
TOPICAL IONTOPHORETIC DELIVERY OF ACYCLOVIR 

by 

SRUJANA SIDDOJU 

B.S. Pharm., Kakatiya University, India, 2001 

M.S. Pharmaceutical Sciences, Campbell University, NC, 2004 

A Dissertation Submitted to the Graduate Faculty of 

Mercer University College of Pharmacy and Health Sciences 

in Partial Fulfillment of the 

Requirements for the Degree 

DOCTOR OF PHILOSOPHY 

Atlanta, GA 

2008 



UMI Number: 3405956 

All rights reserved 

INFORMATION TO ALL USERS 
The quality of this reproduction is dependent upon the quality of the copy submitted. 

In the unlikely event that the author did not send a complete manuscript 
and there are missing pages, these will be noted. Also, if material had to be removed, 

a note will indicate the deletion. 

UMT 
Dissertation Publishing 

UMI 3405956 
Copyright 2010 by ProQuest LLC. 

All rights reserved. This edition of the work is protected against 
unauthorized copying under Title 17, United States Code. 

ProQuest LLC 
789 East Eisenhower Parkway 

P.O. Box 1346 
Ann Arbor, Ml 48106-1346 



ACKNOWLEDGEMENTS 

I would like to take the opportunity to express my 

sincere gratitude to everyone involved, without whom this 

work would not have been achieved. 

My heartfelt thanks go to my advisor Dr.Ajay Banga for 

giving me an opportunity to work with him. He was 

instrumental both in my professional and personal growth. 

For all the opportunities he gave me and the enthusiasm he 

has shown in my work I remain greatly indebted to him. 

I would also like to thank all my committee members -

Dr.D'Souza, Dr.Strom, Dr.Palaniappan and Dr.Badkar for 

their valuable suggestions and precious time. 

My sincere gratitude goes to Mercer University for 

giving me a platform to pursue my Ph.D. Many thanks to 

Mercer for providing me with financial assistance and a 

tuition waiver. 

Very special thanks go to Dr.Rashmi Upasani for 

mentoring me in the early stages of this work. I am also 

thankful to Dr. Ayyappa Chaturvedula, Dr. Aniket Badkar, 

Dr. Pravada Pendse and Dr. Parvin Akther for training me 

with various instruments in the lab. 

iii 



iv 

I want to express my sincere thanks to Dr. 

Chandrasekhar Kolli and Dr. Ye Yang for the discussions 

they had with me which were very helpful in my work. 

Many thanks to all my colleagues Purnachandar Kasha, 

Sameer Late, Nishil Desai, Dr. Guohua Li, Sahithya 

Kathikaneni, Jytosna Paturi, Sonal Saluja, Vishal Sachdeva, 

Haripriya Kalluri, Dr. Yun Bai and Yi-Ying Yu for their 

support. Special thanks to Viswatej Vemulapalli for his 

support through out my research. I would also like to thank 

Due Do, Radhakrishna Maroju and Dilip Devineni for their 

help whenever I needed. 

I am obliged to Transport Pharmaceuticals for funding 

this research. I am grateful to Dr. Phil Friden from 

Transport Pharmaceuticals for his support and co-operation. 

My sincere gratitude goes to my friends Deepa Vedam, 

Santhosh Garmilla and Sandeep Bajjuri for their moral 

support through out. 

I thank my husband Vamsidhar for proof reading my 

thesis. 

Last and the warmest thanks go to my parents 

Mr.Siddoju Babu, Mrs.Sudeshnavanty and my brother Ajay 

Siddoju for their continuous support and encouragement. The 

support of my family has always been decisive and their 

cooperation has been the building block of my success. 



TABLE OF CONTENTS 

ACKNOWLEDGEMENTS iii 

TABLE OF CONTENTS v 

LIST OF FIGURES ix 

LIST OF TABLES xiii 

ABSTRACT xiv 

CHAPTERS 

1. INTRODUCTION 1 

Specific Aims 7 

2 . LITERATURE REVIEW 9 

Structure of Skin 9 

Chemical Enhancers 12 
Microneedles 15 
Microdermabrasion 18 
Thermal Microporation 19 
Electroporation 20 
Ultrasound 21 
Photomechanical Waves 23 
Iontophoresis 24 

Electrorepulsion 25 
Electro-osmosis 25 
Factors Affecting Iontophoresis 26 

Effect of drug concentration 26 
Effect of ionic strength 28 
Effect of pH 29 
Molecular size and molecular weight... 30 
Current strength 31 
Pulsed current 32 
Electrode material 33 

v 



VI 

Quantitation of Drug Molecules in 
Different Layers of Skin 35 

Microanalysis 35 
Probe Design 3 7 
Perfusion Fluid for Microdialysis 37 

Calibration of Microdialysis Probe 38 
Method of Variation 38 
No Net Flux Method 3 9 
Retro Dialysis Method (RD) 39 

Advantages and Limitations 40 
Tape Stripping 44 

QUANTIFICATION OF ACYCLOVIR INTO AND ACROSS 
THE HAIRLESS RAT SKIN FOLLOWING 
IONTOPHORETIC DELIVERY 46 

Abstract 46 
Introduction 4 7 
Materials and Methods 4 9 

Materials 49 
Animals 4 9 
In vitro Permeation Studies 50 
Extraction of Acyclovir from Skin 50 
Quantitative Analysis of Acyclovir 51 

HPLC assay for samples collected from 
receptor 51 
HPLC assay for skin extraction 
samples 52 

Data Analysis 52 
Results 53 

HPLC Assay 53 
In vitro Permeation Studies 53 
Skin Extraction 57 

Discussion 57 
Conclusions 63 

IONTOPHORETIC DELIVERY OF ACYCLOVIR FROM CREAM 
AND GEL FORMUALTIONS USING A CARTRIDGE 64 

Abstract 64 
Introduction 65 
Materials and Methods 68 

Materials 68 
Animals 69 
Preparation of Donor 
and Receptor Buffer 69 
In vitro Permeation Studies 70 



Vll 

Formulations Used in In vitro Studies 71 
Acyclovir cream formulations 71 
Acyclovir gel formulations 71 

Experimental Conditions 72 
Cartridges 72 
Cartridge Analysis 75 
Microdialysis 77 
Quantitative Analysis of Acyclovir 78 
Statistical Analysis 78 
Results 79 

HPLC Assay 79 
Anodal Iontophoresis of 5% ACV Cream 79 
Cartridge Analysis 84 

Cream formulations 84 
Gel formulations 84 

Cathodal Iontophoresis of 
Gel Formulations 88 

Discussion 89 
Conclusions 102 

QUANTITATION OF ACYCLOVIR ACCUMULATION AND 
ITS LATERAL DIFFUSION IN THE SKIN FOLLOWING 
IONTOPHOESIS BY MEANS OF IN VITRO 
MICRODIALYSIS 104 

Abstract 104 
Introduction 105 
Materials and Methods 106 

Materials 106 
Animals 107 
In vitro Microdialysis Setup 107 
Tape Stripping (TS) and Absorption 
Measurements of each TS at 4 3 0nm 108 
Quantitative Analysis of ACV 110 
Statistical Analysis Ill 

Results Ill 
HPLC Assay Ill 
Skin Accumulation Studies Ill 
Lateral Diffusion Study 114 

Discussion 114 
Conclusions 121 

CHARACTERIZATION OF ACYCLOVIR SKIN DEPOT 
FOLLOWING IONTOPHORETIC DELIVERY IN VIVO 123 

Abstract 123 
Introduction 124 



via 

Materials and Methods 127 
Materials 127 
Animals 128 
In vivo Iontophoretic Delivery of 
Acyclovir 128 
Extraction of ACV from the Tape Strips.... 130 
Extraction of ACV from Skin 131 
Quantitative Analysis of ACV 131 
Statistical Analysis 132 

Results 132 
Discussion 133 
Conclusions 14-1 

7 . SUMMARY AND CONCLUSIONS 142 

8. BIBILOGRAPHY 14 9 



LIST OF FIGURES 

Figure 1. Passive and cathodal iontophoresis of 
Acyclovir.solution at current densities 
0.2, 0.3 and 0.5 mA/cm2, for 10 min 54 

Figure 2. Cumulative amount of acyclovir delivered 
following cathodal iontophoresis for 10 min, 
lhr and 4 hrs with current density of 0.2 
mA/cm2 compared to passive delivery 55 

Figure 3. Cumulative amount of acyclovir delivered 
following cathodal ITP for 10 min, 1 hr and 
4 hrs using 0.3 mA/cm2 56 

Figure 4. Cumulative amount of acyclovir delivered 
following anodal iontophoresis at 0.3 mA/cm 2 

for 30min and hrs 58 

Figure 5. Amount of ACV in the skin at 8 hrs following 
passive and ITP delivery using 0.2 mA/ cm2 

current density 59 

Figure 6. A) Components of the cartridge. B) Assembled 
cartridge. C) Procedure for loading the 
cartridge. D) Cartridge along with adapter 
containing stainless steel electrode 76 

Figure 7. Different cartridge assemblies for cartridge 
analysis 77 

IX 



X 

Figure 8. Anodal ITP (0.2 mA/ cm2 for lOmin and lhr) of 
Zovirax and 5% ACV cream using 0.2 mA/cm2 for 
1 hr vs. passive delivery 80 

Figure 9. Anodal ITP (0.2 mA/cm2 for 10 min and 1 hr) 
of 5% cream and aqueous phase of the cream 
(0.3%) 82 

Figure 10. Anodal ITP (0.2 mA/cm2 for 1 hr) of 5% cream 
containing NaOH at 80% and 100% of 
[ACV] 83 

Figure 11. Cartridge analysis for cream formulation 85 

Figure 12. Cartridge analysis for gel formulation 86 

Figure 13. HEC gel prepared in teorell buffer, 4% gel 
and ACV solution prepared at pH 11 directly 
on the skin 87 

Figure 14. Cathodal ITP of different HEC gel 

Formulations 90 

Figure 15. Cathodal ITP of 2%, 3% and 4% gel 91 

Figure 16. Cathodal ITP of 4% and 6% gel 92 

Figure 17. Cathodal ITP of 4% gel with and without 

buffer 93 
Figure 18. Cathodal ITP of 4% gel with glycerin and 

PG 94 



XI 

Figure 19. In vivo, 4% Gel with Glycerin or PG (0.2 mA, 
lhr), average concentration in the 
microdialysis tubes at 2 hrs + S.E 95 

Figure 20. In vitro microdialysis set up 109 

Figure 21. Concentration in the probe following 1 hr and 
4 hrs iontophoresis using 0.2 mA/sqcm current 
density 112 

Figure 22. Cumulative amount of acyclovir delivered 
across hairless rat skin following 1 hr and 4 
hr iontophoresis 113 

Figure 23. Concentration of acyclovir in the central and 
lateral probe following 4hrs iontophoresis 
using 0.3 mA/cm2 current density 115 

Figure 24. Correlation between weight difference in each 
tape strip and absorbance at 430 nm 116 

Figure 25. Correlation between amount of ACV in each 
tape strip and absorbance at 430 nm 117 

Figure 26. Correlation between amount of ACV in each 
tape strip and weight of each tape strip 118 

Figure 27. Amount of acyclovir in tape strips after 
passive and iontophoresis immediately after 
application T0 (iontophoresis or passive) and 
at 24 hrs 135 

Figure 28. Amount of acyclovir in tape strips 
immediately following iontophoretic delivery 
(T0) and at 24, 36 and 48 hrs after 
delivery 137 



Xll 

Figure 29. Amount of acyclovir in SC, remaining skin and 
total amount in the skin at various time 
points following drug application 139 

Figure 30. TEWL as a function of number of tape 
strips 140 



LIST OF TABLES 

Table I. Composition of Different Gel 

Formulations 73 

Table II. Composition of 4% Gel 74 

Table III. Experimental Design for in vivo 

Study 130 

xin 



ABSTRACT 

SRUJANA SIDDOJU 
Topical iontophoretic delivery of Acyclovir 
(Under the guidance of AJAY K.BANGA) 

The focus of this dissertation was to demonstrate the 

feasibility of iontophoretic delivery of acyclovir. In this 

study, we investigated the cathodal iontophoresis of 

acyclovir at high pH (pH 11) using low current density 

applied for short duration of time. We also studied cream 

and gel formulations, optimized the formulation contained 

in cartridge for iontophoretic delivery through a hand held 

battery operated instrument. 

In vitro studies were performed on vertical Franz 

cells using freshly excised hairless rat skin. We 

demonstrated the feasibility of cathodal iontophoresis of 

acyclovir at pH 11 using low current density (0.2mA/cm2) 

applied for low duration of time (10 min). Increasing 

current densities did not enhance iontophoretic flux across 

the skin but, significantly (P<0.05) increased the amount 

delivered into the skin. 
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Iontophoretic delivery of cream and gel formulations 

from a cartridge system made up of non- woven polypropylene 

fibers, heat sealed to a plastic base with aluminum backing 

was evaluated. In this study, we showed that the relatively 

low enhancement was due to insufficient amount of soluble 

acyclovir (only 0.3%) in the 5% cream formulation. Gel 

formulations showed enhanced transport compared to cream 

formulations. The amount of acyclovir delivered was 

significantly affected by the constitution of the 

cartridge. Cartridge with reversed pad material showed 

better or similar delivery when compared to other 

cartridges. The presence of buffer and use of different 

solvents like glycerin and propylene glycol did not affect 

the amount delivered across the membrane in vitro. However, 

the formulation containing glycerin showed higher delivery 

than propylene glycol in vivo. 

We successfully demonstrated the use of in vitro 

microdialysis to determine the accumulation of acyclovir in 

the skin along with its lateral diffusion. 

In vivo cathodal iontophoresis of 5% gel for 10 min 

showed the depot formation of acyclovir in layers of skin. 

The depot was maintained for 24 hrs, with no systemic 

exposure, until it was completely eliminated from the skin 

by 72 hrs. 



xvi 

In these studies we successfully optimized the 5% gel 

formulation for 10 min iontophoretic delivery which 

enhanced delivery of the acyclovir into the skin which is 

the site of viral replication. 



CHAPTER 1 

INTRODUCTION 

Herpes simplex virus (HSV) is a large DNA virus that 

can cause gingivostomatitis, mucocutaneous orofacial 

disease and ocular disease. However, recurrent lesions are 

common on the face and lips as opposed to intraoral 

lesions. Facial herpes is very painful and inconvenient; 

the discomfort caused by the viral infection cannot be 

underestimated in individuals. After primary infection, the 

HSV ascends the sensory axons, replicates and establishes 

chronic latency in the trigeminal ganglion. During the 

latency period there is a down regulation of viral 

replication, which causes the viral antigen to be 

untraceable. However, the virus may reactivate under 

appropriate stress conditions. The virus replicates, after 

reactivation, in the ganglion and travels along the sensory 

neurons to the skin and other mucosal sites to cause 

recurrent facial herpes (Woo and Challacombe, 2007; Weber 

and Cinatl, 1996) . 

Esmann reported several physiologigal, psycosocial and 

environmental related stress conditions such as common cold 

1 
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fever, emotional stress, trauma, exposure to sun, fatigue, 

menstruation, dental manipulation, orofacial 

fracture/surgery, and chemotherapy for oral cancer that can 

trigger the reactivation of HSV (Essman, 2001). It is 

considered that the virus may establish latency in non-

neuronal sites also; however this concept has no general 

agreement yet. Reactivation of HSV can occur as 

asymptomatic shedding in secretions such as saliva, which 

can be a major risk factor for transmission. Eight stages 

of recurrent herpes labialis (RHL), prodrome, erythema, 

papule, vesicle, ulcer/soft crust, hard crust, dry flake 

(desquamation at the lesion site) and residual swelling 

(Woo and Challacombe, 2007)have been reported. Soon after 

the patient notices a prodrome of tingling or itching, it 

progresses to papule and then to vesicle in a matter of 

hours. This is followed by ulceration and crusting within 

72 to 96 hrs. Such rapid progression of the infection may 

result in multiple lesions. 

Current therapies that are available for the treatment 

of recurrent herpes labialis are topical formulations like 

Denavir" (1% Penciclovir) which is applied every 2 hrs for 

four days; Zovirax (5% Acyclovir cream) applied for 5 times 

a day, 5% ointment 4-5 times a day and 10% n- docosonal 

cream applied for 5 times a day. Oral formulations like 
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Valtrex (Valacyclovir hydrochloride) are taken 2 times a 

day with 2 g a day and Famvir (Famiciclovir) taken 2-3 

times a day. All the above mentioned formulations are FDA 

approved for the treatment of recurring cold sores. 

However, clinical studies suggest the use of 5% ACV 

ointment was not effective in treatment of lesions due to 

poor permeation. Even increasing the concentration to 10% 

did not make a difference in the treatment (Spruance et 

al., 1982 and 1984). Even though, 5% ACV cream showed 

efficacy in reducing the duration, it was not effective in 

reducing pain and has to be applied during the early 

prodrome stage (Spruance et al., 2002). The other oral 

formulations might be effective, but they have to be taken 

multiple times during the day and the therapy should be 

started as soon as infection starts. Hence, there is a need 

of delivery system that can not only rapidly deliver the 

drug but also form a depot, so that the frequency of 

application can be reduced. This can be accomplished using 

active transdermal drug delivery systems, but no such 

systems are currently available in the market. 

Iontophoresis is an energy assisted transdermal drug 

delivery system which uses small currents to drive charged 

small molecules into and across the skin. In contrast to 

conventional transdermal delivery, iontophoresis enables 
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delivery of hydrophilic molecules. It also reduces the lag 

time associated with the conventional transdermal delivery. 

The added advantage of iontophoresis is that the rate of 

delivery can be modulated by manipulating the electric 

parameters. This allows customizing and optimizing the 

delivery according to the needs of the patient. 

Iontophoretic delivery of opioids, NSAIDS, local 

anesthetics, migraine medications, medications for 

neurodegenerative agents like parkinson's and Alzheimer's 

diseases, antiemetic agents, antiviral agents, 

cardiovascular disease, steroids and various proteins and 

peptides like calcitonin, human parathyroid hormones, 

Luetinizing hormone releasing hormone and its analogs, 

vasopressin and its analogs, somatorelin and its analogs, 

somatostain analogs has been reported in literature (Kalia 

et al., 2004) . 

