binding studies, after treating the skin with microneedles, methylene blue 

was added to the area of treatment for 1 min. Methylene blue is a hydrophilic dye that 

would stain the hydrophilic microchannels in the skin. Methylene blue thus stained the 
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microchannels created by microneedles, confirming poration. Figure 27 shows the 

staining of microchannels with methylene blue.  

 

 

 

 
Figure 27. Methylene blue-stained microchannels in skin 

 
 
 

Morphological characterization of skin treated with microneedles was done by 

histological characterization of treated skin. Skin treated with methylene blue was 

sectioned using a Cryostat. The thickness of the sections was 10 µm. The methylene 

blue-stained hydrophilic channel is clearly visible in Figure 28.  
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Figure 28. Histological evaluation of microneedle-treated skin 

 
 
 

Confocal microscopy 

C.L.S.M. studies were carried out to determine the depth of the microchannels 

created. Micropores were stained with a fluorescent dye (Fluorosoft) followed by 

confocal microscopy. It also confirmed the formation of pyramidal micropores in the 

porcine ear skin by treatment with PVA-PVP microneedles. The depth of the pores 

calculated by z-stack was estimated to be 124.7 ± 15 µm. Figure 29 shows images of 

confocal microscopy with z-stack of microchannels created by microneedles in the skin. 
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Figure 29. Confocal microscopy z-stack of microchannels created by microneedles in 
dermatomed porcine ear skin 
 
 

 

Characterization of laser- treated skin 

SEM, dye binding studies and histology 

Micropores created in the porcine ear skin were confirmed by S.E.M., dye-

binding studies, and histology. The P.L.E.A.S.E ablative laser was set at a fluence of 

34.1 kJ/sq.cm to ablate the stratum corneum and epidermal layers. Dye-binding studies 

corroborated the observations of enhanced permeation of donepezil hydrochloride by 

the ablative laser. Microchannels were stained with the hydrophilic methylene blue dye, 

which confirmed the formation of hydrophilic micropores (Figure 31).  

The S.E.M. image (Figure 32) depicts the formation of microchannels after 

treatment with the ablative laser. The diameter of the microchannels created by 

P.L.E.A.S.E was about 374 µm. Histological characterization showed a methylene blue 

stained micropore in skin (Figure 30).  
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Figure 30. Histological image of laser-treated skin 

 

 

 

 
Figure 31. Laser-treated skin with methylene blue staining 

 
 



91 

 
 

 

 

Figure 32. SEM image of skin treated with laser 

 
 
 

Confocal microscopy 

C.L.S.M. studies were carried out to determine the depth of the microchannels 

created. It also confirmed the formation of cylindrical holes in the porcine ear skin by 

treatment with an ablative laser. Micropores were stained with a fluorescent dye 

(calcein) followed by confocal microscopy. The depth of the pores calculated by z-stack 

was estimated to be 145 ± 10 µm (Figure 33).  
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Figure 33. Confocal microscopy z-stack of microchannels created by P.L.E.A.S.E in 
dermatomed porcine ear skin 
 
 

 

In vitro permeation studies 

Passive delivery of donepezil hydrochloride  

Passive permeation of donepezil hydrochloride was carried out to determine the 

amount of drug delivered without the aid of active techniques. At the end of 24 h, 

permeation of donepezil across dermatomed porcine ear skin from the phosphate buffer 

was 26.87 ± 3.97 µg/sq.cm. The lag time observed was 2.5 h.  

Microneedle-assisted delivery of donepezil hydrochloride  

To study the effects of microneedle treatment on the permeation of donepezil 

hydrochloride, the skin was pre-treated with fabricated PVA-PVP microneedles. 

Permeation of donepezil hydrochloride was significantly higher (282.23 ± 8.28 
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µg/sq.cm) as compared to passive delivery after treating skin with microneedles (Figure 

34).  

 
 
 
 

 
Figure 34. Average cumulative amount of donepezil delivered by passive and 
microneedle treatment (n=4); *indicates a significant difference between groups 
(Student’s t-test, p<0.05). 
 

 

 

Transdermal delivery of donepezil hydrochloride via ablative laser  

The P.L.E.A.S.E ablative laser was used to porate the skin. Permeation of 

donepezil hydrochloride across laser-treated porcine ear skin was found to be 1562 ± 

231.8 µg/sq.cm. (Figure 35). The delivery was about 42 times greater than that of 

passive permeation, and about 6 times that of microneedle treated skin. The lag time for 

permeation was 0.3 h.  
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Figure 35. Average cumulative amount of donepezil delivered by passive and laser 
treatment (n=4); ***indicates a significant difference between groups (Student’s t-test, 
p<0.001). 
 
 
 

Iontophoretic delivery of donepezil hydrochloride  

Donepezil hydrochloride, a salt was ionized at pH 5 and delivered transdermally 

using anodal iontophoresis. A current density of 0.4 mA/sq.cm was used for a duration 

of 4 h, followed by passive delivery. There was a significant increase in the permeation 

of donepezil hydrochloride with iontophoresis (623.4 ± 21.3 µg/sq.cm) as compared to 

passive permeation (26.87 ± 3.97 ug/sq.cm) (Figure 36). Permeation increased about 24-

fold in comparison to passive delivery, and thrice as compared to microneedle-mediated 

delivery. Skin resistance dropped by 12.3 kΩ ± 0.8 kΩ. The lag time for permeation was 

1.3 h.  
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Figure 36. Amount of donepezil delivered by passive and iontophoretic delivery (n=4); 
**indicates a significant difference between groups (Student’s t-test, p<0.01). 
 

 

 

Transdermal delivery of donepezil by a combination of microneedle and 

iontophoresis  

Dermatomed porcine ear skin was treated with fabricated PVA-PVP 

microneedles. This treated skin was then mounted on Franz cells, and anodal 

iontophoresis was applied. Permeation of donepezil hydrochloride did not increase 

significantly after a combined treatment of microneedles, and iontophoresis (1000 ± 

160.9 µg/sq.cm) as compared to the iontophoresis treated group (623.4 ± 21.3 

µg/sq.cm) (p-value 0.12). However, the delivery was significantly higher than the 

microneedle (282.23 ± 8.28 µg/sq.cm) treated and passive groups (26.87 ± 3.97 

µg/sq.cm) (Figure 37). The flux for the combination of microneedles and iontophoresis 

was higher than both the microneedle and iontophoretic groups at the end of 4 h and 

dropped to a steady state post termination of the current (Figure 38). The lag time for 

permeation was 0.3 h.  



