
TRANSDERMAL AND TRANSBUCCAL DELIVERY OF 

SMALL MOLECULES

BY

Gaurav Bhatia 

M.S, Rajiv Gandhi Technical University, 2008

A Dissertation Submitted to the Graduate Faculty of Mercer University 

College of Pharmacy in Partial Fulfillment of the Requirements for the

Degree

DOCTOR OF PHILOSOPHY

ATLANTA, GA 

2014 

Copyright notice



UMI Number: 3662196

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.

Di!ss0?t&Ciori P iib list’Mlg

UMI 3662196
Published by ProQuest LLC 2015. Copyright in the Dissertation held by the Author.

Microform Edition © ProQuest LLC.
All rights reserved. This 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



DEDICATION

I dedicate my thesis to my beloved family: my parents Mr. Surendra Bhatia and Mrs. Usha 

Bhatia, my grandmother Mrs. Saraswati Bhatia, my sister Miss. Kirtika Bhatia and my Fiance 

Ms. Veenu Thakur, for their unconditional love and support.

Ill



ACKNOWLEDGEMENTS

It would first like to sincerely thank my advisor Dr. Ajay K. Banga for his continuous support, 

love and encouragement because of which I have been able to reach this position in my life and 

able to finish my dissertation.

Dr. Banga has always been an excellent advisor. He is a very nice person and I am thankful to 

god that I am his student. He always supported me during my hard and good time in the 

research, I really felt like home in Banga lab. I would also like to thanks Mrs. Saveta Banga for 

her kindness and hospitality. She cooked very nice food for us and whenever we went to Dr. 

Banga home she was very friendly with us. I will really remember it forever my life.

I would also like to sincerely thank Dr. Martin D’Souza for his continuous support during my 

hard time in the Ph.D. program. Many thanks to Dr. Ayyappa Chaturvedula also for his support 

and encouragement in my research work. Dr. Ayyappa constantly provided me the guidance in 

the research and I highly appreciate his support and encouragement in my research work. I would 

also like to thanks Dr. Grady Strom, Dr. Sameer Late and Dr. Philip Bowen for serving as my 

Ph.D. committee members. I sincerely appreciate their invaluable suggestions and feedback on 

my research.

I would never have been able to finish my graduate program without the love and support from 

my family members. Thanks to my parents for their unconditional love, support and



encouragement and being with me all the times. Very special thanks to my Fiance Veenu Thakur 

and her family. I have been sharing my happiness and sadness with her and she never fails to 

comforting me, cheering me up, and giving me useful advices. I cannot imagine how I can finish 

my Ph.D. without her endless support and caring.

My greatest appreciation and friendship goes to my close friend and colleagues, Mehtab Abla, 

Colby Shemesh, Prathap Nagaraja Shastri, Rikhav Gala, Yingcong Zhou, Anushree herwadkar, 

Dellaram Moshkelani, Maxwell Yeboah, Nihal Mulla, Haripriya Kalluri, Meera Gujjar, Pooja 

Bakshi, Mahima manian, Neha Singh and Piyush Jain, who have been helping me and sharing 

their knowledge and ideas with me since I joined the lab. I sincerely appreciate all previous and 

current colleagues for all the good memories we have made together. Because of you, I really 

enjoyed every day during my Ph.D.

Many heartily thanks to Vivienne and Theresa for their excellent job in supporting the graduate 

program. Last but not the least; I sincerely appreciate Dean Ted Matthews for his great support 

to the college of pharmacy.

I would also like to sincerely thank Mrs. Tamisa Ridley (Librarian at Swilley Library, Mercer 

University, Atlanta-GA) for her continuous support and encouragement during my Ph.D.



TABLE OF CONTENTS

Page

DEDICATION..................................................................................................................iii

ACKNOWLEDGEMENT............................................................................................... iv

TABLE OF CONTENTS.................................................................................................vi

LIST OF FIGURE............................................................................................................... ix

LIST OF TABLES..............................................................................................................xi

ABSTRACT......................................................................................................................xii

CHAPTERS

1. INTRODUCTION.................................................................................................. 1

2. LITERATURE REVIEW...................................................................................7

Skin structure.................................................................................. 7

Transfollicular delivery................................................................. 10

Hair follicle structure.....................................................................10

Factors influencing follicular delivery...................11

Techniques for investigating follicular delivery. ..13

Passive enhancement techniques.................................................. 16

Chemical penetration enhancers)............................17
Microemulsions........................................................ 18
Physical enhancement techniques...........................19
Iontophoresis............................................................ 19

VI



TABLE OF CONTENTS (Continued) Page

Buccal delivery..............................................................................25

Structure of buccal mucosa.................................... 26
Barriers to buccal delivery......................................27
Basement membrane............................................. 27
Mucus.......................................................................27
Saliva........................................................................28

3. Adapalene microemulsion for transfollicular drug delivery............................29

Abstract................................................................................................................. 29

Introduction...........................................................................................................30

Materials............................................................................................................... 32

Methods................................................................................................................32

Transmission electron microscopy...........................33
Dynamic light scattering.......................................... 33
Viscosity measurements..........................................34
Differential scanning calorimetry.............................34
In vivo skin permeation study................................. 35
Differential tape stripping........................................35
High performance liquid chromatography analysis...37
Confocal laser scanning microscopy......................38
Data Analysis........................................................... 38

Results and discussion......................................................................................... 39

Conclusions 51



TABLE OF CONTENTS (Continued) Page

4. Effect of modulated alternative and direct current......................... 53
iontophoresis on transdermal delivery o f lidocaine 
hydrochloride

Abstract..................................................................................................................53

Introduction........................................................................................................... 54

Materials................................................................................................................56

Methods................................................................................................................. 56

Skin isolation and Preparation.................................56

Preparation of electrodes.......................................... 57

Continuous versus modulated iontophoresis.......... 57

In vitro permeation studies...................................... 58

Skin extraction...........................................................58

Statistical analysis.....................................................60

Results and discussions.................................................................................60

Conclusions......................................................................................................69

5. Transbuccal delivery of Nicotine and evaluation of silicone membrane ....70 
and stripped skin as alternative model to porcine buccal mucosa

Abstract.......................................................................................................... 70

Introduction....................................................................................................71

Materials 73



TABLE OF CONTENTS (Continued) Page

Methods............................................................................................................74

Preparation of b4ffer solution an d ....................... 74
Simulated saliva
Preparation of porcine buccal tissue.................... 74
Effect o f pH on permeation studies.................... 75
of nicotine
Histology of tissues.............................................. 75

Tape stripped skin as alternative...........................76
membrane for buccal mucosa
Silicone membrane as alternative...........................76
membrane for buccal mucosa
Evaluation of pH of Nicorette® lozenges.............. 77
In simulated saliva
HPLC analysis..........................................................79

Results and discussions..................................................................................79

Conclusions.....................................................................................................98

6. SUMMARY...................................................................................................99

7. REFERENCES.............................................................................................. 103



LIST OF FIGURES

Figure. 1. Schematic diagram of iontophoretic system. Positively charge electrode (Anode) 

repels the positively charged drug molecule (Blue ball) into and across the skin. Sodium ions 

(Purple ball) and chloride ions (Yellow ball) move towards counter electrode under influence of 

electric field.

Figure. 2. Schematic of different modes of microneedle technology (a) insertion of drug- 

encapsulated soluble microneedles (b) insertion of drug-coated solid microneedles and (c) 

insertion of hollow microneedles for infusion of liquid formulation 

Figure 3. Structure of Adapalene

Figure 4. Schematic diagram for differential tape stripping

Figure 5. Phase diagram of adapalene-loaded microemulsion system where the mixing ratio of 

surfactant to cosurfactant is 1:1. Kb represent the single-phase microemulsion region and MO 

corresponds to multiple phase turbid regions. LI9 is the dilution line where initial oil 

concentration is 19% (v/v)

Figure 6. Transmission electron microphotography of adapalene microemulsion (ME D; TEM 

150,000)

Figure 7. DSC cooling curves (plotted as exothermic heat flow as function of temperature) of 

pure water and microemulsions. DSC cooling thermo-gram of A) Pure water; (B) ME A; (C) 

ME B; (D) ME C; (E) ME D



Figure 8A. Permeation of adapalene (expressed in pg) within the stratum comeum 

8B. Permeation of adapalene (expressed in pg) in the hair follicles 8C. Permeation of adapalene 

(expressed in pg) in the stripped skin

Figure 9. CLSM images of vertical cross-section of porcine ear skin showing distribution of 

adapalene in stratum comeum and hair follicle of skin treated with adapalene microemulsion 

(ME D) in which adapalene blue fluorescence is detected on the hair shaft (Fig. 9A) and in the 

internal root sheath of hair follicle (Fig. 9B); adapalene control where fluorescence is detected on 

stratum comeum (Fig. 9C).

Figure 10. Iontophoretic setup that was used for iontophoretic studies of lidocaine, silver wire 

(represented in red) served as the anode (active electrode) and silver wire coated with silver 

chloride (represented in black) serve as cathode. The electrodes were connected to current source 

to perform anodal iontophoresis.

Figure 11. Cumulative amount of lidocaine delivered through full thickness porcine ear skin 

after continuous and modulated iontophoresis (*P < 0.05 vs. Passive; mean ± SD, n=3).

Figure 12. Flux of lidocaine across full thickness pig ear skin after continuous and modulated 

iontophoresis (*P < 0.05 vs. Passive; mean ± SD, n=3).

Figure 13. Average amount of drug in stratum corneum following iontophoresis and passive 

delivery. (*p < 0.05 vs. Passive; mean ± SD, n = 3)

Figure. 14. Average amount of drug in stripped skin following iontophoresis and passive 

delivery. (*p < 0.05 vs. Passive; mean ± SD, n = 3)

Figure. 15. Effect of pH on nicotine bitartrate permeation through buccal mucosa (n = 6, mean ± 

SD)

Figure. 16. Light micrographs of a. Fresh (unstored) buccal mucosa b. frozen (dry, wrapped in 

aluminum at -20°C) buccal mucosa C. stored (lx  PBS at 4°C) buccal mucosa; Key E: stratified-



squamous epithelium, B: basal Lamina, CT: connective tissue.

Figure. 17. Permeation of nicotine bitartrate through buccal mucosa and stripped skin 

(n = 3, mean ± SD)

Figure. 18. Effect of pH on permeation of nicotine bitartrate through silicone membrane (n = 6 

mean ± SD)

Figure. 19. Permeation of nicotine bitartrate through buccal mucosa and silicone membrane (n 

6, mean ± SD).

Figure. 20. pH profile of Nicorette® (Nicotine polacrilex lozenges 2 mg) in Artificial saliva & 

Surface pH of Nicorette® Lozenges

Figure. 21. Experimental setup to monitor the real time release, permeation and pH profile o f 

nicotine lozenges

Figure. 22. Average cumulative percentage of nicotine release and permeated through silicone 

membrane in real time from intact Nicorette ® lozenges 2 mg (n = 6, mean ± SD)

Figure. 23. Average cumulative percentage of nicotine release in real time from nicotine 

lozenges (n = 4, mean ± SD)

Figure. 24. Average cumulative amount of nicotine permeated through silicone membrane in 

real time from nicotine lozenges (n = 4, mean ± SD)



LIST OF TABLES

Table 1 

Table 2 

Table 3

. Composition and Microstructure o f Microemulsion Formulation 

. Physicochemical Parameters of Microemulsion Formulation 

. Molecular structure of un-ionized and protonated nicotine

XIII



ABSTRACT

GAURAV BHATIA 

TRANSDERMAL AND TRANSBUCCAL DELIVERY OF

SMALL MOLECULES 

(Under the direction of AJAY K. BANGA)

Purpose. The aim o f this research project was to evaluate the transdermal and 

transbuccal delivery of small molecules into/across the skin and to investigate 

transbuccal delivery of nicotine.

Methods. Three therapeutic drugs including adapalene, lidocaine hydrochloride 

and nicotine bitartrate were used in this project. Microemulsion formulation of 

adapalene was developed and evaluated for transfollicular delivery. A 

pseudotemary phase diagram was developed for microemulsion consisting of oleic 

acid as oil phase, tween 20 as surfactant, Transcutol® as cosurfactant, and 

deionized water. Differential tape stripping and confocal laser scanning 

microscopy were performed to determine the penetration of microemulsion 

through hair follicles. Transmission electron microscopy, dynamic light scattering, 

polarizing light microscopy, and differential scanning calorimetry were performed 

to characterize the microstructures of microemulsion. The pH and viscosity of the 

microemulsions were also determined. Permeation studies were carried out in vitro 

on porcine ear skin over a period o f 24 h using Franz diffusion cells. Iontophoretic
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delivery o f local anesthetic lidocaine hydrochloride through porcine skin was 

investigated. The effects of modulated alternative and direct current iontophoresis 

on the delivery of lidocaine hydrochloride were also evaluated.

Transbuccal delivery o f nicotine bitartrate was investigated using porcine 

buccal mucosa. Silicone membrane and stripped skin were also evaluated as 

alternative membrane for porcine buccal mucosa to understand nicotine 

permeation. Histological studies were also conducted to evaluate the effect of 

storage conditions on the integrity of fresh and stored buccal mucosa. Effect o f pH 

on permeation profile of nicotine was also performed. Effect o f Nicorette lozenges 

on pH of artificial saliva and surface pH o f the lozenges was also measured. An in 

vitro model was developed to evaluate real time release, permeation through 

silicone membrane and pH of nicotine lozenges.

Results and Conclusions. The results obtained from differential tape stripping and 

confocal microscopy studies show that adapalene microemulsions penetrated into 

the hair follicles. Differential scanning calorimetry study determined the thermal 

behavior and phase transition of microemulsion from water in oil to bi-continuous 

microemulsion. The results demonstrated that microemulsions are promising 

vehicle for transfollicular delivery of adapalene. Modulated iontophoresis 

enhanced the delivery of lidocaine hydrochloride across porcine skin compared to 

the passive delivery. Modulated alternative current iontophoresis for duration of 2 

h at frequency of 1kHz was found to be comparable to the continuous direct 

current iontophoresis for lh.

Results o f transbuccal delivery of nicotine and effect o f pH on permeation of 

nicotine through buccal mucosa, demonstrates that ionization o f nicotine occurs at 

pH 5.8, leading to less permeation of nicotine compared to pH 7.4 and 8.0. Our



results also showed that silicone membrane and stripped skin could be used as 

potential alternative membrane for porcine buccal mucosa to understand nicotine 

permeation. An in vitro model was also successfully developed to evaluate real 

time release, permeation through silicone membrane and pH of nicotine lozenges.



CHAPTER 1 

INTRODUCTION

Delivery of drugs through skin represents an attractive alternative to oral delivery of 

drugs. For several years people have applied various substances in the form of ointments, 

creams, lotions and gels on skin for cosmetic and therapeutic purposes (Zadymova,

2013). In the modem era, delivery of drugs into or through the skin layers is routinely 

performed in the form of transdermal patches, films, ointments and creams for topical 

and transdermal delivery. Transdermal drug delivery refers to delivery of drugs through 

skin for systemic application, while topical delivery refers to delivery of the drugs into 

the skin layers for localized effect. Drug delivery through skin provides many benefits 

like enhanced patient compliance, reduced first pass metabolism and avoidance of gastric 

irritation. Skin is widely accepted as a route for delivery, as skin is the largest and most 

accessible organ of human body (Cvec and Vierl, 2010). Human skin is about 2 mm thick 

and contributes around 4% to a body weight. Epidermis is the outer part of skin in 

humans and is about 50-150 pm, thin. Epidermis consist of outermost dead cell layer 

called stratum comeum which is the homy skin layer and is about 5-20 pm thick and the 

underlying viable epidermis consisting of living cells. Stratum comeum has a brick and 

mortar arrangement of comeocytes embedded in lipid bilayer; it is considered as major 

rate limiting barrier for delivery of drug through skin (Banga, 2011). In the underlying 

epidermal layer, keratinocytes are major predominant cells and non-keratinocytes cells
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(melanocytes and Langerhans cells) are also present. The region below the epidermis is 

called the dermis, which consists of outer papillary, and inner reticular dermis. The 

dermis layer is composed of connective tissue and has blood vessel, nerve ending and 

dermal dendritic cells. It provides physiological support to the epidermis. Epidermis layer 

is separated from the dermis layer by a basement membrane.

The pilosebaceous unit of skin is the integrated structure of hair follicle, hair shaft and 

associated sebaceous glands comprising 0.1% of total skin surface. However, the skin 

density of pilosebaceous units varies greatly according to body region. On the face and 

scalp, there are 500-1000 pilosebaceous units per square centimeter with each follicular 

opening of diameter of 50-100 pm. The combined area of these orifices comprises of 

10% of the total skin surface of face and scalp (Meidan and Michniak, 2005). The hair 

follicles consist of hair bulb and shaft enveloped in an inner root sheath and an outermost 

acellular basement membrane known as glassy membrane (Lademann et al., 2004). The 

function of sebaceous gland is to secret sebum, which is primarily a mixture of waxes, 

triglycerides and phospholipids and helps in lubricating the skin.

