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ABSTRACT 

HARIPRIYA KALLURI 

lontophoretic delivery of imiquimod into and across intact 

or microporated skin and investigation of pore closure 

dynamics 

(Under the direction of DR. AJAY K. BANGA) 

Purpose. The broad aim of this project was to evaluate 

microneedle technology and iontophoresis for intradermal 

and transdermal delivery of drugs. 

Methods. Microneedle technology was characterized by 

investigating the formation and closure of microchannels 

created by soluble and metal microneedles, in vivo, by 

various techniques including histological sectioning, 

confocal microscopy, calcein imaging, transepidermai water 

loss measurements, methylene blue staining, and flux 

studies. 
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Iontophoresis mediated intradermal delivery of 

imiquimod was investigated both, in vitro and in vivo. 

Formulation and iontophoretic parameters were optimized in 

vitro. In vivo studies were performed in hairless rats to 

assess the formation and desorption of imiquimod skin 

depots. Effects of microporation and combination treatment 

of microneedles and iontophoresis on imiquimod delivery 

were also investigated. 

Results. Maltose and metal microneedles effectively 

created microchannels in hairless rat skin, in a 

reproducible manner. When exposed to the environment, 

microchannels closed within 15 hrs for soluble microneedles 

and pore closure could be delayed for up to 72 hrs by 

exposing the microporated site to occlusive conditions. 

Microneedle length had a direct effect on pore closure 

times, as observed for metal microneedles. Pores closed 

within 12 hrs for 370 pm long microneedles as compared to 

18 hrs for 770 urn long microneedles. 

Iontophoresis treatment increased permeation levels of 

imiquimod into skin. Increasing the drug load in the donor 

formulation resulted in a direct increase in drug delivery. 
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Iontophoresis, microporation and combination treatment, all 

resulted in comparable levels and enhanced imiquimod 

delivery into skin as compared to passive conditions. 

Imiquimod formed a depot in the skin for all treatment 

conditions which depleted over a period of several days, 

thereby allowing prolonged delivery. 

Conclusion. Microneedle technology is a very appealing 

enhancement method for drug delivery due to the reversible 

nature of pore formation in skin. Pore closure can be 

controlled by introducing occlusive conditions in the drug 

delivery system. 

Iontophoresis significantly enhanced imiquimod 

delivery into skin. Imiquimod formed a depot in the stratum 

corneum layer of skin which depleted over a period of 72 

hrs. Iontophoresis and microneedles resulted in comparable 

levels while the combination approach resulted in 

significantly higher levels. These studies indicate the 

feasibility of developing enhancement mediated drug 

delivery systems for controlled delivery of imiquimod into 

skin with reduced treatment durations. 



CHAPTER 1 

INTRODUCTION 

Skin is the most accessible organ of the body with a 

large surface area of 2 m2 (Jacobe and Francone, 1970) . It 

provides a platform for delivering therapeutic compounds 

into (localized) and across (systemic circulation) the 

skin. It's potential as a route for drug delivery was 

recognized several decades ago with medicated plasters 

being the first product intended for localized tissue 

medication (Chien et al., 1989). Since then, there has been 

increased interest in drug delivery through skin and 

several products such as topical lotions, ointments, 

inunctions and transdermal patches have been developed. 

Currently, there are over 35 transdermal products on the 

market for various disease conditions. These include 

patches for clonidine, estradiol, buprenorphine, fentanyl, 

granisetron, methylphenidate, nicotine, nitroglycerin, 

oxybutynin, rivastigmine, selegiline, scopolamine, 
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testosterone, and combinations of estradiol/levonorgestrel, 

lidocaine/tetracaine and lidocaine 

hydrochloride/epinephrine. Several other transdermal 

products for desmopressin, human growth hormone, influenza 

vaccine, insulin, GLP-1 analog, parathyroid hormone, 

sumatriptan and zolmitriptan are also being investigated 

and are currently in different phases of clinical trials 

(Banga, 2011) . 

This route of administration has several advantages, 

particularly, avoidance of the hepatic first-pass effect 

and gastrointestinal degradation (Singh and Singh, 1993). 

It allows localized delivery of compounds for treatment of 

skin conditions such as acne and dermatitis for which skin 

is the target site, thereby avoiding systemic exposure and 

related side-effects. On the other hand, for drugs intended 

for systemic circulation, the transdermal approach enables 

controlled and continuous delivery for extended periods of 

time due to the presence of an extensive capillary network 

in the dermis. This route of administration is also cost-

effective and highly patient compliant as patients can 

self-administer the transdermal patches avoiding the need 

for a visit to the clinic. 
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However, passive delivery through skin is limited by 

the outermost rate limiting barrier, the stratum corneum. 

Stratum corneum is a densely packed region consisting of 

multiple layers of dead keratinocytes embedded in a lipid 

matrix. It is a heterogenous membrane consisting of both 

lipophilic and hydrophilic regions. It is typically 10-30 

urn thick and has a water content of only 20%. This layer is 

physiologically inactive and its main functions are to 

prevent entry of exogenous compounds from entering the body 

and maintaining barrier homeostasis by preventing excessive 

water loss from skin. Due to the main lipophilic nature of 

the stratum corneum, passive permeation through this rate 

limiting membrane is limited to only small (< 500 Da), 

potent and moderately lipophilic (log P < 3) molecules. 

This limits the delivery of hydrophilic compounds and 

macromolecules such as proteins. 

However, once a molecule overcomes the stratum corneum 

barrier, it can then easily diffuse past the different 

layers of the viable epidermis and dermis which are 

comparatively more hydrophilic in nature, and finally enter 

the systemic circulation via the large capillary network 

present in the dermis. Therefore, the key point for 
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delivering hydrophilic compounds and macromolecules is to 

overcome this barrier. This would enable delivery of 

protein-based drugs which have gained a lot of interest in 

recent years due to the developments in recombinant DNA 

technology and have implications for treatment of several 

conditions such as diabetes, osteoporosis and cancers. 

Conversely, it may be difficult for highly lipophilic 

compounds (log P > 3) to partition out of the stratum 

corneum due to the hydrophilic nature of the viable 

epidermis and hence can form depots in the stratum corneum 

region. 

In order to overcome the stratum corneum barrier, 

several chemical, electrical and physical enhancement 

techniques have been developed and investigated; some of 

the major ones being chemical enhancers, iontophoresis, 

microneedles, sonophoresis, laser ablation, thermal 

ablation, radio frequency ablation, jet injectors and 

electroporation (Kalluri and Banga, 2011). 

Permeation enhancers are compounds which temporarily 

alter barrier properties of the stratum corneum and enhance 

drug delivery. Several compounds have been investigated for 

enhancing drug delivery through skin. Some of these are 
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ethanol, propylene glycol, oleic acid, dimethylsulfoxide 

(DMSO), azone, isopropyl myristate, sodium lauryl sulfate, 

lauryl alcohol and surfactants, among many others. The most 

common and ideal permeation enhancer is water. In the 

presence of water, the stratum corneum can expand to more 

than 200% its original thickness, providing permeation 

pathways for molecules. With the same principle, occlusive 

ointments and creams have also been used to increase the 

hydration levels of the barrier for enhancing drug 

delivery. However, this pathway is still limited by the 

molecular weight of the permeating molecule. Therefore, 

active and physical enhancement methods were explored. 

Microneedle technology is a physical enhancement 

method which is a hybrid of conventional hypodermic needles 

and the passive transdermal patches. The microporation 

process is conceptually similar to a mosquito bite where 

the proboscis of the mosquitos is inserted into skin. 

Micron-sized needles porate skin in a minimally invasive 

manner to create micron-sized channels which enable 

delivery of hydropnilic compounds and even macromolecules. 

Since these needles are micron-sized in dimensions, they do 

not reach the nerve endings and blood capillaries present 
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in the dermis, resulting in painless and minimally invasive 

drug delivery. The microchannels are hydrophilic in nature 

owing to the presence of interstitial fluid which fills up 

the channels immediately after microporation. The concept 

of microneedles was first described in a 1976 patent by 

Gerstel and Place (Gerstel and Place, 1976). However, it 

was much later in 1998 that the first report on the use of 

microneedles for transdermal drug delivery was published by 

Henry et al. (Henry et al., 1998). Since then, there have 

been numerous publications on microneedle fabrication, 

types of microneedles, in vitro/in vivo studies in animal 

models and some human clinical studies. 

Microneedles can be classified as solid or hollow 

based on their structural design. Solid microneedles can be 

applied in three different approaches. In the most common 

approach, skin is porated with microneedles following which 

a drug patch is placed on the site and the drug diffuses 

through the microchannels. In the second approach, 

microneedles can be coated with the drug formulation such 

that upon insertion into skin, interstitial fluid in the 

microchannels immediately dissolves the drug, resulting in 

drug delivery. In the third approach, drug can be 



7 

incorporated into biodegradable microneedles. Upon 

insertion into skin, the biodegradable matrix 

dissolves/disintegrates in the skin, resulting in drug 

delivery. Hollow microneedles have a hollow core which 

allows infusion of liquid formulations into skin. This 

approach typically requires a drug reservoir for storing 

the drug formulation. 

Microneedle technology has several advantages such as 

painless drug delivery and high patient compliance. When 

integrated with a transdermal patch, they can be worn on 

the skin like a band-aid. This technology is fairly simple 

and easy to use. Patients will be able to self-administer 

the patches at home, avoiding the need for a visit to the 

clinic. Microneedles are also very cost-effective when 

produced on a large scale. Also, there is no size 

restriction on molecules that can be delivered into skin. 

Iontophoresis is an active enhancement method where, 

in the presence of an electrical potential gradient, 

charged and neutral molecules are propelled into the skin. 

The first use of this principle was in 1936 for treatment 

of excessive sweating (hyperhidrosis) by ion transfer of 

certain solutions. Since then, it has been used for 
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inducing sweat for diagnosis of cystic fibrosis and 

delivering various compounds such as steroids, antiviral 

agents, antibiotics, histamine/antihistamines, 

dexamethasone and nicotine (Banga, 2011). Iontophoretic 

delivery is governed by two mechanisms - electromigration 

and electroosmosis. Electromigration is the repulsion of a 

charged species when placed under an electrode of similar 

polarity, following the principle of "like repels like". 

Positive ions are delivered by anodal iontophoresis and 

negative ions are delivered by cathodal iontophoresis. This 

is the predominant mechanism of transport for charged 

species. Alternatively, electroosmosis is the bulk solvent 

flow which follows the direction of counterions in a 

concentration independent manner. Since skin is negatively 

charged, the solvent flow is typically from anode to 

cathode. Therefore, positively charged and neutral 

molecules can be dragged by the solvent flow resulting in 

enhanced drug delivery. Iontophoresis mediated transport is 

considered to take place via the transappendageal pathways 

in skin. Hair follicles and sweat ducts play a major role 

since charged species move along regions where resistance 

to permeation is the least. 
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Iontophoretic delivery is dependent on several factors 

which include current density, modality of current, 

physicochemical properties of the drug and formulation 

factors such as concentration, pH and ionic strength. Since 

this is an active enhancement technique, optimizing these 

various parameters for each specific compound can result in 

controlled delivery. This technique has been successfully 

used for delivering several small molecules and peptides 

into and across skin (Riviere et al., 1992; Thysman and 

Preat, 1993; Brand and Iversen, 1996; Green, 1996; Jadoul 

et al., 1996; Gupta et al., 1998; Cormier et al., 1999). 

Iontophoresis has also been used for other applications 

such as drug delivery into the nail, eye, external ear 

canal, dental area, muscles and joints (Singh and Singh, 

1993). The principle of iontophoresis has also been used 

for extracting biological fluids from skin for non-invasive 

detection of analytes (reverse iontophoresis)(Glikfeld et 

al., 1989). An example of this application is the 

Glucowatch Biographer® for glucose monitoring (Rao et al., 

1995; Delgado-Charro and Guy, 2003). 

Iontophoresis increases the range of molecules that 

can be delivered through skin, particularly polar and 
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charged drugs. Also, since iontophoresis mainly acts on the 

drug molecules, there are no significant effects on the 

skin barrier, as evidenced by minimal irritation and fast 

recovery rates (Ledger, 1992). However, iontophoretic 

transport has its own set of limitations. Studies suggest 

that this technique is typically restricted to 

compounds/peptides with a molecular weight ^ 10-15 kDa. 

Large compounds have low transport numbers as they are poor 

charge carriers. For these drugs, the dominant mechanism of 

transport is via electroosmosis which may be considered to 

be independent of molecular size (Pikal, 1992). However, 

electroosmosis is not that efficient as compared to 

electromigration and hence combination of iontophoresis 

with other techniques has been suggested for larger 

compounds. 

Studies have shown that combining two enhancement 

technologies can result in synergistic effects, enhancing 

drug delivery even more. Combination of iontophoresis with 

chemical enhancers, electroporation, microneedle technology 

and sonophoresis has been explored by several research 

groups (Wang et al., 2005). 
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Once the drug molecule is successfully delivered into 

skin, it is essential that it remains intact in order to 

exert its pharmacological effects. Skin has proteolytic 

enzymes which can degrade the molecules, especially 

peptides and proteins. However, the proteolytic activity is 

significantly low as compared to mucosal routes, thereby 

reducing the amount of degradation (Steinstrasser and 

Merkle, 1995). Skin also has langerhans cells which can 

mediate adaptive immunity by draining into the lymph nodes. 

Vaccination via skin can benefit from this process for non

invasive and effective immunizations. Therefore, the 

transdermal route may result in comparatively higher 

bioavailabilities as compared to some other routes of 

administration. 

In this study, the microchannels created by soluble 

(maltose) and metal microneedles have been characterized by 

various staining and imaging techniques. The closure of 

microchannels is an important aspect of microneedle 

technology which can directly affect drug delivery. It is 

desirable that once the drug patch is removed from the 

microporated site, microchannels should close within a 

short period of time. If left open for longer durations, it 
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may result in skin irritation and infections. Conversely, 

if the microchannels close while the patch is still placed 

on the site, then drug delivery is hindered. Therefore, in 

this work, the pore closure process in microneedle treated 

hairless rat skin was investigated. The effect of different 

occlusive conditions on pore closure was also studied. 

Iontophoresis mediated delivery of imiquimod was also 

investigated. Imiquimod is an immune response modifier 

which has a small molecular mass of 240.30 g/mol and is 

moderately lipophilic (log P: 2.7). It has therapeutic 

indications for treating actinic keratosis, superficial 

basal cell carcinoma, genital warts, and several other skin 

conditions. It has been indicated to act via the Toll-Like 

Receptors (TLR 7) present in skin. Current treatment 

options include surgical excisions or topical treatment 

with a 5% imiquimod cream. Surgeries are highly invasive 

and not patient compliant. The topical treatment has shown 

effective results but this therapy is associated with 

several disadvantages ranging from high dose variability, 

long treatment times, high frequency of treatments and 

local side effects. 

Therefore, to overcome these disadvantages, 

iontophoresis mediated delivery was investigated to develop 
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an alternative treatment regimen. Since imiquimod is small 

in size and moderately lipophilic, it is an ideal candidate 

for targeted delivery into skin, its site of action. 

Iontophoretic parameters were optimized in vitro and skin 

depot studies were performed, both in vitro and in vivo, to 

characterize the formation and desorption of imiquimod 

depots in skin. Microneedle mediated delivery of imiquimod 

was also investigated using maltose microneedles. Finally, 

the effect of combining microneedle technology with 

iontophoresis was also studied. 

Specific Aims 

The broad aim of this research project was to evaluate 

microneedles and iontophoresis for their effects on 

enhancing intradermal and transdermal delivery of 

therapeutic moieties. The specific aims of this project are 

as follows: 

1. To investigate formation and closure of microchannels in 

skin following microporation with soluble maltose 

microneedles. 
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2. To characterize DermaRoller as an alternate means for 

skin microporation and investigate the pore closure 

pattern of microchannels created by metal microneedles. 

3. To investigate iontophoresis assisted delivery of 

imiquimod: formulation optimization and in vitro 

permeation studies. 

4. To characterize the formation and desorption of imiquimod 

depot, in vivo, in hairless rats. 

5. To study the synergistic effect of iontophoresis and 

microneedle technology for intradermal delivery of 

imiquimod. 



CHAPTER 2 

LITERATURE REVIEW 

Transdermal Delivery of Therapeutic Moieties 

Oral dosage forms have been, and continue to be the 

most widely used drug dosage forms for several decades. 

However, this route of administration has its share of 

limitations such as poor bioavailability (in many cases) 

and metabolism in the GI tract. Parenteral administration 

of drugs via hypodermic needles provides instant delivery, 

better bioavailability, and can avoid the first pass effect 

in the body. With this route, it is possible to deliver a 

bolus dose or a sustained dose, as reguired. However, this 

route has low patient compliance due to the pain factor and 

psychological stress associated with hypodermic needles. 

Also, many of the new drugs coming to market are peptides 

and proteins which cannot be administered orally and need 

frequent injections if given parentally. Other routes of 

15 
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drug administration include buccal, rectal, sublingual, 

pulmonary and nasal routes; however, drug delivery is 

highly variable with low bioavailabilities. Drug delivery 

though skin for local/systemic effects avoids some of these 

drawbacks and offers several advantages such as reduced lag 

times, localized treatment, avoidance of first pass effect 

and high patient compliance. Skin is the largest organ of 

the human body which covers an average area of 2 mz and 

accounts for approximately 10% of total body mass (Jacobe 

and Francone, 1970). It is a complex organ which protects 

the body from exogenous factors such as microbes and any 

physical injury while simultaneously maintaining the heat 

and fluid/electrolyte content of the body by inhibiting 

excessive transepidermal water loss (Berti and Lipsky, 

1995). Due to its large surface area and easy access, it is 

a very appealing site for drug administration. 

Since the first scopolamine transdermal patch was 

approved in 1979 for treatment of motion sickness, several 

transdermal products have been developed. Currently, there 

are over 35 transdermal patches on the market which include 

patches for scopolamine, clonidine, fentanyl, diclofenac, 

estradiol, buprenorphine, nitroglycerin, nicotine, 
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estrogen/progestin, testosterone and selegiline, among 

others. However, passive delivery of drugs through skin is 

limited to moderately lipophilic compounds with a small 

molecular weight by the outermost lipophilic barrier, the 

stratum corneum. To enable topical/transdermal delivery of 

a broader range of hydrophilic compounds and 

macromolecules, several enhancement techniques such as 

chemical penetration enhancers (Finnin and Morgan, 1999), 

microneedles, electroporation (Arora et al., 2008), laser 

ablation, thermal ablation, sonophoresis and iontophoresis 

(Benson and Namjoshi, 2008) have been developed which aim 

at overcoming/bypassing the stratum corneum barrier in 

different ways. 

Structure of skin 

Human skin is typically 2-3 mm thick and is comprised 

of three distinct layers - the epidermis, dermis and the 

innermost subcutaneous tissue (hypodermis). 

Epidermis is the outer layer of skin which is 

classified as a stratified squamous keratinizing epithelium 

and is avascular in nature. It is typically 100-150 urn 
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thick and the thickness varies with body region. Epidermis 

is the thickest on the palms and soles (Bronaugh and 

Maibach, 1989) as compared to the rest of the body. The 

main cell types found in the epidermis include 

keratinocytes, langerhans cells, melanocytes and merkel 

cells. Keratinocytes differentiate into the stratified 

epithelium and this is a continuous process where new cells 

are continuously generated from the deeper layers (basal 

membrane) and dead cells are constantly moved towards the 

outer surface. Based on this differentiation, epidermis is 

comprised of four distinct layers - stratum basale, stratum 

spinosum, stratum granulosum and stratum corneum. 

The stratum basale (or stratum germinativum) layer is 

the basal layer above the epidermal-dermal junction. This 

layer contains keratinocytes, melanocytes, langerhans cells 

and merkel cells. In this layer, keratinocytes are attached 

to the basement membrane via hemidesmosomes. Anchoring of 

keratinocytes via these proteinaceous anchors is very 

important as loss of adhesion may result in skin shedding. 

These keratinocytes undergo cell division via mitosis and 

cells are continually pushed upwards as new cells are 

produced. Langerhans cells are also present at this 
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epidermal-dermal junction. Mainly derived from the bone 

marrow, the langerhans cells are major antigen-presenting 

cells. Upon contact with an antigen, they present the 

antigen to lymphocytes in the lymph nodes, thereby inducing 

cellular immunity (Williams, 2003). 

The stratum spinosum layer (or prickle cell layer) is 

located on top of the basal layer and consists of 2-6 

layers of keratinocytes which migrated from the underlying 

basal layer. As the cells move towards the upper rows, the 

cells change their shape from columnar to polygonal, begin 

to differentiate and synthesize keratins. Keratins 

aggregate and form tonofilaments which condense further to 

form desmosomes which are responsible for connecting 

adjacent keratinocytes. The stratum spinosum and stratum 

basale layers, together, are known as the malpighian layer. 

The keratinocytes from the spinosum layer move into 

the stratum granulosum layer where they continue to 

differentiate and synthesize keratin. This layer is only 1-

3 cell layers thick and the cells start to flatten out as 

they move up. The stratum granulosum layer also consists of 

enzymes which start the degradation process of the viable 

components of cells. 
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Stratum lucidum layer is located between stratum 

granulosum and the top most stratum corneum layers. In this 

layer, the cell nucleus disintegrates, keratinization 

increases, and consequently, cell morphology changes to a 

flatter structure. 

Stratum corneum is the top most layer of skin and the 

final product of epidermal cell differentiation. The 

stratum corneum layer consists of 10-15 layers of dead, 

anucleate, keratinized cells (corneocytes) which are 

dispersed in a lipid matrix (consists of ceramides, fatty 

acids, cholesterol, cholesterol sulfate and sterol/wax 

esters), similar to a "bricks and mortar" structure 

(Michaels et al., 1975; Elias, 1981). This layer is 

typically 10-30 um thick and can swell up to several times 

its thickness when hydrated. Overall, the stratum corneum 

is comprised of 75-80% protein, 5-15% lipid with 5-10% 

unidentified on a drug weight basis (Wilkes et al., 1973). 

Due to its distinct properties such as high lipophilicity 

and dense packing of non-viable cells, it is often regarded 

as a separate layer from epidermis and is responsible for 

maintaining moisture content of skin and restricted 

permeation of exogenous compounds. Passive delivery through 



21 

this rate limiting barrier is mostly limited to small, 

lipophilic molecules. 

Dermis is a dense, connective tissue which lies 

beneath the epidermis and is connected to it by the 

basement membrane at the epidermal-dermal junction. It 

comprises of collagen fibrils, blood capillaries, lymphatic 

vessels, nerve endings, piiosebaceous units (hair follicles 

and sebaceous glands) and sweat glands. The collagen 

fibrils and elastic tissue are embedded m a 

mucopolysaccharide gel matrix which provides support and 

flexibility to skin. The blood capillaries from the 

underlying hypodermis spread throughout the dermis and 

reach the epidermis-dermis junction. This high distribution 

of blood capillaries and a rich blood flow of 0.05 mL/mm 

effectively regulate oxygen and nutrients delivery to 

various parts of skin while continuously clearing away 

exogenous compounds which have permeated from the outer 

surface (Williams, 2003). The latter is especially 

important for transdermal drug delivery as the continual 

clearance of drug molecules from the treatment site 

maintains sink conditions which is essential to maintain 

the concentration gradient required for effective passive 
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permeation of drugs. The lymphatic system also reaches up 

to the epidermis-dermis junction and plays a major role in 

immunological responses to external antigens. It has been 

reported that lymphatic flow plays a major role in 

clearance of larger molecules (Cross and Roberts, 1993). In 

terms of permeation of drug molecules, the dermal layer 

does not pose as a barrier for polar compounds due to the 

high polarity of the tissue. However, it may restrict 

further permeation of highly lipophilic compounds. 

The dermal tissue is also the location of origin for 

hair follicles, sweat glands and sebaceous glands, which 

together comprise the three main appendages present on skin 

surface. Even though drug delivery through these appendages 

is possible, the surface area of these appendages is very 

small compared to intact skin and hence they contribute a 

very negligible amount towards overall permeation. 

The hypodermis is essentially the subcutaneous fat 

layer which bridges the dermis with the underlying body 

constituents. The main function of this layer is to 

insulate the body and protect it from physical shock. It 

also carries the nerves endings and blood vessels into the 

dermal layer. The thickness of this layer depends on the 
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anatomical site and will vary from person to person 

according to their state of physical fitness. This fatty 

adipose tissue can also supply energy, when required by the 

body. 

Pathways for skin permeation 

Permeation of molecules from skin surface to epidermal 

and dermal layers is a multi-step process where multiple 

pathways may be involved. As mentioned earlier, passive 

permeation of molecules through skin is limited by the 

lipophilic stratum corneum barrier. Therefore, once a 

molecule overcomes this barrier, it can then easily diffuse 

through the relatively hydrophilic epidermal and dermal 

layers and reach the system circulation via blood 

capillaries present in the dermal layer. 

There are three main pathways for passive diffusion 

through the stratum corneum - transcellular route, 

intercellular route and transappendageal route (shunt 

route). Permeation is typically not restricted to one route 

alone. It involves a combination of these three pathways; 

however, relative contributions of each pathway will depend 
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on the formulation vehicle ana physicochemical properties 

of the ctrug such as solubility and partition coefficients. 

The transcellular (or intracellular) pathway is a 

polar pathway where the solute nas to diffuse through the 

cellular components of corneocytes, predominantly the 

highly hydrated keratin which is essentially an aqueous 

environment. Hence, this pathway is predominantly for 

hydrophilic molecules. However, since the corneocytes are 

embedded m a lipid matrix, hydrophilic solutes will face 

several hurdles. The solute should first partition from the 

vehicle to the keratmocyte, diffuse through hydrated 

keratin, partition out into the lipid bilayers, diffuse 

past the bilayers and partition into another keratmocyte, 

and so on, till they reach the stratum lucidum layer of the 

epidermis which is relatively hydrophilic in nature. The 

rate limiting barrier for this pathway is the number of 

lipid bilayers (path length) a solute needs to partition 

across. 

The intercellular pathway is the principal pathway for 

small, uncharged molecules. Solutes traverse via the lipid 

domain between corneocytes. Since they do not partition 

across corneocytes, the intercellular route is highly 
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tortuous and the path length is typically much longer than 

the stratum corneum thickness. The diffusion time will also 

depend on the physicochemical properties of solutes. 

The transappendageal pathway involves passage through 

hair follicles and sweat ducts. These appendages, which 

originate in the dermis, reach up to the skin surface and 

are present as small pores. Generally, drug delivery 

through these shunt pathways is not significant as these 

appendages account for only 0.1% of the total skin surface 

(Scheuplein, 1967). However, in cases where the site of 

action is pilosebaceous units, they play a major role in 

drug delivery. Also, during iontophoresis mediated delivery 

where an external field is applied to propel drug 

molecules, charge is carried via these shunt routes as they 

offer the least resistant pathway. 

Metabolic and immunological capabilities of skin 

Skin also has several drug-metabolizing enzymes 

present in the epidermal and dermal layers (sebaceous 

glands and hair follicles). Although guantities of enzymes 

in skin are significantly less than those found in the 
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liver, they are metabolically active and may reduce the 

bioavailabilities of susceptible compounds. It has been 

reported that Phase 1 (oxidation, reduction, hydrolysis) 

and Phase 2 reactions (methylation, glucuronidation) can 

occur in skin, though the level of metabolism is lower than 

10% than in liver (Hotchkiss, 1998). Esterases especially 

are considered to have high activity in skin. Additionally, 

certain microorganisms on the skin surface may also 

metabolize certain drugs. 