96 

 
 

 

 
 
 

 
Figure 37. Amount of donepezil delivered by passive, microneedle and combination of 
microneedle and iontophoresis (n=4); *, **indicates a significant difference between 
groups (Kruskal Wallis, p<0.05 and p<0.01 respectively). 
 
 
 
 

 
Figure 38. Flux profile for passive, microneedle and combination of microneedle and 
iontophoresis for delivery of donepezil. 
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Delivery of donepezil hydrochloride by a combination of an ablative laser and 

iontophoresis  

Porcine ear skin was treated with an ablative laser, as described previsouly. This 

laser-treated skin was mounted on the Franz cells, followed by addition of the buffered 

solution of Donepezil. Anodal iontophoresis was then applied as mentioned previously. 

There was a significant increase in permeation with a combination of laser and 

iontophoresis (1700.4 ± 189.43 µg/sq.cm) as compared to the passive group (26.87 ± 

3.97 µg/sq.cm), but the increase was not significant as compared to the laser-treated 

group (1562 ± 231.8 µg/sq.) (Figure 39). However, there was an initial increase in the 

flux with a combination of laser and iontophoretic delivery (Figure 40). The lag time for 

permeation was 0.2 h.  

 

 

 
Figure 39. Amount of donepezil delivered by passive, laser and combination of laser and 
iontophoresis (n=4); *** indicates a significant difference between groups (Kruskal 
Wallis, p<0.001). 
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Figure 40. Flux profile for passive, microneedle and combination of laser and 
iontophoresis for delivery of donepezil. 
 
 
 

Skin resistance 

Resistance drop was seen in skin treated with microneedles, iontophoresis, and 

laser and a combination of skin microporation and iontophoresis. The reduction of skin 

resistance is shown in Figure 41. 
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Figure 41. Skin resistance before and after the application of physical enhancement 
techniques (n=4); *** indicates significant difference (p<0.001) 
 
 
 

Discussion 

Transdermal delivery of donepezil hydrochloride was investigated to assess the 

feasibility of administering the cholinesterase inhibitor to Alzheimer patients via the 

skin. The transdermal route is traditionally the one that provides a slow and sustained 

delivery of drugs with stable pharmacokinetic profiles (Ashana Puri et al., 2019). 

However, the outermost layer of the skin, the stratum corneum, serves as a barrier in 

delivering drugs across the skin (Menon, 2002). Donepezil has an oral bioavailability of 

100%. However, its oral regimen is accompanied by severe GI disturbances. 

Furthermore, patients suffering from Alzheimer's also suffer from deglutition an oral 

stage dysfunction leading to deglutition disorders (Kalia, 2003). The transdermal route 

overcomes these obstacles that would lead to higher compliance in the Alzheimer 
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patients. This route also offers easy termination of therapy in case of adverse reactions 

in the patient. 

 
 
 

 
Figure 42. Projected patch size needed to deliver therapeutic amounts of donepezil. 

 
 

 

Results showed that the maximum therapeutic dose of 23 mg could not be 

achieved with passive delivery at the end of 24 h (Figure 42). This can be attributed to 

the fact that donepezil is lipophilic with a log P of 4.3, which is higher than the ideal 

range for transdermal delivery. Thus, we attempted to enhance delivery using several 

physical enhancement techniques. Literature supports the use of physical enhancement 

techniques to increase the transdermal permeation of drugs and therapeutic agents (Hao 

et al., 2017; Ita, 2015; Kalluri and Banga, 2011). Thus, microporation using polymeric 

microneedles and laser individually, and in combination with iontophoresis delivery, 

have been explored for the delivery of Donepezil hydrochloride in this study. 
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Iontophoresis, microneedles, and laser individually were found to enhance the 

transdermal delivery of donepezil hydrochloride.  

Skin characterization 

Dermatomed porcine ear skin was treated with PVA-PVP microneedles and 

ablative laser to in order to porate the skin. Methylene blue staining confirmed the 

formation of hydrophilic microchannels created for both laser poration as well as 

microneedles treated skin. This dye was not taken up by the intact stratum corneum but 

was selectively taken up by the hydrophilic microchannels in the skin. Histological 

sections of microneedle-treated skin and laser-treated skin showed the formation of 

microchannels, confirming poration of the epidermis. However, each of these techniques 

has limitations and therefore we also carried out confocal microscopy to estimate the 

depth of the microchannels created. The depth of the microchannels was higher for the 

laser-treated skin (about 145 µm) whereas, microneedle treated skin had microchannels, 

which were about 124 µm deep. These depths, however, are estimates and can possibly 

be higher as confocal imaging has limited penetration depth. SEM images revealed that 

the diameter of the microchannels was higher for the laser-treated porcine ear skin as 

compared to the microneedle-treated porcine ear skin. This would have led to a 

significantly higher delivery of donepezil via the laser treated skin as compared to the 

microneedle treated skin.  

Microporation mediated delivery of donepezil 

Skin micrporation was carried out using fabricated PVP-PVP microneedles and 

P.L.E.A.S.E. Microneedle treated skin enhanced the delivery of donepezil as compared 
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to the passive group, however, the delivery was significantly lower than that of laser-

treated skin. Also, the therapeutic dose (23 mg) was not achieved via skin microporation 

with microneedles, however the same could be achieved using laser microporation. The 

flux profile for microneedle treated skin showed a gradual increase followed by a 

gradual drop towards the end of 24 h. Similarly, for the laser-treated skin, the 

transdermal flux increased gradually and showed a small drop towards the end of 24 h. 

Iontophoretic delivery of donepezil 

Donepezil is positively charged at pH 5. Thus, we carried out anodal 

iontophoresis for enhancing the delivery of donepezil across the skin. Anodal 

iontophoresis pushes the drug across the skin via electrorepulsion and electroosmosis. 

Electrorepulsion occurs as the positively charged anode forces the positively charged 

drug away from itself into the skin, whereas electroosmosis is a phenomenon where the 

drug is transported by water molecules across the skin. Donepezil hydrochloride was 

dissolved in a phosphate buffer at pH 5 and anodal iontophoresis was carried out. 

Permeation of donepezil was found to consistently increase after the termination of 

current. This can be attributed to the changes in the electrical properties of the skin. 

Application of anodal iontophoresis results in increased hydration of the skin resulting 

in a drop in the skin resistance (Vemulapalli, Banga, & Friden, 2008). This led to an 

increase in the transdermal permeation of donepezil hydrochloride. However, there was 

no drop in the flux after terminating the current at the end of 4 h. This can be because 

donepezil could have formed a depot in the skin that led to a steady flux as the drug 

kept diffusing from the skin into the receptor.  