As the site of infection is skin, the topical approach 

is more practical as opposed to oral where huge doses are 

required to achieve the therapeutic tissue concentration at 

the target site. The aim here was to investigate the 

delivery of ACV using iontophoresis as the enhancement 

technique. 

Acyclovir is a synthetic analogue of 2'-

deoxyguanosine with a molecular weight of 225 Da. It is an 
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ampholyte with pKa values of 2.4 and 9.2. Acyclovir is used 

to treat cutaneous viral infection caused by herpes simplex 

virus type l(HSV-l). It is also active against HSV-2, 

Varicella virus and to a lesser extent against Epstein -

Barr virus and cytomegalovirus (De Jalon et al., 2001). 

Acyclovir is commercially available as intravenous, oral 

and topical dosage forms. The oral bioavailability is very 

low (20%) and intravenous administration can cause side 

effects like nephrotoxicity. Therefore, topical 

administration of acyclovir shows a potential. However, 

acyclovir being a very hydrophilic molecule (Log P = -1.56) 

has very limited permeation through the skin following 

topical administration. Parry et al., reported topical 

administration produced a ten fold increase in the 

concentration of ACV when compared to oral administration. 

However, it was not consistent with the clinical 

observations they made and was attributed to the 

insufficient delivery of the drug at target site, the basal 

epidermis (Parry et al., 1992). 

Lashmer and Manger were able to achieve 3 fold or more 

permeation of Acyclovir (ACV) with iontophoresis alone or 

with anionic enhancers (Lashmer and Manger, 1994). Studies 

also show that ACV can accumulate at the target site more 

quickly and be maintained with application of iontophoretic 
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pulse and by keeping the drug reservoir on the skin 

(Volpato et al., 1998). 

Microdialysis is a sampling technique that is used to 

quantify the tissue concentrations of the drugs and 

metabolites. This technique has been used to determine the 

concentrations in various tissues.like liver, brain, lung, 

eye, and skin. Microdialysis uses the principle of dialysis 

where a probe containing a semi-permeable membrane is 

introduced into the tissue. When the probe is perfused with 

a perfusate it will equilibrate with the tissue fluids 

because of the diffusion from both directions. The driving 

force for the diffusion is the osmotic pressure. 

Tape stripping is a relatively fast and non-invasive 

technique that is used to study the penetration of 

topically applied substances in the stratum corneum. In 

this method, each tape strip is quantified for the amount 

of drug and respective amount of corneocytes which are used 

to describe the penetration profiles in the horny layer. 

This technique has been widely used to study the 

localization and distribution of substances within the 

stratum corneum (Shah et al., 1998). 
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Specific Aims 

The purpose this work is the enhanced delivery of 

acyclovir into the skin using iontophoresis as an 

enhancement technique. The aim is to understand the 

mechanism of acyclovir transport, to optimize the 

formulation and iontophoretic parameters for the 

iontophoretic delivery of acyclovir using cartridges 

designed for use in a hand held device. This will be 

accomplished by the following specific aims: 

1. To study the iontophoretic delivery of acyclovir at 

high pH using low current density and low duration of 

application. 

2. To study the iontophoretic delivery of 5% ACV cream 

and compare it with Zovirax (5% marketed acyclovir 

cream). 

3. To study the effect of cartridge and vehicle on the 

amount of acyclovir delivered. 

4. To study the iontophoretic delivery of various gel 

formulations at pH 11. 

5. To measure the concentrations of acyclovir in the skin 

by in vitro microdialysis and also to study the 

lateral diffusion. 
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6. To perform in vivo microdialysis study on the 

optimized gel formulations. 

7. To characterize the acyclovir depot following 

iontophoretic delivery in vivo. 



CHAPTER 2 

LITERATURE REVIEW 

Structure of Skin 

For any drug delivery system to be successful, it must 

be able to deliver drug at the target site in sufficient 

concentrations and to maintain the levels for an 

appropriate length of time. Most commonly used delivery 

systems are oral and injectables. However, oral delivery is 

associated with first pass metabolism, GI tract degradation 

and irritation. Injections overcome these problems but are 

invasive in nature and need special training for 

administration, making it expensive for the patients. They 

are also not patient friendly in treating chronic 

conditions, where frequent dosing is required. An 

attractive alternative to this is transdermal drug 

delivery, which not only overcomes the problems associated 

with oral delivery but also is non-invasive or minimally 

invasive and requires no special training for 

administration. 

However, a comprehensive knowledge of morphological, 

9 
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biophysical and physicochemical properties of skin is 

essential for delivery of therapeutic agents through skin. 

Also, delivery through skin is challenging as its main 

function is to act as barrier and protect the body from 

toxins, chemicals and microorganisms. 

Skin is broadly categorized into epidermis, dermis and 

subcutaneous region. The epidermis is further divided into 

strata or layers made up of epithelial cells with no blood 

vessels. The outermost layer, stratum corneum (SC) is made 

up of dead horny layer of cells filled with keratin, a 

tough protein which prevents water evaporation. The 

intercellular spaces in the stratum corneum are enriched 

with ceramides, cholesterol, and free fatty acids (Smith 

and Maibach 2006, Memmler et al., 1992). Essentially all 

the components of interstitial fluids, except for water 

soluble proteins contribute to the barrier function of the 

stratum corneum (Ghosh et al., 1997).The main transport 

mechanisms involved in stratum corneum are intercellular 

and transcellular routes. Mostly hydrophobic molecules 

follow intercellular route, which involves the tortuous 

lipid pathway between the corneocytes while hydrophilic 

molecules follow the transcellular pathway which is through 

the cells. However, this is limited only to moderately 

lipophilic molecules, thus making transport of large ionic 



molecules non-viable. As a result, stratum corneum acts a 

the main rate limiting barrier for most of the molecules. 

Following stratum corneum is the viable epidermis. 

Unlike, stratum corneum the viable epidermis is a living 

tissue with metabolically active enzymes (Memmler et al., 

1992). Since the viable epidermis is predominantly 

hydrophilic, drug molecules can be transported through it 

interstitial fluids. This layer offers minimal barrier to 

small polar molecules. However, it can not only be 

detrimental for drugs that undergo biotransformation in 

presence of the enzymes but also, be a major barrier for 

transport of hydrophobic drugs. 

Underneath the viable epidermis is dermis, a highly 

perfused framework of connective tissue, which contains 

nerve endings. Most of the appendages in the skin like 

sweat glands, oil glands, hair are located in the dermis 

and can extend upto the subcutaneous layer. Like viable 

epidermis, this layer is also hydrophilic. Finally, the 

subcutaneous tissue is composed of adipose tissue and 

connective tissue, which is elastic and fibrous in nature 

(Smith and Maibach, 2006; Memmler et al., 1992; Ghosh et 

al., 1997). Once a drug molecule is able to traverse the 

three layers of the skin it is readily taken into blood 

circulation which, will act as a sink. This will maintain 
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concentration gradient across the skin that, serves as a 

major driving force for the delivery of the drug molecules. 

In order to overcome the barrier of skin and increase the 

amount of drug delivered, a number of enhancement 

techniques are used. They can be broadly classified as 

follows 

Stratum Corneum modified / 

Removed 

Hydration 

Chemical enhancers 

Microneedles 

Thermal microporation 

Stratum Corneum Ablation 

Energy assisted systems 

Ultrasound 

Electroporation 

Magnetophoresis 

Radio waves 

Photomechanical waves 

Iontophoresis 

Chemical Enhancers 

The use of chemical enhancers is one of the most 

extensively investigated enhancement techniques in 
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transdermal drug delivery. These enhancers promote the 

transfer of drug molecules across the skin either by-

partitioning into the skin from the applied vehicle or by-

interacting with the lipid bilayers causing solubilization 

or extraction of the lipids. Ideally, this interaction is 

temporary and reversible (Potts, 1992 and Barry, 1991). 

Different class of compounds such as hydrocarbons, 

sulfoxides and their analogs, alcohol, azone, surfactants, 

amides, polyols, essential oils, terpenes and its 

derivatives, oxazolidines, enzymes and polymers have been 

investigated for enhancement properties. 

The first recognized chemical enhancers were simple 

keratolytic agents that were non specific in enhancing 

various permeants. Aprotic solvents, like dimethyl 

sulfoxide (DMSO), dimethyl formamide (DMF) and dimethyl 

acetamide (DMAC) have been used to accelerate various 

antifungal agents, antibiotics, local anesthetics and 

steroids (Franz et al., 1995). Santoyo et al., have shown 

that isopropyl myristate, oleic acid and linoleic acid 

significantly enhanced piroxicam flux across rat skin while 

DMSO, oleyl alcohol and oleic hexyl ester only enhanced its 

flux slightly (Santoyo et al., 1995). Pretreatment of the 

skin for 12 hr with ethanol, Span 20, polyethylene glycol 

600, oleic acid, 1, 8 cineole and R-(+) Limonene 
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significantly increased the flux of sumatriptan across 

porcine ear skin, with R-(+) Limonene increasing the flux 

by 22 fold (Femem'a-Fonta et al. , 2005). Terpenes like 

menthol, cineole and limonene have been used to enhance 

various lipophillic and hydrophilic drugs. In Vitro 

permeation studies of hydrocortisone. HPMC gels, using a 

series of terpenes as enhancers, showed varied enhancement 

(Ayman et al., 2000) depending on the lipophilicity of the 

permeation enhancer. Permeation studies conducted employing 

terpenes such as menthol, cineole and polyols like 

propylene glycol improved the permeation of propronolol 

from polymeric film formulations with cineole being the 

most promising enhancer (Chomchan et al., 2005).Azone is 

another enhancer which has been investigated extensively. 

Ito et al., have shown that Azone (AZ, 1-

dodecylazacycloheptan-2-one) enhanced the permeation of 

indomethacin, ibuprofen and sulfanilamide across hairless 

rat skin by increasing the thermodynamic activities and the 

affinities of these drugs to skin (Ito et al., 1988). 

Phillips and Michiniak tested six dermal penetration 

enhancers Azone or l-dodecylhexahydro-2H-azepin-2-one , N-

dodecyl-2-pyrrolidinone , N-dodecyl-2-piperidinone , N-

dodecyl-N-(2-methoxyethyl)acetamide , N-(2,2-

dihydroxyethyl)dodecylamine , and 2-(1-nonyl)-1,3-dioxolane 
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in vitro across full-thickness hairless mouse skin with six 

drugs, 5-fluorouracil, caffeine , salicyluric acid , 

salicylic acid, triamcinolone acetonide and ibuprofen. 

These studies suggested that the pyrrolidone derivatives 

enhanced the flux of penetrants in skin by increasing the 

solubility of penetrants in the stratum corneum (Phillip 

and Michniak, 1995) . In another study, sasaki et al. , 

studied the enhancing effects of pyrrolidone derivatives, 

1-methyl, 1-hexyl, and 1-lauryl-2-pyrrolidone, on the 

transdermal penetration of 5-fluorouracil, triamcinolone 

acetonide, indomethacin and flurbiprofen (Sasaki et al., 

1991). The results from this study suggested that the 

pyrrolidone derivatives enhanced the flux of penetrants in 

skin by increasing the solubility of penetrants in the 

stratum corneum. These derivatives also enhanced the skin 

retention of drug. A detailed review on the penetration 

enhancers has been published by Williams and Barry (1992), 

Walters and Hadgraft (1993) and Ghosh and Banga (1993 a, b, 

c) . 

Microneedles 

Microneedles combine the advantages of needles, with 

convenience and safety of a transdermal system. They are an 

array of needles, with microscopic dimensions, that are 
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sufficient enough to create micron sized pores in the SC 

without causing pain. These microchannels created by 

microneedles bypass the stratum corneum, which is 10 -20 urn 

, thus allowing even macromolecules to deposit in epidermis 

or dermis from where the drug molecules can diffuse rapidly 

to give a local effect or systemic effect. The concept of 

microneedle was first proposed in 1970, but its use was not 

demonstrated until the 1990s due to lack of technology to 

fabricate such small structures. Microneedles can be 

fabricated from metals or polymers using laser cutting, 

molding, chemical etching, lithography, plasma etching and 

other techniques. Microneedles designs reported in the 

literature are solid silicon microneedles, solid metal 

microneedles, solid polymer microneedles, hollow metal 

microneedles and hollow silicon microneedles (Smith and 

Maibach, 2006). Initially, studies were done to demonstrate 

potential of microneedles for transdermal delivery using 

solid silicon microneedles to deliver small fluorescent 

tracer, calcein, across human cadaver skin. Inserting and 

subsequently removing the microneedles increased the 

permeation of the tracer by 10,000 fold while it increased 

1000 fold when the needles were left in place after 

insertion (Henry, et al., 1998). Additional studies using 

insulin, bovine serum albumin and latex nanoparticles as 
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large as lOOnm showed similar flux after pretreatment with 

microneedles (McAllister et al., 2003). The results form 

these studies suggest a promising use of microneedles to 

deliver a broad range of molecules. To address the 

physiological effect of microneedles on pain, a study was 

conducted by Kaushik et al. in 2001. From this study, they 

were able to conclude that microneedles elicited no pain, 

redness or swelling in contrast to a standard 26 gauge 

hypodermic needle, which was more painful and minor 

bleeding was observed occasionally at the treated sites. 

Martanto et.al delivered insulin using microneedle arrays 

to a diabetic rat. They were able to achieve a 60% drop in 

blood glucose levels during 4 hr delivery period which 

subsequently dropped to 80 %( Martanto et al., 2004). In a 

separate study, Matriano et al. were able to deliver 1-80 

lag of ovalbumin a model protein antigen in hairless guinea 

pig using microprojection arrays. The immune response with 

this delivery was comparable to that achieved with 

equivalent doses injected intradermally (Matriano et al., 

2 002). However, at low doses, they were able to achieve 50 

fold greater immune response with microneedles compared to 

subcutaneous or intramuscular delivery. Cormier et al., 

delivered a target clinical dose of 20 ug of desmopressin 

in hairless guinea pigs from a 2-cm2 microneedle array 
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within 15 min. Apart from delivering proteins and peptides, 

microneedles have also been used to deliver genetic 

materials (Cormier et al.., 2004). Mikszta et al., delivered 

naked plasma DNA encoding firefly luciferase using 

microneedles. They achieved 1000- 2800 fold delivery using 

microneedles as compared to control topical delivery. Even 

the expression levels were similar to or greater than those 

observed following intramuscular or intradermal injections. 

In the same study, they were able to achieve strong immune 

response in vivo following the delivery of plasma DNA 

(Mikszta et al., 2002) encoding hepatitis B surface antigen 

using microneedles. 

In summary, microneedles have shown a great potential 

to deliver macromolecules transdermally. 

Microdermabrasion 

Microdermabrasion is a process that utilizes aluminum 

oxide crystals and negative pressure to peel off the 

superficial layer of the skin. It is a cosmetic procedure 

which is used to remove the stratum corneum partially or 

completely by light abrasion. Lee et al., studied the 

permeation of 5-Fluorouracil, a hydrophilic drug and 

clobetasol 17-propionate, a lipophillic drug using 
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microdermabrasion treated skin. The flux of 5-Fluorouracil 

across pretreated skin was 8 to 24 fold compared to intact 

skin while the flux of clobetasol 17-propionate was 

reduced. In a separate study they have shown that 

microdermabrasion treated skin increased the flux and skin 

deposition of vitamin C by 20 fold compared to intact skin 

(Lee et al., 2 0 01). Fang et al., have used 

microdermabrasion to increase the flux of 5-aminolaevulinic 

acid (ALA) by 5-15 fold compared to the untreated skin. A 

pilot study conducted by Lloyd suggested microdermabrasion 

has a positive effect on the treatment of Acne (Fang et 

al., 2004) . 

Thermal Microporation 

Thermal microporation involves the application of short 

pulse electric current to electrically resistive filaments 

which upon contact with skin will cause flash evaporation 

of stratum corneum creating microscopic pores (Banga, 

2007). Badkar et al., where able to deliver interferon 

alpha-2b (397 ng) across the thermally microporated skin 

when compared to no delivery with intact skin (Badkar et 

al., 2007) . Bramson et al., were able to achieve 100 fold 

increase in reporter gene expression and 10-100 fold 

increase in the cellular and humoral immune response 



20 

following the delivery of adenovirus vector through 

microporated skin compared to intact skin (Branson et al., 

2003). 

Electroporation 

Electroporation is a process where applications of 

short high voltages create new aqueous pathways across the 

lipid bilayers of the skin (Chizmadzhev et al., 1995 and 

Weaver et al., 1999). Increased transdermal flux has been 

reported for small ions, dyes such as calcein and 

sulforhodamine with electroporation. Vanbever et al., 

achieved enhanced delivery of fentanyl with high voltage 

impulses. They have shown that the amount of drug delivered 

can be controlled by the voltage applied, pulse duration 

and number of pulses (Vanbever et al., 1996). In a separate 

study, they showed enhanced delivery of metoprolol 

following electroporation and the cumulative amount of 

metoprolol increased linearly with the pulse time (Vanbever 

et al. , 1994). Lombry et al., "showed a significant increase 

in the flux of Fluorescein isothiocyanate (FITC), and 

Fluorescein isothiocyanate-dextran (FD) of varying 

molecular weights following electroporation (Lombry et al., 

2000) . Dujardin et al.,investigated the topical gene 

transfer using electroporation. They were not only able to 
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achieve epidermal levels of fluorescent labeled plasmid 

within minutes after electroporation and keratinocyte 

cytoplasm levels within hours but, also achieved localized 

expression of reporter gene coding in epidermis for at 

least 7 days (Dujardin et al., 2001). Macromolecules such 

as LHRH, oligonucleotides and heparin, and neutral 

molecules like mannitol (Bommannan et al., 1994, Zewert et 

al. , 1995; Prausnizt et al., 1995 and Vanbever et al., 

1998). 

Ultrasound 

Ultrasound, originally used in physiotherapy was shown 

to enhance transdermal delivery of various molecules. 

