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ABSTRACT

DIPTY P. JOSHI
Transdermal delivery of recombinant human insulin via 
micropores
(Under the direction of AJAY K. BANGA)

The goal of this research was to investigate the 

transdermal delivery of recombinant human insulin via 

thermally created micropores either alone or in combination 

with iontophoresis.

Micropores (80 pores/cm^) were created in stratum 

corneum of freshly excised mouse/rat skin, using prototype 

porator system. Each of these micropores was approximately 

10G|im in diameter and 40fa,m deep. Microporated or intact skin 

was mounted on Franz diffusion cells and insulin formulation 

was added to the donor compartment. Permeation of insulin 

through intact skin was very negligible while significant 

amounts were delivered through microporated skin at the end 

of 24 hours. A linear increase in cumulative amounts was 

observed with increasing insulin concentration, except at 

the lowest concentration. A concentration dependent loss of

xm
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insulin was observed in the receptor compartment; at highest 

concentration percent loss was low and vice versa. Passive 

and iontophoretic delivery resulted in very low amounts of 

insulin permeating through intact skin. Iontophoresis did 

not enhance transdermal delivery over passive diffusion 

across microporated skin.

For in vivo studies, hairless rats were anesthetized by 

an intraperitoneal dose of ketamine and xylazine. Micropore 

array was created on rat abdomen using thermal microporation 

device and patch was placed over it. Factors affecting 

insulin delivery such as insulin concentration in 

formulation, micropore density and micropore area were 

investigated. A glucometer was used to analyze serum samples 

for glucose concentration while a validated ELISA was used 

to determine insulin concentrations.

Steady state levels were maintained during 4 hour patch 

application period and they returned to baseline values 

upon patch removal. A linear increase in these levels was 

seen with increasing insulin concentration (0.227±0.004,

0.782±0.04, 1.1±0.05, 1.81±0.01 ng/mL respectively for 10,

25, 50 and 100 lU/mL insulin concentrations) as well as 

with increasing micropore area. Greatest increase in 

delivery (3.7 ± 0.2 ng/mL for 3cm^) was achieved with 

increasing microporation area. Repeated patch application

XIV
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was able to maintain steady state levels during each 4 

hours patch application for a total of 12 hours. The 

insulin formulation used was shown to be stable over during 

the study period by CD analysis, light scattering, gel 

electrophoresis and RP - HPLC.
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CHAPTER 1 

INTRODUCTION

Pancreatic beta cells are responsible for the 

secretion of insulin, primarily, in response to increase 

blood glucose levels (Chetty and Chein, 1998) . The actions 

of insulin have been known for quite some time (Steiner, 

1977). It is involved in membrane transport of glucose, 

amino acids and certain ions; increased storage of 

glycogen; formation of triglycerides; stimulation of DNA, 

RNA and protein synthesis. It regulates glucose levels in 

the blood by suppressing its production by the liver and by 

directing it towards muscle and adipose tissue. Here, the 

glucose is converted into complex carbohydrates, protein 

and fat and subsequently stored. Insulin is used in the 

treatment of diabetes mellitus (DM), which is characterized 

by hyperglycemia and altered metabolism of lipids, 

carbohydrates and proteins. Patients suffering from 

diabetes mellitus can be clinically categorized as having 

insulin dependent diabetes mellitus (IDDM or Type 1

1
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diabetes) or non-insulin dependent diabetes mellitus (NIDDM 

or Type 2 diabetes) (Davis and Granner, 1995).

Nevertheless, all types of DM results from low circulating 

levels of insulin (insulin deficiency) and a decline in the 

response to insulin by the peripheral tissues (insulin 

resistance) (Chetty and Chein, 1998). In the treatment of 

Type 1 diabetes, it is important to provide for constant, 

24-hour-a-day basal insulin dose and also to mimic acute 

insulin release in response to food consumption. Insulin 

cannot be administered orally, because it undergoes 

extensive gastric degradation by stomach proteases and 

therefore only parentral route is available for its 

administration. Currently, insulin is available only as 

subcutaneous injections that cause pain and inconvenience. 

Alternate routes for systemic delivery of insulin have been 

investigated (Trehan and Ali, 1998, Cefalu, 2001, Owens et 

al., 2003, Cefalu, 2004). Some are invasive, like 

implantable insulin pump while others are non invasive and 

include pulmonary (Cefalu et al., 2001), nasal (Dyer et 

at., 2002, Hinchcliffe and Ilium, 1999), buccal (al Achi 

and Greenwood, 1993), transdermal routes (Zakzewski et al., 

1998) .

Transdermal route could provide a reasonable option 

for insulin delivery as it would provide a noninvasive
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means to administer continuous basal levels of insulin in a 

convenient easy to remove patch. In recent years, the 

interest in transdermal delivery systems (TDS) has 

resurfaced due to advances in enhancement technologies 

(e.g., use of iontophoresis, electroporation or ultrasound) 

and due to the expiry of patents for the existing products 

(Cleary, 2003). The main reason for only a few transdermal 

products on market is the relative impermeability of the 

skin. Human skin is a selective and efficient organ for 

preventing the transport of drugs. There are very few drugs 

(e.g., nicotine, scopolamine) that possess ideal properties 

for passage through intact stratum corneum, the rate- 

limiting barrier for transdermal permeation, at 

therapeutically relevant rates. Iontophoresis is one 

technique that can increase the number of drugs that can be 

delivered transdermally as it can deliver hydrophilic, 

charged or neutral molecules. Iontophoresis utilizes 

electrode with same polarity as that of the drug to push 

ionic drugs into the body (Banga et al., 1999).

Therefore, in order to maximize the drug flux across 
the skin we must reduce the resistance of the skin barrier 

and/or use some enhancement technique. Literature reports 

for transdermal iontophoretic insulin delivery show that 

when skin pretreatment is used, like the use of depilatory

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



cream (Kanikkannan et al 1999), tape stripping or wiping 

the skin with absolute alcohol (Langkjsr et al., 1998), 

there is an increase in the permeation of regular insulin 

as opposed to when there is no skin pretreatment.

Traditionally drug delivery across skin is achieved by 

hypodermic needle, which causes pain and trauma and is not 

very convenient for everyday use. Hence painless and user- 

friendly methods to continuously deliver drugs across skin 

must be developed. One way to approach the skin 

impermeability issue is to reversibly disrupt the skin 

barrier, i.e., stratum corneum. Microneedles (created by 

microfabrication technology) or microprojection patch has 

been reported (Henry et al., 1998) to alter the barrier 

membrane. When applied on to the skin surface, they create 

artificial microscopic channels in the stratum corneum and 

facilitate the permeation of drug. These transport channels 

are created in a painless manner (Kaushik et al., 2001). A 

recent report shows that upon using microprojection patch, 

the authors were able to deliver therapeutic levels of 

oligonucleotides into systemic circulation of guinea pigs 

(Lin et al, 2001).

We are investigating a relatively new technique, 

thermal microporation (uses thermal energy to create 

micropores), for delivering recombinant human insulin
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across the skin to obtain systemic effects. This technique 

has recently been reported for noninvasive and rapid 

extraction of interstitial fluid for continuous glucose 

sampling (Smith et al., 1999) and also to improve the 

perfusion of vaccines (Bramson et al., 2003). In this 

technique, resistive filaments are used to apply rapid and 

controlled pulses of thermal energy to a matrix of 

microscopic sites on the skin surface. Energy built up in 

the filaments is rapidly transferred precisely to defined 

regions of the stratum corneum. This process 

instantaneously and painlessly forms micropores (around 100 

fxm wide and 4 0 jam deep) in an area about the width of a 

human hair. The micropores so formed are just deep enough 

to cross the stratum corneum and thus can help 

macromolecules like insulin to cross the stratum corneum 

barrier. Controlling microporation parameters and the 

geometry of the resistive filament, one can precisely 

control the size and the depth of the micropores. Use of 

iontophoresis as an enhancement technique to deliver 

recombinant human insulin in a controlled fashion across 

the skin was also investigated.
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Specific Aims

The long-term goal of this project is to develop a 

transdermal patch for the delivery of regular insulin. The 

objective of this work was to check the feasibility of this 

goal. This was accomplished by the following specific 

aims;

1. Investigate the passive and iontophoretic delivery of 

recombinant human (regular, hexameric) insulin through 

microporated hairless mouse and rat skin, in vitro. Study 

the effect of:

a. Microporation parameters

b. Formulation parameters

c. lontophoretic parameters

2. Evaluate the use of microporation technology in delivering 

regular insulin in vivo using a hairless rat model.

3. Characterize insulin formulation for its association 

status, any potential aggregation during use, and stability 

during study using relevant analytical techniques such as 

light scattering, circular dichroism, SDS-PAGE and RP-HPLC.
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CHAPTER 2 

LITERATURE REVIEW

Transdermal Drug Delivery

Application of plant extracts for treating a variety 

of topical disorders has been know for centuries. However, 

the use of skin as an alternative route to obtain systemic 

effects was realized relatively recently. There are reports 

of use of anti-infective and hormonal agents for systemic 

effects in the late 1960s (Scoggins and Kliman, 1965, 

Greaves, 1969). Modern transdermal delivery systems (TDS) 

were introduced almost two decades ago by pharmaceutical 

companies. They have several advantages because of their 

ability to bypass gastric and hepatic metabolism, deliver 

the drugs in a controlled manner and significantly improve 

patient compliance. The challenge in developing an 

efficient transdermal system involved not only improving 

drug permeability across stratum corneum, but also ensuring 

that there was enough drug in the patch and it was

7
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8

pharmacodynamically active once it reached systemic 

circulation. The delivery system also needed to be non

irritating and safe to use (Langer, 2004). Shortcomings of 

TDS such as low dose requirement and lag time associated 

with the delivery also limited the number of drugs that 

could be developed as a patch. In recent years, interest in 

TDS has resurfaced due to advances made in the enhancement 

technologies (e.g., use of iontophoresis, electroporation, 

or ultrasound) and the expiry of patents for several 

existing drugs (Cleary, 2003). Currently, nearly 30% of the 

77 candidates in preclinical development are transdermal or 

dermal systems (Barry, Oct 2001). Though the worldwide 

market for transdermal products is increasing, it is based 

solely on ten drugs - scopolamine, clonidine, 

nitroglycerin, fentanyl, nicotine, testosterone, estradiol, 

lidocaine, and, recently oxybutynin (Gordon and Peterson, 

2003 and Cleary, 2003). The relative impermeability of the 

skin is the main reason why only a few transdermal products 

are currently on the market.

Human skin is one of the largest and the most easily 

accessible organ. It is mainly involved in protecting the 

body from the harsh environment, in regulating body 

homeostasis and in serving as a sensory organ. Hence the 

skin must posses' barrier properties and be tough and
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flexible in order to perform its function (Walters and 

Roberts, 2002). Skin is a selective and efficient organ for 

preventing the transport of drugs. It consists of the outer 

epidermis, followed by the viable dermis, and the subdermal 

tissue. The epidermis is separated from the dermis by a 

basement membrane and is composed of five cell layers, with 

stratum corneum being the outermost layer. The dermis is 

the viable region consisting of a capillary network and 

nerve endings (Berti and Lipsky, 1995). Though skin is a 

heterogeneous membrane, the cornified layer of the 

epidermis, i.e., the stratum corneum, forms the rate- 

limiting barrier for transdermal drug absorption.