103 

 
 

 

Flux tailoring with a combination of skin microporation and iontophoresis 

We also assessed the impact of applying a combination of skin microporation 

and iontophoresis on the permeation of donepezil. This study was carried out to 

determine the synergistic effect of skin microporation and iontophoresis, and to observe 

any enhancement in delivery in comparison to individual treatment and subsequent 

changes in the flux profiles. A combination of skin microporation with PVA-PVP 

microneedles and anodal iontophoresis delivered a significantly higher amount of drug 

as compared to the microneedle only treatment group. There was an increase in the flux 

for the combination of microneedles and iontophoresis at the end of 4 h, followed by a 

sharp drop in flux to a steady-state. Micropores in skin under occlusion remain open for 

about 72 h in vivo (Kalluri and Banga, 2011). Another in vivo study carried out 

previously in our lab suggest that micropores remain open throughout the duration of 

application of iontophoresis (Sachdeva et al., 2013). Thus, the sharp drop in flux was not 

due pore closure, but due to discontinuing the current. Such a flux modulation was 

neither seen for the iontophoretic group nor for the microneedle treatment group. Thus, 

we can tailor the flux successfully using a combination of microneedles and 

iontophoresis and achieve therapeutic concentrations of donepezil transdermally. A 

combination of skin microporation with an ablative laser (P.L.E.A.S.E) and anodal 

iontophoresis did not significantly enhance the delivery of donepezil across skin as 

compared to laser treatment alone. The reason for this can be tied to the relatively large 

micropores created by laser poration that allowed easy passage of drug molecules across 

porcine ear skin, making laser ablation the determining factor for drug permeation. 
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Iontophoresis thus did not have a significant impact on the total delivery across laser-

treated skin. However, there was a sharp increase in the flux followed by a drop in the 

flux to a steady state in the subsequent time points (Figure 40). Previous studies in our 

lab revealed that the pores generated via laser ablation, remain intact under occlusion 

for 72 h post-treatment (Nguyen and Banga, 2018). Thus, the flux modulation was 

because of the termination of iontophoresis. The delivery of donepezil can thus be 

modulated with porated skin in combination with iontophoresis, but the same would not 

be possible with intact skin.  

Lag time 

Lag time is an important criterion for developing a successful transdermal 

system. A transdermal system having a large lag time may not prove to be a good 

system to effectively deliver drugs across the skin. Thus, we calculated the lag time for 

each physical enhancement technique to assess the efficiency of each. Microneedle 

treatment alone gave a lag time of 0.5 h, whereas laser poration resulted in a lag time of 

0.3 h. However, iontophoresis alone had a lag time of 1.3 h. The reason for this can be 

attributed to the lipophilicity of donepezil, that prevented donepezil from permeating 

early through the stratum corneum. Skin treated with a combination of microneedles 

and iontophoresis had a lag time of 0.3 h, whereas a combination of laser poration and 

iontophoresis gave a lag time of 0.2 h. The highest lag time of 2.8 h was observed with 

passive control. Thus, skin microporation was the determining factor in reducing the 

lag time for the permeation of donepezil hydrochloride.  



105 

 
 

 

Conclusion 

Physical enhancement techniques enhanced the permeation of donepezil 

hydrochloride across the skin. A combination of skin microporation and iontophoresis 

gives greater flexibility in terms of treatment, and parameters can be modified 

according to the patient's needs. Alzheimer patients are under constant supervision by 

caregivers and have regular medical assistance. This makes administering donepezil via 

microneedles, laser, and iontophoresis feasible. Thus, transdermal delivery of donepezil 

is possible at therapeutic doses and can help in providing greater adherence to the 

therapy, which is typically required in the elderly population.
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CHAPTER 6 

IONTOPHORETIC DELIVERY DEVICE FOR THE TRANSDERMAL DELIVERY 

OF ZANAMIVIR 

Abstract

The present study investigated the formulation and characterization of a 

conducting, UV crosslinked chitosan-PVP membranes, for the transdermal 

iontophoretic delivery of zanamvir. Chitosan and PVP were dissolved in acetic acid and 

allowed to crosslink under UV radiation for 30 min, followed by 3 days of air drying. 

The membranes were characterized for their swelling index, thickness and weight 

variation. The iontophoretic assembly had a backing membrane, a foam adhesive 

backing, and the formulated chitosan membrane. The foam adhesive held the anode in 

contact with the membrane throughout the study. In vitro permeation studies were 

performed on Franz diffusion cells. The swelling index increased linearly with an 

increase in the concentration of chitosan. Iontophoresis delivered a significantly higher 

amount of drug to the receptor (15.87 ± 2.96 µg/sq.cm) and skin (7.23 ± 1.71 

µg/sq.cm)as compared to passive delivery (0.00 µg/sq.cm in the receptor and 1.55 ± 

0.24 µg/sq.cm in skin) . Iontophoretic delivery resulted in delivery of zanamivir at 

prophylactic concentrations.  
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Introduction 

Influenza, commonly called the flu, is an acute viral respiratory disease. The 

characteristic symptoms of flu are fever, runny nose, sore throat, and fatigue. In the year 

2018-19, the C.D.C. estimated that approximately 35.5 million people were taken ill 

with influenza; 490,600 of those infected were hospitalized, and 34,200 people died. On 

the financial side, the total monetary cost of flu in the U.S. was estimated to be about 

$87 million per year (keyfacts @ www.cdc.gov, n.d.). Thus, reducing the cost and 

increasing the effectiveness of flu treatments are the needs of the hour.  

Influenza viruses belong to the family of Orthomyxoviridae. The four genera of 

this family include type A, B, C, and Thogotovirus, of which only A and B are clinically 

relevant to humans. Influenza virions have three surface proteins: the hemagglutinin 

(H.A.), neuraminidase (N.A.), and M2 protein, of which antivirals target the two 

proteins N.A. and M2 (Blut and et al., 2009). M2 inhibitors block the proton channel, 

preventing the release of viral ribonucleoprotein for migration to the nucleus of the cell, 

while NA inhibitors (N.A.I.s) prevent the release of newly formed virions from the cell 

surface. However, M2 inhibitors are efficacious only on the influenza A virus. 

Furthermore, there are high chances of developing resistance to them. The majority of 

flu viruses have been shown to be resistant to this treatment, resulting in their limited 

use for treating influenza (Mckimm-Breschkin, 2013).  

