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ABSTRACT 

 
 
 

FACILITATED TOPICAL AND TRANSDERMAL DELIVERY OF SMALL 

MOLECULES 

Under the direction of Dr. Ajay K. Banga 

Professor and Department Chair, Pharmaceutical Sciences 

Mercer University, Atlanta GA 

 

 

 

The skin is the largest organ of the body that is easily accessible and can be 

utilized as a route of administration to deliver drugs locally and systemically to achieve 

targeted therapeutic effects. It provides several advantages over conventional routes of 

administration (e.g. oral and parenteral) such as bypassing first-pass metabolism, 

reduction of adverse effects and enhanced patient compliance. However, drug delivery 

through skin can be challenging due to protective barrier of the skin, especially stratum 

corneum. Stratum corneum serves as a rate-limiting layer and only allows the 

permeation of drug molecules with certain physicochemical properties. Chemical 

enhancers can be used to reversibly alter the structure of stratum corneum to be more 

permeable without causing long-term compromise of the skin. Also, physical 

enhancement technique such as iontophoresis utilize an additional energy as a driving 

force to actively disrupt the barrier nature of stratum corneum to enhance the drug 

delivery. 



 
 

xii 
 

In the present study, different enhancement strategies such as addition of 

permeation enhancers to the drug formulation and/or electrically assisted technique 

such as anodal and cathodal iontophoresis were investigated to enhance the delivery of 

therapeutic (N-acetylcysteine and minoxidil) and dermatological (adapalene) drugs into 

and across the skin. Also, iontophoresis was explored for enhancement of topical and 

transfollicular drug delivery.  

 In summary, chemical enhancers and physical enhancement technique were 

shown to significantly enhance the skin permeation of different drugs into and across 

the skin, as compared to their respective passive permeation controls. Furthermore, 

studies of iontophoresis with different durations of current application revealed that 

lower duration was adequate to achieve significant amount of minoxidil in hair follicles 

with reduced amount of drug penetration across the skin, thereby potentially 

minimizing systemic exposure. 

 



 
 

1 
 

CHAPTER 1 

INTRODUCTION 

 

 Topical and Transdermal delivery refers to the delivery of the drugs into or 

through the skin. This route of administration provides many advantages compared to 

other conventional route of administration such as improved patient compliance, 

avoidance of hepatic first-pass metabolism, reduction of adverse effects and enhanced 

efficacy of the drugs (Prausnitz et al., 2012; Schoellhammer et al., 2014). Due to these 

reasons, drug delivery via skin has become a promising route of drug administration. 

Thus, there has been an extensive effort in scientific research to develop optimal 

formulations for such use, and to enhance the drug delivery utilizing different 

enhancement techniques. 

 The skin serves as a great interface between external environment and the 

human body. Thus, the most important function of skin is to serve as a protective 

barrier to modulate what can or cannot pass through the skin. In general, skin is 

intended to have high level of restriction towards the accessibility of external 

substances into the body. Likewise, the structure of skin is designed to prevent 

excessive loss of water and any other bodily fluids (Palmer & DeLouise, 2016). The 

preeminent protective property of skin is largely due to the outermost layer of the skin 

comprised of corneocytes known as stratum corneum. It allows the permeation of drugs 

with certain physicochemical properties such as molecular weight less than 500 Da,  



2 
 

 
 

log P between 1 and 3 with a melting point less than 250 °C. However, the rate of 

permeation can be limited in certain drugs that lack in such physicochemical properties. 

After overcoming the barrier, the drug molecules can further permeate into epidermis 

and dermis. Once drug penetration is reached beyond epidermis and into the dermis, the 

systemic circulation of such drugs can be achieved (Banga, 2011). 

Due to several limitations in drug permeation via skin, only few compounds with 

certain physicochemical properties, such as small molecular weight and moderately 

lipophilic, are able to be delivered. However, significant efforts and achievements made 

to the development of novel strategies and techniques led to further enhancement in the 

topical and transdermal delivery of drugs. Different chemical and physical enhancement 

techniques are utilized to further enhance the delivery of the drugs by altering the 

physicochemical properties of stratum corneum or the structure of proteins and lipids 

present in intercellular channels of the skin. 

Passive techniques include the optimization of formulation and use of chemical 

enhancers for improved interactions between the drug and excipients. Chemical 

enhancers can facilitate drug diffusion through the skin via several mechanisms such as 

increasing thermodynamic activity of the drug, increasing fluidity of the stratum 

corneum and interacting with intercellular proteins. There are more than 100 chemical 

enhancers available including water, ethanol and surfactants (e.g. sodium lauryl sulfate). 

These are commonly present in a large number of pharmaceutical, dermatological and 

cosmeceutical formulations. And, studies have shown that combinations of certain 

chemical enhancers within specific compositions can further be an effective method to 

enhance the permeation of the drug (Karande et al., 2005; Marwah et al., 2016). 
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Physical enhancement techniques use external energy as an additional driving 

force to promote the drug permeation across the skin. These approaches allow broader 

class of drugs to be delivered into the skin which led to growing interest in utilizing 

such techniques to facilitate transdermal delivery of wide range of molecules (Alkilani et 

al., 2015). 

Iontophoresis is one of the commonly used physical enhancement techniques 

which uses a small amount of electric current (< 0.5 mA/sq.cm) for desired amount of 

time (minutes to hours) to facilitate the diffusion of charged drug molecules. It promotes 

the delivery of permeants in two different mechanisms including electroosmosis, in 

which non-ionized permeants diffuse along with the solvent and electromigration, in 

which charged ions move toward the oppositely charged electrode. Due to enhanced 

delivery of drug molecules utilizing iontophoresis, the application area of such technique 

is extensive from diagnostics (monitoring of blood glucose levels and diagnosis of cystic 

fibrosis) to therapeutics (Banga & Chien, 1988; Kalia et al., 2004; Singh & Maibach, 

1993).  

Chemical warfare agents are considered to be one of the most lethal form of 

man-made weapons to cause mass destruction. They are extremely hazardous chemical 

substances which have toxic properties that can be used to inflict pain or injury and 

ultimately to death (Kuča & Pohanka, 2010; Szinicz, 2005). Despite their deadly effects, 

there are only few antidotes available that can be used upon exposure to chemical 

warfare agents (Rodgers & Condurache, 2010). These antidotes often need to be injected 

intravenously within short amount of time upon exposure to be effective and are mostly 

efficacious to treat internal damage of the body (Thiermann et al., 2013). Many chemical 

warfare agents also cause extreme external damage to the body including rashes and 
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blisters (Kale et al., 2020). Hence, there is a need for development of 

topical/transdermal formulation of potential antidotes with enhanced drug delivery to 

target both the internal and external damage due to exposure. N-acetylcysteine is 

commonly used as an antidote for acetaminophen poisoning and has many 

dermatological effects including anti-inflammatory and anti-proliferative effects (Adil et 

al., 2018; Prescott et al., 1979). These effects of N- acetylcysteine provide great potential 

to be used for treatment of wound healing process or numerous skin diseases utilizing 

transdermal route of delivery. Also, recent findings reported that there was a significant 

reduction of lewisite-induced trauma in in vivo setting when N-acetylcysteine was 

applied topically upon exposure to warfare chemical such as lewisite (Li, Srivastava, 

Weng, et al., 2016). However, passive delivery of N-acetylcysteine is limited due to its 

hydrophilic nature and being predominantly in ionized state at physiological pH of 7.4 

which may lead to reduced effectiveness. Physical enhancement technique such as 

iontophoresis is preferably applied for the permeation of ionized molecule because it 

facilitates the permeation of molecules that are neutral or charged (positive and 

negative), further into and across the skin. Thus, in this study, the passive permeation of 

N-acetylcysteine was determined and further, different chemical enhancers and 

electrically assisted technique such as iontophoresis was utilized to enhance the 

transdermal delivery of N-acetylcysteine.  

Alopecia, also known as hair loss, is a condition that involves the thinning of hair 

from site of follicles that leads to loss of unusual amount of hair from some or all areas 

of the body (Courtois et al., 1994). Currently, there are no treatment options available to 

successfully cure such condition but rather to focus on promoting the hair regrowth to 

extend the coverage as a preventive measure to delay the progression of hair loss. 
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Minoxidil is a vasodilator with antihypertensive and hair growth stimulatory effects. 

Hence, it is one of the most commonly used topical applications to treat hair loss 

conditions such as androgenic alopecia and alopecia areata (Sica, 2004). And there are 

few topical formulations of minoxidil available in the market with various strengths. 

However, upon topical application, it has been reported to have low percutaneous 

absorption which can affect the efficacy of the treatment. Furthermore, some findings 

supported that application of minoxidil can sometimes cause dermal irritation including 

itching and scaling of the scalp (Rossi et al., 2012). Iontophoresis is one of the 

commonly employed physical enhancement techniques that utilizes a small electric 

current for drug delivery. Thus, this technique was investigated to promote topical and 

transfollicular delivery of minoxidil. Also, the effects of iontophoresis parameter such as 

various durations of current application for the treatment was assessed using in vitro 

Franz diffusion cells and dermatomed porcine ear skin. 

Acne vulgaris, the most prevalent cutaneous disorder, is an inflammatory skin 

condition that occurs due to obstruction of hair follicles mainly caused by intemperate 

accumulation of dead epithelial cells and excessive production of sebum, which leads to 

manifestation of comedones, papules, pustules, and cysts (Dawson & Dellavalle, 2013; H. 

C. Williams et al., 2012). Adapalene is a vitamin-A derivative, commonly used to treat 

acne vulgaris. However, only a small fraction of the drug permeates into the skin upon 

topical application due to its highly lipophilic nature. Furthermore, when the 

concentration of adapalene is increased to enhance the efficacy of the drug, it often leads 

to skin irritation and increased photosensitivity to ultraviolet rays (Martin, 1998). 

Different excipients used in topical formulation may play a major role in drug 

permeability and dermal irritation due to their interaction with the drug and the skin. 
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Hence, in this study, a screening of multiple excipients was performed to optimize and 

develop a topical suspension-gel formulation for delivery of adapalene. Physical 

enhancement technique utilizes external energy as an additional driving force to 

enhance the delivery of the drug which are commonly used in dermatological setting as 

well (Sloan & Soltani, 1986). In that, cathodal iontophoresis was paired with suspension-

gel formulation of adapalene to further enhance the topical and follicular drug delivery. 

Additional approach in this study includes determination of the amount of drug 

delivered via transfollicular route in specific with iontophoretic drug delivery. This was 

because both alopecia and acne vulgaris involve pathogenesis which occurs at the site of 

hair follicles. In that, transfollicular route can be an ideal route to deliver adapalene to 

treat acne and, minoxidil to treat hair loss. This allows the drug to be delivered to the 

site of action that can further enhance the efficacy of the drug. Furthermore, 

iontophoretic delivery occurs preferentially via transappendageal pathway including 

transfollicular route which holds potential of enhancing the drug delivery through this 

specific route (Kajimoto et al., 2011; Lauer et al., 1995). Thus, differential tape stripping 

was utilized to quantify the amount of drug (minoxidil and adapalene) in hair follicles.  

The three specific aims included in this dissertation are as follows: 

I. Facilitated transdermal delivery of N-acetylcysteine using chemical and 

physical enhancement technique 

II. Enhanced topical and transfollicular delivery of minoxidil using 

iontophoresis and effects of duration of current application  

III. Formulation of adapalene suspension-gel and evaluation of its dermal 

delivery with the aid of physical enhancement technique 
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CHAPTER 2  

LITERATURE REVIEW 

 

Topical and Transdermal Drug Delivery 

Understanding of skin permeation has progressed from early observations of 

systemic side effects followed upon skin exposure, such as event of headaches after 

occupational incidence of exposure to nitroglycerin (Laws, 1910). This observation led 

to a realization that skin is somewhat permeable to external substances that are lipid-

soluble. Since then, skin was explored as a potential route of drug delivery which led to 

development of various topical and transdermal drug products.  

Many drug products applied to the surface of skin may permeate to certain 

extent into the layers of the skin, where the therapeutic effects are expected. This 

applies to topical formulations for treatment of skin inflammatory disorders such as 

acne, dermatitis, and psoriasis (Barry, 2001). Meanwhile, transdermal formulations aim 

to release drug that penetrate through the skin and reach the systemic circulation 

(Murthy & Shivakumar, 2010). To understand and develop optimal formulations of 

topical and transdermal drug delivery, it is essential to understand the structure and 

function of the skin as well as the underlying mechanisms and pathways of drug 

permeation. 

Skin Structure and Function  

The skin is a complex multi-layered structure that expands over the area of 1.5 

to 2 m2 in healthy adults. Its primary function is to serve as a barrier between external 
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environment and the human body, which mainly involves regulating what enters and 

exits the body. It is composed of three main layers: epidermis, dermis and hypodermis 

(Nicol, 2005).  

The epidermis is a superficial layer with 100 to 150 µm thickness, which is 

comprised of constantly renewing stratified epithelial cells known as keratinocytes. The 

outermost layer of epidermis is stratum corneum, also known as the rate limiting layer 

with 10 to 15 µm in thickness, that restricts the influx and outflux movement of 

chemical substances (Prausnitz et al., 2012). This layer consists of terminally 

differentiated cells of keratinocytes called corneocytes which are connected through 

protein-rich appendages of the cell membrane known as desmosomes. The corneocytes 

are embedded in a lipid-soluble matrix which determines the permeability of substances 

across the skin. 

The dermis provides flexibility and structural stability of the skin and is 

approximately 3 to 5 mm thick. It is composed of connective tissue accommodating 

elastic fibrous tissues, blood capillaries, lymph vessels, and nerves. Also, it contains 

appendages such as sweat glands, sebaceous glands and hair follicles (Banga, 2011; 

Norlén, 2003). Due to the blood capillaries in dermis, the drug is considered to 

potentially reach systemic circulation once it permeates through this layer. Further, the 

dermis has essential functions in regulating the body temperature and providing 

nutrients and oxygen to the skin, while removing toxins and waste products produced 

within the skin and the body (Waugh & Grant, 2014).  

The hypodermis, also known as subcutaneous layer, is an underlying layer of 

dermis and serves as a bridge by connecting the skin to the bones and muscles. It is 

primarily consisted of adipose tissues which has a function of providing adequate heat 



9 
 

 

 

insulation. Thus, about 80% of fat are stored in this layer resulting in protection of 

integumentary system from physical disturbance (Daly, 1982; Lai-Cheong & McGrath, 

2017).   

Permeation Pathways 

 From the outermost layer of the epidermis, staratum corneum, to further into 

different layers of the skin, drug permeation occurs via three major routes such as 

intracellular, intercellular and transappendageal routes, as shown in figure 1.  