Drugs applied to skin surface enter the skin through either the uppermost layer of 

the epidermis, the stratum comeum or the appendages (including the hair follicles and 

ducts leading to sweat glands). Permeation of drugs through the skin occurs primarily 

through three pathways. These are intracellular route, trans-cellular route and trans 

appendageal route. Passive diffusion is considered as the primary mechanism for drug 

transport through the stratum comeum through both intracellular (restricted to lipid 

matrix) or transcellular (through both comeocytes and lipid matrix) pathway. Permeation 

of compound along such pathways is thus contingent upon a compound’s affinity with



lipid environment, with the internal environment of the comeocyte, and ability of 

molecule to permeate through comeocyte cell wall (Roberts et al., 2013). Moderately 

lipophilic drug molecules permeate primarily through intracellular route from in between 

the cells in the lipid matrix, while the hydrophilic drugs permeates primarily through 

trans-cellular route from the comeocytes. The trans-appendageal route refers to the 

delivery of drugs through pilosebaceous unit.

For several years it was considered that hair follicles has a negligible role in delivery 

of drug through skin, however, recent studies have demonstrated that transfollicular 

pathway has been found to be important for percutaneous absorption of topically applied 

drugs. Hair follicles represent an invagination of epidermis, which extends deep into the 

dermis and therefore provides a greater area for potential absorption of drugs (Kogure et 

al., 2011). The hair follicles have great potential for drug delivery into viable skin layers 

and in particular, microparticulate systems have been used for follicular drug delivery.

Microemulsion is defined as a dispersion consisting of oil, surfactant, cosurfactant, and 

aqueous phase, which is optically isotropic and thermodynamically stable system. (Kim 

et al., 2012) Microemulsions are considered as an efficient carrier for transdermal 

delivery as they offer increased drug solubility potential, enabling a high concentration 

gradient toward skin. Microemulsions have several advantages such as long-term 

stability, ease of preparation, and considerable capacity for solubilization of variety of 

drug molecules, and components of microemulsions can act as permeation enhancer by 

disrupting the stratum comeum (SC) structure and enhancing permeation of drug through 

the skin (Karasulu et al., 2011).
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Adapalene was used as a model drug for this study as the molecule is inherently 

fluorescent and stable, which allows the quantification and visualization of the adapalene 

in the formulation and in the skin.

The aim of the study was to develop and characterize adapalene-loaded microemulsion 

and to evaluate the permeation of microemulsion through transfollicular route to 

determine whether the hair follicles can represent a penetration pathway for the delivery 

of drug into the skin.

Physical enhancement techniques are also essential for transdermal delivery of drugs as 

passive techniques are only applicable to small molecules. Stratum comeum is considered 

as major rate limiting barrier for transdermal delivery of drugs. To overcome the stratum 

comeum barrier, various enhancement techniques such as iontophoresis, microneedles, 

ultrasound and electroporation are used (Banga, 2011). Iontophoresis is a non-invasive 

enhancement technique, which utilizes small amount of electric current to deliver ionized 

drug molecules into skin (Kalia et al., 2004). The mechanisms of iontophoresis include 

electro repulsion, which is based on the principle of “likes repels like” and electroosmosis 

where the neutral molecules are transported from anode to cathode along with the bulk 

solvent flow.

Lidocaine hydrochloride is a hydrophilic local anesthetic, which is widely used for 

topical anesthesia (Deberard et al., 1999). The most common form of lidocaine 

administration is through intravenous or hypodermic injection, which causes pain and 

discomfort (Shastri et al., 2006). Transdermal delivery of lidocaine is a potential 

alternative route o f administration.

However, due to poor penetration through intact skin the percutaneous application of
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lidocaine is limited (Zhang et al., 2013). Therefore, there is a need to enhance the 

transdermal delivery of lidocaine to achieve rapid onset of action and this can be 

achieved using physical enhancement techniques such as iontophoresis.

The objective of the current study was to enhance the transdermal delivery of 

lidocaine by iontophoresis and to compare the effects of modulated alternative and direct 

current iontophoresis on the permeation of lidocaine in porcine full thickness skin.

Passive diffusion of lidocaine was used as the control for the study.

Despite of the tremendous advances in drug delivery, oral route still remains as the 

preferred route for administration of therapeutic compounds, due to low cost, ease of 

administration and high patient compliance. However, there are certain limitations for 

drug delivery through oral route, such as hepatic first pass metabolism and degradation of 

drug in gastro- intestinal tract, which limits the oral route for drug administration. 

Consequently, other absorptive mucosa is considered as potential site for drug 

administration including mucosal lining of oral, nasal, vaginal and ocular cavity.

Buccal route of drug delivery has several advantages over per oral administration for 

systemic drug delivery including bypass of first pass metabolism, avoidance of pre 

systemic elimination within the gastro intestinal tract, and high patient compliance.

Nicotine is a diacidic base used as aid in smoking cessation (Young and Cook, 1996). 

The oral bioavailability of nicotine is less than 20% as nicotine undergoes substantial first 

pass metabolism so, it is widely administered through buccal and transdermal route 

(Ikinci et al., 2004, Nielsen and Rassing 2002). However, with all the advantages there 

are certain limitations and problems associated with buccal drug delivery. A high 

variation has been observed in the permeation studies performed across buccal mucosa.
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The purpose of the study is to evaluate the permeation of nicotine through buccal 

mucosa and to determine the effect of pH on nicotine permeation. Model membranes like 

silicone membrane and stratum comeum-stripped skin were also used to simulate the 

permeation of nicotine through buccal mucosa.
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CHAPTER 2

LITERATURE REVIEW 

Transdermal delivery is an attractive route of drug administration due to the large 

surface area of the skin and ease of drug administration. Delivery of drugs through the 

skin also offers the advantage that it avoids drug degradation due to first pass 

metabolism, allows ease of administration and has higher patient compliance. Skin can 

also be used as portal for topical or systemic drug administration. Topical delivery of 

drug is important when skin is the target site of action. Currently there are more than 35 

transdermal products, which are approved in US (Finnin and Thomas, 2004).

However, there are certain limitations associated with transdermal delivery as only 

potent drugs can be administered through this route, and the drug should be moderately 

lipophilic, to have significant passive permeation into the skin and then to diffuse out 

from the skin into aqueous systemic circulation. Highly lipophilic drugs tend to form a 

reservoir or depot in the skin. The passive permeation of drugs is generally limited to 

drugs with a molecular weight of less than 500 Daltons.

Skin structure

Skin is the largest organ of body, with a surface area of about two square meters in 

adult human. (Touitou and Godin, 2007). Skin has an essential function of protecting the 

body from the surrounding environment, thus act as efficient barrier for exogenous 

molecules. The skin structure is composed of an outer epidermis, inner dermis and 

underlying sub-dermis. The full thickness of human skin is around 2-3 mm (Banga,
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2011). The outer epidermis layer is about 100-150 pm thick and consists of outer dead 

cells layer of comeocytes known as stratum comeum, which is about 10-15 pm thick and 

underlying layers of viable epidermis consisting of living keratinocytes. The five- 

epidermal layers are the stratum basale, stratum spinosum, stratum granulosum, stratum 

lucidum and stratum comeum. The keratinocytes originates from stratum basale layer; it 

is attached to basement membrane and separate epidermis from dermis. Stratum 

spinosum layer consist of 2-6 layers of keratinocytes.

The barrier properties of skin lie mainly in the stratum comeum layer. This highly 

hydrophobic layer is composed of differentiated non-nucleated cells, comeocytes which 

are filled with keratin and embedded in lipid domain. The major rate-limiting barrier of 

skin in the absorption of most molecules is this non-viable layer. Mainly the diffusion 

laws govern percutaneous permeation of molecules (Schaefer and redelmeier, 1996). The 

extent of compound that permeated through skin depends on the route of absorption.

The three major pathways, which are involved in transdermal permeation of 

compounds, are transport through intercellular lipid domains in the stratum comeum, skin 

appendages, or through keratin bundles in stratum comeum (Schaefer and Redelmeier, 

1996):

Studies have demonstrated that amount of free fatty acids; triglycerides and the density 

of hair follicles are important factors, which cause differences between the skin barriers 

among the species. Majority of compounds, which are applied onto the skin, permeate 

along the stratum comeum lipid domain, organization of these region is very important 

for barrier function of skin. The lipid composition and organization of stratum comeum 

differ from other biological membranes, with long chain ceramides, free fatty acids,
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cholesterol and cholesteryl esters being the major lipid class (Kanitakis, 2002; Trommer 

and Neubert, 2006).

Human skin is considered as most relevant membrane to evaluate the transdermal 

absorption of molecule. However, due to its limited availability, animal skin is frequently 

used. Various animals’ models have already been used as a suitable replacement for 

human skin to evaluate the percutaneous permeation of molecules. The models include 

primates, porcine, mouse, rat, guinea pig and snake.

Studies have demonstrated that most relevant animal model for human skin to evaluate 

the percutaneous permeation of molecule is the pig. Research has shown that the 

histological and biochemical properties of porcine skin are very similar to human skin; 

(Lademann et al., 2007 and Scott et al., 1992). Porcine ear skin is particularly well suited 

for permeation studies and results are comparable to human skin, studies have 

demonstrated that the stratum comeum thickness in pigs is 21-25 pm, which is 

comparable to human skin (Touitou and Godin, 2007). The viable epidermis in porcine 

ear skin is 66-72 pm thick which is comparable to human epidermal thickness of around 

70 pm (Wulf and Moller, 2003).

The follicular structure of porcine skin also resembles that of humans, with hairs and 

infundibula extending deeply into the dermis. An average of about 20 hairs is present per 

one square centimeter of porcine ear skin as compared to 14-32 hairs in humans (Jacobi 

and Kaiser, 2007). Vascular anatomy and collagen fiber arrangement in the dermis, as 

well as content of stratum comeum glycosphingolipids and ceramides are similar in 

human and pig (Maibach and Simon, 2000).
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Transfollicular Delivery 

Recently, the hair follicles have increasingly been recognized as an important pathway 

for percutaneous penetration (Bartels et al., 2010). Follicular penetration of molecule 

plays an important role in skin penetration pathways and kinetics of topically applied 

molecules. Studies have demonstrated that the human hair follicle serves not only as a 

reservoir, but also as a major entry point for topically applied compounds (Lademann and 

Schaefer, 2001).

Historically, the follicular penetration was disregarded, as it was considered that hair 

follicles occupy less than 0.1% of the total skin area. Recent studies demonstrated that 

this is true for inner side of the forearm, which is commonly used as investigational area 

for skin permeation. However, there are significant variations across body regions in hair 

follicle density, size of follicular orifices, diameter of hair shaft, as well as volume and 

surface of the infundibula. So, it is important to consider the density of hair follicles and 

size to estimate the follicular penetration.

The diameters of hair shaft show relatively little variation (16-42 pm) with the highest 

shaft diameter is observed in the sural (42 pm) and thigh regions (29 pm), and the lowest 

on forehead (16 pm). The highest average hair follicle density is found on the forehead 

(292 follicles/cm ). For the scalp and face, the combined areas of follicular openings can 

be as much as 10% of the total skin area (knorr et al., 2009).

Hair follicle structure and drug targeting sites

Pilosebaceous unit is described as the integrated structure of hair follicle, hair shaft, 

adjoining arrector pilli muscle and associated sebaceous glands. Hair shaft is composed
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of the medulla, the cortex with melanosomes and the cuticula, represented by flat 

comified cells. Human hair follicle is divided into following parts (Lademann & Patezelt,

2008):

1. The infundibulm (located between skin surface and the point of sebaceous gland 

duct opening to the hair canal)

2. The isthumus (located between sebaceous gland duct opening and the bulge 

region)

3. Suprabulbar zone consisting of various layer of anagen follicles

4. Hair bulb with dermal papilla connected to blood vessels.

Factors influencing follicular delivery 

Hair Cycle

Hair cycle activity influences follicular penetration. Studies have demonstrated that 

penetration properties vary not only with the hair follicle morphology but also with 

functional status of hair follicle. Hair follicle undergoes continuous cycling, which 

include complete remodeling, extending from lower end of bulge region down to the 

bulb. Hair growth is divided into the growth phase (Anagen), involution (Catagen) and 

the resting phase (Telogen). Follicular penetration tends to occur at anagen stage of hair 

follicle (Lademann et al., 2001). Duration of these different phases depends on the type 

and localization of the hair follicle. Under physiological conditions, 85% of the scalp hair 

is in anagen phase and approximately 15% is in the telogen phase (Grollier and Courtois, 

1996). During each hair cycle, hair follicle undergoes substantial changes in immune and 

gene expression status and in its vascular supply. These changes must be considered for
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the design of drug delivery systems (Lademann and Schaefer, 2001). Studies have 

reported that it has to be distinguished between active and inactive hair follicles 

concerning the penetration of topically applied substances into the infundibulum.

Those hair follicles which were receptive to penetration showed sebum flow and/or hair 

growth, and were considered as active, while inactive follicles showed neither. The 

follicular orifices of inactive follicles were found to be covered with a mixture of dry 

sebum, desquamated comeocytes and other cell detritus, which could easily be removed 

by gentle peeling (Lademann and otberg, 2004).

Regional Variation

The density and proportions of the pilosebaceous units vary greatly according to the 

body regions, which can results in divergent follicular permeation rates. In human, the 

palms of the hands, soles of the feet and the lips are devoid of hair follicles (Michniak 

and Median, 2005). Hair follicles are much more numerous on scalp and in the face than 

on arms and legs. On the scalp and the face, approximately 500-1000 pilosebaceous unit 

per square centimeter can be found; as a result combined areas of follicular opening can 

constitute as much as 10% of the total surface area of scalp and face. In the other parts of 

body, such as the calf region, follicular orifices represent only 0.1% of total skin area 

(Knorr et al., 2009).

Enhancement of follicular penetration-particle based drug delivery

Research is now focused on the use of particle-based system to enhance the delivery of 

drugs through hair follicles to reach the effective concentration of topically applied
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compounds in and around the hair follicles.

Studies have demonstrated that particle based systems show enhancement in follicular 

penetration and tendency to aggregate in hair follicle openings. Studies reported that solid 

PLGA-fluorescence microspheres dispersed in an aqueous gel with the pilosebaceous 

structures of hairless rat and human skin after 35 minutes of passive permeation (Rolland 

et al, 1993). Another study demonstrated polymeric microparticles with a diameter 

ranging from 3 pm to 10 pm selectively penetrated into the follicular ducts, whereas 

particle larger than 10 pm remained on the skin surface (Schaefer et al., 2004).

Studies reported that microspheres sized 1 pm loaded with adapalene were randomly 

distributed on the stratum comeum and in the hair follicles, particles sized 5 pm were 

exclusively located in the pilosebaceous units (Rolland et al., 1993). Studies have also 

reported the use of confocal laser scanning microscopy to visualize the distribution of 

fluorescent polystyrene nanoparticles sized 20 and 200 nm across the porcine skin 

(Roman et al., 2004).

These studies suggest that particulate-based systems are extensively used in various 

topical applications to enhance the percutaneous transport of drugs into and across the 

skin barrier.

Techniques for investigating follicular delivery

Different animals’ models have been used to estimate the delivery of drugs through 

transfollicular route. In guinea pigs, hairy skin regions were compared to non-hairy 

regions. Healthy rodents’ skin was compared to scarred skin without appendages 

(Lademann, 2008).



In order to differentiate between transfollicular and transepidermal permeation, a 

method was developed to block the follicles selectively with vamish-wax mixture.it was 

used to determine follicular penetration of chemical and physical UV filters and curcumin 

(Lademann and Teichamann, 2006).

Alexa Teichmann developed differential stripping in 2005 to selectively estimate the 

amount of topically applied substance that penetrates into hair follicles. This methods 

combines the tape stripping technique (removal of stratum comeum layer by layer), 

followed by cyanoacrylate skin surface biopsies (removing the content of follicular 

infundibulum, the follicular cast consisting of mixture of keratinized material, cell 

detritus and lipids) Briefly, the stratum comeum is carefully removed by tape stripping 

technique (repeatedly adhering tape to skin surface and removing the stratum comeum 

layer). Afterwards, a drop of superglue is applied on stripped skin and covered by 

adhesive tape. When adhesive tape is removed, it extracts the follicular cast along with 

polymerized glue (Lademann and Ossadnik, 2007). Differential tape stripping was used 

to evaluate the transfollicular delivery of isoconazole nitrate (Lademann and Patzelt, 

2012).

Confocal laser scanning microscopy (CLSM) has also been used to visualize skin 

samples at multiple depths parallel to the sample surface (Michniak and Median, 2005). 