Skin also has immunological capabilities due to the 

presence of a dense network of langerhans cells, 

macrophages, dermal dendritic cells, keratinocytes and mast 

cells in the epidermal and dermal layers. Upon activation 

by external antigens, langerhans cells and dermal dendritic 

cells can induce humoral and cellular immunity. Therefore, 

vaccination via skin can result in effective and long-

lasting immune responses. 
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Enhancement approaches for transdermal drug delivery 

Chemical Enhancers 

Chemical penetration enhancers (absorption promoters) 

are chemicals which partition into the stratum corneum and 

reversibly alter the lipid structure, thereby reducing its 

barrier properties and increasing its permeability for 

drugs which would normally not pass through intact skin. 

Chemical enhancers can act directly by denaturing 

intracellular keratin; increasing stratum corneum hydration 

levels; alteration of cohesion properties of corneocytes; 

modification of intercellular iipid domains; or by altering 

the solvent nature of stratum corneum. They can also act 

indirectly by modifying the thermodynamic activity of the 

vehicle; solubilizing the solute in the donor; or by 

"dragging" the solute with them as they partition into the 

stratum corneum. 

A broad range of chemicals have been investigated for 

penetration enhancing effects; however, no single compound 

has been reported to be ideal. An ideal chemical enhancer 

should be non-toxic, non-irritating, non-allergenic, have 

no pharmacological activity in the body, should be 

cosmetically appealing, compatible with the drug and other 
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excipients, and the effects should be reversible. Some of 

the commonly used chemical enhancers include sulfoxides, 

azones, pyrrolidones, fatty acids, alcohols, fatty 

alcohols, glycols, surfactants, terpenes, urea and 

phospholipids. Water is a commonly used penetration 

enhancer which increases hydration levels of the stratum 

corneum barrier, thereby increasing permeability rates of 

compounds. Another widely studied penetration enhancer is 

dimethylsulfoxide (DMSO) which has been reported to be 

effective for both hydrophilic and lipophilic compounds. 

Some enhancers which are used in commercially available 

patches include ethanol, oleic acid, oleyl alcohol and 

propylene glycol. 

Conversely, certain compounds which increase the 

rigidity of the stratum corneum barrier act as permeation 

retardants and can be incorporated into formulations to 

decrease flux/reduce the permeation rate of drugs in skin. 

This is especially useful for delaying the depletion of a 

drug depot in skin. Other formulation strategies for 

desired effects include the use of prodrugs, ion pairing, 

eutectic mixtures, supersaturation and barrier creams. 

Drugs can also be incorporated into different types of 
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vesicles such as liposomes, niosomes, ethosomes and 

transfersomes. Surfactants in these particles aid in local 

fluidization of the lipids which then allows for the 

particles to sit in the upper layers of the stratum corneum 

where they can form a depot, resulting in prolonged 

effects. Transferosomes are more elastic in nature which 

allows them to squeeze their way through the pores on skin 

surface into deeper layers of skin (Jain et al., 2003). 

While chemical enhancers can increase permeation rates 

of small molecules, delivery of macromolecules is unlikely 

since the primary mechanism of transport is still passive 

diffusion. Long term use of chemical enhancers may also 

result in irreversible effects raising safety concerns. 

Microneedle Technology 

Microneedle technology is a bridge between the 

traditional hypodermic needles and the passive transdermal 

patches. Microneedles are micron-scaled needles which 

penetrate past the stratum corneum barrier and create 

microchannels in skin that bypass this rate limiting 

barrier and enhance drug delivery. Microneedles can be 
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fabricated in various lengths and dimensions. Generally, 

they are small enough such that they do not reach the nerve 

endings in the dermal layer and hence result in painless 

administration of drugs. The concept of microneedles has 

been put forth as early as in the 1970s (Gerstel and Place, 

1976). However, they were not manufactured or used due to 

limitations related to the instrumentation required for 

their fabrication. Recent advances in fabrication 

technologies have now made this possible. Microneedles were 

first manufactured from silicon. However, in recent years, 

different types of materials such as glass, polymers, 

biodegradable polymers and metals have been successfully 

used for microneedle fabrication. 

Based on the structural design, microneedles can be 

broadly classified into solid and hollow microneedles. 

Solid microneedles are solid structures protruding out of 

plane while hollow microneedles have a hollow core that 

allows infusion of liquid formulations. Microneedles can be 

administered in different application modes: (i) skin 

poration followed by application of a drug loaded patch; 

(ii) insertion of drug coated solid microneedles into skin; 

(iii) insertion of drug encapsulated biodegradable 
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microneedles into skin; or (iv) infusion of liquid 

formulations via hollow microneedles. The application mode 

will depend on the objective of the study and the target 

therapeutic levels. For example, if large amounts of drug 

need to be delivered, then infusing a high concentration 

liquid formulation via hollow microneedles may be more 

effective than coated microneedles as the latter has a 

maximum drug loading limit of ~1 mg. 

Several studies have been published reporting the 

efficacy of this technique in enhancing transdermal 

delivery of a wide range of compounds, ranging from small 

molecules to proteins. Microneedles have also been reported 

to have applications in transscleral drug delivery (Jiang 

et al., 2007). Currently, several microneedle based 

intradermal/transdermal products are being developed by 

various companies (Table I). 

Fabrication of microneedles 

Technological advances in the microelectronics 

industry and innovations in materials science have enabled 

the fabrication of micron-sized devices for use in various 
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fields including diagnostics and drug delivery. 

Microelectronics (MEMS) technology shares the same 

principles as the process for making integrated circuits 

such as microchips and sensors. This technology has made it 

possible for the creation of devices such as microchip 

sensors and tools for diagnostics and surgery, and 

microchip patches and microneedles for the field of drug 

delivery. 

Silicon was initially used as the raw material for 

manufacturing microneedles. Now, they can be fabricated 

from a wide range of materials such as sugars, metals, 

glass and polymers. Selection of the raw materials for 

microneedle fabrication will depend on the nature of the 

application. For example, for hollow microneedles, it might 

be more ideal to use glass or metals rather than sugars and 

polymers in order to ensure adequate mechanical strength 

during insertion and infusion. 

The fabrication procedure mainly involves the common 

processes of deposition, photolithography and reactive ion 

etching (Polla et al., 2000; Tao and Desai, 2003). In 

general, a substrate such as a silicon wafer is deposited 

with a secondary substance. The desired dimensions and 
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geometries of microneedles are patterned onto the surface 

of the substrate by lithography, followed by an etching 

process (dry/wet etching) which results in the generation 

of microneedles with the desired dimensions. For example, 

Wilke et al. have fabricated silicon microneedles by a wet 

etching process. A P-type silicon wafer (100) was first 

deposited with nitride on a pad oxide layer by Low Pressure 

Chemical Vapour Deposition (LPCVD), followed by patterning 

with plasma etching (Wilke et al., 2005). In another study, 

Shikida et al. have proposed a non-photolithographic 

pattern transfer procedure for the fabrication of pen-

shaped microneedles. The substrate was cut into desired 

patterns with a dicing saw (dicing technology), followed by 

anisotropic wet etching (Shikida et al., 2004). Several 

fabrication procedures with similar etching processes have 

been reported in the literature (Paik et al., 2004; 

Rodriguez et al. , 2005; Ji et al., 2006; Roxhed et al., 

2008) . 

Biodegradable microneedles can be made from polymers 

and sugars using micromolding techniques which are 

relatively inexpensive. The first step in this process is 

the fabrication of micromolds which act as casts for 
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preparing multiples batches of microneedles. Once a 

suitable polymer/sugar is selected, it is melted, mixed 

with the active drug, and cast into micromolds. When the 

mixture solidifies at lower temperatures, microneedles can 

be removed from the molds. In a study by Park et al., 

biodegradable polymer microneedles were prepared by a 

similar micromolding technique. Micromolds were first 

prepared for tapered-cone master structures. For the 

fabrication of molds, a novel lens-based technique was 

employed where an opaque chromium layer was deposited and 

lithographically patterned onto a glass base. A glass 

etchant was used to etch the glass substrate through the 

openings in the patterened chromium layer to create concave 

holes, followed by casting of SU-8 photoresist on the 

surface. The substrate was then exposed to UV-light from 

the glass side. The areas covered with chromium coating do 

not allow the passage of light, resulting in tapered cone 

structures. These molds were then filled with a 

biodegradable polymer for microneedle fabrication (Park et 

al., 2005) . Miyano et al. employed a similar procedure for 

fabrication of drug loaded sugar microneedles. In this 

study, a metal cast was used as the mold. Ascorbate-2-

glicoside was mixed with melted maltose and the mixture was 
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placed in the casting mold. Once the temperature was 

lowered, microneedles were pulled out of the mold (Miyano 

et al., 2005). 

Some other methods which have been employed for 

fabrication of different types of microneedles are 

microinjection molding technique (Sammoura et al., 2007) 

and laser ablation (Chen et al., 2005). In a study by Chen 

et al., arrays of microholes were created in a glass 

substrate by laser ablation. These microholes acted as the 

casting molds for microneedles. They reported the 

fabrication of microneedles by electroplating these molds, 

thereby resulting in electroplated nickel microneedles 

(Chen et al., 2005). In another novel process, another 

group has fabricated silicon microneedles with 

biodegradable tips. Solid silicon microneedles were first 

manufactured by the common processes of deposition and 

etching. The microneedles were then coated with a layer of 

Si3N4 layer and spun. As a result, the tips of the 

microneedles have a very thin coat compared to the base of 

the microneedles. Anisotropic etching was performed which 

resulted in the formation of pores in the microneedle tip; 



36 

the base was protected by the Si3N4 layer (Chen et al., 

2008). 

As is evident from this discussion, there are several 

methods for fabricating different types of microneedles. 

Various factors such as the type of substrate, etching 

(dry/wet), time of application of etchant and etching 

conditions affect the final geometry of the microneedles. 

Due to advances in technology and materials science, it is 

now becoming possible to manufacture microneedles on a mass 

production scale in a cost-effective manner. 

Solid microneedles for transdermal drug delivery 

Solid microneedles are solid structures protruding out 

of plane which can be manufactured in-plane or out of plane 

in varied geometries, from various materials such as 

silicon, sugars, metals and polymers (Fig. 1). 
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Figure 1. Different types of solid microneedles. (A) 
Polycarbonate microneedle (Oh et al., 2008); (B) 
Microparticles encapsulated in a biodegradable microneedle 
(Park et al., 2006); (C) Coated microneedles (Cormier et 
al., 2004); (D) An array of silicon microneedles (inset: 
single silicon microneedle) (Xie et al., 2005); (E) Soluble 
maltose microneedles; (F) Macroflux® microprojection array 
consisting of metal microneedles (Matriano et al., 2002); 
(figures reproduced with permission from the respective 
papers as indicated in parentheses). 

Solid microneedles can be used for transdermal 

delivery of drugs in different application modes: skin 

microporation with microneedles (without drug) followed by 

patch application; skin microporation with coated 

microneedles; skin microporation with drug encapsulated 

biodegradable microneedles. The application mode will 
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depend on the potency of the drug, desired duration of 

treatment and nature of application. 

Microneedle treatment followed by patch application 

In this application mode, solid microneedles are 

inserted into skin at a perpendicular angle. Microneedles 

penetrate past the stratum corneum barrier and typically 

reach into the epidermal layers creating defined pathways 

in skin. Upon removal of the microneedles, the drug 

formulation is applied on the site in the form of a topical 

formulation or a transdermal patch (Fig. 2). This has been 

the most commonly used application mode in studies 

assessing effectiveness of microneedle technology (Lin et 

al., 2001; Chabri et al., 2004; Kolli and Banga, 2008). 
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Figure 2. Schematic showing microneedle treatment followed 
by patch application. 

Oh et al. studied the effect of different microneedle 

application modes on transdermal delivery of a small 

molecule. Calcein, a hydrophilic molecule with a molecular 

weight of 622.55 Da was used as the model drug. 

Polycarbonate microneedles, 200 urn and 500 um long, were 

employed at different densities. Three application modes 

were tested: application of calcein gel followed by 

treatment with microneedles; treatment with microneedles 

followed by application of calcein gel; and simultaneous 

application of microneedles and calcein gel. Results 

indicated that delivery was highest when both the calcein 
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gel and the microneedles were administered simultaneously. 

Also, there was a ~5 fold increase in drug levels when a 

higher microneedle length (500 urn) was employed. Further, 

there was a linear increase in drug delivery as the 

microneedle density increased from 45/cm2 to 154/cm2 (Oh et 

al., 2008). Similar drug delivery studies were also carried 

out with silicon and metal microneedles (McAllister et al., 

2003; Davidson et al., 2008). 

Solid soluble microneedles made of sugars such as 

maltose and carboxymethylcellulose have also been used in 

this application mode in several studies (Miyano et al., 

2005; Kolii and Banga, 2008; Lee et al., 2008; Vemulapalli 

et al., 2008; Lanke et al., 2009; Li et al., 2009). 

Microneedles made of sugars dissolve upon insertion into 

skin, creating defined microchannels. Kolli and Banga 

characterized the microchannels created by maltose 

microneedles and demonstrated effective transdermal 

delivery of nicardipine hydrochloride (Kolli and Banga, 

2008). In another study, Li et al. studied the delivery 

profiles of IgG in hairless rats following application of 

500 una long soluble maltose microneedles. Application of 

the microneedles resulted in an increase in IgG delivery, 



41 

in vitro, and IgG delivery also increased as a function of 

the number of microneedles, length of the microneedles and 

concentration of the drug formulation (Li et al., 2009). 

Coated microneedles for transdermal drug delivery 

For microneedles coated with a drug formulation, once 

inserted into skin, interstitial fluid in the microchannels 

dissolves the drug which can then diffuse into the deeper 

layers of skin (Fig. 3). Studies with coated microneedles 

have indicated enhanced drug delivery (Matriano et al., 

2002; Cormier et al., 2004; Xie et al., 2005; Widera et 

al., 2006; Gill and Prausnitz, 2007); in some studies, 

levels were comparable to subcutaneous and intradermal 

injections. 
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Figure 3. Schematic showing drug coated solid microneedles 
inserted into skin. Drug dissolves in interstitial fluid 
present in the microchannels and permeates further via 
passive diffusion. 

The most commonly used microneedle coating process is 

a dip-coating method where solid microneedles are dipped in 

the drug formulation and air-dried. Cormier et al. coated 

titanium microneedles with desmopressin using the dip-

coating method which delivered therapeutic levels m 

hairless guinea pigs with a high bioavailability of ~85% 

(Cormier et al., 2004). In a different study, Widera et al. 

studied the effect of varying coating thicknesses on drug 

delivery. Increasing amounts of ovalbumin (OVA) were coated 

onto titanium microneedles via the dip-coating process 

which resulted in a corresponding increase in ovalbumin 

delivery (Widera et al., 2006). Gill et al. have also 
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studied the delivery profiles of various model compounds 

such as calcein, BSA, microparticles, vitamin B and 

luciferase DNA piasmid which were administered via coated 

microneedles. In vivo studies with fluorescein indicated 

sustained delivery with -70% bioavailability. Coated 

microneedles have also been used in transscleral drug 

delivery where model drugs, protein and DNA were coated 

onto solid metal microneedles and delivered into human 

cadaver sclera (Jiang et al., 2007). Therefore, drug coated 

microneedles have significant applications for drug 

delivery. 

However, this application mode is restricted by the 

amount of drug/protein that can be coated onto 

microneedles. It was suggested that a maximum of ~1 mg can 

be coated onto an array of hundreds of microneedles. This 

low loading dose restricts the coating method to highly 

potent drugs and proteins (Gill and Prausnitz, 2007). 

Additional factors to consider are formulation viscosity 

and aggregation issues in highly concentrated protein 

formulations. 
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Encapsulation of drugs into microneedles 

More recently, microneedles made from biodegradable 

polymers have gathered interest (Ito et al., 2006; Park et 

al., 2006; Lee et al., 2008; Sullivan et al., 2008). Drugs 

can be directly encapsulated into the biodegradable 

polymer/sugar matrix of the microneedles such that upon 

insertion into skin the matrix dissolves, delivering the 

drug into different layers of skin (Fig. 4). It is 

important to use generally regarded as safe (GRAS) listed 

excipients while preparing soluble microneedles to ensure 

safety and to make regulatory approval easier. 

Figure 4. Schematic showing soluble microneedles inserted 
into skin. Upon insertion, the biodegradable polymer/sugar 
matrix dissolves, delivering the drug into epidermal and 
dermal layers. 
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Several studies with soluble microneedles have 

reported encouraging results. For example, Park et al. have 

studied the release profile of calcein and BSA encapsulated 

in poly-lactide-co-glycolide (PLGA) microneedles. For 

sustained delivery, the drugs were double encapsulated by 

first encapsulating in carboxymethylcellulose (CMC) or 

poly-L-lactide (PLA) microparticles and then into the 

microneedles. Drug loads up to 10% could be loaded into the 

microneedles without affecting their structural integrity 

significantly. Release profiles of these drugs indicated 

controlled release ranging from hours to days based on the 

type of encapsulation into microneedles. Coating drug on 

the surface of these encapsulated microneedles can further 

enhance the loading dose (Park et al., 2006). In another 

study, Lee et al. prepared carboxymethylcellulose 

microneedles and encapsulated bovine serum albumin and 

lysozyme in them (Lee et al., 2008). 

A limitation to this approach is that the amount of 

drug/protein that can be loaded into microneedles is 

typically less than 1-2 mg, even with several hundreds of 

microneedles in a single patch (Lee et al., 2008). 

Increasing the drug load might in turn compromise the 



46 

mechanical strength of the needles in some cases. This can 

perhaps be minimized by decreasing the drug load in the 

microneedle matrix and coating the surface with additional 

drug. Another critical point to be considered is the high 

temperatures that are involved in the micromolding 

fabrication process. This step involves heating the 

polymers/sugars to high temperatures in order to create a 

melt to be cast in the micromolds. These elevated 

temperatures could affect the drug/denature proteins. 

Hollow microneedles for transdermal drug delivery 

Hollow microneedles have hollow channels along their 

lengths which allow infusion of liquid formulations from a 

drug reservoir into deeper layers of skin. In this 

application mode, hollow microneedles are inserted into 

skin which bypass the stratum corneum layer. Drug 

formulation is then infused from an external reservoir, 

directly to the epidermal/dermal layers (Fig. 5). 
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Figure 5. Schematic showing infusion of liquid formulation 
via hollow microneedles. 

Hollow microneedles can be manufactured in several 

shapes and designs from different materials, geometries and 

shapes (Fig. 6). It is technologically more challenging to 

manufacture hollow microneedles than solid microneedles as 

they are comparatively fragile and typically require a 

reservoir designed into the patch for holding the drug 

formulation. However, hollow microneedles, when designed 

properly, can provide controlled and precise dosing of 

drugs. 
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Figure 6. Various types of hollow microneedles. (A) Volcano 
shaped hollow silicon microneedle (Mukerjee et al., 2004); 
(B) Glass microneedle (Martanto et al., 2006); (C) 
Hypodermic microneedle design, silicon microneedles 
(Mukerjee et al., 2004); (D) Microneedles with a side-bore 
(Nordquist et al., 2007); (figures reproduced with 
permission from the respective papers as indicated in 
parentheses). 

For example, Wang et al. delivered about 5 uL of 

insulin (100 U/mL solution) to diabetic rats via hollow 

glass microneedles to a depth of about 500-800 urn over a 

period of 30 minutes and observed a 25% decrease in blood 

glucose levels as compared to pre-treatment levels and 

negative controls (Wang et al., 2006). In a similar study, 

a 47% decrease in blood glucose levels was achieved in 

diabetic hairless rats when insulin was infused over a 

period of 4 hrs (Davis et al., 2005). In a different 

approach, Roxhed et al. proposed the concept of "sealed 

hollow microneedles" for transdermal drug delivery. Gold 

membrane sealed hollow microneedles were prepared and 
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different mechanisms to open the seal were investigated. 

They compared the efficacy of opening the seals due to 

burst pressure, electrochemical reaction in the skin and 

breakage while insertion (Roxhed et al., 2008). 

Hollow microneedles can also be used for extracting 

bodily fluids such as interstitial fluid for detection of 

disease conditions or monitoring effectiveness of therapy. 

In a reported study, 250 - 350 urn long hollow silicon 

microneedles with integrated fiuidic microchannels were 

employed to extract interstitial fluid. This unit, when 

integrated with a microfabricated biosensor, can be used to 

detect drug levels in the body; for example, glucose 

(Mukerjee et al., 2004). 

The hollow microneedles approach will ultimately 

require a reservoir system integrated with the 

microneedles. Various designs have been suggested for 

integrating the drug reservoir with hollow microneedles 

such as microneedle patches with micropumps (Fig. 7A), 

microneedle microchips with in-built mechanisms to control 

the infusion rate (Fig. 7B,C) and microneedle patches 

integrated with syringes (which act as the reservoir) (Fig. 

7D) . 
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Figure 7. Various hollow microneedle microsystems. (A) 
Schematic diagram of a conceptual patch with an integrated 
micropump (Roxhed et al., 2008); (B) Schematic of an 
electrically controlled transdermal microneedle patch 
developed by Nordquist et al. (Nordquist et al., 2007); (C) 
In plane hollow microneedle array integrated with a PDMS 
biochip (Paik et al., 2004); (D) Hollow microneedle array 
integrated with a ImL syringe which acts as the reservoir 
for the drug solution (Teo et al., 2005); (figures 
reproduced with permission from the respective papers as 
indicated in parentheses). 

Fig. 7A shows a schematic of a conceptual device. The 

microneedles are backed by a drug reservoir chamber which 

in turn is backed by another rate controlling 

chamber/layer. This rate controlling chamber helps in 
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avoiding exposure of the drug solution to the environment 

and more importantly in controlling the delivery of drugs 

(Roxhed et al., 2008). The infusion rate can be controlled 

by mechanisms such as pressure driven systems (Martanto et 

al., 2006) and voltage driven systems (Nordquist et al., 

2007). As mentioned earlier, Roxhed et al. have employed 

burst pressure to open sealed hollow microneedles, in order 

to facilitate fluid flow (Roxhed et al., 2008). 

Nordquist et al. have developed a microchip (Fig. 7B) 

which consists of 400 urn long microneedles integrated with 

a reservoir (15 uL capacity), an expandable layer and an 

electric heater layer. When voltage is applied to the 

heater layer, the layer beneath the reservoir expands, 

resulting in propelling of the fluid from the reservoir 

into the microneedles (Nordquist et al., 2007). However, 

one drawback of such a device is the minimal volume 

capacity of the microchips. Some other devices with similar 

concepts include the in-plane PDMS microfluidic chip 

developed by Paik et al. (Fig. 7C). The microneedle array, 

consisting of hollow microneedles is attached to a 

Polydimethylsiloxane (PDMS) chip (Paik et al., 2004). 
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Teo et al. have designed a system (Fig. 7D) which 

includes a chip with an array of hollow microneedles 

integrated to a 1 mL syringe which acts as the reservoir 

for the drug formulation (Teo et al., 2005). The major 

concern for such systems is the controlled infusion of drug 

formulation in a reproducible manner. The rate of infusion 

has to be controlled and this system may not be as patient 

compliant as the microchips discussed above. 

The hollow microneedles approach is limited by the 

restriction on the maximum volume of drug formulation that 

can be infused into skin as there is a back pressure from 

the densely packed layers of skin (Martanto et al., 2006). 

To overcome this limitation, partial retraction of needles 

following insertion has been suggested and this approach 

reportedly resulted in increased diffusion volumes 

(Martanto et al., 2006; Wang et al., 2006). Recent 

literature suggests that volumes of up to ~1 mL can be 

infused into the skin over a few minutes with minimal or no 

leakage concerns. However, aggregation and syrmgeability 

are concerns for highly concentratea protein formulations. 

Also, the practicality of this approach can be challenging 

in terms of storage and stability of protein formulations 
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after manufacturing and leakage issues from the reservoir. 

Other parameters such as the infusion rate, microneedle tip 

angle and infusion time also play critical roles in 

determining the amount of drug delivered via this approach. 

Delivery of microparticles across microporated skin 

Since the microchannels created by microneedles are in 

the order of microns (typically, > 50 urn), they allow the 

passage of even micron-sized particles into skin. 

Fluorescently labeled microspheres of different sizes can 

be used to investigate microchannel depth or track the 

permeation pathways of microparticles across skin. In our 

studies, we employed confocal microscopy for visualizing 

the permeation profile of 0.2 urn and 2 urn sized 

fluorescently labeled microspheres (FluoSpheres®, 

Invitrogen) across hairless rat skin. In skin pretreated 

with 500 urn long microneedles (soluble), microspheres 

permeated up to a depth of about 160 um. Microparticles can 

be further propelled deeper into skin by combining this 

approach with other enhancement techniques such as 

iontophoresis. 
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Insertion of microneedles: kinetics and parameters 

When employing microneedle technology, it is important 

to identify and control parameters such as microneedle 

penetration depth, minimal force required for effective 

penetration and fracture force in order to achieve 

reproducible results. 

In a study by Davis et al., some of the important 

parameters such as insertion force, force of fracture and 

the effect of microneedle geometry on these two parameters 

were studied. To measure the average insertion force 

required for solid microneedles and hollow microneedles, 

720 urn long microneedles with varied tip radii (30-80 urn) 

and wall thicknesses (5-58 urn) were employed. Microneedles 

were inserted into human volunteers and the insertion force 

and skin resistance were measured simultaneously. Force 

required for the insertion of hollow microneedles ranged 

from 0.08 to 3.04 N (8-304 g). Also, the average insertion 

forces required for hollow and solid microneedles of 

similar dimensions were indistinguishable. To test the 

force of fracture, microneedles were crushed against a 

rigid surface and the forces were recorded and checked by 

visual observation. The experimental data was compared with 
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the data obtained from an analytical model. In general, the 

tip radius, wall thickness and wall angle played a 

significant role in both the insertion force and the force 

of fracture. In ideal conditions, a microneedle should be 

sharp and strong enough to effectively penetrate the skin 

barrier with least insertion force and without breaking in 

the skin. Fig. 8A shows an intact microneedle inserted 

successfully into cadaver skin. In case of failure, the 

microneedle might fracture. Fig. 8B shows a condition where 

the microneedle deflects the skin while inserting and 

further fails to penetrate the skin due to fracture. The 

data indicated that a microneedle with a sharp tip (small 

radius) and large wall thickness is ideal for effective 

administration with insertion forces smaller than the force 

of fracture (Davis et al., 2004). 
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Figure 8. Hollow microneedles were inserted into cadaver 
skin and the skin samples were prepared by methyl 
methacrylate resin embedding. Brightfield micrographs of 
skin samples showing: (A) an intact microneedle inserted 
into the skin, and (B) a microneedle deflecting the skin 
and fracturing before insertion; (figures reproduced with 
permission from (Davis et al., 2004)). 

In another study, Zahn et al. studied the techniques 

to avoid buckling, shear and bending phenomena related to 

microneedle application. They studied the strength and 

bending characteristics of 110 um long, hollow silicon 

microneedles. In order to avoid breaking of the 

microneedles, they coated the microneedles with 5 or 10 um 

thick layers of various metals like nickel, titanium, gold 

and platinum. The results indicated that coating with 

metals increased the strength of the microneedles, thus 

avoiding fracture in skin. In case of failure, the 

microneedles deform rather than breaking in skin (Zahn et 

al., 2000) . In another study, statistical modeling was 

employed to analyze microneedles of various geometries and 

effects of several parameters such as depth of penetration, 

microneedle diameter and coating (Davidson et al., 2008). 

Some other techniques being investigated as adjunct 

techniques for hollow microneedles are vibratory actuation, 

rotary drilling and retraction of microneedles (Yang and 
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Zahn, 2004; Martanto et al., 2006; Martanto et al., 2006; 

Wang et al., 2006). Yang and Zahn have reported the use of 

vibratory actuation for precise microinjection into skin. 

