
ENABLING TECHNOLOGIES FOR THE SKIN TRANSPORT OF A -13 kDa 
PROTEIN 

by 

SAHITYA KATIKANENI 

B. Pharm, G. Pulla Reddy College of Pharmacy, Osmania 

University (India), 2004 

A Dissertation Submitted to the Graduate Faculty of Mercer 

University, College of Pharmacy and Health Sciences in 

Partial Fulfillment of the Requirements for the Degree 

DOCTOR OF PHILOSOPHY 

Atlanta, GA 

January 2 010 



UMI Number: 3405951 

All rights reserved 

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

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

a note will indicate the deletion. 

UMT 
Dissertation Publishing 

UMI 3405951 
Copyright 2010 by ProQuest LLC. 

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

ProQuest LLC 
789 East Eisenhower Parkway 

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



DEDICATION 

To my Parents, Mr. Ravinder Rao Katikaneni & Mrs. Praveena Katikaneni; my 

cousins, Mr. Vishnu Katikaneni & Mrs. Harita Katikaneni; my sister, Varshita 

Katikaneni; my kid brother, Ishaan Katikaneni and my husband Mr. Naveen 

Bejugam 



ACKNOWLEDGEMENTS 

I would first like to thank my parents Ravinder Rao 

Katikaneni and Praveena Katikaneni for all their efforts in 

making me capable to achieve all that I wanted. I have 

grown up seeing my parents work hard to make sure me and my 

sister have a very comfortable life. They have always 

emphasized since my childhood that education is very 

important. They put all their time and work into educating 

us by giving us the opportunity to attend some of the best 

schools in town. 

My father has always been a great source of 

inspiration and I look up to him for everything. He has 

been a major driving force in whatever I have achieved so 

far. He is a very simple person and has always taught me to 

be kind to everyone. My mother has been very proactive in 

my educational matters and has been always there to support 

me in all my decisions. She took care of every small need 

of mine with utmost care and dedication. My younger sister 

iv 



Varshita Katikaneni has always been encouraging. Even 

though she is younger to me she always handled everything 

with great maturity. She has always been very independent 

and I really admire this quality in her. She always took 

good care of my parents since I was away from home for my 

higher studies. 

I would also like to thank my cousins Vishnu 

Katikaneni and Harita Katikaneni. There are no words to 

describe the love and respect I have for them. They have 

helped me in so many ways from getting me a Ph.D. admission 

to helping me in getting married to a person of my choice. 

They are the two most wonderful people I have in my life. 

They are very warm, welcoming and wonderful. I can never 

thank them enough for all they did while I was at Mercer 

and still continue to support me in all my efforts. Even 

though I was away from home, I never felt like it while I 

was staying with them. I cherish every moment I spent with 

them throughout these years. My kid brother Ishaan 



Katikaneni has been a lucky mascot for me. He is a happy-

kid and is ever smiling. 

I would like to thank my husband Naveen Bejugam for 

being such an inspiration. He is my best friend and I would 

want to thank God for giving me such a wonderful life 

partner. He has excellent levels of patience and especially 

living with me he definitely needs to have them. I would 

like to thank my father-in-law, Laxminarayana Bejugam and 

my mother-in-law, Suvarna Bejugam for their constant 

encouragement and support. My elder brother-in-law, 

Nagaraju Bejugam, is like a brother figure to me and my 

younger brother-in-law, Sheshu Kumar Bejugam, is like a 

good friend. They have accepted me very well into the 

family and always had a sense of pride in all my 

achievements. 

I would like to express my gratitude and thankfulness 

to my major advisor Dr. Ajay. K Banga. He is the best 

advisor anyone can possibly have and I consider myself very 

lucky to be his student. I can never thank him enough for 

vi 



all the support and help he offered during these four years 

at mercer. He has been my biggest inspiration apart from my 

parents and will continue to be for the rest of my life. I 

will miss all the wonderful gatherings we had at his place. 

His family has always been very kind to me. 

I would like to thank all the members of my advisory 

committee, Dr. Martin D'Souza, Dr. Diane Matesic, Dr. Grady 

Strom and Dr. Giovanni Gadda for taking time from their 

busy schedule and for being a part of my dissertation 

committee. I would like to specially thank my external 

advisor Dr. Giovanni Gadda for his interest and feedback on 

my work. I would also like to thank Dr. Matesic for her 

constant encouragement and help with the biochemistry 

aspects of my work. I would like to thank Dr. Ray Green, 

Dr. Hailing Zhang, Dr. Chalet Tan, Dr. Ravi Palaniappan and 

Dr. Lynetta Jobe for their help and cooperation during my 

graduate program. 

I would like to thank Haripriya Kalluri, Jyotsna 

Paturi and Karyn Cotta for being such great friends. My 

graduate life at Mercer was very joyful and happy because 

of their presence. I would also like to thank Dr. Guohua Li 

vii 



for being such a wonderful person. She was the immediate go 

to person in case of any difficulty. I would also like to 

thank Bernadette D'Souza, Shankar Lanke, Sonal Saluja, 

Piyush Jain, Tuhin Bhowmik and Vishal Sachdeva for making 

my Ph.D. a memorable experience. I would also like to thank 

all my lab mates and colleagues for always being so helpful 

and considerate. 

I would like to specially thank Dr. Aniket Badkar for 

getting me started during my initial days in the lab. I 

would also like to thank Dr. Ayyappa Chaturvedula for 

helping me in getting admission to Dr. Banga's lab. I also 

appreciate all the help and support I got from Dr. 

Purnachandar Kasha, Dr. Parveen Akhthar, Dr. Chandrasekhar 

Kolli, Dr. Sameer Late and Dr. Yun Bai. 

I would like to finally thank the College of Pharmacy 

and Health Sciences at Mercer University for giving me the 

opportunity to pursue a doctorate degree in Pharmaceutical 

sciences. I would also like to thank the department for 

their generous financial support during the study period. 

VIII 



TABLE OF CONTENTS 

ACKNOWLEDGEMENTS iv 

TABLE OF CONTENTS ix 

LIST OF FIGURES xv 

LIST OF TABLES xviii 

ABSTRACT xix 

CHAPTER 1 1 

INTRODUCTION 1 

S p e c i f i c Aims 15 

CHAPTER 2 17 

LITERATURE REVIEW 17 

Transdermal Delivery of Proteins 17 

Skin Structure 19 

Skin Enzymatic Activity 24 

Pathways for Percutaneous Absorption 25 

Theoretical basis for percutaneous absorption 26 

Enhancement Approaches to Improve Peptide/Protein Permeation 

through Skin 27 

Iontophoresis 27 

ix 



Principles of Iontophoresis 28 

Iontophoretic transport pathways 31 

Factors affecting iontophoretic delivery 32 

Electric current 33 

Current profile 33 

Effect of pH 34 

Ionic strength and presence of competing ions 35 

Physicochemical properties of drug 36 

Molecular weight and molecular size 36 

Polarity of drugs 36 

Microporation 37 

Drug delivery mechanisms by microneedles 39 

Type of microneedles 41 

Pore closure 44 

Thermal, Radiofrequency and Laser Ablation 45 

Phonophoresis 46 

Microdialysis 50 

Introduction and Principle 50 

Microdialysis Features 53 

Probe materials and perfusion fluid 53 

Relative recovery 54 

X 



Molecular weight cut-off and membrane area 55 

Perfusate composition and concentration gradient 56 

Flow rate 57 

Tortuosity of the sample matrix 58 

Probe Calibration 58 

Extrapolation-to-zero flow technique 59 

Method of no-net flux 60 

Dynamic no-net flux method 61 

Retrodialysis method 62 

Limitations of Microdialysis 64 

Microdialysis of Macromolecules 66 

CHAPTER 3 72 

EFFECT OF MOLECULAR CHARGE ON THE TRANSDERMAL DELIVERY OF 

DANIPLESTIM DURING IONTOPHORESIS ALONE AND IN COMBINATION 

WITH MICRONEEDLES 72 

Abstract 72 

Introduction 73 

Materials & Methods 76 

Materials 76 

Animals and skin preparation 77 

Iontophoretic permeation experiments 78 

Effect of molecular charge 79 

Xi 



Protein stability 79 

Size-Exclusion chromatography 80 

Reverse Phase HPLC 80 

Skin microporation 81 

Elect roosmosis 81 

Tape stripping 82 

Quantitative analysis 82 

Statistical analysis 83 

Results 83 

Discussion 100 

Conclusion 104 

CHAPTER 4 105 

SKIN DELIVERY OF DANIPLESTIM USING PHYSICAL ENHANCEMENT 

METHODS AND EVALUATION OF PHARMACOKINETIC PARAMETERS IN 

VIVO 105 

A b s t r a c t 105 

I n t r o d u c t i o n 106 

M a t e r i a l s & Methods 1 10 

M a t e r i a l s 110 

Methods 1 1 1 

In vivo p e r m e a t i o n s t u d i e s 1 1 1 

I o n t o p h o r e s i s 1 12 

xii 



Sonophoresis 112 

Microporation 1 13 

Characterization of pore uniformity 113 

Intravenous administration of daniplestim 114 

Sample analysis 1 14 

Pharmacokinetic analysis 1 15 

Statistical analysis 1 15 

Results and Discussion 1 15 

Conclusion 130 

CHAPTER 5 131 

IN VIVO SUB-CUTANEOUS MICRODIALYSIS OF DANIPLESTIM AND 

APPLICATION OF AN OSMOTIC APPROACH TO IMPROVE PROTEIN 

RECOVERY 131 

A b s t r a c t 131 

I n t r o d u c t i o n 133 

M a t e r i a l s & Methods 135 

An ima l s 135 

Chemicals /Materials 136 

Microdialysis- components and probe implantation 136 

Implantation of the subcutaneous microdialysis probe 137 

Estimation of probe recovery factor 138 

Determination of fluid loss from the probe 138 

xiii 



Scanning electron microscopy 1 39 

Iontophoresis 139 

In vivo iontophoretic permeation studies 140 

Quantitative analysis 141 

Statistical analysis 141 

Results and Discussion 141 

Conclusion 1 56 

CHAPTER 6 157 

SUMMARY AND CONCLUSIONS 157 

BIBLIOGRAPHY 161 

XIV 



LIST OF FIGURES 

Figure 1: Size-exclusion chromatograms of 100 g/ml 
solution of DP in (a) TRIS buffer, pH 7.5; (b) Acetate 
buffer, pH 4.0; HPLC chromatograms of DP in (c) TRIS 
buffer, pH 7.5; (d) Acetate buffer, pH 4.0 85 

Figure 2: HPLC chromatograms of DP at (a) zero hrs, 
(b) 24 hrs in TRIS buffer formulation (pH 7.5); (c) zero 
hrs, (d) 24 hrs in Acetate buffer formulation (pH 
4.0) 87 

Figure 3: Cumulative amount-time profile of DP over 24 hrs 
following 6hrs of iontophoresis at 0.5 mA/cm2 across intact 
and microporated skin, (a) TRIS buffer formulation (pH 7.5) 
(Cathodal Iontophoresis), (b) Acetate buffer formulation 
(pH 4.0) (Anodal Iontophoresis) 91 

Figure 4: Steady- state flux of DP during 6 hrs of 
iontophoresis at 0.5 mA/cm2 across intact and microporated 
skin at pH 7.5 (cathodal) and pH 4 .0 (anodal) 93 

Figure 5: Steady-state ACM flux during 6 hrs of 
iontophoresis at 0.5 mA/cm2 across intact skin, (a) Acetate 
buffer formulation (pH 4.0) under cathode and anode, (b) 
TRIS buffer formulation (pH 7.5) under anode 94 

Figure 6: Cumulative amount -time permeation profile of 
DP for 24 hrs following 6 hrs of iontophoresis at 
0.5 mA/cm2 across intact and microporated skin at pH 7.5 
under anode (incorrect electrode) 96 

Figure 7: Steady-state flux during 6 hrs of iontophoresis 
at 0.5 mA/cm2 across intact and microneedle pretreated skin 
at pH 7.5 under cathode (right polarity with respect to DP) 

xv 



and anode (incorrect polarity with respect to DP), a. DP 
flux, b. ACM flux 97 

Figure 8: Steady state acetaminophen flux across- intact 
(passive), microneedle pretreated (passive and 6hrs of 
iontophoresis at 0.5 mA/cm2) , impaired skin (tape stripping 
passive and 6hrs of iontophoresis at 
0 . 5 mA/cm2) 99 

Figure 9: (a) Skin image taken after exposure to calcein 
following treatment with three layer maltose microneedles 
(27needles/layer). (b) Histogram obtained following the 
processing of the image in (a) using Fluoropore software 
showing the distribution of the pore permeability index 
values with respect to the number of pores created 119 

Figure 10: Plasma levels of daniplestim over 12 hrs 
with a drug concentration of 2 mg/ml in the patch 
following microporation alone and in combination with 
iontophoresis at 0.2 mA/cm2 for 6 hrs 122 

Figure 11: Plasma levels of daniplestim over 12 hrs 
following combination of sonophoresis with iontophoresis 
at 0.2 mA/cm2 for 6 hrs 125 

Figure 12: Plasma levels of daniplestim over 12 hrs with a 
drug concentration of 5 mg/ml in the patch following 
ultrasound (US) alone and in combination with iontophoresis 
at 0.2 mA/cm2 for 6 hrs 126 

Figure 13: Plasma concentrations of DP following IV 
administration in hairless rats 128 

Figure 14: Effect of perfusate composition on the volume of 
sample recovered at a flow rate of 0.6 1/min 144 

Figure 15: Effect of perfusate composition on the volume of 
sample recovered at a flow rate of 1.0 1/min 145 

Figure 16: Scanning electron microscopic image of the 
CMA/20 microdialysis probe- (a) 20 kDa molecular weight 
cut off; (b) 100 kDa molecular weight cut off 14 9 

XVI 



Figure 17: Relative recovery (%) of daniplestim as a 
function of perfusate composition- PBS and 
Dextran-PBS 15 0 

Figure 18: Relative recovery (%) of daniplestim as a 
function of flow rate- 0.6 1/min and 1.0 1/min with 
Dextran-PBS as the perfusion fluid 153 

Figure 19: Subdermal and plasma levels of daniplestim 
following iontophoresis at 0.2 mA/cm2 for 6 hrs 155 

XVII 



LIST OF TABLES 

Table 1: Schematic showing the charge on daniplestim (DP) 
in TRIS buffer and acetate buffer and the type of 
iontophoresis applicable 8 9 

Table 2: Pharmacokinetic parameters (Mean+SD) after IV 
administration of daniplestim in hairless rat 129 

Table 3: Pharmacokinetic parameters (Mean+SD) after 
administration of daniplestim by enhancement methods 
across the skin 129 

XVIII 



ABSTRACT 

SAHITYA KATIKANENI 

Enabling Technologies for the Skin Transport of a 

-13 kDa Protein 

(Under the direction of AJAY K. BANGA) 

Purpose. The broad aim of this research project was to 

evaluate the feasibility of physical enhancement methods to 

deliver a 13 kDa protein across the skin. 

Methods. Transdermal delivery experiments were 

performed using daniplestim as a model protein molecule. 

Experiments were performed both in vitro and in vivo. 

Iontophoresis and microporation studies were conducted in 

vitro. Effect of molecular charge on the transport 



mechanisms of daniplestim was evaluated during 

iontophoresis as well as for the combination of 

microneedles and iontophoresis. 

In vivo experiments were conducted to compare a few 

physical enhancement methods such as iontophoresis, 

microporation and ultrasound individually as well as in 

combination. Pharmacokinetic parameters of daniplestim were 

evaluated using non-compartmental analysis with WinNonlin 

program. Sampling of daniplestim from the sub cutaneous 

region was studied in vivo using microdialysis. Recovery 

was performed using retrodialysis method. 

Results. In vitro results suggest that iontophoretic 

delivery was more during anodal iontophoresis than cathodal 

iontophoresis. However, the combination of microneedles and 

iontophoresis delivered higher levels compared to each of 

these techniques in isolation. Protein delivery during the 

combination of microneedles and iontophoresis was found to 

be dependent on the formulation pH (anodal vs cathodal). 
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There was no iontophoretic delivery of daniplestim 

seen in vivo. The delivery profiles were studied at two 

different donor concentrations. At a drug concentration of 

2 mg/ml in the patch, there was no delivery detectable with 

microneedles, iontophoresis, or sonophoresis, when used 

alone. At a higher drug concentration of 5 mg/ml, 

sonophoresis alone and its combination with iontophoresis 

were able to deliver daniplestim. However, the combination 

of microneedles and iontophoresis gave the maximum 

delivery. 

Sampling of daniplestim in the sub-cutaneous space 

during iontophoresis was performed. Fluid loss from the 

probe was minimized as well as protein recovery was 

improved when Dextran-PBS was used as the perfusate. 

Conclusion. Iontophoretic delivery of daniplestim was 

possible in vitro but not in vivo. The results obtained 

suggest that the combination of microneedles and 

iontophoresis was the most effective approach in delivering 

a 13 kDa molecule in vitro and in vivo through skin. 

xxi 



CHAPTER 1 

INTRODUCTION 

Skin being the largest and easily accessible organ of 

the body provides an appealing site for the noninvasive 

entry of drugs into systemic circulation (Brown and 

Langer, 19 8 8; Guy and Hadgraft, 1992; Wester and Maibach, 

1992) . Transdermal delivery refers to administration of 

drugs through skin for systemic effects. Topical delivery 

refers to administration of drugs to the skin to treat 

localized conditions of the skin like inflammation, eczema, 

acne, atopic dermatitis etc. Drugs commercially available 

as transdermal delivery systems in the United States 

include clonidine, estradiol, fentanyl, nicotine, 

nitroglycerin, oxybutynin, scopolamine, and testosterone. 

Also, estrogen/progestin combinations, 

norelgestromin/ethinyl estradiol, estradiol/norethindrone 

acetate are on the market. A lidocaine patch is also 
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available for topical use. Although several drugs are now 

available on the market as transdermal patches, none of 

these is a peptide or protein drug. The skin is ordinarily-

permeable only to small lipophilic molecules; peptide and 

protein drugs on the other hand are hydrophilic and 

macromolecular and therefore do not readily permeate the 

skin. However, some enhancement techniques (e.g. 

iontophoresis, microneedles, ultrasound, radiofrequency 

ablation etc.) are becoming available and are likely to 

make skin delivery possible for proteins and peptides 

(Wallace and Lasker, 1993; Pillai et al. , 1999; 

Panchagnula et al., 2 000). 

The transdermal route offers some distinct advantages 

for the delivery of peptide drugs. Because these drugs have 

short half-lives, the greatest benefit would be that the 

transdermal route provides a continuous mode of 

administration, somewhat similar to that provided by an 

intravenous (i.v.) infusion. However, unlike an intravenous 

infusion, delivery is noninvasive, and no hospitalization 

is required. Also, the skin is very low in proteolytic 

activity compared to other mucosal routes, thereby 

minimizing degradation at the site of administration. Once 

absorbed, the hepatic circulation is bypassed, thus 
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avoiding another major site of potential degradation 

(Banga and Chien, 1993b; Berner and John, 1994). 

Skin is an immunocompetent organ and topical or 

transdermal delivery leads to drug accumulation in the skin 

that is several times higher than what would be achieved in 

the skin through systemic administration of that drug. 

Therefore possibilities of irritancy and allergy should be 

considered (Flynn and Stewart, 1988). The epidermal layer 

of skin has Langerhans and other cells that could be 

involved in immunological processes. The peptide molecules 

may serve as antigens or haptens to the immunological 

apparatus of the skin (Merkle, 1989) . This could result in 

delayed hypersensitivity, allergic contact dermatitis, or 

even loss of biological activity of the drug. 