The stratum corneum is the non-viable part of the 

epidermis and is approximately 10 - 20 jam thick, depending 

upon the area of the body (Walters and Roberts, 2 0 02) . The 

structure of the stratum corneum resembles that of "bricks 

and mortar" of a wall. The cornified cells (10-15 flattened 

layers) comprise the 'bricks' that are embedded in the 

'mortar', which consists of lipid bilayers of fatty acids, 

ceramides, cholesterol and cholesterol esters. These 

multilamellar lipid bilayers filling the extracellular 

space provide the stratum corneum its barrier properties 

(Barry, Sep 2001). Continuous desquamation of these cells 

further strengthens the barrier properties of the stratum
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corneum. The transport of drugs from the formulation into 

systemic circulation is a multistep process that begins 

with the partitioning of the drug from the vehicle into the 

stratum corneum, diffusion of the drug through the 

cornified layers of the stratum corneum (the rate limiting 

step for most compounds), diffusion through the epidermis 

and the viable dermis into the local capillary network and 

finally into the systemic circulation (Kalia and Guy,

2001) . Thus the ideal properties of a molecule that can 

effectively penetrate the stratum corneum are low molecular 

weight (so that diffusion coefficient is high) and optimal 

solubility and partition coefficient (Barry, Oct 2001). 

Drugs have three potential routes for crossing the stratum 

corneum: intercellular route, transcellular route, and 

transappendageal route. In the first pathway, the molecule 

follows a tortuous path within the intercellular lipids, 

predominantly along the multilamellar bilayers (Edwards and 

Danger, 1994). A recent (Potts and Francoeur, 1991) 

diffusion study suggests that even small polar molecules 

like water follow a tortuous path. The second pathway 

involves the direct transport of the drug molecule across 

the cornified stratum corneum cells. The transappendageal 

pathway involves movement of drug along the skin appendages 

such as sweat glands, sebaceous glands and hair follicles,
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thereby avoiding the intercellular lipid layers (Cullander 

and Guy, 1992). Usually, the appendageal route is thought 

not to be a very significant contributor to the drug 

delivery, partly because of the low surface area occupied 

by the appendages (Hadgraft, 2001). However it may be 

crucial for ionic and large polar molecules that have 

difficulty crossing the stratum corneum (Barry, 2001).

Factors Affecting Transdermal Drug Delivery

The underlying transport mechanism for percutaneous 

absorption is considered to be simple passive diffusion and 

can be given by simplifying Pick's first law of diffusion 

to:

J = DKAC/h (1)

Where J = Flux per unit area

D = Diffusion coefficient in the skin 

K = Skin - vehicle partition coefficient 

Ac = Concentration gradient across the skin 

h = Diffusional pathlength

Concentration gradient. A major driving force for 

percutaneous absorption is the concentration difference in 

different layers of the stratum corneum (s.c). There will 

be a steep gradient if the concentration of the drug is 

greater in the top layers of the s.c than in the lower
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layers. In order to have minimum amount of drug in the 

lowest layers of the s.c, it is essential that the viable 

epidermis act as a sink, which can be achieved if the drug 

has good aqueous solubility. Thus, the concentration 

gradient of the drug will mainly depend upon a) 

partitioning of the drug from the vehicle into the top 

layers of the s.c, and b) its aqueous solubility. Since 

these two conditions are somewhat contradictory, it is very 

difficult to achieve systemic delivery, except for a few 

compounds that have optimum solubility in both lipid as 

well as aqueous phases (Wiechers, 1989).

Partition coefficient. The partition coefficient is 

defined as the relative concentration of the drug in the 

oily and aqueous phases at equilibrium. Polar compounds 

have lower partition coefficients and therefore have 

initial low partitioning in the s.c, which presents a major 

hurdle for their permeation. On the other hand, very 

lipophilic compounds readily penetrate the s.c, but have 

limited penetration in the viable epidermis. These 

compounds therefore form reservoir in the s.c and this 

property can be exploited for topical delivery (e.g.. 

Triamcinolone acetonide, a corticosteroid, is known to 

remain in the s.c for up to 2 weeks after initial 

application) (Wiechers, 1989). Thus, a penetrant must have
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have reasonable solubility in both water and oily phases 

for systemic delivery via the skin (Hadgraft, 1996).

The partition coefficient of the drug is affected by 

the charge on the drug molecule. The ionization constant of 

the drug and the pH of the vehicle determine the actual 

concentrations of the ionized and the non-ionized 

fractions. It has been thought that the non-ionized forms 

probably move through the intercellular pathway while the 

ionized forms move through the intracellular 

(transcellular) pathways, though they have slow permeation 

rates.

Diffusion coefficient. As evident from Pick's first 

law of diffusion, drug flux is proportional to the 

diffusion coefficient. Thus, transdermal permeation is 

affected by the degree of interaction between the permeant 

(drug) and the stratum corneum, i.e., the diffusion 

coefficient. Molecular weight and size of the permeant 

affect the diffusion coefficient. An inverse relationship 

exists between rate of absorption and molecular weight.

That is because as the carbon length increases, there is an 

increase in the retention of the compound in the lipid 

layers of the skin. For a series of compounds that have 

similar polarity, absorption rate decreased with increasing 

molecular weight.
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Diffusional pathlength. It must be -noted that the 

diffusional pathlength (h) represents the tortuosity of the 

intercellular pathway, the magnitude of which is difficult 

to estimate precisely (Hadgraft, 2001). This is dependent 

upon various factors such as age of the skin, skin 

conditions, and regional differences in the skin thickness.

Studying the effect of the above mentioned factors 

along with several other mechanistic studies have given 

pharmaceutical scientists a better understanding of the 

percutaneous absorption of the drug and its delivery. 

Transdermal delivery has come a long way since the 

introduction of scopolamine patch in 1979. Transdermal 

patches have significantly improved patient compliance by 

reducing the frequency of drug administration for short 

half life drugs and providing the drug in a more controlled 

and noninvasive way. Also, there is the added advantage of 

easily terminating drug absorption in case of overdose by 

simply removing the applied patch (Walters and Roberts,

2002).

Enhancement of Transdermal Drug Delivery

Though the U.S market for transdermal products is over 

$ 3 billion annually, there are only limited products that
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are available as transdermal patches. As discussed, this is 

largely due to the barrier properties of the skin, which 

allows the permeation of only those molecules that possess 

optimal solubility, partition coefficient and molecular 

weight. In this manner the skin acts a permselective 

barrier to transdermal transport. Hence there is a need for 

using new techniques to improve transdermal permeation and 

increase the number of drugs that can be delivered 

transdermally. Several enhancement techniques like use of 

chemical enhancers (Choi et al. , 1999, Pillai and 

Panchagnula, 2003), iontophoresis (Green, 1996, Pillai et 

al., 2004), electroporation (Potts et al., 1997, Denet et 

al. , 2004), sonophoresis (Mitragotri et al. , 1995, 

Mitragotri and Kost, 2004), needle free devices (Schramm 

and Mitragotri, 2002), and microneedles (Prausnitz, 2004), 

have been used to facilitate transdermal delivery. This 

present work involves the investigation of microporation, a 

relatively new method, as an enhancement technique and also 

to investigate the use of iontophoresis in conjunction with 

microporation for transdermal delivery of recombinant human 
insulin.
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Thermal Microporation

In order to overcome the barrier properties of the 

skin, hypodermic needles are commonly used to administer 

large doses of drugs, including proteins and peptides. 

However, they cause pain and trauma and there is always a 

possibility of infection at the site of injection. All 

these factors have motivated the development of alternate 

methods to compromise the skin barrier. A relatively recent 

report (Henry et al., 1998) includes the use of an array of 

microneedles to create artificial channels across the 

stratum corneum (s.c), the main barrier to transdermal 

penetration, when applied to the skin. Microfabrication 

technology (McAllister et al., 2003) was used to create 

three-dimensional arrays of microneedles from silicon, 

which were around 150 pm in length. In this study, the 

authors found that the permeability of calcein, which 

crosses the skin poorly under intact conditions, increased 

significantly when microneedles were used. These artificial 

channels were created in a painless manner (Kaushik et al.,

2001). In another study, the microprojection patch, created 

using microfabrication technology, was able to deliver 

oligonucleotides across the skin and into the systemic 

circulation of guinea pigs. Also, erythema at the site of 

application was mild and transient, implying that the array
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was well tolerated (Lin et al, 2001). In another study 

(Matriano et al, 2002), the authors found that Macroflux® 

microprojection patch was able to deliver a bolus dose of 

antigen for intracutaneous immunization. No signs of 

bleeding (no vascular damage) were observed, which 

indicated that most of the microprojections were above the 

capillary bed. In addition no infection was observed at the 

site of patch application. This development has opened the 

gates for delivering a wide variety of macromolecules like 

therapeutic vaccines. The advancement in microfabrication
C

technology has resulted in the development of different 

sized microneedles using different materials (Prausnitz, 

2004). The "poke with patch" approach first creates holes 

using microneedles, which is then followed by the 

application of transdermal patch. In "coat and poke" 

approach, microneedles coated with the drug are applied to 

the skin (Prausnitz, 2004).

In our studies, we are investigating the use of 

microporation technology, based on thermal microporation, 

as an enhancement method for improving the transdermal 

delivery of recombinant human insulin. This technique has 

previously been reported for the extraction of interstitial 

fluid for glucose monitoring (Smith et al, 1999). This 

technique harvests interstitial fluid in a rapid, painless
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and needle free manner.

Using microporation technique, micropores are created 

in the stratum corneum of the skin using an array made up 

of resistive filaments. The filaments deliver controlled 

pulses of thermal energy to microscopic sites on the skin 

surface. This process instantaneously and painlessly 

removes minute amounts of stratum corneum cells to form 

micropores. These micropores are approximate 100|j,m wide and 

40)Am deep i.e., they are deep enough to cross the s.c, but 

not that deep to reach the nerve endings. Hence 

microporation can help macromolecules like insulin cross 

the stratum corneum barrier without any pain. By 

controlling the microporation parameters and the geometry 

of resistive filament, one can precisely control the size 

and the depth of the micropores.

Iontophoresis

Transdermal iontophoresis is a technique that delivers 

charged molecules across the skin using mild electric 

current (Nair et al, 1999). Though the idea of using 

electric current to increase drug penetration is a few 

centuries old, its feasibility has been demonstrated very 

recently. The only requisite for iontophoresis is that the 

drug must possess some aqueous solubility. The drug in
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solution form is placed in one electrode compartment and 

the other electrode is placed on another site of the skin. 

Small electric potential is applied across the electrodes 

that maintain the constant current (Kalia et al, 2004). 

lontophoretic delivery of drugs is affected by several 

interactions taking place within the skin and the 

iontophoretic system. Several mathematical models have been 

proposed in order to understand the principles that govern 

transdermal iontophoretic delivery (Kastings 1992,

Siddiqui, 1989). The Nernst - Planck model is the 

fundamental model that describes the transport of ions 

under the influence of electric current. According to this 

model, the ionic flux is given as:

J = -D (dC/dx) + (DZFCE)/kT (2)

Where J = ionic flux,

D = diffusion coefficient 

Z = valence of the charged species 

F = Faraday's constant 

C = concentration of the ionic species 

E = electric field potential 

k = Boltzmann's constant 

T = absolute temperature 

Thus from equation 2 we can say that the ionic flux is the 

sum of the fluxes created due to concentration gradient and
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due to electric field (Nair et al, 1999). In the case of 

passive permeation (where E = 0) or in the case of 

uncharged molecule (Z = 0), equation 2 is reduced to 

equation 1 (Pick's law of diffusion).

In order to account for the iontophoretic delivery of 

uncharged molecules, we need to include an additional term 

in the Nernst - Planck equation. This modified equation is 

given as:

J = -D (dC/dx) + (DZFCE)/kT + VC (3)

Where V = convective flow velocity and is proportional to 

the applied current.

Mechanisms of lontophoretic Delivery

Iontophoresis facilitates permeation of the drug by 

electrorepulsion and electroosmosis. Physicochemical and 

electrical properties of the skin and the drug will 

determine whether electrorepulsion or electroosmosis will 

predominate (Guy et al, 2 000).