This has given rise to the expanded use of N.A.I.s for the treatment of the flu. 

N.A.I.s prevent the release of newly formed virions, resulting in a curbing of the spread 

of infection in the body (Gubareva, Kaiser, & Hayden, 2000). There are two licensed 
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N.A.I.s that are globally used for preventing and treating influenza: Oseltamivir and 

Zanamivir. Oseltamivir is orally bioavailable and was used for curbing the H1N1 

pandemic (Lew, Chen, & Kim, 2000). However, several strains of the flu virus are 

resistant to oseltamivir. This leaves us with zanamivir as the drug of choice for 

treatment and prophylaxis of the flu (fda, 2011). Zanamivir is a highly hydrophilic 

compound with a log P of -5.6. It has an oral bioavailability of 2%, making oral dosing 

impractical (Cass, Efthymiopoulos, & Bye, 1999). It is currently available as an oral 

inhalation medication called Relenza (fda, 2011). However, oral inhalation has several 

drawbacks, such as erratic absorption via the pulmonary mucosa (Jain, 2008), difficulty 

in coordinating the actuation with breathing leading to lack of compliance (Baddar, 

Jayakrishnan, & Al-Rawas, 2014), and the high cost of inhalers (Friebel & Steckel, 

2010). Thus, oral inhalation as a route of administration is not ideal, especially for the 

geriatric and pediatric populations and patients with breathing issues. Hence, we 

propose a transdermal route for administration of zanamivir that can allow a sustained 

delivery of the drug as well as an increased patient compliance.  

Zanamivir, as mentioned before, is a highly hydrophilic compound with a log P 

of -5.6 (“zanamivir @ pubchem.ncbi.nlm.nih.gov,” n.d.). Typically, however, it is 

compounds within the log P range of 1-3 that are ideal for transdermal delivery (Banga, 

2011). The log P of zanamivir suggests that passive permeation might not deliver 

zanamivir transdermally at therapeutic doses. Its delivery through the skin would thus 

need the application of physical enhancement techniques to ensure adequate delivery. 

Iontophoresis is a physical enhancement technique that has been used to enhance the 
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transdermal permeation of hydrophilic drugs. Iontophoresis, as the name suggests, 

increases the permeation of drugs into and across the skin by application of a lowcurrent 

density(Bakshi et al., 2020). Transdermal delivery is enhanced by two phenomena: 

electrorepulsion and electroosmosis. Electrorepulsion works on the principle of like-

repels-like, where the applied electrical potential repels the charged species, pushing the 

drug into and across the skin (Kale, Kipping, et al., 2020). Electroosmosis is generally 

referred to as the flux of the bulk fluid, which flows typically in the direction of the 

counterions. Human skin is negatively charged; this results in the electroosmotic flow 

from the anode to the cathode (Singh & Banga, 2013). Delivery of negatively charged 

ions is facilitated via cathodal iontophoresis; positively charged, and neutral drugs are 

delivered via anodal iontophoresis. Zanamivir is uncharged at pH 7. Thus, we carried 

out anodal iontophoresis for the transdermal delivery of zanamivir.  

Iontophoretic patches are typically reservoir-type transdermal patches that have 

three components: the electrodes , the formulation, and a rate controlling membrane 

(Green, 1996; Saluja et al., 2013). The drug-loaded conducting membrane serves as an 

ideal device for transdermal drug delivery of hydrophilic drugs. In this study, we 

formulated a chitosan membrane that, upon hydration, can conduct current. Chitosan is 

a biomacromolecule that is insoluble in water but soluble in aqueous acids. It has been 

used in a wide range of applications such as drug delivery systems, ultrafiltration, 

reverse osmosis and biomedical engineering (Zhang, Hu, Zhu, & Liu, 2013). Although 

insoluble in water, it swells upon coming in contact with water through imbibition 

(Nunthanid et al., 2001). Polyvinylpyrrolidone (PVP) is a biocompatible and 
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biodegradable polymer, soluble in water and used in a wide range of film-forming 

formulations (Lee et al., 2015). Zhang et al. reported that UV-crosslinked films of 

chitosan and PVP have better durability than films made of chitosan alone (Zhang et al., 

2013). Thus, A UV-crosslinking combination of chitosan and PVP was used for 

formulating durable membranes for the delivery of zanamivir via iontophoresis. The 

iontophoretic system overall was comprised of a conducting membrane, an anode (Ag 

wire), and an adhesive backing, with the drug loaded onto the membrane. The 

membrane was characterized for its swelling index, thickness and crosslinking, while 

the skin was evaluated for a drop in the electrical resistance.  

Materials 

Zanamivir hydrate was obtained from T.C.I. America. Phosphate-buffered saline 

(PBS, 10X), pH 7.4, was procured from Fisher Scientific. Acetonitrile was obtained from 

Pharmco-aaper (Brookfield, CT, U.S.A.). Chitosan and PVP were bought from Sigma 

Aldrich, U.S.A. A silver wire having a diameter of 0.5 mm (99.99%) was purchased from 

Fisher Scientific (Fair Lawn, NJ, U.S.A.). Silver/Silver Chloride electrodes (2 mm* 4 

mm) were procured from A-M systems (Sequim, WA, U.S.A.). Porcine ear skin was 

obtained from a local slaughterhouse (Hollifield Farms, Covington, GA). 

Methods 

Solubility studies 

The solubility of zanamivir was tested in phosphate buffer at pH 5 and 7.4, and 

deionized water (DI water). The drug was added to 500 µL of each solvent and left for 

shaking at room temperature until it reached saturation. On removing the solutions 
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from the shaker after 24 h, they were centrifuged for 15 min at 13400 rpm. The 

supernatant was diluted with the respective solvents and filtered through 0.22 µm 

syringe filters. The samples were then analyzed using the HPLC method mentioned 

ahead. 

Formulation of the crosslinked chitosan membrane 

Chitosan and PVP were mixed in a solution of 1% w/w Acetic acid at 60 deg C 

under constant stirring. The amounts of chitosan and PVP were varied from 0.5% to 

1.5% w/w and from 0.5% w/w to 1% w/w respectively. The polymeric solution was 

added to plastic petri dishes, and UV crosslinking was performed for 30 min. The dishes 

were then allowed to air dry for 3 days. Upon drying, the films were punched to the 

required size using a stainless steel punch.  