Systemic transdermal delivery using enhancement 

techniques such as iontophoresis will probably be limited 

to peptide or small polypeptide drugs. Topical application 

or delivery for localized effects on the skin could be 

extended to protein drugs also such as the use of growth 

factors for wound healing. However, systemic delivery of 

larger protein molecules or even vaccines may be feasible 

with other enhancement techniques such as microporation or 

ultrasound. Delivery of various peptides and proteins such 
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as calcitonin, insulin, vasopressin, thyrotropin releasing 

hormone, LHRH, interferon, and epidermal growth factor 

through the skin have been investigated (Banga, 2006b). 

The skin may be divided into two layers, the outer 

epidermis and the inner dermis. Epidermis can be subdivided 

into several layers of cells. These cells originate in the 

stratum germinativum and undergo differentiation as they 

move up through the layers of spinosum, granulosum, and 

lucidum. The uppermost layer, the stratum corneum consists 

of dead, flattened, keratin filled cells (corneocytes) 

embedded in a lipid matrix. Each corneocyte is bounded by a 

thick, proteinaceous envelope with the tough fibrous 

protein (keratin) as the main component. The intercellular 

spaces are filled with broad multiple lamellae. Epidermis 

also contains Langerhans cells which can initiate skin 

immune responses. The entire epidermis is avascular, and 

the underlying dermis provides its physiological support by 

supplying it with nerve endings, blood vessels, and 

lymphatic vessels (Banga, 2006b). 

Human skin is about 2 to 3 mm thick; the stratum 

corneum is about 15 |xm thick. Stratum corneum is considered 

to be the principal or rate-limiting barrier to the 
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permeation of drugs. The stratum corneum shows significant 

chemical and structural differences from one site to 

another. The stratum corneum over the plantar and palmar 

skin is much thicker but has relatively high diffusivity. 

The skin also contains several appendages, such as hair 

follicles and sweat glands. Associated with the hair 

follicles are sebaceous glands, which secrete sebum that 

covers the epidermis. These appendages extend through the 

epidermis and dermis to subcutaneous tissue but occupy only 

about 0.1% of the total human skin surface (Banga, 2006b). 

Permeation of drugs through the stratum corneum can 

take place via a transepidermal or a transappendageal 

route. The transepidermal route may involve intercellular 

or transcellular pathways; the transappendageal route 

involves transport across follicles and sweat glands. The 

intercellular route has also been implicated for the 

iontophoretic delivery of some ions (Monteiro-Riviere et 

al. , 1994) . The relative importance of the intercellular 

and transcellular paths depends on the physicochemical 

properties of the permeant, especially the partition and 

diffusion coefficients. For the absorption of 

macromolecules from the skin, the pore size of the skin 

becomes very important. The effective pore size of ethanol-



6 

pretreated human epidermal membrane has been estimated to 

be between 22 and 54 A (Inamori et al., 1994). The 

contribution of the appendageal permeation to total passive 

transport is very small and may be negligible. However, the 

appendageal route becomes very important during transdermal 

iontophoretic transport as it provides the shortest shunt 

pathway to the flow of electric current and ions (Banga 

and Chien, 1998). The pig skin is considered to be 

morphologically and functionally similar to human skin and 

has a hair follicle density identical to that of human skin 

(Bartek et al. , 1972; Shah et al. , 1991; Monteiro-Riviere 

et al., 1994). 

The blood perfusion of skin is poor, with the total 

skin blood flow representing only about 6.25% of the total 

liver blood flow. Therefore, the skin metabolism does not 

contribute much to systemic drug disposition (Tauber, 

1989) . However, for topical and transdermal delivery, the 

drug has to pass into or through the skin and metabolism in 

the skin will take place. Such metabolic activity includes 

oxidative, reductive, hydrolytic and conjugative reactions. 

Enzymatic hydrolysis of salicylate esters in skin has been 

reported (Guzek et al. , 1989). Major differences were 

observed in the metabolism of these esters in human skin 
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under in vitro versus in vivo conditions. In vitro 

measurements overestimated metabolic activity, possibly 

because of lack of perfusion or release of enzymes. Studies 

have shown that the metabolic activity of the skin includes 

considerable proteolytic activity (Hopsu-Havu et al., 

1977). Among the exopeptidases in the skin, aminopeptidases 

are the best known and carboxypeptidases are relatively 

fewer or absent. The endopeptidases include the proteinases 

such as the caseinolytic enzymes, chymotrypsin- and 

trypsin-substrate-hydrolyzing enzymes, thiol proteinase, 

and carboxyl proteinases. 

The passive permeation of proteins and peptides is 

negligible owing to their large molecular sizes and 

hydrophilic nature. Enhancement approaches are applied to 

make the permeation of biopharmaceuticals possible. There 

are several approaches being investigated currently such as 

iontophoresis, microporation, ultrasound, radiofrequency 

ablation and laser methods. 

Iontophoresis is a technique that uses a constant, 

low-level electric current to push drug molecules through 

the skin (Banga, 1998; Banga and Chien, 1998; Kalia et 

al., 2004) . It is based on the principle of charge 

repulsion; positively charged drugs can be delivered under 
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the positive electrode (anode), and negatively charged 

drugs can be delivered under the negative electrode 

(cathode). Iontophoresis is a promising technique for the 

delivery of peptide drugs (Chien et al., 1989; 

Parasrampuria and Parasrampuria, 1991; Cullander and Guy, 

1992) . 

Iontophoresis presents a unique opportunity to provide 

programmed drug delivery. This is because the drug is 

delivered in proportion to the current, which can be 

readily adjusted. Such dependence on current is also likely 

to make drug absorption via iontophoresis almost 

independent of biological variables, unlike most other drug 

delivery systems. However, with iontophoresis this 

variability is likely to be reduced. Also, patient 

compliance will improve, and because the dosage form 

includes electronics, means to remind patients to replace 

the dose can be built into the system. 

For peptide and protein drugs, their slow 

administration over several hours for an iontophoretic 

system provides an ideal situation. This is because these 

drugs have very short half-lives and their clearance from 

the system will be rapid. Iontophoretic enhancement is 

advantageous for peptide delivery because, theoretically, 
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the rate of peptide delivery can be initiated, terminated, 

or accurately controlled/modulated merely by switching the 

current on, turning it off, or adjusting the current 

application parameters, respectively. This would be 

especially useful because pulsatile delivery may be 

required for some peptides, as opposed to constant 

delivery. Iontophoresis also has potential applications in 

diagnostics. Reverse iontophoresis can be used for 

noninvasive sampling of biological fluids, which might be 

able to achieve iontophoretic extraction of small peptides 

from subcutaneous tissue (Glikfeld et al., 1989; Rao et 

al., 1993). 

Iontophoretic delivery depends on several parameters 

such as molecular weight, current parameters such as 

current density and duration of application and formulation 

factors like the buffer pH, presence of salts and other 

components. A pore pathway is most likely involved and the 

flux is expected to be size dependent. 

Iontophoretic delivery is demonstrated up to a 

molecular weight of about 10 kDa, provided the polypeptide 

has other desirable attributes such as a high isoelectric 

point (pJ) value and charge to molecular weight ratio 

(Abla et al., 2005b; Katikaneni et al. , 2009). The pH of 
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the buffer used controls the charge on the peptide. The 

peptide will be positively charged at a pH below its pJ and 

should be delivered under anode, whereas the peptide will 

have a negative charge if the pH is above the pJ, in which 

case it should be delivered under cathode. It is preferable 

to have the pi of the protein away from the pJ of the skin 

(pJ 3 to 4) so that it will stay charged. Typically, 

polypeptides with high pJ values such as vasopressin or 

calcitonin are good candidates for transdermal 

iontophoretic delivery from a delivery efficiency point of 

view (Banga, 2006b). 

At physiological pH skin is negatively charged and it 

is selectively permeable to cations or positively charged 

ions (Burnette and Ongpipattanakul, 1987) . As these 

cations move into the skin, they drag along some solvent 

molecules, inducing a mass flow of water or other solvent. 

This phenomenon is called electroosmosis and enhances the 

transport of neutral species across the skin. Also, the 

anodal flux is typically higher because it is aided by 

electroosmosis. At very low pH, the skin will be below its 

pJ and will acquire a positive charge, causing a change in 

the direction of electroosmotic flow to favor cathodal 

flux. An increase in current will increase flux, thus 
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allowing modulation of delivery in response to current. 

However, the response may start to plateau at a certain 

current density depending on the formulation and the 

physicochemical properties of the drug molecule (Banga, 

2006b). 

Another promising enhancement approach being actively 

investigated is microporation. This is a noninvasive 

technique in which micron-size transport pathways are 

created in the skin. These micron-size holes are huge 

compared to drug dimensions but still much smaller than the 

holes made by hypodermic needles. These micron-size holes 

can be created in the skin using mechanical microneedles 

(Prausnitz, 2001; Prausnitz, 2004) or by using a thermal 

microporation process (Bramson et al., 2003). The holes 

will be temporary because the stratum corneum will be 

replaced through the natural process of desquamation. It 

has been reported that insertion of these microneedles in 

humans is not painful, and no erythema, edema, or other 

reaction to microneedles was observed (Henry et al. , 

1998). These microneedles typically enter the stratum 

corneum and reach up to the epidermis. The stratum corneum 

barrier has no nerves and hence there is no pain felt 

during insertion. Microneedles are categorized into solid 



12 

and hollow needles based on the architecture of the 

needles. Maltose microneedles used in this study can easily 

dissolve in the skin upon insertion creating microchannels 

for drug permeation through skin. 

The thermal microporation process involves the 

application of rapid and controlled pulses of thermal 

energy by means of tiny resistive elements to a matrix of 

microscopic sites on the skin surface. A short-duration 

(milliseconds) electric current is passed through the 

array. At each site, because of resistive heating, a 

micropore (around 100 m wide and 4 0 m deep) is created by 

flash vaporization of stratum corneum cells in an area 

about the width of a human hair. The micropores can stay 

open for several days if the area is occluded but will seal 

off quickly once the patch is removed. This technique is 

also under investigation for vaccine delivery (Eppstein, 

2002) . The thermal microporation process is also used for 

diagnostic applications. 

Phonophoresis involves the delivery of drug molecules 

under the influence of ultrasound. Enhanced delivery is the 

result of thermal, mechanical and chemical alterations of 

skin brought by ultrasound waves. Ultrasound causes 

mechanical disturbance in an absorbing medium and 
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mechanical energy associated with the sound waves is 

converted into thermal energy which in turn enhances the 

transdermal flux of drugs. Several drugs have been 

delivered under the influence of ultrasound like insulin, 

dexamethasone, ketoprofen, cyclosporin A and fentanyl 

(Susan, 2007) . 

Microdialysis is a sampling technique used to measure 

tissue concentrations of drugs in pharmacokinetic and 

metabolism studies (Chaturvedula et al. , 2005a). Dermal 

absorption caused by iontophoresis has been investigated 

using microdialysis for drugs like diclofenac, acyclovir 

and methotrexate (Fang et al., 1999; Stagni et al., 2004). 

A key feature of microdialysis is its ability to 

continuously monitor the extracellular concentration of a 

drug in different compartments of the body. A microdialysis 

probe can be implanted in virtually any body organ or 

tissue. Among the limited number of techniques available 

for the direct assessment of drug concentrations in dermis, 

cutaneous microdialysis is the only one that allows unbound 

analytes to be sampled (Herkenne et al. , 2008) . 

Microdialysis offers the ability to deliver analytes of 

interest locally while sampling the localized 

microenvironment for the therapeutic effect (Trickier and 
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Miller, 2003). Microdialysis has been used to sample 

several pharmacological agents, neurotransmitters and 

metabolites; however, this technique has so far been 

limited to small molecular weight compounds. The commercial 

availability of high molecular weight probes has made it 

possible to consider sampling of proteins and peptides. 

However, this method has several issues to be addressed 

such as increased porosity of the membrane, fluid loss from 

the probe and a need for a very sensitive analytical method 

to assay the samples. 

Since microdialysis operates under non-equilibrium 

conditions, the concentration of analyte in the dialysate 

is lower than that in the extracellular fluid surrounding 

the probe. Relative recovery has been defined as the ratio 

of dialysate to extracellular fluid concentrations, and 

should be independent of the absolute, free concentration 

of the compound in the skin. Retrodialysis is one of the 

several methods to calibrate microdialysis probes and is 

probably faster, more convenient than the other 

alternatives. 

Skin transport studies were carried out using 

daniplestim as a model protein. It is an IL-3 receptor 
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agonist consisting of 112 amino acid residues. It has a 

molecular weight of 12.76 kDa and an isoelectric point of 

6.2. This protein was chosen primarily for its 

physicochemical properties and not for its therapeutic 

potential. 

Specific Aims 

The broad aim of this research project was to evaluate 

the feasibility of physical enhancement methods to deliver 

a 13 kDa protein across the skin. The specific aims of this 

project are as follows: 

!. To assess the skin transport abilities of daniplestim 

as a model protein during iontophoresis alone and in 

combination with microneedles as a function of molecular 

charge and to monitor the effect of microneedle 

pretreatment on electroosmotic flow in vitro. 

Z To demonstrate the transdermal delivery of 

daniplestim in vivo using iontophoresis, sonophoresis, and 

microneedles alone or in combination and to evaluate the 

pharmacokinetic parameters of daniplestim following 

intravenous bolus administration. 
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3̂  To measure the levels of daniplestim in the sub

cutaneous tissue using microdialysis as the sampling 

method and to evaluate the effect of osmotic agents on 

minimizing fluid loss from the microdialysis probe. 



CHAPTER 2 

LITERATURE REVIEW 

Transdermal Delivery of Proteins 

Proteins and peptides are traditionally administered 

via parenteral route. This is because these drugs face 

formidable enzymatic and penetration barriers when 

administered by non-parenteral routes like oral, nasal, 

pulmonary and transdermal. One of the biggest limitations 

of the parenteral route for protein delivery is the extreme 

short half-lives of these drugs. This requires repeated 

administration which adds to patient inconvenience. Also, 

most of the times parenteral administration might need the 

supervision of a health care professional which increases 

the cost of therapy. Hence, non-parenteral routes of 

administration are being actively investigated with skin 

being researched as an appealing site for protein 

administration. 

17 
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Transdermal delivery refers to administration of 

therapeutic agents through skin to obtain systemic effect. 

Drugs now commercially available as transdermal delivery 

systems in the United States include clonidine, estradiol, 

fentanyl, nicotine, nitroglycerin, oxybutynin, scopolamine, 

and testosterone (Banga, 2006b). Also, estrogen/progestin 

combinations, norelgestromin/ethinyl estradiol, and 

estradiol/norethindrone acetate are on the market and a 

lidocaine patch is also available for topical purposes 

(Banga, 2006b). Skin is selectively permeable to small 

lipophilic molecules. Peptides and proteins are hydrophilic 

and often have large molecular weight, thus making their 

delivery through skin a challenging task. Therefore various 

enhancement techniques like iontophoresis (electric 

current), microporation (creation of microscopic holes), 

sonophoresis/phonophoresis (ultrasound) and several other 

thermal and mechanical methods are being studied to make 

skin delivery of proteins a promising approach. 

Transdermal delivery of proteins has definite 

advantages over parenteral therapy. It is non-invasive and 

thus, no hospitalization is required. Since most proteins 

and peptides have short half-lives, delivery through skin 

will enable controlled administration over intended period 
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of time. This will help avoid frequent injections and 

visits to the hospital. Skin also has low proteolytic 

activity compared to other mucosal routes, thereby reduces 

degradation at the site of administration. Also, 

administration through skin bypasses hepatic circulation 

which further minimizes exposure to potential degradation. 

Skin is an immunocompetent organ and drug delivery 

through skin could be associated with possible irritation 

and allergies. Skin consists of Langerhans cells which are 

involved in the immunological process. Transdermal or 

topical delivery might lead to exposure of skin to the drug 

several times more than what it would be when administered 

systemically. Peptides or proteins could serve as antigens 

to the immunological components of the skin which might 

result in delayed hypersensitivity, allergic contact 

dermatitis or loss of biological activity of the drug. 

Skin Structure 

Skin may be divided into three different layers- the 

outer epidermis, dermis and the innermost subcutaneous 

layer or hypodermis. The epidermis and dermis are separated 

by a basement membrane whereas the dermis remains 

continuous with the hypodermis (Berti and Lipsky, 1995). 
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The epidermis is 100 to 150 /xm thick and is further divided 

into 5 distinct layers: the stratum basale, stratum 

spinosum, stratum granulosum, stratum lucidum and stratum 

corneum. These cells originate in the stratum germinativum 

and undergo differentiation as they move up through the 

layers of spinosum, granulosum, and lucidum. The stratum 

basale is a single layer of columnar and basal cells, which 

remain attached to the basement membrane via 

hemidesmosomes. This layer is composed of epidermal stem 

cells and continuously amplifying cells derived from them. 

The stratum spinosum also known as the spinous layer 

or prickle cell layer is found on top of the basal layer, 

and together these two layers are termed as the malpighian 

layer. The spinous layer consists of two to six rows of 

keratinocytes that change morphology from columnar to 

polygonal cells. Within this layer the keratinocytes begin 

to differentiate and synthesize keratins that aggregate to 

form tonofilaments. Keratinocytes continue to differentiate 

in the stratum granulosum, synthesize keratin and start to 

flatten. 

The stratum lucidum is the layer in which the cell 

nucleus disintegrates and there is an increase in 

keratinization of the cells. The stratum lucidum tends to 
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be seen most clearly in relatively thick skin specimens, 

such as from the load-bearing areas of the body (soles of 

feet and palms). The stratum corneum is the outermost layer 

of skin and is the final product of epidermal cell 

differentiation. Typically, the stratum corneum comprises 

only 10 to 15 cell layers and is around 10 m thick when 

dry, although it may swell to several times this thickness 

once wet. As with the viable epidermis, the stratum corneum 

is thickest on the palms and soles and is thinnest on the 

lips. This thin membrane, consisting of dead, anucleate, 

keratinized cells embedded in a lipid matrix, allows for 

survival of terrestrial animals without desiccation. The 

stratum corneum serves to regulate water loss from the 

body, preventing the entry of harmful materials, including 

microorganisms. The stratum corneum has been represented as 

a 'brick and mortar' model (Elias et al. , 1981) in which 

the keratinized cells are embedded in a mortar of lipid 

bilayers. Each corneocyte is bounded by a thick 

proteinaceous envelope. This layer constitutes the 

principle barrier to permeation of drug molecules. The 

barrier nature of the stratum corneum depends critically on 

its unique constituents, 75-80% is protein, 5-15% is lipid 

with 5-10% unidentified on a dry weight basis (Wilkes et 
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al. , 1973) . Enzymes and other proteins account for 

approximately 15% of the protein component. This lipoidal 

composition also plays a key role in representing the 

barrier properties of skin. Epidermis also contains 

Langerhans cells, which can initiate skin immune responses. 

The entire epidermis is avascular, and the underlying 

dermis provides its physiological support by supplying it 

with nerve endings, blood vessels, and lymphatic vessels. 

The dermis (or corium) is the major component of human 

skin. It is composed of a network of connective tissue, 

predominantly collagen fibrils providing support and 

elastic tissue providing flexibility, embedded in a 

mucopolysaccharide gel (Wilkes et al. , 1973) . In terms of 

transdermal drug delivery, this layer is often viewed as 

gelled water, thus providing a minimal barrier to the 

delivery of most polar drugs, although the dermal barrier 

may be significant when delivering highly lipophilic 

molecules. The dermis has numerous structures embedded 

within it; blood and lymphatic vessels, nerve endings, 

pilosebaceous units (hair follicles and sebaceous glands), 

and sweat glands (eccrine and apocrine). There are three 

main appendages found on the surface of human skin that 

originate in the dermis- hair follicles, sebaceous and 
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sweat glands (Katz, 1971). Hair follicles are found over 

the entire surface of the skin except for the soles of 

feet, palms of hands and the lips. The hair follicle, hair 

shaft and sebaceous gland constitute the pilosebaceous 

unit. The sebaceous gland associated with the hair follicle 

secretes sebum; this is composed of free fatty acids, waxes 

and triglycerides which lubricate the skin surface and help 

to maintain the surface pH at around 5. Sweat glands are 

found over most of the body surface, typically at a density 

of 100-200 per cm2 of skin primarily useful to secrete 

sweat. These appendages occupy about 0.1% of the total 

human skin surface (Banga and Chien, 1993a). 