Electrorepulsion. The solution of an ionic drug placed 

under an electrode (placed on the skin surface) that has 
the same charge as that of the drug, will under the 

influence of electric current be repelled away from the 

reservoir into and across the skin (Green, 1996). This is 

referred to as electrorepulsion. Thus, in the case of
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cathodal iontophoresis, the negatively charged drug is 

placed in the cathodal chamber at the desired site of 

application and the anode, which is the receiving chamber, 

is placed at another site. When current is initiated, 

negatively charged ions are pushed across the skin barrier.

Ions move across the pathways that offer least 

diffusional resistance when potential difference exists 

across the skin. These low resistance pathways, also called 

as appendageal pathways, include sweat glands, sebaceous 

glands, hair follicles and skin imperfections (Cullander 

and Guy, 1991). In addition, the pore pathway (non 

appendageal pathway) also has been suggested as a route of 

delivery. Using scanning electrochemical microscopy 

following the transdermal iontophoresis of iron, several 

reddish brown spots have been observed in a localized pore- 

type region that were not associated with any of the skin 

appendages (Scott et al., 1993, Lee et al., 1996). It has 

also been shown that under the influence of electric 

current, the lipid lamellae of the stratum corneum become 

more permeabilized to water and ions and hence are at least 

partly responsible for their iontophoretic transport 

(Pechtold et al, 1996). Nevertheless, even for transport 

across the follicles, it must be understood that the 

intercellular pathway between the follicles and the
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epidermal cells is still the final pathway (Monteiro- 

Riviere et al, 1994).

Electroosmosis. It can be described as the movement of 

water molecules from anode to cathode when electric current 

is applied to the skin (Pikal, 1990, Pikal, 2001). At 

physiological pH, the skin acquires a net negative charge 

(pi of skin is around 4-4.5) (Marro et al, 2001), due to 

ionization of carboxylic acid groups. In this case, when 

current is applied, the counter ions move from anode 

chamber to cathode chamber, in order to neutralize the 

negative charge of the skin. The skin now becomes a 

permselective barrier and gives preference to the passage 

of positively charged ions. As these ions pass through the 

skin, they carry water of hydration along with them. This 

preferential movement of ions results in the bulk movement 

of water from anode to cathode (Kim et al., 1993). Thus, 

neutral molecules can be delivered under anode as 

electroosmosis will favor their permeation and cations will 

get a second driving force in addition to electrorepulsion. 

In case of iontophoretic delivery of highly lipophilic 

compounds like nafarelin and leuprolide, it was seen at 

neutral pH that these hydrophobic cations were able to 

strongly associate with negative charges on the skin and 

neutralizing them. This resulted in reducing or stopping
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the electroosmotic flow (Delgado-Charro and Guy, 1994; 

Hoogstraate et al, 1994; Green et al, 1991).

Factors Affecting lontophoretic delivery

Iontophoresis is a complex process and there are 

several factors that affect the delivery of drugs. These 

factors include physicochemical properties of the drug, 

electronic factors of the iontophoretic system and 

physiological factors of the skin (Nair et al, 1999).

Physicochemical factors

Effect of charge. In theory the iontophoretic flux is 

directly proportional to the charge on the molecule 

(equation 2). The nature of the charge, whether positive or 

negative will determine the electrode used in delivery. 

Electroosmotic flow can be exploited for iontophoretic 

delivery of uncharged molecules. On the other hand, however 

if the drug is highly charged, it interacts strongly with 

charges on the skin, which in turn can reduce transdermal 

penetration (Phipps et al, 1989).

Effect of pH. Formulation pH will affect the degree of 

ionization of the drug molecule and also affect the 

properties of the skin. At physiological and higher pH 

values, the skin will become negatively charged. It will
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act as a permselective barrier giving rise to 

electroosmotic flow from anode to cathode, which is another 

iontophoretic transport mechanism. Therefore, in case of 

weakly basic drugs, a high pH will suppress ionization, 

which will result in decreased contribution of 

electrorepulsion. However, electroosmosis may then become a 

significant contributor to iontophoretic transport. In one 

study, cathodal and anodal iontophoresis was performed on 5 

-fluorouracil (5-FU) (Merino et al, 1999). At a pH below 

the pi of the skin, electroosmosis is from cathode to anode 

as now the skin is positively charged. As the skin becomes 

progressively negative, electroosmosis from anode to 

cathode starts dominating. At still higher pH, 5-FU which 

is weakly acidic, is mostly in ionized form and now 

electrorepulsion is the main contributor to iontophoretic 

flow.

Effect of extraneous ions. Presence of buffers and 

electrolytes in the formulation is necessary to control the 

pH and maintain the electrical circuit, respectively.

Buffer ions and electrolytes are small and highly charged 

and more efficient in carrying charge. They compete with 

drug for carrying the charge and therefore, it is very 

important to select the correct buffer for the 

iontophoretic delivery. The buffer should have high
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buffering capacity to avoid pH changes and must not affect 

the transport number of the drug. Extraneous ions 

(hydroxide and hydronium) may also be introduced due to 

extremes in pH and can reduce the iontophoretic transport 

of drug molecules with lower concentration and mobility 

(Kalia et al, 2004).

Effect of drug concentration. Although equation 1 

describes a direct relation between iontophoretic flux and 

drug concentration, the experimental findings are somewhat 

different. As the concentration is increased, it is 

generally observed that flux increases up to a certain 

point and then attains a plateau value. It is thought that 

at higher concentration, the boundary layer with respect to 

the bulk donor phase is more saturated (Phipps et al,

1989). In one study, it was found that iontophoresis of 

lidocaine hydrochloride was independent of drug 

concentration, in the absence of competing ions (Marro et 

al, 2001).

Electronic factors

Effect of electrode material. For iontophoresis to 

work the electric current must be converted into ionic 

current. This occurs at the interface of the electrode and 

the aqueous solution (Pillai et al., 1999). Use of
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appropriate electrodes is therefore an important factor for 

the successful iontophoretic drug delivery. The electrodes 

must have good conductance and must not bring about changes 

in the pH (Nair et al, 1999). The electrode material 

determines the type of electrochemical reaction that would 

take place at the electrode surface. Electrodes can be 

either metallic or reversible types. Metallic electrodes 

like platinum, nickel, stainless steel or carbon graphite 

are inert electrodes. However, they bring about 

electrolysis of water, which results in the production of 

protons than can compete with drug molecules for carrying 

charge. They also can significantly lower the pH, which can 

cause skin irritation and/or burns. This problem has been 

overcome by the use of reversible electrodes like silver/ 

silver chloride electrodes. They do not cause water 

electrolysis, as their electrochemistry requires potential 

gradient lower than required for water electrolysis.

Effect of current density. From the Nernst-Planck 

equation, it is expected that iontophoretic flux will be 

proportional to the total current density. Most of the data 

supports these observations. From studies of iontophoresis 

of small inorganic molecules through different skin models 

(Phipps et al, 1989) and from iontophoresis of vasopressin 

and arginine (Craane-van Hinsberg, 1994) (through
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dermatomed human skin), it was found that the flux 

increased with increasing current density. However, in 

studies of iontophoresis of apomorphine (Geest et al.,

1997) and methyl phenidate (Singh et al, 1999) it was found 

that the flux reached a plateau on increasing the current 

density. This indicated that once a limiting transport 

number (which is the fraction of the total applied current 

carried by the ion) has reached, increasing current density 

any further does not increase the flux.

Insulin

Background and History

Paul Langerhans, a German scientist, discovered that 

when specific cells were damaged, diabetes developed, and 

hence these cells became known as the Islets of Langerhans. 

Two Austrian scientists. Von Mering and Minkowski, found 

that on removal of the pancreas diabetes occurred. Thus, 

the groundwork for insulin discovery had been laid by 

several others scientists before Canadian researchers 

isolated it. The word insulin comes from the Latin word 

island. Insulin is a hormone produced by pancreatic P cells, 

in response to glucose and amino acids secretion. Fredrick 

Banting and Charles Best have been credited with
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discovering insulin and establishing its relationship with 

diabetes mellitus (Turkenburg-van Diepen, 1996). During 

their research at Toronto University in Dr. Macleod's lab, 

they isolated pancreatic extract that cured hyperglycemia 

in diabetic dogs and for the first time they administered 

insulin injection to a diabetic patient. In 1923, Nobel 

Prize for medicine and physiology was jointly awarded to 

Banting and Macleod. Lilly Company was the first to 

manufacture animal insulin in 1923.

Insulin was the first protein to be fully sequenced in 

1955, the first protein to be chemically synthesized in 

sufficient quantities for commercial use (Sanger, 1959), 

and the first human protein to be manufactured through 

biotechnology in 1979. The actions of insulin have been 

known for quite some time (Steiner, 1977). It is involved 

in membrane transport of glucose, amino acids and certain 

ions; it increases storage of glycogen, formation of 

triglycerides and stimulates synthesis of DNA, RNA and 

protein. It regulates the levels of glucose in the blood by 

suppressing its production by the liver and by directing it 

towards muscle and adipose tissue. Here, glucose is 

converted into complex carbohydrates, protein and fat and 

subsequently stored.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



29

Insulin Structure and Self-Association

Insulin was identified as a protein in 1928 and its 

amino acid sequence was determined by the pioneering work 

of Sanger. Human insulin, having 5800 Da molecular weight, 

consists of 51 amino acids arranged in two polypeptide 

chains. A-Chain contains 21 amino acids, while B-Chain, the 

longer one, contains 30 amino acids. Two disulfide bonds 

involving the cysteine residues of A7-B7 and A2 0-B19 

connect the two chains to each other. An additional 

disulfide bond is present in A-Chain between cysteine 

residues of A6 and All. Bovine insulin differs from human 

insulin in two amino acids in A-Chain; alanine replaces 

threonine at A8 and valine replaces iosleucine at AlO and 

in B-Chain, alanine replaces threonine at B30. Porcine 

insulin differs only in one amino acid as compared to human 

insulin. In porcine insulin, alanine replaces threonine at 

B3 0 (Brange and Langkjaer, 1997) .

X-ray crystallography has been used to elucidate the 

tertiary structure of insulin monomer. It is found that the 

A-Chain consists of two alpha helical segments and the C- 

terminal is in the extended conformation. The B-Chain has a 

straight chain at the N-terminus, followed by an alpha 

helix and ending with a long beta strand at the C-terminus 

(DeFelippis et al., 2001). Insulin monomer exhibits
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extensive conformational flexibility, which is necessary 

for its interaction with the receptor (Mark et al., 1991).

Self-association of insulin into dimer, tetramer, 

hexamer and oligomer is affected by the presence of 

divalent metal ions, pH, temperature, ionic strength and 

concentration (Mark et al., 1987; Kadima, et al., 1993). It 

has been found that formation of higher aggregates first 

requires the formation of dimers. Non-polar interactions 

and hydrogen bonds are the predominant forces involved in 

dimer formation (Baker et al., 1988). The dimers so formed 

are stable in aqueous solution around pH 2-8. Dimers come 

together to form hexamers, however the interactions between 

the dimers in the hexamer are less strong than those 

between the monomers in the dimers. Hexamer formation 

occurs when the molar ratio of zinc to insulin is around 

0.33-1.0 and when insulin concentration is beyond 0.5mg/mL. 

At concentrations > 2mM, hexamers are formed without the 

assistance of zinc ions at neutral pH (Hansen, 1991) . 

Hexamers are also formed in presence of phenolic compounds 

(m-cresol). Hexamers so formed are almost spherical in 

shape with a diameter of 5nm and a height of 3.5nm 

(Gualandi-Signorini and Giorgi, 2001).
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Insulin Secretion and Diabetes Mellitus

Insulin synthesized from preproinsulin and proinsulin 

is stored in the pancreatic islets as hexamers, which 

imparts protection against proteolytic degradation. In 

response to increased glucose levels, insulin is released 

in the systemic circulation. Zinc ions get diluted which 

brings about rapid dissociation of the insulin hexamers. 