Ultrasound waves in the range of 2 0 kHz-16 MHz frequency 

have been used to enhance skin permeability. Low-frequency 

ultrasound (f <100 kHz) was shown to have significant 

enhancement in transdermal delivery compared to high 

frequency ultrasound (Tezel et al., 2001; Luzardo-Alvarez 

et al., 2002 and Boucaud et al., 2002). Enhanced dermal 

permeation of local anesthetics using ultrasound was 

reported in literature (McElnay et al., 1985; Benson et 

al. , 1988 and Kima et al., 2007). Mitragotri et al., were 

able to deliver insulin, Y~interferon and erythropoietin 

across human cadaver skin in vitro using low-frequency 
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ultrasound, 20 kHz, 125 mW/cm2, 100 ms pulses applied every 

second (Mitragotri et al., 1995). Under the same 

conditions, they were able to deliver insulin in 

therapeutic doses across hairless rat in vivo. In a 

separate study, Mitragotri et al., quantitatively compared 

delivery of four compounds corticosterone, salicylic acid, 

and sucrose using Ultrasound at 1 MHz (Therapeutic 

sonophoresis) and low frequency sonophoresis at 20 KHz. 

They found that low-frequency ultrasound enhanced the 

delivery upto 1000-fold more than that delivered by 

therapeutic ultrasound (Mitragotri et al. , 1996) . Bommannan 

et al., studied the delivery of salicylic acid using 

ultrasound at 2, 10 and 16 MHz in guinea pigs in vivo. 

Application of sonophoresis for 20 min using 2 MHz 

frequency did show any enhancement in the delivery of 

salicylic acid; however use of 10 and 16 MHz for 20 min 

enhanced the delivery by 4 and 2.5 fold respectively 

(Bommannan et al., 1992). In another study, they were able 

to deliver lanthanum hydroxide a colloidal tracer using 10 

and 16 MHz for 5 and 20min. In this study, they observed 

that 10 MHZ frequency applied for 5 or 20 min and 16 MHz 

applied for 5 min did not induce any structural changes in 

stratum corneum but, application of 16 MHz for 20 min 

resulted in altered cellular morphology (Bommannan et al., 
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1992, II) . Tezel et al., were able to deliver antisense 

oligonucleotides using 20 MHz frequency for lOmin without 

inducing any structural changes in the skin (Tezel et al., 

2004). 

Photomechanical Waves 

Photomechanical waves (PMW) otherwise also called as 

pressure waves, stress waves and shock waves are high 

amplitude pressure transients generated by laser. While the 

amplitude of ultrasound waves oscillated between positive 

and negative pressure, photomechanical wave (PMW) is most 

unipolar compression wave (negative pressure). Generally, 

the duration of application of photomechanical waves is 100 

ns to 10 vis for transdermal delivery. Even though the 

actual mechanism of photomechanical waves (PMW) is not 

established, it has been hypothesized that under the 

influence of PMW the lacunar system forms a continuous 

pathway that allows the passive diffusion of the drug under 

the concentration gradient (Doukas and Kollias; 2004). Lee 

et al., have utilized shock waves, generated by two stage 

shock tube, for transdermal delivery of Rhodamine-B dextran 

(10 kDa)in vivo in fuzzy rats. Following the study, 

fluorescence microscopy done on the biopsies, showed that 

dextran was delivered to a depth of 30-60 um into the skin 
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(Lee et al., 2000). In a separate study, Lee et al., showed 

that a single application of PMV for 110 ns was able to 

increase the permeability of human stratum corneum in vivo. 

They also concluded that the dose delivered depended on the 

peak pressure, a 30 % increase in peak pressure resulted in 

680% increase in the amount of 5-Aminolevulinic acid 

delivered. They have determined the threshold pressure of 

about 350 bars (Lee et al., 1999). In a series of studies 

it was shown that PMV facilitated the delivery of 100 nm 

fluorescent microspheres, allergens and macromolecules like 

40 KDa dextrans and 20nm Latex particles (Lee et al., 2002, 

and 1998 and Gonzalez et al., 2001). 

Iontophoresis 

Iontophoresis is a non-invasive drug delivery 

technique, which utilizes small electric currents to drive 

ionized and unionized drug molecules into the skin. The 

main principles involved in iontophoresis are (i) 

eletrorepulsion (like charge repelling like charge) (ii) 

flow of electric current decreases the resistance of skin 

(increases permeability) and (iii) electrosmosis (current 

induced convective solvent flow). There are numerous 

factors, such as pH, current strength, ionic strength of 

the donor solution, concentration and molecular size of 
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drug, which influence iontophoretic delivery (Pikal, 1990; 

Singh et al., 1996; Pikal, 2001 and De Jalon et al. , 2001). 

Electrorepulsion 

Electrorepulsion otherwise called as 

electromigration is an ordered movement of the ions in 

presence of the electric field and mainly depends on the 

principle that like repels like. When a potential is 

applied across a membrane the dissolved ions migrate across 

the membrane depending on the charge. Cations are placed 

under anode and are driven from anode to cathode and vice 

versa. Electrorepulsion can be explained using Nernst-

Planck equation (Singh et al., 1996)). 

ox Rl ox 

Where Di is the diffusion coefficient of solute across the 

membrane, Zi is the charge on the solute, Ci is the 

concentration of solute, F is faraday constant, R is gas 

constant and T is absolute temperature. 

Electro osmosis 

Electro osmosis is the bulk flow of solvent across the 

membrane caused by the voltage difference across the 
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membrane. This flow of solvent drags with itself neutral 

molecules or uncharged molecules along with it thus 

enhancing or inhibiting the transport of drug molecules. At 

physiological pH, skin has a net negative charge and 

therefore is permselective to cations and as a result the 

convective flow is from anode to cathode. Thus electro 

osmosis enhances the anodal delivery while it hinders the 

cathodal delivery of drug molecules (Pikal 1990 and 2001). 

Factors Affecting Iontophoresis 

Effect of drug concentration 

As can be seen from the equation (1.1) there is a 

direct relation between the fluxes of the solute to the 

concentration of the solute. However, experimental results 

suggest this is not the case always. Generally, increase in 

concentration would increase the iontophoretic delivery of 

solute over a range of concentration, beyond which it 

starts to plateau as the concentration increases. Chang et 

al., have showed an increase in the flux of salmon 

calcitonin with increase in concentration upto 250 ug/ ml 

after which it levels off (Chang et al., 2000). 

Iontophoretic delivery of the 5-Aminolevulinic Acid at pH 
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7.4 was linear over the range of l-100mM concentration 

(Lopez et al., 2001). Similar concentration profile was 

seen with a number of drugs like Arginine-Vasopressin, 

metoprolol, diclofenac sodium, dopamine agonist 5-OH DPAT , 

rotigotine, atenolol HCl and ketorolac ( Lelawongs et al., 

1989; Thysman et al., 1992; Koizumi et al., 1990; Nugroho 

et al.,2004 and 2005; Jacobsen et al., 2001; and Tiwari et 

al., 2003). However, lipophilic molecules like tacrine and 

leutinizing hormone releasing hormone (LHRH) analogs; 

Nafarelin and Leuprolide, exhibit nonlinear transport 

across the skin under the influence of an iontophoretic 

current (Delgado-Charro et al., 1995 and Lu et al., 1993) . 

These are lipophillic cations, which can interact with the 

negative charges of the skin, neutralizing the skin charge 

and hence affecting permselectivity. As a result of this, 

the electroosmotic flow is attenuated and the direction of 

the flow is reversed ultimately. If the drug transport is 

mainly dependent on electrosmosis, as is the case with 

above mentioned molecules, the amount permeated will 

decrease as the concentration of solute is increased in the 

donor. 
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Effect of ionic strength 

Increase in ionic strength increases the number of 

extraneous ions, which will compete with the drug molecule 

to carry the applied charge, resulting in decreased flux of 

the molecule. The main source of competing ions is usually 

the buffer that is used to prevent the pH drift during 

iontophoresis. These competing ions are generally smaller 

and highly mobile compared to drug molecules, which results 

in more permeation of the co-ions and thereby decreased 

transdermal flux of the drug molecule. Ropinirole flux was 

shown to decreased dramatically in the presence of 

competing ions while for the same, in the absence of 

competing co-ions, the transport number reached a maximum 

value of 8-13% (Luzardo-Alvarez et al., 2002).Similar 

results were also shown with lidocaine, where the transport 

number increased, with the increase in mole fraction of 

lidocaine relative to competing Na+ ion, from 0.15-0.20 

(Marro et al., 2001).However, replacing the smaller co-ion 

like Na+ with larger ions, like tetrabutylammonium+ (or) 

tetraethylammonium+ , in donor increased transdermal flux of 

apomorphine. This was due to the low mobility and large 

size of these molecules which allowed more permeation of 

apomorphine (Li et al., 2002) . 
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Effect of pH 

Iontophoresis is facilitated transport of ions 

therefore the permeation of drug can be optimized by 

regulating the ionization state of the drug. This can be 

achieved by the manipulation of the pH of formulation or 

donor. Generally, the optimum pH for the iontophoretic 

delivery of a molecule is the pH at which it exists 

predominantly as ionized form. For example, at low pH 

Values 3.4 and 5.2, where it is mostly ionized, the flux of 

lignocaine was about 8.5 and 4 fold more than the passive 

delivery. While at higher pH the passive delivery, where it 

is predominantly unionized, was higher than iontophoresis 

(Siddiqui et al., 1985). Anodal iontophoresis of 

diphenhydramine, a very weak acid with pKa of 9.1, showed 

an increase in the transdermal flux at pH 4.2 as compared 

to pH 7.4. At pH 4.2, it is 100% ionized with a positive 

charge which explains the increase in its permeation 

(Kotwal et al., 2007). However, in case of leuprolide, a 

nonapeptide LHRH agonist, the transdermal flux at pH 7.2 

was double than that at pH 4.2 where it is ionized. In this 

case, the mechanism of transport is mainly electrosmosis, 

which mainly helps the permeation of unionized or neutral 

Molecules. Therefore, a low transport is observed at pH 4, 
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where it is ionized, as compared to pH 7.2(Kochhar et al., 

2004) . 

Molecular size and molecular weight 

The molecular size of the solute is one of the major 

factors governing its feasibility for iontophoretic 

delivery. Many studies suggested an inverse relation of 

iontophoretic transport to molecular size. Turner et al., 

studied the iontophoretic delivery of a series of poly-L-

Lysine with three different molecular weights 4, 7 and 26 

KDa. In this study, they showed iontophoresis greatly 

enhanced the transport of 4 KDa analogue and slightly 

enhanced transport of 7 KDa analogue while, no enhancement 

was seen on the transport of 26 KDa analogue (Turner et 

al., 1997) . In literature it has been shown that 

macromolecules, like calcitonin, human parathyroid hormone 

and growth hormone releasing factor analogs (monovalent 

peptides), with molecular weights in 3.5 to 5 kDa range 

could be delivered with iontophoresis (Chang et al., 2000; 

Suzuki et al.,2001 and Kumar et al., 1992). Miller and 

Smith studied the iontophoretic delivery of carboxylate 

anions where they showed the flux of acetate was greater 

than hexanoate and dodecanoate (Miller and Smith 1989). 

Similar results were seen with a series of amino acids, 
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acetylated amino acids, tripeptides, oligonucleotides and 

homologues series of alkanoic acids (Green et al., 1991). 

Current strength 

As per Equation 1.1, the iontophoretic flux is 

linearly proportional to the applied current, provided the 

respective ion concentrations are constant. In general, 

increasing current densities increase the drug transport 

across the skin. A linear relationship has been observed 

between the apparent flux of a number of compounds and the 

applied current. Methyl phenidate, apomorphine and 

hydromorphone showed a linear increase in iontophoretic 

flux with increased current density (Singh et al., 1999; 

Van der Geest et al., 1997 and Padmanabhan et al., 1990). A 

linear increase in the flux with current was seen for 

various molecules like, TRH, diclofenac and ketorolac 

(Huang, Y-Y., and Wu, S-M., 1996; and Tiwari and Udupa, 

2 0 03) .However, a large increase in the current density 

beyond the permissible limits causes irritation and can 

damage the skin. In general, 0.5 mA/cm2 or less is often 

stated to be the maximum iontophoretic current which should 

be used (Banga, 1998) . 
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The continuous use of direct current (DC), 

proportional to time, can reduce the iontophoretic flux 

because of its polarization effect on the skin. This effect 

can be overcome by the use of pulsed DC which is a direct 

current delivered in a periodic manner. During "off time" 

the skin gets depolarized and returns to the initial 

polarized state. However, Bagniefski and Burnett showed 

that enhanced skin depolarization decreased the efficiency 

of drug transport, when the frequency of pulsed current was 

very high (Bagniefski and Burnett, 1990). Continuous 

current was more potent than pulsed current in promoting 

ketorolac and fentanyl transdermal permeation (Tiwari and 

Udupa, 2003 and Thysman et al., 1994). On the contrary, a 

two fold increase in the transdermal flux of vasopressin 

was observed when pulsed current was used in vivo in 

rabbits (Singh et al., 1998). While,Akimoto et al., showed 

that therapeutic response of insulin can be achieved by 

pulsed current, in vivo in rats. This shows the feasibility 

of topical administration of other peptides or proteins for 

systemic therapy using pulsed iontophoretic delivery 

(Akimoto et al., 2006). 
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Iontophoretic studies have been conducted using inert 

materials like platinum wire as well as Ag/AgCl wires. 

However, platinum electrodes or other inert electrodes like 

nickel or stainless steel have been found to cause the 

electrolysis of water, generating hydroxide ions and 

protons as follows: 
— * * • 

Anode : H20 -> 2H+ + (l/2)(92 + 2e~ 

Cathode: H20 + e' -» 0H~ + (l/2)#2 

This induces pH shifts which will impact, the delivery 

efficiency, as a result of change in ionization state of 

the molecule and may even cause reversal of electroosmosis 

(Kalia et al., 2004) . In additions to this, generation of 

the protons may cause skin burns as a result of low pH. 

Hence, to avoid these effects Ag-AgCl electrodes are used. 

These electrodes are chemically stable, resist pH drifts 

and are reversible at low potential (has redox potential 

lower than water). The reaction that occurs at each 

electrode is given as follows: 

Cathode: AgCl + e~~ —» Ag^ + Cl( ^ 

Anode: Ag{M) + CV{aq) -> AgCl{s) + e~ 

As is evident from the equations, the silver chloride 
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will precipitate on the anode and therefore this system 

requires addition of chloride ions in the anodal chamber to 

drive the electrochemistry. The most convenient way of 

introducing chloride ions is use of hydrochloride salt form 

or addition of sodium chloride to the formulation. However, 

the amount of sodium chloride added should be controlled as 

these ions may compete with the drug ions causing decreased 

drug delivery. Studies were done on electrode material 

selection in optimizing the delivery of lithium across 

polyvinyl alcohol (PVA) hydrogel membrane (Phipps et al., 

1989). They showed use of platinum anode in donor caused a 

pH decrease due to production of hydronium ion as shown 

above, which are more mobile and no efficient delivery of 

lithium was observed while the use of Ag/AgCl electrodes in 

place caused no pH drift and a significant increase in 

lithium flux almost double of the above case was observed. 

Iontophoresis was investigated for successful delivery 

of various compounds such as Opioids, NSAID's, Proteins and 

Peptides, cardiovascular agents, antiviral agents, steroids 

and local anesthetics. 

A detailed investigation showed increase in the 

delivery of opioids like fentanyl, sufentanyl, hydromophone 

hydrochloride, buprenorphine and nalbuphine following 

iontophoresis (Thysman et al., 1994; Padmanabhan et al., 
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1990; Bose et al., 2001 and Sung et al., 2000). NSAID's 

like ketoprofen, diclofenac, piroxicam and steroids like 

prednisolone, hydrocortisone were delivered successfully 

via iontophoresis (Panus et al., 1997; Curdy et al., 2 001; 

James et al., 1986 and Wang et al., 1993). Various proteins 

and peptides like calcitonin, human parathyroid hormone, 

luteinizing hormone releasing hormone, growth hormone 

releasing hormone, were also delivered using iontophoresis 

(Chang et al., 2000; Suzuki et al., 2001; Heit et al., 1993 

and Kumar et al., 1992). 

The first iontophoretic device that received FDA 

approval was Iontocaine® from Iomed used for delivery of 

lidocaine in 1995. The second generation lidocaine 

iontophoretic device lidosite® from Vyteris also received 

FDA approval in 2004.1onsys system using E-Trans technology 

is an iontophoretic fentanyl device from Alza for pain 

management which received FDA approval in 2006(Smith and 

Maibach, 2006) . 

Quantitation of Drug Molecules in Different Skin Layers 

Microdialysis 

Microdialysis is an analytical technique that is used 

to determine the components of the interstitial fluids in 
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the tissue. The basic principle involved is the diffusion 

of the molecules through a semi-permeable membrane due to 

the difference in the concentration gradient. Microdialysis 

system consists of (i) pump, (ii) probe and (iii) sample 

collector. 

The probe with a permeable membrane which has a 

specific cut off molecular weight is placed in the dermis, 

or in subcutaneous tissue. After the membrane is placed in 

the tissue and ends are sealed with a tissue binding fluid, 

it is continuously perfused with physiological solution 

with constant flow rate. The molecules present in the 

interstitium diffuse into the probe through the semi 

permeable membrane. The perfusate used generally mimics the 

composition of surrounding medium, so that the excessive 

movement of the molecules in and out of ECF due to osmotic 

differences can be prevented. The dialysate is collected 

and analyzed for the concentrations of the molecules in the 

extracelluar fluid (ECF). 

The direction of diffusion depends on the 

concentration gradient; therefore, microdialysis can be 

used for collecting samples in the dialysate or delivering 

molecules into the ECF. Since, the perfusate used is 

analyte free solution; equilibrium is never reached in the 

probe. As a result, the dialysate concentration represents 
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only a fraction of the actual analyte in the tissue. To, 

account for this difference relative recovery (RR) is 

calculated; it is generally the ratio of the concentration 

of the analyate in the dialysate to that in the tissue 

(Plock and Kloft, 2005) . 

Probe Design 

Various designs of probe such as concentric cannula 

probe, linear probe, shunt probe, spinal loop dialysis 

catheter, flexible intravenous probe, shunt intraarterial 

microdialysis probe have been reported in literature (Hocht 

et al., 2007). However there are two kinds of probes that 

are commonly used in cutaneous microdialysis. One is a 

linear probe with single lumen and other is a concentric 

probe with a double lumen. These probes are available in a 

variety of materials like cuproamonic rayon, celluloses, 

polycarbonate, polyethersulfone or cuprophan (Hocht et al., 

2004). Probes are available in a range of pore sizes, most 

of the experiments are carried out using membranes with a 

cut-off of 20 KDa. 