Vibratory actuator, coupled with microneedle application, 

decreased the insertion force required to penetrate skin up 

to 70%. This was achieved by three mechanisms, mechanical 

impact, pressure driven cavitation and thermal damage due 

to friction (Yang and Zahn, 2004). Such methods when 

coupled with computerized technology can provide controlled 

and reproducible results. 

When using coated solid microneedles, the effect of 

coating thickness on penetration depth needs to be 

assessed. Cormier et al. studied the effect of increasing 

coating thicknesses of desmopressin formulation on the 

ability of the arrowhead-shaped solid microneedles to 

penetrate skin effectively. The average penetration depth 

decreased as the coating thickness on the microneedles 

increased (Cormier et al., 2004) . This trend might not be 

observed for all microneedles; however, one must consider 

this while designing microneedles. 



58 

Concerns of microneedle technology: sterility and pore 

closure 

Sterility of microneedles for clinical application is 

a valid concern which has become a topic of discussion. 

Some speculate that since microneedles perturb only the 

superficial layers of the skin, sterility is not a 

mandatory requirement as they are not more invasive than a 

scratch on the skin. However, if a microneedle product 

seeks approval from U.S. Food and Drug Administration 

(FDA), sterility of the microneedles will most likely be 

required for regulatory approval. This can be achieved by 

ethylene oxide gas sterilization or gamma irradiation. The 

former approach was used by Wermeling et al. where, while 

assembling their stainless steel microneedles into a patch, 

sterility precautions were taken by assembling in a laminar 

flow hood followed by ethylene oxide sterilization 

(Wermeling et al., 2008). In another study, Ameri et al. 

compared the effects of aseptic manufacturing and terminal 

sterilization on the stability of a PTH (1-34) patch with 

coated microneedles (Ameri et al., 2010). They reported 

that, terminal sterilization with Y~~irradiation or e-beam 

resulted in increased oxidation of the active in the 
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product which could be reduced by optimizing the 

irradiation dose and temperature for minimal oxidation. On 

the other hand, the aseptic process was also found to be 

challenging as a component of the device, an irradiated 

adhesive, was incompatible with the active, thereby 

resulting in the need to find an alternative adhesive for 

the product. The authors suggest that the aseptic 

manufacturing approach is the effective way of assembling a 

sterile product (Ameri et al., 2010) . In cases where 

sterility is not required, perhaps a simple dipping in 

ethanol for disinfection will help. Sterilization of 

microneedles and related products is an important issue 

which needs to be investigated further. 

Following microporation, the duration of time taken 

for the pores to close is also an important concern as it 

may potentially result in complications such as irritation 

and infection at the site if they remain open for prolonged 

periods. Recent literature has tried to address this 

concern in several ways. Kalluri and Banga studied pore 

closure in a hairless rat model following treatment with 

soluble microneedles. While skin barrier function restored 

within 3-4 hrs after poration, complete closure of pores 
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was not observed until 15 hrs in vivo. Occlusion with a 

plastic film or any solution delayed pore closure for up to 

72 hrs in vivo (Kalluri and Banga, 2010). Haq et al. and 

Gupta have also studied pore closure in humans using 

staining and skin impedance measurements respectively 

(Gupta, 2009; Haq et al., 2009). Haq et al. compared the 

healing kinetics of skin after insertion of microneedles to 

a 25G hypodermic needle insertion. While the microneedle 

treated skin showed signs of healing 8-24 hrs after 

poration, disruption caused by the hypodermic needle was 

significantly more even at 24 hrs post insertion (Haq et 

al., 2009). This reversible nature of microchannels is a 

desirable feature of this technology as it is desirable for 

skin to regain its barrier function quickly once the patch 

is removed. 

To study the safety of this technology with respect to 

infections, Donnelly et al. studied the permeation 

efficiencies of three strains, gram positive (S. 

epidermidis), gram negative (P. aeruginosa) and fungi (C. 

albicans), across microporated silicone membrane and 

excised porcine skin. All three strains had permeation 

levels less than the control, a single 21G hypodermic 
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needle puncture (Donnelly et al., 2009). Permeation levels 

of different strains can be further controlled or reduced 

by cleaning the application site with 70% isopropanol 

before poration, as done by Cormier et al. (Cormier et al., 

2004). However, application of alcohol to skin may also 

affect the barrier properties of stratum corneum. 

Human studies with microneedle technology 

Majority of the published microneedle studies relate 

to their fabrication processes or studies in animal models, 

with very few being human studies. In one of the first 

reported human studies, Kaushik et al. studied the lack of 

pain associated with microneedle administration. A 

microneedle array containing 400 microneedles, each 150 urn 

long, was employed for this study. Human volunteers were 

treated with the microneedle arrays. Hypodermic needles 

were used as the positive control while a smooth silicon 

wafer (with no microneedle projections) was used as the 

negative control. They reported that the microneedles 

treatment was painless and statistically similar to that of 

the silicon wafer (Kaushik et al., 2001). Similar findings 
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were reported earlier by Henry et al. in a more limited 

study (Henry et al., 1998). 

While the above studies were performed with solid 

microneedles, Sivamani et al. studied the pain factor 

associated with the application of 200 urn long hollow 

microneedles, and found similar results. Hollow 

microneedles with two different geometries were tested. 

Pointed tip microneedles and symmetrically shaped 

microneedles were tested for pain factor associated with 

microneedle application on human volunteers. They reported 

the sensation of pressure, but no pain, on application of 

the microneedles (Sivamani et al., 2008). 

Bal et al. also reported painless insertion of solid 

and hollow metal microneedles in 18 human volunteers. 

Different microneedle lengths and geometries were tested 

for irritation, redness and pain while insertion. 

Techniques such as TEWL and laser doppler were employed to 

check irritation and redness of skin which increased with 

an increase in microneedle length and geometry. However, 

the irritation disappeared within 2 hrs of microneedle 

treatment and all the subjects reported painless 

administration for all the microneedle lengths (up to 550 
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urn) (Bal et al., 2008). Also, some other studies involving 

insertion of microneedles reported the absence of redness, 

edema or erythema related conditions (Henry et al., 1998; 

Kaushik et al., 2001; Martanto et al., 2004; De Paepe et 

al., 2005). Therefore, microneedle technology, when 

employed with biocompatible materials, is relatively safe, 

painless and offers an appealing new approach for 

transdermal drug delivery. 

Iontophoresis 

Iontophoresis is one of the successful techniques that 

has been extensively studied and used for localized drug 

delivery in physical therapy clinics. More recently, it has 

been investigated for enhancing transdermal delivery of 

drugs for systemic administration. This technique involves 

application of physiologically acceptable electric currents 

(typically < 0.5 mA/sq.cm of skin) in a pulsatile or 

continuous fashion in order to propel charged and neutral 

drug molecules into skin (Fig. 9) . 
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Figure 9. Schematic of the principle behind iontophoresis 
Charged drug molecules are propelled into skin due to the 
electrorepulsive forces from electrodes of similar 
polarity. 

The two main mechanisms of transport governing 

iontophoretic delivery are electromigration (EM; for 

charged molecules) and electroosmosis (EO; for neutral 

molecules). 

Electromigration (or electrorepulsion) is the 

repulsion of the charged drug by an electrode with a 

similar polarity following the principle "like repels 

like". This is the predominant mechanism of transport for 

most drugs. Electroosmosis on the other hand is the bulk 

solvent flow from anode to cathode in the presence of a 
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voltage difference. This flow of solvent containing the 

counter-ions also transports neutral molecules into and 

across skin. 

Therefore, the total iontophoretic flux of a drug is 

the sum of flux via electromigration (JEM) and flux via 

electroosmosis (JEo) : 

JTOT = j E M +JE0 

Contribution of each mechanism towards the overall 

delivery of a species will depend on its physicochemical 

properties and experimental parameters. For example, Abla 

et al. studied the contributions of each mechanism on the 

transdermal delivery of D-(Arg)-Kyotorphin, a model 

peptide. They reported that electromigration accounted for 

~70% of the delivery. However, when permselectivity of the 

skin was altered by tape stripping, the amount of total 

peptide delivered remained the same, but contributions of 

each mechanism changed significantly. Electroosmosis was 

absent, effect of electromigration decreased and passive 

delivery increased due to the altered barrier properties 

(Abla et al., 2005) . 



66 

In the presence of an electric field, the charged 

species will permeate via a path with least resistance such 

as the transappendageal pathways in skin. This route 

involves passage through the hair follicles and sweat ducts 

which originate in the dermis and reach up to the skin 

surface. 

Factors affecting iontophoretic delivery 

Physicochemical properties of drugs 

Iontophoretic delivery is dependent on the size, 

charge, structure, and lipophilicity of the drug molecule. 

Iontophoretic delivery of drugs is typically restricted to 

molecules with a molecular weight of ^ 10-15 kDa. For 

proteins, the molecular volume may be more important than 

molecular weight since a compacted form may be able to pass 

through skin more easily. 

The charge of the drug molecule determines the 

polarity of the electrodes to be used (anodal/cathodal). 

Anodal iontophoresis is more effective than cathodal 

iontophoresis owing to the negatively charged surface of 

skin and the bulk solvent flow from anode to cathode 
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(electroosmosis). Therefore, iontophoresis may be more 

effective for positively charged molecules, or peptides 

with a high isoelectric point (pi) as they are positively 

charged in the formulation. The high pi also avoids 

precipitation of the protein within the skin by retaining 

its original charge. Therefore, ideal candidates for 

iontophoresis are potent, hydrophilic molecules which are 

in their salt form in the donor formulation with a high 

charge density (Gangarosa et al., 1978; Lattin et al., 

1991; Sieg and Wascotte, 2009) 

Current intensity, duration of application and electrodes 

Iontophoretic delivery follows Faraday's law: 

Amount delivered = 

Mol. Wt. x Current x Current Efficiency x Time 

Molecular charge x Faraday's constant 

As can be inferred from Faraday's law, flux is 

directly proportional to the applied current. Therefore, 

drug delivery increases as a function of the applied 
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current (Lau et al., 1994). This is the main advantage of 

iontophoretic drug delivery as it allows controlled 

delivery of drugs. However, it has been reported in the 

literature that this increase in delivery as a function of 

the applied current might be non-linear in certain cases 

(Prausnitz et al., 1996; Medi and Singh, 2003) or may 

plateau after a certain point (Miller et al., 1990). An 

example of the non-linear dependence of flux on current 

density is the delivery of human parathyroid hormone 

(hPTH). Medi and Singh have indicated that current 

densities of 0.2, 0.3 and 0.4 mA/cm2 did not have any 

significant effect on hPTH delivery. However, at 0.5 mA/cm2, 

hPTH delivery increased significantly (Medi and Singh, 

2003). Traditionally, the acceptable maximum value for 

current for in vivo applications, as reported in the 

literature, is ~ 0.5 mA/cm2 (Schuetz et al., 2005). Higher 

current densities can result in burns/complications and 

hence current densities less than 0.3 mA/cm2 are more 

practical, especially if applied for prolonged periods. 

Investigators have also studied delivery profiles upon 

application of current in a continuous manner as compared 

to a pulsatile fashion. In some cases, continuous delivery 

can result in de-sensitization of the related receptors in 
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the body which will affect drug delivery (Green, 1996). In 

some unique cases, the therapeutic effect may change 

depending on how the drug is administered (continuous vs 

pulsatile current). 

Drug delivery is also directly proportional to the 

duration of current application. Duration of treatment has 

to be practical in order to avoid burns/complications and 

at the same time effective enough to deliver therapeutic 

levels of drugs. For some drugs, application times can be 

as short as 15 min., while for others, treatment times of 

24 hrs may be required. 

The type of electrodes in an iontophoretic system is a 

critical factor since the electrode material determines the 

type of electrochemistry occurring at the electrode-

solution interface. Iontophoresis is accompanied by 

electrolysis of water and therefore platinum, stainless 

steel and carbon graphite electrodes are not suitable for 

iontophoresis since they do not participate in 

electrochemistry. The silver/silver chloride (Ag/AgCl) 

electrode system is a better electrode system as it avoids 

sharp changes in formulation pH. With regards to protein 

delivery, even though some earlier literature have 
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indicated the use of platinum electrodes for protein 

delivery, it is not advisable as peptides and proteins 

containing disulfide bridges have been reported to degrade 

at platinum surfaces (Pikal, 1995). 

Formulation factors 

Iontophoretic delivery is directly proportional to the 

concentration of drug in the formulation. Therefore, drug 

delivery increases with an increase in donor concentration. 

However, after a certain threshold concentration, drug 

delivery becomes independent of concentration. Buffer 

systems are typically used to avoid pH fluctuations in the 

donor formulation which may change the charge density on 

the drug molecule. However, buffer ions are typically more 

mobile than drug molecules and may compete with the drug 

for carrying current, thereby reducing drug delivery. 

Therefore, it is very important to choose an appropriate 

buffer system which has a high buffering capacity and 

reduced charge-carrying ability. Other factors such as 

composition and viscosity of formulations may also affect 

drug delivery. High levels of cosolvents and other 

excipients may decrease conductivity of the formulation. 
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High viscosity formulations may result in reduced drug 

delivery since mobility of the drug molecules in the 

formulation is hindered. 

Formulation pH is probably the most important 

formulation factor since it dictates the charge of the drug 

molecule in the formulation. Following Henderson-Hasselbach 

equation, if the pKa of the drug is higher than formulation 

pH (pH<pKa), then the drug is positively charged in the 

formulation and anodal iontophoresis should be performed. 

If the formulation pH is higher than drug pKa (pH>pKa), 

then the drug is negatively charge and cathodal 

iontophoresis should be performed. Anodal iontophoresis is 

more effective than cathodal iontophoresis due to the added 

transport via electroosmosis. During a study, if the pH 

shifts closer to the pKa of the drug, then the drug 

molecule loses its charge and may be transported only via 

electroosmosis. This is particularly important for 

proteins. Once delivered into skin, they need to retain 

their charge to permeate deeper into skin. If their 

isoelectric point (pi) is closer to skin pH (surface pH of 

4-6), then the protein loses its charge in skin and sits 

there. Insulin is a classic example of the importance of 
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pH/pI for iontophoretic delivery. Insulin exists as a 

hexamer and has a pi of 5.3 which makes it a difficult 

molecule to deliver iontophoretically. The final pH of the 

formulation has to be in the lower pH range in order to 

keep the insulin positively charged and this can result in 

irritation of the skin. Once it reaches in the skin, 

insulin will lose its charge and reside as a neutral 

molecule which can lead to formation of a depot. 

Limitations of iontophoretic delivery 

The main limitation of this technique is the 

restriction on the size limit to -10-15 kDa. This limits 

its use to small molecules and peptides which lie within 

this range. Large molecules have low transport numbers due 

to their poor performance as charge carriers. Therefore, 

the main transport mechanism for large molecules is 

electroosmosis. Since contribution of electroosmosis to the 

overall transport is generally very minimal, transport of 

large molecules is therefore limited. Other concerns such 

as potential malfunction of the device, possibility of dose 

dumping, long term effects of iontophoresis and skin damage 

at high electrical currents need to be considered. 
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Sonophoresis 

Sonophoresis is defined as the use of ultrasonic 

energy to enhance drug delivery into and across skin. While 

high frequency ultrasound is used in diagnostics (> 3 MHz), 

therapeutic ultrasound (mid frequency, 1-3 MHz) has been 

used in physiotherapy clinics for over 40 years for 

delivering steroids, analgesics and anti-inflammatory 

agents for treating muscular and arthritic conditions 

(Meidan, 2003). In recent developments, low frequency 

ultrasound (20-100 kHz) was found to be the most effective 

for transdermal drug delivery (Mitragotri et al. , 1996; 

Mitragotri and Kost, 2004; Ogura et al., 2008). 

In low frequency ultrasound, the primary mechanism for 

enhancement is via acoustic cavitation. Application of 

these ultrasonic waves causes local variations in acoustic 

pressure which causes gas bubbles in the coupling media to 

oscillate and collapse at the probe/stratum corneum 

interface which results in cavities in the stratum corneum 

layer of skin. However, these structural changes are 

limited to only superficial layers of skin (Mitragotri and 

Kost, 2004) and barrier properties of skin are restored 

within a short period of time. Ultrasound mediated 
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enhancement is also linked to increased temperatures, 

microstreaming and acoustic streaming phenomenon. 

Temperature elevations of several degrees centigrade are 

typical which increase fluidity of the stratum corneum 

lipids, diffusivity of the molecule, tissue solubility of 

drugs and microvascular perfusion (Meidan, 2003). 

Sonophoresis 

Figure 10. Schematic showing the principle of sonophoresis. 
(1) Activation of the probe transmits low-frequency waves 
which alter the permeability of the skin by cavitation and 
local heating. 
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Several studies have reported the effectiveness of 

this technique to deliver small molecules and 

peptides/proteins (Mitragotri et al., 1995; Machet and 

Boucaud, 2002; Smith et al., 2003; Tezel et al., 2003; 

Smith, 2007; Rao and Nanda, 2009). However, the degree of 

enhancement is highly dependent on the physicochemical 

properties of the drug (Mitragotri et al., 1997). This 

technique can also be used for non-invasive sampling of 

biological fluids such as glucose (Kost et al., 2000; 

Mitragotri et al., 2000). 

Several sonophoresis devices have been developed and 

marketed. Echo therapeutics (Franklin, Massachusetts; 

formerly Sontra Medical Corporation) developed the SonoPrep' 

system which emits low-frequency waves (55 kHz). This 

system causes cavitation in skin with pore size ranging 

from 25-125 urn. Application of sonophoresis using the 

SonoPrep® system increased insulin delivery in a porcine 

model resulting in low blood glucose levels (Banga, 2006). 

Marketing of this device is currently discontinued; 

however, a new compact device for lidocaine delivery is 

being developed by the same company. Sonophoresis devices 

are also available from various vendors including 
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Chattanooga Group (Vista, California), Enraf-Nonius 

(Rotterdam, Netherlands), Labthermics Technologies, Inc. 

(Champaign, Illinois), and RichMar (Chattanooga, Tennesee) 
* 

(Banga, 2011). Despite enhancing drug delivery of a wide 

range of therapeutic compounds, use of this technique is 

limited at this time due to the instrumentation involved 

which does not allow easy self-administration. 

Electroporation 

Electroporation (or electropermeabilization) is an 

electric enhancement technique which involves application 

of high-voltage pulses for short durations of time, 

typically fractions of a second (micro- to milli- seconds), 

which create transient aqueous pathways across the lipid 

bilayers in a reversible manner (Fig. 11). Electroporation 

mediated transport occurs through highly localized 

transport regions (LTRs) on the stratum corneum. The main 

mechanisms of transport are electrophoresis, electroosmosis 

and enhanced diffusion. In some cases, thermal effects may 

be involved due to localized heating at skin sites with 

high conductance (Pliquett et al., 1996; Prausnitz, 1996; 

Pliquett, 1999). Even though this technique involves the 
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application of an electric field similar to iontophoresis, 

they differ m principle. While iontophoresis directly acts 

on the drug molecule itself to propel it into the skin, 

electroporarion acts mainly on the skin surface to alter 

its permeability properties. 

Electroporation 

* « * • • u * • _ , * • • » » * 

(Drug patch) / " High voltage 
source 

wmmm 

Figure 11. Schematic showing the principle of 
electroporation. Application of high voltage alters the 
permeability of the skin and enhances drug delivery. 

Electroporation was originally used to transfect cells 

with DNA and macromolecules (Treco and Selden, 1995; 
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Prausnitz and Langer, 2008), but has since being 

investigated for enhancing transdermal delivery of drugs. 

This technique has been shown to enable delivery of a wide 

range of drugs including small molecules and macromolecules 

such as proteins and gene-based drugs (Banga and Prausnitz, 

1998). Some of the compounds investigated for 

electroporation mediated delivery include lidocaine 

(Wallace et al., 2001), fentanyl (Conjeevaram et al., 

2002), tetracaine (Wu et al., 2000), tacrine (Hirsch et 

al., 2005), timolol (Denet and Preat, 2003), buprenorphine 

(Bose et al., 2001), calcitonin (Chang et al., 2000), 

metoprolol (Vanbever et al., 1994), among many others. This 

technique can also be used for topical delivery of drugs 

with localized sites of action. 

Electroporation of skin requires higher voltages in 

the order of greater than 100 V (Banga, 2011) . Skin 

properties can be altered at such high voltages which may 

result in a nonlinear dependence of flux on voltage in some 

cases. In most cases these changes are reversible, but the 

time taken to recover may vary significantly (Prausnitz et 

al., 1993; Prausnitz et al., 1994; Vanbever et al., 1994; 

Prausnitz et al., 1995). 
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Combination of this technique with other enhancement 

methods such as iontophoresis has been reported to deliver 

significantly high levels of several drugs (Bommannan et 

al., 1994). However, it still remains to be seen if this 

technology makes it to the market as the voltages used are 

generally very high for skin tolerability. 

Thermal and Radio Frequency Ablation 

Thermal ablation enhances drug delivery by pulsing 

skin with high temperatures for short durations (fractions 

of a second) which results in ablation of the stratum 

corneum. Altea therapeutics (Atlanta, GA) has developed a 

patented technology, the PassPort® patch, which consists of 

metallic filaments. When an electric pulse is applied on 

the filaments, it is converted to thermal energy, thereby 

causing localized high temperatures on the stratum corneum 

surface which vaporizes the region (Therapeutics) (Fig. 

12). This process creates microchannels through which a 

wide range of drug molecules can pass through. The created 

microchannels have been reported to be about 50-200 um in 

width and 30-50 um in depth. Therefore, the ablation 

process does not cause damage to the deeper layers of skin 
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(Banga, 2009). After ablation, skin starts its healing 

process and the stratum corneum layer regenerates over a 

period of time. However, the time taken for this has not 

yet been reported in the literature. Altea therapeutics has 

reported preclinical data for several molecules including 

parathyroid hormone, interferon-a and hepatitis B antigen. 

Currently, clinical trials are also underway for insulin 

and some other drug moieties (Banga, 2009). 

Thermal ablation 
Current 

i— source 

Figure 12. Schematic showing the principle of thermal 
ablation. An electric pulse is converted to thermal energy 
on the microfilaments, thereby causing localized high 
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temperature on the stratum corneum surface which vaporizes 
a localized region to create a micropore. 

Radio frequency ablation also involves creation of 

aqueous micro-pathways in the skin. This technology is 

being developed by TransPharma Medical™ Ltd. (Lod, Israel). 

The handheld applicator device, ViaDor system, consists of 

closely spaced microelectrodes (1 cm2 array) and a drug 

loaded patch. Upon application, radio frequency waves (100-

500 kHz) cause the microelectrodes to vibrate on the skin 

surface, resulting in localized heating and ablation of the 

stratum corneum in those regions. This process reportedly 

creates about 102 micro-pathways/cm2 of skin which are ~50 

urn deep and -30-50 urn wide (Banga, 2009). Human studies 

have indicated the safety of this device with minimal or no 

irritation (TransPharma, 2010). This technology enhanced 

delivery of human growth hormone in rats and guinea pigs 

with bioavailabilities of 75% and 33% respectively (Levin 

et al., 2005). TransPharma is currently developing a patch 

for the same with Teva Pharmaceuticals (Israel) (Banga, 

2009). It is also co-developing a product for delivering 

hPTH (1-34) for treatment of osteoporosis in post

menopausal women in collaboration with Eli Lilly and has 



recently reported successful completion of Phase II 

clinical trials (TransPharma, 2010). This technology can be 

applied for delivering a wide range of small and large 

molecules. 

Laser Ablation 

Laser ablation involves application of a laser beam 

which heats the skin surface, causing the water molecules 

to evaporate rapidly. This process creates microchannels in 

the epidermis (Fig. 13). 

Laser ablation 



83 

Figure 13. Schematic showing the principle of laser 
ablation. Activation of the probe transmits a laser beam 
which heats the skin surface causing the water molecules to 
evaporate rapidly thereby creating microchannels in the 
epidermis. 

Pantech Biosolutions AG (Ruggell, Liechtenstein) has 

developed P.L.E.A.S.E. (Painless Laser Epidermal System 

technology) technology with this principle. It is a 

handheld device equipped with an erbium:YAG laser which 

emits light at a wavelength of 2940 nm (Banga, 2009) 

resulting in the creation of microchannels with a diameter 

of ~ 200 urn. Depth of the microchannels can be controlled 

over a range of 20 - 150 urn and the number of 

microchannels created can also be controlled by varying the 

application parameters (Biosolutions). A human study with 

12 volunteers was conducted to test the safety of this 

device. It was reported that > 90% of the subjects reported 

no or minimal discomfort. Slight redness was observed which 

disappeared within a few hours/days. Skin biopsies and 

histological examination confirmed that the procedure did 

not damage the surrounding tissue (Biosolutions). 

Norwood Abbey (Melbourne, Australia) developed a laser 

assisted drug delivery (LAD) technology called Epiture 
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Easytouch" which has an Er:YAG laser. Clinical studies are 

currently underway for delivering iidocaine for local 

anesthesia (Abbey; Koh et al., 2007; Banga, 2009). This 

procedure has also been reported to be safe with low 

incidence rates of minor adverse effects (Abbey). A few 

subjects reported hyperpigmentation at the application site 

which resolved within a few weeks (Koh et al., 2007). 

Jet Injectors 

Jet injection uses the principle of application of 

high velocities such that the drug formulation is propelled 

from the reservoir at a high speed, bombarding the skin 

surface and abrading it simultaneously, thereby creating 

superficial micropathways in skin. This breach of the 

stratum corneum barrier helps in delivering powder and 

liquid formulations (Chen and Payne, 2002; Dean et al., 

2003; Osorio et al., 2003; Mitragotri, 2006). 

PowderJect® technology, developed by PowderJect® 

pharmaceuticals and now owned by other companies, uses 

helium gas for the ballistic delivery of powder 

formulations coated onto gold particles or embedded in 
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particles (Chen and Payne, 2002). Osorio et al. used the 

PowderJect® NDI system to deliver powder vaccines into the 

epidermis. They reported that the response achieved via 

this jet system approach was comparable to an intramuscular 

injection, if not better (Osorio et al., 2003). Relative 

humidity and temperature of the environment have a 

significant effect on delivery. In another study, an 

increase in these parameters resulted in a corresponding 

increase in particulate delivery by 1.8 fold and two fold 

respectively (Kendall et al., 2004). Needle-free liquid jet 

injectors have also been used to deliver small and 

macromolecuies (Mitragotri, 2006). 

This needle-free approach seems promising and has been 

used extensively for delivering vaccines in the past. 

However, its practical application for treatment of 

diseases which require repeated administrations (such as 

diabetes) may not be as promising as compared to some other 

technologies due to compliance issues involving pain and 

redness (Mitragotri, 2006). 
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Combination strategies for enhanced drug delivery 

Enhancement techniques can be combined for synergistic 

effects on drug delivery. The techniques discussed above 

have been investigated in different combinations such as 

iontophoresis and microneedles, iontophoresis and chemical 

enhancers, iontophoresis and electroporation, microneedles 

and sonophoresis, and so on. Some of these studies are 

briefly discussed here. 

Pretreatment with chemical enhancers compromises the 

barrier properties of skin and application of iontophoresis 

on the treated site enhances the movement of drugs into 

skin even further. This combination treatment has been 

investigated by Pillai and Panchagnula where rat skin was 

pretreated with two different chemical enhancers, menthone 

or linoleic acid, followed by iontophoretic treatment. Both 

combinations results in the highest delivery of insulin as 

compared to their respective controls (Pillai and 

Panchagnula, 2003). 