 

 

 

Figure 1. Schematic of major pathways of drug permeation into and across the skin 

(1) Intracellular Route (2) Intercellular Route (3) Transappendageal Route 

 

 

 

The intracellular route refers to the direct path through the cell membrane of 

multiple layers of the skin governing the transport of hydrophilic molecules. The 

intercellular route involves a rather tortuous path within the epidermis layer dominating 

the permeation of lipophilic molecules. This route is considered the primary pathway and 
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is utilized for passive and some of physical enhancement technique-facilitated drug 

delivery (Barry, 2002). Finally, transappendageal route refers to the diffusion of molecules 

through hair follicle (transfollicular route) and sweat glands. This route is considered as 

a secondary route of drug delivery via skin. However, due to the large surface area and 

large storage volume of hair follicles, it is gaining interest as a potential route for topical 

delivery of certain drugs (Jain et al., 2016). Thus, the importance of this route has been 

demonstrated in the studies where immunohistochemical and fluorescence microscopic 

analysis of mouse skin was performed upon topical application of oligonucleotides to  

reveal that drug penetration in skin was predominantly permeated via follicular route 

(Dokka et al., 2005). 

Mechanisms of Skin Permeation 

 Therapeutic molecule first needs to be released from its dosage form and penetrate 

the stratum corneum, outermost protective barrier, to further diffuse into different layers 

of the skin such as epidermis and dermis. In order to successfully diffuse into and across 

the skin, the permeant needs to have adequate solubility and diffusion ability. Hence, 

permeation of drug molecule occurs when the molecule possesses proper physicochemical 

properties which includes low molecular weight (MW < 500 Da), moderate lipophilicity 

(typically, 1< Log P< 3) and potent pharmacological activity (Keleb et al., 2010). Other 

properties such as melting point (< 200 ℃) and ionization state which are related to an 

appropriate solubility may also have been shown to affect the permeation of the drug 

(Moser et al., 2001).  

 Once a drug is placed on the skin surface, the process of passive diffusion takes 

place which refers to the mechanism by which molecules move through the stratum 
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corneum. Fick’s law of diffusion determines and predicts the permeation of therapeutic 

molecule through the skin: 

J = DK∆C /h 

 Where J is flux per unit area, and is governed by D as in diffusion coefficient of 

drug within the membrane, K as in partition coefficient between the skin membrane and 

vehicle, ∆C as in concentration gradient across the skin, and h as in diffusional 

pathlength or the thickness of the skin membrane. This approach explains that primary 

driving force of drug permeation is dependent on concentration gradient (∆C), in other 

words, diffusion occurs in the direction from higher to lower concentration (Couto et al., 

2014). However, the diffusion process is not solely concentration-gradient dependent 

because skin reaching its saturation point or drug reaching its solubility limit within the 

vehicle may also hinder further permeation (Ruela et al., 2016). Thus, the diffusion 

process can also be influenced by changes in diffusion coefficient, partition coefficient, 

and diffusional pathlength.  

Chemical Penetration Enhancers 

 Due to limitations in drug permeation through the skin, the range of therapeutic 

agents that can be used for topical and transdermal drug delivery is restricted. Hence, in 

order to overcome such obstacles, chemical enhancers are included in numerous 

dermatological, transdermal, and cosmetic products to assist dermal absorption of 

actives and substances. This is one of the most commonly applied passive enhancement 

techniques for enhancement of drug permeation without exerting permanent damage to 

protective properties of the skin. Ideally, chemical enhancers should be non-toxic, non-

irritating, and non-allergenic that acts rapidly with no pharmacological activity by itself 

within the body (Pathan & Setty, 2009). The permeation enhancers can facilitate the 



12 
 

 

 

drug diffusion via several mechanisms such as disrupting highly organized structure of 

stratum corneum, promoting interaction with intercellularly present proteins, and 

improving drug partitioning in the stratum corneum (Barry, 1991; Kumar G, 2015).  

 Different compounds have been extensively explored for capability of enhanced 

skin penetration such as alcohols (e.g., ethanol), amides (e.g., azone), esters (e.g., 

isopropyl myristate), ether alcohols (e.g., transcutol®- diethylene glycol monoethyl 

ether), fatty acids (e.g., oleic acid), glycols (e.g., propylene glycol), pyrrolidones (e.g., 2-

pyrrolidone), sulfoxides (e.g., dimethyl sulfoxide), surfactants (e.g., sodium lauryl 

sulphate) , and terpenes (e.g., menthol), (Lane, 2013). For example, FDA approved 

drugs such as lidocaine for local anesthesia incorporated urea and propylene glycol in 

the formulation as chemical enhancers. Also, there are numerous transdermal patches 

on the market that utilizes ethanol as permeation enhancer to further facilitate the drug 

delivery (Paudel et al., 2010).  

 The most commonly used glycol in dermatological and transdermal products is 

propylene glycol. It has been used in numerous skin formulations as a co-solvent for 

poorly soluble molecules and/or to enhance drug permeation through skin. Though 

exact mechanism of action in enhancing drug penetration is not clearly explained, pre-

treatment of skin with propylene glycol has been shown to alter skin pliability, 

attributing to skin dehydration in studies on fluocinolone acetonide permeation in 

human skin (Ostrenga et al., 1971). Also, propylene glycol shows synergistic effects 

when used in combination with different chemical enhancers such as oleic acid. 

Another popular chemical enhancer used in enhanced percutaneous drug 

absorption is long chain fatty acids, the most commonly employed of which is oleic acid. 

According to numerous literature reports, oleic acid specifically with a cis configuration, 
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interacts with and alters the lipid matrix of the stratum corneum. Thus, fatty acids have 

been used to improve transdermal delivery of various drugs including progesterone, 

acyclovir and salicylic acid which indicates that these enhancers can be used to enhance 

delivery of both hydrophilic and lipophilic molecules (Funke et al., 2002). 

Ethanol is one of the most common short-chain alcohols used in topical and 

transdermal formulations. There are different mechanisms that explain the 

enhancement capability of ethanol including increased drug solubility in vehicle, lipid 

modification of stratum corneum leading to enhanced permeability and fluidity and thus, 

promoting the drug partitioning in the skin membrane. Further, the volatile property of 

ethanol modifies thermodynamic activity of the drug which results in supersaturated 

drug concentration due to evaporation loss of such chemical within the formulation (A. 

C. Williams & Barry, 2004). Literature reports that ethanol was employed to enhance 

the permeation flux of different drugs such as estradiol, hydrocortisone, levonorgestrel 

and 5-fluorouracil (Friend et al., 1988; Pershing et al., 1990). 

Dimethyl sulfoxide (DMSO) is widely used in transdermal formulations as a 

chemical enhancer as well as co-solvent (Lane, 2013). Different mechanisms have been 

established for its enhanced skin permeation effects such as displacement of water bound 

with keratin, extraction of lipids from skin membrane, alteration of keratin 

conformation, and interaction with the alkyl chains of stratum corneum lipid membrane 

(Notman et al., 2007). Accordingly, DMSO has been used as a co-solvent in idoxuridine 

formulation which is used to treat severe herpetic infections of the skin, specifically due 

to herpes simplex (Swanson, 1985). However, the enhanced penetration effects of 

DMSO are concentration-dependent which generally requires more than 60 % of the 

formulation and such high concentrations often led to skin irritation (Kligman, 1965). 
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Also, the use of DMSO resulted in production of its metabolite, dimethylsulphide which 

creates unpleasant odor. Hence, the application of such chemical enhancer in topical and 

transdermal formulations has been limited (Lane, 2013).  

Surfactants are amphipathic molecules that typically consist of a hydrophobic 

portion usually a branched or straight hydro/fluoro-carbon chain containing 8 to 18 

carbon atoms, which is bound to a hydrophilic portion. And the hydrophilic portion can 

be nonionic, ionic or zwitterion (Tadros, 2005). Generally, surfactants are added to 

formulations for solubilization of lipophilic permeants. The surfactants with negatively 

charged hydrophilic portion are classified as anionic surfactants and one example is 

sodium lauryl sulfate (SLS). The primary mechanism of sodium lauryl sulfate (SLS) in 

permeation enhancement is due to its ability to permeate and swell the stratum corneum 

by interacting with intercellular keratin and lipid membranes (Som et al., 2012). 

Prolonged exposure to anionic surfactants, however, can result in irreversible damage 

to the skin membrane due to protein denaturation, membrane expansion, and the loss of 

water binding capability (Scheuplein & Ross, 1970). Thus, it is essential to identify the 

ideal concentration of surfactants and the optimum duration of exposure. According to 

literature, it is apparent that anionic surfactants show pronounced effect in skin 

permeation, such examples include improved permeation of chloramphenicol through 

hairless mouse skin due to incorporation of sodium lauryl sulfate in the formulation 

(Sarpotdar & Zatz, 1986). 

Electrically Assisted Drug Delivery 

 Electrically assisted transdermal delivery involve the use of electromotive means 

as an external energy to act as a driving force for drug permeation into and across the 
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skin. This approach allows the skin permeation of broader range of pharmaceutical 

actives such as more hydrophilic or lipophilic molecules as well as macromolecules.  

Iontophoresis  

Iontophoresis has been a widely employed electrically assisted drug delivery 

technique in topical and transdermal drug permeation. The fundamental concept of 

iontophoresis involves application of small electric current, typically in the range of 0.1 

to 0.5 mA/cm2, for desired amount of time (minutes to hours) to promote percutaneous 

permeation of ionic, charged or even uncharged molecules (Alkilani et al., 2015). Unlike 

other physical enhancement techniques, it acts directly on the drug molecules by 

applying a driving force, the electrical gradient created between oppositely charged 

electrodes as counterpart to the concentration gradient across the skin (Gratieri & 

Kalia, 2013). The schematic of iontophoresis is shown in Figure 2. 

 

 

 

  

 

 

 

 

 

 

 

Figure 2. Schematic representation of iontophoretic drug delivery 
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Principle of Iontophoresis 

 The principle of iontophoresis is based on promoting the delivery of permeants 

in two different mechanisms including electroosmosis, in which non-ionized permeants 

diffuse along with the solvent and electromigration, in which charged ions move toward 

the oppositely charged electrode (Riviere & Heit, 1997). Further, impact of the electric 

current flow on increase of the skin permeability, may also take part in enhanced drug 

permeation as a result of such technique (Craane-Van Hinsberg et al., 1997). The 

relative contribution of electroosmosis and electromigration depends on the 

physicochemical and electrical properties of the permeant and the membrane, 

respectively (Delgado-Charro et al., 1998). Further, skin’s negative charge environment 

can be reduced, neutralized, or even reversed due to application of iontophoresis on 

certain cationic and lipophilic molecules (Kim et al., 1993). Based on the fundamentals of 

iontophoresis, like repels like, the delivery of positively charged molecule is facilitated 

using anodal iontophoresis and the delivery of negatively charged molecule is facilitated 

using cathodal iontophoresis.  

 An iontophoretic system consists of donor and receptor solutions separated by 

skin membrane across in which an electric gradient is generated by connecting an anode 

and cathode to a current source. Among different type of electrodes available, the 

Ag/AgCl combination has been found to be suitable for iontophoresis because they are 

less susceptible to pH changes and water electrolysis (Phipps et al., 1989). In the case of 

the drug formulation (D+ A-) containing the ionized and positively charged molecule 

(D+), the electrode with the same charge (anode, Ag) is placed in the donor 

compartment whereas, the oppositely charged electrode (cathode, AgCl) is placed in the 

receptor compartment. This refers to anodal iontophoresis. When the current source 



17 
 

 

 

supplies a constant direct electronic current, it is then converted by oxidation/reduction 

reactions at the electrodes to an ionic current. The created electric field obtrudes 

directionality on the movement of ions where positive ions will be impelled from anode 

and move towards cathode while the negative permeants will move in the opposite 

direction. In order to maintain electroneutrality necessary to complete the circuit, NaCl 

is often used as the counter ions. In the anodal interface, the Ag+ and Cl- undergo 

reaction to form insoluble AgCl and an electron is released simultaneously. 

Electromigration transports the cations, including the drug permeants, from the anodal 

compartment into and across the skin. Concurrently in the cathodal interface, metallic 

silver is produced and Cl- ions are released from the electrode via reduction of AgCl 

(Kalia et al., 2004; Wang et al., 2005).     

Parameters of Iontophoresis 

 The parameters of iontophoresis include intensity of current density, often 

described in the amplitude of the galvanic current (milliamps or mA) with the range of 

0.1 to 0.5 mA/cm2, and duration of current application as in few minutes to few hours 

with maximum of 4 hours in the case of experimental study (Saliba et al., 2011).  

Transport pathways across the skin are influenced by application of current and 

therefore, drug permeation is expected to increase as current density amplifies. Thus, 

the increase in the flux of acetate ion across excised hairless mouse skin was observed in 

the literature as the current density was intensified (Miller & Smith, 1989). However, 

current density cannot be increased indefinitely because such high intensity may result 

in damage to the skin membrane leading to skin irritation as well as undesired electrical 

sensation. Further, once the saturation point in drug transport is reached, additional 

increase in current density may not contribute to enhanced drug flux (Banga, 2011; 
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Kalia et al., 2004). Another parameter to be considered for effectiveness of iontophoresis 

is duration of current application. In clinical settings, the treatment time is adjusted 

automatically by the commercially available iontophoresis unit based on the pre-

established current density. However, prolonged iontophoretic delivery may result in 

skin irritation, burns, or other adverse effects. 

The iontophoretic parameters vary widely in clinical settings, ultimately 

affecting the capacity to standardize treatments to comprehensively determine the 

effectiveness of such technique. Hence, it is crucial to understand and evaluate the 

components of iontophoresis such as current density and duration of current application 

for optimum iontophoretic drug delivery (Saliba et al., 2011). 

Factors Affecting Iontophoretic Delivery 

 There are several factors affecting the iontophoretic delivery of drug substances 

into and across the skin. It is important to understand electrochemical, biological and 

formulation-related factors associated within the process to establish drug 

permeation/flux profiles and to develop optimal topical and transdermal formulations 

(Banga, 2011). 

 One of the important factors is pH and this influences iontophoresis process in 

two ways. The pH of the drug-containing donor solution affects the pH of the skin 

membrane and thus makes the skin a perm-selective membrane due to ionization of 

carboxylic acid groups in the skin as the pH of the skin rises beyond 4. Further, it also 

influences the degree of ionization of the permeant itself. In the case of weakly basic 

drug, it will be ionized to a lower extent at pH higher than its pKa and thus will not 

permeate by electromigration at this pH during iontophoresis. Rather, the drug 

molecule would be more dependent on electroosmosis to penetrate into and across the 
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skin (Wang et al., 2005). Thus, in the study of 5-fluoracil, a weakly acidic molecule with 

a pKa of 8, the significant difference in drug permeation was observed between various 

pH due to pH-dependent occurrence of anodal and cathodal iontophoresis. (Merino et 

al., 1999).  