On-line CLSM was also developed to visualize the diffusion of model dye in a cross- 

sectional view of fresh unfixed skin with subcutaneous fat. It enables observation of 

diffusion of a dye into the upper part of hair follicles in real time and depth (Bouwstra 

and grams, 2004).
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Acne

Acne is the most common skin disorder. In majority of cases, acne is a disease which 

changes its skin distribution and severity over time; moreover, it is a psychologically 

damaging condition because it manifests on visible body parts of children and 

adolescents, which make them vulnerable socially (Zoboulis and Christos, 2014).

The pathogenesis of acne is dominated mainly by up-regulation of inflammatory 

signaling in the skin epithelial cells, which leads to excessive sebum production, 

alteration of the quality of sebum lipids, inflammatory processes, dysregulation of the 

hormone microenvironment, interaction with neuropeptides, follicular hyperkeratinisation 

and hyperproliferation/hyperkeratosis of the infrainfundibulum of the hair follicles. 

Hypercolonization of these hair follicles with Propionibacterium acnes, a common 

bacterium, has been considered as an additional pathogenetic factor. In particular 

sebaceous gland plays an important role in the initiation of disease (Zouboulis, 2001).

Increased sebum productions, alteration of lipid composition and oxidant/antioxidant 

ratio characteristic of skin surface lipids are major events, which are associated in the 

development of acne (Zouboulis, 2001).

Topical retinoids are commonly used and are most effective in the treatment of acne. 

Topical retinoids target the abnormal proliferation and differentiation of keratinocytes 

and also have anti-inflammatory effects. In addition, topical retinoids also enhance 

penetration of topical antibiotics, resulting in synergistic effects (Shalita, 2001).

Retinoids, which are commonly used for acne therapy, include tretinoin, tazarotene, 

adapalene, and isotretinoin.
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Adapalene

Adapalene (6-(3-(l-adamantyl)-4-methoxyphenyl)- 2-napthoic acid is a synthetic 

analog of retinol (vitamin A) used for the treatment of acne. Adapalene is a third 

generation topical retinoid with minimal side effects. Adapalene is widely used because 

of its comparable efficacy and favorable tolerability profile when compared with other 

topical retinoids (Feldman, 2008). Adapalene chemical structure is more stable to light 

and oxidation compared with tretinoin. In vitro study was conducted on adapalene and 

tretinoin, in which 95% of tretinoin was degraded within 24 hours in the presence of 

sunlight and benzoyl peroxide, whereas no degradation of adapalene was observed even 

at 72 hours (Bouclier, 2001). The mechanism of adapalene action is that it selectively 

binds to the nuclear retinoic acid receptor (RAR) subtypes P and y. This selective binding 

affinity plays an important role in adapalene inhibition of keratinocyte differentiation and 

proliferation, which is responsible for adapalene’s comedolytic effect (Feldman, 2008). 

An in vivo study was conducted which demonstrated that adapalene demonstrated a 50- 

60% reduction in comedone counts compared to the vehicle (Bouclier, 1991).

Passive penetration enhancement Techniques

The technologies which are currently under investigation to enhance permeation of 

drug through skin ranges from chemical enhancers which either increase the diffusivity 

across the skin or increase the drug solubility in the skin to newer innovative approaches 

including the design of super loaded formulations, microemulsion and vesicular systems. 

The penetration enhancers can either be used individually or the synergistic mixtures of 

chemical permeation enhancers can be used which have proven its superiority in skin
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permeabilization potency as compared with individual chemicals. These synergistic 

systems include eutectic mixtures, nanoparticle complex self-assembled vesicles.

Chemical penetration enhancers

Chemical penetration enhancers are widely investigated by researchers in last 20 years. 

However most of the research is not successfully able to translate into products at 

marketplace. Use of chemical penetration enhancers to enhance percutaneous absorption 

of drug is based on principle that modification of intercellular lipid matrix with increased 

membrane fluidity. Over 360 chemicals have been tested as enhancers; examples of 

commonly investigated chemical enhancers are dimethylsulfoxide (DMSO), 

cyclodextrins, chelating agents, bile salts, ethanol, isopropyl myristate, oleic acid, 

surfactants and terpenes.

Penetration enhancers may be found to be useful to enhance the permeation of small 

molecules, but they are usually not effective in the delivery of macromolecular drugs in 

the therapeutic levels. Enhancers also modify the skin structure, and therefore 

reversibility of effect and safety upon long term use will have to be demonstrated to get 

regulatory approval; thus long term and systemic toxicity of chemical enhancers needs to 

be evaluated to formulate them into transdermal dosage form.

Nanotechnology and transdermal delivery

Recently there is a tremendous use of nanotechnology in the field of transdermal drug 

delivery. Some of the note-worthy advancements are use of cutaneous microneedles, 

microemulsions, nanoemulsions, dendrimers or solid lipid nanoparticles that can
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penetrate skin, as well as highly elastic colloidal drug carriers. Nanocarrier approaches 

are also widely used for cosmetic applications and can also be useful to enable the 

delivery of highly lipophilic drugs.

Microemulsion

Microemulsion (ME) is defined as a dispersion consisting of oil, surfactant, 

cosurfactant, and aqueous phase, which is optically isotropic and thermodynamically 

stable system. (Kim et al., 2012). Microemulsions are considered as an efficient carrier 

for transdermal delivery as they offer increased drug solubility potential, enabling a high 

concentration gradient toward skin. Microemulsions have several advantages such as 

long-term stability, ease of preparation, and considerable capacity for solubilization of 

variety of drug molecules, and components of microemulsion can act as permeation 

enhancer by disrupting the stratum comeum (SC) structure and enhancing permeation of 

drug through the skin.

Liposomes

Liposomes are used as carriers for topical or transdermal drag delivery. Liposomes are 

also widely used in cosmetic industry. Liposomes offer various advantages including 

enhancement of drag delivery, solubilization of poorly soluble drags, and formation of 

local depot for the sustained release of topically applied drags. Studies have also reported 

that topically applied liposomes can enhance the delivery of drags into sebaceous glands. 

Liposomes are investigated to enhance the delivery of conventional drags such as 

estradiol, hydrocortisone, progesterone, or methotrexate.
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Physical enhancement techniques

Skin is impermeable to macromolecules including proteins, peptides, oligonucleotides 

and DNA. Various physical enhancement techniques have been developed to enhance 

and control transport across the skin, and expand the range of drugs delivered. These 

techniques are iontophoresis, electroporation and sonophoresis (Banga, 2011). 

Iontophoresis

The drug can be delivered transdermally or intradermally by using electric energy. 

Enhancement using electric energy involves iontophoresis, electroosmosis or 

electroporation. Iontophoresis is the use of small amount of physiologically acceptable 

current to drive ionic (charged) and neutral drug molecules into and across the skin. The 

mechanism of iontophoresis is based on principle of electrorepulsion (like repels like), 

where a positively charge drug molecule is repelled into the skin (Fig. 1) by placing an 

anode on the skin, while cathode can be used to deliver negatively charged molecule 

across the skin (Banga, 2012). The other mechanisms, which are involved in the process 

of iontophoresis, are electrophoresis (electric field charge interaction), electroosmosis 

(electric field induced solvent flow) and electroporation (increasing the porosity of skin 

due to electric field).

Iontophoresis can enhance the permeation of drug both into and across the skin by 

several folds, and this can expand the horizon of transdermal controlled drug delivery for 

systemic medication (Alexander et al., 2012).

Iontophoresis also provides the benefit of programmable drug deliver as the amount of 

drug delivered is in proportion to current applied, which can be readily adjusted. This 

technique has been widely studied both by pharmaceutical scientists and physical
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therapist to deliver a wide range of drug molecules via skin or nails (Chaturvedula et al., 

2005). Iontophoresis has been used extensively for various applications such as treatment 

of hyperhidrosis, induce topical anesthesia and diagnosis of diabetes, (Banga & Kumar, 

2012). Some of the marketed iontophoretic devices are Dupel®(Empi, Inc, St Paul, MN, 

USA), Phoresor II® (Iomed Salt Lake City, UT, USA) and Drionic® (General Medical Co 

LA, CA, U.S.)
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Anode Cathode

Stratum corneum

Dermis

Q  Drug molecules Q  Chloride ion | |  Sodium ion

Figure. 1. Schematic diagram of iontophoretic system. Positively charge electrode 

(Anode) repels the positively charged drug molecule (Blue ball) into and across the skin. 

Sodium ions (Purple ball) and chloride ions (Yellow ball) move towards counter 

electrode under influence of electric field.
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Sonophoresis

The use of ultrasound to deliver therapeutic compounds through the skin is generally 

referred to as sonophoresis. It is also known as phonophoresis. Drug is delivered from a 

coupling (contact) agent that transfers ultrasonic energy from ultrasonic device to the 

skin.

Dermal exposure on ultrasound may include:

1. Cavitation (generation and oscillation of gas bubbles)

2. Thermal effects (temperature increase)

3. Induction of convective transport

4. Mechanical effects (occurrence of stresses due to pressure variation induced by 

the ultrasound).

These mechanisms in conjugation with desirable physiochemical properties enhance 

transdermal delivery of molecule (Joshi and Raje 2002). The commonly used frequencies 

for sonophoresis are low-frequency sonophoresis (LFS), which includes frequencies in 

the range of 20 -  100 kHz and high-frequency sonophoresis (HFS), which includes 

frequencies in the range of 0.7-16 MHz.

Electroporation

Electroporation is defined as momentary structural perturbation of lipid bilayer 

membranes due to the application of high voltage pulses for microsecond-millisecond to 

enhance the permeability of skin. Molecular transport through transiently permeabilized 

skin by electroporation results mainly from enhanced diffusion and electrophoresis. The 

efficacy of drug transport depends on and the physicochemical properties of drugs and
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electrical parameters. The electrical parameters are waveform (square wave) voltage (50- 

1500 volts), duration (microseconds-milliseconds). These electrical parameters can be 

optimized depending on the requirement and clinical application of electroporation. 

Electroporation has been used successfully to enhance the permeability of molecules of 

different lipophilicity and size (small molecules, proteins and oligonucleotides) and 

biopharmaceuticals with molecular weight greater than 7 KDa (Preat et al., 2004).

Microneedle

Microneedles are small micron sized needles which when applied on the skin, breaches 

the stratum comeum to create microchannels in the skin through which drug can be 

delivered (Fig. 2). Drug can be delivered using microneedles by:

1. Piercing an array of solid microneedles into the skin followed by application of 

drug patch at treated site.

2. Drug coated microneedles can be inserted into the skin for subsequent dissolution 

of coated drug within the skin.

3. Drug can be encapsulated in biodegradable polymeric microneedles followed by 

insertion into the skin for controlled dmg delivery

4. Drug can be injected through hollow microneedles 

(Saraf etal., 2011).

The microchannels created by microneedles aids topically applied drugs to bypass 

stratum comeum which is a major barrier for dmg delivery through the skin. 

Microneedles are also minimally invasive and painless, as they do not penetrate up to 

the papillary dermis where nerve endings are situated (Banga, 2012). A broad range
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of therapeutic molecules including macromolecules such as protein has been 

delivered using microneedles (Banga and Kumar, 2012).

Recently Intanza® (Sanofi Pasteur), a microneedle based influenza vaccine has been 

approved by FDA; it delivers vaccine to dermis to elicit a strong immune response.

I I

Stratum
corneum
Epidermis

Dermis

Figure. 2. Schematic of different modes of microneedle technology (a) insertion 

of drug-encapsulated soluble microneedles (b) insertion of drug-coated solid 

microneedles and (c) insertion of hollow microneedles for infusion of liquid 

formulation
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Buccal Delivery

Despite of tremendous advancement in the field of drug delivery with alternative routes 

of administration, the oral route is still the preferred route for administration of 

therapeutic molecules due to ease of administration, low cost and high level of patient 

compliance.

However, significant barriers are present when the drug is administered through oral 

route, such as hepatic first pass metabolism, degradation of the drug in gastro-intestinal 

tract, which prohibits the oral administration of certain drugs e.g. peptides and proteins. 

Consequently other absorptive mucosa are considered as potential sites for drug 

administration including mucosal lining of nasal, oral, vaginal, rectal and oral cavity 

(Brown et al., 2011).

Transmucosal route of drug delivery have several advantages, such as bypass of the 

first pass effect and avoidance of pre-systemic metabolism. Oral mucosal delivery can be 

classified largely into two groups based on the type of application:

1. Oral mucosal delivery for local applications e.g. Bonjela® gel

2. Oral mucosal delivery for systemic applications e.g. Fentora® tablet

The oral cavity comprises of lips, cheeks, tongue, hard palate, soft palate and floor of the 

mouth. The lining of oral cavity is referred as oral mucosa and includes the buccal, 

sublingual, gingival, palatal and labial mucosa (Robinson et al., 1992).

Among the various transmucosal routes, buccal mucosa has excellent accessibility, ease 

of drug administration and easy drug withdrawal, facility to include permeation 

enhancer/enzyme inhibitor or pH modifier in formulation (Johnston et al., 2005). Drug 

delivery through buccal mucosa also offers the advantage of direct access to systemic
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circulation through the internal jugular vein which bypasses drugs from the hepatic first 

pass metabolism leading to high bioavailability.

However, there are certain limitations in the development of buccal drug delivery 

systems such as the effect of salivary scavenging, accidental swallowing of delivery 

systems and barrier property of buccal mucosa (Sudhakar et al., 2006).

Structure of buccal mucosa

Buccal region is the part of the mouth which is bounded anteriorly and laterally by the 

lips and the cheeks, posteriorly and medially by the teeth and/or gums, and above and 

below by the reflections of the mucosa from the lips and cheeks to the gums. The buccal 

glands are present between the mucous membrane and buccinators muscle. Maxillary 

artery supplies blood to buccal mucosa at the rate of 2.4 ml/min/cm . The thickness of 

buccal mucosa is measured to be 500-800 pm and it is rough textured, which makes it 

suitable for retentive drug delivery systems (McConviile and Morales 2011, Rathbone et 

al., 1996).

Buccal mucosa is composed of several layers of different cells. The buccal epithelium 

is similar to stratified squamous epithelia, which is found in rest of the body and is about 

40-50 cell layers thick. Lining epithelium of buccal mucosa is the nonkeratinized 

stratified squamous epithelium, which has surface area of 50.2 cm2 Basement membrane, 

lamina propia, which is followed by the submucosa, is present below the epithelial layer 

(Robinson J.R. and Gandhi R.B. 1988). The lamina propia is rich with blood vessels and 

capillaries that open to the internal jugular vein (Wertz P. and Squier C. 1996).
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Barriers to drug delivery across buccal mucosa 

Barriers such as saliva, mucus, membrane coating granules, and basement membrane 

retard the rate and extent of drug absorption through buccal mucosa. The main 

penetration barrier exists in the outermost part of buccal epithelium (Robinson and 

Gandhi, 1988).

Membrane coating granules 

The membrane-coating granules are found in the nonkeratinizing epithelia are 

spherical in shape, membrane-bounded and measure about 0.2 pm in diameter. These 

cored granules act as a barrier in delivery of drug through buccal mucosa.

Basement Membrane

The superficial layers of the oral epithelium is the primary barrier to the entry of 

molecules from the exterior, so the basement membrane also plays a major role in 

limiting the passage of materials across the junction between epithelium and connective 

tissue. The charge on the constituents of the basal lamina may limit the rate of penetration 

of lipophilic compound (Wolff K. and Honigsmann H, 1971).

Mucus

The epithelial cells of buccal mucosa are surrounded by the intercellular ground 

substance called mucus. The thickness of mucus varies from 40 pm to 300 pm. The 

sublingual glands and minor salivary glands produce the majority of mucus and are 

responsible for maintaining the mucin layer over the oral mucosa. Mucus acts as an 

effective delivery vehicle by acting as a lubricant, which allows cells to move relative to 

one another (Buri P.A. and Peppas N.A. 1985). At buccal pH of 6.40- 6.80 (Madesn et
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al., 2013), mucus can form a strongly cohesive gel structure that binds to the epithelial 

cell surface as a gelatinous layer.

Saliva

The mucosal surface is covered by a salivary coating, which is about 70 pm thick 

(Collins L.M. 1987), and it act as unstirred layer. A high molecular weight mucin called 

MG1 is present in the saliva, which can bind to the surface of the oral mucosa to maintain 

the hydration. Saliva also provides lubrication, contains protective molecules e.g. 

secretory immunoglobulins, and limits the attachment of microorganisms. Saliva and 

salivary mucin is responsible for the barrier properties of oral mucosa. The major salivary 

glands that secrete saliva are; parotids through salivary ducts, which are present, near the 

upper teeth, submandibular present under the tongue, and the sublingual in the floor of 

the mouth. Total output, which is produced from the salivary glands, is termed as whole 

saliva, which at normal conditions has the flow rate of 1-2 mL/min (Mattes R.D. 1997).