Skin microporation followed by application of 

iontophoresis is another effective combination approach. 

Following pretreatment with microneedles, the diffusion 

path length reduces significantly as the microchannels 
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reach into the epidermis/dermis. Application of 

iontophoresis on this site pushes the charged molecules 

further down these pathways and into the deeper layers of 

skin resulting in a faster onset of action. This 

combination approach has been reported to increase drug 

delivery by several fold (Badkar et al., 2007; Wu et al., 

2007; Vemulapalli et al., 2008; Katikaneni et al., 2009). 

In another study, electroporation of skin, followed by 

application of iontophoresis also resulted in synergistic 

effects. This combination approach was more effective than 

either enhancement method alone (Bommannan et al., 1994; 

Riviere et al., 1995; Chang et al., 2000; Medi and Singh, 

2003). Combination treatments of sonophoresis with chemical 

enhancers (Mutalik et al., 2009), electroporation (Kost et 

al., 1996) and iontophoresis (Le et al., 2000) have also 

been reported to enhance drug delivery. 
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Table I. Transdermal enhancement technologies/products being developed by companies and 
key discontinued products. 

Enhancement 

method 

Iontophoresis 

Company 

Alza (former) 

Iomed 

Vyteris 

Travanti Pharma 

(now Teikoku Pharma USA) 

Transport Pharmaceuticals 

(former) 

Mattioli engineering 

Empi 

Dharma Therapeutics 

(a subsidiary of Transcu 

Group Ltd) 

Product / Technology 

E-TRANS®, IONSYS® (withdrawn) 

Chattanooga Ionto™ (Phoresor®) ; 

Companion80™, Numbystuff® / Iontocaine® 

LidoSite® 

WEDD®, Iontoptach® 

SoloVir™ (discontinued) 

Transderm® Ionto system 

• TM 

Empi Action patch 

lontophoretic drug delivery system (IDDS) 
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Enhancement 

method 

Iontophoresis 

Microneedles 

Company 

ActivaTek™ 

Isis Biopolymer 

Nupathe® 

Animas® corporation (part 

of Johnson and Johnson) 

3M 

Zosano 

Becton Dickinson 

Corium 

DermaRoller 

Elegaphy 

Kumetrix 

Product / Technology 

Trivarion® 

IsisIQ™ 

SmartRelief Technology 

GlucoWatch® (discontinued) 

Solid Microstructured Transdermal System 

(sMTS) and Hollow Microstructured 

Transdermal System (hMTS) technology 

MacroFlux® 

BD Soluvia™ 

MicroCor™ 

DermaRoller® 

Soluble microneedles 

Silicon microneedles 
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Enhancement 

method 

Microneedles 

Thermal Ablation 

Radio frequency 

ablation 

Sonophoresis 

Laser assisted 

delivery 

Jet systems 

Company 

NanoPass and Silex 
Microsystems 

Norwood Abbey 

TheraJect 

Altea Therpeutics 

TransPharma Medical 

Echo Therapeutics (formerly Sontra 
Medical Corporation) 

Pantech Biosolutions AG 

Norwood Abbey 

Valeritas 

Developed by PowderJect® 
pharmaceuticals and now owned by 
Novartis vaccines and diagnostics 

Product / Technology 

MicronJet needle (Hollow) ; 
Micropyramid technology (Solid) 

Micro-Needle technology 

TheraJectMAT and VaxMAT 

PassPort® Patch 

ViaDerm 

SonoPrep® system (withdrawn) 

P.L.E.A.S.E.® 

TM 

Epiture Easytouch 

Mini-Ject™ 

PowderJect® technology 
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Imiquimod 

Imiquimod (Mol. Mass: 240.30 g/mol; Log P: 2.7; pKa: 

7.3) is a moderately lipophilic small molecule which 

belongs to the imidazoquinolines family and acts as an 

immune response modifier. This compound has therapeutic 

indications for various diseases and was approved by the 

FDA in 1997 for treatment of actinic keratosis, superficial 

basal cell carcinoma and genital warts (Schon and Schon, 

2004). Imiquimod is currently marketed as a 5% topical 

cream (Aldara®) by Graceway® Pharmaceuticals, LLC. in the 

Unites States and as Beselna by Mochida Pharmaceutical Co., 

Ltd. in Japan. Recently, Graceway® Pharmaceuticals also 

reported the approval of a 2.5% cream (Zyclara®) for 

treatment of actinic keratosis and a 3.75% cream (Zyclara®) 

for treatment of genital warts. 

Actinic keratosis (AK) is a premalignant condition 

with dysplastic skin lesions which are typically rough, dry 

and scaly. These lesions are typically between 2-6 mm in 

size and can appear in various skin tones (dark, light, 

pink, tan, red, a combination of these or regular skin 

tone). It is more prevalent in areas frequently exposed to 

sun and is associated with solar damage. When left 



untreated, there is a 20% risk of this condition 

progressing to squamous cell carcinoma. This condition is 

very common with half the global population being diagnose 

with actinic keratosis and is more prevalent in fair-

skinned populations. Further, patients taking 

immunosuppressive medications are 250 times more 

susceptible to developing these premalignant lesions. 

Therefore, it is important to treat this condition in the 

earlier stages. Available forms of treatment include 

invasive surgical excisions, laser and photodynamic 

therapies, cryosurgery, topical application of imiquimod 

cream (Aldara®, Graceway® Pharmaceuticals, LLC) and topical 

application of 3% diclofenac sodium. These methods are 

either invasive (surgical excisions) or require prolonged 

treatment times (topical application). 

Basal cell carcinoma is the most common type of skin 

cancer which is prevalent in every 3 out of 10 Caucasians. 

It is prevalent is individuals who are exposed to sunlight 

for prolonged durations and is typically found on head, 

neck and the torso. Basal cell carcinoma develops in the 

basal layer of skin and is reportedly the result of UV 

induced damage. It can also be transferred genetically. 

There are various types of basal cell carcinoma. Even 
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though this cancer rarely metastizes, it has to be treated 

as it causes significant destruction and disfigurement to 

the affected area. Treatment options include surgical 

excision, chemotherapy, immunotherapy, radiation, 

photodynamic therapy, cryosurgery, electrodessication and 

curettage. However, these treatment modes are invasive 

which may not be appealing since this cancer is mostly 

prevalent in exposed areas such as head and neck. 

Genital warts are caused by a type of human 

papillomavirus (HPV) which is a highly contagious sexually 

transmitted disease. Even though a small percentage of 

those infected with the HPV virus develop genital warts, 

they can still transfer the virus to other individuals. 

Genital warts often occur as clusters with sizes ranging 

from tiny spots to large masses in the genital areas. 

Gardasil (Merck & Co.) is a vaccine for preventative care 

against the HPV virus. However, it does not treat the warts 

once the virus enters the body. Current treatment options 

for this condition include cryosurgery, laser ablation, 

electrocauterization, and topical application of various 

gels, ointments and creams, including imiquimod (Aldara®, 

Graceway® Pharmaceuticals, LLC). However, in some cases, if 
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the genital warts are located near the cervix or inside the 

vagina, topical treatments are not effective/practical 

since retention of the formulation at the site for the 

entire treatment duration (typically around 8 hrs) is not 

practical. Therefore, alternative methods need to be 

explored. 

Imiquimod is currently approved for treatment of the 

above conditions; however, its exact mechanism of action is 

yet to be discovered. It is generally considered to act via 

the Toll-Like Receptors (TLRs) present in skin. It 

specifically has agonistic activity towards the TLR 7 

receptors. Upon activation, these receptors mediate the 

production of various types of cytokines (interferon a, 

interleukin-6, tumor necrosis factor -a) (Reiter et al., 

1994; Hemmi et al., 2002; Jurk et al., 2002; Dummer et al., 

2003) resulting in a pro-inflammatory response in skin. 

Imiquimod may also directly act on langerhans cells in the 

epidermal/dermal layers which drain into the lymph nodes, 

activating adaptive immunity (Stanley, 2002). Alternately, 

imiquimod has also been reported to act directly via 

apoptotic effects towards tumor cells, TLR dependent 

stimulation of gene expression, and interference with 
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adenosine receptor (AR) signaling pathways (Schon and 

Schon, 2004; Schon et al., 2006). 



CHAPTER 3 

FORMATION AND CLOSURE OF MICROCHANNELS IN SKIN FOLLOWING 

MICROPORATION WITH SOLUBLE MATLOSE MICRONEEDLES 

Abstract 

Purpose. To characterize the microchannels created by 

soluble maltose microneedles in hairless rat skin and 

investigate their closure following exposure to different 

occlusive conditions. 

Methods. Geometry and dimensions of maltose 

microneedles were characterized by scanning electron 

microscopy. Creation of microchannels was investigated by 

methylene blue staining, histological sectioning, confocal 

microscopy and calcein imaging studies. Closure of 

microchannels when exposed to different conditions (open to 

environment, occluded by solution, occluded by plastic 

film) was investigated via transepidermal water loss 

96 
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measurements and calcein imaging studies. Flux studies were 

also performed with Franz diffusion cells and calcein as 

the model compound to investigate partial pore closure as a 

function of time and its effect on drug delivery. 

Results. Microscopic imaging studies showed a 

pyramidal geometry of maltose microneedles with an average 

length of 559 ± 14 um and tip radius of 4 um. Upon 

insertion into skin, they created microchannels with an 

average surface diameter of 60 um and an average depth of 

160 ± 20 um, as observed by histological sectioning and 

confocal microscopy. Skin recovered its barrier function 

within 3-4 hours of poration, as indicated by restoration 

of transepidermal water loss (TEWL) values. Direct 

visualization of the pore closure process via calcein 

imaging studies indicated that microchannels closed 

completely within 15 hrs of poration when exposed to the 

environment. However, when occluded with a solution or a 

water vapor impermeable plastic film, microchannels 

remained open for up to 72 hrs in vivo. Transdermal flux 

studies with calcein dye also confirmed these findings. 

Conclusion. Maltose microneedles penetrated the 

stratum corneum barrier effectively and created 

microchannels in skin which completely closed within 15 hrs 
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after poration. However, under occluded conditions, barrier 

recovery was delayed for up to 72 hrs in vivo. 

Introduction 

Transdermal Drug Delivery (TDD) is an appealing drug 

administration route to avoid the disadvantages associated 

with oral and parenteral administration of drugs. 

Transdermal delivery allows the permeation of drugs across 

the skin and into the systemic circulation, thus avoiding 

the hepatic first-pass effect observed for oral 

administration and the inconvenience of frequent parenteral 

administrations. However, the permeation of compounds is 

limited to small, lipophilic molecules due to the outermost 

skin barrier, the stratum corneum (SC). Stratum corneum is 

a biphasic layer with both hydrophilic and hydrophobic 

regions which maintains the hydration levels of skin and 

simultaneously acts as a barrier to foreign materials. 

Several chemical and physical enhancement techniques such 

as chemical enahncers, iontophoresis, 

ultrasound/sonophoresis, microneedles, electroporation and 

laser ablation have been explored to increase skin 
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permeability and overcome the stratum corneum barrier. 

Microporation techniques employed in transdermal drug 

delivery such as microneedle technology, thermal and 

radiofrequency ablation, laser ablation and other 

combination approaches have been recently reviewed (Banga, 

2009). 

Microneedle technology offers a cost effective, 

minimally invasive, and controllable approach to enhance 

transdermal drug delivery. It involves the creation of 

micron sized channels in the skin, thereby disrupting the 

stratum corneum barrier. Upon creation of the 

microchannels, interstitial fluid fills up the channels 

resulting in hydrophilic pathways. As indicated by recent 

literature, there has been an increased interest in this 

technology and a wide range of drug moieties including 

hydrophilic compounds and macromolecules have been shown to 

be delivered transdermally (Lin et al., 2001; Matriano et 

al., 2002; McAllister et al., 2003; Chabri et al., 2004; 

Cormier et al., 2004; Martanto et al., 2004; Davis et al., 

2005; Park et al., 2005; Teo et al., 2005; Widera et al., 

2006; Kolli and Banga, 2008; Li et al., 2009). For example, 

Wang et al. have reported a 25% decrease in blood glucose 
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levels upon administration of insulin via hollow 

microneedles (Wang et al., 2006). In another study, 

Cormier et al. employed desmopressin coated solid 

microneedles to deliver 20 ug of the drug across hairless 

guinea pig skin within 15 min. of application (Cormier et 

al., 2004). Studies related to various aspects of 

microneedle technology such as fabrication of microneedles, 

types of microneedles (solid/hollow), TDD via microneedles, 

delivery of microparticles, insertion kinetics of 

microneedles, human studies, lack of pain associated with 

microneedles, pore closure and combination approaches have 

been recently reviewed by us (Kalluri and Banga, 2009). 

A wide range of microneedle designs and geometrical 

parameters of solid/hollow microneedles have been studied 

by various research groups for applications in transdermal 

drug delivery. Teo et al. studied the effect of microneedle 

diameter on drug delivery. From in vitro studies, they 

reported that while microneedles with a diameter of 50 um 

increased delivery by 10 fold, microneedles with a diameter 

of 150 um further increased permeation levels up to almost 

20 fold (Teo et al., 2005; Teo et al., 2006). This could be 

attributed to larger pores created by microneedles with a 
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bigger diameter. Microneedle length is another major factor 

that will influence the depth of the created pores, drug 

delivery and recovery time. Oh et al. reported that an 

increase in microneedle length from 200 um to 500 urn 

resulted in a ~ 5 fold increase in permeation levels, in 

vitro. Microneedle density also affected permeation levels 

with a linear increase in permeation levels (Oh et al., 

2008). However, a densely packed microarray with less 

needle-to-needle spacing distance may play a critical 

negative role in drug delivery due to the possibility of 

bed-of-nails effect (Mikszta et al., 2002; Teo et al., 

2006) . 

Most of the literature on microneedle technology is 

focused on fabrication technologies or drug delivery and 

not many studies have been reported on the basic aspect of 

microporation such as characterization of microchannel 

dimensions and especially their closure. When the skin 

barrier is disrupted, skin repair starts immediately due to 

stimulation of secretion of lamellar bodies in the skin 

(Menon et al., 1992). It has been reported that, following 

skin barrier disruption, the water loss from skin increases 

and this creates an imbalance in skin hydration levels 
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which then stimulates the lamellar bodies secretion process 

(Elias, 1983). However, the time taken for this recovery 

process depends on the degree of barrier disruption, which 

in turn depends on the geometry and dimensions of the 

employed microneedles. Therefore, it becomes important to 

study these parameters when designing a microneedle based 

patch. Al-Qallaf and Das investigated the effect of various 

parameters such as microneedle geometry, sharpness of tip, 

surface area of patch and skin thickness on drug delivery 

(Al-Qallaf and Das, 2009). The effect of microneedle 

length, cross-section and microneedle density were also 

reported by Gupta et al. where they employed skin impedance 

measurements to study the time taken for the skin to regain 

normal function after microporation (in human volunteers). 

They reported that the healing time of skin greatly 

depended on the length of microneedles, cross-section of 

the employed microneedles and the microneedle density 

(Gupta et al., 2008; Gupta, 2009). 

As discussed earlier, considerable numbers of studies 

have been published pertaining to microneedle technology in 

transdermal drug delivery. However, pore closure has not 

been well characterized. Haq et al. have indicated the 



closure of microchannels at 24 hrs in human volunteers by 

superficial staining of skin and transepidermal water loss 

measurements at set time points (Haq et al„, 2009). Also, 

as mentioned earlier, Gupta et al. have employed skin 

impedance measurements to study skin healing after 

application of microneedles with different geometrical 

parameters, under both occluded and non-occluded conditions 

(Gupta, 2009) . However, these studies did not include 

direct visualization of this healing phenomenon. 

Therefore, in these studies, for the first time, we have 

comprehensively studied and reported pore closure by 

various techniques such as calcein imaging, transepidermal 

water loss measurements, methylene blue staining and flux 

studies. We have also studied the effect of formulation pH 

and different occlusive conditions on pore closure. 

Materials and Methods 

Materials 

Maltose microneedles (500 um) were obtained from 

Elegaphy, Inc. (Otsu, Japan). Each array consists of three 

stacked layers of microneedles; each layer in turn has 27 
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soluble microneedles which dissolve upon insertion into 

skin. Fluoresoft (0.35%)®, used in calcein imaging studies 

was obtained from Holies Laboratories Inc. (Cohasset, MA, 

USA). FluoSpheres® (0.2 um) were obtained from Invitrogen™ 

(Carlsbad, California, USA). Methylene blue dye, used in 

dye binding studies was obtained from Eastman Kodak Co. 

(Rochester, NY, USA). 

Male hairless rats, the animal model for these 

studies, were obtained from Charles River Laboratories 

(Wilmington, MA, USA) and were housed in the Mercer 

University animal facility until use. All the animal 

studies were reviewed and approved by the Mercer University 

Institutional Animal Care and Use Committee. 

Methods 

Scanning electron microscopy 

Geometry and dimensions of maltose microneedles were 

studied using a Hitachi S-4100 scanning electron microscope 

(SEM; Hitachi High-Technologies, Maidenhead Berkshire, UK). 

The microneedle array was directly placed in a field 

emission SEM at an accelerating voltage of 15 keV without 
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any further coating. Images were taken at various 

magnifications to observe the geometry and the actual 

length, base width and tip radius (sharpness) of the 

microneedles were measured using Vantage 1.3 software 

(Noran systems). 

Methylene blue staining 

Dye binding studies were performed to visualize the 

creation of microchannels by maltose microneedles. Freshly 

excised hairless rat skin, excised immediately after 

sacrifice, was obtained and three line maltose microneedles 

were manually inserted following which staining was 

performed with 1% (w/v) methylene blue dye solution for 1 

min. The site was then cleaned with kimwipes and alcohol 

swabs to remove excess dye. Images were then taken with a 

Proscope HR video microscope. 

Confocal microscopy 

Confocal microscopy studies were performed to 

characterize the depth and surface diameter of the 

microchannels. Skin from the abdominal region of hairless 
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rats was obtained and porated with maltose microneedles. 

FluoSpheres® (0.2 urn) were applied for 20 seconds after 

which excess was removed with kimwipes. The sample was then 

placed on a slide and mounted onto a Zeiss confocal 

microscope. X-Z sectioning was performed at an 

excitation/emission wavelength of 495nm/515nm, 

respectively. The depth of the microchannels was 

investigated indirectly by the depth of permeation of the 

microparticles. The surface diameter of the microchannels 

was also measured using the LSM image browser software. 

Histological sectioning 

Histological sectioning was also performed to confirm 

the creation and depth of the microchannels. Hairless rats 

were anesthetized using ketamine (70 mg/kg) and xylazine 

(30 mg/kg). An area on the abdomen of the rat was treated 

with maltose microneedles and the site was stained with 

methylene blue dye after which the site was cleaned with 

alcohol swabs and kimwipes. The rat was then sacrificed by 

carbon dioxide asphyxiation and the porated site was 

excised immediately and fixed in OCT compound medium 

(Tissue-Tek®) . The blocks were instantly frozen using liquid 
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nitrogen and were stored at -80°C until further analysis. 

Using a Microm HM 550 Cryosts, 10 urn thick cryosections of 

the skin sample were cut and placed on a glass slide. The 

presence of the created microchannels was observed as a 

function of the depth from the surface layer (stratum 

corneum) of the skin, as indicated by the dye. Images were 

taken using a Nikon Eclipse E600 camera which is attached 

to a microscope. 

Different occlusive conditions tested for effects on pore 

closure 

Microneedle treated sites were subjected to different 

occlusive conditions to investigate the effect of occlusion 

and pH on pore closure. The porated sites were subjected to 

the following conditions: exposed to the environment (open 

site); occluded with citrate buffer (pH 4); occluded with 

phosphate buffered saline (PBS; pH 7.4); or occluded with a 

water-vapor impermeable plastic film (single coated 

polyethylene medical tape; 3M 1521, 3M pharmaceuticals) 

(Fig. 14). Studies were also performed to investigate pore 

closure when occluded with distilled water. 



Different conditions tested 

Open to 
environment 

Occluded by 
plastic film 

Occluded by 
solution 

Figure 14: Schematic showing the different test conditions 
studied for effects on pore closure, (a) Open site; (b) 
occluded by a water-vapor impermeable plastic film; (c) 
occluded by solution. 

Assessment of barrier integrity as indicated by 

Transepidermal Water Loss (TEWL) 

Hairless rats were anesthetized and an area on the 

abdomen was cleaned with kimwipes. A VapoMeter® (Delfin 

Technologies Ltd, Kuopio, Finland) was employed to measure 

the change in Transepidermal Water Loss (TEWL) after 

treatment with maltose microneedles. The VapoMeter® consists 

of sensors which measure the % RH (relative humidity) and 

convert it to a value representative of TEWL (g/m2hr) . 

Measurements recorded before microporation were considered 

as base values indicative of unperturbed skin barrier. TEWL 
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measurements were taken again immediately after 

microporation, which served as controls indicating open 

pores. To study the time taken for the skin to regain its 

normal barrier function, TEWL values were taken 

periodically over a period of time till the values fell 

back to base values. 

In studies to check the effect of different test 

conditions on pore closure, the microneedle treated sites 

were either left open to the environment, occluded with a 

plastic film or occluded with a solution. A liquid 

reservoir patch was used for occluding the porated sites 

with respective buffer solutions or water (Fig. 1). The 

patch consists of a plastic backing layer, reservoir 

chamber and an adhesive layer. The respective solution was 

injected into the reservoir chamber. After 24 hrs, the site 

was cleaned with a kimwipe and TEWL measurements were taken 

again to study presence or absence of pores. The sites were 

also stained with methylene blue dye for visualization of 

microchannels. The same procedure was repeated for checking 

the presence of microchannels at 72 hrs after 

microporation. As a control for this study, intact sites 

(without microneedle treatment) were occluded with plastic 



film and distilled water. TEWL values were measured at 24 

hrs and 72 hrs after occlusion. ANOVA (analysis of 

variance; p<0.05) and t-test (p<0.05) were performed to 

analyze the data. 

Calcein imaging to study pore closure kinetics 

Calcein imaging studies were performed to study the 

kinetics of pore closure in microneedle treated hairless 

rat skin. Hairless rats were anesthetized and several area 

on the abdomen were treated with microneedles. Calcein, a 

fluorescent dye (with excitation/emission wavelengths of 

495 nm/515 nm), was applied to the treated sites at 

different time points of 0.25, 0.50, 1, 2, 3, 6, 8, 12, 15 

and 24 hrs after poration. The site was then wiped with 

kimwipes to remove excess dye. A fluorescent image was 

taken that shows the distribution of fluorescence in and 

around each pore. The imaging system has been discussed by 

us previously. Briefly, it comprises of a digital camera 

(Canon, USA) fitted with a macro lens attached in front 

with a 525 nm long pass filter (Kolli and Banga, 2008). 
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To check the effect of different occlusive conditions 

on pore closure, the same procedure was employed. After 

exposure to the respective test conditions for 24, 48 and 

72 hrs, fluorescent images were taken to investigate the 

presence of microchannels and the distribution of calcein. 

The images were processed using Fluoropore software, an 

image analysis tool, which measures the fluorescent 

intensity in and around each pore to give a value called 

the pore permeability index (PPI). This PPI value is 

representative of calcein flux into the skin for each pore. 

PPI values therefore indicate the creation of pores and 

their uniformity. In studies to study complete closure of 

pores under occluded conditions, treated sites were 

occluded with a plastic film and calcein imaging was 

performed at 0, 72 and 120 hrs from the time of poration. 

In vitro permeation studies 

Effect of pore closure as a function of time and its 

effect on drug delivery was studied by in vitro permeation 

studies with calcein (M.W.: 622.55 Da) as the model drug. 

Hairless rats were porated in vivo and transepidermal water 

loss (TEWL) values were measured to ensure creation of the 



microchannels. The treated sites were excised at different 

time points (0, 3, 6 or 15 hrs) from the time of poration 

and immediately mounted onto Franz diffusion cells. Donor 

cells were filled with 300 uL of Fluoresoft (0.35%)® and the 

receptor chambers were filled with deionized water. Samples 

(400 uL) were taken at predetermined time points over a 

period of 24 hrs and calcein levels were quantified using a 

fluorescence spectrophotometer. 

Results and Discussion 

Microneedles have been fabricated from a range of 

materials such as silicon, glass, polymers and metals. 

However, due to potential issues such as breakage of the 

needles in skin, manufacturing costs and other 

complexities, microneedles made of biodegradable polymers 

have been explored (Park et al., 2005; Kolli and Banga, 

2008). In this study, soluble microneedles made of maltose 

sugar were employed. 

Scanning electron microscopy indicated pyramidal 

geometry of maltose microneedles (Fig. 15a). Fig. 15b is a 

magnified image of a single microneedle showing its sharp 



tip. Microneedles had an average length of 559 + 14 um, an 

average base width of 213 ± 12 um, and a sharp tip with an 

average radius of around 4 um. The sharp tips ensure 

effective penetration across the stratum corneum barrier. 

Figure 15: Scanning electron microscopic images of maltose 
microneedles; (a) 40X magnification showing an array of 
microneedles; (b) 500X magnification showing the tip of a 
single microneedle with an average tip radius of ~ 4 um. 

Maltose microneedles dissolve upon insertion into 

skin, resulting in hydrophilic channels which aid in 

transdermal drug delivery (Kolli and Banga, 2008; Li et 

al., 2009). Microchannels created by these microneedles 

were characterized by various staining and imaging 

techniques. 



Methylene blue staining studies indicated that maltose 

microneedles effectively created microchannels in skin 

(Fig. 16). Methylene blue dye binds to only those regions 

where the skin barrier has been disrupted, thereby aiding 

in visualization of microchannels. The three line maltose 

microneedles unit created 81 microchannels (about 125 

microchannels per sq. cm) in a reproducible manner. 

Figure 16: Methylene blue staining for visualization of 
microchannels; (a) stereomicroscopic image showing three 
rows of microchannels and (b) a single microchannei. The 
arrow indicates a single microchannei. 

The depth of the created microchannels was 

investigated by confocal microscopy using 0.2 urn sized 

fluorescent particles. Upon application on a porated site, 



the microparticles permeate through the entire length of 

the microchannels, thus indicating their depth. A 

fluorescent solution such as calcein dye was not employed 

in order to avoid false interpretation of data due to 

diffusion of the dye past the microchannels. As can be seen 

in Fig. 17, the microparticles penetrated up to a depth of 

160 ± 20 urn indicating the depth of the microchannels. 

Therefore, maltose microneedles with an average length of 

~560 um created microchannels with an average depth of 160 

± 20 um and a surface diameter of -60 um. 

Figure 17: Confocal microscopy to study depth of 
microchannels. The images indicate the permeation profile 
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of 0.2 urn sized fluorescent microparticles (FluoSpheres®) 
across hairless rat skin. Fluorescence was imaged upto an 
average depth of 160 ± 20 ym, indicating the depth of the 
microchannels. 

Histological examination of skin samples fixed 

immediately after poration validated the data obtained from 

confocal microscopy. Figures 18 (a-e) show skin sections 

taken at varied depths from the skin surface. Methylene 

blue dye was imaged up to a depth of 160 um indicating the 

depth of the microchannels (Fig. 18d). 

Figure 18: Horizontal histological sectioning to check the 
presence of microchannels in microneedle treated skin. 
Histological sections of treated skin fixed immediately 
after microporation: (a) top layer of skin, (b) at 90 um 
deep, (c) at 120 ym deep, (d) at 160 ym, and (e) at 200 ym 
from the surface of skin. The arrows indicate a single 
microchannel (stained by methylene blue dye). 
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Most studies reported in literature have characterized 

only the surface morphology of the microchannels and 

relatively less literature is available on the 

characterization of the microchannel pathways and their 

subsequent closure. It is important to study the dimensions 

of the created microchannels as they directly affect drug 

delivery. The microchannels decrease the diffusion pathway 

of drug molecules, and therefore, depth of the 

microchannels is directly related to the lag time. 