The subcutaneous fat layer, or hypodermis, bridges 

between the overlying dermis and the underlying body 

constituents. In most areas of the body this layer is 

relatively thick, typically in the order of several 

millimeters. However, there are areas of the body in which 

the subcutaneous fat layer is absent, such as the eyelids. 

This layer of adipose tissue principally serves to insulate 

the body and to provide mechanical protection against 

physical shock. 
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Skin Enzymatic Activity 

Skin is believed to have considerable enzyme activity. 

It has several types of enzyme systems such as Cytochrome 

P450 isozymes, lipase, protease, phosphatase, sulphatase 

and glycosidase. These enzymes are localized mainly in the 

endoplasmic reticulum and the activity is highest in the 

microsomal fraction of skin homogenates. The catalytic 

activity of the enzymes in hair follicles is particularly 

high. The epidermal activities of Cytochrome P4 5 0 in skin 

are about 1-5 % of those in the liver whereas the 

transferase activity in the skin can be as high as 10 % of 

that in the liver (Boderke et al. , 1997) . However, the 

total blood flow to the skin is about 6.25 % of the blood 

flow to the liver. Thus, the metabolism in skin would be 

much lower than hepatic metabolism even though similar 

reactions are seen (Tauber, 1989). The enzymatic activity 

of the skin varies with anatomical site. The enzymatic 

hydrolysis of drugs in the skin has been reported (Guzek 

et al. , 1989) and it might differ in the in vitro and in 

vivo situations. 
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Pathways for Percutaneous Absorption 

Transport of drugs through skin can take place via a 

transepidermal or transappendageal route. Transepidermal 

permeation of drugs can take place between the cells 

(intercellular) or through the cells (transcellular) . 

Transappendageal route involves molecular transport though 

the follicles and sweat glands. The relative contribution 

of the routes depends on the physicochemical properties of 

the permeant such as solubility, partition coefficient,and 

diffusion coefficients within the protein or lipid regions. 

The pore size of the skin becomes very crucial with respect 

to the absorption of macromolecules. The effective pore 

size of ethanol-pretreated human epidermal membrane was 

estimated to be between 22 and 54 A0 (Inamori et al. , 

1994). The contribution of appendageal permeation to the 

total transport of a molecule is minimal and almost 

negligible. Transappendageal route gains significance 

during iontophoretic transport wherein the sweat ducts and 

hair follicles act as diffusion shunt pathways to the flow 

of electric current and ions. 
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Theoretical basis for percutaneous absorption 

The passive diffusion of a non-electrolyte in the 

absence of any bulk flow is expressed by Fick's first law 

of diffusion as: 

J = -D dC/dx 

where, 

J = Flux 

D = Diffusion coefficient 

dC/dx = Concentration gradient over a distance x 

Fick' s first law of diffusion can be used to describe the 

skin permeation of drugs. The concentration gradient across 

the skin cannot be easily measured but can be approximated 

by the product of permeability coefficient (Ps) and the 

concentration difference across the skin (Cs). The steady 

state transdermal flux through the skin barrier is given 

as: 

Js = Ps Cs 

where, 

Ps = Permeability coefficient 

Ps = K. D/h 

where, 

K = Partition coefficient 

h = Thickness of the skin 
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Enhancement Approaches to Improve Peptide/Protein 

Permeation through Skin 

Iontophoresis 

Iontophoresis refers to application of 

physiologically acceptable amounts of electric current to 

drive charged and neutral drug molecules into and through 

skin. For protein and peptide drugs, the charge on the 

molecule depends on the buffer used and its isoelectric 

point. A typical iontophoretic unit consists of a power 

source, a positive electrode (anode) and a negative 

electrode (cathode). By the principle of electrorepulsion, 

positively charged drug is delivered under anode (anodal 

iontophoresis) and negatively charged drug will be 

delivered under cathode (cathodal iontophoresis). Placing 

the charged drug formulation under an electrode of similar 

charge will propel the drug into the desired tissue due to 

the electrorepulsive forces existing between the similarly 

charged ions. Iontophoresis has been in use for topical 

delivery since several decades; however, its potential for 

systemic delivery is being recently recognized. Currently, 

many companies are developing iontophoretic patches which 

are in various phases of clinical trials. 
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Iontophoretic drug delivery has its set of advantages 

and limitations. Apart from the advantages of transdermal 

delivery of hydrophilic drug molecules, iontophoresis 

offers a unique opportunity to provide programmable 

delivery. The amount of drug delivered would be 

proportional to the current applied, thus making drug 

absorption independent of biological variables unlike most 

other delivery systems. Even though intravenous injection 

provides 100 % bioavailability, these drugs would be 

cleared fast since they have short half-lives. 

Iontophoretic delivery enables slow administration of the 

drug over an intended period of time. Also, delivery can be 

initiated, terminated, controlled or modulated by turning 

the current on, turning it off or adjusting the current 

application parameters respectively. Iontophoresis also has 

applications in diagnostics. Reverse iontophoresis can be 

used for noninvasive sampling of biological fluids to 

achieve extraction of small peptides from subcutaneous 

tissue. 

Principles of Iontophoresis 

The molecules to be delivered by iontophoresis are 

transported by two major mechanisms: 
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(i) Electromigration/Electrorepulsion 

(ii) Electroosmosis 

The observed iontophoretic flux (JTotal) of a charged species 

is considered to be the sum of two different transport 

mechanisms electromigration (JEM) and electroosmosis (JE0) 

represented as follows: 

'-'Total = '-'EO + '-'EM 

(i) Electromigration/Electrorepulsion 

Electromigration/Electrorepulsion is the result of the 

repulsive forces existing between the like charged drug 

molecules and electrode. It is the dominant mechanism of 

iontophoretic drug transport across skin. The 

electromigratory flux of a charged species depends 

primarily upon the charge of the ionic species (Kalia et 

al., 2004) . 

(ii) Electroosmosis 

Application of a voltage difference across a charged 

porous membrane results in a bulk fluid flow called as 

electro-osmosis. It occurs in the same direction as that of 

counter ions and this flow involves motion of the fluid 

without concentration gradients (Pikal, 2 0 01). At 

physiological pH skin is negatively charged (Burnette and 
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Ongpipattanakul, 1987), the counter ions here would be 

cations. Upon application of current through the skin, 

electroosmotic flow is seen from anode to cathode and thus 

the skin permeation of positively charged (cationic) drugs 

is enhanced. Skin is therefore referred to as a cation 

permselective membrane at physiological pH. Electroosmotic 

flow plays a significant role in iontophoretic transport of 

drugs as the bulk solvent flow was found to be of the order 

/xl/h per cm2 in hairless mouse skin (Pikal and Shah, 

1990) . It is even possible to deliver neutral drugs under 

anode as a result of electroosmosis. The solvent drag seen 

from anode to cathode during current application takes with 

it the neutral molecules and thus makes iontophoresis 

possible for neutral species (Pikal and Shah, 1990). 

The isoelectric point of rat skin is about 4-6. Below 

the isoelectric point the skin becomes positively charged 

and there will be a reversal in the direction of 

electroosmotic flow. When the solution pH is decreased and 

approaches the skin pi, the magnitude of electroosmotic 

flow decreases and eventually will reverse direction as the 

skin pH goes below isoelectric point of the skin. The 

cation permselectivity of the skin is now lost and 

electroosmosis is now seen from cathode to anode. The 
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contribution of electroosmosis to flux enhancement of the 

drug during iontophoresis depends on the sign of the 

membrane charge, concentration of charges in the membrane, 

pore radius, stokes radius of the drug molecule and the 

ionic concentration in the membrane. For large molecular 

species like proteins the net flux will be low even though 

the contribution of electroosmosis to flux enhancement is 

large, as the stokes radius is large and diffusion is slow 

(Pikal and Shah, 1990) . For a protein with a small net 

negative charge it is possible that the delivery might be 

higher under the wrong polarity i.e under anode rather than 

cathode due to greater contribution of electroosmotic flow 

(Pikal and Shah, 1990). 

Iontophoretic transport pathways 

It is believed that sweat glands and appendages play a 

major role in transport of drug molecules during 

iontophoresis. A study done using fluorescein dye showed 

that it penetrated excised human skin upon application of 

current and appeared on the dermal surface as spots at pore 

sites (Burnette and Ongpipattanakul, 1987). The macropores 

and other conductive pathways were studied using scanning 

electrochemical microscopy during iontophoresis. The 
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current maximum was found near the exit of a hair follicle 

(Cullander and Guy, 1992) . During iontophoresis, the 

greatest concentration of ionized species is found to 

migrate through regions of the skin where there is damage, 

or along the sweat glands and hair follicles since the 

diffusional resistance to permeation is the lowest in these 

areas. A comparison of the delivery of vasopressin across 

human skin and snake skin was studied (Hinsberg, 1995) . 

The steady state iontophoretic flux of vasopressin across 

human skin was 14 0 times more than shed snake skin, the 

reason being absence of hair follicles, sweat and sebaceous 

glands in snake skin. Similarly, the use of azone altered 

the flux of vasopressin across snake skin but not for human 

skin indicating that intercellular lipid domains have 

little contribution towards iontophoretic flux of drugs. 

Factors affecting iontophoretic delivery 

There are a number of factors operating during 

iontophoresis and therefore it is important to understand 

the various formulation, electrical, chemical and 

biological factors to optimize the delivery profile. 
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Electric current 

Current density is defined as the amount of current 

applied for unit cross sectional area. Increase in current 

density is expected to increase the amount of drug 

delivered, thus allowing modulation of delivery in response 

to current. Several published reports support this expected 

result. The drug delivery rate for various inorganic ions 

through various types of excised skin was shown to have a 

linear relationship with current density (Phipps et al. , 

198 9) . The response might however start to plateau after a 

certain current density depending on the formulation and 

the physicochemical properties of the drug. After a 

limiting transport number is reached, further increase in 

current does not increase delivery flux (Phipps and Gyory, 

1992) . Also, the current density cannot be indefinitely 

increased since it might irritate or damage the skin. 

Current profile 

Application of direct vs. pulsed current shows a 

significant effect on the transdermal iontophoretic flux of 

drugs. In direct current, the direction of current flow 

occurs in one direction unchanged whereas in pulsed current 

it changes periodically. The persistent use of direct 
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current (DC) , proportional to time, can reduce the 

iontophoretic flux because of its polarization effect on 

the skin (Lawler et al. , 1960) . This can be overcome by 

the use of pulsed DC which is a direct current delivered in 

a periodic manner (Banga and Chien, 1998). During "off 

stage" the skin gets depolarized and returns to the initial 

polarized state. However, it was showed that enhanced skin 

depolarization can decrease the efficiency of drug 

transport, if the frequency of pulsed current is very high 

(Bagniefski and Burnette, 1990) . A two fold increase in 

the transdermal flux of vasopressin was observed when 

pulsed current was used in vivo in rabbits (Singh and 

Maibach, 1995). Enhanced transport of proteins and peptides 

has been reported using pulsed DC (insulin) . But in many 

cases like sufentanil, fentanyl (Thysman et al., 1992) and 

ketorolac, a decreased flux was observed when pulsed 

current was used as compared to constant direct current 

(Dixit et al., 2007) . 

Effect of pH 

Two distinct mechanisms are believed to play an 

important role in the effect of pH on iontophoretic flux. 

The first one is an influence on the degree of ionization 
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of the drug molecule which affects the electromigratory 

contribution to iontophoretic flux. The second mechanism is 

to influence the permselectivity of the skin which shows a 

pi of 4-5. Above this pH, ionization of carboxylic acids 

makes the skin negatively charged showing more affinity 

towards positively charged ions. So, at high pH (>6.5-7), 

electroosmosis also plays a significant role in the 

iontophoretic flux of drugs. Increased delivery was 

observed at pH 7.4 for lysine (pKa 10.8) by anodal 

iontophoresis as both electromigration and electroosmosis 

contribute to the movement of lysine through skin (Green 

et al., 1991; Kalia et al. , 2004). However, for histidine, 

higher delivery was observed at pH 4 when compared to pH 

7.4 as the amino acid is >90% uncharged at pH 7.4. This 

shows the dependency of iontophoretic flux exclusively on 

the electroosmotic flow of the drug (Kalia et al., 1998). 

Ionic strength and presence of competing ions 

In iontophoresis the main aim is that the drug ion 

should carry maximum charge across the membrane. Increase 

in ionic strength will decrease drug delivery, as 

extraneous ions compete with the drug ions. The buffering 

agents used to maintain pH of the donor medium are a major 
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source of co-ions. These co-ions are generally more mobile 

and smaller in size than the drug ions and can dominate the 

penetration into the skin thereby causing a decrease in 

transdermal flux of the drug. Drugs like ketorolac showed 

increased flux with decrease in ionic strength. A 50% 

reduction in benzoate flux occurred when an approximately 

equimolar amount of NaCl was added to donor compartment 

(Miller et al., 1990). 

Physicochemical properties of drug 

Molecular weight and molecular size 

The molecular size of the solute is a major factor 

governing its feasibility for iontophoretic delivery, 

reflecting the amount transported. Many studies correlating 

flux as a function of molecular weight have been conducted 

and it was concluded that for electrorepulsive 

iontophoresis, when all other conditions were kept 

constant, transport of compounds decreased with increase in 

molecular weight (Green et al., 1991; Van der Geest et 

al., 1997) 

Polarity of drugs 

Compounds which are hydrophilic are considered to be 

ideal candidates for optimum flux. Nalbuphine and its 
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esters showed an increased flux as the lipophilicity of the 

compound decreased (Fang et al. , 1999). 

Microporation 

Microporation refers to creation of micron sized 

channels/pores in the skin. This enables the skin transport 

of water soluble molecules and macromolecules which are 

otherwise unlikely to pass through the skin. This 

technology can be used to expand the horizon for 

transdermal delivery as most of the biotechnology derived 

pharmaceuticals are hydrophilic molecules and have large 

molecular size. The usage of micron sized needles for 

transdermal delivery is a cost-effective approach. This 

method involves a temporary physical disruption of the skin 

barrier and is considered to be minimally invasive. The 

micropores created in the skin are superficial, breaching 

the stratum corneum and just entering the epidermis. Human 

skin is made of three layers: stratum corneum, viable 

epidermis, and dermis. The outer 10-15 /xm of skin, called 

stratum corneum, is a dead tissue that forms the primary 

barrier to drug transport. The viable epidermis (50-100 /zm) 

which is a tissue containing living cells but no blood 

vessels lies below the stratum corneum. Still deeper is the 
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dermis which forms the bulk of skin volume and contains 

living cells, nerves, and blood vessels. Therefore, 

microneedles which penetrate the skin more than 10-15 /xm 

should provide transport pathways across the stratum 

corneum, but do so painlessly since the microneedles do not 

reach nerves found in deeper tissue (Henry et al. , 1998). 

Hence, microporation approach is pain free since the nerve 

endings that perceive pain are present in the dermis and 

the microneedles typically reach only till the epidermis. 

Disruption of stratum corneum leads to the formation of 

microscopic channels for the drug to permeate into the 

skin. Skin microporation can be achieved by a variety of 

approaches such as mechanical microneedles, laser ablation, 

thermal/radiofrequency ablation or other miscellaneous 

approaches. The pathways created in the skin are large 

relative to drug dimensions but smaller than the holes made 

in the skin by hypodermic needles (Prausnitz, 2 004; 

Sivamani et al. , 2007) . Microporation has been used for 

skin delivery of hydrophilic molecules (naltrexone) as well 

as proteins (insulin, antibodies) (Davis et al. , 2005; Ito 

et al., 2 006a; Pearton et al. , 2 008; Roxhed et al. , 200 8; 

Wermeling et al. , 2008; Li et al. , 2009). It has also been 

used for vaccine and gene delivery (McAllister et al. , 
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2000; Matriano et al., 2002; Mikszta et al., 2006). 

Literature reports also show particles being delivered 

through these microchannels (McAllister et al., 2003). 

Drug delivery mechanisms by microneedles 

Delivery of drugs by microneedles is possible by a 

variety of mechanisms: (i) direct coating of the drug onto 

solid microneedles; (ii) delivering the drug via hollow 

microneedles; (iii) incorporation of the drug inside the 

microneedles during fabrication for those which dissolve in 

the skin upon insertion; (iv) diffusion of drug through the 

microneedles created in the skin by solid microneedles. 

Direct coating process is normally used for delivery 

of vaccines or very potent drugs since only a minute amount 

of drug can be coated onto the microneedles. Vaccine 

delivery requires only a small amount of antigen to 

generate immune response and thus, coated microneedles 

serve the purpose. Coatings are applied to the tip or upper 

parts of microneedles since the whole length of 

microneedles do not penetrate the skin. Coating process is 

carried out by dipping microneedles in a drug formulation 

of desired concentration, viscosity and surface tension so 

as to enable reproducibility in drug loading. Higher drug 
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loading was made possible by multiple coatings by 

repeatedly immersing the microneedles in the drug 

formulation with an optimized drying time in between the 

coatings (Widera et al., 2006). Literature reports 

successful coating of calcein, vitamin B, BSA, plasmid DNA 

and other model proteins onto microneedles (Gill and 

Prausnitz, 2007b; Gill and Prausnitz, 2007a). 

Hollow microneedles have a conduit within the needle 

which allows the delivery of a drug solution. Drug is 

delivered by means of a driving force such as pressure or 

iontophoresis. Hollow microneedles can also be used to 

extract interstitial fluid from the skin so as to monitor 

drug levels in the body (Mukerjee et al. , 2004) . They can 

also be used to monitor endogenous compounds for diagnostic 

applications. Drugs can also be delivered by incorporating 

them into self dissolving microneedles (Ito et al. , 

2006a). Delivery using solid microneedles is a two step 

process. The needles are first inserted into the skin to 

create microchannels and the drug solution is then placed 

on the microporated area. Drug diffusion occurs through the 

micropores created. 
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Type of microneedles 

Advances in the microfabrication technology have made 

possible the design and production of microneedles (Tao 

and Desai, 2003; Hilt and Peppas, 2005). In the initial 

stages of development, microneedles were primarily made up 

of silicon. However, fabrication of silicon microneedles 

requires expensive microfabrication techniques and clean 

room processing. Also, there is always a possibility of the 

needles breaking in the skin owing to the brittle nature of 

silicon. However, primary irritation tests conducted on 

silicon microneedles or their extractable have shown that 

they caused no irritation (Wu et al. , 2008). Metal and 

polymer microneedles are becoming popular due to the low 

cost involved in their manufacturing and increased 

possibility of acceptance from a regulatory perspective. 

Currently, microneedles made up of polymers, metal and 

sugars are being developed and researched for potential 

commercialization. The making of metal microneedles 

involves laser patterning of needles structures onto a 

metal surface followed by raising the needles out of plane. 

Polymer microneedles can be made my micromolding techniques 

(Coulman et al., 2006). 
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Dissolvable microneedles such as those made of maltose 

are also being investigated. These microneedles can be made 

by molding at very high temperatures and are relatively 

inexpensive to produce (Miyano et al. , 2005). Regulatory 

approval for these types of microneedles may be easier 

since these materials are inert. Maltose microneedles have 

been used to create microchannels in the skin which were 

characterized by SEM, methylene blue staining, 

transepidermal water loss (TEWL) and confocal microscopy 

(Kolli and Banga, 2008) . Transdermal delivery of 

methotrexate and therapeutic antibodies has been reported 

my using maltose microneedles (Vemulapalli et al., 2008; 

Li et al., 2009) . 

Polymers such as dextrin, chondroitin sulfate and 

albumin were used to make microneedles containing 

erythropoietin (Ito et al. , 2006b) . Microneedles made up 

of carboxymethylcellulose and those fabricated from 

biodegradable polymer poly-lactide-co-glycolide have also 

been reported (Park et al. , 2005; Park et al. , 2006). 