Saliva has many important functions e.g. it moistens the mouth, initiates the process of 

digestion and protects the teeth from decay. It also controls bacterial flora of the oral 

cavity. Saliva is high in calcium and phosphate, so it also plays a important role in 

mineralization of new teeth repair and precarious enamel lesions (Moore, 1992)
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CHAPTER 3

Adapalene Microemulsion for Transfollicular Drug Delivery

Abstract

The aim of this study was to develop a microemulsion formulation of adapalene 

for transfollicular delivery. A pseudo-ternary phase diagram was developed for 

microemulsion consisting of oleic acid as oil phase, tween 20 as surfactant, Transcutol® 

as cosurfactant and deionized water. Differential tape stripping and confocal laser 

scanning microscopy was done to determine the penetration of microemulsion through 

hair follicles. Transmission electron microscopy, dynamic light scattering, polarizing 

light microscopy and differential scanning calorimetry were done to characterize the 

microstructures of microemulsion. The pH and viscosity of the microemulsions were also 

determined. Permeation studies were carried out in vitro on porcine ear skin over a period 

of 24 h using Franz diffusion cells. The drug penetration in the hair follicles increased 

from 0.109 ± 0.03 pg to 0.292 ± 0.094 pg, as the microstructure of microemulsion shifted 

from oil-in-water to bi-continuous, with increase in water content of microemulsion. 

Confocal laser scanning microscopy images depicted that hair follicles provided the path 

for transfollicular permeation of adapalene microemulsion. These results suggest that 

microemulsion penetrated through hair follicles and are of special interest for 

transfollicular drug delivery.
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Introduction

Transdermal drug delivery provides many benefits like enhanced patient compliance, 

reduced first pass metabolism of drug and, avoids gastric irritation (Wu et al., 2011). In 

recent years, transfollicular pathway has been found to be important for percutaneous 

absorption of topically applied drugs (Lademann et al., 2008). Hair follicles represent an 

invagination of epidermis extending deep into the dermis and providing a good surface 

area for potential absorption; also there is no mature stratum comeum below the ostia of 

the sebaceous glands (Kreguer et al., 1997). The hair follicles can also serve as a reservoir 

for topically applied drugs (Bochot et al., 2008). Hair follicles may also provide enhanced 

absorption as they are surrounded by network of blood capillaries. Therefore, hair 

follicles have great potential for delivery of drug into viable skin layers, and in particular 

microparticulate system has been used for follicular drug delivery (Lademann et al.,

2009).

Microemulsion is defined as a dispersion consisting of oil, surfactant, cosurfactant and 

aqueous phase, which is optically isotropic and thermodynamically stable system. 

Microemulsions are considered as an efficient carrier for transdermal delivery as they 

offer high solubility potential for both hydrophilic and lipophilic drugs, which can result 

in enhanced thermodynamic activity. Microemulsion have several advantages such as 

long-term stability; ease of preparation and considerable capacity for solubilization of 

variety of dmg molecules and components of microemulsion can act as permeation
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enhancer by disrupting the stratum comeum structure and enhancing permeation of dmg 

through the skin (Kim et al., 2012)

Adapalene (6-(3-(l-adamantyl)-4-methoxyphenyl)-2-napthoic acid is a synthetic 

derivative of retinol (vitamin A) used for the treatment of acne (Karasulu et al., 2011). 

Adapalene {Fig. 3; pKa = 4.23 and logP = 8.04) was used as a model dmg for the study 

as the molecule is inherently fluorescent and stable, which allows the quantification and 

visualization of the adapalene in the formulation and in the skin.

0

OH

Figure 3. Stmcture of Adapalene

The aim of the study was to develop and characterize adapalene-loaded microemulsion 

and to evaluate the permeation of microemulsion through transfollicular route to 

determine whether the hair follicles can represent a penetration pathway for the dmg into 

the skin. Differential tape stripping was done to determine the amount of drug that 

penetrated into the hair follicles. This technique combines the tape stripping (removal of
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stratum comeum layer by layer), followed by cyanoacrylate skin surface biopsies 

(removing the content of follicular infundibulum). Confocal laser scanning microscopy 

(CLSM) was also done to determine the penetration of adapalene through hair follicles.

Materials

Adapalene was purchased from Haorui Pharma Chem-Inc (California USA). 

Polyoxyethylene 20 sorbitan monolaurate (Tween 20®) was obtained from Fisher 

Scientific (New Jersey, USA), diethylene glycol monoethyl ether (Transcutol®) from 

Gattefosse (Lyon, France). Deionized water (18.2 MQ cm) was used. All the other 

chemicals and solvents were of analytical reagent grade.

Methods

Phase Diagram Construction and Microemulsion Preparation

Pseudo-ternary phase diagram was constructed using the water titration method

(Kamalpreet et al., 2009), to determine the concentration range of the components used

for the formation of microemulsion (ME). Oleic acid was used as the oil phase, Tween 20

was used as the surfactant and Transcutol® was used as cosurfactant. The ratio of oleic

acid to the mixture of surfactant and cosurfactant was varied as 1:9,2:8, 3:7,4:6, 5:5,6:4,

7:3, 8:2 and 9:1. The mixture of oil, surfactant and cosurfactant was titrated drop-by-drop

with deionized water, under moderate stirring. After being equilibrated the mixture were

assessed by visual characterization. Samples that remained transparent and homogenous

after vigorous vortexing were assigned a monophasic area in phase diagram. Turbidity

was considered as indication of phase separation.
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After the microemulsion regions in phase diagram were identified, the microemulsion 

formulations were selected at different component ratios as shown in Table 1. Drug 

loaded microemulsions were prepared by dissolving adapalene (0.1% w/v) gradually in 

oil/surfactant-cosurfactant mixture. After complete solubilization, the mixture was 

titrated with deionized water under moderate stirring. Adapalene (0.1% w/v) dissolved in 

oleic acid was used as the control for in vitro permeation and confocal microscopy study.

Polarized Light Microscopy

Polarized light microscopy (Leica DM 750, USA) was done to verify the isotropic

nature of microemulsion. A drop of microemulsion sample was taken on a glass slide and

covered with coverslip and was observed under cross-polarized light.

Transmission Electron Microscopy

The morphology of adapalene microemulsion was studied using transmission electron

microscopy (Hitachi, H-7500, IL, USA). The microemulsion sample was deposited on a

copper 300 mesh grid, coated with Formvar and carbon (Electron Microscopy Sciences,

Fort Washington, PA, USA) and allowed to stand for 10 min after which any excess fluid

was absorbed in a filter paper. Before examination, one drop of 1 % methylamine

tungstate was applied and allowed to dry for 5 min.

Droplet Size Measurement

The droplet size and polydispersity index of the microemulsion were determined by

DLS (dynamic light scattering; Zetasizer Nano Zs; Malvern Instrument Inc., Malvern,

Worcestershire, UK). Samples (1 mL) were loaded into 1-cm2 cylindrical cuvettes and

placed in a thermostated chamber at 25°C. Scattering intensity data was obtained from a

prefiltered (0.45 pm) microemulsion (Yang et al., 2004). The polydispersity index
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(estimation of distortion width) was also determined and all the measurements were made 

in triplicate.

Viscosity Measurement 

The Brookfield viscometer (Model DV-E, Brookfield Engineering Laboratories, INC., 

MA, USA) was used to measure the viscosity of drug-loaded microemulsion. The 

microemulsions samples were sheared at the rate of 75 rpm. Measurement was carried 

out when reading become stable. All the measurements were carried out in triplicate and 

averaged.

Refraction Index

Refraction index of microemulsion formulations were measured using a refractometer, 

(ATAGO, Tokyo, Japan). The measurement was carried out at room temperature by 

adding 0.3 mL of the sample into the testing well.

Differential Scanning Calorimetry

Differential scanning calorimetry (DSC) studies were done to determine the

microstructure of microemulsions. Thermal behavior of water can be helpful in exploring

the microstructure of microemulsion. Microemulsion were tested using a TA Q100 DSC

instrument (TA Instruments, USA) equipped with an liquid nitrogen containing unit;

sample (5-7 mg) was weighed accurately in an aluminum hermetic sample pan and

immediately pressure sealed with hermetic lids to prevent any sample evaporation. The

measurements were performed in the cooling (exothermic) mode; samples were

equilibrated at 25°C for 1 min, and then gradually cooled by liquid nitrogen at

predetermined ramp rate of 5°C/minute to -60° C. An empty hermetic pan was used as a

reference. Nitrogen with a flow rate of 50.0 Lmin'1 was used as pure gas.
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pH Measurements

The pH of the microemulsion was measured using a pH meter (Denver Instrument pH 

meter; Bohemia, NY, USA). The pH meter was calibrated before measurement using 

standard buffer solution of pH 2.0,4.0, 7.0 and 10.0. All the measurements were carried 

out in triplicate and averaged.

In Vitro Skin Permeation Study 

Porcine ear skin was obtained from a local abattoir. Whole skin was excised followed

by removal of subcutaneous fat. The skin was then cleaned using deionized water and

stored at -20°C in aluminum foil until use.

Skin was thawed before permeation studies, cut into appropriate sizes and mounted

on the Franz diffusion cells (Permegar, Hellertown, PA, USA) with stratum comeum side

facing the donor compartment and secured into place using clamps. Before starting the

permeation studies the receptor compartment was thoroughly washed prior to use and

filled with receptor medium. The receptor medium comprised of 5 mL of phosphate

buffer saline (PBS; IX) at pH 7.4. The temperature of the cells was maintained at 37°C

throughout the experiment using a water circulation jacket built around the receptor

chambers. Subsequently 300 pL of the drug-loaded microemulsion was then added to the
■y

donor chamber and occluded by parafilm. The effective diffusion area was 0.64 cm .

Differential Tape Stripping 

After permeation studies, the skin samples were removed from Franz diffusion cells.

The skin surface was thoroughly cleaned by dabbing it three times with Q-tips.

Differential tape stripping was then done to determine the follicular penetration

(Lademann et al., 2005). Differential stripping is the combination of tape stripping and
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•y
cyanoacrylate skin surface biopsies. The treated area on each skin sample (0.64cm ) was 

tape stripped. Briefly adhesive 3M-transpore tape (St. Paul, MN, USA) were pressed onto 

the skin using a roller, which stretches the skin surface thereby avoiding influence of 

furrows and wrinkles. The tape strips were then removed with forceps at once (Fig. 4). 

The process was repeated until complete stratum comeum (SC) was removed (after an 

average of 20 tape strips) from the entire surface. First two tape strips were extracted 

individually and tape strips 3-5 were extracted in the group and remaining strips were 

extracted in the group of five. Subsequent to the stratum comeum removal, a drop of 

cyanoacrylate superglue (Loctite, Henkel Corporation, Ohio, USA) was applied onto the 

stripped skin and was covered with a transpore tape by applying light pressure. After 

polymerization of the superglue, the tape was quickly stripped and cyanoacrylate skin 

surface biopsy was obtained which contain follicular casts and comeocytes. All of the 

tape strips were placed into scintillation vials and extracted with mobile phase. The 

remaining skin was also minced into small pieces and kept in scintillation vial for 

extraction with mobile phase. The samples were kept on the roller shaker (New 

Brunswick Scientific Co., Inc., Edison, New Jersey, USA) at room temperature for 12h at 

250 rpm. The hair follicles samples were sonicated for lh  before they were kept on roller 

shaker. The samples were then analyzed using HPLC.
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Figure 4. Schematic diagram for differential tape stripping

High Performance Liquid Chromatography Analysis

Isocratic chromatography was performed; a Phenomenex® C l8, 3 pm, 250 * 4.6 mm 

column (Phenomenex, Torrance, CA, USA) was used at 25°C. Fluorescence detection 

was carried out using fluorescence detector at excitation wavelength of 360 nm and 

emission wavelength of 425 nm by using Alliance HPLC Waters 2695'Separations 

Module (Waters Corp, Milford, MA, USA). The degassed mixture of acetonitrile : 

tetrahydrofuran : water : triflouroacetic acid in the ratio of 43:36:21:0.02 was used as 

mobile phase at the flow rate of 1 mL/min; the retention time of adapalene was 9.04 ± 0.2
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min. Adapalene concentration was calculated using known standards. The concentration 

range of the adapalene was found to have linearity from 0.1-5.0 pg/mL (r2 = 0.999).

Confocal Laser Scanning Microscopy 

The confocal laser scanning microscopy (CLSM) can provides information about the

permeation pathway and localization of the fluorescent compound in the tissue.

Distribution of the fluorescent compound in the sample can be visualized without cryo-

fixing or embedding the tissue (Lademann et al., 2007). The penetration of adapalene-

loaded microemulsion (ME D) into the hair follicles and distribution in the stratum

comeum was observed by using CLSM. A computerized zeiss confocal laser microscope

(Zeiss LSM 510 META, Gottingen, Germany) with x 10 objective was used to obtain the

fluorescent images.

After 24h, skin was removed from Franz diffusion cells and cleaned with Q-tips. A
'y

small piece of skin was cut out from the diffusion area (0.64 cm ) and embedded in OCT 

medium. After freezing at -20°C, vertical sections (10 pm) were cut using AO Histo 

STAT Microtome (Buffalo, NY). These samples were then viewed under confocal 

microscope. A He Ne laser was used to excite adapalene at 360 nm with emission 

fluorescence at 425 nm. Images were obtained in xy and xz planes. The images obtained 

from confocal microscope were then recorded and edited with LSM image browser 

software, release 4.2 (Carl Zeiss microimaging, Gottingen, Germany).

Data Analysis

In the in vitro permeation study, the cumulative amount of drug permeated in stratum 

comeum and hair follicles (HF) was determined. The statistical analysis was done using
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one-way analysis of variance (ANOVA) and Dunnett test using GraphPad Prism software 

(Version 5.0d). All results are reported as mean ± SD (n = 3). Values were considered 

significantly different when p  < 0.05.

RESULTS AND DISCUSSION

Formation and Characterization of Microemulsion 

A pseudo-ternary phase diagram was constructed to determine the microemulsion

region. The isotropic region in the phase diagram (Fig. 5) is represented as single-phase

microemulsion region ( 1 0 ) and the remainder of phase diagram is represented as

multiphase turbid conventional emulsion region (MO) based on visual observation.

Polarized light microscopy was used to determine the isotropic nature of microemulsion;

the microemulsion samples investigated does not interfere with plain polarized light.

Vo SURFACTANT -I- COSTJRFACTANT

40

20

Oil Phase

•o

60

10>

Q.

40

20

S *+* Co-S

Figure 5. Phase diagram of adapalene-loaded microemulsion system where the mixing 

ratio of surfactant to cosurfactant is l : I . IO represent the single-phase microemulsion 

region and MO corresponds to multiple phase turbid regions. L I9 is the dilution line 

where initial oil concentration is 19% (v/v)
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A stable and translucent microemulsion was formed when the surfactant and 

cosurfactant content was 60% or higher and ratio of oleic acid to mixture of surfactant 

and cosurfactant was 4:6. The microemulsions formed under this region were considered 

as stable and isotropic. In microemulsion region large amount of water can be solubilized 

without causing phase separation. L I9 is the dilution line in phase diagram where the 

initial concentration of oil is 19 % (v/v). The composition of adapalene-loaded 

microemulsion is summarized in Table 1. The refractive index values of all 

microemulsions show that the microemulsions are optically isotropic in nature (Table 1).

The size distribution of microemulsion droplets was determined by dynamic light 

scattering. The polydispersity value determines the homogeneity of droplet size. As 

depicted in Table 2. The droplet size decreased from 181.09 ± 0.63 nmto 118.01 ± 1.96 

nm with increase in water content of microemulsion from 5% (ME A) to 25% (ME D). 

Polydispersity index values obtained for the investigated microemulsion were found to be 

lesser than 0.33 (Table 2.), suggesting that the droplet size of all formulations had high 

homogeneity.
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Table 1. Composition and Microstructure of Microemulsion Formulation

Microemulsion Oleic Acid Tween 20 Transcutol* Deionized

Water

Microstructure Refractive

Index

ME A 19 38 38 5 W/O 1.49

MEB 18 36 36 1 0 w /o 1.44

M EC 17 34 34 15 W/O 1.41

M ED 15 30 30 25 Bi-continuous 1.36

Table. 2. Physicochemical Parameters of Microemulsion Formulation

Microemulsion Droplet Size (nm) Polydispersity

Index

Viscosity (cps) pH

ME A 181.09 ±0.63 0.318 ±0.010 114.1 ± 1.11 5.86 ± 0.02

MEB 173.05 ± 1.89 0.337 ±0.011 97.2 ± 1.61 5.45 ± 0.04

MEC 144.36 ± 1.01 0.229 ± 0.009 79.8 ± 1.09 5.11 ±0.03

MED 118.01 ± 1.96 0.209 ±0.016 65.7 ± 1.51 4.89 ± 0.05

(Values reported are n =3, mean ± SD)
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Viscosity of the microemulsion is the function of the surfactant, water, oil components 

and their concentrations. Viscosity of the microemulsions was observed to decrease with 

an increase in water content as shown in Table 2. Morphology of ME D was 

characterized using TEM (Transmission Electron Microscopy; Fig. 6).