Insulin enters portal vein and almost half of it is 

eliminated in the liver. In the body, insulin circulates as 

a monomer and it is this form that interacts with the 

receptors (DeFelippis et al., 2001).

Insulin secretion profile is pulsatile, basal phase 

(preprandial) and stimulated phase (postprandial). Basal 

phase is responsible for regulating hepatic glucose 

production i.e., it restrains but does not inhibit glucose 

production so that sufficient glucose levels are maintained 

for cerebral energy production (Campbell and White, 2001) . 

Basal phase maintains serum insulin concentration around 5- 

15 |iU/mL. Stimulated insulin secretion occurs in response to 

food consumption where serum insulin concentration becomes 

60-80 |aU/mL or more. These levels fall back to the basal 

levels within 2-4 hours (White et al., 2003).

Diabetes Mellitus is a medical condition known to 

physicians for thousands of years. The disease got the term
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'Diabetes' from the Greek word 'siphon', while the term 

"Mellitus," derived from the Latin name for honey or sweet, 

was added once the doctors realized the urine of a diabetic 

person was loaded with sugar. It was often called the sugar 

disease or later sugar diabetes. Diabetes mellitus (DM) is 

characterized by hyperglycemia and altered metabolism of 

lipids, carbohydrates and proteins. Other complications 

such as neuropathy, nephropathy and retinopathy are 

observed in progressive diabetics. Patients suffering from 

diabetes mellitus can be clinically categorized as having 

insulin dependent diabetes mellitus (IDDM or Type 1 

diabetes) or non-insulin dependent diabetes mellitus (NIDDM 

or Type 2 diabetes) (Davis and Granner, 1995).

Approximately 16 million people suffer from DM in the 

United States alone of which 10% are Type 1 patients. 

Nevertheless, all types of DM results from low circulating 

levels of insulin (insulin deficiency) and a decline in the 

response to insulin by the peripheral tissues (insulin 

resistance) (Chetty and Chein, 1998). In the absence of 

insulin, patients experience hyperglycemic symptoms and in 

some cases glucose levels exceed physiological range. They 

can rise up to 500 mg/dL, which can be fatal if prompt 

treatment with insulin is not provided. Therefore, it is
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very essential to normalize plasma insulin profile so as to 

regulate systemic glucose levels.

In the treatment of type 1 diabetes, it is important 

to provide for constant, 24-hour-a-day basal insulin dose 

and also to mimic acute insulin release in response to food 

consumption. Strict glycemic control without significant 

hypoglycemia would be the ideal requirements of an insulin 

therapy. For patients with type 2 diabetes, insulin in 

combination with oral antidiabetic agents is the rational 

choice for treatment.

Review of Insulin Formulations and Stability

Insulin has become one of the most thoroughly studied 

molecules in scientific history. In Sir Frederick Banting's 

own words, "Insulin is not a cure". A lot of work is 

directed towards developing insulin formulations that are 

safer to use, that provide sufficient quantities of insulin 

to correct abnormalities of diabetes mellitus and that are 

more patient friendly.

The earlier insulin formulations (Regular insulin) were 

acidic solutions requiring at least 4-6 daily injections. It 

was later found that the addition of a basic protein such as 

protamine delayed the release of insulin from the site of 

injection and increased the duration of action. This lead to
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the development of NPH (Neutral Protamine Hagedorn) where 

insulin and protamine (almost 12: 1 parts on weight basis) 

where combined in stoichiometric (or isophane) proportions 

at neutral pH in presence of zinc ions and phenol 

(DeFelippis, et al., 2001). NPH is an intermediate acting 

insulin; its absorption begins about 1.5 hours after a 

subcutaneous injection and its peak activity last anywhere 

between 4 and 12 hours. It completely disappears within 24 

hours (Gualandi-Signorini and Giorgi. 2001) of 

administration.

Presence of protamine, a foreign protein (obtained from 

fish sperm nuclei) in insulin formulation became a concern. 

From investigative studies, it was found that addition of 

zinc ions in molar ratio greater than one per insulin 

monomer drastically decreased the solubility of insulin at 

neutral pH. This was Lente insulin (Brange and Langkjaer, et 

al., 1997). Lente insulin is intermediate acting insulin. It 

is seen in blood after 2.5 hours of subcutaneous injection 

and its duration of action ranges between 7-15 hours and is 

completely eliminated by 20 hours. Commercial preparation of 

Lente insulin is a suspension buffered at pH 1-7.8 and has 

methyl-para hydroxybenzoate as preservative.

Acidic solution of insulin, when brought to neutral pH
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in presence of excess zinc ions, results in Semilente 

preparation. Semilente has a short duration of action and 

contains insulin in amorphous form.

If insulin formulation is allowed to crystallize at pH 

5.5 and is then buffered in the neutral pH region,

Ultralente insulin is obtained which has a longer duration 

of action. Here the insulin crystals remain in suspension 

and are absorbed very slowly. It maintains insulin levels 

for about 8-20 hours. (Gualandi-Signorini and Giorgi, 2001).

Both, NPH and Lente insulins vary in their ability to 

combine with Regular insulin. The pharmacokinetic properties 

are retained over time in case of NPH/Regular insulin 

mixture, while they change for Lente/Regular, as 

the excess ions bind to part of regular insulin changing it 

to a form similar to Semilente (Brange et al., 1997).

It is very important that the structural integrity of 

insulin be maintained during its storage and use in order 

for it to be efficacious. In solution or suspension, 

insulin tends to maintain its 3D structure in such a way 

that its hydrophobic residues remain buried within the 

interior of the molecule. Any factor that changes the 

packing of insulin molecule results in instability of the 

formulation. Changes in the pH of the formulation, due to 

leaching of polymeric materials from the storage containers
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or from carbon dioxide diffusion (Melberg et al., 1988) can 

result in precipitation of insulin. Insulin also has a 

tendency to change its structural conformation, which 

causes aggregation and development of insulin fibrils 

(Brange et al., 1997). This change can be brought about by 

changes in temperature or by hydrophobic surfaces like air- 

water or device-water interfaces. Bovine insulin is more 

prone to insulin fibrillation, than either human or porcine 

insulins. It is thought that alanine residue at A8 

(threonine in case of human and pork insulin), which is 

present on the hexamer surface is responsible for 

initiating hydrophobic interactions. This is the first step 

in fibril formation (Brange et al., 1997). Loss of insulin 

due to its adsorption on the hydrophobic surfaces is well 

known. However, this is of less concern in cases where 

insulin concentration is greater than 5 lU/mL because the 

relative loss would be insignificant (Brange and Langkjaer, 

1993).

Chemical instability in insulin formulation arises 

mainly from hydrolysis and formation of high molecular 

weight transformation products (Brange et al., 1992a,

Brange et al., 1992b). Up until the last few decades, 

insulin was available only as acidic (pH 2-4) solution. In 

acidic conditions, insulin undergoes hydrolytic degradation
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due to deamidation at asparaginyl residues at A21 position. 

In case of neutral formulations, deamidation occurs at 

asparaginyl residues at B3 position, which results in the 

formation of a mixture of isoAsp and Asp derivatives 

(Brange et al., 1992a). This reaction proceeds via cyclic 

imide intermediate. Hydrolysis at B3 position depends upon 

the physical state of insulin in the formulation as well on 

the storage temperature. Formulation containing insulin in 

crystalline form rather than amorphous or soluble form show 

significantly reduced rate of hydrolysis. This shows that 

the formation of cyclic imide intermediate is reduced when 

flexibility of the tertiary structure is reduced (Brange et 

al., 1992a). In certain crystalline suspensions (the ones 

containing rhombohedral insulin crystals in addition to 

zinc ions), cleavage of A8-A9 peptide bond was observed 

which was most in case of bovine insulin and least in case 

of human insulin.

Covalent insulin dimers (CID) are formed during 

storage and at temperatures > 25°C, though simultaneous 

formation of covalent oligomers and polymers is also seen. 

Insulin species has a slight influence on the formation of 

these high molecular weight transformation products; 

however the composition and the formulation do play a role. 

In case of NPH, which contains protamine, covalent insulin
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protamine products (CIPP) are formed. Formation of CIPP is 

slightly higher than CID. Covalent polymer formation is 

faster in case of amorphous insulin preparation at 

temperatures > 25°C. Formation of high molecular weight 

transformation products (HMWT) is maximal at pH 4-4.5 and 

minimal around pH 6.5-8 and again a substantial formation 

is seen around pH 8-8.5. It is suggested that CID 

formations during storage is partly due to the interaction 

of N-terminal of the B-Chain of one insulin molecule with 

an amido groups in the side chain of A-Chain of another 

insulin molecule (Brange et al., 1992b). Asparaginyl 

residues at A18 and A21 and Gin residues at A15 are the 

most likely reacting groups (Brange, 1992d). HMWT products 

formation is reduced when phenol, instead of m-cresol and 

methylparaben, is used as a preservative (Brange and 

Langkjaer, 1992c) . HMWT product formation increases in 

presence of glycerol and becomes worse when methylparaben 

and glycerol are present together. This is probably due to 

the fact that phenol induces transformation to alpha helix 

that results in the burial of the reactive N-terminal of B- 

chain into insulin hexamer (Derewenda et al., 1989) . In 

case of glycerol, the aldehyde impurities react with 

insulin amino groups, forming Schiff bases that finally 

lead to the formation of CIDs. In presence of
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methylparaben, N-terminal of B-chain has greater mobility, 

as compared to that in presence of phenol, which increases 

its chances of forming Schiff base and subsequent HMWT 

product formation.

When used as basal insulins, NPH and Lente insulins 

present two major problems; they show a definite peak 

effect, and their duration of action necessitates more than 

one daily injection (Rosskamp, 1999) . Moreover, NPH has 

high inter- and intra- individual variability, though it 

has the most regular absorption profile among all 

intermediate and long acting insulins. Human Ultralente 

also presents several problems when used as basal insulin: 

its onset of action is variable, its peak effect is 

difficult to predict, and its duration of action is almost 

always less than 24 hours (Scholtz et al., 1999). These 

limitations make the conventional insulin preparations 

inadequate in obtaining normoglycemia.

There is tremendous research going on to develop 

insulin analogs, which can closely mimic the pancreatic 

secretion of insulin (Kucera and Graham, 1998) so that 

desired glycemic levels can be maintained. It was observed 

that in neutral formulations, insulin is present as dimers 

and hexamers and there was a lag time associated with the 

absorption of insulin after subcutaneous injection. This
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led to the development of newer analogs that had lower 

tendency to self associate and thus result in faster 

absorption after subcutaneous administration (Brange et 

al., 1990). It was also known that the B26-B30 region of 

insulin molecule is not critical for insulin binding to the 

receptor and hence became the preferred site for modifying 

insulin structure (Brange, et al., 1992). Insulin lispro 

and insulin aspart, are two rapid acting insulin analogs, 

developed by biotechnology. They have low propensity to 

aggregate at concentrations relevant to pharmaceutical 

preparations (Kucera and Graham, 1998; Chapman et al.,

2002). Insulin Lyspro was introduced in 1996 by Eli Lilly, 

USA (Humalog®) while insulin Aspart (NovoRapid®) was 

introduced in 1999 by Novo Nordisk, Denmark (Burge et al., 

1998; Lindholm et al., 1999). The feature common to both 

these insulins is the replacement of proline residue in 

position 28 in the B-chain. In case of insulin Aspart, B28 

has aspartic acid while insulin Lyspro has lysine at B28 

and proline at B29. Thus in insulin Lyspro, there is a 

reversal of the lysine (B28) proline (B29) residues from 

regular insulin (proline at B28 and lysine at B29) (Bolli, 

1999). In case of amino acid substitution (insulin Aspart), 

there is a small change in the C-terminal conformation of 

B-chain without any effect on the overall conformation.
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Here, self-association into dimers is prevented due to the 

absence of B28 proline residue, which otherwise (i.e., in 

case of regular insulin) interacts with B23 glycine at 

monomer-monomer interface (Whittingham, 1998). In case of 

insulin Lyspro, reversal of amino acid at B28-B29 position, 

eliminates major hydrophobic interactions and weakens the 

two beta sheet hydrogen bonds that are otherwise involved 

in stabilizing the dimer subunits (Ciszak et al., 1995). It 

should however be noted that regular insulin, insulin 

Lyspro and insulin Aspart exists as hexamers in the 

formulation due to the presence of phenolic compounds and 

zinc ions (for stability purposes). The only difference is 

that in case of Lyspro and Aspart, the hexameric units 

dissociate almost instantaneously into monomeric units upon 

subcutaneous injection, resulting in profile similar to 

that of pure monomeric insulins (Whittingham, 1998; Bolli 

et al., 1999), while hexamers of regular insulin dissociate 

first into dimers which subsequently break down to 

absorbable monomers (Kucera and Graham, 1998) . These short 

acting insulin analogs (SAA) have an onset of 15 min and 

the peak levels are reached within 1-1.5 hours after 

injection. The duration of action is around 3 hours and 

this duration is almost dose independent (Standi, 2002) . 