Metallic microneedles are being developed by one of the 

companies by creating precision microprojections on a thin 

titanium sheet (Matriano et al. , 2002). 
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Microneedle geometry is also very important as it 

controls the insertion characteristics and drug delivery. 

There must be enough spacing between individual 

microneedles in an array as high microneedle density will 

deform the elastic skin without any penetration into the 

skin (Teo et al. , 2005; Sivamani et al. , 2007). Studies 

conducted in human subjects have shown that insertion 

forces required for microneedle insertion varied from 0.1 

to 3 N and were found to vary linearly with the interfacial 

area of the needle tip (Davis et al. , 2004) . A radius of 

curvature of less than 10 m at the tip is required to 

enable easy skin penetration of microneedles by hand. It 

has also been reported that for short microneedles (< 300 

m) , the use of an applicator might be useful to overcome 

the elasticity of the skin (Verbaan et al. , 2008). The 

length of microneedles is also very important for insertion 

characteristics and could possibly influence drug delivery 

profile and pain perception. Delivery also increased with 

increase in microneedle density (Oh et al., 2008); however 

this might not be always possible. 
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Pore closure 

Transepidermal water loss (TEWL) is a parameter that 

can be used to monitor creation of pores in the skin. 

Untreated skin has a base value, upon insertion of 

microneedles TEWL values increase while the skin resistance 

drops. These values can be used to track the recovery of 

skin following microporation. TEWL, fluorescence imaging 

and methylene blue staining have been used to characterize 

the pores created using maltose microneedles (Kolli and 

Banga, 2008) . It was shown that the pores remain open if 

they were occluded by means of an occlusive film or by 

being exposed to water or any buffer solution irrespective 

of pH (Kolli et al. , 2008). There was some decrease seen 

in the pore permeability index values at 24 hrs but the 

pores still remained open when occluded. The pores created 

my maltose microneedles were found to be open up to 72 hrs 

under occlusive conditions whereas closed in 2-3 hrs when 

not occluded (unpublished data). This finding shows that 

pores remain open upon covering the microporated area with 

a patch and the pores close upon patch removal. The 

mechanism of pore closure is not clearly understood and is 

being still investigated. One of the possibly cited 

theories is that occlusion is believed to disrupt the 
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recovery of the barrier function of skin and to produce 

major changes in skin physiology (Zhai and Maibach, 2002; 

Kennish and Reidenberg, 2005) . 

Thermal, Radiofrequency and Laser Ablation 

Exposure of skin to short, high temperature pulses can 

cause structural disruption and removal of stratum corneum 

without causing any significant heating or damage to deeper 

tissues. This process results in the formation of micron 

sized channels in the skin by flash vaporization of stratum 

corneum in a localized area. Again, these microchannels are 

temporary as the skin is replaced continuously by the 

natural process of desquamation. 

Another emerging technology is based on radio 

frequency ablation and is similar to thermal ablation. It 

has been adapted from medical technology. It uses electric 

current in the radio frequency (100 - 500 kHz) range 

applied to a closely spaced array of microelectrodes on the 

skin surface. This high frequency applied causes vibrations 

within skin cells leading to localized heating and cell 

ablation. This technology has been used to deliver human 

growth hormone (Levin et al. , 2005). The delivery profile 
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and the bioavailability obtained were similar to sub

cutaneous injection. 

Laser based technologies are being developed for skin 

microporation by exciting water molecules on the skin 

surface. The resulting superheating of water on a 

microsecond scale causes an explosive evaporation which in 

turn creates microchannels. Several research groups are 

developing drug delivery systems based on this principle. 

P.L.E.A.S.E® (Painless Laser epidermal System) is one such 

system being developed to create micropores in the skin by 

using an erbium-YAG laser (Bachhav et al. , 2008). The 

depth of the micropores being created can be controlled by 

controlling the laser pulse settings. Photomechanical waves 

generated by high power pulse lasers at 6 94.3 nm have also 

been investigated for transdermal delivery (Coulman et 

al., 2006). 

Phonophoresis 

It is also referred to as sonophoresis. This is a 

process that uses ultrasonic energy to enhance the 

transport of drug molecules to the desired tissue or 

membrane. Ultrasound is defined as sound with a frequency 

greater than 16 kHz. The frequency used for phonophoresis 
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has varied from 20 kHz to 10 MHz, although a preferred 

range is generally considered to be 0.5 to 1.5 MHz (Banga, 

2006b) . The intensity used is also important and should 

normally not exceed 2.5 W/cm2. 

To expect biologic effects from ultrasound, the energy 

must be absorbed by the tissues. The depth of penetration 

in tissue is controlled by the attenuation of sound, which 

in turn is inversely related to frequency. Therefore, high-

frequency ultrasound will increase energy disposition 

within the stratum corneum. Investigators were able to 

successfully deliver salicylic acid using frequencies of 2, 

10, and 16 MHz at an intensity of 0.2 W/cm2 (Bommannan et 

al., 1992a; Bommannan et al., 1992b). The tracer penetrated 

epidermis and dermis with just 5 min of sonophoresis at 16 

MHz. However, 20 min of sonophoresis at 16 MHz appeared to 

have resulted in significant cytotoxic effects and hence 

careful evaluation of the technique is required for 

acceptance. 

Ultrasound can be developed as a potential approach 

for delivering biopharmaceuticals like proteins and 

peptides through the skin. Percutaneous absorption depends 

on several ultrasound parameters like the treatment 

duration, intensity and frequency. Frequency is believed to 
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be the most important parameter (Mitragotri and Kost, 

2 0 04) . Literature reports have shown that there was 

enhancement in skin permeation of molecules when the 

applied frequencies were between 20 kHz to 16 MHz. However, 

significant enhancement on transdermal delivery was found 

with frequencies at the lower end of the range (<100 kHz) 

and delivery of macromolecules up to 4 8 kDa have been 

reported (Mitragotri et al., 1995). The mechanism of 

enhancement by ultrasound is not completely clear and is 

still being investigated but some possible theories have 

been proposed. The most accepted mechanism behind increased 

skin permeation is believed to be due to the formation of 

gaseous cavities within the intercellular lipids on 

exposure to ultrasound leading to disruption of the stratum 

corneum. 

To transfer ultrasound energy to the body, a contact 

medium or coupling agent is required to transfer ultrasonic 

energy from the ultrasonic device to the skin. A gel, 

emulsion, or ointment could be used to meet the purpose 

(Kost, 1993) . The coupling agent may also be used as drug 

carrier, but the amount of coupling agent to be applied 

should be optimized. The important question about the 

reversibility of skin permeation still needs to be 
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answered. A commercial instrument available for this 

purpose is the SonoPrep® device from the former Sontra 

Medical Corporation (Echo Therapeutics, Franklin, MA, USA). 

It uses a frequency of 55 kHz. This is a hand-held device 

and is battery operated. It consists of a control unit, 

ultrasonic horn with control panel, a disposable coupling 

medium cartridge and a return electrode. Successful 

delivery of insulin in animal models has been obtained with 

this instrument and further clinical studies are being 

performed using this device (Tachibana and Tachibana, 

1991; Tachibana, 1992). 

Skin permeation enhancement by ultrasound is believed 

to involve a combination of thermal, mechanical, or 

cavitational effects and therefore, possible effects of 

ultrasound treatment on the stability of peptide/protein 

drugs must be evaluated. Even though the exposure itself 

might not cause any stability problems, cavitation or 

bubble formation may generate air-water interfaces and 

these air-water interfaces could lead to aggregation and 

other stability problems. 
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Microdialysis 

Introduction and Principle 

Microdialysis is a sampling method and has its origin 

from the neurosciences where it was used to monitor the 

levels of neurotransmitters in brain (Ungerstedt and 

Pycock, 1974) . From neurology, it has found its way into 

investigation of various exogenous as well as endogenous 

substances during both in vitro and in vivo experiments. 

Microdialysis is used for sampling of drugs and metabolites 

or endogenous substances from body fluids or the 

interstitial cell fluid (ICF) of selected tissues. A 

microdialysis system typically consists of three 

components: (i) a microdialysis pump, (ii) a microdialysis 

catheter, also called probe, and (iii) a microvial in which 

the sample is collected. During the process of 

microdialysis the probe is implanted into the desired 

tissue or other matrices of interest. A perfusion fluid 

enters the probe through the inlet tubing at a constant 

flow rate, passes the membrane and is then transported 

through the outlet tubing and finally collected in a 

microvial. The sample collected is referred to as the 

dialysate. The perfusion fluid normally employed is an 
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aqueous solution that mimics the composition of the 

surrounding medium. The direction of the diffusion process 

is dependent on the concentration gradient of the solute 

being sampled. As the perfusion fluid passes the membrane, 

molecules up to a certain molar mass depending on the 

molecular weight cut off of the membrane diffuse into or 

out of the perfusion fluid. Thus, microdialysis can be used 

both for collecting a substance in the dialysate as well as 

delivering it into the periprobe fluid. Microdialysis is a 

non-equilibrium process as the probe is constantly perfused 

by a analyte-free perfusate. Hence, the concentration found 

in the dialysate will always be only a fraction of the 

actual analyte concentration in the periprobe fluid. The 

ratio between the concentration in the dialysate and the 

concentration in the periprobe fluid is termed relative 

recovery. 

During the last decade, microdialysis has been shown to 

be a promising technique for the assessment of cutaneous 

drug delivery (Kreilgaard, 2001; Schnetz and Fartasch, 

2001) . This technique is based on the passive diffusion of 

compounds down a concentration gradient across a semi

permeable membrane forming a thin hollow tube typically a 

few tenths of a millimetre in diameter, which functionally 
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represents a permeable blood vessel. Two kinds of probes 

are commonly used when skin is the intended site of 

investigation: the linear and concentric probes. The probe 

is implanted superficially into the dermis or subdermis 

depending on the site of interest, parallel to the skin 

surface via a guide cannula. The probe is slowly perfused 

with a physiological solution, which equilibrates with the 

extracellular fluid of the surrounding tissue, exchanging 

substances smaller than the cut-off value of the membrane. 

The exchange of material is driven by passive diffusion 

(Stahle, 2000), during which drugs and water pass through 

the semipermeable membrane from the medium surrounding the 

membrane into tubular lumen. Exchange of solutes occurs in 

both directions across the semi-permeable membrane of the 

probe depending on the orientation of the solute 

concentration gradients. Thus, the probe can be used for 

delivery as well as for sampling. After continuous sampling 

at regular intervals, the dialysate can be analyzed by HPLC 

or other sensitive analytical methods (Benfeldt and Groth, 

1998). The concentration of a given compound or drug in the 

dialysate will thus reflect the free, diffusible 

concentration in the extracellular fluid. This is the major 

advantage of microdialysis as free, unbound drug 



53 

concentrations are obtained and these unbound levels 

directly correlate to the pharmacodynamic response 

exhibited by the drug. Another important advantage of this 

technique is that no biological fluid is removed from the 

body and multiple sampling sites can be set up to evaluate 

the drug penetration into the skin, compare the effect of 

different vehicles (Kreilgaard, 2001) and study cutaneous 

metabolism of drugs (Cross et al., 1997). 

Microdialysis Features 

Probe materials and perfusion fluid 

The probes used for microdialysis experiments could 

differ extensively in shape and material depending on the 

target tissue and the purpose of the investigation. 

Microdialysis probes are commonly made of polycarbonate 

ether, regenerated cellulose, polyacrylonitrile, 

polyethersulfone or cuprophan (Plock and Kloft, 2005). 

Each probe has its own molecular weight cut off determined 

by the pore size of the probe membrane and it usually 

ranges from 6 to 100 kDa. The perfusion fluid used should 

be closely related to the biological fluid in its ionic 

strength, osmotic value and pH. The most commonly used 

perfusion fluids are normal saline, ringers solution, Krebs 
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ringer solution and Krebs-Henseliet bicarbonate buffer 

(Plock and Kloft, 2005) . 

Relative recovery 

The term relative recovery describes the ratio between 

the concentrations of a substance in the dialysate to that 

in the periprobe fluid. Relative recovery is dependent on 

the following parameters: (i) velocity of the diffusion 

process across the membrane which further depends on 

temperature, molecular weight cut-off, membrane area and 

concentration gradient; (ii) composition of perfusate; 

(iii) flow rate and (iv) tortuosity of the sample matrix 

(Plock and Kloft, 2005). The relative recovery for 

different molecules can differ according to their diffusion 

coefficient (D) which can be calculated from the Stokes-

Einstein equation: 

D =kbT/6 

Where, kb is the Boltzmann constant (1.38066x10 23 J/K), T 

is the absolute temperature, is the viscosity of the 

suspending fluid and is the particle radius (Plock and 

Kloft, 2005). From the equation it is shown that the 

diffusion process is directly proportional to the 

temperature and hence, the entire microdialysis experiment 
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has to be carried out at a constant, preferably body 

temperature. Also, the equation depicts the importance of 

the size of the compound and its influence on the diffusion 

process through the membrane. 

Molecular weight cut-off and membrane area 

Molecules with a molar mass less than the weight cut

off of the membrane are capable of passing through the 

membrane. However, an acceptable relative recovery will 

only be attained with substances having a molar mass lower 

than approximately one-fourth of the membrane cut-off. 

Molecular weight cut-offs are determined under equilibrium 

conditions and therefore under non-equilibrium conditions 

the practical cut-off becomes even smaller depending on the 

size of the compound. Recovery can also be influenced by 

the characteristics of the microdialysis membrane. 

According to Fick's law of diffusion the rate of perfusion 

across a membrane is proportional to its area (Plock and 

Kloft, 2 005) . Therefore increasing the length and thus the 

area of the microdialysis membrane will lead to an increase 

in relative recovery. 
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Perfusate composition and concentration gradient 

Based on Fick' s law of diffusion, diffusion is 

dependent on the concentration gradient. During the 

diffusion process concentrations on both sides of the 

membrane change, therefore the composition of the perfusate 

might play an important role for relative recovery. 

Recovery of macromolecules is lower compared to small 

molecules due to their large sizes and longer diffusion 

times. To improve recovery of large molecules osmotic 

agents were incorporated in the perfusion fluid (Trickier 

and Miller, 2003) . In this study bovine serum albumin (BSA) 

was added to the perfusion fluid and it was used to prevent 

fluid loss from the probe and thus, help increase analyte 

recovery. However, the inclusion of BSA in the perfusate 

results in the loss of the main advantage of microdialysis 

which is obtaining a protein-free sample. Also, presence of 

BSA might interfere with the analytical assay and make the 

sample preparation more complex prior to analysis. Another 

approach tried to improve relative recovery has been to 

influence the solubility of the compound of interest. A 

possible way of controlling this process would be a 

variation of pH. This approach was tried with vancomycin 

and the results from initial in vitro microdialysis 
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experiments showed a dependence of relative recovery on pH 

(Plock et al. , 2005) . Thus, changes in the perfusate 

composition could also lead to changes in the physiological 

conditions around the probe, thereby affecting results. 

Flow rate 

Flow rate is inversely proportional to relative 

recovery. Thus, on a general basis low flow rates result in 

larger and high flow rates in lower recoveries according to 

the following equation: 

RR = (1 e rA/F ) x 100 

where, RR is the relative recovery, r is the mass transport 

coefficient, A is the surface area of the microdialysis 

membrane and F is the chosen flow rate. However, deviations 

from this pattern have been observed (Kjellstrom et al. , 

1998) . The authors observed a reduced relative recovery at 

flow rates below 1 1/min during the determination of 

leukotrienes. One possible explanation offered for the 

observation made was the adsorption processes to the 

membrane. Low perfusion rates are often limited by the 

small sample volume and thus, complicate the analytical 

procedures. Therefore, it is not advisable to choose 

minimal flow rates as this would increase the sample 
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collection interval and consequently result in worse 

temporal resolution. On the other hand, it is not advisable 

to choose a flow rate of 10 /xl/min or higher as this might 

be conducive to the process of ultrafiltration due to the 

built-up pressure in the microdialysis tubing, resulting in 

a net flow out of the probe (Plock and Kloft, 2005). 

Tortuosity of the sample matrix 

The relative recovery obtained during in vivo 

experiments is lower than that obtained during in vitro 

experiments because of the tortuosity of the sample matrix. 

The tortuosity summarizes both the increase in diffusion 

length caused by the hindrance imposed by the cellular 

structures as well as the connectivity of the spaces 

(Nicholson and Sykova, 1998; Hoistad et al., 2002). 

Probe Calibration 

All microdialysis probes need to be calibrated before 

making any conclusions about the concentrations in the 

periprobe fluid. Since microdialysis operates under non-

equilibrium conditions, the concentration of analyte in the 

dialysate is lower than that in the extracellular fluid 

surrounding the probe. Relative recovery has been defined 



59 

as the ratio of these concentrations, and should be 

independent of the absolute, free concentration of the 

compound in the skin. Several methods have been described 

to optimize the in vivo recovery of microdialysis 

probes (Plock and Kloft, 2005) . 

Extrapolation-to-zero flow technique 

This calibration method introduced in 1985 involves the 

variation of perfusion flow rate as relative recovery 

depends on the flow rate of the perfusate (Jacobson et 

al., 1985). Equilibrium conditions would be attained at a 

rate of zero and would therefore yield the actual sample 

concentration. Plotting the flow rate against measured 

concentrations and extrapolating to zero flow will estimate 

the concentration at zero flow rates and thus the relative 

recovery of the probe. This process can be represented by 

the following exponential equation: 

Cdial = C0(l - e-
/F) 

where Cdial is the concentration of the compound in the 

dialysate collected, C0 is the concentration in the 

periprobe fluid, r is the mass transport coefficient, A is 

the surface area of the microdialysis membrane and F 

specifies the chosen flow rate. One of the disadvantages of 
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this method could be the long sampling time for small flow 

rates, thus resulting in poor temporal resolution. 

Method of no-net flux 

The no-net-flux method (also called zero-net-flux 

method) is a calibration method making use of different 

perfusate concentrations (Lonnroth et al. , 1987). For no

net-flux calibration, the compound of interest is added to 

the perfusate in different known concentrations embedding 

unbound tissue concentrations. If the concentration in the 

perfusate (Cperf) lies below the concentration in the 

periprobe fluid (Cpf) the analyte will diffuse through the 

membrane into the perfusate, resulting in a higher 

dialysate concentration (Cdlal) than that of the perfusate. 

If concentrations are vice versa, then Cperf >Cpf and compared 

to the perfusate, Cdial will be decreased. A special 

situation occurs in case of Cperf being equal to Cdial. If 

these circumstances arise Cpf will be the same as Cperf, thus 

resulting in a net flow of zero. The different perfusate 

concentrations can be plotted against substance loss or 

gain measured in the dialysate in relation to the perfusate 

(Cdial-Cper£) . The intercept of the abscissa will provide the 

concentration in the periprobe fluid. In vivo probe 
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recovery is determined by the slope of the regression line 

(Chaurasia et al. , 2007) . The advantage of this method is 

that it is independent from mass transfer in the tissue, 

unlike the method of flow rate variation. A disadvantage of 

this method is that it is very time consuming since the 

probe has to be calibrated with different perfusate 

concentrations. 

Dynamic no-net flux method 

This calibration method was introduced for monitoring 

of the response of extracellular analyte to drug 

administration (Stahl et al. , 2002) . The main difference 

compared to the no-net-flux method is that three or four 

individuals are perfused with a single concentration and 

the data are pooled rather than perfusing one individual 

with multiple concentrations. Although the dynamic no-net-

flux approach allows measurements under transient 

conditions, this advantage is opposed by the fact that a 

large number of study individuals are required for 

calibration procedures. Furthermore, it is not possible to 

calibrate one probe by itself but only all of them as a 

collective. This could lead to additional variation which 
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could be called inter-probe variability in estimating the 

relative recovery. 