MicroChannel dimensions are dependent on the geometry 

of the employed microneedles and parameters such as the tip 

diameter, base width, microneedle length, type of 

microneedle (solid/hollow), and its mechanical strength 

play critical roles. Al-Qallaf and Das have studied a 

varied range of geometries for investigating an optimal 

design for a microneedle (Al-Qallaf and Das, 2009; Al-

Qallaf and Das, 2009). However, there is no single 

microneedle design that is considered ideal for drug 

delivery. 

Following microporation, skin immediately triggers the 

skin healing process. Therefore, it is important to 
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consider pore closure when designing microneedle based 

patches as it may have undesired implications. For example, 

if the pores close when the patch is applied on the skin, 

it may result m sub-therapeutic levels in the body. On the 

other hand, if pores remain open even after removal of the 

patch, it may result in problems such as irritation, 

infection and contamination of the site. Therefore, these 

studies were aimed at understanding the pore closure 

dynamics following skin microporation. 

The effects of different test conditions on pore 

closure were also investigated. The porated sites were 

either left open to the environment, occluded by a water 

vapor impermeable plastic film, occluded with citrate 

buffer (pH 4), occluded with PBS buffer (pH 7.4) or 

occluded with distilled water. The experimental conditions 

(as depicted by the schematic in Fig. 14) were set 

specifically to study the effects of different occlusive 

conditions and formulation pH on pore closure. 

Transepidermal water loss (TEWL) measurements were 

employed as an indirect metnod to investigate integrity or 

disruption of the stratum corneum barrier. Skin, being the 

protective barrier, protects the body from exogenous 
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factors and at the same time also maintains skin hydration 

levels, thus resulting in minimal water loss from the body. 

Therefore, intact skin always has low transepidermal water 

loss (TEWL) values. In cases when the stratum corneum 

barrier is disrupted, the amount of water loss from the 

body increases, resulting in high TEWL values. This basic 

principle has been applied in several studies to study skin 

barrier function. In this study, TEWL values were taken as 

a supportive tool to study pore closure. Measurements 

taken on unperturbed skin were recorded as base values and 

measurements taken immediately after microporation served 

as positive controls which indicated the presence of 

microchannels. At the end of the study, low TEWL values 

comparable to base values would indicate absence of pores 

while high TEWL values comparable to positive control 

values would indicate presence of pores. 

Immediately after microporation, transepidermal water 

loss was measured over a period of time to study the time 

taken by skin to regain its normal barrier function. The 

increase in TEWL following barrier disruption is reported 

as the percentage increase from base values (of intact 

skin). Following microporation, there was more than 150% 



increase in TEWL values which significantly decreased 

within the first 5 min. TEWL values continued decreasing 

gradually over a period of time and reached base values 

around 4 hrs (Fig. 19) after poration, indicating that skin 

had regained its barrier function by this time point. 
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Figure 19: Transepidermal water loss measurements to study 
recovery of barrier function in microneedle treated skin. 
TEWL values are reported as percentage increase from base 
values of intact skin. Error bars indicate standard 
deviation (± SD). 

The percentage increase in TEWL immediately after 

microporation may differ slightly from study to study. 

However, this variability is not significant as this just 
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indicates increased water loss from the site. This increase 

m water loss triggers the skin healing process by inducing 

secretion of organelles into the intercellular spaces. 

Menon et al. reported that this eventually leads to 

secretion of nascent lamellar bodies which then transform 

into basic units in the mid-outer layers of the stratum 

corneum, thus resulting in barrier recovery. Basic unit 

structures were reported to appear m the lower SC by 1 hr, 

with higher levels by 3 his indicating better barrier 

homeostasis at the latter time point (Menon et al., 1992). 

Our studies indicate that, for the open site, TEWL values 

returned to base values within 4 nrs of poration indicating 

restored barrier function (Fig. 19). Gupta et al. have 

reported similar findings from skin impedance studies in 

human volunteers. They indicated that skin healed within 2 

hrs under non-occluded conditions. However, when occluded, 

healing times were delayed but depended on the geometry of 

the microneedle employed, as indicated by low skin 

resistance values (Gupta et al., 2008; Gupta, 2009). 

In studies to check the effect of different test 

conditions on pore closure, intact skin had an average base 

value of 9.19 ± 0.95 g/m2hr which increased to 18.67 ± 1.86 
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g/m2hr immediately after microporation. At 24 hrs after 

poration, TEWL values fell back to 10.60 ± 0.46 g/m2hr for 

the open site indicating absence of microchannels. However, 

for sites occluded with a plastic film, TEWL values 

remained high at 18.77 ± 0.90 g/m^hr even at 24 hrs, 

indicating presence of viable microchannels. Similar 

results were observed for sites exposed to both citrate and 

phosphate buffers (Fig. 20A). The presence of microchannels 

was further confirmed by methylene blue staining at the end 

of the study. For the sites occluded with buffers or a 

plastic film, microchannels were visualized even at 24 hrs 

after microporation. However, no microchannels were 

observed for the sites exposed to the environment (Fig. 

20A: (i-iv)). A similar trend was observed for the 72 hrs 

time point as well (Fig. 20B) indicating that pores 

remained open for up to 72 hrs in vivo, upon occlusion. 
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Figure 20: Transepidermal water loss measurements to assess 
pore closure at (A) 24 hrs and (B) 72 hrs, after 
microporation (n=4). In both cases, microchannels closed 
when exposed to the environment as indicated by low TEWL 
values. However, they remained open under occluded 
conditions (plastic film, citrate buffer, PBS buffer) as 
indicated by high TEWL values. This was further confirmed 
by methylene blue staining (i-iv). The arrows in (ii-iv) 
indicate presence of microchannels. Error bars indicate 
standard deviation (± SD). 

From the TEWL data, it is indicative that pH did not 

have an effect on pore closure. To confirm this, a similar 

study was performed where treated sites were exposed to 

deionized water for 24 hrs. A similar trend was observed 

here as well where TEWL values remained high even after 

removal of the liquid reservoir patch (Fig. 21), thus 

indicating that pores remain open when occluded by any 

solution, irrespective of pH. 
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Figure 21. Transepidermal water loss measurements to 
assess pore closure when occluded with deionized water. 
TEWL values remained high indicating that pH does not have 
an effect on pore closure. 

Occlusion by impermeable membranes or solutions may 

cause a slight increase in skin hydration levels which in 

turn may slightly affect TEWL values. Control studies with 

intact, occluded sites indicated that occlusion does 

increase TEWL slightly by 24 hrs and 72 hrs (average values 

of 12.93 g/m2.hr and 13.27g/m2.hr respectively). However, 

statistical analysis indicated that the values obtained 

from control studies were statistically lower than the 

experimental data at both, 24 hrs (p=0.002) and 72 hrs 
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(p=0.038), thus confirming open pores under occluded 

conditions. 

When the treated sites are occluded by a water vapor 

impermeable plastic film or a solution, the water loss is 

inhibited due to occlusion, thereby maintaining skin water 

content which delays the barrier recovery process. However, 

after removal of occlusion, TEWL recovered back to base 

values within 2 hrs. These results are supported by 

findings from Grubauer et al. (Grubauer et al., 1989) where 

they demonstrated the role of transepidermal water loss on 

barrier recovery. It was reported that when occluded with 

an impermeable membrane, barrier function did not recover 

normally. However, when occluded with a semi-permeable 

membrane which allows only the permeation of water vapor, 

barrier function recovered back to normal, thus indicating 

that water gradient has a direct effect on barrier 

recovery. 

Occlusion in general has been shown ro delay barrier 

recovery. Ahn et al. studied the effect of occlusion on 

skin barriers disrupted by different methods such as tape 

stripping and application of surfactants (Ahn et al., 

2001). They reported that barrier recovery was delayed for 
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3 days under occlusion due to inhibition of formation of 

the lamellar bilayers in the stratum corneum. Barrier 

function was recovered only after removal of occlusion as 

indicated by the normal basic unit structure of the 

lamellar bilayers. The effects of some occlusive dressings 

on lamellar bodies in the stratum corneum have been 

reviewed by Kennish and Reidenberg (Kennish and Reidenberg, 

2005). Menon et al. also reported that occluding disrupted 

skin barriers with an impermeable membrane resulted in a 

delay in barrier recovery associated with inhibition of 

lamellar body secretion (Menon et al., 1992). These 

lamellar bodies mediate transcutaneous water loss and 

thereby play an important role in barrier function (Elias, 

1983). Therefore, transepidermal water loss may be a good 

indicator of barrier function in microneedle treated skin. 

Fluorescence imaging studies were also performed to 

directly visualize the pore closure process when exposed to 

the different test conditions. Fig. 22a is a fluorescent 

image of intact skin which shows minimal background 

fluorescence. Images taken immediately after microporation 

indicate permeation of calcein through the defined 

microchannels as indicated by increased fluorescence 



intensity (Fig. 22b). At 12 hrs after poration, there was 

faint fluorescence indicating partially open pores (Fig. 

22f). However, by 15 hrs the pores closed as seen in Fig. 

22g. 

Ohrs 

8 hrs 

Intact skin 

6 hrs 

12 hrs 15 hrs 

Figure 22: Calcein imaging to study the kinetics of pore 
closure. Fluorescent images were taken for (a) intact skin 
and at (b) 0 hr, (c) 3 hrs, (d) 6 hrs, (e) 8 hrs, (f) 12 
hrs and (g) 15 hrs after microporation. Pores closed by 15 
hrs in vivo under non-occluded conditions. 



When microneedles treated sites (Fig. 23a) were 

occluded with water or a plastic film, pores remained open 

at 24 hrs in vivo (Figs. 23c & 23d respectively). For sites 

exposed to the environment, fluorescence imaging indicated 

absence of microchannels at 24 hrs (Fig. 23b). 

Immediately after 
microporation 

Open Site 

24 hrs after microporation 

Occlusion with 
water 

"~1 
Occlusion with 

plastic film 

Figure 23: Calcein imaging indicating the presence or 
absence of microchannels at 24 hrs after microporation. 
Microchannels were created with maltose microneedles (a) 
and subjected to different conditions. At 24 hrs after 
poration, microchannels were not observed for (b) open 
(non-occluded) site. However, microchannels were observed 
for sites (c) occluded with water and (d) occluded with a 
plastic film. 

For occluded sites, even though the microchannels 

remained open at 24 hrs, decreased fluorescence was 

observed, indicating partial closure of pores. This is 

further supported from the pore permeability index (PPI] 



values computed from the analysis of the images (Fig. 24). 

For example, for the site occluded with plastic film, pore 

permeability index (PPI) value decreased from an initial 

value of 11.7 to 3.7 (Fig. 24b & 24d). A similar trend was 

observed for occlusion with water, citrate buffer and 

phosphate buffer. 

« w n M *t x 
Pore pernieabffity Index (PPI) 

tfi 

Pore permeability Index (PPI) 

Figure 24: Partial pore closure as indicated by calcein 
imaging, (a) fluorescent image showing microchannels 
immediately after poration and its corresponding (b) 
histogram showing the pore permeability values for freshly 
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porated skin; (c) fluorescent image showing microchannels 
at 24 hrs when occluded with a plastic film with its 
corresponding (d) histogram. 

Studies at further time points show the presence of 

microchannels even at 72 hrs in vivo under occluded 

conditions, which eventually closed by 120 hrs (Fig. 25). 

Intact skin 
Immediately after A t 7 2 hrs after At 120 hrs after 

poration P<>rati«» Potion 
(when occluded) (when occluded) 

Figure 25: Pore closure under occluded conditions (plastic 
film). (a) Intact skin before poration; (b) immediately 
after poration; (c) at 72 hrs after poration and (d) at 120 
hrs after poration. Arrow indicates presence of 
microchannels. 

Barrier recovery is an ongoing process which starts 

almost immediately after skin barrier disruption. Studies 

have shown that barrier recovery and epidermal calcium 

gradient restore in a parallel manner in compromised skin 

(Menon et al., 1994). Ahn et al. suggested that occlusion 
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with an artificial barrier would only delay barrier 

recovery by delaying restoration of the calcium gradient. 

Once the gradient is restored, a normal recovery process 

occurs (Ahn et al., 2001). Menon et al. also reported that 

barrier disruption alters the epidermal calcium gradient 

and its recovery is prevented by occlusion (Menon et al., 

1994). However, Ahn et al. found that the epidermal calcium 

gradient was restored by 60 hrs under occluded conditions 

(Ahn et al., 2001). It has been reported that in murine 

epidermis the initial barrier recovery phase lasting 6 hrs 

results in 50-60% recovery which is then followed by a 

prolonged recovery phase (Menon et al., 1985; Taijebini et 

al., 1996). Therefore, even though barrier recovery is 

delayed under occluded conditions and pores remain open for 

longer periods, they might not have the same initial 

dimensions (depth and width), which may affect drug 

delivery. 

Therefore, flux studies were performed with calcein 

dye as the model drug to investigate partial pore closure 

as a function of time and its effect on drug delivery. For 

the skin sample extracted immediately after microporation, 

highest calcein delivery was observed. However, for the 



skin sample extracted at 15 hrs after poration, the 

delivery profile was similar to that of passive permeation, 

thus indicating that pores closed completely by this time 

point (Fig. 26A). Drug delivery decreased as a function of 

time and the cumulative amount delivered through the 15 hrs 

skin sample was statistically similar to the amount 

delivered through intact skin (Fig. 26B). 
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Figure 26: Flux studies to assess partial pore closure as a 
function of skin (A & B). 

Other factors such as ions also play an important role 

in barrier recovery. Excess calcium and potassium ions have 

been shown to delay barrier recovery in disrupted skin 

barriers (Lee et al., 1992; Lee et al., 1994; Mao-Qiang et 

al., 1997). Strong bases, termed superbases due to their 

highly basic pH, alter skin pH, affect barrier function and 

delay barrier recovery. The acidic mantle of the stratum 

corneum layer is affected by a superbase induced increase 

in pH, thereby altering barrier function (36-38). 
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Therefore, several factors need to be considered when 

designing a microneedle patch. While some of these factors 

may be advantageous, others may have undesired 

implications. 

The reversible nature of skin microporation is very 

advantageous to microneedle technology and may aid in 

controlled delivery of therapeutic molecules (Fig. 27). 

Open to 
environment 

Poratedskin 

Occluded by plastic 
film 

NO pores 
fPores close within IS 

hrsof poration) 

OPEN pores 
(upto 72 hrs) 

Occluded by any 
solution 

(irrespective of pH) 

I 
OPEN pores 
(upto 72 hrs) 

(Controlled delivery of therapeutic molecules) 

Figure 27. Schematic showing the effect of different 
conditions on pore closure. 

Since pore closure is an important aspect of 

microneedle technology, other groups have also attempted to 

study this phenomenon by other techniques. The methods 
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employed and the results obtained by two groups - Gupta et 

al. (Gupta et al., 2008; Gupta, 2009) and Haq et al. (Haq 

et al., 2009) have been compiled and compared to our data 

in Table II. 
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Table II: Comparison of studies reporting pore closure characterization. 

Group 

Haq et al. 

Gupta et 
al . 

Kalluri 
and Banga 
(this 
study) 

Model/Staining 

Human study; 
Methylene blue 
staining; pores 
were observed and 
skin 
repair/resealing 
was apparent at 
8-24 hrs post 
treatment 

Human study; 
Staining studies 
were not done 

Hairless rat 
model; 
Methylene blue 
staining; pores 
were created 

TEWL 

Microneedle 
length: 180 urn 
and 28 0 um. 
TEWL values 
fell to 
baseline within 
24 hrs. 
However, not 
statistically 
significant 
when compared 
to control 

N/A 

Microneedle 
length: 500 um 
TEWL values 
recovered 
within 3-4 hrs 
post treatment 

Calcein 
imaging 

N/A 

N/A 

Direct 
visualization 
indicated 
complete pore 
closure 
within 15 hrs 

Pore 
permeability 
index (PPI) 

N/A 

N/A 

PPI values 
decreased as 
a function 
of time 
indicating 
partial 

Skin 
impedance 

N/A 

Skin healed 
within 2 hrs 
as indicated 
by impedance 
values 

N/A 



Table II - continued. 
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Group 

Kalluri 
and Banga 
(this 
study) 

Model / Staining TEWL 

Occlusion 
resulted in 
delay of 
barrier 
recovery as 
indicated by 
high TEWL 
values; 
statistically 
significant 

Calcein 
imaging 

Occlusion 
delayed pore 
closure for 
72 hrs 

Pore 
permeability 
index (PPI) 

Closure of 
pores 

Skin 
impedance 
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Conclusions 

In a hairless rat model, maltose microneedles 

penetrated the stratum corneum barrier and dissolved in 

skin, creating microchannels with an average surface 

diameter of 60 um and a depth of 160 ± 20 urn. When exposed 

to the environment, skin recovered its barrier function 

within 4 hrs as indicated by the transepidermal water loss 

measurements. However, direct superficial visualization by 

calcein imaging and flux studies indicated that pores close 

slowly over about 15 hrs. Pore closure can be delayed for 

up to 72 hrs in vivo under occluded conditions. This 

reversible nature of microporation is likely to be 

advantageous for controlled drug delivery. 



CHAPTER 4 

FORMATION AND CLOSURE OF MICROCHANNELS IN SKIN FOLLOWING 

MICROPORATION WITH METAL MICRONEEDLES 

Abstract 

Purpose. To characterize the microchannels created by 

stainless steel microneedles (DermaRoller™) in hairless rat 

skin and investigate the time taken for their closure, in 

vivo. 

Methods. DermaRoller™, a commercially available 

cosmetic handheld device, has metal microneedles embedded 

on its surface which offers a means of skin microporation. 

Geometry and dimensions of the 770 um long metal 

microneedles were studied via scanning electron microscopy. 

Dye binding studies, histological sectioning and confocal 

microscopy were performed to characterize the microchannels 

created by these microneedles. Recovery of skin barrier 

function after poration with 370 or 770 um long 

140 
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transepidermal water loss (TEWL) measurements and calcein 

imaging studies. 

Results. Characterization studies indicate that 770 um 

long metal microneedles with an average base width of 140 

um and a sharp tip with a radius of 4 um effectively 

created microchannels in the skin with an average depth of 

152.5 ± 9.6 um and a surface diameter of 70.7 ± 9.9 um. 

TEWL measurements indicated that skin regains it barrier 

function around 4-5 hrs after poration, for both 370 um and 

770 um microneedles. However, direct observation of pore 

closure via calcein imaging studies indicated that pores 

closed completely by 12 hrs for 370 um long microneedles as 

compared to 18 hrs for 770 um long microneedles. 

Conclusion. Microchannels created by 770 um long 

microneedles were characterized in a hairless rat model. 

Following microporation, skin regains its barrier function 

quickly and pores close completely within 18 hrs. Pore 

closure is directly dependent on microneedle length and can-

be delayed significantly under occluded conditions. 



Introduction 

Stratum corneum (SC), the outermost layer of skin, 

obstructs foreign particles as well as hydrophilic 

compounds from entering the body. Several enhancement 

methods such as chemical enhancers, iontophoresis, 

ultrasound, electroporation and microneedles (MN) have been 

employed to overcome this barrier (Prausnitz et al., 1993; 

Mitragotri et al., 1995; Guy et al., 2000; Kalia et al., 

2004; Prausnitz, 2004; Paliwal and Mitragotri, 2006; Lee et 

al., 2008; Vemulapalli et al., 2008; Wermeling et al., 

2008; Banga, 2011) and new minimally invasive techniques 

are continually being investigated. While chemical 

enhancers have been widely investigated for enhancing drug 

delivery, they tend to disrupt the lipid bilayers of the 

stratum corneum. Alternatively, physical enhancement 

methods have been used. 

Microneedle technology offers a minimally invasive and 

painless route of drug administration (Kaushik et al., 

2001). This technology, which is currently being 

investigated by several research groups and companies, 

involves the creation of channels in the skin with micron-

sized dimensions, thereby enabling the delivery of a broad 
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range of therapeutic molecules including proteins which 

would not otherwise cross intact skin. Since microneedles 

have micron-sized dimensions, microporation and drug 

delivery is relatively painless (Gill et al., 2008; Haq et 

al., 2009) and results in no significant skin damage. 

Possibility of irritation and infection is also minimal, as 

investigated and reported by Donnelly et al. (Donnelly et 

al., 2009). Further, according to a recent study, the 

perception of this technology in patients and health care 

providers is positive (Birchall et al., 2011). Microneedle 

arrays can be fabricated from a wide range of materials 

such as silicon, glass, metals and polymers and can be 

further incorporated into a patch or a device. DermaRoller™ 

(DR), a commercially available cosmetic handheld device 

equipped with microneedles intended to be rolled on the 

skin, offers a means for breaching the stratum corneum 

barrier. It is currently used in the cosmetic industry to 

treat several skin conditions such as pigmentation 

problems, wrinkles, acne, burn related scars, big pores, 

and is also a part of Collagen Induction Therapy (CIT) 

(Doddaballapur, 2009; Fabbrocini et al., 2009; Majid, 2009; 

Leheta et al., 2011) . 
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These devices are available in varying microneedle 

lengths (ranging from 0.13 mm to 1.5 mm), each specific for 

the nature of treatment it is being employed for. Recent 

studies with different types and lengths of microneedles 

have helped in proposing an ideal range of microneedle 

lengths for optimal, painless drug delivery. Henry et al. 

(Henry et al., 1998) reported an increase in human skin 

permeability up to a magnitude of 4 orders with the use of 

150 urn long MN, which is on the lower side of the length 

scale. Microneedle lengths up to 750 um have been reported 

to be painless upon administration (Kaushik et al., 2001; 

Gill et al., 2008). In this series of experiments, we have 

focused on a DermaRoller™ model with 770 um long 

microneedles and characterized the microchanneis created by 

the metal microneedles which can enhance delivery. For the 

first time, we nave reported the dimensions of the 

microchanneis created by these metal microneedles and the 

time taken for their closure, in a hairless rat model. 

Shorter microneedles, 370 um in length (DR), were also 

employed to study the effect of microneedle length on pore 

closure. As per our knowledge, studies pertaining to the 

effect of microneedle length on pore closure have not been 

previously reported. 



Materials and Methods 

Materials 

Two DermaRoller™ microneedle devices with 370 urn and 

770 urn long microneedles were employed for these studies. 

Both models are equipped with 192 stainless steel 

microneedles stacked in 8 rows and the assembly is about 20 

mm wide (provided by DERMAROLLER S.A.R.L., Friesenheim, 

France). Flouresoft (0.35%)® used in confocal and calcein 

imaging studies was obtained from Holies Laboratories Inc., 

Cohasset, MA, USA. Methylene blue dye, used in the dye 

binding studies was obtained from Eastman Kodak Co, 

Rochester, NY, USA. 

Male hairless rats, the animal model used for these 

studies, were obtained from Charles River Laboratories 

(Wilmington, MA, USA) and were housed in the Mercer 

University animal facility until use. All the animal 

studies were reviewed and approved by the Mercer University 

Institutional Animal Care and Use Committee. 
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Methods 

Scanning electron microscopy 

The dimensions and geometry of 770 um long metal 

microneedles on the DermaRoller™ were studied using a 

Topcon (DS 130F) field emission Scanning Electron 

Microscope. The head of the device was detached from the 

holder and placed in an Emscope SC500 sputter coater with 

gold target. The system was purged with Argon gas and an 

approximate 12 nm thick layer of gold was sputter coated 

onto the sample. The sample was then placed in a field 

emission SEM at an accelerating voltage of 10 kV. Gold is a 

rich source of secondary electrons and the gold coating 

keeps the sample conductive and connected to the ground, 

aiding as a pathway for the electrons being bombarded on 

the sample by the laser beam. Secondary ion images were 

collected at different magnifications to study the 

dimensions and geometry of the needles. 
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Characterization of microchannels created by 770 um long 

microneedles 

Methylene blue staining was performed to check for 

creation of microchannels by the metal microneedles. 

Freshly excised full thickness skin was obtained by 

euthanizing hairless rats by carbon dioxide asphyxiation. 

Skin samples were placed flat on a stack of paper towels 

and the desired treatment site was stretched with fingers 

before treatment with one pass of the device in order to 

overcome skin's inherent elastic nature which may hinder 

successful poration of microneedles and will also directly 

affect the depth to which microneedles can reach in the 

skin. Methylene blue dye (0.1 % (w/v)) was then applied for 

1 min. following which the site was cleaned with alcohol 

swabs and kimwipes. A 1 cm2 area was measured and marked and 

images were taken using a video microscope (ProScope HR). A 

similar procedure was repeated to check the number of 

microchannels created after treating the skin with 3X, 5X, 

10X and 15X passes of the device. 

Histological sectioning was also performed to confirm 

creation of the microchannels. Excised full thickness 

hairless rat skin was treated with one pass of the device. 
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A small area of the treated skin was cut and fixed in OCT 

compound medium. The blocks where instantly frozen using 

liquid nitrogen and were stored at -80°C until further 

analysis. Using a Leica CM1850 cryostat, 8 urn cryosections 

of the skin sample were cut and placed on a glass slide. 

Hematoxylin and Eosin staining was performed to visualize 

the disruption of the stratum corneum at the sites where 

the microneedles penetrated the skin. 

Confocal microscopy was then performed to characterize 

the dimensions of the created microchannels. Freshly 

excised full thickness skin was obtained and was treated 

with one pass of the device. The porated site was treated 

with 200 uL of 0.2 um FluoSpheres® (Invitrogen™, Carlsbad, 

CA) for ~ 1 min. after which the site was blotted with 

kimwipes. A Zeiss Confocal laser microscope LSM410 

(Goettinger, Germany) was employed at 10X magnification and 

at an excitation wavelength of 488 nm. X-Z sectioning was 

performed to observe the permeation pattern of the 

fluorescent microparticles down the microchannels which 

would in turn indicate the depth of the created 

microchannels. 



Assessment of barrier integrity as indicated by 

Transepidermal Water Loss (TEWL) 

Hairless rats were anesthetized using ketamine (70 

mg/Kg) and xylazine (10 mg/Kg). A VapoMeter (Delfin 

Technologies Ltd, Kuopio, Finland) was used to measure the 

increase in TEWL after treatment with the device. The 

VapoMeter consists of sensors which measure the %RH 

(Relative Humidity) and convert it to a value 

representative of TEWL. TEWL values were recorded as a 

function of number of passes of the device. 

This technique was also employed to study the time 

taken by skin to regain its barrier function after 

poration. Both selected microneedling devices were employed 

to study the effect of microneedle length on time required 

for skin to regain its barrier function. An area on the 

abdomen was marked and base TEWL values were recorded which 

indicated intact skin. TEWL values were again recorded 

immediately after poration (5 passes of DR) which served as 

controls, indicating perturbed skin barrier. TEWL values 

were further monitored continuously till they recovered to 

base values indicating recovery of skin barrier function. 

These studies were performed on 3 rats for each microneedle 
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length, with readings taken from 3 sites on each rat. The 

data presented is an average (± SD) of the pattern seen for 

all the sites. 