 The physicochemical properties such as molecular size, charge, and lipophilicity 

of the permeant affects iontophoretic delivery. Drug molecules that are potent, water-

soluble with high conductivity are considered optimal candidates for iontophoresis. 

Thus, enhanced permeation with iontophoresis can be achieved with smaller and more 

hydrophilic molecules because they are transported in rapid manner as compared to 

larger permeants. This was demonstrated in the study where the flux was investigated 

as a function of molecular weight and it was found that the permeation of molecules 

decreased with increase in molecular weight (Green et al., 1992). However, there are 

specific permeants with a relatively high molecular size such as insulin, vasopressin and 

several growth hormones, which have been shown to penetrate the skin membrane and 

achieve systemic circulation via iontophoretic delivery (Chien et al., 1990). 

 Another factor is formulation related factors including drug concentration, pH, 

type of buffer or vehicle used, and ionic strength. Drug concentration is one of the most 

commonly investigated experimental conditions of iontophoretic delivery. Contrary to 

typical understanding, there is no clear positive correlation between the amount of drug 

in the formulation and the drug flux profile. This is because simply increasing the 

amount of drug in the formulation does not directly lead to increase in the number of 

molecules present in the membrane. Further, the presence and concentration of 

competing ions may also have an effect as well as the physicochemical properties of the 

drug which plays a crucial role in interaction with structures along the iontophoretic 
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permeation pathways (Kalia et al., 2004). Thus, more complex relationships between 

drug concentration in the formulation and iontophoretic drug flux was observed in the 

literature for certain lipophilic, negatively-charged ions such as nafarelin and leuprolide, 

where increase in concentration resulted in reduction in drug permeation (Begoña 

Delgado-Charro et al., 1995; Lu et al., 1993). The migration of the drug molecules 

under the influence of the electrical force can be also impacted by viscosities, 

conductivity and porosities of the matrices used for the drug formulation (Rawat et al., 

2008). 

 Finally, the biological factors including regional blood flow and types of the skin 

as well as other operational factors such as current modality, temperature of the 

interface and presence of co-ions may all affect the capacity of iontophoretic drug 

delivery (Banga, 2011; Nugroho et al., 2004; Okabe et al., 1986). 

Applications of Iontophoresis 

 Iontophoretic drug delivery offers additional advantages apart from the benefits 

of topical and transdermal drug delivery such as bypassing first-pass metabolism. Those 

include broadening the range of drugs used for skin delivery (both ionized and 

unionized molecule as well as charged molecules), permitting easier termination of drug 

delivery and enabling the continuous drug permeation with better control over the 

amount of drug delivered by changing iontophoretic parameters (Wang et al., 2005). 

 Due to numerous benefits of iontophoresis mentioned above, there has been 

various therapeutic and diagnostic applications for both local and systemic drug 

delivery. Local delivery of anesthetics such as lidocaine, bupivacaine, prilocaine, and 

ropivacaine during dermal surgery is the most common topical iontophoretic delivery 

(Brounéus et al., 2001; Rose et al., 2002). Other studies have reported the enhanced 
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transdermal drug delivery via iontophoresis in permeation of proteins and peptides 

including luteinizing hormone-releasing hormone (LHRH), salmon calcitonin, and 

human parathyroid hormone which can offer advantage of better patient compliance 

over the existing oral and parenteral administration for peptide delivery (Chang et al., 

2003; Medi & Singh, 2003; Raiman et al., 2004). Such technique is also utilized as 

diagnostic applications including diagnosing cystic fibrosis and monitoring blood 

glucose levels in diabetic patients (Farrell et al., 2017; Potts et al., 2002). Finally, 

iontophoresis with proper electrical current has been commonly employed for delivery 

of cosmetic agents to treat various dermal conditions such as acne scars, hyper-

pigmentation, melasma, and skin aging (Scott & Banga, 2015; Sloan & Soltani, 1986). 

Drug Quantification in Skin Permeation 

 Tape stripping with adhesive tape is a widely accepted and implemented method 

to determine the localization and distribution of drug molecules within the stratum 

corneum. This is a minimally invasive technique to partially remove stratum corneum 

by repeated applications of designated adhesive tapes (Escobar-Chávez et al., 2008). It 

has been determined by the study where multiple tape stripping successfully removed a 

substantial skin barrier, as indicated by 20-fold increase in transepidermal water loss 

(Tsai et al., 1991). The removed tape strips contain not only components of stratum 

corneum such as corneocytes but also the amount of drug molecules and their 

distribution within the skin membrane (J. Lademann et al., 2009). The information from 

tape strips can then be further analyzed using microscopy for visualization or high-

pressure liquid chromatography (HPLC) for quantification of the drug amount. 

 As importance of hair follicles as a secondary penetration pathway and site of 

reservoir for topically applied actives is increasing, suitable techniques to distinguish 
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and determine follicular drug permeation has been explored. Differential tape stripping, 

also known as cyanoacrylate skin surface biopsy, consists of application of superglue, 

polymerization, and removal of the glue (Teichmann et al., 2005). However, clear 

distinction between the transepidermal and transfollicular routes of dermal permeation 

was not possible using such technique alone. Thus, universally applied tape stripping 

method was utilized prior to differential tape stripping to provide defined determination 

leading to quantification of drug amount delivered solely into hair follicles. During 

investigation of numerous skin disorders such as acne, alopecia, and folliculitis, 

differential tape stripping along with tape stripping enabled a complete understanding 

of drug retention in various layers and components of the skin. Also, since these dermal 

conditions involve pathogenesis that occurs in the site of appendages including hair 

follicles, sebaceous glands and sweat glands, determining follicular permeation became a 

useful tool for drug analysis in targeted follicular delivery (Bojar et al., 1993; Gelfuso et 

al., 2013). Hence, there has been numerous studies in the literature utilizing such 

technique while investigating transfollicular route as potential pathway for certain 

drugs like finasteride for treatment of androgenic alopecia (Tampucci et al., 2014). 
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CHAPTER 3 

ENHANCED TRANSDERMAL DELIVERY OF N-ACETYLCYSTEINE  

    FOR POTENTIAL USE AS ANTIDOTE TO LEWISITE 

 

Abstract 

Lewisite is a highly toxic chemical warfare agent that leads to internal and 

external damage of the body. Lack of readily accessible antidotes to such warfare 

chemical may result in catastrophic impact on public health. In this study, percutaneous 

absorption of N-acetylcysteine (NAC), a potential antidote to lewisite with anti-

inflammatory and wound-healing properties, was established. Further, different 

chemical enhancers and iontophoresis as physical enhancement technique were 

investigated for enhanced transdermal delivery of NAC. A solution of 1% w/v NAC 

containing glutathione (0.2% w/v) as an antioxidant to prevent degradation of NAC, 

was delivered into and across the dermatomed porcine ear skin (17.25 ± 2.11 µg/cm2). 

Addition of sodium lauryl sulfate (SLS, 1% w/v) as chemical enhancer significantly 

enhanced the transdermal delivery of NAC (46.31 ± 9.73 µg/ cm2). Furthermore, 

application of cathodal and anodal iontophoresis with the current density of 0.2 

mA/cm2 for 4 h in the beginning of the study significantly enhanced the delivery of 

NAC into the skin and receptor (65.16 ± 1.95 µg/ cm2 and 87.23 ± 7.02 µg/ cm2 

respectively). Specifically, there was significant difference in the amount of drug 
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delivered into the receptor compartment (54.61 ± 2.23 µg/ cm2 and 78.37 ± 6.76 µg/ 

cm2) as compared to passive permeation (0.00± 0.00 µg/ cm2). 

Introduction 

Lewisite is a highly potent arsenic-based chemical warfare agent categorized as a 

vesicant or also known as blistering agent. Initial exposure to lewisite leads to dermal 

damage such as instant burning pain on the skin, which occurs within few seconds to 

minutes, followed by formation of vesicles and blisters in later stages (Axelrod & 

Hamilton, 1947; Li, Srivastava, & Athar, 2016). The most important function of the 

skin, a great interface between external environment and the human body, is to serve as 

a protective barrier by providing high level of restriction towards the accessibility of 

foreign substances (Prausnitz et al., 2012). However, the physicochemical properties of 

lewisite including its lipophilic nature allows the permeation into and across the skin 

easily and rapidly. Prolonged exposure to extensive amount of such chemical leads to 

rapid absorption into systemic circulation causing damage to respiratory tract then liver 

necrosis and kidney failure which may further result in fatal complications and death 

(Aktunc et al., 2010; Cullumbine & Box, 1946).  

Currently, protocols for decontamination and treatment strategies when exposed 

to chemical warfare agents are available (Gordon & Clarkson, 2009; Rodgers & 

Condurache, 2010; Talmage et al., 2007). However, substantial amount of release of 

chemical warfare agents in larger area could lead to extensive number of exposures 

simultaneously which may reach far beyond the current containment ability (Thiermann 

et al., 2013). This could indeed have a catastrophic impact on the public health care. 

Further, there are only few antidotes available for several classes of chemical warfare 

agents. Thus, treatment strategies for exposure to vesicants are limited to directly 
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minimizing the risks associated with systemic toxicity. Dimercaprol, or British anti-

Lewisite (BAL) is a parenterally administered antidote commonly used for arsenic 

poisoning due to its ability to act as a chelating agent to arsenicals. Upon 

administration, BAL binds to targeted arsenical compounds to prevent the further 

binding of arsenicals to sulfhydryl containing metabolic enzymes present in the body 

(Rodgers & Condurache, 2010; Stocken & Thompson, 1949). BAL treatment showed 

some promising efficacy in reduction of tissue damage associated with lewisite-induced 

systemic toxicity (Carleton et al., 1946; Snider et al., 1990). However, BAL is a toxic 

compound with various adverse effects that has low solubility in water that requires 

painful intramuscular injection for drug administration (Oehme, 1972). Thus, there are 

further shortcomings such as a short therapeutic window for the antidote to be effective 

and a constant need of close monitoring of patients to avoid any other complications or 

toxicity (Shumy et al., 2016). Yet, there are no other effective therapeutic options 

available that are approved by FDA (US Food and Drug Administration) other than 

BAL, to treat lewisite poisoning. Therefore, there is a need of exploring and developing 

other efficacious therapeutic options that can possibly target the systemic toxicity and 

dermal damage, associated with lewisite exposure. 

N-acetylcysteine (NAC) is an N-acetyl derivative of the endogenous amino acid 

called L-cysteine and a precursor of antioxidative enzyme known as glutathione. It is 

commonly used as a mucolytic drug and an antidote for acetaminophen toxicity 

(Prescott et al., 1979). Upon administration, NAC replenishes the glutathione levels to 

maintain the redox balance in the cells as to prevent the severe hepatoxicity caused by 

acetaminophen overdose. Thus, it has ability to scavenge free radical oxygen species 

(ROS) which further damage important cellular elements upon infections or 
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inflammation (Aktunc et al., 2010; Li, Srivastava, Weng, et al., 2016). The anti-

inflammatory and anti-proliferative effects of NAC provides great potential to be used 

for treatment of wound healing or numerous skin diseases utilizing transdermal route of 

delivery (Adil et al., 2018). Thus, topical application of NAC has been reported to 

promote wound healing activity in burn wounds in both in vitro and in vivo skin models 

due to increased activity of cell proliferation, cell migration and increased expression of 

MMP-1 which is required in the process of re-epithelialization of epidermis layer (Tsai 

et al., 2014). Hence, investigating the skin as the possible route of NAC delivery as an 

antidote to lewisite would be ideal due to ability of transdermal formulation to directly 

target exposed area of the skin without undergoing hepatic metabolism. Also, it 

provides better patient compliance as compared to other conventional formulations such 

as injectables. However, hydrophilic nature of NAC limits the rate of diffusion through 

skin into systemic circulation. Also, NAC being predominantly ionized at pH 7.4 may 

further hinder the passive permeability because unionized drug molecule is favored over 

ionized drug molecule for facilitating the passive permeation. Therefore, different 

chemical enhancers and iontophoresis were utilized to further enhance the delivery of 

the drug by altering the physicochemical properties of stratum corneum or the structure 

of proteins and lipids present in intercellular channels of the skin.  

Chemical enhancers can facilitate drug diffusion through the skin via several 

mechanisms such as increasing thermodynamic activity of the drug, increasing fluidity 

of the stratum corneum and interacting with intercellular proteins. There are more than 

100 chemical enhancers available including water, organic solvents (e.g. methanol, 

ethanol and others) and surfactants (e.g. sodium lauryl sulfate) (Chantasart & Li, 2012; 

Pandey, 2014). And, studies have shown that combinations of certain chemical 
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enhancers within specific compositions can further be an effective method to enhance 

the permeation of the drug (Puri et al., 2017). 

Iontophoresis is one of the commonly used physical enhancement techniques 

which uses a small amount of electric current (< 0.5 mA/sq.cm) for desired amount of 

time (minutes to hours) to facilitate the permeation of charged drug molecules. It 

promotes the delivery of actives in two different mechanisms including electroosmosis, 

in which non-ionized molecules permeate along with the solvent and electromigration, 

in which charged ions move toward the oppositely charged electrode (Banga & Chien, 

1988). Due to enhanced permeation of pharmaceutical actives utilizing iontophoresis, 

the applications of such technique are extensive from diagnostics (monitoring of blood 

glucose levels and diagnosis of cystic fibrosis) to therapeutics (Sieg & Wascotte, 2009). 

The aim of this study was to explore the feasibility of transdermal delivery of 

NAC as potential antidote for lewisite toxicity. Different chemical enhancers and 

physical enhancement technique such as iontophoresis were utilized to further facilitate 

the transdermal delivery of NAC. 

Materials and Methods 

Materials 

 N-acetylcysteine and L-glutathione (reduced) were purchased from Sigma-

Aldrich (St. Louis, MO, USA). Phosphate buffered saline (PBS), pH 7.4, 10X was 

obtained from Fisher Scientific (Fair Lawn, NJ, USA). Ethanol and sodium lauryl sulfate 

(SLS) were purchased from ACROS (Morris Plains, NJ, USA) and Sigma-Aldrich (St. 

Louis, MO, USA), respectively. Silver wire (0.5 mm diameter, 99.99%) and silver 

chloride electrodes (2 mm x 4 mm) were obtained from Fisher Scientific (Fair Lawn, NJ, 

USA) and A-M systems (Sequim, WA, USA), respectively. 
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Skin Preparation 

Full thickness porcine ear skin was obtained from a local slaughterhouse and 

was cleaned thoroughly to remove any excess residues using deionized water. The 

dorsal side of porcine ear was removed from the cartilage using a surgical blade. 