Iontophoretic patch assembly 

A 3M adhesive backing (medical tape 1522 with acrylate adhesive) was 

overlayed on the release liner (Cotran 9704). The adhesive from the 3M backing got 

transferred to the release liner. This was then cut to the outer diameter of the Franz cell 

donor using a punch. A 0.28 cm2 hole was cut into this disc using a punch to create a 

doughnut-shaped ring. The chitosan membrane was soaked in a drug solution and 

dabbed with kimwipes to remove residual unabsorbed drug solution. This membrane 

was then cut to a diameter of 0.64 cm2 using a stainless steel punch. The 3M backing 

was peeled off from the release liner, following which the chitosan membrane was stuck 

to the Cotran release liner. A coiled silver wire was inserted through a foam adhesive 

(3M 9776). The underside of the foam adhesive containing the silver wire comes in 
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contact with the hydrated chitosan membrane, and the adhesive side sticks onto the 

doughnut-shaped ring. The Cotran 9704 with the acrylate adhesive was stuck on the 

skin. This system can hold current for 4 h, without compromising the chitosan 

membrane, thereby preventing the direct contact between skin and the silver wire 

(Figure 48). 

Characterization of the membrane  

Swelling index (S.I) 

Swelling indices for the chitosan membranes were calculated by determining the 

change in weight over original weight of the unhydrated film. The films were weighed 

before and after soaking in the drug solution. The films were soaked in the drug 

solution for 1 h, followed by gentle dabbing with Kimwipes to remove the excess 

unabsorbed water. The swelling index was calculated for all the films that formed (Table 

2 : F3 to F6).  

S.I= 
𝑊𝑡−𝑊𝑜

𝑊𝑜
 

Thickness  

The thickness of the films before and after hydration was measured using a 

thickness gauge. Upon hydration, the films were gently dabbed with kimwipes to 

remove the excess, unabsorbed solution, if any and the thickness was measured.  

Membrane saturation 

The membranes (F6) were allowed to soak in 1X PBS containing 1.2% w/w 

Zanamivir for different durations of 30 min, 1 h, 2 h, 3 h and 4 h. Upon removal of the 
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membranes from the drug solution, the membranes were dabbed with Kimwipes on both 

sides followed by 15 min air drying, to ensure complete removal of the residual drug 

solution. The membranes were allowed to shake in 1 mL THF for 4 h, followed by 

addition of 2 mL methanol. These samples were filtered using 0.22 µm filters and then 

analyzed on the HPLC.  

Fourier-transform infrared spectroscopy (FTIR) 

The crosslinking of the chitosan and PVP was confirmed using an ATR-FTIR, 

IRAffinity-1S model (Shimadzu Scientific Instruments, Columbia, MD, USA). The 

transmittance of the crosslinked film was compared to the untreated chitosan and PVP.  

Scanning electron microscopy 

To investigate the surface morphology of the films, the PhenomTM field emission 

S.E.M. system by Nanoscience Instruments, Inc. (Pheonix, AZ, U.S.A.) was used. The 

dried films (F3 to F6) were mounted on a metal stub using double-sided tape (Ted Pella, 

Inc. Redding, CA, U.S.A.). Field emission S.E.M. (Hitachi, S4100) was used to examine 

samples.  

Skin preparation 

Full-thickness pig ears were obtained from the slaughterhouse, after which skin 

was stored at -80℃. Prior to dermatoming, the skin was thawed. Hair from the skin was 

trimmed using a trimmer, following which the skin was subjected to dermatoming 

using the Nouvag dermatome apparatus. An average of 500 microns was the skin 

thickness used for the permeation studies. 
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Skin integrity testing 

Skin pieces were tested for their barrier integrity by measuring the skin's 

electrical resistance as described in detail by our lab previously (Kale, Srivastava, et al., 

2020). In brief, the current was measured using Ag/AgCl electrodes, a digital 

multimeter (34410A 6 ½), and a waveform generator (Agilent 33220A, 20MHz 

Function). The conducting fluid here was 1X PBS, with 5 mL in the receptor, and 300 

µL in the donor. Skin pieces were delicately mounted onto the Franz cells and left for 

equilibration for 30 min. Post equilibration, the AgCl electrode was placed in the donor 

while the Ag wire was placed in the receptor. The drop in the voltage (VS) across the 

entire circuit and skin was reflected on the multimeter on coupling the load resistor 

(R.L.) in series with the skin. The formula for calculating the skin resistance was as 

follows:  

RS=VSRL/(VO-VS) 

Here, V.O. and R.L. were fixed at 100mV and 100kΩ, respectively.  

Skin samples having electrical resistance higher than 10kΩ were included for the 

permeation studies.  

In-vitro permeation studies 

In-vitro permeation studies to evaluate the transdermal delivery of zanamivr 

were performed on vertical Franz diffusion cells (PermeGear, Hellertown, PA, U.S.A.) 

using dermatomed porcine ear skin. A recirculating water bath was employed to keep 

the receptor chamber at 37℃. The skin temperature was thus maintained at 32℃. The 

diffusion area for this set up was 0.64 cm2. Cells were washed with DI water and then 
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with 1X PBS (pH 7.4, 10 mM). For maintaining sink conditions, the receptor was filled 

with 5 mL of 1X PBS. Skin pieces selected for the study were mounted on the Franz 

cells with the receptor solution in contact with the dermis. Care was taken to ensure 

that there was no air gap between the receptor solution and the dermis. Samples were 

collected (300 µL) at pre-determined time-points through the sampling arm. The 

receptor was then replenished with fresh 1XPBS of equal volume after each sample. 

Samples were analyzed using the HPLC method described in section 2.6.  

Quantitave analysis 

Quantitatve analysis of zanamivir was carried out by a reverse phase high 

performance liquid chromatography system (RP-HPLC). A 2996 photodiode array 

detector was employed with a Waters Alliance 2695 separations module (Milford, MA, 

USA). A HILIC (Hydrophilic interaction liquid chromatography, 150 mm, 4.6 µ) 

column was used for an isocratic elution at a flow rate set at 1mL/min. The mobile 

phase contained Acetonitrile:DI water in the ratio 75:25. The run time for each sample 

was 10 min; the retention time for zanamivir was 5.6 min. The wavelength used for 

detecting Zanamivir was 230 nm. The limit of detection was 0.025 µg while, the limit of 

quantification was 0.1 µg. Concentrations in the range of 0.025-100 µg/mL depicted 

linearity with an R2 of 0.9999. There was no interference observed in the chromatogram 

from the skin components that may have leached in the skin and receptor.  