Retrodialysis method 

This is the most commonly used probe calibration 

method and employed in most studies as the other methods 

described above are time consuming. It operates by using a 

perfusate spiked with the analyte in a known concentration 

(Stahle et al., 1991). As the diffusion process is assumed 

to be quantitatively equal in both directions the substance 

loss through the membrane is the same as its in vivo 

recovery. It can be calculated by the following equation: 

Recovery % = 10 0 - (Cdial / CPerf * 100) 

where Cdial is the concentration of the analyte in dialysate 

and Cperf is the concentration of the analyte in perfusate. 

The diffusion process will only be equal if the periprobe 

fluid does not yet contain any analyte before the actual 

calibration process. If retrodialysis is used for measuring 

drug concentrations the determination of relative recovery 

should be carried out before the first application of the 

drug. Measurements during steady state conditions are only 

possible if the concentration of the drug in the perfusate 

is a multiple of that in the interstitial cell fluid. 
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Another variation of the retrodialysis method is the 

use of an internal standard to determine in vivo relative 

recovery (Larsson, 1991). It is added to the perfusate 

during the course of the experiment and it should have 

similar properties as the analyte of interest. Afterwards 

the concentrations of both the analyte and the internal 

standard are determined. As the internal standard should 

match the characteristics of the analyte, its loss through 

the microdialysis membrane will predict the relative 

recovery of the analyte. Therefore, the ratio between the 

measured values will yield the recovery of the analyte. 

This approach provides the advantage that recovery changes 

during the experiment can be detected, as a change in the 

relative recovery of the analyte would always go along with 

a change in the loss of the internal standard. However, it 

is important to remember that even though under in vitro 

conditions the recoveries of the internal standard and the 

analyte are the same, this might not hold true for in vivo 

measurements. 

Relative recovery depends on number of factors like 

flow rate of the perfusate, composition of perfusate, 

tortuosity of the matrix, velocity of diffusion process 

which is affected by temperature, molecular weight cut off 
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and concentration gradient. To increase the relative 

recovery, the length of the probe and its molecular weight 

cut-off limit should be increased, while perfusate flow 

should be reduced. Typically, in dermal microdialysis, the 

probe length is 1-2 cm, and the flow rate is between 0.5 

and 5 ml/min. The molecular weight cut-off chosen is 

typically in the range of 5-20 KD to avoid protein leakage 

into the dialysate. For dermal microdialysis, the linear 

probe design is preferred whereas, for subcutaneous 

implantation, both linear and concentric probes have been 

used (Herkenne et al., 2008). 

Limitations of Microdialysis 

The principle challenge of microdialysis is its 

sensitivity towards the measurement of a) lipophilic 

permeants which are slowly and poorly extracted into the 

perfusion fluid, and b) compounds with high protein 

binding. Earlier work involving the microdialysis of 

fusidic acid and betamethasone-17-valerate was not 

successful as the compounds were not detected in the 

dialysate (Benfeldt et al. , 1999). Although it has been 

suggested that recovery may be improved by introducing co-

solvents like polyethylene glycol or cyclodextrins or 
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lipids, into the perfusate, or by changing its pH, the 

advantages of such a strategy must be balanced against 

potential tissue alterations and their impact upon 

biocompatibility (Kurosaki et al., 1998). Low rates of 

perfusion (0.5-5 ml/min) are mandatory for compounds with 

low recoveries, especially those which are highly protein-

bound. This poses a challenge for the analysis of the 

compound obtained in the dialysate. The analytical 

challenge is therefore considerable and demands sensitive 

techniques as HPLC may not be sufficient and the use of 

specific biosensors and mass spectrometry (as well as other 

techniques) has been reported (Davies et al. , 2000; Mathy 

et al., 2003). Also, probe implantation remains a technical 

challenge that is only mastered with patience and practice. 

Although the significance of probe depth on the resulting 

permeation profile is a matter of some debate, it is clear 

that implantation in either the superficial dermis, or deep 

dermis or subcutaneous tissue can have an obvious impact on 

the data obtained (Mathy et al. , 2005) . Another potential 

issue that has to be taken into consideration during 

microdialysis sampling is the tissue trauma caused by the 

insertion of the probe. Although the probe itself causes 

little disruption in the tissue this might not be the case 
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for the implantation process. However, as the invasiveness 

differs depending on the location of the probe, a 

microdialysis experiment performed in the bile duct or 

liver will certainly cause more trauma than one conducted 

subcutaneously. In general, an inflammatory response can be 

observed in all tissues (Ault et al. , 1992) . Ault et al. 

performed histological studies to investigate skin response 

to probe implantation. They noticed no immediate evidence 

of edema or tissue disruption. Similar studies performed by 

Mathy et.al, Davies and Lunte (1995) showed in vivo skin 

tolerance after subcutaneous and cutaneous probe insertion 

in rats (Davies and Lunte, 1995; Mathy et al., 2003). 

Microdialysis of Macromolecules 

Microdialysis is a well-established technique for the 

continuous sampling of small water-soluble molecules within 

the extracellular fluid space in vivo. Since its 

introduction into neurosciences, microdialysis has been 

adapted for use in many other tissues, including skin, 

adipose tissue, muscle and gastrointestinal tract (Bito et 

al., 1966; Andersson et al. , 1995; Krogstad et al. , 1996; 

Petersen et al. , 1997; Kellogg et al. , 1998; Clough, 1999; 

Lindberger et al., 2001; Rhodes et al., 2001; Klede et al., 
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2003; Sun and Stenken, 2003). However, the ability to 

recover molecules of higher molecular mass has, until 

recently, been limited by the availability of dialysis 

probes with high molecular weight cutoffs (MWCOs). The 

commercial availability of larger molecular weight 

microdialysis probes (up to 10 0 kDa) has now made it 

possible to sample biologically derived macromolecules. 

However, sampling of macromolecules has several issues to 

be addressed. One of the major difficulties is poor sample 

recovery. The number of pores within most of the membranes 

currently used that are capable of allowing the passage of 

such large molecules is small and results in an increased 

mass transport resistance and a low relative recovery. In a 

study performed the dialysis efficiency (Ed) of a 10,000 Da 

protein across a commercial 100,000 Da MWCO membrane 

perfused at a flow rate of 1 1/min was found to be below 

5% (Schutte et al., 2004). 

Continuous perfusion of large pore dialysis membranes 

for long periods results in an apparent fall in analyte 

recovery, with initial total protein levels significantly 

higher than those recovered in later samples (Fellows et 

al. , 2003) . One possible explanation for this is that the 

amount of material available for dialysis recovery falls 
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with time. The concentration gradient of any solute within 

the tissue space within the proximity of the probe will be 

determined by the rate at which it is supplied by and 

diffuses through the tissue and also by the rate at which 

it is removed in the dialysate. This phenomenon may be 

particularly true for larger, more slowly diffusing 

molecules at low biological concentrations within the 

tissue space. 

Scanning electron micrographs of membrane surface of 

commercially available 100 kDa probe have shown that the 

pores are micron sized, irregular and have multiple 

tortuous connecting passages (Rosenbloom et al. , 2005). 

Increase in pore size will lead to fluid loss from the 

membrane especially at higher flow rates. Fluid loss into 

the tissue may dilute the content of interstitial space and 

could potentially compromise tissue function and stimulate 

changes in the tissue levels of the target molecules as a 

result of dilution of the environment around the probe. An 

increase in tissue water will further reduce the already 

low concentrations of the target molecules within the 

tissue space and may lead to an underestimate of the 

concentration of the molecules of interest. Studies have 

observed this when the performance of large pore membranes 
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placed at different tissue sites were compared. Several 

groups have attempted to overcome fluid loss into the 

tissue and to improve analyte recovery by the addition of 

osmotic agents to the perfusate (Hamrin et al. , 2002; 

Trickier and Miller, 2003) . These agents have included 

serum albumin and modified starches, both of which tend to 

reduce fluid loss into the tissue space. Some of the 

additives used have the added advantage of reducing 

nonspecific adsorption of analyte onto the probe material 

or act as binding agents to stabilize and enhance recovery 

of hydrophobic or highly tissue-bound molecules. Studies 

conducted on cytokines have shown that addition of albumin, 

modifies starches (cyclodextrins) or lipids to the 

perfusate have shown improved recovery (Sjogren et al., 

2002; Ao and Stenken, 2003; Sun and Stenken, 2003; Trickier 

and Miller, 2003) . The ability of these agents to increase 

recovery varies considerably and in vitro appears to depend 

on the nature of the dialysate membrane and the analyte 

(Sun and Stenken, 2003). Whether these recovery enhancers 

are as effective in vivo as they appear to be in vitro 

conditions is yet to be explored. However, in spite of all 

these various ways to improve recovery and optimization, 
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the analyte recovery for large molecules still remains to 

be low. 

Monitoring large molecules using microdialysis 

requires a sensitive and reproducible assay. The commonly 

employed analytical methods in most studies are sensitive 

fluorometric or radio or enzyme immunoassays. The volume 

requirements of these assays are considerable and limit the 

number of proteins that can be assayed within a single 

dialysate sample (Sjogren et al., 2002; Winter et al., 

2 004) . Various techniques such as the Wick technique and 

the blister suction technique have been widely used in the 

past to sample the interstitial space of skin for proteins 

during various physiological and pathophysiological 

conditions (Haaverstad et al., 1996; Nedrebo et al., 

2004) . However, microdialysis has now gained popularity and 

is being used to monitor inflammatory mediators during 

inflammation and other skin conditions (Krogstad et al. , 

1997; Sjogren et al. , 2002; Riese et al. , 2003). It has 

also been used in breast tissue to investigate changes in 

angiogenic factors such as soluble vascular endothelial 

growth factor (VEGF) in health and during tumor 

angiogenesis (Garvin and Dabrosin, 2 0 03) and to monitor 
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changes within the environment of both acute and chronic 

wounds (Simonsen et al., 1998; Clough and Noble, 2003). 



CHAPTER 3 

EFFECT OF MOLECULAR CHARGE ON THE TRANSDERMAL DELIVERY OF 

DANIPLESTIM DURING IONTOPHORESIS ALONE AND IN COMBINATION 

WITH MICRONEEDLES 

Abstract 

Purpose This study was conducted to assess the skin 

transport abilities of daniplestim across hairless rat skin 

during iontophoresis alone and in combination with 

microneedles as a function of molecular charge. The effect 

of microneedle pretreatment on electroosmotic flow was also 

investigated. 

Methods Skin permeation experiments were carried out 

in vitro using daniplestim (DP). It has a molecular weight 

of 12.76 kDa and an isoelectric point of 6.2. The delivery-

experiments were performed using Franz diffusion cells. The 

effect of molecular charge on protein transport was 

investigated by performing studies in two different buffers 

72 
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- TRIS (pH 7.5) and acetate (pH 4.0). The stability of 

protein under the experimental conditions was evaluated 

using size exclusion chromatography and reverse phase HPLC. 

DP was analysed using ELISA. Acetaminophen was used as a 

marker to study electroosmosis. 

Results. SEC and HPLC results suggest that daniplestim 

was stable under the conditions of the experiment. 

Iontophoretic transport mechanisms of DP varied with 

respect to molecular charge on the protein. The combination 

approach (iontophoresis and microneedles) gave much higher 

flux values compared to iontophoresis alone at both pH 4.0 

and pH 7.5. 

Conclusion. Results indicate that iontophoretic 

delivery of DP was charge dependent. Maximum delivery was 

seen with the combination of microneedles and 

iontophoresis. The findings of this study indicate that 

electroosmosis persisted upon microporation, thus retaining 

skin's permselective properties. 

Introduction 

Proteins and peptides are traditionally administered 

by parenteral route i.e. intravenously or subcutaneously 

because of poor bioavailability by most other routes 
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(Shire et al. , 2004). However, there are several 

alternative routes being explored with transdermal drug 

delivery being one of the attractive delivery methods. 

Passive diffusion of protein and peptide drugs across the 

skin is limited by their hydrophilic nature and high 

molecular weight (Schuetz et al. , 2005b). Hence, 

enhancement methods like iontophoresis (Chaturvedula et 

al. , 2005b; Schuetz et al. , 2005b), sonoporation (Weimann 

and Wu, 2002), electroporation (Tokumoto et al. , 2006) and 

microneedles (Lin et al. , 2001; Kolli and Banga, 2008), 

are being employed to increase the skin permeation of a 

wide variety of macromolecules. 

Iontophoresis involves application of physiologically 

acceptable amounts of current to drive charged and neutral 

molecules across the skin. The two principle mechanisms 

governing iontophoresis are 

electromigration/electrorepulsion and electroosmosis. At 

physiological pH, skin is negatively charged and when a 

voltage difference is applied across the skin, there is a 

solvent flow seen from anode to cathode (Pikal, 2001). 

This bulk solvent flow is referred to as electroosmosis and 

is independent of the charge on the permeant. Thus, it can 
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be used to transport charged as well as uncharged 

molecules. However, iontophoretic delivery is restricted to 

compounds of certain molecular weight (10-15 kDa) (Turner 

et al. , 1997; Banga, 2006a; Cazares-Delgadillo et al. , 

2007) . 

The major rate-limiting barrier for transport of 

molecules across the skin is stratum corneum. As proteins 

are hydrophilic, their transport is highly hindered by the 

lipophilic stratum corneum. Efforts are on to overcome the 

barrier properties of skin by developing methods to breach 

stratum corneum in a transient and reversible manner. 

Microporation is one such approach being tried to 

effectively enhance the permeation of a wide range of 

molecules across the skin. Microneedles are minimally 

invasive, long enough to breach the stratum corneum but 

short enough not to reach the nerves in the deeper tissues, 

thus, not stimulating any pain receptors (Wang et al. , 

2005; Kolli and Banga, 2008). Combination of such methods 

where the barrier properties of the skin are compromised 

(microporation, electroporation) with iontophoresis might 

significantly improve skin permeation there by making 

transdermal delivery feasible for a broad range of 



76 

molecules. Combination strategies have been previously used 

by researchers to deliver insulin (Tokumoto et al., 2006), 

antisense oligonucleotides (Lin et al., 2001) and dextrans 

of various molecular weights (Wu et al. , 2007) . 

The present study focuses on one such combination -

microneedles and iontophoresis, to enhance the skin 

permeation of daniplestim. It is an IL-3 receptor agonist 

consisting of 112 amino acid residues. It has a molecular 

weight of 12.76 KD and an isoelectric point of 6.2. This 

protein was chosen primarily for its physicochemical 

properties and not for its therapeutic potential. The 

purpose of the present study was (1) to assess the skin 

transport abilities of the protein during iontophoresis 

alone and in combination with microneedles as a function of 

molecular charge, (2) to study the effect of microneedle 

pretreatment on electroosmotic flow during iontophoresis. 

Materials & Methods 

Materials 

Sodium chloride (NaCl), sodium dihydrogen phosphate 

(NaH2P04) , di-sodium hydrogen phosphate (Na2HP04) , sodium 
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acetate (CH3COONa) and acetonitrile (HPLC grade) were 

obtained from Fisher Scientific (New Jersey, USA). 

Acetaminophen was purchased from Sigma-Aldrich (St.Louis, 

MO, USA). Silver wire (0.5mm diameter) and silver chloride 

used in the making of electrodes were obtained from Sigma-

Aldrich (St.Louis, MO, USA). All solutions were prepared 

using de-ionized water. 

Daniplestim (DP) was obtained as a gift from Pfizer, 

Inc. (St.Louis, MO, USA). It was provided as a lyophilized 

formulation in vials (1.0 mg/vial) consisting of 

TRIS/mannitol/sucrose (1.2/40/10), pH 7.5. The vials were 

reconstituted with de-ionized water prior to use to work at 

this pH. 

Animals and skin preparation 

Male hairless rats (8-10 weeks old) were used for all 

the experiments. They were obtained from Charles River 

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

University animal facility until used. Rats were euthanized 

by C02 asphyxiation after which skin from the abdominal 

region was excised. The underlying subcutaneous fat was 

carefully removed and the cleaned skin was then used 
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immediately to perform the in vitro studies. All the animal 

studies were reviewed and approved by the Mercer University 

Institutional Animal Care and Use Committee. 

Iontophoretic permeation experiments 

In vitro permeation experiments were carried out using 

vertical glass (static) Franz diffusion cells (PermeGear, 

Inc., Hellertown, PA, USA) having a diffusion area of 

0.64cm2. The skin was clamped between the donor and the 

receptor compartments such that the epidermal surface 

always faced the donor chamber. The donor solution (300 1) 

comprised of 0.08 mM (1 mg/ml) of DP and 15 mM of 

acetaminophen either in TRIS buffer (pH 7.5) or acetate 

buffer (pH 4.0). The receptor compartment (5 ml) consisted 

of phosphate buffer (10 mM, pH 7.4). A temperature of 37 °C 

was maintained throughout the duration of the experiment by 

means of a water circulation jacket surrounding the lower 

portion of the cell. Anodal iontophoresis experiments had 

23 8 mM NaCl in the donor and cathodal iontophoresis studies 

had 150 mM NaCl in the receptor. A constant current (0.5 

mA/cm2) was applied for 6 hrs through Ag/AgCl electrodes 

connected to a power supply device (Keithley®, Keithley 

Instruments; Cleveland, OH, USA) . About 50 0 1 of the 
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sample was drawn at preset time points over a period of 24 

hrs and replenished immediately with the same volume of 

receptor buffer. The samples were stored at 4 °C until 

analysis. All experiments were performed in triplicate. 

Effect of molecular charge 

To evaluate the effect of molecular charge on the 

protein, iontophoresis was done in two different buffers 

(TRIS, pH 7.5 and acetate, pH 4.0) on either side of the 

isoelectric point (6.2) . DP was originally obtained as a 

formulation in TRIS buffer, pH 7.5. The pH of the original 

formulation was modified by performing a buffer exchange 

into acetate buffer (pH 4.0). The buffer exchange procedure 

was carried out using dialysis cassettes (Pierce, Rockford, 

IL, USA) with a 2000 Da molecular weight cut off and a 

sample volume of 0.5 ml-3 ml per cassette. 

Protein stability 

The effect of formulation pH on DP stability was 

evaluated by analyzing a 100 g/ml solution of DP in TRIS 

(pH 7.5) and acetate (pH 4.0) buffer using reverse phase 

HPLC and size exclusion chromatography. The stability of DP 

in the presence of skin and current application was also 
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studied using HPLC. To mimic the in vitro permeation 

experiments, a 1 mg/ml DP solution was placed in the donor. 

Samples were collected at zero hrs and at the conclusion of 

the study which was 24 hrs. All samples were analysed in 

duplicate. 

Size-Exclusion chromatography 

Alliance system (Waters Corp., MA, USA) equipped with 

a photodiode array detector (PDA) was used. The samples 

were eluted with a mobile phase consisting of 100% 

phosphate buffered saline (IX) on a Biosep-SEC-S 2000 

column (Phenomenex; 30 cm x 4.6 mm) . The flow rate was 

maintained at 0.5 ml/min and the detection wavelength was 

214 nm. The injection volume was 50 /xl. 

Reverse Phase HPLC 

Alliance system (Waters Corp., MA, USA) equipped with 

a fluorescence detector was used. Gradient elution was 

performed with a mobile phase consisting of water, 1.5% 

trifluoroacetic acid and acetonitrile. DP was detected 

using an excitation wavelength of 276 nm and an emission 

wavelength of 340 nm. A C-4 column (Phenomenex; 15 cm x 4.6 
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mm; 5 m) was used with a flow rate of 1.0 ml/min and an 

injection volume of 50 (xl. 

Skin microporation 

The excised skin was porated manually with six layers 

of maltose microneedles stacked together as a single unit 

(27needles/layer, Texmac Inc.) with an optimized pressure 

of approximately 0.625 kg/cm2 for 60 sec. Each individual 

needle was about 500 m long with the length of the base 

and radius of curvature of the tip approximately around 200 

m and 3 m respectively (Kolli and Banga, 2008) . 