Excised porcine ear skin was wrapped in parafilm then stored at -80 °C until further 

use. Prior to the permeation studies, porcine ear skin was thawed by being fully 

immersed in 10mM PBS at 37 °C for 2 to 3 mins then was dermatomed using 

Dermatome 75mm (Nouvag AG, Goldach, Switzerland). Further, hair of the skin was 

trimmed using an electric hair trimmer, Norelco MG-3760 (Philips, Walligford, CT, 

USA). The thickness of each skin pieces was measured using a digital thickness gauge 

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

Evaluation of Skin Integrity 

To ensure the integrity of the barrier property of the skin possibly affected by  

any damage caused during removal, preparation process or storage, the resistance of 

dermatomed skin pieces were measured. The electrical conductivity has previously been 

reported to serve as an assessment tool for barrier integrity of epidermal skin layer as 

well as full-thickness skin (Lawrence, 1997). Skin pieces with resistance higher than 10 

kΩ were selected to be used for permeation studies. Resistance was measured using 

silver/ silver chloride electrodes, a waveform generator (Agilent Technologies, Santa 

Clara, CA, USA) and a digital multimeter (Agilent Technologies, Santa Clara, CA, 

USA). Dermatomed skin pieces were cut into 2 x 2 cm2 to ensure the full coverage of 

permeation area on the Franz cell. Then, receptor chamber was filled with 10mM PBS 

(pH 7.4) and skin piece was mounted on the Franz cell and further left undisturbed for 

the skin to equilibrate. After 30 mins of equilibration, silver wire and silver chloride 
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electrode coupled with load resistor (RL = 100 kΩ) were immersed into the receptor 

compartment and donor solution (10mM PBS, pH 7.4), respectively. Then a constant 

current (AC electrical field with voltage of 100 mV, 10 Hz and duty cycles of 50 % 

without offset) was generated using a waveform generator and voltage drop (VS) across 

the skin and the entire circuit (VO) was displayed on a digital multimeter. Further, the 

skin resistance (RS) was calculated using the following equation (1): 

R = VS RL / (VO– VS) 

where, VO was 100mV. Resistance values (kΩ) of each skin pieces were determined and 

noted. 

In vitro Permeation Study Paradigm 

In vitro permeation studies were performed on vertical Franz diffusion cells. 

Jacketed vertical glass diffusion cells (PermeGear, Pennsylvania, USA) with a 9 mm-

diameter opening on donor chamber (permeation area of 0.64 cm2), stirring speed of 600 

rpm and receptor volume of 5mL were used. For receptor chamber, phosphate buffered 

saline (10mM pH 7.4, PBS) was used to assist in maintaining the sink condition. 

Further, glutathione (0.2 %, w/v) was added to the receptor chamber to prevent further 

degradation of NAC throughout the duration of the study. The temperature of the 

receptor compartment was maintained at 37 °C and skin surface temperature was 

maintained at 32 °C with the utilization of connected circulating water bath. 

Dermatomed porcine ear skin pieces (untreated or treated with physical enhancement 

techniques) were mounted on the cells with the stratum corneum side facing upwards. 

Then Skin pieces were secured between donor and receptor chamber using metal clamp 

upon mounting. Donor solution was added in the donor chamber and samples (300 μL) 

were drawn from the receptor chamber at pre-determined timepoints of each group and 
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equivalent volume of fresh 10mM PBS (pH 7.4) containing 0.2 % (w/v) glutathione was 

added to replace the amount drawn for the samples. Then, the samples were analyzed 

for drug amount using HPLC. Specification of the protocol used for investigation of 

passive permeation of NAC and to assess the effect of chemical enhancers and physical 

enhancement technique (iontophoresis) on the permeation have been explained in detail 

in the following sections. 

Passive permeation of NAC For the evaluation of passive permeation of NAC, 

300 μL of drug solution was prepared by adding 1% (w/v) of NAC to vehicle 

composition of PG and 10mM PBS (pH 7.4), in the ratio of 50:50 with 0.2% (w/v) 

glutathione was used as the donor (control). The receptor samples were collected and 

analyzed at 0, 1, 2, 4, 6, 8, 12, 22 and 24 h. 

Effect of chemical enhancers on the skin permeation of NAC The effects of 

chemical enhancers with varied concentrations on permeation of NAC was evaluated. 

The compositions of donor solutions with or without different chemical enhancers were 

shown in Table 1. To reduce the degradation of N-acetylcysteine, 0.2% (w/w) of 

glutathione was added to 10mM PBS (pH 7.4) in all donor solutions as an antioxidant. 

The sampling time points were consistent with the passive permeation study. 

 

Table 1. List of compositions of chemical enhancers for enhanced transdermal delivery 
of NAC 

N-acetylcysteine Formulation for Chemical Enhancers 

Control 1% N-acetylcysteine + 0.2% Glutathione in PG: PBS (50:50) 

Ethanol 10 Ethanol 10% + 1% N-acetylcysteine + 0.2% Glutathione in PG: PBS (50:50) 

Ethanol 20 Ethanol 20% + 1% N-acetylcysteine + 0.2% Glutathione in PG: PBS (50:50) 

Sodium Lauryl Sulfate (SLS) SLS 1% + 1% N-acetylcysteine + 0.2% Glutathione in PG: PBS (50:50) 
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Iontophoresis-facilitated transdermal delivery of NAC Iontophoretic delivery of 

NAC across dermatomed porcine ear skin was also investigated. In order to facilitate 

the delivery of negatively charged adapalene into the skin, cathodal iontophoresis was 

done by placing silver chloride which serves as a cathode in the donor chamber and 

placing silver wire which serves as an anode in the receptor compartment (Figure 3a). 

The efficacy of electroosmosis on the drug permeation was also explored in anodal 

iontophoresis. Thus, the placement of electrodes for anodal iontophoresis was reversed 

where silver wire was placed in the donor chamber and silver chloride was placed in the 

receptor compartment (Figure 3b).  

 

 

 

Figure 3. Schematic of iontophoresis experimental setup (a) Cathodal iontophoresis (b) 
Anodal iontophoresis 
 

 

 

While placing the cathode or anode electrode in the donor chamber, it was ensured to 

have no contact with the skin in order to avoid any localized high current density that 

may cause skin damage. The electrodes were then connected to a source with constant 
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current supply, Keithley 2400 Source Meter (Keithley Instruments Inc., Clevaland, OH, 

USA). A current density of 0.2 mA/cm2 (0.128 mA for 0.64cm2 of skin permeation area) 

was applied for 4 h in the beginning of the study followed by passive permeation for the 

total duration of the study (24 h). The receptor was withdrawn and analyzed at 0, 0.5, 2, 

3, 4, 5, 6, 8, 22 and 24 h. 

Quantitative Analysis 

Drug amount in all samples were analyzed using HPLC. A Waters Alliance 2695 

Separations Module HPLC system (Waters, Massachusetts, USA) coupled to a Waters 

996 photodiode array detector (Waters, Massachusetts, USA) was used for the data 

acquisition. Phenomenex Luna C18 column (4.6 x 150 mm, 5 μm particle size) was used 

as the stationary phase. The isocratic elution was conducted using mobile phase 

comprised of 25 mM KH2PO4 buffer (pH=2.70 adjusted with o-phosphoric acid): 

acetonitrile (95:5 v/v). A flow rate of 0.8 mL/min, injection volume of 20 µL and 

column temperature of 25 °C was used and NAC peak was detected at the wavelength of 

281 nm with the retention time of 5.1 mins. 

Data Analysis 

Data analysis was performed with GraphPad Prism 8 (GraphPad software, Inc.). 

Student’s t-test (for two samples) and One-way ANOVA (for three or more samples) 

were applied to determine statistical differences between the groups and p-value less 

than 0.5 was denoted as significantly different. 

Results and Discussion 

Passive permeation of NAC 

The permeation study of NAC (1% w/v) from its solution in vehicle composition 

of PG and 10mM PBS (pH 7.4), in the ratio of 50:50 with 0.2% (w/v) glutathione into 
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and across the dermatomed porcine ear skin after 24 h was found to be 17.25 ± 2.11 

µg/cm2 (Figure 4).  NAC is a highly reactive antioxidant which quickly oxidizes when in 

contact with air or water. Hence, glutathione (0.2%, w/v) was used in both the receptor 

compartment and donor solution to further prevent the degradation of the drug 

throughout the total duration of the study. 

Effect of Chemical enhancers on Transdermal Delivery of NAC 

Due to high hydrophilicity of NAC, stratum corneum poses a great barrier to 

diffusion of such drug molecule due to its selective permeability towards moderately 

lipophilic drugs. This leads to poor permeation of NAC across the skin into dermis to 

reach systemic circulation. Hence, different chemical enhancers were investigated for 

enhanced transdermal delivery of NAC. The use of SLS (1% w/v) in NAC solution as a 

chemical enhancer enhanced the transdermal delivery of NAC (46.31 ± 9.73 µg/cm2, 

Figure 4).  This could be due to hydration and fluidization of the lipid bilayers located in 

the stratum corneum by SLS which resulted in creation of diffusion pathways for the 

drug to further permeate through (Lévêque et al., 1993). Ethanol at two different 

strengths, were also explored as a potential chemical enhancer for enhanced 

transdermal delivery of NAC. However, addition of ethanol (10 and 20 %, w/v) did not 

enhance the drug amount delivered into and across the skin (24.59 ± 3.03 µg/cm2 and 

19.09 ± 0.19 µg/cm2, respectively, Figure 4) as compared to passive permeation group.  

Iontophoretic-mediated Transdermal Delivery of NAC 

NAC is ionized and negatively charged at pH 7.4 which makes it unfavorable to 

passive permeation since higher permeation is typically achieved with non-ionized drug 
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molecule. Hence, iontophoresis was selected as a promising technique to enhance the 

permeation of ionized NAC into and across the skin.   

 

 

 

 

 

 

 

Figure 4.  Effect of chemical enhancers on transdermal delivery of NAC. Values are 
reported as mean ± SE (n=3 or 4). Asterisk indicates statistical difference between the 
groups. (*; p < 0.05) 
 

 

In this study, cathodal and anodal iontophoresis with current density of 0.2 mA was 

applied for 4 h in the beginning of the study followed by passive permeation for 

remainder of the study up to 24 h. Both cathodal iontophoresis and anodal iontophoresis 

significantly enhanced the transdermal delivery of NAC (65.16 ± 1.95 µg/cm2 and 87.23 

± 7.02 µg/cm2 respectively, Figure 5a) as compared to passive permeation group (17.25 

± 2.11 µg/cm2). This is due to direction of electrical current flow generated during 

iontophoresis, negative to positive for cathodal and positive to negative for anodal, 

facilitating the diffusion of negatively charged drug molecule. Delivery of NAC was 

significantly higher in anodal iontophoresis as compared to cathodal iontophoresis 
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despite NAC being negatively charged at physiological pH (7.4). This could be due to 

predominant effect of electro-osmosis, one of the driving forces of iontophoresis only 

present in anodal iontophoresis in addition to electro-migration, where drug molecules 

move along with the movement of water. Thus, NAC is a small molecule with high 

solubility in water which implies that active flow of water molecules (electro-osmosis) 

may have further contributed in the movement of drug molecules that are present in the 

water due to drug dissolution. Such occurrence was reported previously where 

permeation of bevacizumab was significantly enhanced with anodal iontophoresis 

regardless of molecular charge of the permeant (Pescina et al., 2010). Respective of the 

result, cathodal and anodal iontophoresis also showed significantly higher amount of 

drug delivery into the receptor (54.61 ± 2.23 µg/cm2 and 78.37 ± 6.76 µg/cm2, Figure 

5b) as compared to the passive permeation group (0.00± 0.00 µg/cm2, Figure 5b).  

 

 

Figure 5.  Iontophoresis-facilitated enhancement of transdermal delivery of NAC. (a) 
Average amount of drug in skin and receptor (b) Permeation profile (Values are 
reported as mean ± SE, n= 3 or 4 and asterisk indicates statistical difference between 
the groups. (*; p < 0.05, **; p < 0.01) 



36 
 

 

 

This indicates that iontophoresis may have caused alteration to the electrical properties 

of stratum corneum which resulted in changes to integrity of the stratum corneum. And 

NAC, as a small, negatively charged molecule, permeated easily into the deeper layers of 

the skin reaching systemic circulation once barrier function of stratum corneum was 

disturbed. This phenomenon can also be supported by the permeation profile shown in 

Figure 3b where constant increase in the drug delivery was achieved even after the 

termination of iontophoresis at 4 h. Hence, iontophoresis may be a promising technique 

to facilitate permeation of NAC into and across the skin for increased drug levels in 

systemic circulation.  

Conclusion 

 Transdermal delivery of N-acetylcysteine can be achieved with the aid of 

chemical and physical enhancement technique. Iontophoresis as well as the use of 

sodium lauryl sulfate (SLS, 1 % w/v) as chemical enhancer, further facilitated the 

transdermal delivery of N-acetylcysteine. These results indicate that transdermal route 

holds promise for delivery of N-acetylcysteine as a potential antidote to treat internal 

and external damage caused by lewisite exposure.   

 



 
 

37 
 

CHAPTER 4 

IONTOPHORESIS-MEDIATED FOLLICULAR DELIVERY OF MINOXIDIL 

 

Abstract 

The purpose of this study was to investigate iontophoretic delivery of minoxidil 

into the hair follicles, where the pathogenesis of alopecia occurs for targeted follicular 

delivery. Minoxidil was delivered in vitro into and across dermatomed porcine ear skin. 

Anodal iontophoresis with the current density of 0.5 mA/cm2 was applied for 1, 2, and 4 

h in the beginning of in vitro drug permeation studies. Subsequently, differential tape 

stripping was performed to quantify drug amount in the hair follicles. The samples were 

then analyzed using HPLC.  

Iontophoretic delivery revealed a significant difference in the amount of 

minoxidil delivered into the hair follicles, skin and receptor as compared to its 

corresponding passive permeation. A linear relationship between duration of current 

application and drug amount in receptor was observed. Lowest duration of current 

application tested was adequate to deliver minoxidil into the hair follicles with reduced 

drug delivery into the receptor. Overall, iontophoresis enhanced the follicular delivery 

of minoxidil, and therefore, may potentially be used as a promising technique to 

improve the efficacy of minoxidil. 
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Introduction 

Alopecia, also known as hair loss, is a condition which involves the thinning of 

hair on the scalp leading to loss of unusual amount of hair in short period of time. There 

are multiple factors that attribute to development of alopecia such as disease condition, 

hormone imbalance and hereditary components. Alopecia affects large number of men 

and women worldwide (Cash, 1999; Courtois et al., 1994). Currently, there are no 

treatment options available to successfully cure the condition, but they are rather used 

to promote the hair growth for enhanced coverage of the scalp and to delay the rate of 

hair loss. Minoxidil is one of the most common drugs used as primary therapeutics to 

treat various conditions of alopecia such as androgenic alopecia or alopecia areata (Rossi 

et al., 2012). Further, it is the only treatment available to treat androgenic alopecia in 

women due to severe hormonal adverse effect often associated with the finasteride, the 

other treatment option available to treat such condition (Jacobs JP, Szpunar CA, 1993). 