Calcein imaging to study pore uniformity and pore closure 

Calcem imaging studies were performed to study the 

uniformity of the created microchannels. Hairless rats were 

anesthetized; an area on the abdomen was slightly stretched 

and was treated with the DR. Calcein {Fluoresoft-0.35%°, 

Holies Laboratories, Inc., Cohasset, MA), a fluorescent dye 

with excitation/emission wavelengths of 4 95 nm/515 nm was 

applied to the treated site for ~1 m m . After application, 

the site was wiped with kimwipes and alcohol swabs to 

remove the excess dye. A fluorescent image was taken that 

shows the two-dimensional distribution of fluorescent 

intensity in and around each pore. The imaging system used 

by Kolli and Banga (Kolli and Banga, 2008) was employed for 

these studies. It comprises of a digital camera (Canon, 

USA) fitted with a macro lens attached in front with a 525 

nm long pass filter. The obtained fluorescent images were 

then analyzed using Fluoropore software, an image analysis 

tool, to measure the relative skin permeability. The 



software first calibrates each image with set standards 

based on the quality of the image. Next, the microchannels 

are selected individually and the software converts the 

calcein intensity in and around each pore, based on the 

pixel density, into a value called the pore permeability 

index which is representative of calcein flux for each 

pore. 

Calcein imaging was also employed as the main 

technique to directly observe the pore closure process in 

skin treated with microneedles. Microneedle treated sites 

were imaged, as described above, at different time points 

after poration to study the time taken for pore closure. 

Effect of microneedle length on pore closure was also 

investigated by performing similar studies with 370 um 

sized, shorter microneedles as well. 

Results and Discussion 

Traditionally, chemical agents such as alcohols, 

esters, azones and cyciodextrins have been employed in 

formulations to alter the barrier properties of the stratum 

corneum layer of skin and aid in better permeation of the 
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active agent. These permeation enhancers tend to disrupt 

the lipid structure of the SC layer, thereby causing damage 

which may take a long recovery time (Uhoda et al., 2004). 

Physical enhancement techniques like iontophoresis, 

sonophoresis and microdermabrasion overcome the stratum 

corneum barrier effectively. However, they have their own 

set of limitations. Application of iontophoresis for drug 

delivery is limited by the restriction on the size of the 

drug molecules can be administered by this technique (~ 12 

kDa). On the other hand, sonophoresis and microaermabrasion 

techniques are limited by their large equipment size. 

Microneedle technology overcomes all these limitations by 

creating micron-sized channels m the skin which can 

deliver even microparticles into/across skin without any 

irreversible damage and irritation issues. 

In this series of experiments, we characterized the 

DermaRoller™, a commercially available handheld device 

currently on the market for cosmetic applications, for use 

m topical and transdermal drug delivery. Scanning electron 

microscopy of both the DR models showed the conical shape 

of the microneedles embedded on the roller nead (Fig. 28). 
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Figure 28. SEM images of metal microneedles, (a) 20X 
magnification; array of metal microneedles embedded in the 
head of the device; (b) 75X magnification; Inset: 130X 
magnification of the tip of a single microneedle. 

The longer microneedles have an average length of 

770+75.6 pm, base width of 137.5+7.3 um and a tip radius of 

~ 4 um; while the shorter microneedles have an average 

length of 376.4±8.9 um and a base width of 118.8+6.7 um, 

suggesting that these structures are comparable to the 

maltose microneedles which have are already been 

extensively characterized and employed for transdermal 

delivery of drugs (Kolli and Banga, 2008; Li et al., 2009; 

Kalluri and Banga, 2011) . 
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Dye binding studies were performed with methylene blue 

dye to visualize the formation of microchannels by longer 

microneedles and robustness of the device for repeated 

applications. Metal microneedles effectively penetrated the 

stratum corneum barrier and created microchannels in the 

skin. The areas of skin breached by microneedles took up 

the methylene blue dye whereas the rest of the skin 

remained impermeable (Fig. 29A). To confirm breach of the 

stratum corneum barrier, cryosections of the treated skin 

were prepared as previously discussed and hematoxylin and 

eosin staining was performed. The microneedles penetrated 

the skin beyond the stratum corneum barrier as indicated by 

the arrows in Fig. 29B. Fluorescent images from calcein 

staining also indicated successful creations of 

microchannels (Fig. 29C). 

Methylene blue staining Histological sectioning Calcein imaging 
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Figure 29. Metal microneedles successfully created 
microchannels in skin as indicated by (a) methylene blue 
staining, (b; histological sectioning and (c) calcein 
imaging studies. Each arrow indicates one single 
microchannel. 

The device created -16 microchannels per sq.cm with an 

average surface diameter of ~ 70.7 ± 9.9 urn. This pattern 

increased as a function of the number of passes of the 

device as can be seen in Fig. 30. A similar microporation 

pattern has been reported for the model with 370 urn needles 

as well which creates 250 microchannels/cm2 after 15 passes 

(Doddaballapur, 2009). This is a very useful property 

allowing flexibility m treatment with the same instrument. 

Multiple treatments with the same aevice may be ideal for 

enhanced delivery for different drug candidates and since 

the microneedles are made of metal, the device can be 

easily sterilized and reused. 
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Figure 30. DermaRoller created microchannels in a 
reproducible manner. The number of microchannels increased 
as a function of number of passes. 

Dimensions of the created microchannels were then 

investigated via confocal microscopy with micron-sized 

fluorescent particles. The permeation pattern of these 

microparticles along the microchannels would in turn 

indicate the depth the created microchannels. The non-

disrupted areas served as the control and results revealed 

no fluorescence for the control area. In contrast, in the 

region of skin that was perturbed by the microneedles, 



FluoSpheres migrated down, along the microchannels, to an 

average depth of about 152.5 ± 9.6 urn (Fig. 31). Further, 

the diameter of the microchannels was also characterized as 

a function of the depth of penetration. The average 

diameter of the microchannels at the surface of the skin is 

about 7 0 urn. 

•0.0 (joii 50.0 pm 60.0 pm 70.0 pm 

30.0 pm 90.0 pm 100.0 pm 110.0 pm 

120.0 pm 130.0pm, 140.0 pm 150.0 pni 
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Figure 31. Confocal microscopy with 0.2 pm sized 
FluoSpheres® to study the depth of the created 
microchanneis. Permeation pattern indicated depth of 
microchanneis to be ~ 140± 20 um. 

The surface diameter was also confirmed by analysis of 

methylene blue stained images using Screen Calipers, a 

digital measurement tool. The average diameter of the 

microchanneis decreased as the depth of penetration 

increased (Fig. 32) which agrees with the conical shape of 

the microneedles. It is to be noted that microchannel 

depths are directly affected by skin's elasticity, 

application force and person-to-person variability and 

these aspects can be controlled for obtaining the desired 

microchannel depth. 

Figure 32. Confocal images showing the diameter of a single 
microchannel at a depth of (a) 10 um; (b) 2 0 um; (c) 30 um; 
and (d) 40 um depth from the surface of skin. 



159 

While dye binding studies indicated the robustness of 

the device to create microchannels in a reproducible 

manner, uniformity of the created microchannels is desired 

as this will affect drug delivery. To assess this, calcein 

imaging was performed where drug and the fluorescent images 

were analyzed further to get a pore permeability value for 

each pore which is representative of calcein flux in and 

around each pore. Plotting a histogram of all the pore 

permeability values indicated the uniformity of the created 

pores (PPI: 21; Fig. 33). This essentially implies that the 

created microchannels have similar surface dimensions, a 

feature that is desired for optimal delivery. 

Figure 33. Calcein imaging to check uniformity of 
microchannels. (a) A fluorescent image showing the created 
microchannels and (b) histogram; count of microchannels vs. 
Pore Permeability Index (PPI) value; the mean PPI was found 
to be 21 which is indicative of the average calcein flux 
through the microchannels. 
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The degree of disruption of the skin barrier was also 

assessed by Transepidermal Water Loss (TEWL) measurements. 

Skin, being an open system, has continual water loss from 

its surface. However, this water loss, termed the 

Transepidermal Water Loss is very minimal. When the stratum 

corneum barrier is disrupted, the amount of water loss from 

skin increases. Thus, a measurable difference from the 

baseline is indicative of disruption of the SC and is an 

indirect measure of increased permeability of the skin. 

Following treatment with 770 urn needles, TEWL values 

increased significantly and continued to increase as a 

function of the number of passes of the device. After 15 

passes, TEWL increased from a base value of 10.23 g/rrr,hr to 

28.55 g/m2.hr (Fig. 34). This confirms that the same device 

can be used for repeated applications to enhance drug 

delivery even further. 
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Figure 34. Transepidermal water loss (TEWL) measurements 
were taken to study disruption of skin barrier after 
treatment with DermaRoller™ (n=3). TEWL values increased as 
a function of the number of passes indicating increasing 
disruption of the skin barrier. 

The created microchannels, however, would eventually 

close reducing drug delivery. Even though the DermaRoller® 

device has been used in cosmetic clinics extensively, the 

pore closure pattern for the microchannels created by these 

stainless steel microneedles has not been investigated. 

Therefore, following microporaton, the time taken for skin 

to regain its barrier function and for complete pore 

closure were investigated by measuring the transepidermal 

water loss from treated sites and caicein imaging studies, 
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respectively. The DermaRoller model with 370 pm long 

microneedles was also employed for these studies to further 

understand the effect of microneedle length on pore closure 

kinetics. 

Immediately following microporation, transepidermal 

water loss increased significantly for both microneedle 

lengths (370 pm and 770 pm) indicating disruption of the 

skin barrier. In a study by another group, treatment with 

increasing lengths of microneedles on DR devices resulted 

in increased transepidermal water loss indicating increased 

the degree of disruption of the barrier (Badran et al., 

2009). This loss of water creates an imbalance in the skin 

which then triggers the skin healing process to restore the 

water gradient in skin. Continuous monitoring of this water 

loss over a period of time indicated that TEWL values 

decreased over a period of time and reached their base 

values around 4-5 hrs after poration, thus indicating 

recovery of skin barrier function (Fig. 35). The TEWL 

recovery time for both microneedle lengths was similar 

(around 4-5 hrs) indicating that microneedle length (370 pm 

vs 770 pm) did not have an effect on the rime required for 

skin to regain its barrier function. Statistical analysis 
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(t-test) of recovery data for both microneedle lengths 

indicated no difference in the profiles. 

240 

200 -f 

I 770 urn MN • 370 |im MN 

llllWi^ 
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Figure 35. Recovery of skin barrier function over time 
after treatment with 5 passes of the DR: 370 yum. vs 770 yua. 
sized microneedles (n=3 with 9 sites for each study). TEWL 
values fell back to base values around 4 hrs after poration 
for both microneedle lengths indicating microneedle length 
did not have an effect on time required for skin to regain 
its barrier function. 

The observed TEWL recovery pattern differs from 

results from another study with DR series where TEWL 

reached its maximal value at 1 hr after poration and 

eventually decreased around 2 hrs for all MN lengths 

(Badran et al., 2009). This restoration of barrier 
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function, however, does not necessarily indicate complete 

pore closure where the superficial layers of skin (stratum 

corneum) have completely healed. From our understanding of 

the pore closure process from previous studies with soluble 

microneedles, we can safely conclude that even after 

restoration of the water gradient, delivery through skin 

can be enhanced until the time point when the superficial 

layers completely heal. Therefore, direct imaging studies 

appear to be more representative of the pore closure 

process as compared to TEWL data. 

Calcein imaging studies were therefore performed for 

direct visualization of this pore closure process. Calcein 

dye used in these studies, binds to only living cells which 

are exposed upon disruption of the skin barrier, thereby 

indicating presence or absence of pores. In skin sites 

treated with 770 um long microneedles, complete pore 

closure did not occur until a much later point as compared 

to the TEWL recovery time. Pores closed completely by 18 

hrs after poration (Fig. 36). 
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Figure 36. Calcein imaging to study closure of pores 
created by 770 pm sized metai microneedles. Pores closed by 
18 hrs, in vivo, indicating the reversible nature of skin 
microporation. 

Calcein imaging studies with 370 pm sized microneedles 

indicated that complete pore closure occurred by 12 hrs 

after poration (Fig. 10). While the observed, significantly 

shorter, time for closure of pores created by shorter 

microneedles is expected, it is interesting that 



microneedle length did nor have an effect on barrier 

function recovery time, as monitored by TEWL. While 

microneedle length will directly affect the robustness of 

the microchannel creation process and their dimensions, it 

is also very important to consider this aspect for pore 

closure as it directly affects drug delivery. For example, 

drug delivery through skin treated with shorter 

microneedles may be significantly less as compared to that 

through longer needles due to the presence of open pores 

for a longer rime. 

8hrs 12hrs 15hrs 

Figure 37. Calcein imaging to study closure of pores 
created by 370 um sized metal microneedles. Pores closed by 
12 hrs, in vivo, indicating the reversible nature of skin 
microporation. 
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The observed results are comparable to the pore 

closure pattern observed for microchannels created by 

soluble maltose microneedles (Kalluri and Banga, 2011). 

Microchannels created by 500 um long soluble maltose 

microneedles have been reported to close within 15 hrs of 

poration under non-occluded conditions, as compared to 18 

hrs by the metal microneedles of similar length. While 

there is not a significant aifference m pore closure times 

for the tested soluble versus metal microneedles, the 

effect of skin elasticity and other Diomechamcal aspects 

of skin are important aspects which need to be investigated 

further at a microscopic level as they may have direct 

implications on drug delivery. Coulman et al. reported that 

insertion of a 26G hypodermic needle (with a diameter of 

450 um) into skin resulted in a microchannel that is fifty 

times smaller in diameter (Coulman et al., 2011). A similar 

pattern was observed m our studies as well where the 

soluble microneedles with base width of > 200 um resulted 

m microchannels with a surface diameter of only 60-70 um 

(Kalluri and Banga, 2011). Badran et al. (Badran et al., 

2009) performed studies with all three models of the DR 

series m separated epidermis and reported that immediately 

following microporation, microchannels had a pore size of 
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75, 125 and 180 um for 150, 500 and 1500 pm sized MN, as 

observed by SEM imaging. However, even in this in vitro 

condition, after 2 hrs of poration, pore sizes reduced 

dramatically to 15, 30 and 75 um respectively. Even though 

they speculate that the in vitro condition could have 

overestimated the pore size by 20%, the observed phenomenon 

indicates the significance of the role of skin's elasticity 

in resealing (Badran et al., 2009). The role of skin's 

elasticity and other biomechanical properties can perhaps 

be directly investigated with new emerging techniques such 

as Optical Coherence Tomography (OCT) which enables direct 

in vivo imaging of the microporation process (Coulman et 

al., 2011). It should also be noted that age, skin site and 

application pressure will also play significant roles in 

pore closure kinetics. 

Once the pore closure pattern has been established for 

a particular type of microneedles, if desired, pore closure 

can be further delayed by applying occlusive conditions. 

Occlusion in general has been known to delay barrier 

recovery (Menon et al., 1992; Jiang et al., 1998; Ann et 

al., 2001; Kennish and Reidenberg, 2005). Hence, when 

clubbed with microneedle technology, it can result in a 
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prolonged therapeutic window. In our previous studies, 

application of a water vapor-impermeable plastic film or a 

solution have been shown to decrease the rate of skin 

healing in soluble microneedles treated skin which delayed 

pore closure for up to 72 hrs (Kalluri and Banga, 2011) . 

Gupta et al. have also reported that occlusion delayed pore 

closure in microneedle treated skin for up to 16-22 hrs 

(Gupta et al., 2008). Alternatively, application of agents 

such as cox-inhibitors have also been reported to prolong 

pore closure for up to 7 days in guinea pigs (Banks et al., 

2011). This appealing flexible nature of microneedle 

technology has prominent implications for drug delivery as 

it offers the possibility of a multi-day wear patch which 

is effective enough to deliver drugs over a period of days, 

and at the same time safe enough due to the reversible 

nature of microchannels which avoids any related infection 

and irritation issues. Microneedle technology can therefore 

be customized as required to broaden the scope of delivery 

for prolonged periods of time. 

Overall, the DermaRoller™ offers a comparatively 

faster and reversible method than some other chemical and 

physical enhancement techniques and is highly patient and 



physician compliant. Tne stainless steel microneedles allow 

for multiple applications times (up to 100 times) when 

proper precautions are taken (Doddaballapur, 2009). In 

addition, it has also been reported that needling triggers 

release of growth factors and collagen induction which 

could play a synergistic role with the therapy, in some 

cases. However, this may not be desired for other treatment 

conditions and care much be taken to counteract these 

processes, such as application of agents which may delay or 

inhibit collagen induction. More recently, the Derma-Stamp™ 

was also introduced which has lesser number of microneedles 

and is more suitable for treatment of small, localized 

areas. It can also be effectively used for delivering 

vaccines by coating the vaccine formulation onto the 

defined set of stainless steel microneedles. 

Conclusions 

Our pursuit for simple and effective treatments and 

devices for several cosmetic and therapeutic applications 

has been a continual process. Microneedles offer a 

simple, reproducible and effective means for breaching the 

stratum corneum barrier which allows for topical and 
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transdermal delivery of hydrophiiic molecules. The 

DermaRoller™ device with metal microneedles is an easy to 

use handheld device which effectively creates microchannels 

and may provide an alternate means for skin microporation. 

The created microchannels are reversible in nature and 

close within a few hours of microporation; the rime frame 

being dependent on the length of microneedles. This 

reversible nature of microchannels is very advantageous for 

controlled delivery of cosmetic agents/ therapeutic 

compounds. 



CHAPTER 5 

IONTOPHORESIS MEDIATED INTRADERMAL DELIVERY OF IMIQUIMOD: 

FORMULATION OPTIMIZATION AND IN VITRO PERMEATION STUDIES 

Abstract 

Purpose. To investigate the feasibility of 

iontophoretic delivery for enhancing imiquimod delivery 

into skin. Formulation optimization studies were performed 

and iontophoretic parameters (donor concentration, current 

intensity, duration of current application) were optimized 

for increased delivery of imiquimod into skin. 

Methods. Solubility studies were performed with 

various solvent matrices to select a formulation with 

maximum imiquimod solubility. Optimal values for 

iontophoretic parameters such as current intensity and 

duration of current application were investigated via in 

vitro permeation studies with Franz diffusion cells. Donor 

compartments were filled with 500 uL of the selected 

172 
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formulation and the receptor compartments were filled with 

5 mL of citrate buffer with 20% ethanol. Anodal 

iontophoresis was performed with the silver/silver chloride 

electrode system. Samples were collected at predetermined 

time points over a period of 2 4 hrs. At the completion of 

the experiments, skin samples were subjected to tape 

stripping and extraction studies for quantifying the 

amounts of drug in the stratum corneum and underlying skin 

layers, respectively. Control studies were also performed 

with the commercially available Aldara® cream. 

Results. From the solubility studies, two formulations 

with increased imiquimod solubility were selected - 0.3% 

formulation (PEG 400 (30%) + glycerin (10%) + polysorbate 

80 (3%) + imiquimod (0.3%); pH: 4.0) and 2 % formulation 

(PEG 400 (20%) + propylene glycol (10%) + transcutol P 

(20%) + tween 80 (3%) + glycerin (10%); pH: 3.6). Initial 

permeation studies with 0.3% formulation suggested that 

application of current at an intensity of 0.2 mA/cm2 for a 

duration of 15 min. resulted m optimal imiquimod delivery. 

Skin permeation studies indicated that iontophoretic 

treatment with 2% formulation resulted in significantly 

higher levels as compared to passive delivery and 

comparable levels with Aldara® treatment. 
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Skin desorption studies indicated that imiquimod forms 

a depot in the skin for both passive and iontophoretic 

conditions, with majority of the drug accumulating in the 

stratum corneum. Iontophoresis increased permeation levels 

significantly, however, drug levels in the underlying skin 

did not increase which could be attributed to rapid 

clearance from skin. 

Conclusion. Imiquimod formed a depot in the skin for 

both passive and iontophoretic conditions, with maximum 

concentration in the stratum corneum layer. Iontophoresis 

(0.2 itiA/cm2 for 15 min.) significantly enhanced imiquimod 

delivery by 10-fold. Overall delivery was comparable to 

Aldara® cream, however, iontophoretic treatment resulted in 

a faster onset of delivery. 

Introduction 

Imiquimod (Mol. Mass: 240.30 g/mol; Log P: 2.7; pKa: 

7.3) is a member of the imidazoquinoline amine family. It 

is an immunomodulator which has agonistic activity towards 

Toll-like receptors (TLR). It was approved by the FDA in 

1997 for treatment of external genital and perianal warts 



(Schon and Schon, 2004) . Even though the exact mechanism of 

action is not yet known, it is believed that imiquimod 

induces immune responses by activating both innate and 

adaptive immune systems. It acts on Toll-Like Receptors 7 

(TLR 7) which then signals cells to secrete cytokines 

(interferon a, interleukin-6, tumor necrosis factor-a) 

(Reiter et al., 1994; Hemmi et al., 2002; Jurk et al., 

2002; Dummer et al., 2003). It has also been speculated 

that imiquimod activates natural killer cells, macrophages, 

B-lymphocytes and langerhans cells. The langerhans cells 

which are primarily located in the lower epidermal layers, 

upon activation, subsequently migrate to the lymph nodes 

present in the dermis and can activate the adaptive immune 

system of the body (Stanley, 2002). Imiquimod has also been 

reported to act directly via apoptotic effects towards 

tumor cells, TLR independent stimulation of gene 

expression, and interference with adenosine receptor (AR) 

signaling pathways (Schon and Schon, 2004; Schon et al., 

2006). 

Imiquimod is commercially available as a 5% topical 

cream called Aldara® (Graceway® Pharmaceuticals, LLC-

Bristol, TN, USA) and is currently approved for treatment 

of various skin conditions such as actinic keratosis, basal 
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cell carcinoma and genital warts. It also has therapeutic 

effects for treatment of other types of consitions such as 

squamous cell carcinoma, Bowen's disease, malignant 

melanomas and vaginal intraepithelial neoplasia. According 

to the patient information leaflet for Aldara®, for lesion 

treatments, it is recommended to apply 250 mg of the cream 

to each 20 cm2 area of the lesion. However, it has been 

shown by Berman et al. that 250 mg of the cream can cover a 

much larger surface area of skin (386 cm2) (Berman et al., 

2004). Since the cream is prescribed for application by the 

patient at home, there will be considerable variability in 

the amount of cream applied, thickness of the cream layer 

and consequently dose delivered. Once the cream is applied 

on the skin, it is typically required to stay on the site 

for 6-10 hrs. This might be a problem in cases where the 

treatment site is in the oral cavity, cervix or vulva since 

retention of cream for duration of the treatment is 

problematic. The treatment regimen also requires frequent 

applications; typically 2-5 times per week, for up to 16 

weeks. 

In addition to high dose variability from individual 

to individual as per their skin condition; the prescribed 
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dosage might also vary as per the level of expertise and 

experience of the practitioner. For example, Donnelly et 

al. used 10 times the prescribed amount to prepare 

imiquimod patches (Donnelly et al., 2006), while Berman et 

al. used 20 times less cream than recommended (Berman et 

al., 2004). Treatment with Aldara® cream is also associated 

with several side effects such as local reactions, nausea 

and headache. 

Therefore, it would be ideal to develop a drug 

delivery system that would reduce treatment time, 

associated side-effects and more importantly, control the 

dose delivered into skin in a reproducible manner. To 

achieve this, Donnelly et al. have designed an imiquimod-

loaded bioadhesive patch and evaluated its physicochemical 

characteristics (Donnelly et al., 2006). However, drug 

delivery from transdermal patches mainly relies on passive 

delivery. Even though imiquimod, a moderately lipophilic, 

is an ideal candidate for passive delivery, this mode of 

permeation may be limiting to treat the above mentioned 

disease conditions. 

In order to overcome these disadvantages and ensure 

controlled delivery of imiquimod into skin, we investigated 
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iontophoresis to improve permeation levels of lmiquimod 

into skin and subsequently reduce the treatment frequency 

and associated side effects. Iontophoresis is an electrical 

enhancement method where a physiologically acceptable 

amount of current is applied to the skin. In the presence 

of such an electric field, charged and neutral molecules 

are propellea into and across the skin via electromigration 

and electroosmosis. Electromigration is the repulsion of 

charged molecules when placed under an electrode of similar 

polarity. Electroosmosis is the bulK solvent flow from 

anode to cathode which is the main mechanism of transport 

for neutral molecules. There are several factors affecting 

lontophoretic delivery which include electrode system, 

donor formulation (excipients, pH, concentration), current 

intensity, duration of current application, physicochemical 

properties of the drug and counter-ions. It is critical to 

optimize all these parameters when designing an 

lontophoretic drug delivery system. 

In this study, we screened several excipients and 

formulations for maximum solubility of lmiquimod. In vitro 

permeation studies were performed to study the feasibility 

of lontophoretic delivery of lmiquimod into skin and 



lontophoretic parameters were optimized for enhanced drug 

delivery. 

Materials and methods 

Materials 

Sodium chloride, sodium acetate, methylene chloride, 

sodium hydroxide, citric acid, sodium citrate, acetonitrile 

(HPLC Grade) and ethanol (HPLC Grade) were obtained from 

Fisher Scientific (New Jersey, USA). Silver wire (0.5mm 

diameter) and silver chloride, used for electrode 

preparation, were obtained from Sigma-Aldrich (St. Louis, 

MO, USA). All solutions were prepared using de-ionized 

water. Imiquimod powder and Aldara® cream were obtained as a 

gift from Transport Pharmaceuticals (Framingham, MA, USA). 

Male hairless rats, the animal model for these 

studies, were obtained from Charles River Laboratories 

(Wilmington, MA, USA) and were housed in the Mercer 

University animal facility until use. All the animal 

studies were reviewed and approved by the Mercer University 

Institutional Animal Care and Use Committee. 



Methods 

Solubility studies and formulation optimization 

Solubility of imiquimod was tested in various solvent 

matrices (Table III). For solubility studies, 200 pg of 

imiquimod was added to 1 mL of the test formulation and was 

checked visually for complete dissolution. Aliquots (200 

ug) of imiquimod were continually added until a 

supersaturated formulation was achieved. The formulation 

was then centrifuged at 10,000 rpm for 10 min. and the 

supernatant was collected. Solubility of imiquimod in the 

formulation was quantified by analyzing the supernatant 

(Fig. 38). 

Imiquimod 
powder 

1 

HPLC analysis 

Figure 38. Schematic showing the steps involved in 
solubility studies for imiquimod. 
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Table III. List of solvent matrices tested for imiquimod solubility. 

Fl 

F2 

F3 

F4 

F5 

F6 

F7 

F8 

F9 

F10 

Fll 

F12 

F13 

Cit. Buffer (100 mM) + ethanol (20%) 

Cit. Buffer (100 mM) + ethanol (20%) + PEG 400 (20%) 

PEG 400 (20%) + Propylene glycol (20%) + Polysorbate 80 (3% w/w) 

PEG 400 (20%) + Propylene glycol (20%) + Cremophor RH (10% w/w) 

PEG 400 (20%) + Glycerin ( 20%) + Polysorbate 80 (3% w/w) 

PEG 400 (20%) + Glycerin ( 20%) + Cremophor RH(10% w/w) 

PEG 400 (20% w/w) 4 Propylene glycol (20% w/w) 4 Alcohol ( 10% w/w) 

PEG 400 (20% w/w) 4 Glycerin (20% w/w) + Alcohol (10% w/w) 

PEG 400 (20% w/w) 4 Sorbitol (20% w/w) 4 Alcohol (10% w/w) 

Glycerin (10% w/w) 4 PEG 400 (30%) 4 Tween 80 (5%) 4 95% Ethanol (15%) + 
purified water 

Glycerin (10% w/w) 4 PEG 400 (30%) 4 Tween 80 (5%) 4 Benzyl alcohol (3%) + 
purified water 
Propylene glycol 4 PEG 400 4 Transcutol P 4 Tween 80 4 Glycerin 

Propylene glycol 4 PEG 400 4 Tween 80 4 Isopropyl myristate 4 Glycerin 
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In vitro permeation studies 

Franz diffusion cells set-up 

To assess the iontophoretic delivery of imiquimod, 

Franz diffusion cells were employed. Hairless rats were 

euthanized by carbon dioxide asphyxiation and the abdominal 

skin was excised and carefully cleaned to remove excess 

fat. Skin samples were then mounted onto the diffusion 

cells. Receptor compartments were filled with 5 mL of 

receptor buffer containing citrate buffer and 20% ethanol, 

and the donor compartments were filled with 500 uL of the 

selected donor formulation. For iontophoretic delivery, a 

silver/silver chloride electrode system was used which was 

connected to a current source (Keithley®; Keithley 

Instruments, Cleveland, OH, USA). Anodal iontophoresis was 

performed. After iontophoretic treatment, passive diffusion 

was allowed to occur for 24 hrs in the presence of the 

donor formulation. Samples were taken at predetermined time 

points and the receptor chamber was replenished with fresh 

receptor buffer accordingly. 