Perfusion Fluid for Microdialysis 

Ideally, the ionic strength, osmotic value and pH of 

the perfusion fluid should be as close as possible to the 
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ECF of the tissue that is being dialyzed. Different 

perfusion fluids that can be used for microdialysis include 

saline, ringer solution, modified ringers solution, 

buffered ringers solution, Krebs ringer solution, Krebs 

ringer bicarbonate, Krebs-Henseleit bicarbonate buffer, 

Mock-cerebrospinal fluids and Bile salt Ringer's (Hocht et 

al., 2007). 

Calibration of Microdialysis Probe 

The RR is generally calculated by (i) Method of flow 

variation where the flow rate of perfusate is varied, (ii) 

No net flux method, which uses the difference in the 

concentration of the perfusate for calibration and (iii) 

Retro dialysis method. 

Method of variation 

In this method the recovery is calculated by varying 

the perfusate flow rate. It can be explained by the 

following equation 

C«=C0(l-exp<-^>) 

Where Cdiai is the concentration of analyate in the 

dialysate, C0 is the actual concentration, F is the 

perfusion flow rate, r is mass transport coefficient and A 
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is the surface area of the dialysis membrane. Varying 

perfusion flow rate is plotted against the changing 

dialysate concentration and the actual concentration is 

determined by extrapolating to zero flow, where equilibrium 

conditions are attained. 

No net flux method 

In this method a series of known concentrations, which 

lie within the range of expected ECF concentration, are 

perfused at a constant flow rate. The different perfusate 

concentrations are plotted against the difference between 

Cper (concentration in perfusate) and Cdiai (concentration in 

dialysate).The intercept on the X-axis will give the 

concentration of the periprobe in the ECF while the slope 

of the regression line will give the relative recovery. 

Retro dialysis method (RD) 

The probe is placed in a physiological solution and 

drug is perfused through the probe. After, a period of 

equilibration, dialysate samples are collected over a 

period of time. The relative recovery is calculated from 

the following equation. 

rc, 
re cov ery(%) = 100- 'dial 

perf 

xlOO 



When using retro dialysis the relative recovery should 

be carried out before the application of the drug. 

Measurement under steady state is only possible if the 

concentration in the perfusate is multiple times than that 

in the tissue. 

Advantages and Limitations 

The Advantages this technique are that 

(1) It allows continuous sampling at the target site which 

gives an insight of drug kinetics at the site. This 

technique also allows high resolution real time 

sampling. 

(2) It can be used to study effect of drug locally without 

having a systemic effect. 

(3) Both the analyte and its metabolite can be collected in 

one sample. 

(4) The samples obtained from this method are unbound or 

protein free which give more reliable results. 

(5) The results are highly reproducible. 

(6) It is minimally invasive and multiple sites can be used 

in one animal/ human. Thus reducing the number of 

animals used in one study. 
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(7) Also, sampling can be done for longer periods and other 

auxiliary techniques like Laser Doppler, TEWL can used 

along with it. 

Limitations Include, 

(1) Skilled training for insertion of probes. 

(2) Estimation of absolute tissue concentrations is 

difficult. 

(3) This technique requires extremely sensitive analysis 

considering the small volume of samples. 

(4) The recovery is dependent on the tissue and time. 

(5) It is also difficult to perform microdialysis of highly 

lipophillic or protein bound drugs owing to 

unavailability of appropriate perfusion fluids. 

(6) Also, other important problems can be trauma and 

bacterial infection caused by probe insertion. However 

Ault et.al, observed no immediate evidence of edema or 

tissue disruption but long term implantation have shown 

lymphocyte infiltration at 6 hr after probe insertion 

(Ault et al., 1994). Similar results have been obtained 

by Mathy et.al, Davis and Lunte. 

Mathy et al., demonstrated that iontophoresis was able 

to deliver significant amounts of flurbiprofen in dermis 

and underlying tissues at a fast rate while maintaining 

minimum systemic exposure (Mathy et al., 2004) . Metabolic 



process in the skin were studied by cross et al., where 

they showed that salicylate tissue concentrations were 30 

fold higher than plasma concentrations with methysalicylate 

formulation while triethanolamine salicylate formulation 

delivered negligible levels (Cross et al.,1998). Brunner et 

al., studied relative bioavailability of diclofenac in 

plasma, subcutaneous adipose and skeletal muscle tissue 

after topical application using MIKA Diclofenac Spray Gel 

(4%) and after oral dosing using VOLTAREN® 50 mg enteric 

coated tablets. In vivo microdialysis in subcutaneous and 

muscle tissues showed 3 and 2 fold increase in diclofenac 

concentrations respectively when compared to oral dosing 

while, relative plasma bioavailability was 50-fold lower ( 

Brunner et al., 2005). Chaturvedula et al, have shown a 

depot formation of granisetron hydrochloride in the dermis 

using microdialysis, following iontophoretic delivery in 

hairless rats (Chaturvedula et al., 2005). Stagni et al. 

used microdialysis to study the dermatopharmacokinetics of 

iontophoretically delivered propranolol in the dermis of 

healthy human volunteers. They were able to show that 

elimination rate from the dermis had first-order kinetics 

and was similar in all subjects. However, quantification of 

the dialysate showed high inter- and intrasubject 

variability which did not correlate with probe depth 
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(Stagni et al., 2000) . Assessment of the percutaneous 

penetration kinetics of lidocaine and prilocaine from two 

different formulations indicated a well-calibrated 

microdialysis system can provide vital real-time 

information on percutaneous drug delivery (Wei et al., 

2007). Leveque et al., have shown high levels of iron and 

low levels of ascorbic acid in the dermis of psoriatic 

patients while no significant differences were seen between 

involved and uninvolved skin (Leveque et al., 2003). 

Benfeldt et al., have demonstrated dermal microdialysis as 

a very effective and feasible way to do bioequivalence 

studies using lidocaine cream and ointment (both 5%), as 

compared to dermatopharmacokinetic method which employs 

tape stripping (Benfeldt et al., 2007). Mathy et al., 

studied the pharmacokinetics of fluconazole following IV 

and topical application (Mathy et al., 2004). They found 

cutaneous microdialysis was effective and minimally 

invasive tool. The results show the active unbound drug in 

the dermis after 11 hr of application of Diflucan" gel 0.5% 

and AUC was constant upto 35 0u depth after which it 

increased with implantation depth. Also, there was rapid 

distribution of fluconazole into dermis following IV bolus 

injection. 



Tape Stripping 

Tape stripping has found potential as a 

dermatopharmacokinetic method for assessing the drug 

concentration in the stratum corneum (SC). It has also been 

used for the complete removal of SC selectively from the 

skin. In this method, adhesive tape such as transpore tape 

(from 3M) is used to remove the layers of the SC 

sequentially. The tape strips are then subjected to 

analysis to quantify the amount of drug in the layers of 

the SC. This technique has been used to study the 

localization and distribution of the drug molecules in the 

SC, as a function of the SC depth. The prerequisites for 

determining the horny layer profile is complete removal of 

SC. This is accomplished by the determination of the exact 

amount of corneocytes fixed to each strip (Weigmann et al., 

1999). The amount of SC removed is influenced by the type 

of tape used, pressure applied on the tape, vehicle used in 

the formulation and the site of the skin (Bashir et al., 

2001; Weigmann et al., 1999; Loffler et al., 2004, 

Bommannan et al., 1990). 

The most common approach to determine the amount of SC 

removed is to weigh the tape strips before and after tape 

stripping (Kalia et al., 2000; Bommannan et al., 1996). 



However, artifacts in the amount weighed, can be introduced 

by the endogenous substance in the formulation when using 

this method (Weigmann et al., 1999). Apart from this 

colorimetric method was used along with TEWL determination 

and UV absorption was correlated to the amount of SC 

removed (Dreher et al., 1998 and Marttin et al., 1996). 

More recently, a spectroscopic method was described, for 

the determination of the removed SC, utilizing the 

pseudoabsorption of the corneocytes aggregates removed by 

tape strips in the visible range (Weigmann et al., 1999). 

The main advantage of this method is the absorbance of 

corneocytes is measured at 430nm. This wavelength is in the 

visible range, which is placed away from the UV region 

where absorption of most of the drug molecule occurs. Even 

though to date tape stripping is most promising technique 

in terms of rapid assessment of the amount and magnitude 

drug depot formation in SC, there are many possibilities 

for artifacts when using this method. The loss of 

evaporation during the process of tape stripping can be 

significant. Hence, this method is not suitable for 

assessment of volatile drugs (Smith and Maibach et al., 

2006). 



CHAPTER 3 

QUANTIFICATION OF ACYCLOVIR INTO AND ACROSS THE HAIRLESS 

RAT SKIN FOLLOWING IONTOPHORETIC DELIVERY 

Abstract 

Purpose. The aim of this work was to study the 

feasibility of cathodal iontophoresis of acyclovir (ACV) at 

higher pH 11 for short duration of time (10 min) using 

small current density. 

Methods. In Vitro studies were performed for 10 min, 

1 hr, 2 hrs and 4 hrs using current densities of 0.2, 0.3, 

0.5 mA/cm2. For all studies, freshly excised hairless rat 

skin was used as the membrane, with 0.5 ml of 4.32% 

solution of acyclovir in pH 11 teorell buffer as donor and 

50 mM phosphate buffer (pH 7.4) was used as receptor. 

Results. Increasing current density and duration of 

application time did not increase the amount of acyclovir 

delivered across the skin. However, skin extraction studies 

indication iontophoretic delivery increased the amount of 

acyclovir into the skin with increasing current densities. 

Conclusion. From these studies we conclude that the 

46 



47 

main mode of acyclovir transport at pH 11, where it is 98% 

ionized, is electrorepulsion. The flux of acyclovir across 

the skin at pH 11 was not affected by the increase in 

current density and duration of current application. 

However, the accumulation of acyclovir in the skin was 

influenced by increasing current densities. 

Introduction 

Acyclovir, a selective antiviral agent, is a synthetic 

analogue of 2'- deoxyguanosine that is used to treat 

cutaneous herpes viral infection. Low efficacy of the 

available topical formulations due to poor permeation and 

low bioavailability of the oral formulation resulted in 

research of enhancement techniques. Enhancement techniques 

like penetration enhancers and iontophoresis have been 

utilized to increase the delivery of acyclovir across the 

skin. 

Iontophoresis utilizes small electric currents to 

drive the ions across the skin. Electromigration, 

considered to be the main mode of transport of ionized 

molecules during iontophoresis, involves repulsion of ions 

from the electrode having same charge. The continuous 

application of electric current across a porous membrane 

with fixed charge, such as skin, results in a volume flow 



48 

in the direction of counter-ion migration. This is termed 

as electro-osmosis and it occurs generally from anode to 

cathode at physiological pH where the skin carries a net 

negative charge. 

Lashmer and Manger were able to achieve 3 fold or more 

permeation of Acyclovir (ACV) with iontophoresis alone or 

with anionic enhancers. Volpato et al., have shown that ACV 

can be accumulated at the target site more quickly at pH 

3.0 and maintained with application of iontophoretic pulse 

and by keeping the drug reservoir on the skin. Padula et 

al. , have studied the influence of iontophoresis on 

acyclovir transport at pH 3.0, 5.8 and 7.4 using current 

densities 0.06-0.5 mA/cm2. However, there are no reports of 

utilizing iontophoresis at pH 11 using low current density 

applied for low duration to deliver acyclovir in vitro. 

In this study we focus on the feasibility of 

iontophoresis of acyclovir at pH 11 using low current 

density which will be applied for low duration of time. We 

also studied the effect of varying current densities and 

duration of application time. Cathodal and anodal 

iontophoresis were performed to understand the main 

mechanism by which acyclovir is transported across hairless 

rat skin during iontophoresis at pH 11. 
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Materials and Methods 

Materials 

Acyclovir was obtained from Spectrum Chemicals. Sodium 

phosphate monobasic, sodium phosphate dibasic, sodium 

chloride, boric acid, o-phosphoric acid, sodium hydroxide, 

hydrochloric acid, perchloric acid, glacial acetic acid, 

acetonitrile and water (all HPLC grade) were obtained from 

Fisher Scientific (Pittsburgh, PA, USA) and used as 

received. All solutions were prepared in filtered HPLC 

grade water. Ag/AgCl electrodes from In Vivo Metric (UT, 

USA), Franz diffusion cells from PermeGear (Bethlehem, PA, 

USA), and Keithley (model 2400 series) constant power 

supply as current source were used. Waters HPLC Alliance 

system was used for analysis of samples obtained from the 

in vitro studies. 

Animals 

Hairless rats (300-400 g) were obtained from Charles 

River (CA), and were housed in the in-house animal facility 

at Mercer University until utilized. Experiments were 

performed in accordance with IUCAC regulations. 
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In vitro Permeation Studies 

For all studies, freshly excised hairless rat skin was 

used as the membrane, while the donor was 0.5ml of 4.32 % 

solution of acyclovir in pH 11 teorell buffer and receptor 

was 50 mM phosphate buffer (pH 7.4).Current densities of 

0.2, 0.3, 0.5 mA/cm2 were applied for 10 min, 1 hr, 2 hrs 

and 4 hrs using a constant current source (Keithley ) . At 

predetermined intervals, 0.5 ml of sample was withdrawn 

from each receptor and replenished with the same amount of 

phosphate buffer. At the end of the study the skin exposed 

to the donor was extracted to quantify the amount of 

acyclovir in the skin. All the samples were then analyzed 

using HPLC. Both anodal and cathodal iontophoresis was 

carried out at pH 11, to study the effect of electrosmosis 

on the delivery of acyclovir at pH 11. Passive diffusion 

studies were also done under the same conditions to compare 

with the iontophoretic delivery. The pH of donor and 

receptor solution was measured before and after 

iontophoresis. Each study was performed in at least 

triplicate. 

Extraction of Acyclovir from Skin 

After the completion of study (8 hrs duration), the 
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skin exposed to donor was punch biopsed. The skin was then 

subjected to tape stripping using Transpore® tape from 3M 

and first two strips were discarded to remove any excess 

formulation. After tape stripping, 1 ml of DI water (in a 

centrifuge tube) was added to the remaining skin and placed 

in water bath for 2 hrs which was maintained at 60°C. After 

2 hrs the samples were cooled to room temperature and 

500 ill of 1 N perchloric acid was added to precipitate the 

proteins. The samples were then placed in spinx centrifuge 

tubes (which contains 0.22 um filter) and centrifuged at 

8600 g for 30 min. The separated fluid was analyzed using 

HPLC. 

Quantitative analysis of Acyclovir 

HPLC assay for samples collected from receptor 

The HPLC method used was modified method from the 

literature (Parry et al.,1992; Lashmer and Manger,1994 and 

Volpato et al.,1998).The samples collected were analyzed 

for their acyclovir content using Waters alliance system 

and reverse phase column (Varian Microsorb C 18 column, 250 

x 4.6 mm, 5 u) at ambient room temperature. 0.1% (v/v) 

acetic acid and acetonitrile were used in the ratio of 98:2 

as mobile phase with a flow rate of 1.2 ml/min. A volume of 
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25 ul of the sample was injected and detection was done at 

254 nm (UV detection). 

HPLC assay for skin extraction samples 

The HPLC method used was modified method from the 

literature (Parry et al., 1992; Lashmer and Manger, 1994 

and Volpato et al., 1998). The extracted samples were 

analyzed for their acyclovir content using Waters alliance 

system and reverse phase column (Varian Microsorb C8 

column, 250 x 4.6 mm, 5 u) maintained at 30°C. 0.1% (v/v) 

acetic acid and acetonitrile were used in the ratio of 98:2 

as mobile phase with a flow rate of 1.2 ml/min. A volume of 

2 5 ul of the sample was injected and detection was done at 

254 nm (UV detection). 

Data Analysis 

ANOVA and paired t- test were used for statistical 

analysis. Flux was calculated using linear regression 

analysis. The errors bars in the graphs indicate ± Standard 

Error (SE). 



Results 

53 

HPLC Assay 

The assay was linear over a range of 0.0625-1000 ug/ml 

with a correlation coefficient of 0.999 and percent Y-

intercept was less than 1%. 

In vitro Permeation Studies 

The amount of acyclovir (ACV) permeated per unit area 

through hairless rat skin, obtained at different current 

densities (0.2, 0.3, and 0.5 mA/cm2) following 10 minutes of 

iontophoresis, was 351.33 ± 72.91, 232.89 ± 76.22 and 

262.734 ± 124.03 ug/cm2 respectively (Figure 1). The amount 

delivered across the hairless rat skin using 0.2 mA/cm2 

current density for 10 min, 1 hr and 4 hrs was 351.33 ± 

72.91, 214.94 ± 120.73 and 250.82 ± 21.38 ug/cm2 

respectively (Figure 2). These cumulative amounts of ACV 

delivery by iontophoresis were significantly greater than 

passive delivery (54.2 ± 26.6 ug / cm2, Figure 1). The 

amount of acyclovir delivered across hairless rat skin, at 

the end of 8hrs study, using 0.3 mA/cm2 current density for 

10 min and 4 hrs was 232.89 ± 76.22 and 141.33 ± 53 (SE) 

ug/cm2 respectively(Figure 3). The amount of acyclovir 

delivered by anodal iontophoresis was not significantly 
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was not s ign i f i can t ly different from passive del ivery 

(Figure 4 ) . 
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Figure 1. Passive and cathodal iontophoresis of acyclovir 
solution at current densities 0.2, 0.3 and 0.5 mA/cm2, for 
10 min. 
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Figure 2. Cumulative amount of acyclovir delivered 
following cathodal iontophoresis for 10 min, lhr and 4 hrs 
with current density of 0.2 mA/cm2 compared to passive 
delivery. 
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Figure 3. Cumulative amount of acyclovir delivered 
following cathodal ITP for 10 min, 1 hr and 4 hrs using 0 
mA/cm2. 
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The amount of acyclovir delivered into the skin 

following passive and iontophoresis using a current density 

of 0.2 mA/cm2 for lOmin, lhr and 4hrs was 25.56 ± 5.8, 52.08 

± 11.73, 96.12 ± 5.87 and 175.17 ± 16.8 ug/cm2 respectively 

(Figure 5). 