Minoxidil promotes hair growth via various mechanisms. It has antihypertensive effect 

which reduces the elevated blood pressure by decreasing the resistance of the 

circulatory system to promote blood circulation. Also, it promotes hair growth by 

prolonging the active growth phase of the hair follicle cells and by inducing the 

proliferation of hair epithelial cells near the root of the hair follicle (Messenger & 

Rundegren, 2004). 

The first marketing of FDA approved topical formulation of minoxidil was in 

1986 and since then, there has been development of numerous topical formulations of 

minoxidil such as foams and solutions with varying concentrations (2 and 5%). 

However, extensive clinical trials on men with androgenetic alopecia have shown that 

only up to 40% of test population experienced hair regrowth following minoxidil 
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treatment (Olsen et al., 2002). In addition, it has been reported that the effects of 

minoxidil is temporary and the application of minoxidil can cause itching, scaling of the 

scalp and skin irritation (Rossi et al., 2012). This can be due to various chemicals 

utilized in the topical formulation of minoxidil which can sometimes cause skin 

irritation due to interaction between the chemicals used to increase the permeation and 

the skin. In contrast, physical enhancement techniques utilize external energy to 

facilitate the permeation without the use of such chemicals.  

Iontophoresis utilizes a small amount of electric current (≤ 0.5 mA/sq.cm) for 

desired amount of time (min to h) to facilitate the diffusion of charged drug molecules 

into and across the skin. It promotes the delivery of permeants in two different 

mechanisms including electro-osmosis, in which non-ionized permeants diffuse along 

with the solvent and electro-migration, in which charged ions move toward the 

oppositely charged electrode (Banga & Chien, 1988; Kalia et al., 2004). Due to enhanced 

delivery of drug molecules utilizing iontophoresis, the application use of such technique 

is extensive from diagnostics (monitoring of blood glucose levels and diagnosis of cystic 

fibrosis) to therapeutics. Also, studies have shown that iontophoretic delivery occurs 

preferentially through transfollicular pathway due to lower trans-appendageal 

resistance of such route as compared to inter- or intra-cellular pathways through the 

stratum corneum (Kajimoto et al., 2011). 

The role of transfollicular pathway in topical and transdermal drug delivery has 

been explored and studies have shown that such route may provide an entry point for 

topically applied substances (Bhatia et al., 2013). Also, drug depots formed at the site of 

hair follicles may serve as a reservoir for enhanced localized effects of drugs used in 

treatment of numerous conditions such as certain type of skin cancer, acne and alopecia. 
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This combined with the large contact area and storage volume of hair follicles further 

promote the transfollicular pathway as an ideal and promising route to deliver drugs to 

achieve desired therapeutic effects of topical and transdermal formulations (U Blume-

Peytavi & Vogt, 2011; Knorr et al., 2009). Hence, anodal iontophoresis would be best to 

target transfollicular pathway to facilitate the permeation of minoxidil (a positively 

charged molecule at physiological pH 7.4) directly into hair follicles where the 

pathogenesis of alopecia occurs.  

In this study, iontophoresis was explored as a strategy to specifically target 

transfollicular pathway for enhanced follicular delivery of minoxidil in the treatment of 

alopecia. The effects of duration of current application of iontophoresis on topical and 

follicular delivery were also investigated. 

Materials and Methods 

Materials 

Minoxidil was purchased from Alfa Aesar (Haverhill, PA, USA). Phosphate 

buffered saline, 100mM, pH 7.4 and sodium chloride were obtained from Fisher 

Scientific (Fair Lawn, NJ, USA). Propylene glycol was purchased from Eki Chemicals 

(Joliet, IL, USA). Acetonitrile and methanol were of HPLC grade and purchased from 

Pharmco-Aaper (Shelbyville, KY, USA). Acetic acid (glacial, 100%) was purchased from 

Sigma-Aldrich (St. Louis, MO, USA). Silver wire (0.5 mm diameter, 99.99%) and 

silver/silver chloride electrodes (2 mm x 4mm) were obtained from Fisher Scientific 

(Fair Lawn, NJ, USA) and A-M systems (Sequim, WA, USA), respectively. Porcine ear 

skin was provided by a local slaughterhouse (Metro Atlanta, GA, USA). 
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Solubility Studies 

Solubility of minoxidil in 10mM phosphate buffered saline (pH 7.4, PBS), 

propylene glycol (PG), 10mM PBS and PG (50:50) and 10mM PBS and PG (30:70) was 

determined. Composition of 10mM PBS was 137 mM of sodium chloride, 2.7 mM of 

potassium chloride and 10mM phosphate ions. The excessive amount of drug was added 

to 1 mL of each vehicle and kept on a shaker for 24 h at 150 rpm. After 24 h, solutions 

were centrifuged at 13,400 rpm for 15 min. The supernatant was drawn then further 

diluted with methanol and filtered through 0.22 µm syringe filters (Cell treat Scientific 

Products, Shirley, MA, USA). The samples were analyzed using HPLC. 

Skin Preparation 

Porcine ears were procured from a local slaughterhouse within few hours post-

mortem without any prior treatment then washed with DI water to clean any excess 

debris. The outer region of porcine ear was excised from the cartilage using a surgical 

blade. Porcine ear skin was then dried, wrapped in parafilm and was placed in resealable 

plastic bag to be stored at -80 °C until further use. Prior to the experiment, full-

thickness porcine ear skin was thawed by being immersed in 10mM PBS at 37 °C for 2 

to 3 mins then taken out to be dermatomed using Dermatome 75mm (Nouvag AG, 

Goldach, Switzerland) to obtain skin pieces with desired thickness which was 

approximately 0.6 mm. Hair of the dermatomed skin was also trimmed using an electric 

hair trimmer, Norelco MG3760 (Philips, Walligford, CT, USA). 

Evaluation of Skin Integrity and Thickness Measurement 

Prior to the permeation studies, the resistance of dermatomed skin pieces were 

measured to ensure the integrity of the skin barrier. Dermatomed skin piece was cut 
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into smaller pieces to desired size to fit the mounting area between the donor and 

receptor chamber of the Franz cell. Then the thickness of each skin piece was measured 

using a digital thickness gauge measuring tool (MTG-DX2, Checkline®, Cedarhurst, 

NY, USA). Meanwhile, receptor chamber was filled with 10mM PBS. Thus, after 

mounting the skin piece on the Franz cell, the donor chamber was filled with 10mM 

PBS and further left undisturbed for the skin to equilibrate. After 30 mins of 

equilibration, a load resistor (silver chloride, RL= 100 kΩ) was immersed into the donor 

solution (10mM PBS) while ensuring no contact with the skin membrane to avoid any 

damage to the skin. At the same time, silver wire was placed in the receptor 

compartment. Then a constant current (AC electrical field with voltage of 100 mV, 10 

Hz and duty cycle of 50% without offset) was generated using a waveform generator 

(Agilent Technologies, Santa Clara, CA, USA) and voltage drop across skin (VS) was 

displayed on a digital multimeter (Agilent Technologies, Santa Clara, CA, USA). 

Further, the skin resistance (RS) was determined by using the following equation 

(Murthy et al., 2003): 

RS = VS RL / (VO– VS) 

where, VS is the voltage drop across skin recorded on the multimeter, VO is 100 mV. 

Resistance values (kΩ) of each skin pieces were calculated and noted. 

In vitro Permeation Studies  

In vitro permeation studies were performed on Franz diffusion cells using 

dermatomed porcine ear skin. Vertical glass diffusion cells (PermeGear, PA, USA) with 

a 9 mm-diameter opening on donor chamber (permeation area of 0.64 cm2), stirring 

speed of 600 rpm and receptor volume of 5mL were used. The temperature of the 
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receptor chamber was maintained at 37°C with the utilization of circulating water bath 

which was connected to ensure the temperature of a skin surface consistently at 32°C. 

The receptor chamber of the cells was filled with 5 mL of 10mM PBS to assist in 

maintaining the sink condition throughout the duration of the study. In the donor 

compartment, 500 μL solution of 16 mg/mL (1.6% w/v, equivalent to 90% saturation 

solubility in the vehicle) of minoxidil in 10mM PBS:PG (50:50) was used for all groups. 

For anodal iontophoresis, the anode (silver wire) was placed in the donor compartment 

and the cathode (silver/silver chloride) was inserted into the receptor compartment 

through the sampling arm. Then, a current density of 0.5 mA/cm2 was applied for 

various amount of time (1, 2 or 4 h) in the permeation studies using a constant current 

power generator (Keithley Instruments, Cleveland, OH, USA). Passive permeation 

studies in the absence of current were performed to serve as the corresponding controls. 

The amount of drug permeated was determined by withdrawal of samples (300 µL) from 

the receptor chamber at pre-determined time intervals for total duration of the study 

using a syringe, followed by immediate replenishment of fresh receptor solution with 

the same volume. Then, the samples were analyzed for drug amount using HPLC. 

Effect of Duration of Current Application 

The effect of duration of current application on the amount of drug delivered 

into the hair follicles and underlying skin layers was investigated by conducting anodal 

iontophoresis with a current density of 0.5 mA/cm2 for different duration of current 

application values of 1, 2 and 4 h. Differential tape stripping and further extraction was 

performed immediately after the study to investigate the amount of drug delivered into 

the hair follicles and underlying skin layers, respectively. Explanation of different  
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groups with various duration of current application (1, 2 and 4 h) and study duration of 

the study (1, 2, 4 and 24 h) used in the permeation studies were described (Table 1). 

 

 

Table 2. Different groups investigated for in vitro permeation studies 

Groups Iontophoresis Application Study Duration 

ITP Group 1a Anodal (0.5 mA/cm2) for 1 h 1 h 

ITP Group 2a Anodal (0.5 mA/cm2) for 2 h 2 h 

ITP Group 3a Anodal (0.5 mA/cm2) for 4 h 4 h 

ITP Group 4a Anodal (0.5 mA/cm2) for 4 h 24 h 

  a Each group had its corresponding control group 

 

 

Differential Tape Stripping 

Differential tape stripping is a technique for quantification of the drug in hair 

follicles using a combination of tape stripping and cyanoacrylate glue to remove the 

stratum corneum layer along with the follicular mass. This allows us to selectively 

assess the amount of the drug delivered to different aspects of the skin upon topical 

application (Teichmann et al., 2005). After permeation studies, the removal of excess 

formulation of the skin surface was performed and skin pieces were taken off the Franz 

cell then placed on the parafilm. The skin was then tape stripped 15 times using D-

squame tapes (CuDerm, Dallas, TX, USA) until the removal of stratum corneum was 

confirmed. All tape strips were placed into scintillation vials in cluster of 5 tapes per 

each vial (1-5, 6-10 and 11-15) and the amount of drug present in the tapes was 

evaluated after further extraction with methanol. After the removal of stratum corneum, 

a drop of cyanoacrylate glue was applied to the stripped skin followed by the placement 
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of a strip-tape on permeation area. The gentle pressure was applied to the tape for 15s 

to ensure contact and promote polymerization of the glue. The tape was then removed 

at once after 5 min of contact when the polymerization of the glue was achieved. The 

tape containing the follicular mass and corneocytes was placed into scintillation vial 

then 5 mL of methanol was added. Finally, remaining skin was also minced into small 

pieces and placed into scintillation vials for further extraction with methanol. The 

samples were shaken at 150 rpm for 4 h at room temperature and was filtered using 0.22 

μm syringe filters then analyzed by the HPLC method (Figure 6). 

 

 

Figure 6. Schematic diagram of differential tape stripping 

 

 

Quantitative Analysis 

Amount of drug in the samples obtained from solubility studies and in vitro 

permeation studies were analyzed using a HPLC-UV method. A Waters Alliance 2695 

Separations Module HPLC system (Milford, MA, USA) equipped with a quaternary 

pump and temperature-controlled column compartment coupled to a Waters 996 

photodiode array detector (Milford, MA, USA) was used for the data acquisition. 
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Chromatography was obtained by injecting 20 μL of samples onto a Phenomenex Luna 

Phenyl-hexyl, C18 column (4.6 x 150 mm, 5 μm particle size). The flow rate was 

maintained at 1.0 mL/min and column temperature was maintained at 30°C. The 

method was conducted using an isocratic mode with the mobile phase comprised of 0.1% 

of TFA in acetonitrile: 0.1% of acetic acid in water (20:80, % v/v). Total run time was 

10 min and minoxidil peak was recorded at the wavelength of 281nm with the retention 

time of 5.1 min. Data processing and further analysis of the chromatographic peak was 

performed using Empower 3 software. 

Statistical Analysis 

Data analysis was performed using GraphPad Prism 8 (GraphPad software, 

Inc.). Student’s t-test (for two samples) and One-way ANOVA (for three or more 

samples) were used to determine statistical differences between the groups and p-values 

at 0.001 to 0.05 was considered to conclude any significant difference.  

Results and Discussion 

Solubility Studies 

The solubility of minoxidil in 10mM PBS and propylene glycol (PG) was 

investigated (Table 3) to assess optimal concentration, 90% saturated drug 

concentrations for maximum thermodynamic activity, that can be used for in vitro 

permeation study. Also, it determined the preferable ratio of 10mM PBS and PG which 

can ensure an adequate amount of ions for constant flow of electric current applied 

during iontophoresis. The presence of chloride ions in the donor is important for the 

iontophoresis application when using Ag/AgCl electrodes. This affects the functionality 

of iontophoresis application to achieve targeted drug delivery with desired duration of 
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current application and current density (Kalia et al., 2004). Due to moderately lipophilic 

nature of minoxidil, the solubility in 10mM PBS alone was expected to be low and 

therefore, different ratios of 10mM PBS and PG were included for further investigation. 

For further studies, 16 mg/mL (1.6% w/v), equivalent to 90% saturation solubility, of 

minoxidil in the vehicle comprised of 10mM PBS:PG (50:50) was used for the donor 

solution.  

Table 3. Solubility of minoxidil in different ratio of 10mM PBS and PG 

 

In vitro Permeation Studies 

Minoxidil is a moderately lipophilic drug (log P = 1.2) which is commonly used 

as a treatment for alopecia. However, due to ionization at physiological pH, passive 

permeation of minoxidil was expected to be limited. Hence, iontophoresis was proposed 

as a promising technique to enhance the permeation of ionized minoxidil into or 

through the skin. Particularly, anodal iontophoresis facilitates the delivery of positively 

charged molecule into and across the skin under the principles of electro-osmosis and 

electro-repulsion. Thus, the movement of water molecules referred to electro-osmosis, 

occurs from anode to cathode. This driving force combined with electro-repulsion 

creates synergistic effect in drug delivery during application of anodal iontophoresis. 