Lag time calculation 

A graph was plotted for the cumulative drug permeated/cm2 against time. The 

X-intercept of the linear portion of this graph was used for calculating the lag time. 
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Results 

Solubility studies 

The solubilty of Zanamivir in DI water was found to be greater than 50 mg/mL 

and that of 1X PBS was found to be about 15 mg/mL.  

Cross-linked chitosan membranes 

The membranes were dried for 3 days post exposure to UV treatment. The Table 

1 lists the formulations tested for the iontophoretic delivery of zanamivir. 

 
 
 
Table 1. Formulations tested for preparing chitosan-PVP crosslinked membranes 

Formulation 
Amount of 
Chitosan 

Amount 
of PVP 

Nature of membrane 

F1 0.5% 0.5% Did not form 

F2 0.75% 0.5% Did not form 

F3 0.75% 0.75% Very brittle 

F4 1% 0.75% Stayed intact for 4 h on the Franz cell 

F5 1% 1% Intact for more than 12 h on the Franz cell 

F6 1.5% 1% Intact for more than 48 h on the Franz cell 

 
 
 

Characterization of the chitosan membrane 

Swelling index 

Swelling indices increased with an increase in concentration of chitosan but not 

PVP. Table 2 below shows the swelling indices of all the membranes that formed. The 

graph represents the relationship between the concentration of chitosan and the 
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swelling index obtained. We can see a linear trend in the increase in the concentration 

of chitosan and the swelling index of each formulation (Figure 43). 

 
 
 
Table 2. Swelling indices of the chitosan-PVP crosslinked membranes 

Formulation Original Weight (mg) Final weight (mg) Swelling index 

F3 12.2 ± 0.3 114 ± 6.3 8.3 

F4 14.3 ± 0.18 146 ± 8.5 9.2 

F5 15 ± 0.27 163 ± 7.8 9.8 

F6 16.4 ± 0.42 196 ± 11.3 10.9 

 
 
 

 
Figure 43. Graph representing a linear relationship between increasing concentration of 
chitosan and the swelling index of the membranes (n=4). 
 
 

 

Thickness 

The thickness of the membranes increased with an increase in the total 

polymeric concentration (Figure 44). Table 3 lists the thickness of the membranes.  
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Table 3. Thickness before and after swelling of the chitosan-PVP membrane 

Formulation Thickness before swelling ± µm Thickness after swelling± µm 

F3 125 ± 2.8 984 ± 15.7 

F4 148 ± 3.4 1035 ± 20.3 

F5 162 ± 5.9 1163 ± 21. 6 

F6 176 ± 6.2 1382 ± 25. 5 

 
 
 

 
Figure 44. Graph representing the relationship between total polymeric concentration 
and thickness of the membrane. 

 
 
 

Membrane saturation 

For saturating the membrane, membranes were punched (F6 only) and soaked in 

a drug solution containing 1.2% w/w zanamivir in 1X PBS. The saturation plateaued at 

1 h, thus for all the studies, the optimized time for soaking the membrane was 1 h. 
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Figure 45 shows a graph of the amount of drug adsorbed by the membrane over a span 

of 4 h. 

 
 
 

 

Figure 45. Graph showing membrane saturation after 1 h. 

 

 

 

FTIR 

The FTIR analysis confirmed the crosslinking of chitosan and PVP. Figure 46 

shows an FTIR spectra for chitosan, PVP, crosslinked and hydrated film.  
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Figure 46. ATR- FTIR image for chitosan, PVP and crosslinked membrane of chitosan 
and PVP. 

 
 
 

SEM 

SEM images (Figure 47) confirmed that the membranes were flat and did not 
have any rough surfaces or contours.  

 
 
 

 
Figure 47. SEM images of formulations F3, F4, F5 and F6. 
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In vitro permeation studies 

Passive permeation of zanamivir 

Passive permeation was carried out to determine the delivery of zanamivir 

without the use of any active techniques. At the end of 24 h, there was no receptor 

delivery of zanamivir; however, 1.55 ± 0.12 µg/sq.cm drug was deliverd in skin.  

Iontophoretic delivery of zanamivir  

Zanamivir is uncharged at pH 7, thus we carried out anodal iontophoresis for 

enhancing the delivery of zanamivir across dermatomed porcine ear skin via 

electroosmosis. A current density of 0.5 mA/sq.cm was applied for a duration of 4 h, 

followed by passive diffusion. There was a significant increase in the permeation of 

zanamivir into the receptor as well as in skin, on application of anodal iontophoresis. 

The amount of drug delivered in the receptor was significantly higher for the 

iontophoretic group (15.87 ± 1.48 µg/sq.cm) as compared to the passive group (0.00 

µg/sq.cm). Figure 49 shows the permeation profile of zanamivir for passive and 

iontophoretic groups. The amount of zanamivir deliverd in skin was also significantly 

higher for the iontophoretic group (7.32 ± 0.85 µg/sq.cm) as compared to the passive 

group (1.55 ± 0.12 µg/sq.cm) (Figure 50). 
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Figure 48. Schematic of the ITP patch. 

 
 
 

 
Figure 49. Average cumulative amount of zanamivir delivered by passive and 
iontophoretic treatment (n=4); *** indicates significant difference (p<0.001). 
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Figure 50. Delivery of zanamivir in skin; * indicates significant difference in groups, 
unpaired t-test (p<0.05). 

 
 
 

Lag time 

There was no receptor delivery for the passive group at the end of 24 h while, 

the lag time calculated for the iontophoretic group was 6.2 h.  

Skin resistance 

Drop in skin resistance was measured after 24 h for the iontophoretic group. 

The resistance post iontophoresis was significantly lower than the original resistance of 

skin. The graph below (Figure 51) shows the drop in skin resistance after iontophoresis.  
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Figure 51. Drop in skin resistance; *** indicates significant difference, unpaired t-test 
(p<0.001). 
 
 
 

Discussion 

Transdermal delivery of zanamivir was investigated to assess the feasibility of 

administering the neuraminidase inhibitor to patients via the skin. Zanamivir is 

administered to a wide population spectrum, ranging from pediatrics to geriatrics. 