Discussion 

The low passive permeation of acyclovir can be 

attributed to the fact that passive permeation through the 

skin is limited by the natural barrier properties of the 

skin, especially the stratum corneum (SC). Also, passive 

permeation is ideal for transport of small, potent and 

lipophillic molecules. Acyclovir being hydrophilic (log P = 

-1.56) has limited transport by passive permeation (Singh 

et al., 1996).The delivery across the hairless rat skin can 

be improved by using iontophoresis as an enhancement 

technique. 

Acyclovir (ACV) is an ampholyte with two pKa values 

2.4 and 9.2. Depending on the pH it can be zwitterions, 

cation, or anion. At pKa 2.4 it is 20% ionized (cation) and 

at pKa 9.2 it is 98% ionized (Banga, 1998).At neutral pH it 

is predominantly unionized. Since it is negatively charged 
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Figure 4. Cumulative amount of acyclovir delivered 
following anodal iontophoresis at 0.3 mA/cm2 for 30 min and 
2 hrs. 
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Figure 5. Amount of ACV in the skin at 8 hrs following 
passive and ITP delivery using 0.2 mA/cm2 current density. 
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at pH 11 cathodal iontophoresis was used to deliver 

acyclovir. 

Cathodal iontophoresis at pH 11 significantly-

increased the delivery of acyclovir across the skin when 

compared to passive delivery. At pH 11, 98% of the 

acyclovir is in the deprotonated form, suggesting that the 

primary mechanism of transport of acyclovir during cathodal 

iontophoresis is eletrorepulsion. When the molecule is 

predominantly in charged form the electrorepulsive forces 

completely overwhelms the electroosmotic flow from the 

opposite direction. When anodal iontophoresis was performed 

under same conditions it showed no difference in the amount 

of acyclovir delivered, compared to passive delivery. These 

results explain that electroosmosis has negligible or no 

role in the transport of acyclovir at pH 11. Similar 

results were obtained by Lopez et al., where they were able 

to deliver significant amounts of 5-FU under cathode at pH 

8.5 where it is predominantly negatively charged (Lopez et 

al., 1999). 

Increases in the current density or duration of 

current application did not show increased delivery of 

acyclovir across the skin. Also, a continuous increase in 

the post iontophoretic flux of acyclovir was observed for 

all the studies. These results suggested a probable depot 
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formation of acyclovir in the skin. This was confirmed by 

our skin extraction studies that showed increased skin 

concentrations of acyclovir with increase in the current 

density. Various studies in literature indicate that 

iontophoresis increases water content in the stratum 

corneum without causing any changes in the lipid lamellae. 

De Graaff et al., showed that application of 0.5 mA/cm2 

current density for 9 hrs caused the corneocytes to swell 

and facilitated occasional formation of water pools in the 

intercellular regions (De Graaff et al., 2003). Pechtold et 

al., also confirmed the accessibility of ion and water to 

the SC lamellae under the influence of electric field 

(Pechtold et al., 1996) . Jadoul et al., reported from their 

ATR- FTIR and X-ray diffraction studies that iontophoresis 

caused disorganization of the lipid stack layer and 

hydration (Jadoul et al., 1996). However, iontophoresis did 

not cause any modification in the interlamellar crystalline 

packing of the lipids nor in the molecular conformation. 

These studies suggest that possible transdermal enhancement 

could be due to loss of coupling between intercellular 

lipid bilayers which favor interlamellar diffusion of 

molecules. Since iontophoresis increases hydration and 

creates occasional water pools in stratum corneum, it 

increases accumulation in SC, which then increases the 
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ability to diffuse into the epidermis and dermis. 

Acyclovir, even though hydrophilic, is a poorly soluble 

drug. It is pushed into the skin by iontophoresis and 

accumulates in the water pools and when iontophoresis is 

stopped, the skin comes to its actual state thus causing 

the accumulation of acyclovir in the skin. 

Also, considering the pH gradient across the skin 

(with 4- 5 at surface and 7.4 in the interior) the 

negatively charged acyclovir once delivered into the skin 

will be positively charged at the surface and becomes 

neutral as it moves further in the skin. Since, acyclovir 

is now neutral or unionized in the skin and electroosmotic 

flow is in the direction of anode to cathode, its diffusion 

into the receptor is difficult and it is effectively 

trapped inside the skin. These findings are in accordance 

with the observations made by Volpato et al., where anodal 

iontophoresis of acyclovir at pH 7.4(acyclovir is 98% 

unionized) did not increase the amount permeating into the 

receptor with increasing current density, this was because 

the transport was entirely dependent on electroosmosis at 

pH 7.4. In the same study, they reported that application 

of iontophoresis resulted in high accumulation of the drug 

in basal epidermis and upper dermis compared to passive 

(Volpato et al., 1998). Padula et al., have also shown that 
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to a limited extent iontophoresis caused the accumulation 

of acyclovir in rabbit ear skin at pH 3, 5.8 and 7.4. 

Conclusions 

From these studies we conclude that the main mode of 

acyclovir transport at pH 11, where it is 98% ionized, is 

electrorepulsion. The flux of acyclovir across the skin at 

pH 11 is not affected by the increase in current density 

and duration of current application. However, the 

accumulation of acyclovir in the skin was influenced by 

increasing current densities. These results show the 

feasibility of iontophoretic delivery of acyclovir at high 

pH using low current density and low duration of 

application. 



CHAPTER 4 

IONTOPHORETIC DELIVERY OF ACYCLOVIR FROM CREAM AND GEL 

FORMUALTIONS USING A CARTRIDGE 

Abstract 

Purpose: The aim of this work was to study cream and 

gel formulations of acyclovir contained in a delivery 

cartridge for enhanced iontophoretic delivery of acyclovir 

across hairless rat skin. 

Methods: In vitro iontophoresis (0.2 mA/cm2 or 0.3 mA/ 

cm2 applied for 1 hr) for gel and cream formulations in 

cartridge was performed using static Franz diffusion cells. 

In vivo microdialysis using a linear probe and PBS as 

perfusate was done. Cartridge analysis was also performed. 

Results: Iontophoresis enhanced the delivery of 

acyclovir from 5% cream and 4% gel formulations. 

Gel formulations (26.306 ± 16.196 ug/cm2) showed a 6 fold 

increase in the amount delivered as compared to cream 

formulations (4.41+0.28 ug/cm2) . The gel formulation 

containing glycerin showed 10 fold increase in the amount 

delivered as compared to the formulation with propylene 
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glycol in vivo, but no difference was observed in vitro. 

Cartridge with reversed pad material enhanced the delivery 

(4.713 ± 0.987 ug/cm2) to normal cartridge (2.028 ±0.05 

ug/cm2) 

Conclusion: Gel formulations enhanced the delivery of 

ACV. The composition of the cartridge as well as gel 

formulations had an effect on the amount delivered. The 

cartridge assembly was optimized for better iontophoretic 

delivery. 

Introduction 

Facial herpes or herpes labialis, commonly called as 

cold sores, caused by herpes simplex virus (HSV-I), is a 

common disease that effects millions of people worldwide. 

Antiviral agents have been used to treat herpes infections 

for about four decades. To be effective, the treatment has 

to be started at the first sight of lesion. Currently the 

treatments available for treatment of herpes labialis are 

topical and oral acyclovir, topical penciclovir, topical 

docosanol and oral valacyclovir (Brady and Bernstein, 2004) 

which require multiple daily applications (topical) or 

multiple dosing (oral) for several days. 

Even though nucleoside analogues were first introduced 

in 1960's, it is the introduction of acyclovir in 1980 for 
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successful treatment of herpes infection, which propelled 

anti-herpes chemotherapy. 

Acyclovir is a synthetic analogue of 2'-

deoxyguanosine with a molecular weight of 225. It is an 

ampholyte with pKa 2.4 and 9.2. Acyclovir is used to treat 

cutaneous viral infection caused by herpes simplex virus 

type l(HSV-l). It is also active against HSV-2, Varicella 

virus and a lesser extent against Epstein - Barr virus and 

cytomegalovirus (De Jalon et al., 2001). Herplex simplex 

virus (HSV-I) can cause cold sores and the site of the 

viral lesions is the basal epidermis. Acyclovir is 

commercially available as intravenous, oral and topical 

dosage forms. The oral bioavailability is very low (20%) 

and intravenous administration can cause side effects like 

nephrotoxicity. Therefore, topical administration of 

acyclovir shows a potential to treat the HSV-I skin 

infection. 

However, the hydrophilicity of acyclovir (Log P = -

1.56) hinders the permeation through the skin following 

topical administration. Parry et al., reported topical 

administration produced ten fold increases in the blood 

concentration of acyclovir when compared to oral 

administration which was not consistent with their clinical 

study. This was attributed to the insufficient delivery of 
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the drug at target site, the basal epidermis (Parry et al., 

1998). 

Essentially it would be ideal to delivery the 

antiviral agent at the site of herpes infection, basal 

epidermis, so that it can reduce the replication of the 

virus before any significant tissue damage occurs. This 

can be achieved by, several chemical and physical 

enhancement techniques like iontophoresis. Lashmer et al., 

achieved 3 fold or more permeation of acyclovir with 

iontophoresis alone or with anionic enhancer's (Lashmer and 

Manger, 1994).Volpato et al., showed that acyclovir can be 

accumulated at the target site more quickly and maintained 

with application of iontophoretic pulse along with the drug 

reservoir on the skin (Volpato et al., 1998). 

Iontophoresis is a non-invasive drug delivery 

technique, which utilizes small electric currents to drive 

ionized and unionized drug molecules into the skin. The 

main driving forces involved in iontophoresis are 

eletrorepulsion (like charge repelling like charge) and 

electrosmosis (current induced convective solvent flow). 

Numerous factors, such as pH, current strength, ionic 

strength of the donor solution, and concentration and 

molecular size of drug, can influence the iontophoretic 

delivery (Banga, 1998). These factors can be manipulated in 
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order to effectively transport high concentration of 

acyclovir to the target site. 

The purpose of this work is to deliver high 

concentrations in short time to the site of viral 

replication, basal epidermis, utilizing iontophoresis. The 

aim is to understand the acyclovir transport from the 

formulations (creams and gels), to optimize the formulation 

and iontophoretic parameters for the iontophoretic delivery 

of acyclovir using cartridges designed for use in a hand 

held device. A novel cartridge system made with non woven 

polypropylene fibers heat sealed to an aluminum backing was 

used. Cream formulation with 5% ACV and the commercial 

formulation Zovirax® were studied to compare the delivery 

by iontophoresis and passive delivery. The delivery of 

acyclovir from the cream, the aqueous phase of the cream 

and from different gel formulations was compared to 

investigate the effects of soluble acyclovir, formulations 

and the co-solvents in the gel formulations. 

Materials and Methods 

Materials 

Male hairless rats were obtained from Charles River 

(Wilmington, MA, USA). Acyclovir was obtained from 
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Spectrum. Sodium phosphate monobasic, sodium phosphate 

dibasic, sodium chloride, boric acid, o-phosphoric acid, 

sodium hydroxide, hydrochloric acid, perchloric acid, 

glacial acetic acid, acetonitrile and water (all HPLG 

grade) were obtained from Fisher Scientific (Pittsburgh, 

PA, USA) and used as received. All solutions were prepared 

in filtered HPLC grade water. Ag/AgCl electrodes from In 

Vivo Metric (UT, USA), Franz diffusion cells from PermeGear 

(Bethlehem, PA, USA), and Keithley (model 2400 series) 

constant power supply as current source were used. Waters 

HPLC Alliance system was used for analysis of samples 

obtained from the in vitro studies. Formulations, Zovirax®, 

5% ACV cream, all gel formulations and empty cartridges 

were used as obtained from Transport Pharmaceuticals Inc. 

Animals 

Hairless rats (300-400 g) were obtained from Charles 

River (CA), and were housed in the in-house animal facility 

at Mercer University until utilized. Experiments were 

performed in accordance with IUCAC regulations. 

Preparation of Donor and Receptor Buffer 

Phosphate buffer pH 7.4 was used as receptor buffer. 

Donor buffer was prepared by adding 26 ml of solution A and 
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10 ml of solution B. Buffer A was prepared by adding 3.33ml 

of 0.1M phosphoric acid, 34.33ml of 0.1M NaOH, 3.33ml of 

citric acid, 345mg of boric acid and solution B was 0.IN 

HCl. ACV was dissolved in the donor buffer with the aid of 

0.5 ml IN NaOH, the final pH of the solution was 11. Both 

receptor and donor solutions were degassed using sonication 

before they were used for the experiment. 

In vitro Permeation Studies 

Abdominal skin of hairless rat was freshly excised 

after euthanizing the rat. The obtained skin was 

conditioned in phosphate buffer pH 7.4 for 30 min before 

mounting on Franz cells. The skin thickness of whole skin 

was measured to be around 1.11 mm. The skin was then 

mounted on the receptor compartment of the Franz cell 

containing receptor buffer (5 ml) with the stratum corneum 

facing the donor compartment. The donor was a known amount 

of the formulation loaded into the cartridges. The area of 

the skin exposed to donor was 0.64 cm2. The temperature of 

receptor buffer was maintained at 37°C with circulating 

water in the jackets. The receptor solution was 

continuously stirred with magnetic stirrers placed at the 

bottom of the chamber. Electrodes were placed in the donor 

and side arm of the receptor for iontophoresis. Stainless 
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steel electrode with the cartridge adapter was used as 

anode or cathode and Ag/AgCl or Platinum electrode was used 

as cathode or anode depending on the formulation used. The 

current was monitored with a multimeter placed in series 

with the cells. 

Formulation Used in In vitro Studies 

Acyclovir cream formulation 

The 5% acyclovir cream is made up of three phases. 

Oily phase, aqueous phase and solid phase (micronized 

acyclovir). It is oil in water emulsion with the solid 

micronized acyclovir suspended in the aqueous phase. The 

aqueous phase consists of water, propylene glycol and SDS 

while the oily phase consists of petrolatum, poloxamer. The 

pH of the 5% ACV cream was 6.78. 

Acyclovir gel formulations 

The composition of various formulations is given in 

Table I and the composition of 4% gel with and without 

buffer, with glycerin (or) propylene glycol (PG) is given 

in Table II. The pH of all gel formulations was 11. 
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Experimental Conditions 

As acyclovir is mostly unionized at pH 6.8, anodal 

iontophoresis was performed for 5% cream while, cathodal 

iontophoresis was performed for gels at pH 11 where it 

exists as an anion. A current density of 0.2 mA/cm2 and 0.32 

mA/cm2 was applied for 1 hr. Samples were collected for 8 

hrs to see the delivery of acyclovir. At predetermined 

intervals, 0.5 ml was withdrawn from receptor and was 

replenished with the same amount of phosphate buffer. The 

samples were then analyzed by HPLC. Each study was 

performed at least in triplicate. 

Cartridges 

The cartridges used for the iontophoretic topical 

delivery are made with non- woven polypropylene fibers heat 

sealed to a plastic base with aluminum backing. The surface 

area of the cartridge where formulation was held was 2.3 

cm2. An adapter with stainless steel electrode was placed on 

the cartridge and from this electrode it was connected to 

constant current source (Keithley®). Figure 6A-C shows the 

components of the cartridge, assembled cartridge, loading 

of the formulation and the loaded cartridge attached to the 

adapter. 
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Table I. Composition of Different Gel formulations 

A c y c l o v i r (g) 

H20(ml ) 

G l y c e r i n (g) 

S o r b i t o l 70%(g) 

5.ON NaOH (ml) 

HEC (g) 

Na2HP04 (g) 

N a 3 P 0 4 ( g ) 

PH 

3% 

1 2 . 1 

1 .86 

0 

9 6 . 4 

2 . 3 1 

1 

0 

0 

1 0 . 5 

4% 

4 . 7 1 

4 1 . 1 

5 0 

0 

4 . 6 4 

1 

0 

0 

1 1 

5% 

4 . 7 

0 

0 

9 2 . 6 

7 . 6 7 

1 

0 

0 

1 1 

6% 

2 . 1 

0 

0 

1 8 5 . 2 

1 5 . 3 4 

2 

0 . 5 

1 .44 

1 1 



Table II. Composition of 4% Gel 

Acyclovir (g) 

H20(ml) 

Glycerin (g) 

18.55 HCL 

5.ON NaOH (ml) 

HEC 250 HHX 

(g) 

Na2HP04 (g) 

Na3P04 (g) 

PH 

4% Gel (with 

buffer) 

12.01 

118.91 

150 

0.468 

11.334 

1.201 

2.407 

4.055 

10.96 

4% Gel (without 

buffer) 

12.01 

124.69 

150 

0.211 

12.613 

1.205 

0 

0 

11 

4% Gel (PG) without 

buffer 

12.01 

124.69 

150 (PG) 

0.211 

12.613 

1.205 

0 

0 

11 
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To load the formulation into the empty cartridge a 

known amount was syringed out and injected into the 

cartridge. The cream formulation was obviously too viscous 

to syringe out, so it was heated to 60°C for approximately 

10 mins with thorough mixing to fluidize the formulation 

and then syringed out. The gel formulation was less 

viscous, so it was directly syringed out and loaded into 

the cartridge. 

The syringe was weighed or tared on the balance, the 

formulation was taken in the syringe and weighed again, and 

this would give the weight of the formulation loaded in the 

syringe. The formulation was then injected into the 

cartridge using a 21 gauge needle placing it at angle of45° 

(Figure 1C). Each cartridge was loaded with 200 mg of the 

formulation. 

Cartridge Analysis 

To study the effect of the cartridge on the 

iontophoretic delivery, different studies were conducted 

with different type of cartridges. The cartridges used were 

A)Cartridge filled with formulation as described earlier B) 

Prefilled cartridges obtained from TPI C) Cartridge filled 

with formulation and surplus amount of cream placed on the 

surface of the cartridge D) Formulation heated to liquefy 
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and poured directly on the surface of cartridge with 

reverse pad material E) Formulation filled in the cartridge 

with no pad material(Figure 7). 