This has been reported in earlier studies where anodal iontophoresis with current 

density of 0.5 mA/cm2 significantly enhanced the transdermal delivery of methotrexate 

(Nguyen & Banga, 2018). Upon completion of permeation studies on porcine ear skin, 

 1 

Composition Maximum Solubility (mg/mL) 90% Saturation Solubility (mg/mL) 

10mM PBS 2.37 2.13 

Propylene Glycol (PG) 65.60 59.04 

10mM PBS:PG (50:50) 17.78 16.01 

10mM PBS:PG (30:70) 38.52 34.67 
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differential tape stripping and skin extraction were conducted to quantify the amount of 

drug delivered in hair follicles and skin. These quantification methods have been 

employed in various previous studies and have gained considerable acceptance 

(Tampucci et al., 2014). Further, all the permeation studies were performed using 

porcine ear as it is considered to be a good in vitro skin model for the analysis of the 

delivery and drug depot formation of topically applied drugs at the site of hair follicles. 

This is due to higher number of intact entry-point of hair follicles and structural 

integrity (Jürgen Lademann et al., 2010).  

Iontophoresis-Mediated Delivery of Minoxidil 

In this study, the effect of anodal iontophoresis on the delivery of minoxidil into 

or across the porcine ear skin was investigated. The anodal iontophoresis with 

maximum current density commonly used in experimental setting (0.5 mA/cm2) was 

applied for 4 h in the beginning of the study followed by passive permeation for 

remainder of the study (ITP Group 4). The permeation profile of minoxidil for ITP 

group 4 reached its maximum at 22 hours due to saturation of the drug in the skin 

(Figure 7a). The instant drop of permeation flux after 4 hours of iontophoretic delivery 

of minoxidil in ITP group 4 indicates the successful application of iontophoresis (Figure 

7b). The permeation of minoxidil into and across the skin for ITP group 4 (72.63 ± 3.55 

µg/cm2) showed significantly higher amount of minoxidil delivery after 24 h as 

compared to the corresponding passive permeation group (13.61 ± 1.58 µg/cm2). 

Further, there was a significantly higher amount of minoxidil delivered into the skin 

and receptor in the ITP Group 4 (23.05 ± 1.15 µg/cm2 and 49.59 ± 2.40 µg/cm2, 

respectively) as compared to the corresponding passive permeation group (13.46 ± 1.42 

µg/cm2, 0.16 ± 0.16 µg/cm2) (Figure 7c). This result showed that permeation of 
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minoxidil occurred constantly upon termination of iontophoresis which may be due to 

passive permeation of the drug along with the changes in the electrical properties of the 

skin that occurred because of iontophoresis leading to increased permeability of stratum 

corneum for remainder of the study. This led to increased permeation of minoxidil into 

receptor which indicates increased systemic circulation as evidenced by the result that 

amount of drug delivered in receptor takes up about 68.3 % of total amount of drug 

delivered into and across the skin in ITP group 4.  

 

 

 

 

 

 

 
Figure 7. Permeation profile of iontophoresis-mediated delivery of minoxidil in the ITP 
Group 4. (a) Cumulative amount (b) Flux profile (c) Average amount of the drug in skin 
and receptor. Values are reported as mean ± SE (n=3). Asterisk indicates statistical 
difference from their corresponding passive permeation groups. (*; p < 0.05, ***; p < 
0.001) 
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Previous studies have reported that excessive amount of minoxidil in systemic 

circulation may lead to unwanted cardiovascular adverse effects (Fiedler-Weiss et al., 

1986). Hence, further investigation of shorter duration of current application to achieve 

desired topical and follicular delivery of minoxidil with potential of less drug delivery in 

receptor was performed. 

Effect of Iontophoretic Parameter: Duration of current application 

The influence of iontophoretic parameter such as duration of current application 

on the delivery of minoxidil into and across the skin was investigated. For this, anodal 

iontophoresis was conducted for 1, 2 and 4 h with the current density of 0.5 mA/cm2. 

Thus, the drug amount delivered in skin, hair follicles and receptor were determined 

immediately after the termination of iontophoresis. Meanwhile, ITP Group 4 served as 

a positive control of iontophoresis by conducting anodal iontophoresis with the upper 

end of parameters (0.5 mA/cm2 for 4 h) followed by passive permeation for the 

remainder of the study (24 h). There was a significant increase in total amount of drug 

delivered into and across the skin among all iontophoresis groups as compared to their 

corresponding passive permeation groups (Figure 8). Further, there was a trend 

observed toward the amount of minoxidil delivered increasing as a function of duration 

of current application. However, a clear linear relationship between two variables was 

not established as evidenced by the lack of significant difference in total amount of drug 

delivered into and across the skin between ITP group 2 (27.44 ± 2.85 µg/cm2) and ITP 

group 3 (38.38 ± 4.34 µg/cm2). This could be due to skin reaching its saturation point 

with rapid rate at a relatively shorter duration of iontophoresis.  
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Figure 8. Comparison of average amount of drug delivered in hair follicles, skin and 
receptor between passive permeation and iontophoresis groups. Values are reported as 
mean ± SE (n=3). Asterisk indicates statistical difference from their corresponding 
passive permeation groups. (*; p < 0.05) 

 

 

To further explore the effect of duration of current application on topical and 

transfollicular delivery of minoxidil, the amount of drug delivered into the hair follicles 

and skin were also investigated. There was no significant difference in amount of drug 

delivered into the skin among all groups; ITP group 1, ITP group 2 and ITP group 3 

(14.18 ± 2.04 µg/cm2, 17.28 ± 2.87 µg/cm2 and 17.83 ± 2.27 µg/cm2, respectively) 

(Figure 9a). This confirms the phenomenon observed earlier with total delivery of 

minoxidil into and across the skin in which the skin reaches saturation point in rapid 

manner where minoxidil cannot be deposited further into the skin. Also, there was no 

linear relationship between two variables in the amount of drug delivered into hair 

follicles (Figure 9b) which can be supported by the lack of significant difference in 
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delivery of minoxidil into hair follicles between ITP group 1 (1.87 ± 0.14 µg/cm2) and 

ITP group 3 (2.49 ± 0.40 µg/cm2). However, there was a significant difference in the 

amount of drug delivered into the hair follicles between ITP group 1 (1.87 ± 0.14 

µg/cm2) and ITP group 2 (0.86 ± 0.07 µg/cm2) as well as between ITP group 2 (0.86 ± 

0.07 µg/cm2) and ITP group 3 (2.49 ± 0.40 µg/cm2). This may be due to difference in 

rate of drug deposition in the hair follicles and the rate of drug leakage into the 

receptor.  

 
 

Figure 9.  Average amount of drug in (a) Skin and (b) Hair follicles following anodal 
iontophoresis with current density of 0.5 mA/cm2 for different duration of current 
application and study duration of the study. Values are reported as mean ± SE (n=3). 
Asterisk indicates statistical difference between the groups (*; p < 0.05, **; p < 0.01) or 
among all groups. (#; p < 0.05) 
 

 

Hair follicles may extend further into dermis or even into subcutaneous fat (for 

terminal hair follicles) tissues where constant contact with various bodily fluids 

including blood and interstitial fluid frequently occurs (Patzelt & Lademann, 2015). 

This suggests that the residual amount in skin including hair follicles are constantly 
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leeching out to the receptor during iontophoresis which can be supported by the linear 

relationship observed between duration of current application and the amount of drug 

delivered into receptor among all iontophoresis groups (Figure 10). The results indicate 

that shortest duration of current application (1 h) with current density of 0.5 mA/cm2 is 

sufficient to deliver comparable amount of minoxidil to ITP 3 group into hair follicles 

and skin without unnecessary increase of the drug levels in receptor which was 

observed in groups with longer duration of current application.   

 

 

 

 

 

 

 

 
Figure 10. Average amount of drug in receptor following anodal iontophoresis with 
current density of 0.5 mA/cm2 for different duration of current application and study 
duration of the study. Values are reported as mean ± SE (n=3). Asterisk indicates 
statistical difference between all groups. (*; p < 0.05) 
 

 

Implications for Drug Levels in Hair follicles and Skin 

Transfollicular delivery route has been explored for delivery of topically applied 

substances including minoxidil in the treatment of alopecia (Ulrike Blume-Peytavi et al., 

2010; Matos et al., 2015). Iontophoresis, a physical enhancement technique using small 
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electric current to facilitate drug delivery, favors the transfollicular pathway than other 

pathways involved in drug permeation into and across the skin due to comparatively 

lower resistance of such route. Consequently, numerous studies have reported the 

enhanced follicular delivery of minoxidil sulfate, salt-form of minoxidil, combined with 

iontophoresis or combinations of iontophoresis with topical formulations such as 

nanoparticles or liposomes (Gelfuso et al., 2013; Mura et al., 2007). However, there was 

insufficient amount of data to understand the correlation between iontophoretic 

parameters and delivery of minoxidil into the hair follicles and the skin. Hence, this 

study provides further understanding of associative relationship between those two 

variables by investigating the optimal duration of current application for minoxidil 

delivery which could lead to enhancement of drug delivery in hair follicles and skin. 

Despite technological advancement in developing iontophoresis-mediated products, 

some marketed products of iontophoretic-mediated drug delivery such as sumatriptan 

iontophoretic patch have been withdrawn from the market due to safety issues (Bakshi 

et al., 2020; Wentz Loder et al., 2018). Hence, iontophoresis is more commonly 

performed in clinical settings where application can be provided and monitored by the 

health care providers. Thus, it would be clinically relevant to optimize the iontophoretic 

parameters of iontophoresis such as duration of current application to provide enhanced 

drug delivery and better patient compliance which topical drug delivery aims for. In the 

permeation studies, the results showed lack of significant difference in the drug 

delivered into the skin. However, there was significantly higher amount of drug 

delivered into hair follicles at shortest duration of current application (1 h). In addition, 

the amount of drug delivered into the skin in passive permeation group after 24 h (13.46 

± 1.42 µg/cm2, Figure 7c) was comparable to the amount of drug delivered into the skin 
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in ITP group 1 (14.18± 2.04 µg/cm2, Figure 9a). This implies that shorter duration of 

iontophoresis could reduce the time required to achieve desired therapeutic effects of 

minoxidil which may be translated into clinical advantage. Thus, in the results 

presented here, there was a positive correlation between the duration of current 

application and the amount of drug delivered into the receptor. This translates into 

reduction of drug levels in the receptor with shorter duration of application which can 

be further interpreted into potential clinical benefit of minimizing the possibility of 

adverse effects often associated with systemic circulation of minoxidil.  

Conclusion 

Iontophoresis enhanced the delivery of minoxidil, an ionized drug molecule with 

poor passive permeation, into the hair follicles. Consequently, targeted delivery to the 

site where the pathogenesis of alopecia occurs was achieved with the use of this 

technique. Further investigation of iontophoretic parameters showed the adequate 

amount of minoxidil delivery into the skin and hair follicles that was achieved with the 

use of shorter duration of current application, which could translate into reduced time to 

achieve desired therapeutic effects and improved efficacy of minoxidil. 
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CHAPTER 5 

CHEMICAL AND PHYSICAL ENHANCEMENT TECHNIQUES TO ENHANCE 

TOPICAL DELIVERY OF ADAPALENE 

 

Abstract 

The aim of this study was to optimize topical formulation and investigate 

physical enhancement technique for enhanced delivery of adapalene. Solubility in 

different chemical enhancers was screened to select the proper vehicle for adapalene. 

Dimethyl sulfoxide (DMSO) showed the greatest solubility of adapalene among 

solvents tested (23.1 mg/mL). Adapalene in DMSO showed significant amount of drug 

delivery in epidermis and dermis after 72 h (9.68 ± 2.44 µg/cm2 and 5.04 ± 1.43 

µg/cm2, respectively). Additional in vitro permeation studies were performed using 

defatted porcine ear skin and differential tape stripping was conducted to determine the 

permeation of adapalene in stratum corneum and hair follicles. Topical suspension gel 

formulation containing adapalene (0.3% w/w), dimethyl sulfoxide (DMSO), 10mM 

Phosphate buffered saline (PBS) and carboxymethylcellulose (CMC) delivered adapalene 

into epidermis (1.82 ± 0.09 µg/cm2). Furthermore, cathodal and anodal iontophoresis 

was explored as the physical enhancement technique to further facilitate the topical 

delivery of adapalene. However, iontophoresis-mediated delivery resulted in no 

significant difference in delivery of adapalene as compared to passive permeation group. 

Also, even with the use of iontophoresis, there was no drug detected in the hair follicles.
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Introduction 

Acne also known as acne vulgaris is a chronic inflammatory skin condition that 

occurs due to blockage of hair follicles caused by excessive sebum production and 

accumulation of dead epithelial cells, which leads to inflammation of the pilosebaceous 

unit- hair follicles associated with an oil gland (Degitz et al., 2007). Thus, it primarily 

affects areas of the skin with a relatively high number of hair follicles associated with oil 

glands such as face, upper part of the body including chest and back. There are four 

major processes that play a pivotal role in the formation of acne lesions such as release 

of inflammatory mediators, change in keratinization process leading to formation of 

comedones, androgen-controlled sebum production and follicular colonization caused by 

P acnes (H. C. Williams et al., 2012). In addition, studies have suggested that diet, 

neuroendocrine mechanisms, genetic and nongenetic factors also may contribute to the 

process of acne pathogenesis (Bhate & Williams, 2013). However, exact sequence of 

such events and how they interact with different factors remains unclear. Acne results in 

further increased secretion of oily sebum and possible scarring from presence of clogged 

skin follicles (known as comedones) and presence of inflamed bumps such as papules, 

nodule and pustules (Dawson & Dellavalle, 2013). Due to visible appearance of acne, it 

often has a huge negative impact on social and psychological aspects of those who are 

affected (Aktan et al., 2000).  

The main objective of acne treatment is to treat and manage existing acne 

lesions, prevent further scarring and reduce the progression of such disorder. There are 

many treatment options available for acne including topical formulations (contains 

benzoyl peroxide, antibiotics or retinoids), orally administered medications 

(contraceptives and antibiotics) and device-mediated treatment (intense pulsed light and 
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dermaroller). A combination treatment that targets more than one of the prevailing 

mechanisms of acne pathogenesis is often used as well. However, current treatment 

options vary significantly in efficacy and has adverse effects which results in persistent 

occurrence of acne (Fox et al., 2016; Strauss et al., 2007). 