Optimization of iontophoretic parameters 

Effect of two different current intensities on 

iontophoretic delivery of imiquimod was investigated by 

studying the delivery profiles of imiquimod at 0.2 mA/cm2 

and 0.4 mA/cm2. Statistical analysis was performed and the 

appropriate current intensity was chosen for further 

studies. 

Duration of current application will have a direct 

effect on iontophoretic drug delivery. Three different 

experimental times were studied - 15 min., 30 min. and 1 

hr. Statistical analysis was performed and the appropriate 

value was chosen for further studies. 

Assessment of imiquimod skin depot 

To investigate the formation of an imiquimod depot in 

skin, an in vitro permeation study was performed where the 

donor formulation was removed at the 8 hrs time point. 

Sampling was continued for up to 24 hrs. In the presence of 

a skin depot, imiquimod levels in the receptor compartment 

should consistently increase even after removal of the 

donor formulation. 
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Control studies with Aldara 

Control studies were performed with the currently 

prescribed Aldara® cream. An aliquot of 200 mg was weighed 

out which had 10 mg of the active drug (equivalent to 500 

uL of formulation 2). The cream was applied on skin, and 

after 8 hrs excess cream was removed and sampling was 

continued for up to 24 hrs. 

Quantification of imiquimod levels in skin 

At the completion of permeation studies, the skin 

samples were dismounted and washed with the receptor buffer 

to remove any excess drug. Tape stripping and skin 

extraction studies were performed to quantify the amount of 

the drug in the stratum corneum layer and underlying skin, 

respectively (Fig. 39). 

Tape stripping 

Tape stripping was performed to quantify the amount of 

drug deposited in the stratum corneum layer of skin 

samples. In this process, a 3M transpore tape (St. Paul, 

MN, USA) was applied on the skin surface and a glass rod 



185 

was rolled on it to ensure proper contact between the 

adhesive and stratum corneum. The tape strip was then 

pulled off the skin surface at a perpendicular angle, m 

one swift motion. This process was repeated thirty times to 

ensure complete removal of the stratum corneum layer. The 

individual tape strips were then grouped as 1, 2, 3, 4, 5, 

6-10, 11-15, 16-20, 21-25, 26-30, and were extracted in 

appropriate amounts of receptor buffer overnight. 

Underlying skin assay 

Imiquimod levels in the underlying skin were also 

quantified via a triple extraction assay that we developed. 

Skin sample was first minced and incubated with 1 mL of 5N 

sodium hydroxide (NaOH) at 60°C for 3 hrs. At room 

temperature, 10 mL of methlyene chloride was added to the 

sample and placed on the shaker for 1 hr. The sample was 

then centrifuged at 10,000 rpm for 10 min. and the organic 

layer was collected (extract 1). In order to achieve high 

extraction efficiency, two similar extraction steps were 

performed where 5 mL of methylene chloride was added to the 

aqueous layer; placed on shaker; centrifuged; and organic 

phase was collected (extracts 2 and 3). All three extracts 
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were then pooled and the organic phase was evaporated under 

nitrogen gas. The sample was then reconstituted in 2 mL of 

mobile phase (acetonitrile/ammonium acetate; 70:30) and 

placed on the shaker overnight. Samples were filtered 

through 0.45 urn filter prior to analysis. The extraction 

procedure gave a recovery rate of 98.28%. 
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Figure 39. Schematic showing the tape stripping and 
underlying skin assay procedures for quantification of 
imiquimod levels in skin. 



Quantitative analysis 

All experimental samples from solubility and in vitro 

permeation studies were analyzed via high performance 

liquid chromatography (HPLC) using an Alliance system 

(Waters Corp., MA, USA) equipped with a photodiode array 

detector. An assay was developed for quantification of 

lmiquimod. Samples (15 uL aliquots) were eluted on a C-18 

column (Luna; 150 cm x 4.6 mm; 3 um) at a flow rate of 0.6 

mL/mm. with a mobile phase consisting of 

acetonitrile/ammonium acetate (50 mM) (70:30). The 

detection wavelength was 250 nm and the column temperature 

was maintained at 30 °C. The standard curve was linear 

along the range of 25 ng - 100 ug and a low limit of 

detection was achieved. 

Statistical analysis 

All the data from permeation studies was analyzed 

using single factor analysis of variance (ANOVA) and 

student's t-test. In all cases, p<0.05 denoted statistical 

significance. 



Results and Discussion 

Imiquimod is an immune response modifier which mainly 

acts via TLR 7 receptors present in skin and induces innate 

and adaptive immunities (Fig. 40). 

Imiquimod 

Log P: 2.7 

pK»"7.3. 

tm: 2 hrs (SC) 

: 20 hrs (topical) 

M.W.: 240.3 

immunomodu later 

Main site of action: 

Tol I- Li ke Rece ptors 

Other Pathways; 

Langerhanscelis, 
a poptotic effects, 

stimulation of gene 
expression, interference 
with adenosine receptor 

signaling pathways 

Figure 40. Schematic showing the physicochemical properties 
of imiquimod and its possible pathways of action. 

This molecule is approved for treatment of various 

skin conditions such as actinic keratosis, basal cell 

carcinoma and genital warts, and has shown clinical 

indications for treatment of other types of skin conditions 

as well. Current treatment options for these conditions 
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include surgical excision, chemotherapy, immunotherapy, 

radiation, photodynamic therapy, cryosurgery, 

electrodessication and cutterage. However, these procedures 

are highly invasive. Since most of these conditions occur 

on areas exposed to the sun, surgical procedures on these 

sites are not preferred by patients. Treatment with 5% 

imiquimod cream improved conditions but there is a high 

variability in dosage from person to person and therefore 

data from clinical studies is inconclusive. Moreover, this 

treatment regimen requires long treatment times, high 

frequency of treatments and is associated with local side-

effects. Therefore, alternative methods need to be 

explored. 

We investigated iontophoresis mediated intradermal 

delivery of imiquimod. Iontophoresis is an active 

enhancement technique where m the presence of an external 

electric field, charged and neutral molecules are propelled 

into skin by electrorepulsion and electroosmosis, 

respectively. Electrorepulsion is the major route of 

transport for charged molecules which are repelled by an 

electrode of similar polarity. Electroosmosis is the 

solvent flow from anode to cathode which drags along 

neutral molecules into skin. We speculate that 
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electrorepulsion is the major transport mechanism of 

imiquimod since it is positively charged in our 

formulations. We hypothesized that the active repulsion of 

drug into skin layers will significantly increase drug 

delivery, reduce the delivery lag time, treatment duration 

and frequency of treatments, resulting in effective 

treatment of the above mentioned skin conditions. 

Initially, several solvent matrices with various 

excipients (as listed m Table III) were screened for 

maximum imiquimod solubility. In the initial experiments, 

formulation F12 (PEG 400 (30%) + glycerin (10%) + 

polysorbate 80 (3%) + imiquimod (0.3%); pH: 4.0) gave a 

maximum solubility of 0.3%. When transcutol P and propylene 

glycol were added to the formulation, solubility of 

imiquimod increased significantly to 2% (F13: PEG 400 (20%) 

+ propylene glycol (10%) + transcutol P (20%) + tween 80 

(3%) + glycerin (10%); pH: 3.6). This increased drug load 

could be attributed to transcutol P, a triethylene glycol 

with a missing hydroxyl group, which acts as a solubilizer 

and absorption enhancer. 

As can be referred from Faraday's law, flux is 

directly proportional to the appliea current and duration 
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of application. It also depends on a variety of other 

parameters including the physicochemical properties of the 

drug (size, overall charge, structure and lipophilicity) 

and the experimental parameters employed (current density, 

duration of application, electrodes employed). Therefore, 

it is possible to individualize therapy by adjusting the 

various parameters that affect drug delivery. 

In our study, we investigated the effect of current 

intensity and duration of current application on imiquimod 

delivery. In vitro permeation studies were performed using 

Franz diffusion cells and the 0.3% formulation was used. 

Since the formulation pH is 4 and pKa of the drug is 7.3 

(pHXpKa), as per Henderson-Hasselbach equation, imiquimod 

is positively charged in the formulation. Therefore, anodal 

iontoporesis was performed. Application of iontophoresis at 

0.2mA/cm2 significantly reduced the lag time and increased 

imiquimod delivery across skin as compared to passive 

permeation. Increasing the current intensity to 0.4 mA/cm2, 

resulted in a further increase in imiquimod delivery (Fig. 

41). Even though the higher current intensity resulted in 

faster delivery and increased imiquimod levels, statistical 

analysis indicated that the observed permeation profile was 



not statistically different than 0.2 mA/cm . Therefore, for 

future studies, current intensity was set to 0.2 mA/cm2 in 

order to avoid possible irritation and burns in an in vivo 

setting. 

Figure 41. Effect of current intensity on iontophoretic 
delivery of imiquimod. Iontophoretic treatment 
significantly increased permeation levels. 

As mentioned above, iontophoretic flux is also 

directly proportional to the duration of iontophoretic 

treatment. Therefore, in vitro permeation studies were 

performed to assess the optimal treatment time for 



effective delivery of imiquimod. Iontophoretic treatment 

(0.2 mA/cm2) was performed at increasing treatment times -

15 min., 30 min. and 1 hr. As expected, increasing the 

treatment time increased drug delivery accordingly (Fig. 

42). Statistical analysis indicated that 15 min. of 

iontophoretic treatment resulted in reduced lag time and 

higher levels as compared to passive delivery. This short 

treatment time is ideal for imiquimod delivery to achieve 

reduced treatment times, frequency of treatments and 

associated side effects. Increasing the treatment time to 

30 min. or 1 hr did not result in statistically higher 

levels. Therefore, for our studies, iontophoretic 

parameters were set for 15 min. of treatment at a current 

intensity of 0.2 mA/cm2. 
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Figure 42. Effect of iontophoretic treatment time on 
imiquimod delivery. Iontophoretic treatment for 15 min. 
resulted in reduced lag time and higher drug delivery as 
compared to passive permeation. 

Data from permeation studies indicated that imiquimod has a 

passive permeation of 4.92 ug/cm" at the end of 24 hrs. When 

iontophoresis (0.3% formulation) was applied for 15 min., 

the lag time was decreased from 2 hrs to 30 min. and the 

permeation increased two-fold to 10.41 ug/cm2. Since 

imiquimod's main site of action is skin (epidermis and 

dermis), drug ievels in the skin were also quantified at 

the end of the permeation study. Tape stripping is a 
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sequential stripping procedure where stripping the skin 

with an adhesive tape for about 30 times ensures complete 

removal of the stratum corneum layer. Drug levels m the 

underlying skin, consisting of the viable epidermis and 

dermis, were also quantified by subjecting the skin samples 

to a triple extraction procedure with methylene chloride. 

In this process, the drug partitions into the organic 

methylene chloride phase, which is then evaporated and the 

sample is reconstituted m the mobile phase for elution via 

HPLC. Skin quantification studies indicated high levels of 

lmiquimod for both passive and lontophoretic conditions, 

with iontophoresis resulting m higher levels (Fig. 43). 

This indicated that lmiquimod might form a depot m the 

skin. 
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Figure 43. In vitro quantification of imiquimod levels in 
skin. 

To further investigate the depot formation of 

imiquimod in skin, a permeation study was performed where 

the donor formulation was removed at the 8 hrs time point 

and sampling was continued for up to 24 hrs. Even after 

removal of the donor formulation, drug levels in the 

receptor compartment increased consistently until the end 

of the study for both treatment conditions (Fig. 44). This 

indicates that imiquimod forms a depot in the skin which 

slowly depletes over a period of time, resulting in 

prolonged delivery. The insert in Fig. 32 shows the initial 
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permeation profiles for both treatment conditions. 

Iontophoretic treatment resulted in a statistically 

significant increase in drug delivery with a faster onset 

of action. This confirmed our hypothesis that the active 

repulsion of drug into skin layers significantly increases 

drug delivery and reduces the lag time which, in turn, will 

result in reduced treatment durations and frequency of 

treatments. 

Figure 44. In vitro permeation study to assess formation of 
imiquimod skin depot. 



Control studies were also performed with the 

commercially available Aldara® cream. Each sachet of cream 

has 12.5 mg of the active drug and it is recommended that 

the cream should be rubbed into the skin and applied on the 

site for up to 8 hrs. Permeation studies were carried out 

with the cream to compare the efficiency of our 

iontophoretic system with the currently prescribed 

treatment regimen. At the end of the permeation study, drug 

levels in the receptor compartment indicated that 15 min. 

of iontophoretic treatment with 2% formulation resulted in 

levels compared to 8 hrs of Aldara® treatment (Fig. 45). 
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Figure 45. Comparison of cumulative amounts of imiquimod 
delivered by 0.3% formulation, 2% formulation and Aldara* 
cream. 

lontophoretic treatment resulted in a faster onset of 

action and higher drug delivery during the initial 7 hrs 

(inset, Fig. 46). While delivery from the cream had a lag 

time of 7 hrs, iontophoretic treatment delivered drug from 

2.5 hrs. This can be attributed to the active repulsion of 

the positively charged drug into skin. 

Figure 46. Comparison of permeation profiles of imiquimod: 
Aldara® cream vs 2% iontophoretic treatment. 



Our studies indicate the feasibility of iontophoretic 

delivery of imiquimod into skin. It has been reported in 

the literature that imiquimod levels as low as 5 ug/mL 

elicited a robust pro-inflammatory response by dendritic 

cells, in vitro. Therefore optimizing our iontophoretic 

system further can result in therapeutically relevant 

levels for treatment of various skin conditions. Also, 

since iontophoresis has been characterized extensively, the 

drug delivery system can be miniaturized to the size of a 

transdermal patch. Iontophoretic parameters can be 

individually programmed for each patient, enabling 

controlled drug delivery and individualized therapy. 

Conclusions 

Our work demonstrates the feasibility of employing 

iontophoresis as an enhancement method for controlled 

delivery of imiquimod. Iontophoretic treatment for a short 

duration of 15 min. and at a current intensity of 0.2 mA/cm2 

delivered significantly higher imiquimod levels into and 

across skin. Imiquimod formed skin depots for both passive 

and iontophoretic conditions and drug delivery was directly 

dependent on the drug load in the donor formulation. 



CHAPTER 6 

FORMATION AND DESORPTION OF IMIQUIMOD SKIN DEPOT IN VIVO 

Abstract 

Purpose. To investigate the formation and desorption 

of an imiquimod depot, in vivo, in hairless rats. Effect of 

formulation concentration and iontophoretic treatment on 

residence time of imiquimod in skin were investigated by 

skin depot studies. 

Methods. In vivo studies were performed to 

characterize the formation and depletion of an imiquimod 

skin depot in hairless rats. An area on the abdomen of rats 

was marked and cleaned. Donor formulation (0.3% or 2%) was 

loaded onto a custom cartridge with a foam backing and was 

secured on the area with tape. For iontophoretic delivery, 

the cartridge (3.14 cm2) was connected to a current source 

and a TransQ iontophoretic patch served as the 
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counter electrode. -A ,-eurr.ent d'ensity of 0.2 mA/cm' was 

applied for 15 min. At the end of 15 min, the drug loaded 

cartridges were removed and excess drug on the site was 

washed off. Tape stripping was performed to quantify the 

drug levels in the stratum corneum. Complete removal of 

stratum corneum was ensured by taking Transepidermal water 

loss (TEWL) measurements. The rats were then euthanized, 

skin samples were excised and subjected to a triple 

extraction methylene chloride assay to quantify imiquimod 

levels in the epidermis and dermis. Studies were repeated 

at 24 hrs and 72 hrs after the treatment to determine the 

time taken for depletion of skin depot. Control studies 

were also performed with the commercially available Aldara 

cream. 

Results. Skin depot studies indicated that imiquimod 

forms a depot in the skin for both passive and 

iontophoretic conditions, with majority of the drug 

accumulating in the stratum corneum layer. Drug delivery 

was significantly enhanced by iontophoresis; however, a 

corresponding increase in drug levels in the underlying 

skin was not observed which could be attributed to rapid 

clearance from skin. Imiquimod levels in skin decreased 



slowly over a period of time. For the 0.3% formulation, 

negligible levels were observed at 72 hrs after treatment. 

The 2% formulation increased drug delivery into skin for 

both passive and iontophoretic conditions and significant 

levels were present in skin even at 72 hrs. These levels 

were comparable to treatment with Aldara® cream when the 

cream was applied on a cartridge. 

Conclusion. Imiguimod formed a depot in the skin for 

both passive and iontophoretic conditions, with maximum 

concentration in the stratum corneum layer. Increasing the 

drug load in the donor formulation from 0.3% to 2% 

significantly increased drug delivery for both passive and 

iontophoretic treatments. Iontophoretic treatment with 2% 

formulation was the most effective approach with levels 

comparable to the commercially available topical cream and 

a skin depot with a long residence time of more than 72 

hrs. 

Introduction 

Imiquimod (Mol. Mass: 240.30 g/mol; Log P: 2.7; pKa: 

7.3) is a moderately lipophilic small molecule which 
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belongs to the family of imidazoquinolines. This molecule 

was initially approved by the FDA in 1997 for treatment of 

external genital and perianal warts (Schon and Schon, 

2004). Since then, it has been approved for treatment of 

actinic keratosis and superficial basal cell carcinoma as 

well and has been used by practitioners for other skin 

conditions such as squamous cell carcinoma, Bowen's disease 

and malignant melanomas, among others. However, the exact 

mechanism of action has not been determined yet. 

Imiquimod acts as an agonist on the Toll-Like 

Receptors (TLR 7) in the skin, which results in activation 

of pro-inflammatory responses (Reiter et al., 1994; Hemmi 

et al., 2002; Jurk et al., 2002; Dummer et al., 2003). It 

has reported that imiquimod may also act on the langerhans 

cells present in the epidermis. Upon activation, these 

cells migrate to the dermis which is rich in lymph nodes 

and drain into them, thereby activating adaptive immunity 

as well. Studies indicate that imiquimod may also have 

other routes of action such as direct apoptotic effects 

towards tumor cells, TLR independent stimulation of gene 

expression, and interference with adenosine receptor (AR) 

signaling pathways (Schon and Schon, 2004; Schon et al., 

2006). This compound is currently available as a 5% cream 
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called Aldara® (Graceway® Pharmaceuticals, LLC; Bristol, TN, 

USA), a topical prescription cream. Recently the same 

company released a new product, 3.75% imiquimod cream 

called Zyclara®, which is intended for treatment of genital 

warts. A 2.5% cream has also been recently approved by FDA 

for treatment of actinic keratosis. However, treatment with 

these creams is associated with local skin reactions such 

as redness, crusting, flaking, scaling, swelling, dryness, 

sores and draining (Zyclara® information leaflet). 

More importantly, since this is intended for self-

application by patients, there will be intra- and inter-

variability in the amount and thickness of cream applied on 

the skin resulting in inconsistent drug delivery. Clinical 

studies with imiquimod have indicated different dose levels 

for treatment of the same conditions, indicating that there 

is high variability in the prescribed dose as per 

experience of the practitioner (Berman et al., 2004; 

Donnelly et al., 2006). Also, treatment with this cream 

typically requires long treatment durations in the range of 

6-10 hrs for each treatment, frequent applications (2-5 

times/week), and long treatment window (for up to 16 

weeks). Since topical application of this cream has been 
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reported to result in skin reactions, this prolonged 

treatment times are not desirable. 

Therefore, to overcome these disadvantages and ensure 

controlled delivery of imiquimod into skin, we previously 

investigated iontophoresis mediated delivery of imiquimod, 

in vitro. Iontophoresis is an electrical enhancement method 

where physiologically acceptable amounts of currents are 

applied to the skin whicn propels charged and neutral 

molecules into skin via electromigration and 

electroosmosis. Electromigration is the repulsion of 

charged molecules when placed under an electrode of similar 

polarity. Electroosmosis is the bulk solvent flow from 

anode to cathode which is the main mechanism of transport 

for neutral molecules. 

Data from our in vitro studies indicated that 

iontophoretic treatment resulted in a significant increase 

in imiquimod delivery into skin. Imiquimod formed a depot 

in the skin for both passive and iontophoretic conditions. 

This depot formation is desirable since it ensures 

prolonged drug delivery which would reduce the duration of 

treatment and frequency of treatments. In order to develop 



an effective treatment regimen, it is important to study 

the residence time of the depot in skin. 

In this study, we investigated the formation and 

desorption of imiquimod depot in hairless rat skin, in 

vivo. Skin quantification studies were performed at 

different time intervals to assess the residence time of 

imiquimod in skin. 

Materials and Methods 

Materials 

Sodium acetate, methylene chloride, sodium hydroxide, 

citric acid, sodium citrate, acetonitrile (HPLC Grade) and 

ethanol (HPLC Grade) were obtained from Fisher Scientific 

(New Jersey, USA). TransQ iontophoretic patches were 

obtained from IOMED® (Salt Lake City, UT, USA). All 

solutions were prepared using de-ionized water. Imiquimod 

powder and Aldara® cream were obtained as a gift from 

Transport Pharmaceuticals (Framingham, MA, USA). 

Male hairless rats (250-450 g), the animal model for 

these studies, were obtained from Charles River 

Laboratories (Wilmington, MA, USA) and were housed in the 
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Mercer University animal facility until use. All the animal 

studies were reviewed and approved by the Mercer University 

Institutional Animal Care and Use Committee. 

Methods 

In vivo depot studies 

Hairless rats were anesthetized with an 

intraperitoneal injection of ketamine (70 mg/kg) and 

xylazine (10 mg/kg). Upon induction of anesthesia, an area 

on the abdominal region was cleaned with water and alcohol 

swabs. Two different donor formulations were employed to 

investigate the effect of drug loading on residence time of 

drug in skin - 0.3% formulation (PEG 400 (30%) + glycerin 

(10%) + polysorbate 80 (3%) + imiguimod (0.3%); pH: 4.0) 

and 2 % formulation (PEG 400 (20%) + propylene glycol (10%) 

+ transcutol P (20%) + tween 80 (3%) + glycerin (10%); pH: 

3.6). Donor formulation (300 uL) was loaded onto a custom 

cartridge (3.14 cm2) with a foam layer and the unit was 

secured on the abdominal area with Tegaderm™ (3M) . For 

iontophoretic delivery, the donor cartridge was connected 

to an external current source (Keithley®; Keithley 



Instruments, Cleveland, OH, USA) and a TransQ patch served 

as the counter electrode. A current density of 0.2 mA/cm2 

was applied for 15 rtiin. At the end of 15 min, the drug 

loaded cartridges were removed and excess drug on the site 

was removed (Fig. 47). 

At the end of the experimental time period, the skin 

site was washed with soap water and alcohol swabs to remove 

excess drug on skin surface. Tape stripping was performed 

with 3M Transpore™ tape (30 times) to quantify drug levels 

in the stratum corneum. Transepidermal water loss (TEWL) 

measurements were taken with a VapoMeter® (Delfin 

Technologies Ltd, Kuopio, Finland) to ensure the complete 

removal of the stratum corneum barrier. Tape strips were 

grouped as 1, 2, 3, 4, 5, 6-10, 11-15, 16-20, 21-25, 26-30, 

and were incubated in appropriate amounts of buffer 

(citrate buffer + 20% ethanol) overnight. 

Following tape stripping, rats were euthanized via 

carbon dioxide asphyxiation and the skin sites were excised 

for further analysis. Drug levels in the underlying 

epidermis and dermis were quantified by subjecting the skin 

samples to a triple methylene chloride extraction assay 

which was previously developed by us; recovery factor of 
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98.28% (see chapter 5). Reconstituted samples were filtered 

through a 0.45 um filter before elution on HPLC. 

Therefore, Total amount of drug in skin = 

Amount in stratum corneum + Amount in underlying skin 
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Figure 47. Schematic showing the experimental methods for 
in vivo depot studies. 

The same procedure was repeated at the end of 24 hrs 

and 72 hrs after passive or iontophoretic treatment, to 

determine the residence time of drug in skin. 
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Control studies with Aldara 

Control studies were performed with the commercially 

available Aldara® cream which contains 5% imiquimod. An 

aliquot of 120 mg of the cream was weighed out which had 6 

mg of the active drug (equivalent to 300 pL of 2% 

formulation). Two different application modes were tested. 

IN the first approach, the cream was rubbed into the skin 

(as recommended in the Aldara® information leaflet). In the 

second approach, cream applied to skin using the custom 

cartridge. In order to compare these approaches to 

iontophoretic treatment, after 15 min. of application, the 

sites were washed off excess drug with soap water and 

alcohol swabs. 

Quantitative analysis 

All experimental samples from in vivo depot studies 

permeation studies were analyzed via high performance 

liquid chromatography (HPLC) using an Alliance system 

(Waters Corp., MA, USA) equipped with a photodiode array 

detector. The assay involved elution of 15 uL aliquots of 

samples on a C-18 column (Luna; 150 cm x 4.6 mm; 3 urn), at 



a flow rate of 0.6 mL/min. with a mobile phase consisting 

of acetonitrile/ammonium acetate (50mM) (70:30). The 

detection wavelength was 250 nm and the column temperature 

was maintained at 30 °C. 

Statistical analysis 

All the data from in vivo depot studies was analyzed 

using single factor student's t-test. A value of p<0.05 

denoted statistical significance. 

Results and Discussion 

Intradermal delivery of imiquimod is of great 

importance due to its implications in the treatment of 

serious skin conditions such as actinic keratosis, basal 

cell carcinoma and genital warts, squamous cell carcinoma, 

Bowen's disease and malignant melanomas. It is an immune 

response modifier which has agonistic activity towards TLR 

7 present in the skin and has the capability of inducing 

innate and adaptive immunities. 

Currently, this molecule is commercially available as 

a topical prescription cream in two different 
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concentrations - 3.75% and 5%, and recently a 2.5% cream 

was also approved by FDA. These topical creams are 

currently approved for treatment of actinic keratosis (AK), 

superficial basal cell carcinoma and genital warts. Actinic 

keratosis is a premalignant condition caused by prolonged 

exposure to sun. Lesions are formed on skin surface which 

are typically very rough and scaly, and may lead to 

squamous cell carcinoma if left untreated. Basal cell 

carcinoma is the most common type of skin cancer which is 

highly prevalent in individuals who are exposed to UV 

radiation for prolonged periods of time. Lesions are 

typically found on the head and neck and it can be passes 

along genetically. Genital warts are caused by a type of 

human papillomavirus (HPV) which is a highly contagious 

sexually transmitted disease. Current treatment options for 

these conditions include surgical excisions, cryosurgery, 

laser ablation, photodynamic therapy or topical creams such 

as Aldara®. Invasive methods such as surgical excisions are 

not desirable since these conditions mainly appear on areas 

exposed to sunlight or in internal cavities such as cervix 

and oral cavity (genital warts). Application of topical 

formulations is also not feasible for remotely accessible 
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areas as retention of cream for the entire duration of 

treatment is not practical. 