Available as an oral inhalation medication, it has several compliance issues in the 

geriatric and pediatric populations, where the patients have to coordinate their 

breathing to the actuation of drug formulation (Mckimm-Breschkin, 2013). Also, 

Zanamivir has an oral bioavailablity of 2%, making it unsuitable for oral administration 

(Cass et al., 1999). Transdermal delivery would be desirable, but zanamivir is a 

hydrophilic molecule with a log P of -5.6, which suggests that passive permeation will 

not lead to therapeutic levels of zanamivir. Thus, to overcome these drawbacks, we 

propose the formulation of an iontophoretic transdermal delivery system for the 

delivery of zanamvir across skin.  
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The transdermal route is traditionally the one that provides a slow and sustained 

delivery of drugs with stable pharmacokinetic profiles (Bozorg & Banga, 2020). 

However, the outermost layer of the skin, the stratum corneum, serves as a barrier in 

delivering drugs across the skin (Menon et al., 2012). Though unionized, small 

molecules (molecular weight less than 500 Dalton) with moderate lipophilicity can 

passively permeate through skin, hydrophilic, and higher molecular weight drugs 

cannot permeate passively through the stratum corneum (Ashana Puri et al., 2017). 

Zanamivir having a log P of -5.6 is uncharged at pH 7.4. Figure 52 shows a graph of 

charge vs pH that shows Zanamivir is uncharged at pH 7.4. The delivery of uncharged 

molecules and cations is thus facilitated via electroosmosis. Hence, to enhance the 

transdermal delivery of zanamivir, anodal iontophoresis was used.  

 
 
 

 

Figure 52. Charge vs pH profile for zanamivir 
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Iontophoretic patches are typically Reservoir-type transdermal delivery systems, 

that have a solution/liquid or a gel held in a rate-controlling microporous membrane, 

and a backing membrane (Green, 1996). Several polymers like polyvinylalcohol, 

hydroxypropylmethyl cellulose, carboxymethyl cellulose have been used for the 

formulation of iontophoretic patches (Al-Khalili, Meidan, & Michniak, 2003; Bera et al., 

2013; Tavakoli, Minaiyan, Heshmatipour, & Musavinasab, 2015). The use of chitosan 

has been reported in literature for delivering several drugs across the skin (Ammar, 

Salama, El-Nahhas, & Elmotasem, 2008; Hemant & Shivakumar, 2010; Nair, Morris, 

Billa, & Leong, 2019). However, there are no reports of conducting chitosan membranes 

being used for the transdermal delivery of drugs via iontophoresis. Chitosan is a 

biocompatible and biodegradable polymer found naturally in the exoskeleton of animals. 

This naturally available polymer is known for the formation of durable membranes. 

However, a UV-crosslinked combination of chitosan and PVP yields membranes with 

higher flexibility and greater mechanical strength in comparision to pure chitosan, as 

reported by Zhang et al. Iontophoretic patches made from these membranes can be 

applied on any surface of the body due to their flexibility and durability. Thus, we 

formulated UV-crosslinked chitosan-PVP membranes for the transdermal delivery of 

zanamivir.  

Formulation and characterization of membranes 

Chitosan, having very low water solubility, is soluble in aqueous acids. Thus we 

used 1% w/w acetic acid at 60 ℃ for dissolving chitosan and PVP. The membranes 

were evaluated for their thickness, swelling indices and integrity. Table 1 shows that the 



127 
 

 

 

durability of the membranes continued to increase with the increase in the 

concentration of chitosan and PVP. The thickness increased linearly with an increase in 

the total polymer concentration, while the swelling index increased with an increase in 

the concentration of chitosan only. This can be attributed to the property of chitosan to 

imbibe water, which eventually leads to swelling.  

We aimed to formulate a membrane that can conduct current and deliver 

zanamivir at the same time. The membrane was soaked in a drug solution that 

contained 1.2% w/w Zanamivir in 1XPBS. Soaking in 1X PBS ensured the adsorption 

of ions onto the chitosan membrane, making it conductive. However, the membrane had 

to be saturated with drug to ensure a high concentration gradient between the 

membrane and skin that results in partitioning of drug into the skin and eventually, the 

receptor. Thus, we carried out a saturation study, where the membranes were allowed 

to soak in the drug solution for 30 min, 1 h, 2 h, 3 h and 4 h, to determine the optimum 

time for saturation. Figure 45 suggests that the membrane reached saturation at 1 h, 

after which there is no substantial increase in the amount of drug that was adsorbed 

onto the membrane. The graph plateaus after 1 h, which suggests saturation. 

Interestingly, this time was also sufficient to hydrate the membrane and make it 

conducting. Thus, the time for soaking the membrane was optimized to 1 h, and was 

thus used in all the studies  

FTIR was used as a qualitative tool to confirm the crosslinking of chitosan and 

PVP. Figure 46 shows an overlay of chitosan, PVP and the crosslinked membrane of 

chitosan and PVP. Spectra for dry chitosan gave a characteristic aromatic C-O stretch at 
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1050 cm-1 which is present in the chitosan crosslinked film as well. PVP showed a 

typical lactam stretch at 1650 which is visible in the hydrated film as well as the 

crosslinked film, but is absent in the chitosan spectra(Sigma-Aldrich, n.d.). There was 

no peak at 3300-3400 cm for the dry crosslinked film, an indicator of crosslinking. The 

hydrated film however, had a peak at 3400 cm, indicating the presence of water. 

SEM images showed that the the surface of the membranes did not have any 

deformations and were uniform throughout. There were no visible differences in the 

surfaces of F3, F4, F5 and F6.  

Transdermal delivery of zanamivir 

The patch assembly adhered to skin all throughout the study for both passive 

and iontophoretic groups. The 3M acrylate adhesive got transferred from the backing to 

the cotran release liner. The diameter of the chitosan membrane was higher than the 

punched hole in the release liner to ensure adequate adhesion and prevent detachment of 

the same. The foam adhesive (3M 9776) gave the silver wire a support, allowing the 

assembly to stand on the Franz cell without the clamp. The membrane stayed intact 

throughout the study and there was no drop in current for the duration of current 

application. The anode, which was Ag wire in our case, turned black due to oxidation. 

At the end of the study, the chitosan membrane peeled off clean, with no oxidized 

residue on either surface.  
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Figure 53. Projected delivery of zanamivir with passive and iontophoretic delivery. 