Adapalene is a retinoid-like compound which is chemically similar to vitamin A. 

Topical retinoids are often used in the treatment of acne by disrupting microcomedone 

formation and diminishing inflammatory response. Adapalene is suggested to be the 

least effective among different topical retinoids but is reported to be the best tolerated. 

Further, adapalene is a more stable molecule as compared to other topical retinoids 

including less susceptible to photodegradation and chemical degradation. Thus, it is one 

of the commonly used drug for treatment of acne due to non-steroidal anti-

inflammatory and modulatory of cellular differentiation functions (Irby et al., 2008; 

Thielitz & Gollnick, 2008). There are topical formulations available both as 

prescription-drug and over-the-counter drug such as Differin® (0.1 and 0.3 %) and 

shown to be effective when used alone or in combination with other anti-acne drugs. 

However, studies have reported that lower strength of adapalene has low efficacy and 

when the strength is increased, it showed greater activity but showed higher level of 

skin irritation (Brand et al., 2003; Loss et al., 2018). Thus, adapalene does not seem to 

cause temporary worsening of acne symptoms as shown with other anti-acne drugs but 

have been shown to increase the skin sensitivity to ultraviolet light (Martin, 1998). 

Despite adapalene being the favorable topical retinoids for therapeutic strategy of acne, 

it has been reported to have poor permeation into and across the skin due to its 

physicochemical properties (Latter et al., 2019). Adapalene is highly lipophilic and 

negatively charged at physiological pH (= 7.4), which restricts the passive permeation 



59 
 

 

 

of such molecule into the skin. Hence, many studies reported that efficacy of adapalene 

varies and is often dose-dependent (Alirezai et al., 1996; Shroot & Michel, 1997). 

Chemical enhancers and optimization of formulation often lead to enhanced drug 

permeation and are commonly employed strategies in development of dermatological 

formulations. Topical suspensions are liquid dosage forms containing fine insoluble 

drugs distributed relatively uniformly throughout the suspending vehicle in which the 

drug shows a minimum degree of solubility (Kulshreshtha et al., 2010). This allows the 

delivery of molecules that show poor passive permeation into and across the skin. Thus, 

there are several FDA-approved topical suspension formulations on the market such as 

Taclonex®, which is indicated for the topical treatment of plaque psoriasis of the scalp 

and body containing calcipotriene and betamethasone dipropionate (Del Rosso, 2014). 

In this study, different chemical enhancers were screened for selection of proper vehicle. 

Further, in vitro permeation study using defatted porcine ear skin was performed to 

evaluate and establish the percutaneous absorption of adapalene suspension gel 

formulation containing selected chemical enhancer. 

Active techniques may enhance the drug delivery utilizing additional force to 

facilitate the permeation. Also, this could be done without altering the concentration of 

the drug in the formulation. Iontophoresis increases the drug permeation via application 

of small electric current. Electrical energy assists the movement of ions across the 

stratum corneum according to the basic principle of “like-repel-like and opposite 

charges attract” (Banga & Chien, 1988). Due to several advantages such as direct 

targeting of active sites with ease of termination, it is often utilized for the treatment of 

various dermatologic conditions. Few clinical studies in literature reported the 

successful application of iontophoresis with topical retinoids such as tretinoin, in 
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treatment of frequent problems after acne including atrophic acne scars (Kurokawa et 

al., 2017; Schmidt et al., 1999). In this study, cathodal and anodal iontophoresis was 

utilized in combination with suspension gel formulation of adapalene to further enhance 

the drug delivery. 

Materials 

Adapalene was purchased from TCI America (Portland, OR, USA). Phosphate 

buffered saline (PBS), pH 7.4, 10X and tetrahydrofuran (THF) were obtained from 

Fisher Scientific (Fair Lawn, NJ, USA). Dimethyl sulfoxide (DMSO) was purchased 

from Gaylord Chemical company, L.L.C (Tuscaloosa, AL, USA). Ethyl alcohol and 

polyethylene glycol 400 (PEG-400) were purchased from ACROS (Morris Plains, NJ, 

USA). Isopropyl myristate, oleic acid, oleyl alcohol, BRIJ-L4, capryol-90 and 

polysorbate-20 (Span-20) were provided from Croda Inc. (Edison, NJ, USA). Methanol, 

acetonitrile and trifluoroacetic acid (TFA) were obtained from Pharmco-aaper 

(Brookfield, CT, USA). Propylene glycol and miglyol was purchased from Ekichem 

(Joliet, IL, USA) and Peter Cremer North America (Cincinnati, OH, USA), respectively. 

Transcutol was provided from Gattefosse USA (Paramus, NJ, USA). 

Methods 

Solubility Screening of Adapalene 

 An excess amount of adapalene was added to 1 mL of each solvent and was 

vortexed for 2-3 min. After, the samples were shaken on a roller shaker (New 

Brunswick Scientific Company, NJ, USA) at 150 rpm for 24 hours at room temperature. 

Then, the samples were centrifuged at 13,4000 rpm for 30 min and the supernatants 

were carefully drawn from the tube using a syringe. Further, collected supernatants 

were diluted with extraction solvent (acetonitrile: tetrahydrofuran: water: trifluoracetic 
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acid in the ratio of 43:36:21:0.02), filtered through 0.22 μm syringe filters (Cell treat 

Scientific Products, MA, USA) and analyzed using HPLC. 

Preparation of Adapalene Suspension Gel Formulation 

 A suspension gel formulation containing 0.3% w/w adapalene was prepared by 

slowly triturating the drug with other components in the mortar and pestle. The drug 

was first added to 45.5% w/w of dimethyl sulfoxide (DMSO) then was subsequently 

grinded using the pestle until the mixture reached the state of complete dissolution. The 

concentration of DMSO was selected according to acceptable maximum concentration 

for topical formulation noted in the FDA database of inactive ingredients in approved 

drug products. Then, 50.2 % w/w of deionized water was added into the mixture 

gradually in small parts of 200 µL respectively up to its final volume. During this 

process, constant vigorous grinding was performed in between the addition of deionized 

water in order to avoid any precipitation or separation of the drug within the mixture. 

Once the homogenous suspension was achieved, 4% w/w of carboxymethyl cellulose 

(CMC) was added slowly while the suspension was constantly stirred on a magnetic 

stirrer (VWR®, Radnor, PA, USA). This mixture was then stirred overnight at room 

temperature until the gel matrix was formed.   

Skin Preparation 

 Dorsal side of full-thickness porcine skin was thawed in 10mM PBS at room 

temperature immediately once it was removed from -80 °C freezer. Subdermal fat tissue 

was completely removed from the skin using forceps and scissors. Also, hair of the skin 

was trimmed using an electric hair trimmer (Norelco MG3760, Philips, Walligford, CT, 

USA). Then the skin tissue was stored at -80 °C ultra-low freezer before the 

experiment. For permeation studies, defatted skin tissues were thawed in 10Mm PBS at 
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37 °C then cut into pieces with desired size that is suitable to fully cover the permeation 

area on the Franz cell. 

Assessment of Skin Integrity 

 Prior to the experimental studies, thickness of defatted skin pieces was measured 

using a thickness gauge (Cedarhurst, NY, USA). Then, resistance of all skin pieces was 

measured in order to assure their barrier integrity was intact. This was conducted using 

an arbitrary waveform generator, and a digital multimeter (Agilent Technologies, CA, 

USA) connected to silver (Ag)/silver chloride (AgCl) electrodes. Before the skin pieces 

were mounted on the Franz cells (Permegar, Hellertown, PA, USA), 10mM PBS was 

added to both the donor and receptor compartment. Upon 30 mins of equilibration, 

silver electrodes were placed in the receptor compartment while silver chloride coupled 

with load resistor ((RL = 100 kΩ) was placed carefully in the donor chamber. Then, the 

drop in the voltage across the skin and entire circuit (VS) was displayed on the 

multimeter after a constant current was generated from a waveform generator. Hence, 

the skin resistance (RS) was established by using the following equation: 

RS = VS RL / (V0– VS) 

where, V0 was 100 mV. Resistance values (kΩ) of each skin pieces were confirmed and 

inscribed.    

In Vitro Permeation Testing (IVPT) Setup 

 In vitro permeation testing (IVPT) was performed on vertical glass jacketed 

Franz diffusion cells with diffusion area of 0.64 cm2, 5 mL of receptor volume, and a 

stirring bar (600 rpm). The temperature of the receptor compartment was maintained at 

37 °C using a recirculating water bath to sustain the temperature of the skin surface 
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constantly at 32 °C. The receptor compartment was filled with 5 mL of the medium that 

was composed of 10mM PBS at pH 7.4. The skin pieces were placed between donor and  

receptor chamber using metal clamp upon mounting. Donor solution (300 μL) was 

applied in the donor chamber and fixed amount of samples (300 μL) were drawn from 

the receptor compartment at pre-established timepoints and equivalent volume of fresh 

10mM PBS (pH 7.4.) was added to compensate the amount removed. Detailed 

explanation of the protocol used for investigation of passive permeation of adapalene 

with and without chemical enhancer as well as permeation of adapalene suspension gel 

formulation have been described in the following sections. 

 Passive permeation of adapalene. To establish passive permeation of 

adapalene, 300 µL of drug solution was obtained by adding 0.3 % (w/v) of adapalene in 

oleic acid. The receptor samples were collected and analyzed at 0, 24, 48 and 72 h. 

 Passive permeation of adapalene in dimethyl sulfoxide (DMSO).  Due to 

highly lipophilic property hindering the drug solubilizing process in many proper 

solvents as well as the passive permeation of adapalene, dimethyl sulfoxide (DMSO) was 

selected as the vehicle and chemical enhancer. Thus, the effect of DMSO on permeation 

of adapalene was evaluated. A solution of 0.3 % (w/v) adapalene in DMSO was prepared 

and 300 µL of such solution was added to the donor chamber. The receptor samples 

were collected and analyzed at 0, 24, 48 and 72 h. 

 Iontophoretic Delivery of Adapalene Suspension Gel. Iontophoresis-

facilitated delivery of adapalene into defatted porcine ear skin was also investigated. The 

donor chamber was filled with 300 µL of 0.3 % w/w adapalene in suspension gel 

formulation in which the vehicle is comprised of dimethyl sulfoxide (DMSO), deionized 
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water and gelling agent (CMC). Because adapalene is negatively charged at 

physiological pH (7.4), cathodal iontophoresis was first investigated. The silver chloride  

electrode (cathode) and silver wire (anode) were placed in the donor chamber and 

sampling port of receptor compartment, respectively. Further, anodal iontophoresis was 

also investigated for enhanced permeation of adapalene by placing silver wire and silver 

chloride electrode in the donor chamber and receptor compartment, respectively. While 

placing the electrodes, it was ensured to have no contact with the skin in order to 

prevent any skin damage due to high voltage in small area. The electrodes were then 

connected to a source of constant current generator, Keithley 2400 Source Meter 

(Keithley Instruments Inc., Cleveland, OH, USA). A current density of 0.5 mA/cm2 was 

applied for 4 h in the beginning of the study followed by passive permeation for the 

remainder duration of the study. The total duration of the permeation study was 24 h 

and sampling was done at 0, 1, 2, 4, 6, 8, 22 and 24 h. 

Drug Distribution in Skin and Hair follicles 

 Upon completion of permeation study, the donor formulation was removed 

followed by washing of the mounted skin pieces with two dry cotton buds and two 

cotton buds soaked in receptor solution. Then skin was further cleaned of any residual 

drug on skin, using two cotton buds soaked in 5% lauryl ether sulfate (LES) for 30s in 

circular motion. After removal of excess formulation from the skin, the skin samples 

were taken off the Franz cell for further extraction of stratum corneum/epidermis, 

dermis and hair follicles. Differential tape stripping is a simple and effective procedure 

for the determination of drug amount in the stratum corneum and hair follicles 

(Teichmann et al., 2005). It combines tape stripping with cyanoacrylate skin surface 
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biopsy. The permeation area on each skin sample (0.64 cm2) was tape stripped. Adhesive 

D-squame tape (CuDerm, TX, USA) was placed and pressed on the skin for 10s and was  

then removed using forceps. This procedure was repeated with 15 tapes to remove the 

entire stratum corneum. The amount of drug present in the tapes was evaluated after 

overnight extraction with extraction solvent (acetonitrile: tetrahydrofuran: water: 

trifluoroacetic acid in the ratio of 43:36:21:0.02). Once the removal of stratum corneum 

was achieved, a drop of cyanoacrylate glue was applied to the stripped skin which was 

then covered by placing an adhesive tape on the permeation area. The light pressure 

was applied to the tape for 15s to initiate and promote polymerization process of the 

glue. The tape containing follicular mass and corneocytes was then quickly removed 

from the skin after 5 min of contact. This tape was then placed into individual 

scintillation vial with extraction solvent for determination of drug amount. The 

remaining skin sample was also cut into small pieces and kept in scintillation vial for 

extraction. All samples were kept on a roller shaker (New Brunswick Scientific 

Company Inc., Edison, NJ, USA) at room temperature for 4 h at 150 rpm. The minced 

skin samples were sonicated for 30 min prior to being placed on the roller shaker. After 

the extraction, the samples were filtered using 0.22 µm syringe filters then analyzed 

using HPLC method. 

Quantitative Analysis 

 Reverse phase HPLC method coupled with UV detection was used for 

quantification of drug amount in the samples obtained from solubility studies and in 

vitro permeation studies. Waters Alliance 2695 separation module (Milford, MA, USA) 

and 2996 photodiode array detector was used. Isocratic elution was performed on 
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Phenomenex Luna 5μ C18, 250 x 4.6 mm, 100 A° (Phenomenex, CA, USA) column with 

the flow rate of 1.6 mL/min and injection volume of 15 µL while the column  

temperature was maintained at 35 °C. The mobile phase was consisted of 0.1% TFA in 

acetonitrile: 0.1% TFA in water (90:10, % v/v). The run time was 10 min and adapalene 

peak was detected at the wavelength of 321 nm with the retention time of 4.3 min. Data 

acquisition and processing was performed using Empower 3 software. 

Data Analysis 

 Statistical analysis was performed using GraphPad Prism 8 (GraphPad software, 

Inc., San Diego, CA, USA). Student’s t-test (for two samples) and One-way ANOVA (for 

three or more samples) were used to establish statistical differences between the groups 

and p-value of less than 0.05 was considered as significant difference. 

 

Results and Discussion 

Solubility Studies 

 Due to highly lipophilic nature of adapalene, the screening of different vehicles 

and chemical enhancers was necessary for selection of proper vehicle. The solubility of 

adapalene was evaluated in 14 different chemical enhancers (Table 4). Among those 

chemical enhancers, distilled water (no solubility) showed the lowest solubility and 

dimethyl sulfoxide (23.1 mg/mL, DMSO) showed the highest solubility of adapalene. 