A) 

Plastic base with 
aluminum backing 

Non woven 
polypropylene fibers 

Mesh to hold 
formulation intact 

B) 

Cartridge 

C) 

Formulation loading 
into the cartridge 

D) 

Figure 6. A) Components of the cartridge. B) Assembled 
cartridge. C) Procedure for loading the cartridge. D) 
Cartridge along with adapter containing stainless steel 
electrode. 
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A)&B) C) D) E) 

Figure 7. Different cartridge assemblies for cartridge 
analysis 

Microdialysis 

For in vivo microdialysis, a linear probe was inserted 

into the skin and PBS was used as perfusate (Stagni et al., 

2004). A cartridge filled with an acyclovir gel formulation 

was placed on the skin in the region where the probe was 

inserted, iontophoresis was performed using 0.32 mA/cm2 for 

1 hr and samples were collected every 0.5 h for 4 hrs. All 

the samples collected were analyzed using HPLC. 

The probe was calibrated using retrodialysis method. The 

probe was equilibrated for 1.5 hr using 5.0 ug/ml acyclovir 

solution in PBS at a flow rate of 2 ul/ml. The recovery was 

calculated by the following equation 
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% Recovery = 
cP 

xlOO 

Where Cp is the concentration in the perfusion fluid and 

Cm is the concentration in the microdialysate samples. 

Quantitative Analysis of Acyclovir 

The HPLC method used was a modified method from the 

literature (Parry et al., 1992; Lashmer and Manger, 1994 

and Volpato et al., 1998). The samples collected were 

analyzed for their acyclovir content using Waters alliance 

system and reverse phase column (Varian Microsorb C18 

column, 250 x 4.6 mm, 5 u). 0.1% (v/v) acetic acid and 

acetonitrile were used in the ratio of 98:2 as mobile phase 

with a flow rate of 1.2 ml/min. The column was spiked with 

25 ul of the sample and detection was done at 254 nm (UV 

detection). The assay was linear over a range of 0.0625-

1000 ug/ml with a correlation coefficient of 0.999 and 

percent Y intercept was less than 1%. 

Statistical Analysis 

The statistical analysis of the data was done using 

ANOVA and paired t test. The Cumulative amount of acyclovir 

permeating across the skin was plotted against time and the 

steady state flux values reported were calculated using the 
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linear regression of the linear portion. The error bars on 

the graph indicate standard error (SE). 

Results 

HPLC Assay 

The assay was linear over a range of 0.0625-1000 ug/ml 

with a correlation coefficient of 0.999 and percent Y-

intercept was less than 1%. 

Anodal Iontophoresis of 5% ACV Cream 

Iontophoresis increased the amount delivered by 2 fold 

comparing with the passive permeation (Figure 8). For 

Zovirax®, at 8 hrs the amount across the skin by passive 

permeation and iontophoresis was 0.403 ± 0.145 ug/sqcm with 

a flux of 0.036 ± 0.018 ug/cm2-hr and 2.298 ± 0.183 ug/ cm2 

with a flux of 0.306+ 0.044 ug/cm2-hr, respectively. For 5% 

cream, at 8 hrs the amount delivered across the skin by 

passive and iontophoresis was 1.18 ± 0.073 ug/sqcm with a 

flux of 0.139 ± 0.019 ug/cm2-hr and 2.028 ± 0.08 ug/cm2 with 

a flux of 0.257 ± 0.007 ug/cm2-hr respectively. 

Iontophoresis also reduced the lag time from 6 hrs to 0.75 

hrs for Zovirax®, and from 4hrs to 0.75 hrs for 5% cream. 

Comparing with passive permeation, iontophoresis showed 
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Figure 8: Anodal ITP (0.2 mA/cm2 for 10 min and 1 hr) of 
Zovirax and 5% ACV cream using 0.2 mA/cm2 for 1 hr vs. 
passive delivery. 
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statistically significant increase (P < 0.05) in the amount 

delivered. 

The amount of ACV delivered from 5% cream increased 

with the increase of the current application duration using 

0.2 mA/cm2 for 10 min, 30 min and 1 hr (data not shown). 

Since, 10 min iontophoresis showed no delivery and 3 0 min 

iontophoresis showed very little delivery, 1 hr 

iontophoresis was used for further comparisons. 

For iontophoresis of the aqueous phase of the 

formulation (5%cream) and gel formulation studies, platinum 

electrodes were used instead of Ag/AgCl. Taking out the 

oily phase and the solid ACV from the 5% cream, the ACV 

concentration in the aqueous phase was 0.3%. The amount 

delivered from aqueous phase of 5% cream and from the whole 

formulation of 5% cream was 3.79 ± 0.60 ug/cm2 and 4.41 ± 

0.28 ug/cm2. The cumulative amount at 8 hrs and the curves 

of the cumulative amount delivered versus time (Figure 9) 

were not significantly different (P > 0.05). 

The increase in the molar volume of sodium hydroxide with 

respect to acyclovir concentration increased the amount of 

ACV delivered (Figure 10). The cumulative amount of 

acyclovir delivered from 5% cream containing NaOH at 100% 

of [ACV] was 14.964 ± 4.482 ug/cm2, containing NaOH at 80% 
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of [ACV] was 9 .277 ± 1.764 ug/cm2 and 5% cream w i t h no NaOH 

was 4 . 4 1 ± 0 .2 8 ug/cm 2 . 
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Figure 9. Anodal ITP (0.2 mA/cm2 for 10 min and 1 hr) of 5% 
cream and aqueous phase of the cream (0.3%). 
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Figure 10. Anodal ITP (0.2 mA/cm2 for lhr) of 5% cream 
containing NaOH at 80% and 100% of [ACV] 
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Cartridge Analysis 

Cream formulations 

The amount of acyclovir permeated from cartridges 

filled manually with 5 % cream was 2.028 + 0.05 ug / cm2, 

with prefilled cartridges with 5% cream it was 

2.385 ± 0.26 ug/cm2 which were statistically not significant 

(P > 0.05) . 

The amount of ACV permeated from cartridge filled with 

5% cream with surplus cream on the top of it was 4.6 + 

0.254 ug/cm2 , with cartridge containing pad material 

reversed it was 4.713 ± 0.987 ug/cm2 and 5 % cream in 

cartridge with no pad material it was 4.461 + 0.904 ug/cm2 

(Figure 11). 

Gel formulations 

The Amount of acyclovir permeated from solution at pH 

11, 4% Gel prepared in glycerin placed directly on skin was 

538.08 ug/cm2 and 78.58 ug/cm2 respectively and 4% gel 

loaded into the cartridge was 12.248 ug/cm2 (Figure 12). The 

amount ACV permeated from 4% gel prepared in teorell buffer 

placed directly on the skin was 260.37 ug/cm2 (Figure 13). 
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ACVsol. inteorell HEC gel in teorell 
buffer( 4.3%, pH11) buffer( 4.3%) 

4% gel on skin 

Figure 13. HEC gel prepared in teorell buffer, 4% gel and 
ACV solution prepared at pH 11 directly on the skin. 
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Cathodal Iontophoresis of Gel Formulations 

For the cathodal iontophoresis, platinum electrode was 

used. Cathodal iontophoresis (0.2 mA/cm2, 1 hr) of five gel 

formulations showed 2 to 6 fold increase in the amount 

delivered as compared to anodal iontophoresis of 5% cream 

(Figure 14). 

Increase in the concentration of ACV in the gel 

increased the amount delivered. The amount of ACV delivered 

iontophoretically (0.32 mA/cm2 for 1 hr) across the skin 

from 4%, 3 % and 2 % gel was 22.95 ± 6.43, 12.34 ± 1.43 and 

5.53 ± 2.08 ug/cm2, respectively (Figure 15). However, when 

the concentration was increased to 6% the amount of 

acyclovir was not significantly different from 4% gel 

(Figure 16). 

The amount of ACV permeated from 6% gel was 26.306 ± 

16.196 ug/cm2, 5% gel was 10.34 + 3.355 ug/cm2, 4% gel was 

12.248 ± 4.036 ug/cm2 and from 3% gel it was 4.400 ± 0.389 

Ug/cm2. The composition of gels is shown in Table I. The 

presence of buffer ions in the formulation had no effect on 

the amount of acyclovir delivered. The cumulative amount of 

acyclovir delivered from formulation without buffer and 

with buffer was 30.39 ± 12.48 and 38.53 ± 5.2 respectively 

(Figure 17). 



89 

There was no significant difference in the amount delivered 

in vitro between the formulations with glycerin or with 

propylene glycol (PG) (Figure 18) ; however, in the in vivo 

study at 2 hrs the amount delivered from the formulation 

with glycerin (105.25 ± 19.8 mcg/ml) was 10 times more than 

the amount delivered from the one with PG (10.80 + 1.43 

mcg/ml) (Figure 19). 

Discussion 

Currently the treatment of herpes labialis requires 

multiple applications of topical formulations of acyclovir 

or penciclovir, or multiple oral dosing of acyclovir or 

valcyclovir to be clinically effective. To reduce the 

frequency of dosing and increase the rate of drug delivered 

at the site of infection iontophoretic delivery of 

acyclovir from topical cream and gel formulations is being 

investigated in this study. 

Iontophoresis enhanced the amount delivered from 

creams as compared to passive. However, the enhancement was 

only 2 fold. As mentioned earlier 5% ACV cream consists 

mainly of three phases, micronized acyclovir (solid), 

aqueous phase and oily phase. It was hypothesized that the 

amount of acyclovir present in the aqueous phase is in 

ionized form and it is pushed into the skin by 
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iontophoresis. Since the log P value for acyclovir is -

1.56, it is not soluble in the oily phase of the 

formulation. Solubility studies have suggested that even 

though the commercial formulation is 5% cream, only 0.3% of 

the acyclovir is in soluble form at 52:48 ratio of 

propylene glycol and water. The maximum solubility that can 

be achieved in the aqueous phase is 3.56 mg/ml at 78:22 

ratios of propylene glycol and water (Personal 

communication). This is one of the main reasons for the 

poor delivery of acyclovir from cream formulations apart 

from being hydrophilic and poorly soluble drug. 

To confirm this hypothesis, acyclovir was prepared 

only in the aqueous phase and anodal iontophoresis was done 

using 0.2 mA/cm2 for 1 hr and the results were compared with 

the results of cream formulation. Figure 9 shows that there 

was no significant difference in the delivery from aqueous 

phase and 5%cream. However, the delivery is better with 1 

hr iontophoresis compared to 10 min iontophoresis. The 

amount of charge carried by the ions has been reported in 

literature (Singh et al., 1994 and 1996) as one of the 

important factors that can influence the iontophoretic 

delivery. The amount of the charge carried by the drug ions 

and co ions can be measured by conductivity measurements. 

Therefore, conductivity measurements were made and compared 
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with the calculated values. The total calculated 

conductance, based on the conductance of cream, was in 

close agreement with the measured conductance 7.5 Kohm of 

aqueous phase. This confirms that the current is conducted 

by soluble acyclovir and SDS molecules suggesting that only 

soluble acyclovir is delivered during iontophoresis. As the 

soluble acyclovir (ionized) is delivered it is replaced by 

the insoluble acyclovir in the aqueous phase resulting in 

increased delivery with increasing the duration of 

application of the current. Also, with the increase in NaOH 

concentration in 5% cream increased the delivery of 

acyclovir (Figure 10) as a result of increased soluble 

acyclovir. This confirmed that only soluble acyclovir was 

available for iontophoretic delivery. 

The type of cartridge also had an effect on the amount 

of acyclovir delivered. The cartridge is typically made 

with non woven polypropylene fibers which are heat sealed 

to an aluminum backing. The results show no difference in 

the amount of acyclovir delivered from the prefilled and 

manually filled cartridges. This suggests that the process 

of (heating to liquefy, syringe out to inject into the 

cartridge) loading formulation into the cartridge had no 

negative effect on the amount of acyclovir delivered from 

5% cream. The amount delivered from cartridge (both 
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prefilled and manually) was significantly less than that 

delivered form cartridge with no pad material, reversed pad 

material and cream in the cartridge with surplus on the top 

(Figure 11). The main difference between these cartridge 

assemblies was presence or absence of mesh on the top. 

Cartridge with no mesh on the top gave maximum delivery. 

These results indicate that the constitution of the 

cartridge has a significant effect on the movement of the 

drug molecules from the cartridge before partitioning into 

the skin. In this case the drug molecules have to diffuse 

from the formulation, pass through the mesh before reaching 

the skin interface suggesting mesh was acting as an 

additional barrier. Since placing the mesh followed by the 

non woven polypropylene fibers in the cartridge (cartridge 

with reversed pad material) was also able to hold 

formulation and at same time increase the amount delivered 

it was used for further studies. 

The gels show more potential than cream based 

formulations as they can be formulated with large volume of 

water with has high electric conductivity and the diffusion 

of drug is much faster from single phase gels (Remington's 

20th edition). Hence iontophoretic delivery of gel was 

studied along with the effect of the vehicle that is used 

in formulating the gel. From Figures 12 and 13, it is very 
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clear that not only cartridge but the vehicle used in the 

formulation also has a negative effect on the amount of 

acyclovir being delivered. This is further confirmed from 

the results obtained from studies done with acyclovir 

solution, gel formulations containing different vehicles 

glycerin and teorell buffer. Formulation containing teorell 

buffer, which is less viscous and has better conductivity, 

was able to deliver more amount of acyclovir than glycerin 

formulation. This decrease in the amount delivered with the 

increase in viscosity can be explained by the fact that 

(Fang et al., 1996; Kotwal et al., 2007; Cross et al., 

2001) increase in viscosity decreased the conductivity of 

the formulation and hence iontophoretic flux. However, use 

of a relatively volatile vehicle resulted in rapid drying 

of the formulation; hence glycerin was chosen for further 

studies as it is a non volatile vehicle and maintains the 

moisture of the formulation upon storage. 

All the gel formulations showed a better delivery than 

5%ACV cream (Figure 14). This may be due to the following 

reasons (i) pH of gel formulations was 11 where it is 98% 

ionized, (ii) all of acyclovir is in soluble form unlike 

cream where only 0.3% is in soluble form is (iii) the 

viscosity of the gels is less than cream which has an 

inverse effect on the conductivity of formulations (which 
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in turn effects the charge carried by the ions) (iv) gels 

can be formulated to have high water content thus has an 

advantage of having a electroconductive base compared to 

creams. The composition of all gel formulations is given in 

the Tables I and II. Figure 15 shows the increase in the 

gel concentrations (2%, 3%, and 4%) increased the delivery 

of the acyclovir. However, increase in the concentration 

from 4% to 6% did not show any increase in the amount 

delivered (Figure 16). This could be due to the saturation 

of transport number, which is the fraction of charge 

carried by the ions. Hence for all 4% gel was used for all 

future purposes. Figure 17 shows that the presence or 

absence of buffer in the formulation showed no effect on 

the iontophoretic transport of acyclovir across the 

membrane. This suggests the charge carried by co ions is 

very minor when compared to the drug ions and therefore 

does not show any impact on the iontophoretic transport of 

acyclovir. The effect of cosolvents was studied using, 4% 

gel-glycerin, 4% gel- PG, which showed no difference in the 

delivery in vitro (Figure 18). The molecular weight and 

viscosity at 20°C of glycerin and PG is 92.09, 111 mPa s 

and 76.09, 58.1 mPa s respectively (Cross et al., 2001). PG 

is considered as better solvent than glycerin as it is less 

viscous and dissolves wide variety of substances however; 
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there is no huge difference in molecular weight. As seen 

from the physical properties, PG was expected to enhance 

acyclovir delivery better than glycerin. However, there was 

no difference in the amount of acyclovir delivered from 

formulations containing glycerin or PG as solvents. 

Solvents like glycerin,.PG enhance the partitioning of 

polar solute into the SC by hydrating the SC. However, as 

skin is sufficiently hydrated in vitro, as a result of skin 

conditioning before start of the study and constant 

reservoir (receptor, which is more favorable to solute 

partitioning) below the skin, the effect of the solvents is 

not seen. Also it has been reported in literature that 

long term hydration leads to increase in polar channels 

thus increasing the permeation of polar solutes. Similar 

observations were seen by Yamashita et al. where use of 

lipophillic penetration enhancer GACH did not enhance the 

delivery of acyclovir in vitro however it was effective 

in vivo. From their results they have concluded that the 

total effective area of the polar route in SC is more in 

vitro (due to hydration) than in vivo (Yamashita et al., 

1994). In contrast to in vitro, in vivo results showed 

increased delivery from the formulation containing glycerin 

as opposed to formulation containing propylene glycol 

(Figure 19). Also, glycerin and propylene glycol have 
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difference effect on the skin. Glycerin causes the 

transition of crystalline lipid structure within the horny 

layer lipids into liquid crystalline states. If it is 

applied in the form of water in oil emulsion it increases 

the hydration of the skin more than urea. In addition, it 

facilitates the dissolution of desmosomes within the 

superior layers of the SC increasing the desquamation 

process (Rawling et al., 1995; Gloor et al., 1998). In 

contrast to glycerin, propylene glycol extracts ceramides 

and cholesterol in the SC thus it creates polar pathways 

for acyclovir to diffuse through. 

The results of these studies suggest that a single 

iontophoretic application can achieve therapeutic levels as 

opposed current therapies which require multiple 

applications or dosing to be effective. 

Conclusions 

This study shows the feasibility of the cartridge 

system for ACV gel formulations for iontophoretic delivery. 

Gel formulations (pH 11) showed a significant increase in 

the amount of acyclovir delivered as opposed to cream 

formulations (pH7.4). This is due to the high solubility 

and ionization (98%) of acyclovir at pH 11 as opposed to pH 

6.8 where it is mostly unionized. The amount of acyclovir 
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delivered was significantly affected by the constitution of 

the cartridge. Cartridge with reversed pad material showed 

better or similar delivery when compared to other 

cartridges Apart from cartridge the vehicle used in the 

formulation also had a negative effect on the delivery of 

acyclovir. The presence of buffer and use of different 

solvents like glycerin and propylene glycol did not affect 

the amount delivered across the membrane in vitro. However, 

In vivo the formulation containing glycerin showed higher 

delivery than propylene glycol. Overall it can be concluded 

that gel formulations with glycerin at pH 11 enhance the 

delivery even with low current density and short duration 

of time. 