Because of their time action profile, the SAAs reduce the
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preprandial and nocturnal hypoglycemia (Holleman, 1997) and 

can be administered immediately before eating, without 

waiting for 30 minutes (which is required in case of 

regular insulin). This is of great help to young patients' 

life style as they have to take insulin injections for 

their lifetime (Gualandi-Signorini and Giorgi. 2001).

Patients with Type I diabetes have variable insulin 

requirements at night. Less insulin is required during 

midnight and approximately 3 hours later, whereas 3 0% more 

insulin is needed for the next 3-4 hours, mainly due to the 

decreased sensitivity of liver to insulin (Bolli et al., 

1999). Therefore, the need to provide constant basal 

insulin levels i.e., peakless profile, prompted the 

development of long acting insulin analogs (Gualandi- 

Signorini and Giorgi. 2001). Insulin Glargine is an example 

of long acting insulin analog that is obtained by 

recombinant DNA technology. Commercially it became 

available in the US in the April of 2001 under the trade 

name of Lantus (Aventis Pharmaceuticals, NJ). In case of 

insulin Glargine, asparagine residue at A21 is replaced 

with glycine and there are two additional arginines at B3 0 

carboxyl terminal. Presence of two additional arginine 

residues impart two positive charges that lead to change in 

the isoelectric point from about 5.3 to about 6.7 (Bolli et
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al., 1999), resulting in increased solubility at slightly 

acidic pH and insolubility at physiological pH (pH 7.4). 

Therefore, upon subcutaneous injection as a clear solution 

(pH 4), insulin glargine precipitates (microprecipitate) 

which in turn delays its' absorption from subcutaneous 

spaces and subsequently increases the duration of action. 

Presence of zinc ions further increase the onset action 

which results in up to 24 hours of duration of action that 

is dose dependent (Campbell et al., 2001; Vajo et al.,

2001). A peakless time-action profile is obtained, which 

allows administration of insulin glargine as a once-daily 

basal insulin (Campbell et al., 2001).

The above mentioned insulin therapies involve once- 

daily or in some cases multiple-daily subcutaneous 

injections that have the potential to cause pain and lead 

to patient non-compliance or in some cases they have to be 

combined with other insulin to obtain the desired glycemic 

control. Development of new insulin analogs and insulin 

pens and pumps along with non invasive glucose sampling 

have, to some degree lessened the discomfort associated 

with insulin injections (Jeandidier and Boivin, 1999). 

Convenient route such as oral administration of insulin is 

not feasible at this time because of the nature of the 

insulin molecule; it being protein would undergo
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degradation by gastric acid and proteolytic enzymes of the 

gastrointestinal tract. Transdermal route for insulin 

delivery provides a reasonable option and if made feasible 

would be attractive since it would provide a noninvasive, 

convenient patch to continually provide basal levels of 

insulin.
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CHAPTER 3

DELIVERY OF RECOMBINANT HUMAN INSULIN THROUGH THERMALLY

MICROPORATED SKIN

Abstract

Purpose. To demonstrate the transdermal delivery of 

recombinant human insulin through microporated skin by 

passive diffusion.

Methods. Skin from hairless mouse was harvested before 

each experiment. Micropores (in form of a square array, 80 

pores/cm^) were created in the stratum corneum of the mouse 

skin using thermal energy, by a research prototype porator 

system. Each of these micropores was approximately 100|im in 

diameter and 4 0|̂ m in depth. Microporated or intact skin was 

mounted on the Franz diffusion cells and insulin 

formulation was added to the donor compartment. The effect 

of concentration on the delivery of insulin across 

microporated skin by passive diffusion was investigated. 

Loss of insulin in the receptor formulation and the effect

45
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of preservative like m-cresol were also investigated.

Results■ Permeation of insulin through intact skin was 

negligible while significant amounts were delivered through 

microporated skin (118 ±26.5 pg/cm^) at the end of 24 

hours. Increasing the concentration of insulin in the 

formulation linearly increased the cumulative amounts 

permeated, except at the lowest concentration. A 

concentration dependent loss of insulin was observed in the 

receptor compartment; at highest concentration %loss was 

low and vice versa.

Conclusions. Insulin had no passive permeation across 

intact skin, however passive delivery through microporated 

skin was observed.

Introduction

Insulin has been on the market for over two decades 

and is currently administered primarily by subcutaneous 

injection. These injections have the drawbacks of pain and 

potential patient noncompliance. Transdermal delivery is 

an attractive option for administration of proteins and 

peptides, as it would bypass the GI metabolism and hepatic 

metabolism (Cullander et al., 1992, Chetty and Chein,

1998). Successful transdermal delivery could potentially
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provide painless basal levels of insulin.

Though the transdermal route has several advantages to 

offer (non-invasive, patient compliance and controlled 

release) for insulin delivery, therapeutically effective 

levels are not likely to be attained by delivery through 

intact skin. Since insulin is a hydrophilic molecule with a 

large molecular mass (about 6000 Da for a monomer), its 

percutaneous absorption is limited. Moreover, at 

concentrations (in pharmaceutical formulations) relevant to 

produce therapeutic effects, insulin undergoes aggregation 

to form dimers (-12 kDa) and hexamers (-36 kDa), which 

further makes its permeation through intact skin nearly 

impossible (Brange and Langkjaer, 1997) . Therefore, some 

forms of enhancement interventions are necessary for the 

transdermal delivery of insulin.

Electrical enhancement to improve penetration of 

insulin across the skin has been reported (Meyer et al., 

1989, Siddiqui et al, 1987, Zakzewski et al., 1998, 

Kanikkannan et al., 1999), but the data and conclusions 

have been conflicting. Siddiqui et al, 1987, have reported 

the successful anodal delivery of regular insulin, while 

Haga et al., 1997 and Langkjeer et al. , 1998, and were able 

to deliver regular insulin under cathode but not anode.
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In order to get insulin across the skin and into systemic 

circulation, it is necessary to use some technique that can 

either enhance its permeation through the stratum corneum 

or reversibly compromise the barrier characteristics of the 

stratum corneum. Studies have been reported (Pillai et al, 

2004) where chemical enhancers like oleic acid have been 

used. Reports from insulin iontophoretic experiments also 

indicate that there is an increase in the permeation of 

regular insulin as opposed to when there was no skin 

pretreatment (Kanikkannan et al 1999, Zakzewski et al.,

1998). This is probably due to the reduction of the barrier 

function of the skin. Recently, the use of microfabricated 

needles/projections that create microscopic pores in the 

skin, to enable drug delivery has also been investigated. 

Microprojection patch technology was able to deliver 

therapeutic levels of oligonucleotides across the skin in 

vivo in hairless guinea pigs (Lin et al., 2001). The 

microporation technique has been previously reported to 

improve the perfusion of vaccines and for the rapid 

extraction of interstitial fluid for continuous glucose 

sampling (Bramson et al., 2003).

Thermal microporation involves the application of 

rapid and controlled pulses of thermal energy, by means of 

a resistive element, to a matrix of microscopic sites on
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the skin surface. At each site, a micropore is created by- 

flash vaporization of stratum corneum cells in an area 

about the -width of a human hair. The micropores so formed 

are just deep enough to cross the stratum corneum and thus 

can help insulin cross the stratum corneum barrier. By 

controlling the microporation parameters and the geometry 

of the resistive element, one can precisely control the 

size and the depth of the micropores. In this study we are 

evaluating the use of this thermal microporation technique 

for the delivery of human insulin across the skin.

Materials and Methods

Materials and Equipments

Recombinant human insulin (2 8 U/mg), RIA grade bovine 

serum albumin and aprotinin were purchased from Sigma 

Chemical Co. (St. Louis, MO), labeled insulin was

custom labeled from Phoenix Pharmaceutical, Inc., CA. Male 

hairless mice and rats were obtained from Charles River 

(CA), and were housed in the animal facility at Mercer 

University, School of Pharmacy until used according to the 

lACUC approved guidelines. Other chemicals (buffer salts, 

acid, HPLC water, etc.) were obtained from Fisher 

Scientific (Pittsburgh, PA). Mercodia Human Insulin ELISA
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kits were obtained from ALPCO Diagnostics (Windham, NH). 

Formulation

Recombinant human insulin was first dissolved in 

minimal quantity of O.IN HCl. The required concentration 

was obtained (3.57 mg/mL or 100 U/mL unless otherwise 

specified) by making up the volume with SOmM, pH 7.5- 

phosphate buffer. Insulin formulation was spiked with 

0.6|iCi/mL of labeled insulin if radiolabel analysis was

to be done. In this case, the spiked formulation was 

dialyzed with dialysis buffer (50mM, pH 7.5-phosphate 

buffer with 0.6% Zn) to remove the free label using a 

dialysis cassette with molecular weight cut off 3 50 0 Da. 

Dialysis was performed until no radioactivity was observed 

in the dialysis buffer. This insulin formulation was used 

as donor solution in the Franz Diffusion cell. The receptor 

solution was 50 mM of pH 7.5-phosphate buffer.

Transdermal Experimental Setup

Freshly excised skin from hairless mouse or hairless 

rat (n=3, unless specified) was cleaned of the underlying 

fat tissue and was washed with 50miyi, pH 7.5-phosphte buffer 

and cut into 1-inch pieces. It was then mounted on the 

Franz cells (0.64cm^ diffusional area). An external water
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bath maintained the temperature of circulating water in the 

jackets of the Franz cells at 37°C. Insulin formulation was 

added on top of the mounted skin and the donor chamber was 

covered to prevent evaporation. Samples (0.5 mL) were taken 

at predetermined time intervals from the receptor chamber 

and were replenished with equal volume of fresh receptor 

buffer. For microporation studies, the skin was 

microporated (n=3, unless otherwise specified) prior to 

mounting it on the Franz diffusion cells.

Microporation Setup

A research prototype thermal microporation system 

(Altea Therapeutics, Inc., Atlanta, GA) was used to create 

microscopic pores (around 100 microns wide and 40 microns 

deep) in the selected mouse/rat skin specimens. The system 

consisted of laptop computer, microprocessor circuitry, 3- 

axis step and repeat motor assembly with microscopic tip 

holder and skin interface plate. Various thermal 

microporation parameters like the number of pulses, pulse 

width, pulse spacing, tip temperature and tip contact 

pressure were adjusted using software interface. The system 

was set to create an array of 80 pores/cm^.
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Sample Analysis

In the case when insulin formulation was spiked with 

labeled insulin, gamma counting (Cobra II Series, Auto 

Gamma Counting Systems, Packard Instrument) was used to 

determine the amount of radioactivity in the sample. In 

other cases, samples collected from permeation study, were 

frozen at -2 0°C until analyzed for human insulin content by 

a direct sandwich enzyme assay.