Then 0.3% (w/v, equivalent to common strength of marketed product) of adapalene in 

DMSO was used for further in vitro permeation study. 

Passive permeation of Adapalene 

 Topical formulation of adapalene has been on the market for over a decade  
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to treat various modalities of acne vulgaris. However, patients have experienced 

hardships in eradicating the vicious cycle of acne symptoms with the use of adapalene. 

 

 

Table 4. Solubility of adapalene in different chemical enhancers 

Vehicles Maximum Solubility (µg/mL) 

Dimethyl Sulfoxide (DMSO) 23146 
Distilled Water < LOD* 

Ethanol 129.10 
Isopropyl Myristate 209.56 

Methanol 93.16 
Oleic Acid 444.02 

Oleyl Alcohol 395.53 
Polyethylene Glycol 400 (PEG 400) 256.53 

Polyethylene Glycol Dodecyl Ether (BRIJ-L4) 1153.23 
Polysorbate-20 125.60 

Propylene Glycol (PG) 36.75 
Propylene Glycol Dicaprylate (Miglyol) 203.25 

Propylene Glycol Monocaprylate (Type II, 
Capyrol-90) 

39.65 

Transcutol 966.05 

*LOD means ‘limit of detection’ 

 

 

This could be due to large variance in efficacy of adapalene reported in literature 

as well as occurrence of subsequent negative impact as a result of adverse effects 

associated with the drug (Irby et al., 2008). Thus, it is important to establish and 

understand the permeation profile and drug distribution of adapalene via skin as 

administration route.  

Permeation of a solution containing 0.3 % w/v adapalene in the oleic acid was 

first investigated using defatted porcine ear skin. Oleic acid is often used in topical and 

transdermal formulation as a chemical enhancer and it fluidizes or delipidizes the 
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structural component of stratum corneum (Naik et al., 1995). Because passive 

permeation of adapalene was expected to be low due to its highly lipophilic nature with 

log P of 8, oleic acid was selected as the vehicle with permeation enhancing effects. Also, 

adapalene showed poor solubility in most solvents that are widely used as vehicle for 

many pharmaceutical actives in dermal formulation which was another factor that led to 

such selection. However, adapalene did not have adequate solubility in oleic acid to 

reach desired concentration of 0.3% w/v which is equivalent to maximum strength of 

adapalene used in topical formulations, and this resulted in poor dissolution of drug in 

the vehicle. Though, the permeation study was performed using this formulation and it 

served as the control group because there were no alternatives. Upon completion of the 

permeation study, there was no drug detected in receptor fluid as well as in the skin 

including stratum corneum. This result was expected in that physicochemical properties 

of adapalene was unfavorable for passive permeation into and across the skin. Further, 

the lack of full dissolution of the drug within the vehicle also may have restricted the 

permeation. This phenomenon explains why most of the topical formulations of 

adapalene in the market are dispersion-based instead of dissolution-based.  

After screening different chemical enhancers that are commonly used, adapalene 

showed great solubility in dimethyl sulfoxide (DMSO) as shown in table 1 (23146 

μg/mL). DMSO is one of the earliest and most widely investigated permeation 

enhancers and often used in many areas of pharmaceutical formulations including 

dermatological formulations. It interacts with the lipid layers of the skin to facilitate the 

penetration of molecules across the membrane and is found to be effective for both 

lipophilic and hydrophilic molecules (Notman et al., 2007). Thus, a solution containing 

0.3 % w/v adapalene in DMSO was investigated for passive permeation. During the 
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permeation study, there was no drug found in receptor fluids which was shown in 

earlier permeation study of adapalene. This is because the sink conditions in the 

receptor compartment containing 10mM PBS was not satisfied. Sink condition refers to 

the ability of the dissolution medium to dissolve at least 10 times the amount of drug 

that is in your dosage form. However, because the study was emphasized on topical and 

follicular drug delivery, the sink condition was not optimized further to accommodate 

any permeation across the skin. Further, permeation across the skin into the receptor 

compartment was not anticipated with adapalene which is highly lipophilic. After 72 h 

of the study, there was a significant amount of adapalene in both the epidermis 

containing stratum corneum and dermis, respectively (9.68 ± 2.44 µg/cm2 and 5.04 ± 

1.43 µg/cm2, Figure 11) as compared to the control group.  

 

 

 

 

 

 

 

 

 

 
 
Figure 11. Average amount of the drug in epidermis and dermis from permeation of 
adapalene in dimethyl sulfoxide (DMSO). Values are reported as mean ± SE (n=3). 
Asterisk indicates statistical difference from their corresponding passive permeation 
groups. (*; p < 0.05) 
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This is attributed to the enhancement effect of DMSO facilitating the permeation of 

adapalene into the skin. The mechanisms of DMSO such as promoting lipid fluidity by 

disrupting the lipid structure of skin membrane resulting in enhanced diffusion of 

solutes and interacting with membrane proteins leading to enhanced permeability, 

allowed the drug molecule to overcome the protective barrier of the skin for further 

permeation. 

Optimization of Adapalene Suspension Gel 

 In previous study, a solution containing 0.3 % w/v adapalene in DMSO showed 

significant amount of drug permeation into the skin. However, DMSO at high 

concentration (more than 60 %) was reported to induce erythema and damage to the 

stratum corneum (Junyaprasert et al., 2013; Kumar et al., 2011). This indicates that the 

solution of adapalene in 100% DMSO would not be feasible to be used for topical 

application. Thus, optimizing the formulation of adapalene with lower concentration of 

DMSO was explored. Many studies reported that DMSO can be used as nonirritant 

skin permeation enhancer at lower concentration. Such study in the literature showed 

that 45.5 % w/w of DMSO enhanced the permeation of topical nonsteroidal anti-

inflammatory drugs (NSAIDs) in managing the symptoms of osteoarthritis (Simon et 

al., 2009; Touma et al., 2007). Hence, a formulation containing 45.5 % w/w DMSO was 

considered.  

Topical suspensions are liquid dosage forms that contain solid particles 

dispersed in the liquid vehicle intended for skin application. Topical formulation of 

adapalene on market is based on topical suspension which is indicated in the processing 

method of such formulation. Further, incorporating gelling agent such as 

carboxymethyl cellulose (CMC) inhibits the further process of precipitation or 
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separation often associated with the long-term storage of topical suspension. Thus, 

proper ratio of inactive components- DMSO, aqueous solvent and gelling agent (CMC) 

of topical suspension gel formulation were optimized.  

Carboxymethylcellulose (CMC) is a water-soluble gelling agent which can also 

be used as a stabilizer. The concentration range of CMC varies depending on the 

desired viscosity (Dias & Duarte, 2013). After exploring different concentration of 

CMC, 4 % w/w was selected which was able to achieve gel consistency without forming 

any aggregation within the formulation.  

Most important factor to consider within this formulation was aqueous solvent 

which is important for iontophoretic drug delivery. Iontophoresis promotes drug 

permeation with small electric current which is applied for specific amount of time. 

Adapalene is negatively charged in physiological pH of 7.4 which makes it favorable for 

iontophoretic-mediated delivery. In order to create electrical flow that serves as a 

driving force for permeation, the formulation needs to have conductivity to maintain the 

flow during the iontophoretic process. To satisfy this necessity, 10mM phosphate 

buffered saline (PBS) was selected to be incorporated into this formulation as the 

aqueous solvent. After experimenting with different concentration of 10mM PBS in the 

formulation, it was concluded that 50.2 % w/w of 10mM PBS was sufficient to hold 

current density of 0.5 mA/cm2 for 4 h of cathodal and anodal iontophoresis.  

Optimized ratio of adapalene suspension gel was as followed: 0.3 % adapalene, 

45.5 % dimethyl sulfoxide (DMSO), 4 % carboxymethyl cellulose (CMC) and 50.2 % of 

10mM PBS (all concentration in w/w). The formulation was prepared one day prior to 

the permeation study and all components except the gelling agent were triturated 

properly in mortar and pestle to ensure no drug separation or aggregation. After the 
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gelling agent was added to reach desired topical suspension gel formulation, it was used 

further for iontophoresis-mediated delivery of adapalene. 

Iontophoresis-facilitated Delivery of Adapalene Suspension Gel 

Prior to application of physical enhancement technique, passive permeation of 

adapalene suspension gel formulation was determined. There was drug detected in the 

epidermis containing stratum corneum (1.82 ± 0.09 µg/cm2, Figure 12) which indicates 

the successful topical delivery of adapalene via topical suspension gel formulation. 

However, there was no drug found in receptor fluids as well as dermis layer of the skin.  

 

 

 

  

 

 

 

 

 

 

 
Figure 12. Iontophoresis-facilitated delivery of adapalene suspension gel. This shows 
average amount of the drug in epidermis containing stratum corneum (SC). Values are 
reported as mean ± SE (n=3). Asterisk indicates statistical difference from their 
corresponding passive permeation groups. (*; p < 0.05) 
 

 

Meanwhile, adapalene is ionized and negatively charged at physiological pH of 

7.4 which makes it unfavorable to passive permeation since stratum corneum is 
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restrictive towards ionized molecules. Thus, iontophoresis was investigated as a 

promising technique to further enhance the topical delivery of adapalene in suspension 

gel formulation. Both cathodal and anodal iontophoresis was explored and current 

density of 0.5 mA/cm2 was applied for 4 h in the beginning of the study followed by 

passive permeation. There was drug permeated into the epidermis containing stratum 

corneum (SC) in both cathodal and anodal iontophoresis, respectively (1.69 ± 0.03 

µg/cm2 and 1.93± 0.10 µg/cm2, Figure 12). However, the amount of drug delivered was 

not significantly different as compared to the passive permeation group (1.82 ± 0.09 

µg/cm2, Figure 12). Further, no drug was noted in receptor compartment as well as 

dermis for both iontophoresis groups. This result indicates that iontophoresis was not 

able to enhance the percutaneous absorption of adapalene into the skin.  

Permeation of topically applied drug molecules may occur through stratum 

corneum as well as via appendages including hair follicles and sweat glands. Several 

studies suggested the importance of hair follicles as penetration route and reservoir site 

for drug permeation (Bhatia et al., 2013; Ulrike Blume-Peytavi et al., 2010). The 

pathogenesis of acne vulgaris occurs in the site of appendages, specifically in the 

sebaceous glands associated with hair follicles. Consequently, differential tape stripping 

was performed to determine the transfollicular drug delivery as this method provides 

selective and quantitative information on delivery of adapalene into hair follicles. Upon 

completion of skin extraction however, there was no drug found in the follicular 

contents removed by cyanoacrylate skin surface biopsy in passive permeation group. 

Despite the fact that the transfollicular pathway is often favored as the major 

penetration route during iontophoretic drug delivery, no drug was detected in hair 

follicles in both cathodal and anodal iontophoresis groups as well. Restricted number of 
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hair follicles present in the permeation area as well as detection limit of analytical 

method may have led to such result. On the other hand, adapalene may not be 

permeating easily into the hair follicles due to its physicochemical properties which 

cannot be assured without further data. 

Conclusion 

 Topical suspension gel formulation containing 0.3 % w/w adapalene, dimethyl 

sulfoxide (DMSO), 10mM PBS and carboxymethyl cellulose showed drug permeation 

into the skin. Also, passive permeation of adapalene in DMSO significantly increased 

the topical drug delivery. The findings showed that DMSO is capable of enhancing the 

penetration of barrier property of the skin for adapalene. However, iontophoresis did 

not enhance delivery into skin.   
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CHAPTER 6 

SUMMARY AND CONCLUSIONS 

 While skin provides an attractive site for administration of therapeutic 

compounds for local and systemic effects, it presents an indomitable barrier to the 

permeation of most compounds. For a drug to achieve local or systemic effects, it must 

first penetrate the stratum corneum, which is the main protective barrier for drug 

permeation into and across the skin. Different chemical and physical enhancement 

techniques have been developed and used to achieve such objective. The main aim of this 

research was to utilize different chemical enhancement strategies and iontophoresis to 

facilitate the topical or transdermal delivery of dermatological and therapeutic drugs. 

 N-acetylcysteine (NAC) possesses numerous dermatological effects such as 

wound healing, anti-inflammatory and anti-proliferative effects. Due to such actions, it 

is considered to be a potential antidote for chemical warfare agent, specifically lewisite. 

However, due to its unfavorable physicochemical properties leading to low permeability 

across the stratum corneum, it is not feasible to reach systemic circulation that is 

necessary to treat internal damage of the body upon lewisite exposure. Hence, addition 

of chemical permeation enhancers was explored, and sodium lauryl sulfate was shown to 

significantly enhance the transdermal drug delivery. Further, application of 

iontophoresis was found to successfully facilitate the delivery of NAC to deeper layers of 

the skin, that is essential for systemic activity of N-acetylcysteine.  
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The use of iontophoresis to enhance the topical and transfollicular delivery of 

anti-alopecia drug, minoxidil was investigated in this research project. Iontophoresis as 

physical enhancement strategy was selected due to its preferential transport through 

transfollicular pathway and minimal possibility of skin irritation often associated with 

conventional formulations. In addition, different durations of current application were 

explored for targeted follicular delivery. In this study, anodal iontophoresis significantly 

enhanced the topical and follicular delivery of minoxidil while potentially minimizing 

the systemic circulation of minoxidil.   

A combination of iontophoresis and dimethyl sulfoxide (DMSO)-based 

suspension gel formulation was investigated in order to evaluate the topical delivery of 

adapalene. Screening of multiple chemical enhancer/vehicles was performed to identify 

the optimal vehicle to accommodate highly lipophilic adapalene, and this led to selection 

of dimethyl sulfoxide. Further, suspension gel formulation containing adapalene in 

vehicle composed of DMSO, phosphate buffered saline and gelling agent 

(carboxymethyl cellulose, CMC) was developed. The study showed that the formulation 

was able to show topical drug delivery, but no further enhancement was achieved with 

iontophoresis. 

Transfollicular route plays an important role in delivery of many topical 

therapeutic compounds including minoxidil and adapalene used in this project. Hence, 

the differential tape stripping method was utilized to quantify the drug amount within 

the hair follicles. The study with minoxidil and iontophoresis showed enhanced drug 

delivery through this route, thereby suggesting that hair follicles can be targeted to 

increase the efficacy of the drug. However, in the study with adapalene, no drug was 

detected in hair follicles, even after paired with iontophoresis. 
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Based on these results, it is apparent that chemical and physical enhancement 

strategies for different drug compounds successfully improved the delivery relative to 

their respective passive permeations, into or across the skin. A prudent selection of drug 

molecule with proper understanding of unmet therapeutic needs and limitations of 

approaches will be useful to maximize drug delivery into and across skin.  
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