Electroosmosis 

Acetaminophen (15 mM) was used as a marker to study 

electroosmosis. It is a neutral hydrophilic molecule with 

negligible passive permeation; hence its transport through 

the skin upon iontophoresis is predominantly by 

electroosmosis (Schuetz et al. , 2005a) . The acetaminophen 

flux obtained was used as a measure of the degree of 

electroosmotic flow. 
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Tape stripping 

This procedure was carried out to investigate the 

effect of stratum corneum removal on electroosmotic flow 

and compare it to microporation which involves ablation of 

a small fraction of the stratum corneum layer. Stratum 

corneum was removed by using 3M transpore tape (about 3 0 

strips) (St.Paul, MN, USA) (Christian Surber a, 2001). The 

removal of stratum corneum was ensured by transepidermal 

water loss (TEWL) measurements using a vapometer (Delfin 

Technologies, Inc., Stamford, CT, USA) (Grubauer et al. , 

1989) . TEWL values increased relative to the control 

measurements made prior to stripping and remained constant 

after about 2 0 strips. 

Quantitative analysis 

DP was quantified using a commercially available 

enzyme-linked immunosorbent assay (ELISA) human IL-3 kit 

(Duoset®) from R & D systems (Minneapolis, MN, USA) . The 

standard curve was in the range of 7.5 ng/ml - 250 ng/ml. 

All the standards and samples were analysed in duplicate. 

Acetaminophen was quantified by high performance 

liquid chromatography (HPLC) using Alliance system (Waters 
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Corp., MA, USA) equipped with a photodiode array detector 

(PDA) by a method which was previously reported (Schuetz 

et al. , 2005a) . The samples were eluted with a mobile 

phase consisting of 8% acetonitrile and 92% water adjusted 

to pH 3.5 with glacial acetic acid on a C-18 column 

(Varian; 25 cm x 4.6 mm; 5 m). The flow rate was 

maintained at 1.2 ml/min and the detection wavelength was 

243 nm. The injection volume was 50 pil. 

Statistical analysis 

Analysis of variance (ANOVA) was used. All the results 

are shown as a mean of the number of replicates used with 

respective standard deviation. The in vitro steady-state 

permeation flux was calculated from the linear portion of 

the cumulative amount vs time profile. 

Results 

SEC results (Fig. la and lb) and HPLC analysis (Fig. 

lc and Id) confirmed the stability of daniplestim at both 

pH 7.5 and pH 4.0. The retention time and the peak areas 

were similar for both formulations. Analysis of the donor 

solution at zero hrs and 24 hrs by HPLC further confirmed 

the stability of DP under experimental conditions (Fig. 2a, 
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2b, 2c and 2d) . This suggests that daniplestim was stable 

during the permeation experiments. 

la 

00 10.00 11.00 12.00 13.00 

lb 

00 9.00 10.00 11.00 12.00 13.00 
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Figure 3: Size-exclusion chromatograms of 100 g/ml 
solution of DP in (a) TRIS buffer, pH 7.5; (b) Acetate 
buffer, pH 4.0; HPLC chromatograms of DP in (c) TRIS 
buffer, pH 7.5; (d) Acetate buffer, pH 4.0. 
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Figure 4: HPLC chromatograms of DP at (a) zero hrs, (b) 24 
hrs in TRIS buffer formulation (pH 7.5); (c) zero hrs, (d) 
24 hrs in Acetate buffer formulation (pH 4.0). 
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The iontophoretic transport of DP was studied with two 

formulations having different pH values across intact and 

microporated skin. The permeation experiments were carried 

out with TRIS buffer formulation (pH 7.5, magnitude of 

charge on DP is approximately 3.1) and acetate buffer 

formulation (pH 4.0, magnitude of charge on DP is 

approximately 11.0). DP is negatively charged at pH 7.5, 

hence delivered under cathode (cathodal iontophoresis) and 

it is positively charged at pH 4.0, thus delivered under 

anode (anodal iontophoresis) (Table 1). 

The cumulative amount of DP delivered across the skin 

from pH 7.5 and pH 4.0 formulations by a combination of 

iontophoresis and microneedles and iontophoresis alone is 

shown in Fig 3a and 3b respectively. There were no 

detectable levels seen at pH 7.5 with iontophoresis alone, 

however, at pH 4.0 about 5 5 5.3 ± 9.9 ng.cm"2 was delivered. 

The cumulative amount permeated with iontophoresis across 

microporated skin at pH 7.5 and pH 4.0 was 717.8 ± 72.8 

ng.cm"2 and 22727.1 ± 11970.1 ng.cm"2 respectively (ANOVA, P 

< 0.05). There was approximately a thirty-fold increase 

seen in the amount of DP that permeated from pH 4.0 
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formulation than pH 7.5 formulation with the combination 

strategy. 

Table 1: Schematic showing the charge on daniplestim (DP) in TRIS buffer and acetate 
buffer and the type of iontophoresis applicable. 

DP 

L 
TRIS-buffer 
formulation 

pH7.5 

pi = 6.2 

Negatively charged 

Anodal ITP Cathodal ITP 

(Incorrect Polarity) (Right Polarity) 

1 
Acetate-buffer 

formulation 
pH4.0 

+ + + + + + 

+ + + + + + 

Positively charged 

Anodal ITP 

(Right Polarity) 

Cathodal ITP 

(Incorrect Polarity) 
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Figure 3: Cumulative amount-time profile of DP over 24 hrs 
following 6hrs of iontophoresis at 0.5 mA/cm2 across intact 
and microporated skin, (a) TRIS buffer formulation (pH 7.5) 
(Cathodal Iontophoresis), (b) Acetate buffer formulation 
(pH 4.0) (Anodal Iontophoresis). (Mean+SD) 
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The steady-state flux of DP during 6 hrs of current 

application is shown in Fig 4. At pH 7.5, the measured 

steady-state flux of DP for the combination of 

iontophoresis and microneedles was 41.1 ± 16.6 ng.cm"2hr_1. 

The steady-state fluxes of DP at pH 4.0 for iontophoresis 

alone and the combination strategy were 4.9 ± 2.3 and 781.5 

± 625.9 ng.cm^hr"1 respectively. Comparison of steady-state 

fluxes between the two formulations for iontophoresis 

across microporated skin shows that the flux was about 

twenty times higher at pH 4.0. 

Acetaminophen (ACM) was added to the donor to measure 

the degree of electroosmotic flow (Schuetz et al., 2005a). 

Fig's. 5a and 5b show increase in the magnitude of 

electroosmotic flow as the skin pH is increased from 4.0 to 

7.5. The steady- state ACM flux measured under anode at pH 

4.0 was 0.8 ± 0.2 g.cm^hr"1 (Fig. 5a) and at pH 7.5 was 9.8 

± 2.4 g.cm"2hr_1 (ANOVA, p<0.05) (Fig. 5b). To check for the 

reversal of direction of the electroosmotic flow at lower 

skin pH values, ACM flux was also measured under cathode. 

At pH 4.0, under cathode, the ACM flux was 2.1 ± 0.1 

g.cm^hr"1. The membrane might have reversed its charge at 

this pH, there by causing reversal of electroosmosis. Also, 
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there was an overall decrease in electroosmosis at pH 4.0 

compared to pH 7.5 (ANOVA, p<0.05). 
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Figure 4: Steady- state flux of DP during 6 hrs of 
iontophoresis at 0.5 mA/cm2 across intact and microporated 
skin at pH 7.5 (cathodal) and pH 4.0 (anodal). (Mean±SD) 
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Figure 5: Steady-state ACM flux during 6 hrs of 
iontophoresis at 0.5 mA/cm2 across intact skin, (a) Acetate 
buffer formulation (pH 4.0) under cathode and anode, (b) 
TRIS buffer formulation (pH 7.5) under anode. (Mean±SD) 
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Daniplestim being negatively charged at pH 7.5 was 

delivered under cathode. However, to take advantage of 

electrosomosis and also to investigate if it was the 

dominant mechanism of skin transport, DP was delivered 

under anode (wrong or incorrect polarity) at pH 7.5 (Table 

1) . The cumulative amount - time profile of DP delivered 

under the incorrect polarity of electrode is shown in Fig 

6. The amount of DP permeated during iontophoresis across 

intact and microporated skin was 626.3 ± 171.4 and 949.1 + 

189.5 ng. cm"2 respectively (ANOVA, p>0.05). 

Comparison of steady-state fluxes of DP and ACM under 

cathode (right polarity with respect to the protein) and 

anode (incorrect polarity with respect to the protein) are 

shown in Fig's 7a and 7b. The steady-state flux of DP under 

anode across intact and microporated skin was 46.7 + 16.9 

and 63.5 ± 45.7 ng.cm^.hr'1 respectively (Fig 7a) (ANOVA, 

p>0.05). The corresponding ACM fluxes were 9.8 + 7.4 and 

20.6 ± 5.2 g.cm"2hr_1 (Fig 7b) (ANOVA, p>0.05). 

At physiological pH skin being negatively charged, 

electroosmotic flow occurs from anode to cathode. However, 

there was some ACM flux seen across microporated skin with 

cathodal iontophoresis at pH 7.5 (2.4 + 0.3 g.cm^hr1) (Fig 
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7b) . This is probably due to the passive diffusion of ACM 

as a result of microporation and not due to electroosmotic 

flow. 
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Figure 6: Cumulative amount -time permeation profile of DP 
for 24 hrs following 6 hrs of iontophoresis at 0.5 mA/cm2 

across intact and microporated skin at pH 7.5 under anode 
(incorrect electrode). (Mean+SD) 
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flux, b. ACM flux. (Mean±SD) 
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Physical impairment of the skin barrier in combination 

with iontophoresis is one of the approaches being tried to 

enhance the delivery of high molecular weight drugs. The 

effect of pretreatment with microneedles and removal of 

stratum corneum on the transport of ACM flux is summarized 

in Fig. 8. Electroosmosis is a bulk fluid flow seen from 

anode to cathode at physiological pH, hence this study was 

carried out at pH 7.5 (Pikal, 2001) . There was no passive 

permeation seen for ACM across intact skin. The passive 

permeation of ACM across tape stripped skin was 

substantially high (28.1 + 0.01 g.cm^hr"1). However, 

application of current across the tape stripped skin did 

not further enhance the permeation of ACM (27.9 + 2.2 g.cm" 

2hr_1) (ANOVA, p>0.05). This suggests that electroosmosis 

was completely abolished and tape stripping impaired the 

permselective properties of the skin. The measured steady-

state flux of ACM across microporated skin (passive) was 

2.9 + 0.8 g.cm^hr"1'. Iontophoresis across microporated skin 

further enhanced the flux of ACM by about seven times (20.6 

+ 5.9 g.cm'2hr_1) (ANOVA, p<0.05), suggesting that 

electroosmosis persisted upon pretreatment with 

microneedles. 
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Figure 8: Steady state acetaminophen flux across- intact 
(passive), microneedle pretreated (passive and 6hrs of 
iontophoresis at 0.5 mA/cm2) , impaired skin (tape stripping 
passive and 6hrs of iontophoresis at 0.5 mA/cm2) . (Mean+SD) 
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Discussion 

Iontophoretic delivery depends on the properties of 

the permeant and also on the charge of the membrane 

(Merino et al., 1999). In the current study, the effect of 

formulation pH which in turn dictates the charge on the 

protein molecule was evaluated. At pH 7.5 there was no 

iontophoretic delivery of DP seen under cathode, however, 

there was some amount delivered under anode (incorrect 

polarity) at the same pH (Fig's 3a and 6). This suggests 

that electroosmosis is the predominant transport mechanism 

at this pH. Electroosmosis is believed to gain importance 

and the role of electrorepulsion is assumed to reduce with 

an increase in the molecular size (Guy et al., 2000). This 

probably holds true for DP as the delivery at pH 7.5 was 

seen only under anode. Also, the ACM flux measured further 

supports that electroosmosis was present and helped in the 

permeation of DP during iontophoresis at pH 7.5. Moreover, 

iontophoretic delivery of a large anion is thought to be 

more effective under anode than the cathode due to 

electroosmosis (Pikal, 2001). 

DP was delivered in vitro at pH 4.0 by iontophoresis. 

However, the predominant mechanism of transport at this pH 
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might be electrorepulsion and not electroosmosis. Reports 

from the literature suggest that at a given molecular 

weight, increase in molecular charge enhances 

electrorepulsion (Abla et al., 2005b). At pH 4.0, 

daniplestim has a higher molecular charge (-11.0) than pH 

7.5 (-3.1), thus, the charge/molecular weight ratio is more 

at pH 4.0 (8.6 x 10~3) than pH 7.5 (2.4 x 10"3) . Also, the 

steady state ACM flux measured at pH 7.5 was approximately 

nine times higher compared to the flux at pH 4.0, thereby 

suggesting that there was a decrease in the magnitude of 

electroosmosis at pH 4.0. Electroosmosis is believed to 

decrease as the pH is lowered, especially with continued 

iontophoresis at high current intensities (Pikal, 2001). 

Electroosmosis might reverse its direction as the pH goes 

down to around 4.0 as the charge on the skin reverses from 

negative to positive (Pikal, 2001), (Marro et al., 2001). 

However, the ACM flux measured in the reverse direction 

(under cathode) at pH 4.0 was still five times less 

compared to the flux at pH 7.5, suggesting a decrease in 

degree of electroosmosis. Also, there was no DP delivered 

at pH 4.0 under cathode (incorrect polarity of electrode) 

suggesting electrorepulsion is the major transport 

mechanism. 
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Microneedle mediated transdermal delivery is expected 

to significantly enhance the permeation of macromolecules 

(Prausnitz, 2004). The microneedles used in this study are 

made up of maltose, a GRAS substance. These needles are 

believed to go about 160 m deep, effective enough to 

disrupt the stratum corneum and enter the epidermis without 

stimulating any nerve endings present in the dermis (Kolli 

and Banga, 2008). Transcutaneous electrical resistance 

measurements made by our lab previously have shown that the 

electrical resistance of hairless rat skin decreased about 

three times relative to normal skin following treatment 

with maltose microneedles (Lanke et al., 2009). 

Iontophoretic transport mechanisms (electromigration 

and electroosmosis) are different across intact skin and 

impaired skin (Abla et al., 2005a). It was reported (Abla 

et al. , 2005a) and also demonstrated in the current study 

that complete removal of stratum corneum by tape stripping 

abolishes electroosmosis, thus impairing the permselective 

properties of the skin. Microneedles, upon insertion into 

the skin, breach the stratum corneum to create microscopic 

channels in the skin so as to ease transit of molecules 

across the skin (Kolli and Banga, 2008) . The effect of 
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microporation on electroosmosis and thus, on skin 

perraselectivity was evaluated in this study. The ACM flux 

across microneedle pretreated skin with iontophoresis was 

about seven times higher compared to the flux across 

microporated skin with no iontophoresis, thereby suggesting 

the presence of electroosmosis upon microporation. 

The combination of microneedles and iontophoresis 

always delivered higher amounts of DP compared to 

iontophoresis alone. Iontophoretic delivery is sensitive to 

the properties of the permeant and thus, the combination 

yielded different results with respect to different 

transport mechanisms dominating the two formulations. There 

was no significant difference between the amounts of DP 

delivered by the combination approach at pH 7.5 under 

cathode (right electrode) and anode (incorrect polarity of 

electrode). There was iontophoretic delivery seen for DP 

under anode at pH 7.5, however there was no great 

enhancement seen following microporation. On the contrary, 

at pH 4.0, there was almost thirty fold enhancement seen in 

the amounts of DP that permeated with iontophoresis and 

microneedle combination. Earlier in the discussion, it was 

concluded that electroosmosis is the predominant mechanism 
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of transport at pH 7.5 and electromigration is the major 

mechanism at pH 4.0. This difference in iontophoretic 

transport mechanisms at pH 7.5 and pH 4.0 might explain the 

differences seen in the amounts of DP that permeated with 

the combination approach. 

Conclusion 

This work demonstrates the in vitro iontophoretic 

delivery of a 13 KD protein across hairless rat skin. The 

molecular charge present on the protein was shown to 

dictate the type of transport mechanism acting during 

iontophoresis. Pretreatment with microneedles did not 

impair electroosmosis and thus, the electrical properties 

of the skin were retained. Iontophoresis across 

microporated skin further enhanced the permeation of DP. 

The findings of this study suggest that combination of 

microneedles and iontophoresis saw maximum permeation of DP 

when electrorepulsion was the major transport mechanism. 

This finding might help in regulating the delivery of 

macromolecules across microneedle pretreated skin when 

combined with iontophoresis. 



CHAPTER 4 

SKIN DELIVERY OF DANIPLESTIM USING PHYSICAL ENHANCEMENT 

METHODS AND EVALUATION OF PHARMACOKINETIC PARAMETERS IN 

VIVO 

Abstract 

Purpose This study was conducted to evaluate the 

transdermal delivery of daniplestim using iontophoresis, 

sonophoresis, and microneedles alone or in combination. 

Methods In vivo delivery experiments were carried out 

using hairless rats with Daniplestim (DP) (molecular 

weight- 12.760 kDa; isoelectric point- 6.2). Delivery 

enhancement abilities of the above techniques were 

evaluated at two different drug concentrations in the 

patch- 2 and 5 mg/ml. Samples were analyzed using ELISA. 

Results There were no detectable levels seen with 

iontophoresis alone at both the concentrations. At a drug 

loading concentration of 2 mg/ml maximum delivery was seen 
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with the combination of microneedles and iontophoresis. At 

5 mg/ml, sonophoresis alone gave a Cmax of 8.2 ± 5.9 ng/ml 

and a combination of sonophoresis and iontophoresis gave a 

Cmax of 4.9 ± 1.8 ng/ml. 

Conclusion. The results of this study suggest that 

combination of microneedles and iontophoresis was the most 

effective approach in delivering a 13 kDa protein through 

the skin. 

Introduction 

Proteins and peptides constitute an attractive group 

of therapeutic agents since they are very specific in their 

action (Shire et al., 2004). This group of drugs are being 

approved by regulatory authorities to treat a wide range of 

conditions like cardiovascular disorders, inflammation, 

immunity and cancer (Benson, 2008) . The most frequent mode 

of administration for these drugs is the parenteral route. 

However, most proteins except for monoclonal antibodies 

have short plasma half-lives, thus requiring frequent 

administration. A controlled release type of delivery 

method would make it easier on the patient since painful 

injections can be avoided. Thus, novel noninvasive delivery 
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methods like intranasal, pulmonary and transdermal are 

being investigated. 

Skin seems to be a potential alternate delivery site 

for the administration of proteins and peptides (Cross and 

Roberts, 2004). Transdermal delivery avoids first pass 

metabolism and also skin exhibits low proteolytic activity 

compared to other routes. Skin is also one of the easily 

accessible organs of the body (Cross and Roberts, 2004). 

Proteins are hydrophilic, often highly charged and have 

large molecular size and thus inspite of being very potent, 

proteins have low passive permeation (Benson, 2008). 

Stratum corneum confers skin its barrier properties and 

exhibits selective permeability allowing small lipophilic 

molecules to pass into the inner layers (Marc B. Brown, 

2006) . Overcoming the skin barrier to ease the permeation 

of macromolecules has been a great topic of interest for 

many researchers. Various enhancement methods being pursued 

include energy assisted methods like ultrasound (sound 

energy), iontophoresis and electroporation (current 

energy), microporation, radiofrequency ablation and jet 

propelled particles (Cross and Roberts, 2004). 
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Iontophoresis refers to application of physiologically-

acceptable current density (up to 0.5 mA/cm2) to drive 

charged molecules into or through the skin. Molecular 

transport during iontophoresis is believed to occur mainly 

through hair follicles and sweat glands (Banga, 1998). 

Iontophoresis is being looked at closely to deliver a range 

of proteins in vitro and in vivo (Chaturvedula et al. , 

2005b; Schuetz et al., 2005b; Tokumoto et al., 2006; 

Cazares-Delgadillo et al., 2007). 