 
 
 

Figure 49 confirms that there was a significant enhancement in the delivery of 

zanamivir upon application of iontophoresis. Zanamivir has an oral bioavailability of 2% 

and an oral inhalation bioavailabity of aboaut 17%. The dose for zanamivir is 20 mg per 

day for therapeutic purposes and 10 mg per day for prophylactic use(fda, 2011). Thus, 

the transdermal dose for zanamivir is calculated to be about 3.5 mg per day for 

therapeutic applications and about 1.7 mg per day for prophylactic use. Passive delivery 

did not deliver zanamivir in the receptor at the end of 24 h. However iontophoresis 

enhanced the delivery of zanamivir, forcing the drug out of the chitosan membrane and 

into the skin and receptor. Figure 53 shows the prophylactic and therapeutic dose for 

zanamivir and the delivery we reached with the chitosan patch. The currently available 

oral inhalation formulation is available in the form of blister packs of 5 mg, where two 

doses need to be inhaled for an extended period of time (maximum of 28 days). This 

novel iontophoretic patch reached prophylactic concentrations, and can be applied once 

a day for a user friendly experience to the pediatric and geriatric populations.  
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Conclusion 

Iontophoresis is a physical enhancement technique which is currently being used 

in pain management applications. In this study, we formulated a novel conducting 

chitosan-PVP membrane for the transdermal iontophoretic delivery of zanamivir. We 

confirmed the feasibility of delivering zanamivir transdermally via iontophoresis, where 

the drug is adsorbed onto the crosslinked membrane. Iontophoresis ensured drug 

delivery into the receptor; this was not seen with passive delivery. The use of 

iontophoresis resulted in successful drug delivery at prophylactic doses, while the 

therapeutic dose was not achieved with the same. Because the prophylactic regimen is 

longer, a once-a-day iontophoretic patch application can thus increase treatment 

compliance for children, geriatrics and people with breathing issues. 
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CHAPTER 7 

SUMMARY AND CONCLUSIONS

Topical and transdermal drug delivery has been found to offer several 

advantages over the conventional routes of administration, such as oral and parenteral. 

Its benefits include the avoidance of fluctuations in drug levels, reduced systemic effects, 

the ability to apply formulations at the target site of action, and increased patient 

compliance due to its non-invasive nature and ease of use. In this research, we 

investigated the topical and transdermal delivery of drugs and cosmetic agents into and 

across the skin using passive and physical enhancement techniques. 

One of our research goals was to evaluate the topical delivery of 

nordihydroguaretic acid for attenuating the cutaneous damage caused by arsenicals. 

Arsenic exposure results in skin blistering, inflammation, necrosis, and the formation of 

precancerous lesions. It causes severe necrosis in the epidermal layers that can lead to 

skin cancers. NDGA is a catechol obtained from the creosote bush Larrea tridentate and 

has a wide range of biological applications, primary among which is its use in inhibiting 

the proliferation of skin cancers. This polyphenolic compound is also proven to be 

effective in treating actinic keratosis and precancerous lesions in the skin. Thus, NDGA 

is an ideal candidate for mitigating arsenic-induced skin cancers. NDGA is lipophilic in 

nature with a log P of 5.8, suggesting better retention in the lipophilic layers of skin. 
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The in vitro permeation data of NDGA showed that NDGA is delivered to the 

epidermal layers, which is the target site of action. Short duration studies demonstrated 

that NDGA delivery is feasible before blistering spreads. Both single dosing and 

multiple dosing were effective for skin delivery. UV exposure to skin did not 

significantly impact the delivery of NDGA into skin. Thus, topical delivery is feasible 

for attenuating the symptoms of arsenic toxicity.  

In the next aim, we evaluated the topical delivery of kinetin, a cosmetic active, 

using microdermabrasion, which is a physical enhancement technique. Kinetin, an 

antiaging phytohormone that inhibits senescence in plants and helps increase catalase 

activity. It is also an antioxidant enzyme that helps breakdown cellular hydrogen 

peroxide and stimulates keratinocyte proliferation. Polyvinyl alcohol (PVA) is a 

biocompatible, film-forming polymer having a wide range of applications. Thus, Kinetin 

gels were formulated using PVA after screening several grades of PVA. A maximum of 

0.4% w/w kinetin was solubilized in a solvent composition of DMSO: PG: DI water (20: 

20: 60). This loading was higher than the currently available marketed formulations. 

Higher loading led to a significantly higher permeation of kinetin in the epidermis and 

dermis. Microdermabrasion caused further enhancement in the delivery of kinetin with 

5 and 10 passes, although 10 passes delivered drug to the receptor as well. Thus, 5 

passes of MDA were optimum for localizing the delivery of kinetin to the skin. 

Rheological characterization revealed that the PVA grade 26-88 had a higher storage 

modulus than PVA grade 18-88, and that all the gels were shear thinning systems, 

which is ideal for topical products.  
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In another aim, we investigated the transdermal delivery of donepezil using 

several physical enhancement techniques. It is well known that donepezil is the drug of 

choice for Alzheimer patients. However, Alzheimer patients face lack of compliance to 

the oral regimen. Skin microporation with microneedles and laser alone, and in 

combination with iontophoresis were investigated. Results showed that there was a 

significant enhancement in the delivery with the use of physical enhancement 

techniques. Flux modulation with a combination of skin microporation and 

iontophoresis was observed. This flux tailoring can be effectively used to treat patient 

needs where dose titration is needed. Thus, a combination of skin microporation and 

iontophoresis gives greater flexibility in terms of treatment, and parameters can be 

modified according to the patient's needs. Alzheimer patients are under constant 

supervision by caregivers and have regular medical assistance. This makes 

administering donepezil via microneedles, laser, and iontophoresis feasible. Thus, 

transdermal delivery of donepezil is possible at therapeutic doses and can help in 

providing greater adherence to the therapy, the latter of which is particularly helpful 

when treating the elderly population.  

Our final project focused on developing a novel iontophoretic patch for the 

treatment and prophylaxis of influenza. We formulated a crosslinked chitosan-PVP 

patch for the delivery of zanamivir, a neuraminidase inhibitor. Zanamivir is used for 

treatment as well as for prophylaxis of flu, and has efficacy in treating almost all strains 

of flu. The iontophoretic patch comprised of a membrane, a backing membrane and a 

foam adhesive which had the anode (Ag wire) embedded in it. Chitosan and PVP were 
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dissolved in 1% w/w acetic acid and were UV crosslinked for formulating the 

membrane. These membranes were characterized for their swelling index, thickness and 

weight variation, while the crosslinking was confirmed using FTIR. Iontophoretic 

delivery resulted in zanamivir delivery at prophylactic levels, whereas passive delivery 

did not show any receptor delivery. This novel iontophoretic patch will be a patient 

compliant, easy to use, non-invasive delivery device suitable for all age groups.  

Thus, we successfully delivered pharmaceutical actives across skin using passive 

and physical enhancement techniques that have the potential to manage diseases and 

help patients lead better lives.
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