The pH of the investigated microemulsion decreased from 5.86 to 4.89 (Table 2) as the 

water concentration increased from 5% to 25%. At higher water content, the ionization of 

organic acid increases, releasing more protons into the solution thereby reducing the pH 

(Dinda et al, 2006). The pH values obtained were within the physiological range. All the 

measurements were carried out in triplicate and averaged.

Figure 6. Transmission electron microphotography of adapalene microemulsion (ME D; 

TEM 150,000)
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Differential Scanning Calorimetry

The thermal behavior of microemulsion was tested using DSC to study the 

microstructure. As shown in Fig. 7, an exothermic peak was observed in all of the 

samples. The peak observed in pure water sample, which was used as the reference, was 

at -18°C, which represents the freezing of supercooled water (Acosta et al., 2008). Higher 

concentration of surfactant and cosurfactant results in decrease in the amount of water 

content that leads to more tightly bounded water molecules, which are needed for 

hydrating the polar head groups. Therefore, a decrease in freezing temperature can be 

anticipated indicating the presence of non-freezing water (Garti et al., 2006). 

Microemulsion with low water content (ME A) showed an exothermic peak below -35°C. 

This peak has been suggested to be of either internal water or water interacting strongly 

with the surfactant termed as bound or interfacial water. With the increase in water 

content of the microemulsions from ME A to ME D the exothermic peak shift towards 

the higher temperature (-20°C), which demonstrate the change in microstructure of 

microemulsion from water in oil (W/O) to bi-continuous microemulsion system. The free 

water present in bi-continuous microemulsion cause the formation of water cylinder or 

channel like structures so a broadened exothermic peak was observed which may be 

freezing peak of bulk water, the water that is weakly bound to surfactant. The results 

demonstrate that differential scanning calorimetry studies could be done to study the 

thermal behavior, microstructure and phase transition of microemulsion.
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Figure 7. DSC cooling curves (plotted as exothermic heat flow as function of 

temperature) of pure water and microemulsions. DSC cooling thermo-gram of (A) Pure 

water; (B) ME A; (C) ME B; (D) ME C; (E) ME D
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In vitro Permeation Study

It is widely accepted that the type of microemulsion, internal structure, size and 

viscosity can influence the drug release from the microemulsion (Garti et al., 2002). Oleic 

acid is used as the oil phase in this study; also it is an effective penetration enhancer 

(Gasperlin et al., 2005). Transcutol® is used in this study because it is a potent 

solubilizing agent, widely used in dermal and transdermal delivery. It is non-toxic, 

biocompatible with the skin and solubilizes many drugs (Wu et al., 2011).

Adapalene-loaded microemulsions were investigated for permeation in stratum 

comeum and penetration in hair follicle of porcine skin. Differential tape stripping was 

done to investigate the transfollicular drug delivery (Fig. 4) as this method provides 

selective qualitative and quantitative penetration of topically applied drugs into the hair 

follicles. The amount of drug permeated into the stratum comeum was removed using 

tape stripping. Subsequently follicular contents were removed by cyanoacrylate skin 

surface biopsy. Drug permeated into the stripped skin was measured by mincing the 

stripped skin.

The permeation of adapalene microemulsion (ME D) in stratum comeum and in hair 

follicles of porcine ear skin is depicted in Fig. 8A and 8 B respectively. Amount of drug 

permeated into the stripped skin is demonstrated in Fig. 8C. Permeation profile of 

adapalene microemulsions shows that as the water content of microemulsion increases 

from 5 to 25% v/v and phase transition of microemulsion occurs from water-in-oil to bi- 

continuous, the amount of drug permeated in stratum comeum increases significantly 

from 1.47 ± 0.18 pg in control to 3.21 ± 1.39 and 3.37 ± 0.75 pg in ME C and ME D, 

respectively. The adapalene penetration in hair follicles also increases significantly from
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0.109 ± 0.03 pg in control to 0.261 ± 0.085 and to 0.292 ± 0.094 jig in ME C and ME 

D, respectively. This result was consistent with previous researchers, which reported that 

the drug permeation increases with an increase in the water content of microemulsion 

systems. The relationship of permeation enhancement with increased water content can 

be explained by increased drug thermodynamic activity in microemulsion with high 

water content. The cosurfactant in the microemulsion lowers the interfacial tension of 

surfactant film, which results in a more flexible and dynamic layer. Drug present in this 

energy rich microemulsion system can diffuse across the flexible interfacial surfactant 

film between phases, which is a thermodynamic process that results in increase 

partitioning and diffusion of the drug into the stratum comeum (Wada et al., 2002). 

Decrease in the droplet size of microemulsion with increase in water content of 

microemulsion from ME A to ME D also resulted in permeation enhancement. Smaller 

droplet size resulted in large surface area of droplet, which increase the interaction of 

microemulsion with stratum comeum and thus facilitates the percutaneous permeation 

(Lademann et al., 2007) Therefore, bi-continuous formulation ME D with highest water 

content and smallest droplet size demonstrated optimal permeation profile.

Hair follicles are an attractive site in dermatology and can act as a long-term reservoir for 

topical drugs. Previous studies have reported that drugs are located in uppermost cell 

layers of the stratum comeum, where they are continuously depleted due to the 

physiological process of desquamation. This suggests that stratum comeum provides a 

short-term reservoir function. In contrast, hair follicles provide a long-term reservoir for 

topically applied formulations, as their depletion occurs primarily through the slow 

process of sebum production and hair growth. (Bhatia et al., 2013) Therefore, it is very
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important to investigate the transfollicular delivery of adapalene. Colloidal delivery 

systems such as microemulsions have demonstrated good potential to target hair follicles. 

Our studies indicated that ME D not only resulted in the highest permeation of adapalene 

in stratum comeum, but also demonstrated the optimal penetration into the hair follicles. 

The permeation of adapalene in stratum comeum increased from 1.47 ± 0.18 pg to 3.37 ± 

0.75 pg and penetration in hair follicles also increased significantly from 0.017 ± 0.011 to 

0.292 ± 0.094 pg in ME D treated skin compared to the adapalene control treated skin, 

which is a 17 fold increase in penetration in hair follicles compare to the control. 

Microemulsion (ME D) is able to penetrate into the hair follicles and can increase the 

transfollicular drug uptake.
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Figure 8A. Permeation of adapalene (expressed in pg) within the stratum comeum 

(n = 3, mean ± SD; * p  < 0.05 vs. Control)
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Figure 8B. Penetration of adapalene (expressed in pg) in the hair follicles 

(n = 3, mean ± SD; * p  < 0.05 vs. Control
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Figure 8C. Permeation of adapalene (expressed in pg) in the stripped skin 

(n = 3, mean± SD; *p <  0.05 vs. Control)
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Confocal Laser Scanning Microscopy

Confocal microscopy was used to visualize the penetration of adapalene-loaded

microemulsion formulation into the hair follicles and stratum comeum. Blue fluorescence

of adapalene is detected in stratum comeum and in the hair shaft of ME D treated skin as

seen in Fig. 9A. Microemulsion system with high water content (ME D) penetrated deep

into the hair follicles and fluorescence of adapalene can be detected in the internal root

sheath all the way down to the base of hair follicle (Fig. 9B) compared to the control

sample (Fig. 9C). Results obtained from confocal microscopy depicted that ME D

penetrated into the base of hair follicles, thus demonstrating the permeation enhancement

effect of the microemulsion compared to the control sample. Results showed that

adapalene-loaded microemulsion (ME D) penetrate into the hair follicles. These results

are in confirmation with the fact that hair follicles serve as an important penetration

pathway for topical drug delivery. Studies have reported that follicular drag delivery is

dependent on the vehicle used in the formulation and improved follicular penetration by

using microemulsion has been demonstrated (Lademann et al., 2001). The results

obtained from confocal microscopy are in agreement with these studies.
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Figure 9. CLSM images of vertical cross-section of porcine ear skin showing distribution 

of adapalene in stratum comeum and hair follicle of skin treated with adapalene 

microemulsion (ME D) in which adapalene blue fluorescence is detected on the hair shaft 

(Fig. 9A) and in the internal root sheath of hair follicle (Fig. 9B); adapalene control 

where fluorescence is detected on stratum comeum (Fig. 9C).

CONCLUSIONS

The results obtained from differential tape stripping and confocal microscopy studies 

show that adapalene microemulsion penetrated into the hair follicles. Adapalene 

penetration was found to increase with an increase in water content of microemulsion.
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Differential scanning calorimetry study determined the thermal behavior and phase 

transition of microemulsion from water-in-oil to bi-continuous microemulsion, as the 

water content was increased. Dynamic light scattering and transmission electron 

microscopy studies characterized the microstructure of microemulsion. The results 

obtained from this study demonstrate that microemulsions are promising vehicle for 

transfollicular delivery of adapalene.
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CHAPTER 4

Effect o f Modulated Alternating and Direct Current Iontophoresis on 

Transdermal Delivery of Lidocaine Hydrochloride

Abstract

The objective of this study was to investigate the iontophoretic delivery of lidocaine 

hydrochloride through porcine skin and to compare the effects of modulated alternating 

and direct current iontophoresis. Continuous and modulated iontophoresis was applied 

for one hour and two hours (0-lh and 4-5thh) using a 1% w/v solution of lidocaine 

hydrochloride. Tape stripping was done to quantify the amount of drug permeated into 

stratum comeum and skin extraction studies were performed to determine amount of drug 

in stripped skin. Receptor was sampled and analyzed over predefined time periods. The 

amount of lidocaine delivered across porcine skin after modulated direct current 

iontophoresis for 2h was 1069.87 ± 120.03 pg/sq.cm compared to 744.81 ± 125.41 

pg/sq.cm after modulated alternating current iontophoresis for 2h. Modulated direct 

current iontophoresis also enhanced lidocaine delivery by twelve folds compared to 

passive delivery as 91.27 ± 18.71 pg/sq.cm of lidocaine was delivered after passive 

delivery. Modulated iontophoresis enhanced the delivery of lidocaine hydrochloride 

across porcine skin compared to the passive delivery. Modulated alternating current 

iontophoresis for duration of 2h at frequency of 1kHz was found to be comparable to the 

continuous direct current iontophoresis for lh.
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Introduction

Lidocaine hydrochloride is a hydrophilic local anesthetic, which is widely used for 

topical anesthesia and other medical and surgical procedures including treatment of skin 

sores, lesions and suturing of wounds (Deberard et al., 1999). It is also used as 

antiarrhythmic drug (Kohn et al., 2011). It exerts local anesthetic effect by binding with 

voltage gated Na+ channels at axonal membrane and prevents the transport of Na+ across 

the channels, thus inhibiting the postsynaptic neuron from depolarization and stabilizes 

neuronal membrane (Busbee et al., 2010). The most common form of lidocaine 

administration is through intravenous or hypodermic injection, which causes pain and 

discomfort. Therefore, transdermal delivery of lidocaine is a potential alternative route of 

administration.

However, due to poor penetration through intact skin the percutaneous application of 

lidocaine is limited (Zhang et al., 2013). Commercial products including EMLA cream 

(AstraZeneca) and Lidoderm® (Endo Laboratories) are available for transdermal delivery 

of lidocaine. However, achieving effective analgesia requires the application of EMLA® 

for l-2 h, which limits its use during emergency where fast onset of anesthesia is desired 

also making it less convenient to use during normal clinical procedures (Hansen et al., 

2012). Therefore, there is a need to enhance the transdermal delivery of lidocaine to 

achieve rapid onset of action’ this can be achieved using physical enhancement 

techniques such as iontophoresis.
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Iontophoresis is a widely used technique for the delivery of neutral and charged drug 

molecules into and across the skin by using small amount of physiological current (Banga 

et al., 2011). The mechanisms of iontophoresis include electro repulsion, which is based 

on the principle of “likes repels like” and electroosmosis where the neutral molecules are 

transported from anode to cathode along with the bulk solvent flow. Direct current (DC) 

iontophoresis is the most commonly used form of the transdermal iontophoretic drug 

delivery. Examples of drug delivery using DC iontophoresis are the Numby Stuff® 

Phoresor® system (Iomed, Inc., UT), LidoSite® (lidocaine hydrochloride/epinephrine 

topical iontophoretic patch) and the Ionsys™ E-Trans® system for systemic fentanyl 

delivery (Alza Corp., CA). However, DC iontophoresis may have some adverse effects 

including electrical bum as a result of electrode polarization during electrolysis. This 

adverse effect limits the duration time of DC iontophoresis to less than 15 min at current
•y

density of ImA/cm (Hayashi et al., 2009). A decrease in transport efficiency is also 

observed in DC iontophoresis with increasing duration of the electric application. The 

decrease transport efficiency is due to the voltage drop in the solution, which results from 

the formation of electric double layer on the surface of electrode known as electrode 

polarization, this phenomenon occurs due to the accumulation of ionized substance with 

the different charge from that of the electrode. To overcome these issues, alternating 

current (AC) has also been employed in iontophoretic delivery (Higuchi et al., 2005). It 

has been reported that AC iontophoresis can eliminate electrochemical bums and reduce 

the skin irritation, which occurs during the long application time of DC iontophoresis 

[10]. It has also been reported that alternating current iontophoresis can reduces the skin
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electrical resistance thereby increasing the intrinsic permeability of skin (Kellog et al., 

1995).

Iontophoresis is also widely used to enhance the drug permeability of topical 

anesthetics. Iontophoresis takes advantage of ionization of lidocaine and use of current to 

enhance the transdermal delivery (Gauderer et al., 1999). Studies have also reported that 

iontophoresis facilitates the transport of lidocaine into the skin and can provide topical 

anesthesia of intact skin within 5-15 min (Parkinson and Zempsky 2003). Lidocaine 

iontophoresis has also been found to be effective in reducing the pain associated with 

venous cannulation in patients (Kessler et al., 1997).

The objective of the current study was to enhance the transdermal delivery of lidocaine 

by iontophoresis and to compare the effects of modulated alternating and direct current 

iontophoresis on the permeation of lidocaine in porcine full thickness skin. Passive 

diffusion of lidocaine was used as the control for the study.

Materials

Lidocaine hydrochloride, silver wire (0.5 mm diameter), and silver chloride used for 

preparation of electrodes were purchased from Sigma-Aldrich (St. Louis, MO, USA). 

Acetonitrile, methanol, potassium phosphate monobasic (KH2PO4) and PBS (Phosphate 

buffered saline) were purchased from Fisher Scientific (NJ, USA). Transpore tape for 

tape stripping was obtained from 3M (St.Paul, MN, USA). De-ionized water was used to 

prepare all the solutions required in this study and for HPLC analysis. Iontophoresis 

power supply unit (Model 6221) was purchased from Keithley Instruments (Cleveland, 

Ohio, USA).

Methods
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Skin isolation and preparation 

Porcine skin was obtained from a local abattoir. Whole skin was excised followed by

removal of subcutaneous fat. The skin was then cleaned using deionized water and stored

at -20°C in aluminum foil until use. Skin was thawed before permeation studies, cut into

appropriate sizes and mounted on the Franz diffusion cells (PermeGear, Hellertown, PA,

USA) with stratum comeum side facing the donor compartment and secured into place

using clamps.

Preparation of electrodes

A planar coil of silver was prepared manually and used as the anode in the study. The

cathode was custom made by coating a melt of silver chloride on silver wire. Coating was

done until a uniform and sufficient coat of the silver chloride was obtained.

Continuous versus modulated iontophoresis

Continuous and modulated iontophoresis was applied for the duration of one and two

hours. The anode was placed in the donor chamber and the cathode was inserted into the

receptor compartment through the sampling arm to perform anodal iontophoresis. A

continuous direct current (DC) iontophoresis at current density of 0.5mA/cm2 and

alternating current (AC) iontophoresis at a frequency of 1 kHz and current density of

*y •  • •0.5mA/cm was applied using Keithley instrument (Model 6221; Cleveland, Ohio, USA) 

for one hour from 0 -lh.

To determine the effect of iontophoresis on transdermal delivery of lidocaine, 

continuous, direct current iontophoresis was applied for one hour from 0 -lh  and
'S

modulated direct current iontophoresis at current density of 0.5mA/cm was applied for 

two hours (from 0-lh and 4-5thh), while modulated alternating current iontophoresis at a 

frequency of 1 kHz and current density of 0.5mA/cm was also applied for two hours
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(from 0-lh and 4-5thh), respectively on porcine full thickness skin. Our group has also 

reported that flux recovers back to the normal level in two to three hours after 

iontophoresis (Banga et al., 2012). Therefore, we kept interim period of 3h between two 

iontophoresis application. Receptor samples (0.5 mL) were collected at predetermined 

time intervals during the study.