CHAPTER 5 

QUANTITATION OF ACYCLOVIR ACCUMULATION AND ITS LATERAL 

DIFFUSION IN THE SKIN FOLLOWING IONTOPHOESIS BY MEANS OF 

IN VITRO MICRODIALYSIS 

Abstract 

Purpose. The purpose of this study was to determine 

and quantify the accumulation and lateral diffusion of 

acyclovir using in vitro microdialysis. Tape stripping and 

pseudoabsorption methodology was used to determine the 

amount of drug in the stratum corneum. 

Methods. In Vitro studies were performed using 

vertical Franz cells. Iontophoresis was carried using 0.2 

mA/cm2 current applied for 1 and 4 hrs to estimate 

accumulation in the skin While 0.3 mA/cm2 was applied for 4 

hrs to estimate lateral diffusion. Silver, silver chloride 

electrodes were used for the study. Tape stripping was 

performed at the end of study. 

Results. The concentration in the probe was 8.26 + 1.9 

ug/ml and 266 ± 7 ug/cm2 for the accumulation studies. In 

Lateral diffusion studies, ACV showed initial lateral 
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diffusion at 0.5hrs (0.1 ug/ml) which decreased to 0.01 

ug/ml (at 1 hr) and 0.007 ug/ml (at 4 hrs). A good 

correlation was seen with the weight of SC removed by each 

strip versus absorbance at 430 nm, amount of drug in each 

strip versus the absorbance at 430 nm and weight of SC 

versus amount of drug in each tape strip. 

Conclusion. In vitro microdialysis is a new approach 

that can be utilized to quantify the lateral diffusion of 

small molecules in the skin. It can also be used as an 

alternate to skin extractions to estimate drug 

accumulation/depot formation in skin. The amount of SC 

removed by tape stripping can be quantified by weighing the 

tape strip and measuring the absorbance at 43 0 nm. 

Introduction 

Microdialysis is a technique used to determine the 

components in the interstitial fluids of the tissue. The 

basic principle involved is the diffusion of the molecules 

through a semi permeable membrane due to the difference in 

the concentration gradient.It has been widely used for 

estimation of depot formation and dermal pharmacokinetics 

of various drug compounds in vivo. Skin extractions, skin 

sectioning, tape stripping have been utilized for studying 



skin accumulation in the skin and depot formation in 

various layers of the skin. 

Over the years lateral diffusion has been studied to 

understand basic and practical aspects of lateral diffusion 

in the cell membrane. There are extensive studies that 

suggest reservoir formation in the stratum corneum. In 

some other reports it was suggested reservoir formation in 

the viable epidermis, dermis and the tissues below can also 

occur. Apart from this it has been suggested that depot 

formation at the basal layer of the viable epidermis is 

important for many solutes to exert pharmacological effect. 

However there are very few studies in literature that 

report lateral diffusion of drugs in the skin. 

In this study we focus on utilizing in vitro 

microdialysis to estimate the accumulation of acyclovir in 

the skin and subsequently use it to quantitate its lateral 

diffusion following iontophoresis. 

Materials and Methods 

Materials 

Hairless rats were obtained from Charles River 

(Wilmington, MA, USA). Acyclovir was obtained from spectrum 

chemicals. Perchloric acid, glacial acetic acid, 



acetomtrile and water (all HPLC grade) were obtained from 

Fisher Scientific (Pittsburgh, PA, USA) and used as 

received. All solutions were prepared in filtered HPLC 

grade water. Ag, Ag/AgCl electrodes prepared in house were 

used; Keithley® (model 2400 series) constant power supply 

was used as current source. Waters Alliance system (HPLC) 

was used for analysis of samples obtained from the in vitro 

studies. 

Animals 

Hairless rats (300-400 g) were obtained from Charles 

River (CA), and were housed in the in-house animal facility 

at Mercer University until utilized. Experiments were 

performed in accordance with IUCAC regulations. 

In vitro Microdialysis Setup 

Franz cell (vertical) setup was used with freshly 

excised hairless rat skin for in vitro studies. For in 

vitro skin accumulation studies one linear Probe was placed 

such that it is in the centre of the skin exposed to donor. 

For lateral diffusion studies two linear probes were placed 

in the skin such that the central probe (PI) is in the skin 

area which was exposed to drug solution of the donor 

compartment, while the lateral probe (P2) was placed 1 cm 



away such that it lied on the cell top of receptor and 

under the donor cell (Figure 20). 

The perfusate for microdialysis sample collection was 

PBS and the perfusion rate was 2 ul/min for both probes. 

Cathodal iontophoresis was carried out for 1 and 4 hrs 

using 0.2 mA/cm2 current density and for 4hrs using 0.3 

mA/cm2 current density supplied by a constant current power 

source (Keithley®). Ag/AgCl electrodes were used. 

ACV (43 mg/ml in teorell buffer, pH 11) was used as 

donor. Samples were collected from the central and lateral 

probes into a fraction collector and also from the receptor 

compartment for 8 hrs at predetermined intervals and were 

analyzed with HPLC. 

Tape Stripping (TS) and Absorbance Measurement of each TS 

at 4 3 0nm 

After completion of the lateral diffusion study (8hrs 

duration), the skin exposed to the donor was punch biopsed 

and excess moisture was removed. The biopsed skin was then 

subjected to tape stripping (10 strips) using transpore 

tape™ (3M). Each tape was weighed before and after tape 

stripping and absorbance was measured at 43 0 nm (Bausch & 

Lomb spectronic 70) to estimate the pseudoabsorption of 
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Figure 20. In vitro microdialysis set up 
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corneocytes (Weigmann et al., 1999 and 2003). Absorbance of 

blank tape preceding the tape, which was used for tape 

stripping, was measured as control. To measure the 

absorbance each tape strip was placed in the path of the 

light in a fixed position. Absorbance was measured at three 

different positions to consider the different densities of 

corneocytes attached to the strip and the mean value was 

taken as the final absorbance. Weight of the corneocytes 

removed from each strip (weight difference of the tape 

strips) was compared to pseudo absorption to estimate the 

amount of stratum corneum removed by each strip. The amount 

of drug in each tape strip was quantified by HPLC. 

The extraction of ACV from TS was done by addition of 

500 ul DI water to each TS and shaking for 4 hrs. After 

shaking was done, the supernatant was collected filtered 

and injected into HPLC for analysis. 

Quantitative Analysis of ACV 

The HPLC method used was modified method from the 

literature (Parry et al., 1992; Lashmer et al., 1994; 

Volpato et al., 1998). The samples collected analyzed for 

their acyclovir content using Waters alliance system and 

reverse phase column (Varian Microsorb C8 column, 250 x 

4.6mm, 5u) maintained at 30°C. 0.1% (v/v) acetic acid and 
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acetonitrile were used in the ratio of 98:2 as mobile phase 

with a flow rate of 1.2 ml/min. The column was spiked with 

25ul of the sample and detection was done at 254 nm (UV 

detection). 

Statistical Analysis 

The statistical analysis of the data was done using 

ANOVA and paired t test. The error bars indicate standard 

error. 

Results 

HPLC Assay 

The assay was linear over a 

with a correlation coefficient 

intercept was less than 1%. 

Skin Accumulation Studies 

The total concentration in the probe at the end of 

study was 1.9 ± 0.18 ug/ml following 1 hrs iontophoresis 

while 4 hrs iontophoresis showed 4.1 ± 1.5 ug/ml (Figure 

21). Cumulative amount in the receptor was found to be 

266.31 ±7.8 ug/cm2 and 240.76 ± 15.4 ug/cm2 following lhr 

and 4hrs iontophoresis respectively (P>0.05, Figure 22). 

range of 0.0625-1000 ug/ml 

of 0.999 and percent Y-
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Figure 21. Concentration in the probe following 1 hr and 4 
hrs iontophoresis using 0.2 mA/sqcm current density. 
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Figure 22. Cumulative amount of acyclovir delivered across 
hairless rat skin following 1 hr and 4 hr iontophoresis. 
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Lateral Diffusion Study 

ACV showed initial lateral diffusion at 0.5hrs (0.1 

ug/ml) which decreased to 0.01 ug/ml (at lhr) and 0.007 

ug/ml (at 4 hrs) and was constant till 8 hrs. The average 

concentrations in the central probe (PI) at 8 hrs were 

16.11 ± 1.7 ug/ml (Figure 23). 

A good correlation was seen with the weight of SC 

removed by each strip versus absorbance at 43 0 nm (Figure 

24), amount of drug in each strip versus the absorbance at 

43 0 nm (Figure 25) and weight of SC versus amount of drug 

in each tape strip (Figures 26). 

Discussion 

Over the years lateral diffusion has been studied 

mainly in the cell membrane, few investigations were done 

on lateral diffusion of drug in the formulations, polymeric 

systems and artificial membranes. However, lateral 

diffusion of drugs in the skin is relatively unexplored. 

In this study we investigated in vitro microdialysis, 

a new approach, to determine and quantify lateral diffusion 

of ACV. It is also utilized in this study as an alternate 

to skin extractions and skin sectioning to determine the 

accumulation of acyclovir in the skin in vitro following 
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Figure 24. Correlation between weight difference in each 
tape strip and absorbance at 43 0 nm 
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Figure 25. Correlation between amount of ACV in each tape 
strip and absorbance at 430nm 
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iontophoresis. Also, tape stripping and UV absorption were 

used to understand the diffusion of drugs through stratum 

corneum layer. 

The results for the in vitro microdialysis study 

revealed that with the increase in the duration of current 

application the accumulation of acyclovir in the skin also 

increased. However, the analysis of the receptor revealed 

that it did not show the same trend with the iontophoretic 

flux of acyclovir. These results correspond well with the 

results we got from our in vitro permeation studies done in 

the Chapter 3. These results are well in accordance to the 

literature reports suggesting accumulation of acyclovir in 

the layers to skin (Volpato et al., 1998 and Padula et al., 

2005). From these studies even though we are not able to 

determine the drug depot profile in the skin, we are able 

to do a quick estimate of possible depot formation in the 

skin following iontophoresis of a hydrophilic molecule like 

acyclovir. This technique can be used to determine the skin 

levels and receptor levels simultaneously by analyzing the 

dialysate and receptor samples using HPLC. Thus it gives an 

opportunity to determine the skin levels at various time 

points in a single study. 

From the results of lateral diffusion study, it is 

clear that acyclovir shows some lateral diffusion. From 



central probe data we can see increase in acyclovir 

concentration till 2 hrs after which it becomes steady till 

the end of study. These results suggest the depot formation 

of acyclovir, due to low partition coefficient from 

epidermis to dermis and lower drug solubility at skin pH 

(where it is mostly unionized). The slow diffusion rate 

might give the solute sufficient residence time in the skin 

to diffuse laterally as seen from the results. Recent 

studies have shown that perpendicular drug penetration 

occurs in conjugation with lateral spreading in SC and is 

influenced by formulation, physicochemical properties and 

presence of penetration enhancers (Schwarb et al., 1999; 

Treffel et al., 1996 and Dick et al., 1997). Lateral 

spreading and penetration of 4-methylbenzylidene camphor 

and 1.5% butyl methoxydibenzoylmethane from oil-in- water 

into the human SC were investigated in vivo by Jacobi et 

al. (Jacobi et al., 2004). The Rafferty et.al has used FT-

IR mapping/imaging to study the lateral diffusion of 

nicotine from ethanol/water mixtures into EVA 

(ethylvinyacetate) copolymer membrane. Schicksnus et al. 

has shown lateral diffusion of ibuprofen by extracting 

concentric segments of the skin surrounding the site of 

application (Schicksnus et al., 2004). 
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The most common method to determine the amount of SC 

is weighing of the tapes before and after tape stripping. 

However, with this method the amount of SC removed may be 

overestimated due to the additional weight caused by the 

exogenous (e.g. topically applied substances) and 

endogenous (e.g. interstitial fluid) components that are 

collected by the tape strips. Hence, pseudoabsorption 

method was used to determine the exact amount of SC 

removed. The amount of the drug and the weight of SC 

removed by each strip showed a good correlation to the 

absorbance. The presence of corneocytes increased the 

absorbance values at 430 nm as well as increased amounts of 

drug were quantified in that particular strip and vice 

versa. This suggests that measuring the absorbance can be 

used to validate the results obtained by the weight of tape 

strips. 

Conclusions 

In vitro microdialysis is a new approach that can be 

utilized to quantify the lateral diffusion of small 

molecules in the skin and also to measure drug 

concentrations in the skin. The amount of SC removed by 

tape stripping can be quantified by weighing the tape strip 

and measuring the absorbance at 43 0 nm. The quantification 



in TS gives an insight into the diffusion of drug through 

the stratum corneum layers of skin whereas lateral 

diffusion studies give an insight into the diffusion of 

drug along the skin laterally in the dermis. In summary in 

vitro microdialysis a novel approach that can be used to 

determine lateral diffusion of hydrophilic solutes and an 

attractive alternate to determine the accumulation of drug 

molecules in the skin. 



CHAPTER 6 

CHARACTERIZATION OF ACYCLOVIR SKIN DEPOT FOLLOWING 

IONTOPHORETIC DELIVERY IN VIVO 

Abstract 

Purpose. The aim of this work was to study-

accumulation of acyclovir in vivo in the skin following 10 

min passive and iontophoretic delivery of acyclovir using 

hairless rat model. 

Methods. In vivo studies were performed for 10 min 

passive and iontophoresis (0.2 mA/cm2 current applied for 1 

hr) using 4% gel formulation and hairless rat model. Tape 

stripping was used for quantification of ACV at 0, 24, 36, 

48 and 72 hrs after the application of the formulation both 

passively and actively. The skin remaining after tape 

stripping and plasma samples were also extracted and 

quantified for acyclovir. 

Results. Iontophoresis (10 min) showed a four fold 

increase in the amount acyclovir delivered into the SC and 

3 0 fold increase in the deeper layers when compared to 

passive. At 24hrs the amount of acyclovir in the SC reduced 

While the amount increased significantly in the deeper 
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layer after which the concentrations gradually decreased at 

36,48hrs and finally at 72 hrs no acyclovir was detected in 

skin following iontophoresis. 

Conclusion. Iontophoresis showed a better distribution 

in the layers of the skin compared to passive which 

delivered small amounts into SC. Iontophoretic delivery was 

able to maintain significant concentrations of acyclovir in 

the skin upto 24 hrs and then gradually decrease until no 

acyclovir was detected at 72 hrs. 

Introduction 

The main rate limiting barrier for percutaneous 

absorption is stratum corneum. It is the outermost layer of 

the skin which is lipophillic in nature; as a result only 

moderately lipophillic unionized molecules can be delivered 

across the skin. Compounds which are hydrophilic or ionized 

molecules require enhancing technique like iontophoresis to 

be able to deliver across the skin (Banga, 1998; Guy et 

al., 2000 and Singh et al., 1996). Iontophoresis utilizes 

small electric currents to drive the ions across the skin. 

Electromigration, considered to be the main mode of 

transport of ionized molecules during iontophoresis, 

involves repulsion of ions from the electrode having same 

charge. Even though iontophoresis is used to enhance the 
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penetration of ionized molecule, it can also enhance the 

transport of the unionized molecules. The continuous 

application of electric current across a porous membrane 

with fixed charge, such as skin, results in a volume flow 

in the direction of counter-ion migration. This is termed 

as electro-osmosis and it occurs generally from anode to 

cathode at physiological pH where the skin carries a net 

negative charge. 

Acyclovir (ACV), a synthetic analogue of 2'-

deoxyguanosine, is an antiviral agent that is used in the 

treatment of cutaneous viral infections caused by Herpes 

Simplex Virus (HSV-1). Several antiviral agents other than 

acyclovir have been indicated for the herpes infection. 

However, acyclovir has the advantage of acting selectively 

on the viral DNA without causing toxicity to the 

surrounding tissues. It is available in oral, IV and 

topical preparations. Following oral administration the 

bioavailability of acyclovir is very low (20%) and 

intravenous administration can cause side effects like 

nephrotoxicity. Hence, topical delivery of acyclovir is a 

potential alternative. Clinical studies conducted with 

approved dermatological formulations like 5% or 10% 

ointments or creams showed poor efficacy in the treatment 

of recurrent herpes labialis. This has been attributed to 
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the poor penetration of acyclovir from the topical 

formulations resulting in insufficient drug concentrations 

at the target site, basal epidermis, where the viral 

replication occurs. Hence many techniques have been 

implemented to improve the drug accumulation at the target 

site. These include use of penetration enhancers such as 

propylene glycol, polymeric particles (De Jalon et al., 

2001). Iontophoresis was also used to show the accumulation 

of ACV in rabbit skin and human skin in vitro (Padula et 

al., 2005 and Volpato et al., 1998). Local dermal 

concentrations were also investigated in vivo in rabbits, 

using microdialysis, following iontophoresis (Stagni et 

al., 2004). However, the depot formation of acyclovir in 

vivo in the layers of the skin has not been investigated. 

There are a number of common approaches for measuring 

in vivo dermal absorption of drug following transdermal or 

topical delivery. One of these, collecting blood samples, 

is invasive and does not give an insight into the cutaneous 

drug distribution. Another technique, microdialysis, is 

minimally invasive and allows continuous sampling to 

determine drug concentrations in the dermal interstitial 

fluid (Hegemen et al., 1995). However, none of these 

techniques are useful for studying the distribution 

profiles of drug molecules in the stratum corneum (SC) and 
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epidermis. Tape stripping is a method that has been used 

for studying the dermatopharmacokinetics of topically 

applied substances. It is a relatively fast and noninvasive 

method to study the distribution profiles of drug molecules 

in the SC. Hence, in these studies, we sought to determine 

the amount of drug that is delivered into the skin 

following iontophoresis as well as its distribution and 

residence time in the skin layers over time. 

The purpose of this study was to quantify the amount 

of acyclovir in the layers of the skin in vivo following 10 

min iontophoretic and passive application of 4% acyclovir 

gel. Tape stripping method along with skin and plasma 

extractions was used to study the accumulation as well as 

the residence time in the skin as a function of time 

following the delivery of ACV. 