Therefore, we investigated iontophoresis as an 

enhancement method for delivery higher levels of imiquimod 

into skin in a short duration of time. Iontophoresis is an 

active enhancement technique where, in the presence of an 

external electric field, charged and neutral molecules are 

propelled into skin by electrorepulsion and electroosmosis, 

respectively. Electrorepulsion is the major route of 

transport for charged molecules which are repelled by an 

electrode of similar polarity. Electroosmosis is the 

solvent flow from anode to cathode which drags along 

neutral molecules into skin. 

In our initial studies, we screened several 

formulations and chose two formulations (0.3% and 2%) with 

different imiquimod solubility for testing the effect of 

drug load on imiquimod delivery. Iontophoretic parameters 

were optimized via Franz diffusion studies and permeation 

profiles of different treatment conditions were examined. 

Iontophoretic treatment with 2% formulation significantly 

increased drug delivery across skin with a reduced lag time 

and the permeation profile was comparable to topical 
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application of the 5% cream. More importantly, data 

indicated that imiquimod forms a depot in the skin for both 

passive and iontophoretic conditions with significantly 

higher levels for the latter condition. Depot formation in 

skin is highly desirable for treatment of the above 

mentioned skin conditions as it ensures prolonged delivery 

with a much shorter treatment time. 

In this study, we investigated the formation and 

depletion of the imiquimod depot, in vivo, in a hairless 

rat model. Both, 0.3% and 2%, formulations were tested in 

vivo to investigate the effect of donor concentration on 

the residence time of drug in skin. Immediately after 15 

min. of passive treatment with the 0.3% formulation, 1.09 

ug of imiquimod was deposited in the skin. Increased drug 

load (2% formulation) resulted in a 3-fold increase in drug 

delivery. Iontophoretic treatment resulted in a 10-fold 

increase for the 0.3% formulation with a cumulative 

delivered amount of 10.87 ug in contrast to 1.09 ug for 

passive delivery. However, for the 2% formulation, an 

overall enhancement of 4-fold was observed with an overall 

delivery of 14.19 ug as compared to 3.26 ug for its passive 

control (Fig. 48). A major trend was observed here where 



most of the drug was concentrated in the stratum corneum 

layer for both passive and lontophoretic conditions, for 

both formulations. This could be attributed to the 

lipophilic nature of the molecule. Since the stratum 

corneum barrier is also lipophilic in nature, imiquimod can 

easily form a depot in this layer. Permeation into the 

hydrophilic epidermal layers is hence slow. 
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Figure 48. Comparison of imiquimod levels in skin 
immediately after 15 min. of passive or iontophoretic 
treatment (0 hr time point). 
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To investigate depletion of the skin depots, lmiquimod 

levels m skin were quantified at 24 hrs after treatment. 

As seen in Fig. 49, for the 0.3% formulation, drug levels 

decreased significantly from 10.28 ug to 4.16 ug for 

lontophoretic condition and trace amounts were present for 

passive condition. Even though drug levels m the stratum 

corneum decreased significantly, a corresponding increase 

in levels m the underlying skin was not observed 

suggesting that lmiquimod clears away rapidly after 

permeating past the stratum corneum layer. For the 2% 

formulation, drug levels m skin remained high for both 

passive and iontophoret±c conditions. Overall, most of the 

drug concentrated m the stratum corneum layer, as seen at 

the 0 hr time point. 
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Figure 49. Comparison of imiquimod levels in skin at 24 hrs 
after 15 min. of passive or iontophoretic treatment (24 hrs 
time point). 

By the 72 hrs time point, for the 0.3% passive 

condition, imiquimod levels in stratum corneum completely 

depleted. Trace amounts were found for the iontophoretic 

condition as well. However, for the 2% formulation, 

relatively high levels were present in skin for both 

treatment conditions. Interestingly, no drug was observed 

in the underlying skin layers for both conditions (Fig. 

50). These findings indicate that a short iontophoretic 

treatment time of 15 min. can result in delivery over a 



period of more than 72 hrs, as compared to treatment times 

of 6-10 hrs for the topical cream. 
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Figure 50. Comparison of imiquimod levels in skin at 72 hrs 
after 15 min. of passive or iontophoretic treatment (72 hrs 
time point). 

In vivo depot studies were also performed with Aldara" 

cream to compare our 2% iontophoretic regimen with the 

currently recommended 5% topical cream. When the cream was 

applied using a cartridge, drug levels in skin were 

significantly lower as compared to iontophoretic treatment. 
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When the cream was rubbed into the skin, drug levels were 

comparable to our 2% iontophoretic treatment (Fig. 51). 
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Figure 51. Comparison of drug levels in skin: 2% passive; 
2% iontophoresis; Aldara® on cartridge; Aldara® rubbed into 
skin. 

To investigate the distribution of imiquimod in 

different layers of stratum corneum, we compared the 

distribution profiles for different treatment conditions. 

We observed that for the iontophoretic treatment, higher 

imiquimod levels were present throughout the stratum 
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corneum layer, as compared to other treatment conditions 

(Fig. 52). This can be attributed to the active repulsion 

of imiquimod molecules into skin. 
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Figure 52. Comparison of profiles showing the effect of 
different treatment conditions on distribution of imiquimod 
in the stratum corneum. 

Our studies indicate the feasibility of developing an 

iontophoretic drug delivery system for treatment of actinic 

keratosis, basal cell carcinoma, genital warts, and various 

other skin conditions which respond to treatment with 



imiquimod. The formulation can be optimized further by 

adding excipients which would increase the drug load in the 

formulation. Certain excipients which act as permeation 

retardants can also be incorporated such that once the drug 

is delivered into the stratum corneum region, it takes a 

longer time for depletion of the depot, thereby increasing 

the treatment window. Iontophoretic parameters can also be 

modified as required which allows individualized therapy. 

Conclusions 

In vivo studies indicate that imiquimod forms a depot 

in skin for both passive and iontophoretic conditions, with 

majority of the drug accumulating in the stratum corneum 

layer. Iontophoresis significantly enhanced depot levels in 

skin which depleted gradually over a period of 72 hrs. 

Increasing the drug load in the donor formulation resulted 

in increased depot levels. Iontophoretic treatment can 

therefore result in reduced treatment times and frequency 

of treatments. 



CHAPTER 7 

SYNERGISTIC EFFECTS OF IONTOPHORESIS AND MICRONEEDLE 

TECHNOLOGY FOR INTRADERMAL DELIVERY OF IMIQUIMOD 

Abstract 

Purpose. To evaluate microneedles mediated intradermal 

delivery of imiquimod and the synergistic effects when 

combined with iontophoresis. 

Methods. In vitro and in vivo studies were performed 

to evaluate the effect of microneedles alone and in 

combination with iontophoresis for enhanced delivery of 

imiquimod into skin. Maltose microneedles (81 soluble 

microneedles) were employed for these studies. In vitro 

permeation studies were carried out with Franz diffusion 

cells where the donor compartment was loaded with a 2% 

formulation of imiquimod. In vivo depot studies were 
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performed in hairless rats. Tape stripping and underlying 

skin extraction assays were performed for quantification of 

drug levels in skin. All samples were analyzed via HPLC. 

Results. In vitro studies indicated that microneedles 

pretreatment resulted in a 4.6- and 2.5-fold increase in 

imiquimod delivery into skin, as compared to passive and 

iontophoretic respectively. Combination of iontophoresis 

and microneedles resulted in a further increase in drug 

delivery with a cumulative amount of 44.17 ug delivered 

into 0.64 cm2 area of skin. This pattern was not observed in 

vivo. While the combination treatment resulted in higher 

levels, microneedle treatment was comparable to 

iontophoresis. However, these levels were significantly 

higher than those delivered by passive and topical cream 

applications. 

Conclusion. In vitro studies indicated significantly 

enhanced imiquimod delivery via microneedles alone and the 

combination treatment, as compared to passive and 

iontophoretic treatments. However, in the in vivo 

situation, while the combination approach resulted in 

higher levels, microneedle treatment was comparable to 

iontophoretic treatment. These studies indicate the 



possibility of developing alternative drug delivery systems 

for lmiquimod. 

Introduction 

Skin is the largest organ of the human body which 

prevents the entry of external compounds into the body and 

simultaneously maintains barrier homeostasis by preventing 

excessive water loss. Due to the large surface area and 

easy accessibility, skin is an appealing route for drug 

administration. Also, drug delivery through skin bypasses 

the first-pass effect and can deliver drug directly to the 

site of action. However, drug delivery through skin is 

limited by the outermost barrier, the stratum corneum, 

which is a densely packed layer of dead keratmocytes in a 

lipid matrix. Passive permeation through this tortuous 

layer is limited to small molecules (< 500 Da) which are 

moderately lipophilic in nature. Several chemical, physical 

and electrical enhancement techniques have been developed 

and explored which overcome this rate limiting barrier in 

different way, thereby expanding the range of drugs that 

can be delivered through skin. These enhancement techniques 

include chemical enhancers, iontophoresis, microneedles, 
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laser ablation, elect.roporation, jet injectors and thermal 

ablation. 

Iontophoresis is an active enhancement technique where 

charged and neutral molecules are propelled into skin by 

electromigration and electroosmosis. Electromigration is 

the repulsion of charged molecules by an electrode of 

similar polarity. Electroosmosis is the bulk solvent flow 

from anode to cathode which drags along neutral molecules. 

Transappendageal pathways play an important role in this 

technique as current chooses to travel by the least 

resistive pathways such as hair follicles and sweat glands. 

Microneedle technology is a physical enhancement 

technique which involves micron-sized needles. When these 

microneedles are inserted into skin, they penetrate past 

the stratum corneum barrier and typically reach in the 

epidermis/dermis, creating defined pathways in skin. The 

dimensions of these microchannels are in the order of 

microns; therefore drugs of any size, including 

macromolecules and microparticles, can be delivered via 

this technique. 

Imiquimod is a small molecule (Mol. Mass. 240.30 

g/mol) which is moderately lipophilic in nature (Log P: 

2.7). It is an immune response modifier which belongs to 
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the family of imidazoquinolines. It is currently used in 

the treatment of various skin conditions including actinic 

keratosis, superficial basal cell carcinoma, genital warts, 

squamous cell carcinoma, Bowen's disease and malignant 

melanomas. This compound induces innate and adaptive 

immunity by mainly acting on the Toll-Like Receptors (TLR 

7) in the skin (Reiter et al., 1994; Hemmi et al., 2002; 

Jurk et al., 2002; Dummer et al., 2003). Currently, 

imiquimod is commercially available as a topical 

prescription cream in different strengths - 2.5% (Zyclara®), 

3.75% (Zyclara®) and 5% cream (Aldara®) (Graceway® 

Pharmaceuticals, LLC; Bristol, TN, USA). However, this mode 

of treatment is associated with several disadvantages such 

as long treatment durations, frequency of treatments, local 

side effects, high variability in dose and lack of 

controlled drug delivery. 

Therefore, to develop an alternative system for 

controlled delivery of imiquimod into skin, we previously 

investigated iontophoresis mediated delivery of imiquimod. 

Results from these studies indicated the feasibility of 

this approach to deliver higher levels of imiquimod in a 

short duration of time. Imiquimod formed depots in the 

stratum corneum layer of skin which depleted over a period 



of 72 hrs, resulting in prolonged drug delivery (chapter 

6). These results were encouraging and indicated the 

possibility of alternative systems for imiquimod delivery. 

In this study, we evaluated the effect of microneedle 

treatment and the combination of microneedles and 

iontophoresis on intradermal delivery of imiquimod. Soluble 

maltose microneedles were used in these studies which 

dissolve upon insertion into skin. We hypothesized that 

since microneedles create pathways in skin which reach into 

the deeper layers, the diffusion path is reduced which 

would result in a faster onset of action and enhanced drug 

delivery. We further hypothesized that iontophoretic 

treatment on the microporated skin will further enhance 

drug delivery by propelling the charged imiquimod molecules 

along the defined microchannel pathways and into skin. 

Materials and Methods 

Materials 

Sodium chloride, sodium acetate, methylene chloride, 

sodium hydroxide, citric acid, sodium citrate, acetonitrile 

(HPLC Grade) and ethanol (HPLC Grade) were obtained from 
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Fisher Scientific (New -'.Jersey, USA) . TrnasQ iontophoretic 

patches were obtained-from IOMED® (Salt Lake City, UT, USA). 

All solutions were prepared using de-ionized water. 

Imiquimod powder and Aldara® cream were obtained as a gift 

from Transport Pharmaceuticals (Framingham, MA, USA). 

Maltose microneedles were purchased from Elegaphy, Inc. 

(Otsu, Japan). 

Male hairless rats (250-450 g), the animal model for 

these studies, were obtained from Charles River 

Laboratories (Wilmington, MA, USA) and were housed in the 

Mercer University animal facility until use. All the animal 

studies were reviewed and approved by the Mercer University 

Institutional Animal Care and Use Committee. 

Methods 

In vitro permeation studies 

In vitro permeation studies were carried out with 

vertical glass (static) Franz diffusion cells (PermeGear, 

Inc., Hellertown, PA, USA) with an area of 0.64 cm2. 

Hairless rats were euthanized by carbon dioxide 

asphyxiation and the abdominal skin was excised and 
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carefully cleaned to remove excess fat. Skin samples were 

then mounted between the donor and receptor compartments, 

with the stratum corneum side facing the donor chamber. The 

donor compartment was filled with 500 uL of a 2% 

formulation composed of: PEG 400 (20%), propylene glycol 

(10%), transcutol P (20%), tween 80 (3%), glycerin (10%), 

and adjusted to a pH of 3.6 with concentrated acetic acid. 

The receptor compartment was filled with 5 mL of receptor 

buffer containing citrate buffer and 20% ethanol. 

Temperature of the cells was maintained at 37°C with an 

external water jacket and temperature of skin samples was 

maintained at 32°C. Samples were taken at predetermined 

time points and the receptor chamber was replenished with 

fresh receptor buffer accordingly. 

Iontophoresis mediated delivery 

For iontophoretic delivery, a silver/silver chloride 

electrode system was connected to an external current 

source (Keithley®; Keithley Instruments, Cleveland, OH, 

USA). A current density of 0.2 mA/cm2 was applied for 15 

min. and anodal iontophoresis was carried out. Appropriate 

amounts of sodium chloride were added to the donor 
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formulation to avoid compliance issues during iontophoretic 

treatment. After 15 min., electrodes were removed and 

passive diffusion was allowed for up to 24 hrs in the 

presence of the donor formulation. 

Microneedles mediated delivery 

For evaluating the effect of microporation on 

intradermal delivery of imiquimod, maltose microneedles 

were employed. Each unit consists of 81 microneedles, each 

500 urn long, stacked together in 3 layers. For 

microporation, skin sections were manually stretched on a 

platform and microneedles were manually inserted into skin 

for ~ 1 min., at a perpendicular angle. Skin samples were 

then immediately mounted onto Franz diffusion cells and 

permeation studies were carried out. 

Microneedles and iontophoresis - combination approach 

For evaluating the synergistic effects of microneedles 

and iontophoresis on intradermal delivery of imiquimod, 

skin samples were first pretreated with maltose 

microneedles as described above. Following microporation, 



skin samples were mounted onto Franz diffusion cells, 

silver/silver chloride electrode system was connected, and 

iontophoresis was performed for 15 min., at a current 

intensity of 0.2 mA/cm2. 

In vivo depot studies 

Hairless rats were anesthetized with an 

intraperitoneal injection of ketamine (70 mg/kg) and 

xylazine (10 mg/kg). Upon induction of anesthesia, an area 

on the abdominal region was cleaned with water and alcohol 

swabs. 

For iontophoresis alone treatment, the 2% formulation 

(300 uL) was loaded onto a custom cartridge (3.14 cm2) with 

a foam layer and the unit was secured on the abdominal area 

with Tegaderm™ (3M; St. Paul, MN, USA). The donor cartridge 

was connected to an external current source (Keithley®; 

Keithley Instruments, Cleveland, OH, USA) and a TransQ 

patch served as the counter electrode. A current density of 

0.2 mA/cm2 was applied for 15 min. At the end of the 

treatment time, the drug loaded cartridge was removed and 



the site was cleaned with soap water and alcohol swabs to 

remove excess drug. 

For microneedles alone treatment, the abdominal area 

was slightly stretched and skin was porated with maltose 

microneedles. A liquid reservoir patch was placed on the 

microporated site and was filled with 300 uL of the donor 

formulation. After 15 min., the patch was removed and the 

site was cleaned with soap water and alcohol swabs to 

remove excess drug. 

For the combination approach, a skin site was first 

microporated with maltose microneedles as described above. 

Immediately after poration, a drug loaded cartridge was 

placed on the site and iontophoresis was performed for 15 

min., at a current intensity of 0.2 mA/cm2. At the end of 

the treatment time, the drug loaded cartridge was removed 

and the site was cleaned with soap water and alcohol swabs 

to remove excess drug. 

Quantification of imiquimod levels in skin 

Skin quantification studies were performed at the end 

of in vitro and in vivo studies to assess imiquimod levels 



in the stratum corneum and underlying (epidermis and 

dermis) skin layers (Fig. 53). 
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Figure 53. Schematic showing the procedures for 
quantification of drug levels in skin. 

Drug levels in the stratum corneum layer of skin were 

quantified by a tape stripping procedure. Skin was 

sequentially stripped with 3M Transpore™ tape (30 times) to 

ensure complete removal of the stratum corneum. During in 

vivo studies, transepidermal water loss (TEWL) measurements 

HPLC 
analysis 
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were taken with a VapoMeter® (Delfin Technologies Ltd, 

Kuopio, Finland), to ensure the complete removal of the 

stratum corneum barrier. Tape strips were grouped as 1, 2, 

3, 4, 5, 6-10, 11-15, 16-20, 21-25, 26-30, and were 

incubated overnight in appropriate amounts of buffer 

(citrate buffer + 20% ethanol). 

Imiquimod levels in the underlying skin were also 

quantified by a triple methylene chloride extraction assay 

with a recovery factor of 98.28% (see chapter 5). For in 

vitro skin samples, at the end of the study, samples were 

cleaned and subjected to the extraction procedure. For in 

vivo studies, at the end of the experimental time, rats 

were euthanized via carbon dioxide asphyxiation, skin sites 

were excised, tape stripped, and samples were subjected to 

the extraction procedure. Ail samples were reconstituted in 

a buffer composed of acetonitrile/ammonium acetate (50mM) 

(70:30) and were filtered through a 0.45 um filter before 

elution on high performance liquid chromatography (HPLC). 

Skin quantification studies were repeated at 72 hrs 

after treatment with the different test conditions, to 

determine the residence time of drug in skin. 



Quantitative analysis 

All experimental samples from in vivo depot studies 

permeation studies were analyzed via high performance 

liquid chromatography (HPLC) using an Alliance system 

(Waters Corp., MA, USA) equipped with a photodiode array 

detector. The assay involved elution of 15 uL aliquots of 

samples on a C-18 column (Luna; 150 cm x 4.6 mm; 3 um), at 

a flow rate of 0.6 mL/min. with a mobile phase consisting 

of acetonitrile/ammonium acetate (50mM) (70:30). The 

detection wavelength was 250 nm and the column temperature 

was maintained at 30 °C. 

Statistical analysis 

All the data from in vivo depot studies was analyzed 

using single factor student's t-test. A value of p<0.05 

denoted statistical significance. 

Results and Discussion 

Feasibility of iontophoresis mediated delivery of 

imiquimod has already been established in our previous 
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studies (chapters 5 and 6). In this study, we investigated 

microneedle technology, another physical enhancement 

technique, for enhancing imiquimod delivery into skin. As 

mentioned earlier, this technology involves micron-sized 

needles which create micron-sized channels in skin which 

reduce the permeation path of drug molecules. The 

microporation process has been established as a safe and 

painless procedure. Our studies have also indicated the 

reversible nature of the poration process, adding to its 

appeal. This technology is cost-effective compared to some 

other enhancement technologies and can be incorporated into 

a transdermal patch which can be easily self-administered 

by patients at home. For these studies, soluble maltose 

microneedles were used which dissolve upon insertion into 

skin, creating microchannels with a depth of -160 um 

(Chapter 4). 

Combining different enhancement technologies may also 

result in synergistic effects for drug delivery. We 

hypothesized that application of iontophoresis on 

microneedle treated skin will result in enhanced delivery 

as the charged drug molecules are propelled past the 

microchannels and can be delivered directly into skin in a 

relatively shorter period of time. 



In vitro permeation studies with 2% formulation 

indicated that microporation of skin significantly 

increased imiquimod delivery as compared to passive and 

iontophoretic treatments. Combination of microporation with 

iontophoresis resulted in levels comparable to microneedles 

alone treatment. However, the combination treatment 

resulted in instantaneous delivery with no lag time (Fig. 

54) . 
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Figure 54. In vitro permeation study to evaluate 
microneedles alone, iontophoresis alone, and combination of 
microneedles and iontophoresis, for enhancing imiquimod 
delivery into skin. 



Skin quantification studies indicated microneedles 

alone treatment resulted in increased imiquimod levels in 

skin (stratum corneum + underlying skin) with a 2.5-fold 

increase as compared to iontophoretic delivery and a 4.6-

fold increase from passive delivery. Combination of 

microneedles and iontophoresis resulted in even higher skin 

levels, with a cumulative delivered amount of 44.17 ug per 

0.64 cm2 area of skin. The combination treatment resulted in 

a 5.8-fold increase from passive delivery, 3.2-fold 

increase from iontophoretic treatment and a 1.2-fold 

increase from microneedles alone treatment (Fig. 55). 
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Figure 55. In vitro study; comparison of lmiquimod levels 
in skin following treatment with microneedles alone, 
iontophoresis alone, or combination of microneedles and 
iontophoresis. 

After confirming feasibility of the new treatment 

approaches for enhanced lmiquimod delivery in vitro, in 

vivo studies were then performed to evaluate the residence 

time of lmiquimod depots m skin following treatment with 

the different test conditions. 

Immediately after 15 m m . of treatment, drug levels in 

the stratum corneum layer increased for all treatment 

conditions (Fig. 56). Surprisingly, the enhancement effect 

seen for microneedles alone in vitro was not observed here. 

Skin levels were comparable to lontophoretic treatment. 

Statistical analysis confirmed that the combination 

approach resulted in significantly higher levels as 

compared to either treatment alone. Negligible amounts of 

drug were present in the underlying skin for microneedles 

alone and combination treatments. 
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Figure 56. Comparison of imiquimod levels in skin 
immediately after (0 hr time point) treatment with 
microneedles alone, iontophoresis alone, or combination of 
microneedles and iontophoresis. 

At 72 hrs after treatment, drug levels in the stratum 

corneum decreased (Fig. .57). At this time point, all three 

treatments resulted in comparable levels in the stratum 

corneum with negligible amounts in the underlying skin for 

microneedles alone and combination treatments. 
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Figure 57. Comparison of imiquimod levels in skin at 72 hrs 
after treatment with microneedles alone, iontophoresis 
alone, or combination of microneedles and iontophoresis. 

While microneedles and the combination approach 

resulted in enhanced delivery of imiquimod in vitro, in an 

in vivo situation only the combination approach resulted in 

higher drug delivery. Microneedles treatment was comparable 

to iontophoretic treatment. However, our studies indicate 

the possibility of developing alternative systems for 

delivering imiquimod into skin. Further optimization by 

increasing the drug load and altering the treatment 



parameters can result in better drug delivery in a 

controlled manner. 

Conclusions 

Microneedles, iontophoresis and the combination 

approach, all resulted in enhanced imiquimod delivery into 

skin with long residence times as compared to passive and 

topical cream treatments. Combination treatment resulted in 

comparatively higher levels than either treatment alone. 

These findings indicate that enhanced imiquimod delivery in 

a controlled manner can be achieved via multiple approaches 

which need to be explored further. 



CHAPTER 8 

SUMMARY AND CONCLUSIONS 

Microporation of skin enables delivery of hydrophilic 

and large molecular weight compounds in a painless and 

minimally invasive manner. Among the available 

microporation techniques, microneedles provide a simple and 

cost-effective method to porate the skin. Drug delivery 

across microporated skin has been widely investigated but 

the closure of skin microchannels has not been well 

characterized. In this work, microneedle technology was 

characterized by investigating the formation and closure of 

microchannels created in skin by soluble and metal 

microneedles, in vivo, by various imaging and quantitative 

techniques. 

Maltose microneedles were used in this study. Upon 

insertion into skin, they dissolve in the high moisture 

environment of the skin, resulting in defined 

micropathways. When left open to the environment, the 

increase in transepidermal water loss tnrough the disrupted 
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sites triggered the recovery process, and the skin barrier 

function recovered within 4 hrs, as indicated by the 

recovery of transepidermal water loss. Complete closure of 

pores occurred within 15 hrs of poration, as indicated by 

calcein staining. When occlusion conditions such as water-

vapor impermeable plastic films or solutions were placed on 

the porated site, the pore closure process was delayed 

significantly, up to 72 hrs. 

Metal microneedles on the DermaRoller™ also 

effectively created microchannels in hairless rat skin, in 

a reproducible manner. Following microporation, skin 

regained its barrier function within 4 hrs. In skin porated 

with 770 pm long microneedles, microchannels closed 

completely within 18 hrs when exposed to the environment. 

Microneedle length had an effect on the time required for 

complete pore closure, as observed with the pore closure 

process for 370 um long metal microneedles of similar 

geometry. For the shorter microneedles, pores closed 

relatively faster, within 12 hrs. 

These findings indicate the feasibility of controlling 

the pore closure process for delivering drugs in a desired 

pattern. Once the microneedle geometry and drug formulation 

parameters have been optimized, microneedles can be easily 
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incorporated into a transdermal patch design for drug 

delivery. 

Iontophoresis is another enhancement technique which 

enhances drug delivery by application of an external 

electric field. Iontophoresis mediated intradermal delivery 

of imiquimod was investigated in hairless rats. Effects of 

various iontophoretic parameters on drug delivery were 

initially studied in vitro. Drug delivery was dependent on 

the drug load in the formulation, current intensity and 

duration of current application. An iontophoretic regimen 

of 0.2 mA/cm2 for 15 min significantly enhanced permeation 

levels of imiquimod, both in vitro and in vivo. Imiquimod 

formed a depot in the stratum corneum layer of skin for 

both passive and iontophoretic conditions, with minimal 

levels in the underlying skin. The depot depleted slowly 

over a period of 72 hrs. Increasing the drug load in the 

formulation (from 0.3% to 2%) further enhanced drug 

delivery and residence time of the drug in skin. 

Skin microporation with maltose microneedles resulted 

in a further enhancement in imiquimod delivery. The skin 

depot pattern remained the same with most of the drug 

concentrating in the stratum corneum layer of skin. 

Combining microneedle technology with iontophoresis 
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resulted in a further enhancement, in vitro. In an in vivo 

situation, microneedles treatment was comparable to 

iontophoretic treatment. Combination of these two 

techniques resulted in a significantly higher levels as 

compared to either approach alone. All treatment conditions 

resulted in significantly higher levels than passive 

treatment. These studies indicate the feasibility of 

delivering therapeutic levels of imiquimod into skin in a 

short treatment time, avoiding the requirement for repeated 

administrations and related side effects. These approaches 

need to be developed further. 

Overall, among the various techniques available for 

enhancing intradermal and transdermal drug delivery, 

microneedle technology seems to be one of the most 

promising enhancement techniques due to its simplicity, 

ease of administration, and advantages related to no 

restrictions on size limit for drug delivery, cost-

effectiveness, reversible nature of pores and feasibility 

of delivering drugs over long durations. With the 

increasing interest in microneedle technology, a variety of 

microneedle based devices are being developed which could 

potentially revolutionize drug delivery approaches. 
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