In vitro Permeation studies

In vitro permeation studies (n > 3) were performed using vertical Franz diffusion cells. 

Receptor compartment was thoroughly washed prior to the study and then filled with 

receptor buffer (5 mL IX PBS; pH 7.4). The temperature of the cells was maintained at 

37°C during the study by using a water circulation jacket built around receptor chamber. 

Porcine skin was mounted on the receptor compartments (effective area of diffusion was 

0.64 cm2) with the stratum comeum facing the donor chamber. Donor chambers were 

then placed on the mounted skin and secured into the place using clamps. Lidocaine (1% 

w/v) solution in de-ionized water was used as the donor (0.5 mL) for the study. Anodal 

iontophoresis was performed and passive permeation studies served as the corresponding 

controls in the study. Samples (0.5 mL) were withdrawn from the receptor compartment 

at predetermined time intervals over a period of 24h and replenished with equal volume 

of fresh receptor buffer. Samples obtained were analyzed using high performance liquid 

chromatography (HPLC) assay.

Skin extraction

Skin extraction procedure was performed to determine the drug levels in skin. Skin 

samples were removed from Franz diffusion cells at the end of permeation studies. The 

skin surface was then thoroughly cleaned by dabbing it three times with Q-tips soaked in
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receptor medium. Skin was then tape stripped using 3M Transpore tapes to determine the 

amount of drug permeated in stratum comeum. The first five tape strips were extracted 

individually and remaining tape strips were extracted in the group of five. Kim wipes 

were used to dry the skin surface. After tape stripping, skin samples were minced 

manually using a pair of scissors and added to scintillation vials. PBS (IX, pH7.4) was 

used as extraction solvent and was added to minced skin. The extraction was carried out 

by shaking the vials overnight on the roller shaker (New Brunswick Scientific Co. Inc, 

NJ, USA). The samples were then centrifuged at 13400 g for 2 min at 200 rpm and the 

supernatant extract was filtered by using 0.45 pm filters (Millipore) and analyzed using 

HPLC assay.

Quantitative analysis

Lidocaine hydrochloride was quantified using HPLC by using modified assay from 

literature. HPLC analysis was performed on Perkin Elmer System (Waltham, MA) with a 

UV detector operating at 230 nm. Column used was RP-18 Phenomenex column (Luna 

5p C l8  100A, 250 mm * 4.6 mm, Phenomenex, Torrance, CA, USA). Mobile phase 

consisted of methanol: 0.1 M sodium dihydrogen phosphate (60:40%, v/v). Isocratic 

elution was performed at a flow rate of 0.6 mL/min after injecting 10 pL of sample, the 

total run time was 1 0  min and the retention time of lidocaine hydrochloride was around

6.04 min. The Lower limit of detection (LOD) was 0.05 pg and the lower limit of 

quantification (LOQ) was 0.1 pg. Standards were prepared in the range of 0.1-100 pg. 

The assay was sensitive for range of interest.
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Statistical analysis

Statistical significance was determined using one-way analysis of variance (ANOVA) 

and Dunnett test using GraphPad Prism software (Version 5.0d). All results are reported 

as mean ± SD (n = 3). Values were considered significantly different whenp  <0.5.

Results and discussion

Transdermal iontophoretic delivery of lidocaine hydrochloride is a potential alternative 

to the parenteral delivery to avoid pain and discomfort caused by the intradermal 

injection. Topical formulation of lidocaine commercially available for local anesthesia 

(e.g. EMLA cream, Astra, Sweden) has a long delay between application and anesthetic 

action (Sintov and Sitton 2006). Several formulations such as liposomes or 

microemulsions have been investigated to enhance the transdermal delivery. Polymeric 

liposomes have been shown to be effective in enhancing the transdermal delivery of 

lidocaine across the mouse skin. Bacterial cellulose membrane incorporated with 

lidocaine demonstrated lower permeation than conventional formulation through human 

epidermis (Neto et al., 2012). A combination of short-term iontophoresis and 

microemulsion formulation significantly increased the flux and resulted in accumulation 

of large skin drug depot and short lag time in delivery of lidocaine through porcine skin. 

Studies have also reported that transdermal delivery of lidocaine has a possibility to use 

for local anesthesia and pain management of the skin (Acosta et al., 2008).

Permeation studies

In this study, the influence of anodal iontophoresis on the delivery of lidocaine
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hydrochloride, into porcine full thickness skin was investigated and passive diffusion 

served as the control. Lidocaine is a small molecule and is categorized pharmacologically 

as local anesthetic and anti-arrhythmic drug. It is lipophilic in base form with a log P of 

2.6, while the hydrochloride salt of drug (used here) is hydrophilic in nature with log P < 

0 (Buchta et al., 2010). The salt form of drug was used for the study as active 

enhancement techniques like iontophoresis require the drug to be hydrophilic and in 

charged form for the delivery, also salt form of drug has the ability to provide the 

chloride ions, which is essential for the completion of electrochemical reaction at anode 

when silver/silver chloride electrodes are used for iontophoresis (Guy et al., 2004). The 

electrochemistry at anode and cathode is:

Anode : Ag + C f +  AgCl + e'

Cathode : AgCl + e' Ag + Cl'

For salt form of the drug log D (Logarithm of distribution coefficient) is used, which is 

the partition between organic and buffer phase and is determined by degree of ionization 

of molecule at a particular pH and pKa (Banga et al., 2010). Log D was calculated by Eq. 

(1) (Kah and Brown 2008).

l o g D ^ l o g P - l o g O  +10 A (pKa - pH)) (1)

The log D value of compound also determines its ability to ionize at given pH condition,
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so the effectiveness of transport by iontophoresis through electro repulsion can be 

determined. Lidocaine hydrochloride has a log D of 1.57 (Calculated from Eq. 1.) at pH

7.4 the drug has pKa of 7.9; hence, at pH of 7.4 it will be positively charged and anodal 

iontophoresis will actively transport lidocaine by electro repulsion.

A 1% (w/v) solution of lidocaine was used as the donor solution for iontophoretic 

studies. The receptor solution consists of 5 mL IX PBS, pH 7.4. Sodium chloride 

(23mM) was added to the donor solution to drive the electrochemistry of the silver-silver 

chloride electrodes. After the permeation studies, tape stripping and skin extraction 

studies were performed to quantify drug levels in the stratum comeum and the stripped 

skin, respectively.

Iontophoretic drug transport mechanism

Anodal iontophoresis was performed for one or two hours using alternating and direct 

current (Fig. 10) to determine the effect of iontophoresis on the delivery of lidocaine 

hydrochloride through porcine full thickness skin. The present study revealed that both 

the DC and AC iontophoresis enhanced the delivery of lidocaine hydrochloride through 

porcine skin. Studies have demonstrated that mechanism responsible for the transport of 

drug substance after DC iontophoresis are electro repulsion, electro-osmosis and 

increased skin permeability. It has been reported that electro repulsion and electro

osmosis are involved in transport of lidocaine after the application of AC iontophoresis at 

low frequency. Lidocaine used in study is dissociated into positively charged lidocaine 

and hydrogen ions along with negatively charged chloride ions. During electro repulsion 

the charged substance are repelled from the electrode of same polarity (Sintov and sitton
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2006). Positively charge lidocaine ions would be similarly repelled during the positive 

phase of AC iontophoresis. Transport mechanism of the substance after the application of 

electric field can be explained by following Eq. (2) (Umino et al., 2009).

J l -  Jp +  Jer +  Jeo (2)

Where Jl is the mole flux of the substance L, Jp is the passive flux, Jer represents electro 

repulsive contribution and Jeo depicts the electroosmotic flux. Therefore, both electro 

repulsion and electro-osmosis are the major mechanism responsible for the delivery of 

lidocaine hydrochloride after AC and DC iontophoresis.

Current source

Figure 10. Iontophoretic setup that was used for iontophoretic studies of lidocaine, silver

wire (represented in red) served as the anode (active electrode) and silver wire coated 

with silver chloride (represented in black) serve as cathode. The electrodes were 

connected to current source to perform anodal iontophoresis.
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Effect of continuous iontophoresis on Lidocaine delivery through porcine skin 

Continuous iontophoresis using alternating and direct current iontophoresis enhanced

the delivery of lidocaine into porcine full thickness skin as compared to passive diffusion.

The amount of drug delivered after continuous DC iontophoresis for one hour was 684.76

9 • •± 24.81 pg/sq.cm compared to 91.27 ± 18.71 pg/cm for passive delivery (Fig. 11). 

Continuous iontophoresis resulted in a steady rise of drug delivered when the current was 

applied and the highest flux was 106.59 ± 5.85 pg/cm /h at 2h for DC iontophoresis after 

which the flux decreases gradually (Fig. 12).

Effect of modulated iontophoresis on Lidocaine delivery through porcine skin 

To determine the effect of modulated iontophoresis on the delivery of lidocaine,

modulated anodal iontophoresis (0.5mA/cm ) using direct and alternating current

iontophoresis was performed for two hours (from 0-1 and 4-5 hour) on porcine full

thickness skin passive diffusion served as the control for the study.

Modulated iontophoresis enhanced the delivery of lidocaine significantly (P  < 0.05)

from 91.27 ± 18.71 pg/cm2 for passive delivery to 744.81 ± 125.41 pg/cm2 for AC

iontophoresis and 1069.87 ± 120.01 pg/cm2 for DC iontophoresis. The amount of drug

delivered by modulated alternating current iontophoresis for duration of two hours at

frequency of 1kHz was found to be comparable to the drug delivered by continuous direct

current iontophoresis for one hour as 744.81 ±125.41 pg/cm of lidocaine was delivered

after modulated AC iontophoresis compared to 684.76 ± 24.81 pg/sq.cm after one hour

of continuous DC iontophoresis at the end of 24h study, respectively (Fig. 11). Plot of
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average flux versus time (Fig. 12) shows that amount of lidocaine delivered at a 

particular time point depends on the current applied. Modulated iontophoresis (0-lh + 4- 

5h) resulted in increased flux at each time period of current application during the 

duration of study, i.e. 89.68 ± 35.78 pg/cm2/h at 2h and 64.06 ± 16.61 pg/cm2/h at 6 h for 

AC iontophoresis compared to 162.96 ± 41.58 pg/cm2/h at 2h and 248.87 ± 116.95 

pg/cm2/h at 6 h for DC iontophoresis. The study was continued till 24h to observe the 

post-iontophoretic permeation and flux decreased gradually during the time period of the 

study. The amount of drug delivered by modulated alternating current iontophoresis for 

total duration of two hours at frequency of 1kHz was found to be comparable to the drug 

delivered by continuous direct current iontophoresis for one hour. This may be due to the 

periodic polarity alteration during alternating current iontophoresis. It has also been 

reported that the driving force of the alternating current is less compared to that with 

application of direct current, due to periodic polarity alteration (Umino et al., 2009).
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Modulated Iontophoretic delivery of Lidocaine Hydrochloride
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Figure 11. Cumulative amount of lidocaine delivered through full thickness porcine ear 

skin after continuous and modulated iontophoresis (*P < 0.05 vs. Passive; mean ± SD, 

n=3).
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Transdermal flux of lidocaine hydrochloride
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Figure 12. Flux of lidocaine across full thickness pig ear skin after continuous and 

modulated iontophoresis (*P < 0.05 vs. Passive; mean ± SD, n=3).

Drug levels in skin layers following iontophoresis studies

Tape stripping was done to quantify the amount of drug delivered into the stratum 

comeum. After tape stripping the stripped skin was minced and extracted with 1 * PBS; 

pH 7.4 to quantify the drug level in stripped skin. The amount of drug delivered into the 

stratum comeum and stripped skin by anodal iontophoresis using alternating current and 

direct current iontophoresis was significantly (P < 0.05) higher compared to the passive
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diffusion as demonstrated in Fig. 13 and Fig. 14. The average total amount of drug 

delivered into stripped skin following iontophoresis was also significantly (P < 0.05) 

higher compared to the passive delivery. The drug levels delivered into stripped skin 

following iontophoresis were 39.68 ± 1.11 pg for AC iontophoresis and 41.98 ± 13.09 pg 

for DC iontophoresis for two hours, which was 5-fold higher than passive delivery (8.85 

± 2.69 pg). These results demonstrate the presence of rate limiting step, which restricts 

the movement of drug into the stripped skin. This rate-limiting step was, however, 

overcome by iontophoresis, as the application of current was able to propel higher level 

of drug into deeper skin layers as compared to passive diffusion. Quantification of 

lidocaine in the skin established that stratum comeum was the barrier to the delivery of 

this drug, as negligible amount was detected in the skin after passive delivery.
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Figure 13. Average amount of drug in stratum comeum following iontophoresis and 

passive delivery. (*p < 0.05 vs. Passive; mean ± SD, n = 3)
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Drug in stripped skin
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Figure 14. Average amount of drug in stripped skin following iontophoresis and passive 

delivery. (*p < 0.05 vs. Passive; mean ± SD, n = 3)

Conclusions

Results of the iontophoretic studies demonstrated that anodal iontophoresis enhanced 

the delivery of lidocaine hydrochloride into and across the porcine skin. Direct current 

iontophoresis enhanced the permeation of lidocaine hydrochloride by twelve-fold 

compared to passive diffusion. Direct current iontophoresis was also found to be more 

effective than alternating current iontophoresis in enhancing the delivery of lidocaine 

hydrochloride into and across the porcine skin.
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CHAPTER 5

Transbuccal delivery of Nicotine and evaluation of silicone membrane and stripped skin 

as alternative models to porcine buccal mucosa

Abstract

The objective of this study was to study the permeation of nicotine through porcine 

buccal mucosa and to evaluate silicone membrane and stripped skin as alternative models 

for buccal mucosa to simulate nicotine permeation. Histological studies were conducted 

to evaluate the effect of storage conditions on the integrity of fresh and stored buccal 

mucosa. Permeation studies were carried out in vitro on porcine buccal mucosa, stratum 

comeum-stripped skin and silicone membrane using Franz diffusion cells. Effect of pH 

on permeation profile of nicotine was also evaluated. Effect of Nicorette lozenges on pH 

of simulated saliva and surface pH of the lozenges was also measured. Permeation of 

nicotine through buccal mucosa at pH 5.8 was found to be 6.37 ± 5.94 pg/sq.cm 

compared to the 152.51 ± 39.20 and 191.23 ± 56.28 at pH 7.4 and 8.0 respectively. 

Results, demonstrates that ionization of nicotine occurs at pH 5.8, leading to less 

permeation of nicotine compared to pH 7.4 and 8.0. Nicorette® lozenges also changed the 

pH of simulated saliva from 6.30 to 7.01 within 5 min, which illustrates that lozenges 

alter the salivary pH, so that greater amount of nicotine is available for permeation 

through buccal mucosa. Our results also showed that silicone membrane and stripped 

skin could be used as alternative model for porcine buccal mucosa to simulate nicotine 

permeation, as cumulative amount of nicotine permeated through them was found to be 

comparable to amount that permeated through buccal mucosa. This study demonstrates
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the alternative models, which can be used for porcine buccal mucosa to simulate nicotine 

permeation and the effect of storage conditions on the integrity of buccal mucosa was 

also evaluated.

We also developed an in vitro model to evaluate the real time release, permeation and 

pH profile of nicotine lozenges through silicone membrane. Our results demonstrate that 

about 94.3 ± 4.63% of the nicotine content in 2 mg of Nicorette® lozenge was released 

during the 6 h time period of the study, while about 72.32 ± 10.71 pg/sq.cm of nicotine 

was permeated through silicone membrane during the study. Our model was also able to 

successfully differentiate between the fast and slow releasing samples of nicotine 

lozenges.

Introduction

Nicotine is a diacidic base with pKa values of 3.26 and 7.90 and is used as aid in 

smoking cessation (Young J.A 1996). The oral bioavailability of nicotine is less than 

2 0 % as nicotine undergoes substantial first pass metabolism so, it is widely administered 

through buccal and transdermal route (Ikinci et al., 2004 and Nielsen et al., 2002).

Variation of salivary pH has been found to significantly affect the plasma level of 

nicotine. The permeation of nicotine across buccal mucosa occurs by passive diffusion 

and follows pH-partition hypothesis (Pongjanyakul et al., 2013; Chen et al., 1999). 

Nicotine is mainly monoprotonated in saliva because of the salivary pH ranging from 6.4- 

6 .8 . Transcellular route is the major pathway for the delivery of nicotine in unionized 

form, while the ionized form (mono and di-protonated molecules) permeates mainly 

through paracellular pathway (Nair et al., 1997; Chen et al., 1999).
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Drug delivery through buccal mucosa has several advantages as it has direct access to 

systemic circulation through internal jugular vein, which bypass first pass metabolism. 