Recent advances in the microfabrication technology are 

being exploited by the medical and pharmaceutical industry 

to develop miniature diagnostic sensors and drug delivery 

pumps (Tao and Desai, 2003) . Microneedles are a result of 

developments in microfabrication wherein an array of 

needles is used to perturb the stratum corneum creating 

micron sized channels in the skin to facilitate the 

transport of drug molecules (Prausnitz, 2004). 

Microneedles are being made in a range of geometries and 

with different materials like silicon, titanium, stainless 

steel, glass and polymers (Benson, 2008) . Upon insertion, 

microneedles penetrate the epidermis bypassing the stratum 

corneum resulting in the formation of micro-conduits. The 
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pores created are huge relative to the molecular size of 

the drugs but much smaller than the holes created by-

hypodermic needles (Banga, 2009) . There is no pain 

elicited upon microporation as the epidermis is devoid of 

pain receptors and the needles do not penetrate into the 

dermis. The micropores created in the skin are temporary 

and will be replaced through the natural process of 

desquamation. Microporation has been reported to deliver 

desmopressin (Cormier et al., 2004), insulin (Ito et al. , 

2006a), antisense oligonucleotides (Lin et al., 2001), 

vaccines like ovalbumin (Matriano et al. , 2002; Widera et 

al., 2006) . 

Sonophoresis utilizes low-frequency ultrasound (< 100 

kHz) to drive drug molecules into the skin. It is 

hypothesized that ultrasound produces acoustic waves which 

causes microcavitation (formation of small bubbles) in the 

skin leading to disruption in the stratum corneum lipid 

bilayers thereby improving drug diffusion. Ultrasound 

mediated transdermal delivery of a number of proteins and 

peptides like insulin, erythropoietin and interferon- have 

been reported in the literature (Mitragotri et al., 1995). 
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Skin permeation studies were carried out using 

daniplestim (DP) as a model protein. It is an IL-3 receptor 

agonist consisting of 112 amino acid residues. It has a 

molecular weight of 12.76 kDa and an isoelectric point of 

6.2. This protein was chosen primarily for its 

physicochemical properties and not for its therapeutic 

potential. The aim of the present work was to evaluate the 

feasibility of delivering intact DP across hairless rat 

skin using iontophoresis, sonophoresis, and microneedles 

alone or in combination. 

Materials & Methods 

Materials 

Daniplestim (DP) was obtained as a gift from Pfizer, 

Inc., Global Biologies (St.Louis, MO, USA). It was provided 

as a lyophilized formulation in vials (1.0 mg/vial) 

consisting of TRIS/mannitol/sucrose (1.2/40/10), pH 7.5. 

The vials were reconstituted with de-ionized water to the 

desired concentration prior to use. The antibodies for 

performing ELISA were obtained from Pfizer, Inc., Global 

Biologies (St.Louis, MO, USA). TransQ patches for 
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iontophoresis were purchased from IOMED® (Salt Lake City, 

UT, USA). 

Methods 

In vivo permeation studies 

Hairless rats (250-450g) were used in all the 

experiments. They were obtained from Charles River 

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

University animal facility until used. They were 

anesthetized with an intraperitoneal injection of ketamine 

(70 mg/kg) and xylazine (10 mg/kg). After the induction of 

anesthesia, the abdominal region of the animal was washed, 

dried and further cleaned with an alcohol swab. In vivo 

delivery experiments were done at two different drug 

concentrations- 2 mg/ml and 5 mg/ml. Drug formulation (200 

ul) was loaded into the patch prior to the experiment and 

applied onto the cleaned abdominal area of the rat. Blood 

samples were collected at predetermined time points over 12 

hrs from the tail vein. Plasma was separated and analyzed 

using sandwich ELISA. All the animal studies were reviewed 

and approved by the Mercer University Institutional Animal 

Care and Use Committee. 
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Iontophoresis 

For all iontophoretic delivery experiments a TransQ 

patch (IOMED®) with an area of 3.4 cm2 was used. The current 

strength employed was 0.2 mA/cm2 for 6 hrs using a power 

supply device - Keithley® (Keithley Instruments; Cleveland, 

OH, USA) . The TransQ patch consists of a gel sponge drug 

electrode into which the formulation was loaded and a 

counter electrode constituted by a dispersive pad. 

Daniplestim (pi- 6.2) being negatively charged at the pH of 

the formulation (pH 7.5), cathodal iontophoresis was 

performed. Thus, the gel sponge drug electrode containing 

the drug formulation was connected to the cathode and the 

counter electrode was connected to the anode. 

Sonophoresis 

Sonoporation was performed by an instrument referred to 

as SONOPREP skin permeation device (Echo Therapeutics, 

Franklin, MA, USA) . This equipment employs a low frequency 

ultrasound (55 kHz) to permeabilize the skin layers. The 

treatment time was 90 sec. A custom made liquid reservoir 

patch with an area of 1 cm2 was used for experiments 

involving sonophoresis. The drug formulation (200 1) was 
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loaded into the patch and applied onto the abdominal area 

of the rat. The patch was held in place by a bandage. 

Microporation 

Skin was porated manually with six layers of maltose 

microneedles stacked together as a single unit 

(27needles/layer, Elegaphy, Inc., Otsu, Japan). Each 

individual needle is about 500 m long with the length of 

the base and radius of curvature of the tip approximately 

around 200 m and 3 m respectively (Kolli and Banga, 

2008). Delivery experiments following microporation were 

performed using a custom made liquid reservoir patch as 

mentioned previously. 

Characterization of pore uniformity 

An image analysis tool (Fluoropore software) was used to 

get an estimate of the relative permeation flux for each 

pore. Calcein solution was applied on to the microneedle 

treated portion of the skin using a liquid reservoir patch. 

The patch was removed after a treatment time of about 50-75 

sec and the area was cleaned with an alcohol swab. A 

fluorescent image was taken which was then processed to get 
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a parameter known as Pore Permeability Index (PPI) for each 

pore. This parameter is a number representative of calcein 

flux around individual pore (Kolli and Banga, 2008). 

Intravenous administration of daniplestim 

Cannulated male hairless rats (270-300g) were obtained 

from Charles River Laboratories (Wilmington, MA, USA). They 

were anesthetized with an intraperitoneal injection of 

ketamine (70 mg/kg) and xylazine (10 mg/kg) . A dose of 90 

g/kg was prepared in normal saline and given intravenously 

through the jugular vein. Blood samples were collected at 

predetermined time points over 2 hrs from the tail vein. 

Plasma was separated and analyzed using sandwich ELISA. 

Sample analysis 

Plasma samples obtained from the experiments were 

analysed using an enzyme-linked immunosorbent assay (ELISA) 

procedure developed at Pfizer, Inc., Global Biologies 

(St. Louis, MO, USA) . The method was a sandwich type 

immunoassay. The antibodies (goat-anti-daniplestim 

polyclonal antibody and goat-anti-daniplestim polyclonal 

antibody-HRP conjugate) required for the immunoassay were 

provided by Pfizer, Inc., Global Biologies (St.Louis, MO, 
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USA) . The standard curve was constructed in the range of 

1.9 ng/ml - 250 ng/ml in rat plasma. All the standards and 

samples were analysed in duplicate. 

Pharmacokinetic analysis 

Data from i.v study and other transdermal delivery 

methods were analysed using non-compartmental analysis 

using WinNonlin (5.2) (Pharsight Inc., Mountain View, CA, 

USA). Pharmacokinetic parameters such as Cmax, half-life, 

terminal elimination rate constant ( z) , clearance, AUC0_inf 

were calculated. 

Statistical analysis 

All the results are shown as a mean of the number of 

replicates used with respective standard deviation. All 

experiments were performed in triplicate. Analysis of 

variance (ANOVA) was used. A value of p < 0.05 was regarded 

as significant. 

Results and Discussion 

Delivery of DP using current (0.2 mA/cm2 for 6 hrs) was 

carried out at two different drug loading concentrations 
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into the patch- 2 mg/ml and 5 mg/ml. There was no 

iontophoretic permeation seen for both of the above 

mentioned donor concentrations. There could be several 

possible reasons for the observations made. One of the 

primary reasons for seeing no iontophoretic permeation 

could be the molecular weight of the compound. It has been 

suggested that electrotransport decreases with increasing 

molecular size (Abla et al. , 2005a). However, iontophoretic 

transport of peptides & proteins is governed to a major 

extent by the physicochemical properties like charge, 

sequence etc. Thus, it has been reported that a protein 

with appropriate features likes a suitable charge:MW ratio 

and a proper three-dimensional structure can be delivered 

via iontophoresis (Cazares-Delgadillo et al., 2007). Apart 

from the effect of physicochemical properties of the drug 

on seeing no iontophoretic delivery, another major 

consideration could be the sensitivity of the assay. The 

sensitivity of the assay was 1.9 ng/ml and thus could not 

have picked up the drug at lower concentrations. 

Skin microporation is a minimally invasive procedure. 

Microneedles can be inserted onto the skin to create 

micropores followed by patch application from which 
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diffusion of the drug takes place through the pores across 

the skin (Banga, 2006a) . The microneedles used in the 

current study were made up of maltose, a carbohydrate and a 

GRAS substance. The crystalline form of maltose makes it a 

good candidate for fabrication of microneedles. When 

maltose microneedles are inserted onto the skin, they 

dissolve creating micron sized pores. The length of the 

microneedles incorporated in the current research was 500 

m. 

To characterize the uniformity of the permeation 

aspect of the micropores created, an image analysis tool 

referred to as Fluoropore has been used. The image shown in 

Fig la has been obtained upon insertion of three-layer 

microneedles (27 needles/layer) stacked together as a 

single unit followed by exposure to calcein. This image 

(Fig 9a) is processed using the above mentioned tool to 

generate a parameter known as Pore Permeability Index (PPI) 

for each micropore. PPI values represent the relative 

amount of calcein that has diffused through each micropore. 

A histogram shown in Fig 9b computes the mean PPI value as 

12.2 with a standard deviation of 5.55. From the histogram 
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it is evident that the distribution was quite narrow and 

that the micropores created were uniform. 
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Figure 9: (a) Skin image taken after exposure to calcein 
following treatment with three layer maltose microneedles 
(27needles/layer). (b) Histogram obtained following the 
processing of the image in (a) using Fluoropore software 
showing the distribution of the pore permeability index 
values with respect to the number of pores created. 
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In vivo delivery experiments using microneedles were 

done at a drug concentration of 2 mg/ml. There were no 

detectable levels of DP seen for microneedles alone. 

However, a combination of microneedles and iontophoresis 

gave a Cmax of 9.4 ± 2.5 ng/ml (Fig 10) . The combination 

approach exhibited a controlled delivery pattern over a 

period of 10 hrs. Earlier reports from the literature 

suggest delivery of proteins/peptides/oligonucleotides in 

vivo by microneedles alone without any conjunction with 

iontophoresis (Lin et al., 2001; Cormier et al., 2004; Ito 

et al. , 2006a). Insulin has been successfully administered 

using microneedles by using a maximum concentration of 3 

mg. Also, an oligonucleotide and desmopressin have been 

delivered using stainless steel microprojection arrays with 

drug concentrations of up to 5 mg/ml. In contrast to the 

previous findings there were no detectable levels of DP 

seen with microneedles alone. Some possible reasons for 

this could be the molecular size of the protein and the 

drug concentration in the patch used to perform the 

experiment. Daniplestim has a molecular weight of 12.76 

kDa; a higher drug concentration in the patch might have 

made it possible to deliver this protein in detectable 

amounts through the skin. In the combination approach, a 
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current strength of 0.2 mA/cm2 was applied for 6 hrs. From 

Fig 10, it is seen that DP levels rise until the fifth hour 

and slowly decrease until the tenth hour and then decrease 

more rapidly until 12 hrs. Thus, daniplestim levels were 

seen for a prolonged period of time compared to intravenous 

administration. 
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Microneedles 
+ ITP 

Microneedles 
alone 

Figure 10: Plasma levels of daniplestim over 12 hrs with a 
drug concentration of 2 mg/ml in the patch following 
microporation alone and in combination with iontophoresis 
at 0.2 mA/cm2 for 6 hrs. (Mean±SD) 
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Delivery of daniplestim using ultrasound was evaluated 

at two drug concentrations- 2 mg/ml and 5 mg/ml. There was 

no permeation of DP detected with sonophoresis alone at a 

donor concentration of 2 mg/ml. However, at 5 mg/ml there 

were detectable levels of DP in plasma. With sonophoresis 

alone about 8.2 ± 5.9 ng/ml levels were obtained (Fig 12) . 

The combination of ultrasound and iontophoresis showed a 

similar pattern. There was no detectable permeation at 2 

mg/ml hence, was further evaluated at 5 mg/ml wherein about 

4.9 + 1.8 ng/ml levels of the protein were achieved (Fig 

11). This suggests that ultrasound-mediated delivery of 

daniplestim is dependent on the drug concentration in the 

patch. 

Although it appears from the experimental results that 

ultrasound alone delivered higher amounts of the protein 

than the combination strategy (Fig 12) , those two results 

were not statistically significant (ANOVA, p>0.05). With 

ultrasound alone there seems to be an initial increase in 

DP levels for the first couple of hours followed by a 

gradual decline. It has been reported that there was a 100-

fold increase seen in water permeability during 

sonophoresis and that about 94% of this has been recovered 
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within 2 hrs after the ultrasound was stopped (Mitragotri 

et al. , 1995) . This might explain the fall in DP levels 

seen after the first few hours following treatment with 

ultrasound. The combination strategy yielded a controlled 

release type of delivery pattern (Fig 12) as the 

application of current might have helped to maintain the DP 

levels for a longer period of time. 
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Figure 11: Plasma levels of daniplestim over 12 hrs 
following combination of sonophoresis with iontophoresis 
at 0.2 mA/cm2 for 6 hrs. (Mean±SD) 
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Ultrasound alone 

Ultrasound + ITP 
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Figure 12: Plasma levels of daniplestim over 12 hrs with a 
drug concentration of 5 mg/ml in the patch following 
ultrasound (US) alone and in combination with iontophoresis 
at 0.2 mA/cm2 for 6 hrs. (Mean+SD) 
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The plasma concentration time profile following IV 

administration is shown in Fig 13. Table 2 shows the 

pharmacokinetic parameters obtained following IV 

administration of DP. The Cmax was about 324 ± 13.4 ng/ml 

and the half-life was 46.6 ± 11.1 min. Daniplestim was 

cleared from the system in about 90 min. Pharmacokinetic 

parameters of daniplestim following transdermal enhancement 

approaches- a combination of current with microneedles and 

ultrasound and ultrasound alone are shown in Table 3. In 

spite of low plasma levels of daniplestim seen with the 

enhancement techniques, transdermal delivery has the 

advantage of extended delivery time. 
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Figure 13: Plasma concentrat ions of DP following IV 
adminis t ra t ion in h a i r l e s s r a t s . (Mean+SD) 
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Table 2: Pharmacokinetic parameters (Mean+SD) after IV 

administration of daniplestim in hairless rat 

Parameter 

Cmax 

Elimination rate 
constant (Az) 

Half-life 

AUCinf 

Clearance 

Units 

ng/ml 

min-1 

min 

min ng/ml 

ml(min/kg) 

Value 

324±13.4 

0.02±0.004 

46.6+11.1 

5232± 186.2 

0.02 

Table 3: Pharmacokinetic parameters (Mean+SD) after 
administration of daniplestim by enhancement methods across 
the skin 

Parameter 

Cmax (ng/ml) 

Elimination rate 
constant (Az) (hr1) 

Half-life (hrs) 

Bioavailability (%) 

MN + ITP 

9.4±2.5 

0.076 

9.2±1.8 

0.2 

US alone 

8.22±5.9 

0.2 

3.8±1.5 

0.033 

US + ITP 

4.9±1.8 

0.15 

10.4±4.7 

0.045 
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Conclusion 

In summary, this study evaluates three transdermal 

technologies (iontophoresis, sonophoresis and microneedles) 

individually and in combination with respect to delivering 

a 13 kDa protein in vivo. The results of this study suggest 

that under the conditions used, a combination of 

microneedles and iontophoresis was the most effective 

approach for skin transport of daniplestim. Delivery across 

skin was also seen with sonophoresis alone and in 

combination with iontophoresis, but at a higher donor 

concentration as compared to microneedles and 

iontophoresis. Evaluation of pharmacokinetic parameters 

following IV and transdermal route suggested that plasma 

levels of daniplestim were detectable for a longer time 

with a combination of microneedles and iontophoresis. 

Delivery through skin might be an effective approach for 

proteins given their short half lives following parenteral 

administration. 



CHAPTER 5 

IN VIVO SUB-CUTANEOUS MICRODIALYSIS OF DANIPLESTIM AND 

APPLICATION OF AN OSMOTIC APPROACH TO IMPROVE PROTEIN 

RECOVERY 

Abstract 

Purpose The purpose of the study was to optimize 

parameters pertaining to microdialysis technique so as to 

make this method feasible for evaluating transdermal 

transport of macromolecules. Microdialysis sampling of 

proteins employs the use of high molecular weight cut off 

membranes. These membranes have limitations such as fluid 

loss and poor sample recovery. These issues were addressed 

in this study by optimizing the perfusate composition as 

well as the flow rate. 
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Methods. Microdialysis experiments were performed in 

vivo using hairless rats with Daniplestim (Molecular 

weight- 12.7 KD). Two perfusion fluids- PBS and Dextran-PBS 

were studied with respect to their effect on sample volume 

retrieval and recovery from the microdialysis probe. The 

effect of flow rate was also evaluated. Scanning electron 

microscopic images of the 100 KD and 20 KD probes were 

taken to compare the pore size of the two probes. 

Results. The results suggest that minimized fluid loss 

from the probe as well as improved recovery was seen by 

incorporation of Dextran-60 in PBS. Cathodal iontophoresis 

of daniplestim was then performed with the optimized flow 

rate and perfusate composition and the protein was detected 

in the perfusate. 

Conclusion. The results obtained suggest that fluid 

loss was minimized. Measuring levels of a protein in the 

subcutaneous tissue was possible using microdialysis; 

however, prior optimization of parameters is required. 
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Introduction 

Microdialysis is a well established method for 

sampling of molecules from the extracellular fluid space of 

selected tissues in vivo. One of the main attractive 

features of microdialysis is that it enables direct 

measurement of the drug in the target tissue. It is used to 

sample drugs, metabolites or endogenous substances and can 

also be used to deliver molecules to the target site. The 

samples obtained are protein free and thus ready to be 

analyzed without needing any further sample preparation. 

The ability to sample macromolecules has gained 

interest due to the availability of high molecular weight 

cut off probes. Proteins and peptides are sampled from the 

extracellular fluid space as markers of tissue homeostasis, 

tissue dysfunction and repair (Schuette.RJ, 2004). 

However, the high molecular weight cut off probes have high 

porosity leading to considerable fluid loss from the probe 

resulting in poor sample retrieval. To overcome or minimize 

the loss of fluid from the probe, osmotic agents were 

included in the perfusion fluid. Success has been attained 

with this approach both in vitro and in vivo (Sjogren et 

al., 2002; Trickier and Miller, 2003). 
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Skin microdialysis helps in understanding the 

inflammatory procedures, skin metabolism and percutaneous 

absorption (Sjogren et al. , 2002). Dermal microdialysis 

has been widely used to study absorption profiles of drugs 

following topical or transdermal administration (Hegemann 

et al., 1995; Muller et al., 1997; Kreilgaard, 2001; 

Tegeder et al. , 2002). Subcutaneous microdialysis has been 

used to study the pharmacokinetic properties of granisetron 

following iontophoresis (Chaturvedula et al., 2005a). 

However, use of microdialysis to monitor drug levels 

intradermally or subcutaneously post topical or transdermal 

administration has been limited to small molecules . Skin 

trauma caused by probe insertion has been studied in rats 

as well as humans (Groth et al. , 1998a; Groth et al. , 

1998b; Groth and Serup, 1998). Studies indicated that skin 

returned to its normal condition in 3 0 min in rats and 

after 90 min in humans. 