ELISA Method Validation

Insulin standards (30 to 200 mU/L) were prepared by 

serial dilutions using zero standard buffers (3 0mM, pH 7.5- 

phosphate buffer) provided in the Mercodia Human Insulin 

ELISA kit. Validation was done on three separate days and 

once by a different person. The percent recovery for each 

standard was within ± 20% and the coefficients of variations 

(CVs) for interday assay were 7.2% and 0.92% for low and 

high standards respectively. The CVs for intraday variation 

were 14.8% and 1.2% for low and high standard respectively. 

The dilution effect (10 times dilution) also was studied by 

diluting pre-selected standards (50 - 500 mU/L) and in this 

case the % recovery for each standard was within + 20%.
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Results and Discussions

Figure 1 illustrates the feasibility of delivering 

recombinant human insulin across microporated hairless 

mouse skin by passive diffusion. Amount of insulin 

permeated at the end of 24 hours was 118 ±26.5 |ag/cm̂  when 

10 0 lU/mL donor solution was used. Amounts permeating 

through intact skin by passive diffusion were negligible. 

Once we established that hexameric insulin was being 

delivered transdermally by passive diffusion (Figure 1) 

using microporation technique, we decided to check if this 

delivery was concentration dependent or not. Figure 2 

demonstrates the relationship between insulin 

concentrations and cumulative amounts permeated across 

microporated skin. At the end of 24 hours, a linear 

relationship (r^=0.99) was observed between the cumulative 

amounts permeated and the donor concentrations ( 1 - 1 0  

mg/mL). However this linearity was lost when the study was 

performed using a concentration of 0.1 mg/mL. The 

cumulative amount of insulin in the receptor phase could be 

underestimated due to possible degradation occurring in the 

receptor phase. An experiment done later does show that 

degradation of insulin in receptor phase is concentration 

dependent and will be discussed shortly.
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Figure 1. Effect of microporation on the delivery of 

recombinant human insulin across hairless mouse skin
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It has been reported that degradation of insulin in 

vitro by adipose tissue slices could be prevented by 

aprotinin, a bovine pancreatic protease inhibitor (Offord 

et. al., 1979). Therefore the next experiment was to see if 

the addition of aprotinin to insulin formulation could 

protect insulin from proteolytic degradation. In this 

study, the insulin donor formulation was spiked with 

aprotinin solution (1000 KIU/mL) after it was dialyzed to 

remove the free label. Figure 3 shows the effect of 

aprotinin on the release profile of insulin across 

microporated mouse skin (n = 6). The cumulative amounts 

after 8-hour delivery appeared to be slightly higher in the 

case of insulin formulation with aprotinin than the one 

without aprotinin (p = 0.25). This effect was also 

demonstrated during the 24-hour delivery (p = 0.31). It is 

suggested that aprotinin concentration used in this 

experiment was unable to protect insulin from proteolytic 

degradation. The next experiment planned was to compare the 

cumulative amounts obtained by radiolabel analysis and 

immunoassay. The radiotracer assay may not be capable of 

differentiating between the intact insulin molecule and its 

degradation product as some of the degradation products of 

^^®I-Insulin may carry the ^̂ Î label. Therefore it was 

important for us to find whether the radiotracer analysis
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recombinant human insulin across microporated hairless 

mouse skin
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was overestimating the cumulative amounts permeating across 

the skin. In this study, the samples containing insulin 

were analyzed by gamma counting for radioactivity as well 

as by a validated ELISA (Figure 4). It is seen that at the 

end of 24 hours the cumulative amount detected by 

radiolabel assay (118 ±26.5 )ag/cm̂ ) was about 36 times more 

than that detected by a validated ELISA (3.2 ± 1.4 fig/cm̂ ) .

It is suggested that there may be significant degradation 

occurring in the receptor compartment, as a result of which 

radiolabel analysis considerably overestimated the delivery 

of insulin. So logically the next step was to investigate 

the loss of insulin in the receptor compartment. In this 

study the receptor phase was spiked with 100|j,L of different 

concentrations (from 0.24 mg/mL to 24 mg/mL) of insulin 

formulation. The final insulin concentrations in the 

receptor phase ranged from 4.8|jg/mL to 480 )j,g/mL. Skin was 

mounted on the receptor chamber and aluminum foil was 

placed on top of it to prevent the back flux of insulin 

from the receptor phase in to the donor buffer. Bovine 

serum albumin (0.1%) was added to prevent the adsorption on 

insulin onto the Franz cells. Since sample volume was very 

small (SOfiL) , it was not replenished with the receptor 

buffer, thereby avoiding dilution of the receptor. Figure 5
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shows the percent loss of insulin in the receptor phase 

over a period of 24 hours. It was seen that at earlier time 

points, the percent loss of insulin in the receptor is 

relatively low (about 17-20% up to 3 hours) for all spiked 

concentrations. However, the percent loss increases over 

time and reaches a maximum of 4 0% for highest concentration 

(24 mg/mL) and 92% for the lowest concentration (0.24 

mg/mL). This suggests that there was significant 

concentration dependent loss of insulin occurring in the 

receptor phase and it was aggravated over time. This loss 

is most likely to be due to proteolytic/bacterial 

degradation and/or a stirring effect. Any potential loss 

due to adsorption would have been minimized due to the 

presence of 0.1% BSA in the receptor formulation. This 

evidence explains the observation of the loss of linearity 

at the lowest concentration in insulin concentration study, 

as discussed earlier.

In an effort to minimize degradation in the receptor 

phase, 0.3% m-cresol was added. In this study the receptor 

phase consisted of pH 7.5-phosphate buffer with 0.9% sodium 

chloride, 0.1% BSA and 0.3% m-cresol. This resulted in an 

increase in the amount detected by ELISA method (from 3.2 ± 

1.4 )Lig/cm̂  to 17.7 ± 5.7 |ig/cm̂ ) , indicating that m-cresol 

did prevent some degradation of insulin in the receptor
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compartment (Figure 4). The discrepancy between the 24-hour 

cumulative amount detected by gamma counting and that by 

ELISA, improved from 36 times to 6 times. Thus, from 

Figures 4 and 5 we can conclude that at earlier time 

points, where amount of insulin is low in the receptor 

phase and degradation is higher, a poor correlation between 

radiolabel amounts and ELISA amounts is observed. But over 

period of time, as the concentration of insulin in the 

receptor increases, degradation decreases and the 

correlation between the amounts detected by both methods 

are improved.

Since the extent of degradation may be related to the 

nature of the in vitro set up, it was decided to switch to 

in vivo work and investigate if intact insulin could be 

delivered into the blood stream. A rat model (rather than 

mice model) would be used so that enough blood volumes for 

assay can be withdrawn. Since the in vitro studies were 

done in mice, the next step was to establish a correlation 

between fluxes obtained for microporated mice and rat skin. 

This would also help in evaluating if hairless rat was an 
appropriate model for future in vivo studies. For this 

study, we used freshly excised mouse and rat skin. Here we 

have compared (Figure 6) the cumulative amount obtained 

from microporated hairless rat skin model to those obtained
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from microporated hairless mice skin model. M-cresol (0.3%) 

was added in the receptor phase for both groups. There was 

no significant difference in the cumulative amount 

(p>0.005) over 24 hours. The flux rates were 0.77 ± 0.20 

)_ig/cm̂ /hr and 0.62 ± 0.03 ]xq/cxr?/Yir for microporated 

hairless mouse and rat skin, respectively. As seen in 

Figure 6, there was significant improvement in the 

cumulative amount (14.1 ± 1.0 p.g/cm̂ ) in the presence of m- 

cresol as compared to that (0.7 ± 0.3 fig/cm̂ ) in the absence 

of m-cresol (n=6) for hairless rat skin model.

Conclusions

We have successfully demonstrated the delivery of 

recombinant human insulin across hairless mouse skin and 

hairless rat skin using thermal microporation technique. 

Several technical hurdles for the in vitro delivery of 

human insulin were encountered and solved. This is the 

first report that demonstrates the delivery of recombinant 

human insulin across the skin, using a clinically viable 

thermal microporation technology. This technology is now 

being investigated in preclinical studies with hairless 

rats and is in Phase I clinical trials.
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CHAPTER 4

TRANSDERMAL lONTOPHORETIC DELIVERY OF RECOMBINANT HUMAN 

INSULIN USING MICROPORATION

Abstract

Purpose. To evaluate the use of iontophoresis as an 

enhancement or modulation technique for the transdermal 

delivery of recombinant human insulin across intact skin or 

through thermally created micropores in hairless mouse 

skin.

Methods. Transdermal permeation studies were carried 

out by mounting freshly excised hairless mouse skin (either 

intact or microporated) on Franz diffusion cells (0.64 cm^ 

surface area) and insulin formulation spiked with 0.6|iCi/mL 

of ^̂ Î labeled insulin was added to the donor chamber. An 

external water bath maintained the temperature of the 

circulating water in the jackets of the Franz cells at 3 7°C. 

Effect of various parameters for iontophoretic delivery 

like donor buffer species and pH, current density and

65
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duration of current application, current modulation and 

insulin formulation concentration were studied. Samples 

from permeation study were analyzed for radioactivity by 

radiotracer assay.

Results. Cumulative amounts permeated after passive 

and iontophoretic delivery through intact skin were very 

low. Changing the current density from 0.1 to 0.5 mA/cm^ 

improved iontophoretic permeation across microporated skin. 

Passive diffusion across microporated skin was significant 

(464.8 + 90.8 pg/cm^). Iontophoresis however, did not 

enhance transdermal delivery (301.5 ± 105 pg/cm^) any 

further.

Conclusions. Permeation of insulin across microporated 

skin was significant. A combination of microporation and 

iontophoresis however, did not enhance the transdermal 

delivery of recombinant human insulin over passive 

permeation through microporated skin.

Introduction

Pancreatic beta cells are responsible for the 

secretion of insulin in response to increased blood glucose 

levels (Chetty and Chein, 1998). In adults preprandial 

insulin secretion (basal insulin secretion) results in
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insulin concentrations of 5-15 microunits/mL while the 

postprandial secretion (in response to food consumption) 

results in serum concentrations of 60-80 microunits/mL. 

Currently, insulin is available only as subcutaneous 

injections, for the treatment of Type I Diabetes. Lispro 

insulin (Humalog) and Aspart insulin (NovoLog) are more 

physiologic in their timing of actions and are also more 

convenient to use. These new insulins can be dosed from 15 

minutes before to immediately after a meal while still 

greatly improving control of postprandial (insulin 

secretion in response to meal) blood glucose levels. 

Nevertheless, subcutaneous injections need to be 

administered daily and have the drawbacks of pain and 

potential patient non-compliance or need to be combined 

with other insulin to obtain the desired glycemic control 

(White et al, 2003). Insulin cannot be administered orally, 

because it undergoes extensive gastric degradation by 

stomach proteases and therefore only parentral route is 

available for its administration. Transdermal route for 

insulin delivery provides a reasonable option and if made 

feasible would be attractive since it would provide a 

noninvasive, convenient patch to continually provide basal 

levels of insulin.

Despite the advantages that transdermal route has to
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offer for insulin delivery, therapeutically effective 

levels are not likely to be attained by delivery through 

intact skin. Since insulin is a hydrophilic molecule with a 

large molecular mass (~6000Da for a monomer), its 

percutaneous absorption is limited. For insulin to exert 

biological effect, it needs to be in the monomeric form 

(Blundell et al., 1972, Helmerhorst and Stokes, 1987). At 

concentrations (in pharmaceutical formulations) relevant to 

produce therapeutic effect, insulin undergoes aggregation 

to form dimers (-12 kDa) and hexamers (-36 kDa), which 

further makes its' permeation through intact skin nearly 

impossible.