The other advantages include easy accessibility, painless administration and easy drug 

withdrawal (Yajaman et al., 2006). Structure and composition of porcine buccal mucosa 

is similar to human buccal mucosa, permeation across porcine buccal mucosa is 

commonly done to simulate human buccal absorption (Wertz et al., 1991 and Jasti et al., 

2009). However, with all the advantages there are certain limitations and problems 

associated with buccal drug delivery. A high variation has been observed in the 

permeation studies performed across buccal mucosa. The coefficient of variation in 

permeation studies using biological membranes has been found to between 20-50%. This 

relative large variability observed in buccal permeation experiments is mainly due to the 

“biological variation” in the living animals and use of varying experimental condition in 

the permeation studies. The major cause of variability in permeation studies across buccal 

mucosa is the use of different mucosal regions in the study (Bodde et al., 1996 and Buri 

et al., 2 0 0 2 ).

Due to the high variability associated with the permeation studies on buccal mucosa 

and limited availability of fresh porcine buccal mucosa, there is a need for a surrogate 

membrane, which can be used as alternative for porcine buccal mucosa. Silicone 

membrane has been used as the surrogate membrane for the permeation of drug 

molecules (Cronin et al., 1998). Silicone membrane also have been used to model human 

skin barrier properties, as they are readily available, more economic and they are less 

variable than skin (Bunge et al., 2007). Silicone membranes are composed of silicone
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elastomer and studies have reported that they have lipid-like properties, and are 

commonly used as surrogate membrane for skin (Sloan K.B and Prybylski J., 2013).

The purpose of the present study is to evaluate the permeation of nicotine through 

buccal mucosa and to determine the effect of pH on nicotine permeation and compare the 

pH-permeation properties of nicotine to two model membranes, stripped porcine skin and 

silicone membrane. Due to pH dependent permeation of nicotine, the release rate from 

the formulation is also important factor when the permeation is not the rate-limiting step. 

Thus, we used the in vitro model to evaluate the real time release, permeation and pH 

profile of nicotine lozenges. As the primary barrier for drug delivery through the skin is 

stratum comeum (Banga et al., 2011), the stratum comeum-stripped skin was obtained by 

applying adhesive 3M-transpore tape (St. Paul, MN, USA) to porcine skin with uniform 

pressure and then the tape was removed, this process was repeated 20 times. Histological 

studies were also performed to evaluate the integrity of fresh and stored buccal mucosa. 

To the best of our knowledge this is the first study reporting the use of silicone membrane 

and stratum comeum-stripped skin as the alternative membrane to simulate the 

permeation of nicotine through porcine buccal mucosa. The second aim of this study was 

to determine the effect of storage conditions on the integrity of porcine buccal mucosa by 

performing histological studies and the effect of Nicorette® lozenges on the pH of 

simulated saliva were also evaluated.

Materials

Nicotine hydrogen tartrate, sodium chloride (NaCl), calcium chloride (CacL), 

monobasic potassium phosphate (KH2PO4), dipotassium hydrogen phosphate (K2HPO4) 

was purchased from Sigma-Aldrich (St. Louis, MO). All HPLC solvents used were of
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analytical grade and were purchased from Fisher-Scientific. Porcine buccal mucosa and 

ear skin were obtained from Oak valley slaughter house (Toccoa, GA). Silicone 

membrane (3” x 3”; 0.005 M/M) was obtained from SMI Medical device manufacturer, 

Midland Road (Saginaw, MI, USA). Nicorette® 2 mg mini (Nicotine polacrilex Lozenges; 

GSK Consumer Healthcare) was purchased from a local pharmacy store (Atlanta, GA).

Methods

Preparation of buffer solutions and simulated saliva

Phosphate buffer 0.1 M at pH 5.8, 7.4 and 8.0 was prepared by using 1 M monobasic

potassium phosphate (KH2PO4) and 1 M dipotassium hydrogen phosphate (K2HPO4).

Simulated saliva was prepared according to the method described by Thopmson et al.,

2003, briefly monobasic potassium phosphate (KH2PO4; 12mM), sodium chloride (NaCl;

40 mM), calcium chloride (CaCL) was dissolved in 100 mL of deionized water and pH

was adjusted to 6.3 using 0.1 N NaOH.

Preparation of porcine buccal tissue

Porcine buccal mucosa (BM) samples were harvested from pig cheeks obtained from

freshly sacrificed pigs. Samples of buccal mucosa (cheek region) were transferred to the

laboratory within 2h while maintaining a temperature of 4°C in phosphate buffer saline

(PBS; pH 7.4) to maintain the cell viability. Studies have reported that viability of

excised buccal mucosa was maintained up to about 8 h post-mortem, when the isolated

cheeks were immediately stored in phosphate buffer saline (pH 7.4) at room temperature

(Cullander C. and Imbert D., 1999). Buccal mucosa was surgically removed from pig

cheek by using scalpel blade and surgical scissors to remove the underlying connective
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tissue. The buccal tissues were then placed in phosphate buffer at pH 5.8, 7.4 and 8.0 for 

equilibration prior to the permeation study. Buccal tissues were also stored in 1 x PBS at 

4°C and dry, wrapped in aluminum at-20°C for 48h for histological studies.

Effect of pH on Franz cell permeation studies of nicotine hydrogen tartrate across porcine 

buccal mucosa

The Franz cells were cleaned and their receptor compartments were equilibrated with 

phosphate buffer saline, pH 7.4 prior to the permeation study. Buccal tissues equilibrated 

in phosphate buffer were mounted on Franz diffusion cells. After mounting the buccal 

mucosa the donor compartment was placed on mucosal surface and the Franz cell 

assembly was hold together with the help of clamps. The effective area of diffusion was 

0.64 cm . The donor compartment was filled with 500 pL of 1% (w/v) solution of 

nicotine hydrogen tartrate in phosphate buffer 0.1 M at pH 5.8, 7.4 and 8.0. Receptor 

compartment of Franz cell was filled with phosphate buffer saline, pH 7.4 and was 

maintained at 37°C using thermostatic water pump. Receptor samples (0.5 mL) were 

taken at time interval of 0.5, 1, 2, 3, and 4h and replenished at each time point with equal 

volume of fresh buffer solution. The permeation studies were carried out with n > 3. The 

samples obtained were analyzed by HPLC assay.

Histology of tissues

Histological studies were performed to evaluate the integrity of freshly excised and 

stored porcine buccal mucosa using standard H&E methodology (Jasti et al., 2009). 

Buccal mucosa was stored in 1 x PBS at 4°C and dry, wrapped in aluminum at -20°C for 

48h. Buccal mucosa samples were sectioned carefully. Briefly, a small piece of mucosal 

tissue was cut out from the buccal mucosa and embedded in OCT (Optimal Cutting
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Temperature) medium. The cryo-sectioning of frozen tissue was done using a cryo 

microtome to obtain vertical sections (12 pm) using AO Histo STAT Microtome 

(Buffalo, NY). These sections were then stained with hematoxylin and eosin (H&E) and 

images were observed using a microscope (Leica DM750). The images were processed 

using LSV Software, (Leica microsystems, Buffalo Grove, IL, USA).

Tape stripped skin as alternative membrane for porcine buccal mucosa

Porcine ear skin was tape stripped 20 times to obtain stratum comeum stripped skin.

The stripped skin (SS) was then used for permeation studies as a alternative membrane

for porcine buccal mucosa. Stripped skin and buccal tissues equilibrated in phosphate

buffer were then mounted on Franz diffusion cells. The donor compartment was filled

with 500 pL of 1% (w/v) solution of nicotine hydrogen tartrate in phosphate buffer 0.1 M

at pH 5.8 and 8.0. Receptor compartment of Franz cell was filled with phosphate buffer

saline, pH 7.4. Receptor samples (0.5 mL) were taken at time interval of 0.5, 1, 2, 3, and

4h and replenished with equal volume of fresh buffer solution. The permeation studies

were carried out with n > 3. The samples obtained were analyzed by HPLC assay.

Silicone membrane as alternative membrane for porcine buccal mucosa

Silicone membrane (3” x 3”; 0.005 M/M) obtained from SMI Medical device

manufacturer, Midland Road (Saginaw, MI, USA) was also used for the permeation

studies as a alternative membrane for porcine buccal mucosa. The silicone membrane

was cut into the pieces of size 3 x 3 cm and was equilibrated with 0.1 M phosphate buffer

at pH 5.8, 7.4, 8.0 & 9.0, prior to the permeation studies. Silicone membranes were then

mounted on Franz diffusion cells. The donor compartment was filled with 500 pL of 1%
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(w/v) solution of nicotine hydrogen tartrate in phosphate buffer 0.1 M at pH 5.8, 7.4 and

8.0. Receptor compartment was filled with the phosphate buffer saline, pH 7.4. Receptor 

samples (0.5 mL) were taken at time interval of 0 .5 ,1 ,2 , 3, and 4h and replenished with 

equal volume of fresh buffer solution. The permeation studies were carried out with n >

3. The samples obtained were analyzed by HPLC assay.

Evaluation of pH of Nicorette® lozenges (Nicotine polacrilex 2 mg) in simulated 

saliva
A pH profile study of Nicorette® (Nicotine polacrilex, 2 mg) lozenges in simulated 

saliva was performed. Nicorette® lozenges were taken into the scintillation vial 

containing 3.4 mL and 1.0 mL of simulated saliva. Lozenges were stirred at 250 rpm in 

simulated saliva using a magnetic stirrer. The pH was measured using a pH meter 

(Denver Instrument, pH meter; Bohemia, NY, USA). The pH meter was calibrated before 

the measurement using standard buffer solution of pH 2.0, 4.0, 7.0 and 10.0. The pH was 

measured at time interval of 5,15, 30, 45, 60 and 90 min.

Surface pH of Nicorette® lozenge was also observed using colorpHast indicator sticks 

(pH range 5.0-10.0) at the same time interval.

Real time release, permeation and pH studies of Nicorette® lozenges (Nicotine polacrilex, 

2  mg) in simulated saliva in side-by-side diffusion cell

Real time release, permeation and pH profile study of Nicorette® lozenges was

performed in side-by-side diffusion cell. Nicorette lozenges® intact was placed in donor

compartment of side-by-side cell in 3.4 mL of simulated saliva. Samples were collected

from both the donor and receptor cells. Samples collected from donor cells were

quantified to evaluate the real time release of Nicorette® lozenges, while the sample
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collected from receptor cell were quantified to evaluate the real time permeation of 

nicotine from Nicorette® lozenges through silicone membrane as depicted in Fig. 21.

The pH was monitored throughout the study during the release of nicotine from 

Nicorette® lozenges by placing the pH meter electrode in the sampling port of the cell. 

Samples (0.5 mL) were withdrawn and the pH was also monitored at the time interval of 

15, 30,60,90,120, 150,180, 210, 240, 270,300, 330 and 360 min and replenished with 

equal volume of simulated saliva. Release studies were carried out with n = 6  and the 

samples obtained were analyzed using HPLC assay. Release profile samples were diluted 

10* with simulated saliva before quantification by HPLC. Dilution factor was taken into 

consideration while calculating the percentage of nicotine released from the lozenges.

Real time release, permeation and pH studies of experimental nicotine Lozenges samples 

through silicone membrane

The real time release, permeation and pH profile studies of sample A (Fast), sample B

(High Buffer), sample C (Slow), sample D (Target buffer) and commercial formulation 

Nyquitin® lozenges were evaluated in side-by-side diffusion cell. Nicotine lozenges were 

split into two halves using tablet splitter placed in 3.4 mL of simulated saliva.

Silicone membrane (3” x 3”; 0.005 M/M) was placed in between the two compartments 

of side-by- side cells to evaluate the permeation of nicotine from the lozenges, which was 

placed in donor compartment of side-by-side, cell in 3.4 mL of simulated saliva. The 

silicone membrane was cut into the pieces of size 3 x 3  cm and was equilibrated with 

simulated saliva for 30 min prior to the permeation studies. The pH was also monitored 

throughout the study. Samples (0.5 mL) both from the donor and receptor cells were
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withdrawn at the regular time interval and replenished with equal volume of simulated 

saliva. The samples obtained were analyzed using HPLC assay.

HPLC analysis

The quantification of nicotine was done using high performance liquid 

chromatography. Alliance system 2795 HT (Waters Corp, Milford, MA, USA) was used 

with a photodiode array detector (Waters 2998) operating at 261 nm. The column used 

was Xterra RP-C18, 50 x 4.6 mm. Gradient elution was carried out at a flow rate of 1 

mL/ minute using sodium perchlorate buffer: acetonitrile (85:15 %v/v) as the mobile 

phase. The column temperature was maintained at 30°C. Injection volume used was 20 

pL. The total run time was 8  minutes and the retention time of nicotine was 3.01 minutes. 

The limit of detection was 0.250 pg/mL and the limit of quantification was 0.500 pg/mL. 

The range of the standards was 0.5-100 pg/mL. The assay was sensitive in the range 

tested.

Results and Discussion

Nicotine hydrogen tartrate is highly soluble in water and has the pKa values of 

nicotine are 3.26 and 7.90, which cause different charged species of nicotine at a 

particular pH (Pongjanyakul et al., 2009). The structure and amount of nicotine, which is 

protonated at pH 5.8, 7.4 and 8.0, are shown in Table 3. Nicotine is mainly 

monoprotonated at the pH of saliva (pH 6.4-6.8 ) therefore; pH plays an important role in 

the permeability studies of nicotine. Delivery of nicotine through buccal mucosa is 

important as it is subjected to low oral bioavailability after oral administration due to 

substantial first pass metabolism by the liver resulting in the bioavailability less than 2 0
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% (Pongjanyakul et al., 2011 and Munday et al., 2002). The permeability of nicotine 

through buccal mucosa is also faster than across the skin (Nair et al., 1997). The 

structure, composition and permeability of porcine buccal mucosa are similar to that of 

human, so in vitro permeation of drug across porcine buccal mucosa can be done to 

estimate the drug permeation across human buccal mucosa (Speight et al., 1989). 

However, due to the large variability in drug permeation across porcine buccal mucosa 

and the limited availability of fresh porcine buccal tissue apart being labor-intensive there 

is a need for surrogate model for estimation of drug permeation across porcine buccal 

mucosa.

Effect of pH on nicotine permeation through buccal mucosa

The amount of nicotine species that was protonated as a function of pH (neutral, 

mono-protonated and di-protonated) was calculated by using the Henderson -  Hasselbach 

equation as depicted in Table 3.
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Table 3. Molecular structure of un-ionized and protonated nicotine

n ^ c h 3 uuj

N

Xf I JN
+H — I JN

H+ H H

pKa = 3.26 pKa = 7.90

Relative % of un-ionized and protonated nicotine at respective pH

pH Diprotonated Neutral Monoprotonated

5.8 0 .6 0.4 99.0

7.4 0 24.2 75.8

8 .0 0 61.5 38.5

Calculated using the Henderson-Hasselbalch equation

The permeation profile of nicotine through porcine buccal mucosa at pH 5.8, 7.4 and 8.0 

is illustrated in Fig. 15. Permeation of nicotine at pH 5.8 was found to be 6.37 ± 5.94 

pg/sq.cm compared to the 152.51 ± 39.20 and 191.23 ± 56.28 pg/sq.cm at pH 7.4 and 8.0 

respectively. The permeation of nicotine at pH 5.8 was less compared to the pH 7.4 and

8.0, as only 0.4% of the nicotine is in un-ionized form at pH 5.8 compared to 24.2% and 

61.5% at pH 7.4 and 8.0. Studies have reported that the permeability of unionized 

nicotine is approximately 1 0  times higher than ionized (mono-protonated nicotine 

species). It is also reported that the un-ionized form of nicotine had the highest 

permeability compared to ionized species (Chen et al., 1999; Jacobsen et al., 2006). This 

suggest that pH in the delivery system or in the buccal mucosa should be high, as at the
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higher pH more amount of unionized nicotine is available leading to higher permeation of 

nicotine. Optimization of pH is essential for the permeation study of nicotine. 

Furthermore, Chen et al., (1999) have reported that the permeation of nicotine through 

porcine buccal mucosa occurred by the means of passive diffusion. The diffusion of 

unionized nicotine has found to be 10 folds greater than mono-protonated nicotine and 29 

folds greater than di-protonated nicotine (Chen et al., 1999). Our results are in agreement 

with these studies as we observed a 25 folds increase in permeation of nicotine through 

buccal mucosa at pH 7.4 and 32 folds at pH 8.0 as 152.51 ± 39.20 and 191.23 ± 56.28 

pg/sq.cm of nicotine was permeated at pH 7.4 and 8.0 compared to be 6.37 ± 5.94 

pg/sq.cm at pH 5.8. So it is important to maintain the optimum pH during the permeation 

study, so that more unionized form of nicotine is available for passive diffusion.
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Effect of pH on permeation of nicotine
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Figure. 15. Effect of pH on nicotine bitartrate permeation through buccal mucosa 

(n = 6 , mean ± SD)

Histological study

Histological studies were performed to evaluate the integrity of fresh and stored buccal 

tissue. Effect of storage conditions on the integrity of buccal tissue was also evaluated. 