Passive diffusion of proteins across the skin is not 

possible owing to their large molecular size and 

hydrophilicity. However, transdermal protein delivery is 

being actively investigated by application of several 

enhancement technologies such as iontophoresis, 
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sonophoresis and microporation. Iontophoresis involves 

application of physiologically acceptable amounts of 

electric current to drive drug molecules through the skin. 

The present work focuses on optimizing certain 

parameters such as flow rate and perfusate composition to 

improve recovery using daniplestim. It is an IL-3 receptor 

agonist consisting of 112 amino acid residues. It has a 

molecular weight of 12.76 KD and an isoelectric point of 

6.2. This protein was chosen primarily for its 

physicochemical properties and not for its therapeutic 

potential. The aims of this study are (1) to minimize fluid 

loss from the probe by incorporation of Dextran-60 in the 

perfusate, (2) to optimize relative recovery of daniplestim 

as a function of flow rate and composition of the perfusion 

fluid and (3) to evaluate the sub-dermal levels of 

daniplestim following iontophoresis. 

Materials & Methods 

Animals 

Hairless rats (250-450g) were used in all the 

experiments. They were obtained from Charles River 
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Laboratories (Wilmington, MA, USA) and housed in the Mercer 

University animal facility until used. All the animal 

studies were reviewed and approved by the Mercer University 

Institutional Animal Care and Use Committee. 

Chemicals /Materials 

Daniplestim (DP) was obtained as a gift from Pfizer, 

Inc., Global Biologies (St.Louis, MO, USA). It was provided 

as a lyophilized formulation in vials (1.0 mg/vial) 

consisting of TRIS/mannitol/sucrose (1.2/40/10), pH 7.5. 

The vials were reconstituted with de-ionized water to the 

desired concentration prior to use. Phosphate buffered 

saline was obtained from Fisher Scientific (Pittsburgh, PA, 

USA) . Dextran with a mean molecular weight of 60 kDa 

(Dextran 60) was purchased from Sigma-Aldrich (St.Louis, 

MO, USA) . TransQ patches for iontophoresis were purchased 

from Iomed, Inc. (Salt Lake City, UT, USA). 

Microdialysis- components and probe implantation 

Subcutaneous microdialysis was performed using a CMA 

102 microdialysis pump with CMA 142 microfraction collector 

(CMA/Microdialysis AB, Stockholm, Sweden). CMA/2 0 

microdialysis probes (CMA/Microdialysis Inc., North 
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Chelmsford, MA, USA) with a polyethersulfone membrane of 

10mm length and 10 0 kDa molecular weight cut off were used 

for insertion into the subcutaneous space. Two different 

perfusion fluids were used- PBS and Dextran- PBS (3% 

Dextran 6 0 in IX PBS). 

Implantation of the subcutaneous microdialysis probe 

Animals were anesthetized with an intraperitoneal 

injection of ketamine (70 mg/kg) and xylazine (10 mg/kg). 

After the induction of anesthesia, the abdominal region of 

the animal was cleaned with an alcohol swab. For the 

insertion of the subcutaneous (concentric) probe, an 

introducer needle (25G) with split tubing was inserted into 

the subcutaneous space of the animal. The needle was then 

removed leaving the split tubing inserted into the 

subcutaneous region. The concentric probe was then 

introduced into the split tubing. The tubing was removed by 

splitting it and the microdialysis probe was held in place 

by suturing it with nonabsorbable sterile nylon sutures to 

the skin. The probe was connected to the pump by means of 

plastic connectors from CMA and perfused with the perfusion 

fluid at a desired flow rate. The probes were allowed to 

equilibrate for 1 hr following insertion. 
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Estimation of probe recovery factor 

Recovery was carried out after a 1 hr equilibration time 

following probe insertion. Retrodialysis was the procedure 

adopted to determine probe recovery. In this method, the 

probes were perfused at flow rates of either 0.6 /xl/min or 

1.0 1/min with an optimized daniplestim (DP) concentration 

of 10 g/ml in either PBS or Dextran-PBS. The recovery was 

performed for 4 hrs and samples were collected every 3 0 

min. Probe calibration was done until three constant values 

were obtained. The recovery factor (RF) was calculated 

using the following formula (Plock and Kloft, 2005): 

RF = Cp - Cd 

Cp 

Where, Cp is the concentration of daniplestim in the 

perfusate; Cd is the concentration of daniplestim in the 

microdialysate 

Determination of fluid loss from the probe 

Fluid loss from the microdialysis probe (Molecular 

weight cut off- 100 kDa) was studied in vivo by comparing 

two perfusion fluids- PBS and Dextran-PBS. The sample 
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collection tubes were pre-weighed. A gravimetric 

determination of the volume of the dialysate collected into 

the tubes over a designated period of time was done. Fluid 

loss was calculated by subtracting the sample volume 

obtained from the expected volume for the applied flow rate 

and time. 

Scanning electron microscopy 

Scanning electron microscopic images of two types of 

CMA/20 microdialysis probes (10 mm polycarbonate membrane, 

20 kDa molecular weight cut off and 10 mm polyethersulfone 

membrane, 100 kDa molecular weight cut off) were taken to 

compare the pore size of the probes. The tip of the probe 

consisting of the semipermeable membrane was separated and 

sputter coated with Au/Pd target. Images were then taken 

using field emission scanning electron microscope (Hitachi 

High-Technologies, Illinois, USA) integrated with a 

critical dimension measurement system. 

Iontophoresis 

Iontophoresis was performed using TransQ patch (IOMED®) 

with an area of 3.4 cm2. The current strength employed was 

0.2 mA/cm2 for 6 hrs using a power supply device - Keithley® 
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(Keithley Instruments; Cleveland, OH, USA). The TransQ 

patch consists of a gel sponge drug electrode into which 

the formulation was loaded and a counter electrode 

constituted by a dispersive pad. Daniplestim (pi- 6.2) 

being negatively charged at the pH of the formulation (pH 

7.5), cathodal iontophoresis was performed. Thus, the gel 

sponge drug electrode containing the drug formulation was 

connected to the cathode and the counter electrode was 

connected to the anode. 

In vivo iontophoretic permeation studies 

Animals implanted with concentric probes were used. 

Following probe insertion an equilibration time of 1 hr was 

allowed and recovery factor was estimated. The probes were 

perfused with the perfusate for 1 hr after determination of 

probe recovery. A TransQ patch was then filled with 300 1 

of 5 mg/ml daniplestim (DP) solution and placed on the skin 

such that the microdialysis probe lies beneath the patch. A 

current strength of 0.2 mA/cm2 was applied for 6 hrs. The 

dialysate samples were collected every hour for a total 

duration of 6 hrs. Blood samples were collected hourly for 

about 6 hrs from the tail vein and plasma was separated. 

Samples were analyzed using ELISA. 
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Quantitative analysis 

DP was quantified using a commercially available 

enzyme-linked immunosorbent assay (ELISA) human IL-3 kit 

(Duoset®) from R & D systems (Minneapolis, MN, USA) . The 

standard curve was in the range of 7.5 ng/ml - 250 ng/ml. 

All the standards and samples were analysed in duplicate. 

Statistical analysis 

All the results are shown as a mean of the number of 

replicates used with respective standard deviation. 

Analysis of variance (ANOVA) was used. A value of p < 0.05 

was regarded as significant. 

Results and Discussion 

The volume of the sample retrieved at a flow rate of 

0.6 /il/min with PBS as the perfusate was about 11.91 + 0.06 

1 for a period of 30 min (Fig. 14) . The expected sample 

volume with the above mentioned flow rate for a collection 

time of 3 0 min would be 18 1. Thus, the perfusate flow 

exiting the microdialysis probe is less than the perfusate 

volume entering the probe. This is suggestive of fluid loss 
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from the 100 kDa probe and with PBS as the perfusate, 34% 

fluid loss was observed (Fig. 14). Use of Dextran-PBS as 

the perfusion fluid increased the volume of sample 

retrieved to 16.5 ± 0.16 1 (Fig. 14) and the fluid loss in 

this case was reduced to 10% (Fig. 14). 

When the flow rate was increased to 1 1/min, with PBS 

alone the sample volume obtained was about 15.5 + 0.01 1 

(Fig. 15) when the expected volume was 20 1 (sampling time 

of 20 min) , thereby leading to a 21% fluid loss from the 

probe (Fig. 15). However, with Dextran-PBS the sample 

volume retrieved was 18.5 ± 0.5 1 which is very close to 

the expected volume of 20 1. The fluid loss in this case 

was much less (8%) (Fig. 15). 

The fluid loss decreased from 34% to 21% with PBS as 

the perfusate when the flow rate was increased from 0.6 

1/min to 1.0 1/min (Fig. 14 and Fig. 15) . Incorporation 

of Dextran-60 in the perfusate decreased the fluid loss to 

10% and 8 % at flow rates of 0.6 1/min and 1.0 1/min 

respectively (Fig's. 14and 15). Increase in flow rate is 

believed to increase the amount of fluid loss from the 

probe due to increase in the hydrostatic pressure exerted 

on the probe (Trickier and Miller, 2003) . Our findings 
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suggest that with Dextran-PBS the amount of fluid loss was 

almost the same at the two flow rates whereas with PBS the 

percentage of fluid loss decreased with increase in flow 

rate. This might be due to longer sampling times employed 

at 0.6 1/min compared to 1.0 1/min. Previous 

investigations have shown that longer sampling times 

associated with slow flow rates increased the amount of 

fluid loss from the microdialysis probe (Rosdahl et al. , 

1993; Rosdahl et al., 1997; Rosdahl et al., 1998). 

Osmotic agents of the size of bovine serum albumin (~ 

60 KD or higher) are believed to be very effective in 

preventing fluid loss as they do not leak out of the 

membrane and thus create an osmotic pressure used to 

counter the hydrostatic pressure that forces the fluid out 

of the probe. The use of bovine serum albumin has its 

limitations such as interfering with the assay or might 

need a complex sample preparation prior to analysis since 

the dialysate obtained is not protein free (Plock and 

Kloft, 2005). 
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Figure 14: Effect of perfusate composition on the volume of 
sample recovered at a flow rate of 0.6 1/min. (Mean±SD) 
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Figure 15: Effect of perfusate composition on the volume of 
sample recovered at a flow rate of 1.0 1/min. (Mean+SD) 
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Scanning electron microscopic images of 20 kDa and 100 

kDa membrane surface are shown in Fig 16a and 16b 

respectively. From the images, it is evident that the 100 

kDa probe has irregular, micron sized pores. It is also 

seen from the image (Fig. 16b) that the 100 kDa membrane 

window is not simple with a single layer of the polymer but 

rather complex with multiple tortuous interconnecting 

passages through which the protein has to diffuse. The 

increased pore size seen with the 100 kDa probe (Fig. 16b) 

in comparison to the 20 kDa probe (Fig. 16a) might account 

for the fluid loss seen only with the former probe. 

The in vivo recovery factor of daniplestim was 

determined using the 100 kDa microdialysis probe. Two 

different perfusion fluids- PBS and Dextran-PBS at a flow 

rate of 1.0 1/min were investigated. Fig. 17 shows the 

percentage recovery of daniplestim of the individual 

replicates used with respect to the perfusion fluid 

employed. Relative recovery of 26.75 ± 4.5 % (N=4) was 

obtained with PBS as the perfusion fluid. The addition to 

dextran to PBS improved the recovery of daniplestim to 

56.52 ± 10.3 % (N=4) . Thus, the results obtained suggest 

that higher recovery was obtained for Dextran-PBS, 
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indicating the importance of osmotic agents such as dextran 

60 in the use of 100 kDa probes. 

The inclusion of Dextran-60 in the perfusate improved 

the recovery of daniplestim by two fold when compared to 

PBS alone. Previous investigations wherein the osmolality 

of the perfusion fluid was altered yielded a similar result 

(Natalia Borg, 1999; Trickier and Miller, 2003). One 

possible explanation might be that increase in tonicity of 

the perfusion fluid increases the extracellular volume 

since the direction of osmosis would be towards the probe. 

According to bulk flow phenomenon, the movement of 

molecules across a semipermeable membrane depends on 

osmotic gradient (Trickier and Miller, 2003) . As a result, 

this leads to improved transport of compounds within the 

extracellular fluid and thus, between the perfusate and the 

tissue (Natalia Borg, 1999). The improvement in recovery 

seen might also be linked to the reduction in fluid loss 

observed in the case of Dextran-PBS. Reduction in loss of 

fluid from the microdialysis probe results in a reduced 

water boundary layer surrounding the membrane. Minimization 

of the water boundary layer reduces the diffusional path 
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that is to be taken by the molecule to come in contact with 

the membrane and thus increases recovery (Trickier and 

Miller, 2003) . 



149 

Figure 16: Scanning electron microscopic image of the CMA/20 
microdialysis probe- (a) 20 kDa molecular weight cut off; 
(b) 100 kDa molecular weight cut off. 
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Figure 17: Relative recovery (%) of daniplestira as 
function of perfusate composition- PBS and Dextran-PBS. 
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The effect of perfusate flow rate on the recovery of 

daniplestim is summarized in Fig. 18. At a flow rate of 0.6 

1/min, daniplestim recovery was 18.1 + 6.4 % (N=4). 

However, with an increase in flow rate to 1.0 1/min, the 

recovery also increased to 56.52 ± 10.3 % (N=4) . Recovery 

of daniplestim was therefore found to be proportional to 

the flow rate employed. 

Relative recovery is inversely proportional to the 

flow rate of the perfusion fluid i.e. higher flow rates 

give lower recoveries and vice-versa (Plock and Kloft, 

2005) . However, our studies showed a deviation from this 

normal pattern. Recovery of daniplestim was higher at a 

flow rate 1.0 1/min compared to 0.6 1/min (Fig. 18) . A 

possible reason might be adsorption of the protein to the 

membrane. At a lower flow rate, the protein tends to 

traverse through the semipermeable membrane slowly. This 

slow transport might lead to increased residence time 

within the membrane resulting in adsorption of the protein 

to the membrane. As a result, the membrane would get 

clogged eventually leading to poor recovery. Similar 



152 

observations of reduced recovery at flow rates below 1.0 

(il/min were seen with leukotriene B4 and prostaglandin B2 

(Kjellstrom et al. , 1998). 
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Figure 18: Relative recovery (%) of daniplestim as a 
function of flow rate- 0.6 1/min and 1.0 1/min with 
Dextran-PBS as the perfusion fluid. 
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The subdermal concentrations of daniplestim during 

iontophoresis for six hours are shown in Fig. 19. Following 

optimization of the perfusate composition and flow rate 

iontophoresis was performed. Dextran-PBS was perfused 

through the probe at a flow rate of 1.0 1/min. The 

concentrations of daniplestim obtained were multiplied with 

the in vivo recovery factor estimated to get the actual 

subdermal levels of the drug. The pH of the formulation was 

7.5 and the isoelectric point of DP is 6.2, hence cathodal 

iontophoresis was performed. There were no systemic levels 

of daniplestim detected whereas the subdermal 

concentrations were positive. The concentrations peaked in 

about 3 hrs and gradually declined after that. 

Cutaneous microdialysis has been so far applied to 

measure cytokine levels to monitor inflammation, wound 

healing and to study tissue trauma (Krogstad et al., 1997; 

Sjogren et al. , 2002; Clough and Noble, 2003; Sopasakis et 

al. , 2004) . Subdermal levels of daniplestim were measured 

during 6 hrs of iontophoresis. There were no detectable 

levels of the drug seen in the blood. The information 

obtained from subcutaneous microdialysis might give insight 
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into pharmacokinetics of the drug in the extracellular 

fluid (Chaturvedula et al., 2005a). 
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Figure 19: Subdermal and plasma levels of daniplestim 
following iontophoresis at 0.2 mA/cm2 for 6 hrs. (Mean±SD) 
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Conclusion 

The availability of high molecular weight cut off 

membranes has enabled sampling of macromolecules. The 

present study applies the principle of osmosis in 

preventing fluid loss from the probe. Dextran-60 was used 

as an osmotic agent. Incorporation of dextran-60 in PBS 

improved the volume of sample retrieval and decreased fluid 

loss from the membrane. The SEM images indicate bigger pore 

size for the 100 kDa probe compared to the 20 kDa probe. 

Apart from preventing fluid loss, Dextran-PBS also improved 

the relative recovery of daniplestim. Recovery of 

daniplestim with Dextran-PBS as the perfusate was found to 

be higher at a higher flow rate. One possible explanation 

to this might be adsorption of the protein to the membrane 

at lower flow rates. The subdermal levels of daniplestim 

were measured during iontophoresis. Optimizing parameters 

such as flow rate and perfusate composition might help in 

exploring microdialysis as a tool to study transdermal 

delivery of macromolecules. 



CHAPTER 6 

SUMMARY AND CONCLUSIONS 

This study has investigated certain transdermal 

approaches for enabling the delivery of a 13 kDa protein 

through skin. Iontophoresis was evaluated as one of the 

possible methods. From the previous reports, iontophoresis 

was possible for molecules up to 10 kDa. However, in this 

iontophoretic permeation was seen for a 13 kDa molecule. 

Formulation pH which dictates the charge on the molecule 

was found to be the parameter that influenced iontophoretic 

permeation in this case. The transport mechanisms 

electromigration and electroosmosis for daniplestim were 

found to be different based on its molecular charge. The 

results from the studies conducted with regards to the 

above aspect showed that electromigration yielded higher 

amounts compared to electroosmosis. The same held true for 

the combination of microneedles and iontophoresis. Higher 
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delivery was seen during the combination when the transport 

mechanism was electromigration. Electromigration occurs as 

results of repulsive forces and thus pushes the molecule 

into the skin whereas electroosmosis is a passive flow seen 

in the direction of counter ions. 

In the studies performed to evaluate iontophoresis, 

sonophoresis and microporation on daniplestim delivery, it 

was seen that the combination of microporation and 

iontophoresis yielded maximum delivery. Iontophoresis was 

not successful by itself in vivo as it was in vitro. 

Ultrasound was able to deliver the protein alone as well as 

when combined with iontophoresis. The Cmax for both the 

tissue alterations and their impact upon biocompatibility 

ADDIN EN.CITE 

<EndNotexCitexAuthor>Kurosaki< /Author >< Year >19 98 </ Year ><R 

ecNum>83</RecNum><recordxrec-number>83</rec-numblestim was 
Iontophoretic permeation of daniplestim was not seen 

in vivo. Hence, the sub-cutaneous layer of the skin was 

sampled during iontophoresis using microdialysis. The 

scanning electron micrographs taken indicated bigger pore 

size for the 100 kDa probe compared to the 20 kDa probe. 

Fluid loss from the 10 0 kDa probe was minimized by the 

addition of Dextran 60 to PBS. This change in the 
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composition of the perfusion fluid composition also helped 

in improving daniplestim recovery from the probe. Flow rate 

was also optimized to improve recovery. The subdermal 

levels of daniplestim were measured during cathodal 

iontophoresis. There were no detectable levels of the drug 

seen in blood following iontophoresis. This information 

might be useful in optimizing delivery parameters such as 

drug loading concentration in the patch so as to expect 

detectable plasma levels. 

The results of this study suggest that under the 

conditions used, a combination of microneedles and 

iontophoresis was the most effective approach for skin 

transport of daniplestim. The delivery amounts obtained via 

intravenous route and transdermal route were significantly 

different. However, pharmacokinetic evaluation following 

IV and transdermal enhancement methods suggested that 

plasma levels of daniplestim were detectable for a longer 

time with a combination of microneedles and iontophoresis. 

Delivery through skin might be an effective approach for 

proteins given their short half lives following parenteral 

administration. Sub-cutaneous microdialysis has been so far 

applied to measure skin levels of small molecules following 
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transdermal delivery since there were many limitations and 

complication involved in microdialysis of large molecules. 

Work done in this project with respect to microdialysis has 

shown that it is possible to apply this approach to large 

molecules provided prior optimization is done. Extending 

this approach to enable measurement of macromolecules might 

be very helpful in studying the efficiency of transdermal 

delivery techniques. 
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