Materials and Methods 

Materials 

Hairless rats were obtained from Charles River 

(Wilmington, MA, USA). Perchloric acid, glacial acetic 

acid, acetonitrile and water (all HPLC grade) were obtained 

from Fisher Scientific (Pittsburgh, PA, USA) and used as 

received. All solutions were prepared in filtered HPLC 
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grade water. Formulation (4% ACV gel) loaded cartridges 

with stainless steel electrode obtained from Transport 

Pharmaceuticals Inc. were used as received as cathode 

while, gel electrode from Trans-Q was used as anode which 

is the counter electrode and keithley (model 2400 series) 

constant power supply was used as current source (keithley® 

model 24 00 series). Transpore tape from 3M was used for 

tape stripping and Transepidermal water loss (TEWL) was 

measured using Cyberderm evaporimeter (Cortex Technology, 

Denmark). Waters Alliance system (HPLC) was used for 

analysis of samples obtained from the in vivo studies. 

Animals 

Hairless rats (300-400 g) were obtained from Charles 

River (CA), and were housed in the in-house animal facility 

at Mercer University until utilized. Experiments were 

performed in accordance with IUCAC regulations. 

In vivo Iontophoretic Delivery of Acyclovir 

Male hairless rats were anesthetized using 

Ketamine/Xylazine. The formulation (5% ACV gel) pH was 11 

where acyclovir was negatively charged and therefore 

cathodal iontophoresis was performed. Acyclovir (ACV) was 

delivered in vivo into the abdominal skin of hairless rats 
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by applying an iontophoretic current to a gel formulation 

(5% ACV) contained in a drug cartridge designed for 

iontophoretic drug delivery. For iontophoresis, a current 

density of 0.2 mA/cm2 was applied for 10 min while no 

current was used for the passive delivery control study. 

Following iontophoresis, tape stripping was performed with 

Transpore™ tape (3M) at T0 (immediately following delivery) 

and after 24, 36, 48 and 72 hrs. Similar procedure was 

followed for passive delivery and tape strips were taken at 

T0/ 24 and 72 hrs. Experimental design is given in Table 

III. 

Prior to tape stripping, the skin directly under the 

drug cartridge was gently wiped to remove excess 

formulation, cleaned with water, and then 25 tape strips 

were collected. Transepidermal water loss was measured 

using Cyberderm evaporimeter to assure complete removal of 

stratum corneum. Plasma samples were also collected before 

and after the study at each time point from the tail vein 

of the hairless rat. 

The first five strips were extracted individually 

whereas the remaining strips were extracted by pooling 5 

strips at a time. 
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Extraction of ACV from the Tape Strips 

After the completion of study, the skin was subjected 

to tape stripping (25 strips) using Transpore® tape. The 

first five strips were extracted individually whereas the 

remaining strips were extracted by pooling 5 strips at a 

time. Tape strips were extracted by adding 100 uL of DI 

water to each strip and shaking for 4 hrs at room 

temperature. The supernatant was filtered and the samples 

were analyzed using HPLC. 

Table III. Experimental Design for In Vivo Study 

Group 

(n=3) 

1 

2 

3 

4 

5 

6 

7 

8 

Type of delivery 

(for 10 min) 

Cathodal ITP 

Cathodal ITP 

Cathodal ITP 

Cathodal ITP 

Cathodal ITP 

Passive 

Passive 

Passive 

Time of tape stripping 

after the study 

(hrs) 

T0 (immediately) 

24 

36 

48 

72 

To 

24 

72 
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Extraction of ACV from Skin 

Following the tape strips the underlying skin was 

carefully excised and was subjected to skin extractions. 

The excised skin was added to 2 ml of DI water and was 

placed in water bath for 8 hrs maintained at 60°C. After 

8hrs, the samples were cooled to room temperature and 1 ml 

of 1 N perchloric acid was added to precipitate the skin 

proteins. The samples were then placed in spinx centrifuge 

tubes (which contains 0.22 um filter) and centrifuged at 

9000 rpm for 30 min. The separated fluid was analyzed using 

HPLC. 

Quantitative analysis of Acyclovir 

The HPLC method used was modified method from the 

literature (Parry et al., 1992; Lashmer et al., 1994; 

Volpato et al.,1998).The samples collected analyzed for 

their acyclovir content using Waters alliance system and 

reverse phase column (Varian Microsorb C8 column, 250 x 4.6 

mm, 5 u) maintained at 30°C. 0.1% (v/v) acetic acid and 

acetonitrile were used in the ratio of 98:2 as mobile phase 

with a flow rate of 1.2 ml/min. The column was spiked with 

25ul of the sample and detection was done at 254 nm (UV 

detection). 
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Statistical Analysis 

The statistical analysis of the results was performed 

using ANOVA. The error bars in the graphs indicate standard 

error. 

Results 

The passive delivery showed significantly low 

concentrations in the tape strips taken immediately at T0, 

after 24 hrs and 72 hrs following lOmin application as 

compared to iontophoresis and no acyclovir was detected in 

the underlying skin. 

Tape stripping immediately after lOmin of 

iontophoresis showed equal distribution of ACV in the tapes 

strips (SC) and the underlying skin (epidermis and dermis) 

with 30.7 ± 4.38 and 29.26 ± 3.52 ug/cm2 respectively. 

However, tape stripping after 24hrs following 10 min 

iontophoresis showed decrease in the amount of acyclovir in 

the tape strips to 4.56 ± 1.35 ug/cm2 while it was 

increased in the underlying skin to 52.2 + 7.67 ug/cm2. 

At 3 6 hrs, 4 8 hrs the amount of acyclovir decreased 

gradually from the tape strips and skin. The amount of 

acyclovir in the tape strips at 36hrs, 48 hrs was 1.906 ± 

0.51 ug/cm2 and 0.123 ± 0.57 ug/cm2 respectively. The amount 
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of acyclovir in the skin remaining after tape stripping at 

36 and 48 hrs was 23.021 ±7.68 ug/cm2 and 14.492 ±5.11 

ug/cm2 respectively. At 72 hrs no acyclovir was detected in 

the tape strips or in the skin. The average base TEWL value 

was found to be 5.5 g/m2-hr, which increased with the number 

of tape strips and at 25 tape strips it was 81.48 g/m2-hr. 

Analysis of the plasma samples showed no detectable amounts 

of ACV. 

The assay was linear over a range of 0.0625-1000 ug/ml 

with a correlation coefficient of 0.999 and percent Y-

intercept was less than 1%. 

Discussion 

Stratum corneum (SC) essentially gives skin its 

barrier properties. Several chemical and physical 

strategies have been developed over the years to overcome 

the barrier properties of the SC. Iontophoresis is widely 

used for the enhanced delivery of hydrophilic and charged 

molecules. 

Acyclovir being a hydrophilic drug with log P value of 

-1.56 is unable to diffuse through the stratum corneum and 

subsequently into epidermis and dermis. However, 

iontophoresis increased the amount of acyclovir in the SC 

by 4 fold and 3 0 fold in viable skin (deeper layers of 
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skin) suggesting that SC corneum is the main rate limiting 

barrier. This is also validated by the results obtained 

from the analysis of deeper layers which showed no 

detectable amounts of acyclovir following passive delivery 

at various time points that were studied. 

For passive delivery acyclovir was only detected in 

the SC, with a peak level observed at T0 (immediately after 

application), which decreased at 24 hrs and was 

undetectable by 72 hrs (Figure 27). At T0, following 

iontophoresis the distribution of acyclovir is almost equal 

in the SC and the remaining skin. Generally, passive 

delivery predominantly follows intercellular lipoidal 

pathway while electro-transport follows appendageal 

pathways. The elevated levels in the SC following 

iontophoresis, as seen from the tape strip data, indicate 

additional pathways apart from the transappendagel 

pathways. These findings are in accordance with the results 

obtained by Curdy et al., following iontophoretic delivery 

of piroxicam in vivo. It has been reported in literature 

that iontophoresis increases the amount of water content 

(hydration) without any change in the lipid lamellae in the 

SC (De Graff et al., 2003; Jadoul 1996). Thus iontophoresis 

is able to push acyclovir ions due to electrorepulsion into 
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Figure 27. Amount of acyclovir in tape strips after pass 
and iontophoresis immediately after application 
(iontophoresis or passive) and at 24 hrs. 
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the new pathways created and increasing the amount of 

acyclovir in the SC. 

Studies done by others have also revealed the 

accessibility of ions and water to the SC lamellae under 

the influence of electric field (12) . This would tend to 

hydrate the SC, which is otherwise hydrophobic and not 

accessible to hydrophilic/ionized molecules, and enhance 

the ability of drug molecules to move into the deeper 

layers of the skin. Once in the SC the drug molecules 

gradually diffuse into the deeper layers which can be seen 

from the increasing amounts of acyclovir from SC to deeper 

layers as a function of time. 

When tape stripping was performed at 24 hrs following 

lOmin iontophoresis, it revealed a decrease in the amount 

of acyclovir in the stratum corneum and increase in the 

deeper layers (Figures 28 and 29). This can be explained by 

the easy diffusion of acyclovir into the more hydrophilic 

epidermis and dermis from more hydrophobic SC. 

Similar, results were seen with iontophoretic delivery 

of TRH which was explained by using Fick's First law 

Where dQ is the flux of drug across the membrane, Kp is 

partition coefficient, Dp is diffusion coefficient, 1 is 
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membrane deptfr^Cd i-s the donor concentration and Cr is the 

receptor concentration. According to Fick's law the flux of 

the drug across a membrane (epidermis and dermis) is 

directly proportional to the concentration in the donor 

(SC) hence no difference is seen in the amount of 

hydrophilic drug present in the SC and the viable skin 

(Jadoul et al., 1995) . Following 10 min iontophoresis the 

concentration was maintained in the viable skin for 24hrs. 

At 24hrs the amount.of acyclovir in the SC is almost same 

as that of passive delivery, as seen from the tape 

stripping data at 24hrs (Figure 29). However, after 24hrs 

the amount in the deeper layers of skin gradually reduced 

at 36hrs, 48 hrs and the reservoir was completely depleted 

at 72 hrs (Figure 29). These results indicate that 

acyclovir is able to form a reservoir initially in the SC 

and subsequently in the skin (epidermis and dermis) which 

is maintained with significant concentrations till 24 hrs 

and reducing to half at 36 hrs following 10 min 

Iontophoresis. Iontophoresis is able to achieve high 

concentrations in the epidermis and dermis region where the 

main infection site basal epidermis is located. In 

contrast, passive application delivers only small 

quantities in the SC which is cleared in 72 hrs with no 

concentrations detected in the epidermis and dermis. 
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TEWL measurements were done to assure the complete 

removal of the SC. The average base TEWL value was found to 

be 5.5 g/m2/hr, which increased with the number of tape 

strips and leveled off at 15 to 25 tape strips (81.48 g/m2/ 

hr), suggesting complete removal of SC (Figure 30). 

Analysis of the plasma samples that were collected 

from the tail vein of the hairless rats revealed no 

detectable amounts at all the time points studied. From 

these results we can suggest that there was no systemic 

exposure following 10 min iontophoresis. 

Conclusions 

Iontophoresis delivered acyclovir to various layers of 

the skin compared to passive which could only deliver small 

amounts in the stratum corneum. Iontophoresis (lOmin) was 

able to deliver significant amounts of acyclovir in the 

skin (TS + remaining skin) upto 24hrs and the concentration 

gradually decreased until no acyclovir was detected at 72 

hrs. These studies suggest the feasibility of 10 min 

iontophoresis using 5% gel formulation for enhanced 

delivery of the acyclovir into the skin which is the site 

of viral replication. 



CHAPTER 7 

SUMMARY AND CONCLUSIONS 

In this dissertation we utilized iontophoresis for the 

enhanced delivery of acyclovir into and across hairless rat 

skin. A hydrophilic molecule like acyclovir poses a 

challenge in its topical delivery into the skin where the 

main rate limiting barrier SC is hydrophobic. This can be 

seen in the clinical studies done with the commercially 

available topical formulations where acyclovir failed to 

permeate enough as to give a therapeutic response. Several 

studies in the literature showed the potential of 

iontophoresis to enhance the delivery of acyclovir to the 

target site, basal epidermis, which is the site of viral 

replication. 

In this work we studied the feasibility of cathodal 

iontophoresis of acyclovir from 4.3% solution at a high pH 

11 using low current density applied for low duration of 

time. From this study we were able to determine that the 

Main mode of electrokinetic transport of acyclovir at pH 11 

under cathode was electrorepulsion. 

Electroosmosis played no role in the cathodal delivery 
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of acyclovir. In this study we showed that the cumulative 

amount of acyclovir delivered across the hairless rat skin 

was not dependent on the current density or duration of 

current application. This could be due to the saturation 

effect of the transport number or due to depot formation of 

acyclovir in the skin. To further understand these results 

we did the skin extraction studies. The skin exposed to the 

donor was punch biopsed and subjected to the extraction to 

quantify the amount of acyclovir in the skin following the 

study. From this study we were able to show that 

iontophoresis enhanced the skin concentration by 2, 4 and 7 

fold using 0.2 mA/cm2 current density or 10 min , 1 and 4 

hrs respectively compared to passive. 

From these studies we were able to conclude that even 

though increasing current density or duration of current 

application did not enhance the delivery across the skin, 

it significantly increased acyclovir skin accumulation in 

the skin. 

We also studied an alternate approach, in vitro 

microdialysis, to determine acyclovir skin concentrations. 

We used the same technique to study the lateral diffusion 

of acyclovir. From these studies we were able to show the 

feasibility of in vitro microdialysis to determine the skin 

accumulation in the skin using 0.2 mA/cm2 for 1 and 4hrs. 
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The analysis of the dialysate concentration and the 

receptor at various time points revealed that increased 

duration of the current application did not affect the 

amount of acyclovir delivered across the skin. However, it 

showed a significant increase in the skin levels with 

increase in duration "of current application. This method 

was also successfully used to determine the lateral 

diffusion of acyclovir following cathodal iontophoresis at 

pH 11. The results from the study done using 0.3 mA/cm2 

current density for 4hrs showed initial lateral diffusion 

at 0.5 hrs which decreased gradually till lhr and remained 

constant at 0.007 yg/ml till the end of the study. From 

this we can conclude that even though acyclovir shows 

lateral diffusion it is not significant. 

Since a semisolid formulation is more suitable than a 

solution to market an iontophoretic device, we studied 

iontophoretic delivery of 5% cream and acyclovir gel 

formulations. In this study we used 5% cream that was made 

in house, Zovirax (commercially available 5% cream) and gel 

formulations with varying concentrations for iontophoretic 

delivery of acyclovir. The study was done using a cartridge 

that can be attached to small battery operated 

iontophoretic unit. Studies were also done to evaluate the 

effect of the cartridge assembly and formulation vehicle on 
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the delivery of acyclovir using iontophoresis. 

Since the pH of cream formulations was 6.8, anodal 

iontophoresis was used to deliver acyclovir. Iontophoresis 

significantly enhanced the delivery from creams; however 

the increase was only 2 fold. Upon investigating the 

solubility of the acyclovir in the cream formulation, it 

was revealed that even though the cream formulation was 5% 

the soluble acyclovir that was available in this was only 

0.3% which was present in the aqueous phase of the 

formulation. To confirm this hypothesis, studies were done 

with the aqueous phase of the cream formulation. The 

results of these studies showed that only soluble acyclovir 

was being delivered with iontophoresis. However since the 

soluble form is only 0.3%, iontophoresis is not able to 

delivery significant concentrations. This explains the poor 

performance of the topical formulations in the clinical 

studies done in the literature. 

The results from the cartridge analysis showed that 

the construct of the cartridge had a significant effect on 

the amount of acyclovir delivered. After studying various 

cartridge assemblies a cartridge with reverse pad material 

was shown to give better delivery and hence it was chosen 

for further studies. 
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Since 5% cream formulation was not useful for 

iontophoretic delivery, various HEC gel formulation at pH 

11 were studied. Form this study we were able to show that 

gel formulations were able to significantly enhance the 

amount of acyclovir delivered. However, when the amount 

delivered was compared to the solution data (pH 11), the 

enhancement was not of the same magnitude. So we further 

investigated the effect of the vehicle used in which we 

studied the iontophoretic delivery of 4%gel formulation 

containing glycerin as vehicle, 4% gel containing teorell 

buffer and compared it to the solution data. The results 

indicated the viscosity of the vehicle which in turn 

affects conductivity of the formulation and therefore 

affects the iontophoretic flux. However, use of a 

relatively volatile vehicle resulted in rapid drying of the 

formulation; hence glycerin was chosen for further studies 

as it is a non volatile vehicle and maintains the moisture 

of the formulation upon storage. 

Since gel formulations showed better delivery, further 

studies were done with varying concentrations of acyclovir. 

Increasing the concentration of acyclovir in the gel 

formulation from 2% to 4% increased the amount delivered; 

however further increase to 6% showed no increase. Hence, 

for all studies 4% gel was used. The effect of buffer and 
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cosolvents was studied using glycerin and propylene glycol. 

The results showed that presence or absence of buffer and 

4% gel containing different co solvents such as glycerin 

and propylene glycol did not affect the delivery of 

acyclovir in vitro. However, when the study was done with 

4%gel with different cosolvents in vivo, glycerin was 

better co-solvent than propylene glycol in terms of the 

amount of acyclovir being delivered in the skin. 

Finally after optimizing the formulation parameters 

for iontophoretic delivery, we studied the acyclovir skin 

profile in vivo in the hairless rats using tape stripping 

technique. In this study tape stripping was performed 

following lOmin iontophoresis at various time points. At 

the same time points blood samples were collected from the 

tail vein to estimate acyclovir plasma levels. The results 

from this study showed that following lOmin cathodal 

iontophoresis of 5% gel (pHll) acyclovir tends to 

accumulate in the deeper layers of skin. It also forms an 

initial depot in the SC which then depletes in 24hrs due to 

the migration of acyclovir from SC to deeper layers. This 

depot was maintained till 24hrs after which it gradually 

reduces until completely eliminated from the skin in 72hrs. 

Plasma analysis suggested no systemic exposure of acyclovir 

following iontophoresis. 
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From these studies we can conclude, that cathodal 

iontophoresis of 5% gel using low current density applied 

for low duration of time (10 min) delivers and maintains 

significant amounts of drug at the site of viral 

replication. These studies show a potential for development 

of single time iontophoretic application which not only 

hastens the healing time but also reduces the frequency of 

the dosing. 
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