Light micrographs (10x; Fig. 16) show morphology of fresh and stored buccal tissues. 

Buccal mucosa comprises of a stratified-squamous non-keratinized epithelium, which is 

supported by a loose connective tissue layer (Fig. 16A), which contains the 

microcirculation (lamina propia). The structural integrity of the buccal tissue was
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preserved post-freezing, although some of the cells demonstrated signs of vacuolization 

and increased desquamation of the superficial layers (Fig. 16B). However, a significant 

damage in the superficial layer of stratified squamous epithelium was observed as 

depicted in Fig. 16C when the buccal tissue was stored in 1 x PBS at 4°C for 48h. 

Furthermore, it is also recommended to use fresh buccal mucosa for the in vitro 

permeation studies; so there is a need for model surrogate membrane to simulate the 

nicotine delivery through buccal mucosa.
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Figure. 16. Light micrographs of a. Fresh (unstored) buccal mucosa b. frozen (dry, 

wrapped in aluminum at -20°C) buccal mucosa C. stored (lx  PBS at 4°C) buccal mucosa; 

Key E: stratified-squamous epithelium, B: basal Lamina, CT: connective tissue.
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Stripped skin as alternative model for porcine buccal mucosa

Stratum comeum-stripped skin obtained after tape stripping was used for the permeation 

studies of nicotine, as the alternate model for porcine buccal mucosa. Skin structure 

consists of two layers epidermis and dermis. Outer layer of the epidermis is stratum 

comeum, which is keratinized. The two main components of oral mucosa are: oral 

epithelium and lamina propia. Tape stripping was done to obtain stratum comeum- 

stripped skin. Stripped skin and buccal mucosa were used for the permeation studies of 

nicotine. The average cumulative amount of nicotine permeated through buccal mucosa 

and stripped skin at pH 8.0 was found to be 197.69 ± 75.89 and 152.71 ± 99.13 pg/sq.cm 

respectively, while the average cumulative amount of nicotine permeated through buccal 

mucosa and stripped skin at pH 5.8 was 15.22 ± 10.06 and 53.22 ± 15.59 pg/sq.cm 

respectively. The results of permeation studies are illustrated in Fig. 17. The results 

obtained are in agreement with the previous studies that by increasing the pH of donor 

solution lead to increase in alkalinity of solution, which results in large fraction of un

ionized form of nicotine as a result of that greater amount of total nicotine molecules is 

able to permeate through lipophilic biological layers like mucosa and skin. While at 

lower pH of donor solution, the solution becomes acidic which leads to more ionized 

form of nicotine leading to lower nicotine permeation (Chien et al., 1997). The 

cumulative amount of nicotine permeated through buccal mucosa and stripped skin at pH

8 .0  was found to be comparable but high permeation of nicotine was observed through 

stripped skin at pH 5.8 compare to buccal mucosa. This may be due to the fact that 

removal of stratum comeum leads to disruption in barrier properties of skin; as a result 

more ionized form of nicotine can also permeate through skin.
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Stripped skin as surrogate membrane
for nicotine permeation
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Figure. 17. Permeation of nicotine bitartrate through buccal mucosa and stripped skin 

(n = 3, mean ± SD)
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Silicone membrane as alternative model for porcine buccal mucosa

Silicone membrane (SM) was also used for the permeation studies of nicotine bitartrate at 

pH 5.8, 7.4 and 8.0 using Franz diffusion cells as described. The cumulative amount of 

nicotine permeated through SM at pH 8.0 was found to be 186.52 ± 29.55 pg/sq.cm 

compared to 113.92 ± 25.49 pg/sq.cm respectively at pH 7.4. At pH 5.8 no permeation of 

nicotine was observed (Fig. 18). These results indicated that the permeation of nicotine 

increase with increase in amount of un-ionized form of nicotine at higher pH. Silicone 

membrane has already been used as the alternative membrane for the human skin 

(Sugibayashi et al., 2010, Benson et al., 2010) and barrier/membrane to model skin lipids 

(Test et al., 2002). Due to the limited availability of porcine or human buccal mucosa and 

the ethical issues associated with the use of animals or animal tissues in the 

pharmaceutical and cosmetic research, silicone membrane was used as the alternative 

model for the permeation studies of nicotine through porcine buccal mucosa. The results 

obtained from permeation studies through silicone membrane were also found to be less 

variable compare to the buccal mucosa and were also comparable to that obtained from 

buccal mucosa as demonstrated in Fig. 19. Our results show that silicone membrane can 

be a potentially useful alternative for permeation studies through buccal mucosa
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Effect of pH nicotine permeation
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Figure. 18. Effect of pH on permeation of nicotine bitartrate through silicone membrane 

(n = 6 , mean ± SD)

89



T>0

1
1
i - s  t
°  i «
w»c S"
2  "Sd P °  a
< i  w

I
CO

Silicone membrane as surrogate 
membrane for nicotine permeation

300

250

200

150

100

50

0

0.5 2 3 4

■ ••B M  pH 5.8 

— SM pH 5.8 

•^■BM  pH 7.4 

♦  SM pH 7.4 

•"•■BM pH 8.0 

-* -S M  pH 8.0

Time (hr)

Figure. 19. Permeation of nicotine bitartrate through buccal mucosa and silicone 

membrane (n = 6 , mean ± SD).

pH profile of Nicorette® lozenges in simulated saliva

The pH profile study of Nicorette® lozenges was performed in simulated saliva to 

demonstrate the effect of the lozenges on salivary pH. The lozenges were kept in 1 and

3.4 mL of simulated saliva. Nicorette® lozenges changed the pH of simulated saliva from
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6.30 to 8.01 within 30 min when kept in 1 mL and in 45 min while it was placed in 3.4 

mL of saliva (Fig. 20). The rationale behind selecting the volume of simulated saliva as 

lmL, as this is the minimum volume, required to measure the pH using the electrode.

The surface pH of the Nicorette® lozenges was also measured by using colorpHast 

indicator sticks. Simulated saliva (500 pL) was put on the lozenges and then the 

colorpHast indicator stick was kept on lozenges to determine the pH. The pH profile 

study was performed as nicotine gets ionized mainly into monoprotonated and 

diprotonated forms at pH below 6.0 (Nielsen et al., 2002). Our in vitro results 

demonstrated that the Nicorette® lozenge changes the pH of simulated saliva from 6.30 to

7.01 within 5 min, so that potentially greater amount of un-ionized form of nicotine is 

available for absorption into blood stream through buccal mucosa.
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Figure. 20. pH profile of Nicorette® (Nicotine polacrilex lozenges 2 mg) in simulated 

saliva & Surface pH of Nicorette® lozenges
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Figure. 21. Experimental setup to monitor the real time release, permeation and pH 

profile of nicotine lozenges
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In vitro real time release, permeation and pH studies of Nicorette® lozenges

The real time release, permeation and pH studies of Nicorette® lozenges 2 mg intact 

was carried out in side-by-side diffusion cell in 3.4 mL of simulated saliva through 

silicone membrane. Silicone membrane (3” x 3”; 0.005 M/M) was placed in between the 

two compartments of side-by- side cells and the release and the permeation of nicotine 

was observed simultaneously. The pH was also monitored during the time-period of the 

study. Average cumulative amount of nicotine release from the Nicorette® lozenges 

simultaneously along with the permeation was accounted as 94.3 ± 4.63% of the nicotine 

content in 2 mg of Nicorette® lozenges during the 6h time period of the release and 

permeation study as depicted in Fig. 22. The average cumulative amount of nicotine, 

which permeated through silicone membrane during the real time release, was found to 

be 72.32 ± 10.71 pg/sq.cm. The study demonstrates that nicotine was released completely 

form the Nicorette® lozenges 2 mg within the 6h time period of the study. Hence, an in 

vitro model was successfully developed to evaluate the real time release permeation and 

pH of nicotine lozenges.
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Real time release and permeation of nicotine bitartrate
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Figure. 22. Average cumulative percentage of nicotine release and permeated through 

silicone membrane in real time from intact Nicorette ® lozenges 2 mg (n = 6, mean ± SD)
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Real time release, permeation and pH studies of experimental nicotine lozenges samples 

through silicone membrane

The in vitro release, permeation and pH profile study of experimental nicotine lozenges 

samples was carried out real time in side-by-side Franz diffusion cell in 3.4 mL simulated 

saliva. The mean cumulative amount of nicotine release and permeated from nicotine 

lozenges is depicted in Fig. 23 and Fig. 24. Results demonstrate that about 89.21 ± 6.02% 

of nicotine was released from sample A (Fast) compared to 73 ± 14.09% from sample C 

(Slow) and 87.93 ± 1.33% from commercial formulation Nyquitin®' The cumulative 

amount of nicotine release from sample B (High Buffer) and sample D (Target buffer) 

was found to be 73.2 ± 7.96% and 66.34 ± 10.06%, respectively.

These results depicts that the in vitro model developed was successfully able to 

differentiate between the release profiles of various samples of nicotine lozenges 

samples. The pH profile during the release of nicotine from the lozenges was also 

monitored to monitor the effect of the nicotine lozenges on pH of simulated saliva. The 

nicotine lozenges change the pH of simulated saliva from 6.30 to 7.40 approximately, 

during the 6h time period of the study. Studies have reported that the nicotine products 

(moist snuff) when used cause a change in the pH of saliva and the production of saliva is 

stimulated. The change in pH of saliva affects the portion of total nicotine present in un

ionized form, as nicotine is absorbed more rapidly from the products which produce high 

proportion of nicotine free base (Ciolino et al., 2001). Our results are in agreement with 

these studies, as nicotine lozenges samples placed in contact with simulated saliva 

changed the pH of simulated saliva, so that more amount of total nicotine is available in 

the un-ionized form.
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lozenges (n = 4, mean ± SD)
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Figure. 24. Average cumulative amount of nicotine permeated through silicone 

membrane in real time from nicotine lozenges (n = 4, mean ± SD)
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Conclusions

This study showed that pH plays an important role in the permeation of nicotine 

through buccal mucosa due to greater ionization of nicotine at pH below 6.0 resulting in 

poor permeation of nicotine through buccal mucosa and alternative membranes like 

stratum comeum-stripped skin and silicone membrane. Permeation studies also show that 

alternative membranes such as silicone membrane and stripped skin could be used to 

understand nicotine delivery through porcine buccal mucosa. Nicorette® lozenges 

maintain the pH of saliva greater than 7.0, so greater absorption of nicotine can occur 

through buccal mucosa. Histological Study also depicted that no significant changes in 

the integrity of buccal tissue was observed when stored at -20°C compared to the fresh 

buccal mucosa. However, significant damage was observed when the tissue was stored in 

1 x PBS at 4°C for 48h. Results demonstrates that there is a need for model surrogate 

membrane to simulate the drug delivery through buccal mucosa and our results depicted 

that silicone membrane and stripped skin can be used as surrogate membrane to simulate 

the nicotine delivery through porcine buccal mucosa.

An in vitro model was successfully developed to evaluate the real time release, 

permeation and pH of nicotine lozenges through silicone membrane. The model 

developed was successfully able to differentiate between the fast and slow releasing 

experimental nicotine lozenges.

98



CHAPTER 6

SUMMARY

In recent years, transfollicular pathway has been found to be important for percutaneous 

absorption of topically applied drugs. Hair follicles also have great potential for delivery 

of drug into viable skin layers and in particular rmicroparticulate systems have been used 

for follicular drug delivery. One of the objectives of this study was to evaluate the 

transfollicular delivery of adapalene microemulsion. Adapalene loaded microemulsions 

were formulated and characterized using dynamic light scattering, transmission electron 

microscopy, polarized light microscopy and differential scanning calorimetry.

Differential tape stripping and confocal laser scanning microscopy was performed to 

evaluate the penetration of adapalene microemulsion through hair follicles. Differential 

scanning calorimetry study demonstrated that phase transition of microemulsion occur 

from water in oil to bi-continuous microemulsion, with increase in water content of 

microemulsions. Differential tape stripping and confocal microscopy show that adapalene 

microemulsion penetrated into the hair follicles. Results demonstrated that 

microemulsions are efficient vehicle for delivery of adapalene through hair follicles.

Iontophoresis is a widely used technique for the delivery of neutral and charged drug 

molecules into and across the skin by using small amount of physiological current. Direct 

current iontophoresis is the most commonly used form of the transdermal iontophoretic 

drug delivery. However, direct current iontophoresis has some adverse effects including 

potential electrical bum as a result of electrode polarization during electrolysis. A 

decrease in transport efficiency is also observed in direct current iontophoresis with
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increasing duration of the current application. The decreased transport efficiency is due to 

the voltage drop in the solution, which results from the formation of electric double layer 

on the surface of electrode known as electrode polarization. To overcome these issues, 

alternating current iontophoresis has also been employed in iontophoretic delivery as 

alternating current iontophoresis can eliminate electrochemical bums and reduce the skin 

irritation, which occurs during the long application time of direct current iontophoresis. 

The objective of the study was to enhance the transdermal delivery of lidocaine 

hydrochloride through iontophoresis and to compare the effects of alternative and direct 

current iontophoresis on the permeation of lidocaine hydrochloride into and across the 

porcine full thickness skin.

Anodal iontophoresis was performed using porcine ear full thickness skin. A 

continuous direct current iontophoresis at current density of 0.5mA/cm2 and alternating 

current iontophoresis at a frequency of 1 kHz and current density of 0.5mA/cm was 

applied. To determine the effect of duration of current on permeation of lidocaine, 

modulated iontophoresis using direct current and alternating current was applied for one

thand two hours (from 0-1 h and 4-5 h) on porcine skin.

Results of the iontophoretic studies suggest that direct current iontophoresis was more 

effective than alternating current in enhancing the delivery of lidocaine hydrochloride 

both into and across the porcine skin compare to the passive diffusion. The amount of 

drug delivered by alternating current iontophoresis for duration of two hours at frequency 

of 1 kHz was found to be comparable to the drug delivered by direct current iontophoresis 

for one hour; this may be due to the periodic polarity alteration during alternating current.
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Oral route is still considered as preferred route for drug delivery. Drug delivery 

through buccal mucosa has several advantages as it has direct access to systemic 

circulation through internal jugular vein, which bypass first pass metabolism. The other 

advantages includes easy accessibility and easy drug withdrawal. Structure and 

composition of porcine buccal mucosa is similar to human buccal mucosa, permeation 

across porcine buccal mucosa is commonly done to simulate human buccal absorption. 

Therefore porcine buccal mucosa is a good model to explore buccal delivery and in vitro 

permeation study using porcine buccal mucosa can be set up using several diffusion cells. 

However, there are also certain limitations associated with buccal drug delivery. A high 

variation has been observed in the permeation studies performed across buccal mucosa. 

This relative large variability observed in buccal permeation experiments is mainly due to 

the “biological variation” in the living animals.

Due to the high variability associated with the permeation studies on buccal mucosa 

and limited availability of fresh porcine buccal mucosa, there is a need for a model 

surrogate membrane, which can be used as alternative for porcine buccal mucosa.

Silicone membrane has been used as the surrogate membrane for the permeation of drug 

molecules. Silicone membrane also have been used to model human skin barrier 

properties, as they are readily available, more economic and they are less variable than 

skin. The purpose of the present study is to evaluate the permeation of nicotine through 

buccal mucosa as oral bioavailability of nicotine is less than 20% as nicotine undergoes 

substantial first pass metabolism. The alternative membranes like silicone membrane and 

stratum comeum-stripped skin were also used to simulate the permeation of nicotine 

through buccal mucosa.
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Permeation studies were performed on porcine buccal mucosa, stratum comeum- 

stripped skin and silicone membrane using Franz diffusion cells. Effect of pH on 

permeation profile of nicotine was also evaluated; effect of Nicorette lozenges on pH of 

simulated saliva and surface pH of the lozenges was also measured. Results, 

demonstrates that ionization of nicotine occurs at pH 5.8 leading to less permeation of 

nicotine compared to pH 7.4 and 8.0. Our results also showed that silicone membrane and 

stripped skin could be used as alternative membrane for porcine buccal mucosa to 

understand nicotine permeation, as cumulative amount of nicotine permeated through 

them was found to be comparable to amount that permeated through buccal mucosa.

We also developed an in vitro model to evaluate the real time release, permeation and 

pH of experimental nicotine lozenges through silicone membrane using side-by-side 

diffusion cell. Our in vitro model was also able to successfully differentiate between fast 

and slow releasing experimental nicotine lozenges.
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