Various enhancement methods like use of chemicals 

(Filial et al., 2003), ultrasound (Mitragotri et al.,

1995), electroporation (Sen et al., 2002), iontophoresis 

(Langkjaer et al., 1998; Filial et al., 2003), and very 

recently microneedles (Martanto et al., 2003), have been 

employed to facilitate transdermal delivery of insulin 

across the rate-limiting barrier. All of the above 

mentioned methods utilize either one or both of the 

following mechanisms: 1. Modify skin's environment to 

improve drug permeation across stratum corneum and/ or 2. 

Provide a driving force to push molecules across stratum 

corneum (Frausnitz, 1999).
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Transdermal iontophoresis, which involves the 

application of small amounts of electric current to drive 

charged molecules through the skin (Nair et al., 1999), is 

an attractive option to enhance transdermal drug 

permeation. Studies using iontophoretic enhancement to 

improve penetration of insulin across the skin have been 

reported (Siddiqui et al, 1987, Meyer et al., 1989), but 

data and conclusions have been conflicting. Siddiqui et al, 

1987, have reported the successful anodal delivery of 

regular insulin, while Haga et al. , 1997 and Langkjaer et 

al., 1998 were able to deliver regular insulin under 

cathode and not anode. Kanikkannan et al., 1999 showed that 

application of depilatory cream immediately before 

experiment produced fall in blood glucose in passive as 

well as in iontophoretic delivery. Similar results were 

reported by Zakzewski et al., 1998, where they concluded 

that there was substantial increase in the penetration of 

insulin with same day application of depilatory lotion in 

conjunction with iontophoresis. These results show that 

when there was some kind of skin pretreatment, whether it 

was the use of depilatory cream, tape stripping or wiping 

the skin with absolute alcohol (Langkjaer et al. , 1998), 

there was an increase in the permeation of regular insulin 

as compared to when there was no skin pretreatment. This
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was probably due the reduction of the barrier function of 

the skin or due to lipid extraction, in case of alcohol 

pretreatment. Therefore, if we can use some technique that 

can temporarily and reversibly compromise the stratum 

corneum, then we may be able to deliver regular insulin (in 

hexameric form) transdermally to obtain systemic effects.

We are investigating a relatively new technique, 

thermal microporation, which uses thermal energy to create 

micropores. This technique has recently been reported for 

the rapid extraction of interstitial fluid for continuous 

glucose sampling (Smith et al., 1999) and to improve the 

perfusion of vaccines (Bramson et al., 2003). In this 

technique, resistive filaments are used to apply rapid and 

controlled pulses of thermal energy to a matrix of 

microscopic sites on the skin surface. Energy built up in 

the filaments is rapidly transferred precisely to defined 

regions of the stratum corneum. This process 

instantaneously and painlessly forms micropores (around 100 

pm wide and 40 pm deep) in an area about the width of a 

human hair. The micropores so formed are just deep enough 

to cross the stratum corneum and thus can help 

macromolecules like insulin to cross the stratum corneum 

barrier. Controlling the microporation parameters and 

resistive filament geometry, one can precisely control the
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size and the depth of the micropores. This study will 

evaluate the use of iontophoresis as an enhancement 

technique to deliver recombinant human insulin in a 

controlled fashion across microporated mouse skin.

Material and Methods

Materials

Recombinant human insulin (2 8 U/mg), RIA grade bovine 

serum albumin, m-cresol were purchased from Sigma Chemical 

Co. (St. Louis, MO), labeled insulin was custom labeled

from Phoenix Pharmaceutical, Inc., CA. Male hairless mice 

were obtained from Charles River (CA) and were housed in 

the animal facility at Mercer University, School of 

Pharmacy until used according to the lACUC approved 

guidelines. Other chemicals (buffer salts, acid, HPLC 

water, etc.) were obtained from Fisher Scientific 

(Pittsburgh, PA). Silver wire was obtained from Aldrich 

Chemical Company (Milwaukee, WI) and silver-silver chloride 

electrodes were obtained from In Vivo Metric (Ukiah, CA).

Formulation

Recombinant human insulin was dissolved in 50mM, 

phosphate buffer pH 7.5, to obtain the required
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concentration (3.57 mg/mL unless otherwise specified). 

Insulin formulation was spiked with 0.6pCi/mL of labeled 

insulin for radiolabel analysis. The spiked formulation was 

dialyzed with dialysis buffer (50mM, pH 7.5-phosphate 

buffer with 0.6% Zn) to remove the free label using a 

dialysis cassette with molecular weight cut off 3500 Da. 

Dialysis was performed till no radioactivity was seen in 

the dialysis buffer. This insulin formulation was used as 

donor solution in the Franz Diffusion cell. Receptor 

solution was 50 mM of pH 7.5-phosphate buffer containing 

75mM sodium chloride.

Transdermal Experimental Setup

Freshly excised skin from hairless mouse was cleaned 

of the underlying fat tissue and was washed with 50mM, pH 

7.5-phosphte buffer and cut into 1-inch pieces. It was then 

mounted on the Franz cells (0.64cm^ diffusional area). An 

external water bath maintained the temperature of the 

circulating water in the jackets of the Franz cells at 3 7°C. 

Insulin formulation was added on top of the mounted skin 

and the donor chamber was covered to prevent evaporation. 

Samples (0.5 mL) were taken at predetermined time intervals 

from the receptor chamber and were replenished with equal 

volumes of fresh receptor buffer. For microporation
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studies, the skin was microporated prior to mounting it on 

the Franz diffusion cells.

Electrotransport Studies

For cathodal iontophoresis of insulin, silver-silver 

chloride electrode was used in the donor chamber while a 

silver wire that served as anode, was placed in the 

receptor chamber. For anodal iontophoresis of insulin 

silver-silver chloride electrode was placed in the receptor 

chamber while silver wire was placed in the donor chamber. 

Iontophoretic power source (courtesy Altea Therapeutics) 

was used for constant current iontophoresis. A current of 

0.5 mA/cm^ was typically applied for a period of 4 hours, 

unless specified otherwise.

Microporation Setup

A research prototype thermal microporation system 

(Altea Therapeutics, Inc., Atlanta, GA) was used to create 

microscopic pores (around 100 microns wide and 40 microns 

deep) in the selected mouse skin specimens. The system 

consisted of a laptop computer, microprocessor circuitry, 

3-axis step and repeat motor assembly with microscopic tip 

holder and skin interface plate. Various thermal 

microporation parameters like the number of pulses, pulse
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width, pulse spacing, tip temperature and tip contact 

pressure were adjusted using software interface. The system 

was set to create an array of 80 pores/cm^.

Sample and Data Analysis

Samples collected from permeation study were analyzed 

by gamma counter (Cobra II Series, Auto Gamma Counting 

System, Packard Instrument) to determine the amount of 

radioactivity. Cumulative amount of insulin permeated was 

plotted against time. All experiments were done in 

triplicates and results were expressed as mean ± S.E. All 

of the data was analyzed for statistical significance by 

ANOVA at 95% confidence interval.

Results and Discussion

Use of iontophoresis for further enhancing or modulating 

insulin permeation through microporated hairless mouse skin 

was evaluated. Cathodal and anodal iontophoresis of insulin 

were performed in order to determine pH and donor buffer 

species for the optimal transdermal insulin transport. 

Cathodal iontophoresis was performed using pH 7.5-phosphate 

buffer, where insulin had net negative charge and anodal 

iontophoresis was done using pH 3.6-citrate buffer, where
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insulin had a net positive charge. Cumulative amounts 

permeated after 4 hours for anodal iontophoresis on 

microporated skin (4.61 ± 3.2 pg/cm^) and for cathodal 

iontophoresis on intact skin (2.3 ± 1.2 pg/cm^) were very- 

low and not significantly different. On the other hand, 

cathodal iontophoresis (4 hours) on microporated skin 

resulted in significant (45.0 ± 12.2 pg/cm^) insulin 

permeation (Figure 7). Insignificant delivery of insulin 

through intact skin was expected because for transdermal 

iontophoretic delivery of insulin through intact skin, it 

is essential that insulin remains charged during its 

transport through the skin. As insulin traverses through 

different skin layers, it migrates as charged molecule into 

the skin up to a point where it encounters pH (-5.1 -5.7) 

(Turner et al., 1998) equal to its isoelectric point (pi = 

5.3) at which point it loses its charge. At this point, it 

can either remain concentrated in the skin layers or 

undergo charge reversal and migrate back to the reservoir 

(Sage et al., 1995, Sage Jr., 1997). In contrast to an 

earlier report (Siddiqui et al, 1987), we did not succeed 

in iontophoresis of insulin under anode. Instead we 

observed precipitate formation in the anodal chamber. Our 

observation was in agreement with the results reported by
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Langkjaer et al., 1998. The most probable cause reported for 

such observation is the adsorption of insulin on the anode 

and subsequent reduction of the disulfide bonds. During 

cathodal iontophoresis, no precipitate formation was 

observed and we were able to deliver insulin in significant 

amounts. Hence pH 7.5 phosphate buffer (50mM) was chosen as 

the buffer for performing iontophoretic studies. However, 

from another set of experiment, it was found that the 

amount of insulin permeating after cathodal iontophoresis 

(301.5 ± 105 |ag/cm̂ ) was not significantly different than 

passive permeation of insulin across microporated skin 

(464.8 ± 90.8 jig/cm̂ ) (Figure 8).

In an earlier study (figure not shown) we found that 

on changing the current density from 0.1 to 0.5 mA/cm^, 

permeation increased significantly. The cumulative amounts 

permeated at the end of 4 hours, at 0.1 mA/cm^ current 

density were only 3.97 ± 0.8 pg/cm^ as compared to 46.2 ±

9.2 p,g/cm̂  when 0.5 itiA/cm̂  was used. From literature we 

know that 0.5 mA/cm^ is the maximum tolerable current for 

iontophoresis (Banga, 1998). Hence, we decided to keep 

current density constant at 0.5mA/cm^ and determine whether 

increasing the duration of iontophoresis (on microporated 

skin) would increase the permeation of insulin.
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Figure 8. Effect of iontophoresis and microporation on the 

delivery of recombinant human insulin (3.57 mg/mL) across 

hairless mouse skin
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Iontophoresis was performed for a period of 8 hours, at 

0.5mA/cm^ current density. The cumulative amounts of insulin 

permeating through microporated skin (Figure 9) at the end 

of 8 hours of iontophoresis (64.1 ± 17 pg/cm^) were not 

statistically different from those obtained at the end of 4 

hours (46.2 ± 9.2 }ig/cm̂ ) .

We also performed modulated iontophoresis (1®*̂ hour 

'off', 2"'̂ hour 'on', next 4 hours 'off', next hour 'on') on 

microporated skin for a total of 7 hours and continued post 

iontophoretic sampling for 17 hours (Figure 10). At the end 

of 24 hours, which was the total study duration, we found 

that modulated iontophoresis did not provide significant 

enhancement (447.5 ± 42.6 pg/cm^) over continuous 

iontophoresis (301.5 ± 105 pg/cm^).

Finally, we investigated the effect of insulin 

concentration (10 to 0.1 mg/mL) on its iontophoretic 

delivery across microporated skin (Figure 11). As expected, 

there was a proportional increase in the delivery with 

increasing concentrations of insulin in the formulation for 

passive permeation through microporated skin. However, once 

again it was observed that iontophoretic permeation through 

microporated skin) was similar to passive permeation for 

the respective concentrations (10 mg/mL = 887 ± 171 pg/cm^
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and 987 + 334 ^g/cm^; 3.57 mg/mL = 464.8 ± 90.8 (ig/cm^ and 

301.5 ± 105 |ag/cm̂ , 1 mg/mL = 249.6 ± 69.79 )ag/cm^ and 238.9 

± 50.8 îg/cm̂ ; 0.1 mg/mL = 26.1 ± 1.21 jig/cm̂  and 11.58 ±

3.4 fj,g/cm̂  for passive and iontophoretic permeation 

respectively). A possible reason for such observations may 

be understood by considering the pathways (micropores) 

created upon skin microporation and the experimental setup. 

Literature reports that during iontophoresis, molecules 

follow a pathway of least resistance (Cullander and Guy,

1991), which mostly involves the skin appendages (hair 

follicles, sweat glands). Since our study shows that there 

is no iontophoretic transport of insulin across intact 

skin, we can conclude that the appendages did not play a 

significant role in insulin transport across microporated 

skin when iontophoresis was applied. In case of 

iontophoresis on microporated skin and passive permeation 

through microporated skin, insulin will follow the same 

pathway created in the stratum corneum, i.e., pass through 

the micropores (50 |am deep) . Now, the rate-limiting step in 

either case would be the passage of insulin from the end of 
the micropore, through the epidermis and then through the 

entire length of dermis to reach the receptor solution and 

be picked up during sampling. In case of In vitro setting.
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we use freshly excised full thickness skin, which lacks 

dermal and subdermal capillaries, so drug molecule 

(insulin) has to travel a longer distance to reach the 

receptor and be picked up for analysis. In case of in vivo 

conditions, blood capillaries are just below the dermis, 

which results in shorter transport pathways for drug to 

reach systemic circulation. This indicates that the driving 

force provided by iontophoresis would be observed only 

during the period when the drug is in the micropore and the 

drug has a shorter distance to travel within the skin 

layers to be picked up for analysis. Literature reports 

indicate that in vivo insulin iontophoresis on pretreated 

skin (depilatory cream or ethanol wipe) have significantly 

improved insulin permeation.

Conclusions

From our studies we conclude that iontophoretic 

delivery of insulin across on microporated skin was not 

significantly different from passive permeation of insulin 

across microporated skin.
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CHAPTER 5

STEADY INFUSION OF RECOMBINANT HUMAN INSULIN VIA THERMALLY 

CREATED MICROPORES IN HAIRLESS RATS

Abstract

Purpose. To study the in vivo delivery of human 

recombinant insulin in microporated hairless rats.

Methods. In this study, hairless rats were 

anesthetized by an intraperitoneal dose of ketamine (75 

mg/kg) and xylazine (10 mg/kg). A prototype device was 

configured to form an array of uniformly spaced micropores 

(4.4 cm^, 8 0 pores/cm^) on the abdomen of the rat. A 

hydrogel patch (TransQl-GS patch) was loaded with 1 mL of 

an aqueous insulin formulation with different 

concentrations and applied over the microporated area for 4 

hours. Blood samples (0.25 ml) were drawn from the 

cannulated jugular vein during the patch application period 

(passive insulin transport) and for 4 hours after patch 

removal at predetermined time intervals. Serum was
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separated and samples were analyzed by a validated ELISA 

method. A subcutaneous study (lU/kg) was performed in 

order to determine and compare to transdermal 

pharmacokinetic profile. An intravenous study (0.2 U/kg) 

was done in order to obtain clearance, which was then used 

to determine the transdermal dose delivered.

Results. Steady state serum concentrations were 

reached within 1 hour of patch of application. The average 

steady state serum concentration were 2.4 ± 0.2 ng/mL, 4.9 ± 

0.4 ng/mL, 5.4 ± 0.4 ng/mL and 12.6 ± 1.5 ng/mL for 10, 25,

50 and 100 lU/mL insulin formulations, respectively. These 

levels dropped immediately after patch removal and returned 

to the baseline levels within 2 hours after patch removal.

A mean Cmax of 4.6 + 1.5 ng/mL and a tmax of 0.75 hr was 

obtained for subcutaneous injection and clearance after 

intravenous administration of insulin was 27.88 ± 1.2 ng/mL.

Conclusions. We have demonstrated the delivery of 

human recombinant insulin through micropores in hairless 

rat skin.
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Introduction

Discovery of insulin revolutionized the treatment of 

diabetes mellitus (DM), which is characterized by 

hyperglycemia and altered metabolism of lipids, 

carbohydrates and proteins. All types of diabetes mellitus 

(Type 1 and Type 2) result from low circulating levels of 

insulin (insulin deficiency) and a decline in the response 

to insulin by the peripheral tissues (insulin resistance) 

(Chetty and Chein, 1998). It is therefore essential to 

normalize plasma insulin profile to regulate systemic 

glucose levels.

In the treatment of Type 1 diabetes, it is important 

to provide for constant, 24-hour-a-day basal insulin dose 

and also to mimic acute insulin release in response to food 

consumption. Strict glycemic control without significant 

hypoglycemia would be the ideal requirements of insulin 

therapy (Scholtz et al., 1999). In the last 5 years, two 

rapid-acting insulin analogs Lispro insulin (Humalog) and 

Aspart insulin (NovoLog) that closely mimic natural insulin 

secretion have become available (White et al, 2003) .

Nevertheless, the above mentioned insulin therapies 

involve multiple daily subcutaneous injections that have 

the drawbacks of pain and potential patient non-compliance
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or need to be combined with other insulins to obtain the 

desired glycemic control. Convenient route such as oral 

administration of insulin is not feasible at this stage 

because of the nature of the insulin molecule; it being 

protein would undergo degradation by proteolytic enzymes of 

the gastrointestinal tract. Transdermal route for insulin 

delivery provides a reasonable option as it would provide a 

noninvasive, convenient patch to continually provide basal 

levels of insulin.
However percutaneous absorption of insulin through 

intact skin, to achieve therapeutically effective levels, 

is almost impossible. Because insulin is hydrophilic in 

nature and has a large molecular mass (~6000Da for a 

monomer), its passive delivery through the skin is 

restricted. Moreover, for insulin to exert biological 

effect, it needs to be in the monomeric form (Blundell et 

al., 1972, Helmerhorst and Stokes, 1987). At concentrations 

in pharmaceutical formulations, insulin undergoes 

aggregation to form dimers (-12 kDa) and hexamers (-3 6 

kDa), which further makes its permeation through intact 

skin nearly impossible.

Various attempts have been made to facilitate the 

transdermal delivery of insulin across the rate-limiting 

barrier. Studies have been reported where chemical
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enhancers like menthone, linoleic acid and oleic acid have 

been used to improve transdermal permeation of insulin 

solution across rat skin (Pillai et al., 2003). Electrical 

enhancement to improve penetration of insulin across the 

skin has also been reported (Meyer et al., 1989, Siddiqui 

et al, 1987). lontophoretic transdermal delivery of insulin 

through intact is unlikely to succeed because of its pi 

(5.3), which is within the pH range of the stratum corneum 

(-5.1 -5.7). When the positively charged insulin is 

delivered under anode, it will migrate up to a point where 

it will encounter a pH close to 5.3, and then not migrate 

any further due to the loss of charge. When the negatively 

charged insulin is delivered under cathode, the negative 

charges in the stratum corneum repel the negatively charged 

insulin. (Sage et al., 1995, Sage et al., 1997). The 

delivery of electrically neutral insulin due to 

electroosmosis under anodic iontophoresis is also limited 

as the solubility of insulin at its pi is low.

The results from skin pretreatment studies, whether it 

was the use of depilatory cream (Kanikkannan et al, 1999, 

Zakzewski et al., 1998), tape stripping or wiping the skin

with absolute alcohol (Langkjar et al., 1998), indicate 

that there was an increase in the permeation of regular 

insulin as opposed to when there was no skin pretreatment.
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This was probably due to the reduction of the barrier 

function of the skin or due to lipid extraction in the case 

of alcohol pretreatment. Therefore, it is possible to 

deliver regular insulin (in hexameric form) transdermally 

for systemic effects if the skin barrier function can be 

reversibly compromised.

The use of microfabrication technology to create 

microneedles to enhance the transport of drug molecules 

across the skin has been reported (Henry et al., 1998). 

Microprojection patch technology was able to deliver 

therapeutic levels of oligonucleotides across the skin in 

vivo in hairless guinea pigs (Lin et al., 2001) . For our 

studies we have used a new technique called microporation 

that uses thermal energy to create micropores. This 

technique has recently been reported for the rapid 

extraction of interstitial fluid for continuous glucose 

sampling (Smith et al., 1999) and to improve the perfusion 

of vaccines (Bramson et al., 2003) .

Microporation involves the application of rapid and 

controlled pulses of thermal energy, by means of a 

resistive element, to a matrix of microscopic sites on the 

skin surface. At each site, a micropore (around 100 |am wide 

and 40 |am deep) is created by flash vaporization of stratum 

corneum cells in an area about the width of a human hair.
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The micropores so formed are just deep enough to cross the 

stratum corneum and thus can help macromolecules like 

insulin to cross the stratum corneum barrier. Controlling 

the microporation parameters and resistive element geometry 

can precisely control the size and the depth of the 

micropores.

Material and Methods

Materials

Recombinant human insulin (28 U/mg) was purchased from 

Sigma Chemical Co. (St. Louis, MO). Male hairless rats were 

obtained from Charles River (CA). Other chemicals (buffer 

salts, acid, HPLC water, etc.) were obtained from Fisher 

Scientific (Pittsburgh, PA). Mercodia Human Insulin ELISA 

kits were obtained from ALPCO Diagnostics (Windham, NH). 

Transdermal patches (Trans Q®-GS) were obtained from lomed 

(Salt Lake City, UT) and were used for all transdermal 

studies.

Microporation Setup

A research prototype thermal microporation system 

(Altea Therapeutics, Inc., Atlanta, GA) was used to create 

microscopic pores (around 100 microns wide and 40 microns
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deep) in the abdominal region of hairless rats. The system 

consists of a laptop computer, microprocessor circuitry, 3- 

axis step and repeat motor assembly with microscopic tip 

holder and skin interface plate. Various thermal 

microporation parameters like the number of pulses, pulse 

width, pulse spacing, tip temperature and tip contact 

pressure were adjusted using software interface. The system 

was set to create an array of 80 pores/cm^.

Transdermal Experimental Setup

One day before the experiment, hairless rats (around 

300-400 gm) were weighed, anesthetized and cannulated 

(cannula with internal diameter 0.023 inch and filled with 

80 pL of heparinized saline, 10 USP units) in the right 

jugular vein. The cannulated rats were allowed to recover 

from surgery in the animal facility at Mercer University; 

School of Pharmacy as per lACUC approved guidelines, until 

used for the experiment. On the day of experiment, insulin 

formulation was prepared by first dissolving recombinant 

human insulin in minimal quantity of O.IN HCl and then the 
required concentration (10-100 lU/mL) was obtained by 

making up the volume with 50mM, pH 7.5-phosphate buffer.

This formulation was end sterilized by filtration through 

0.22 |um filter.
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The animals were weighed again (n = 6 in each group, 

unless specified) and anesthetized intraperitonially using 

ketamine (75 mg/kg) and xylazine (10 mg/kg) dose. During 

the entire period of anesthesia, rats were placed under 

surgical lights to maintain their body temperature. The 

area (abdominal region) to be microporated was carefully 

examined to ensure that it was intact and then cleaned with 

warm water and patted to dryness. The rat was then placed 

on the opening of the animal interface plate such that its 

abdomen was facing down towards the microporation tips.

This gave access to the microporation tip assembly to 

microporate the abdominal area of the rat. An array of 

micropore was created in a step and repeat fashion, such 

that there were 80 pores/cm^ with an area equivalent to the 

applied patch.

Insulin formulation (1 mL) was added to the Trans Q 

patch and then the filled patch was applied exactly over 

the microporated area. Just before the patch application, 

zero time blood sample (about 250 pL) was taken from the 

jugular vein cannula. The patch was secured in place and 

the animals were then placed back in the cage with free 

access to food and water.
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Subcutaneous and Intravenous Study Setup

In the case of subcutaneous study, animals (n = 4) 

were weighed accurately and a dose corresponding to 1 U/kg 

of insulin formulation was taken in a syringe with 26-gauge 

needle. The rat was held in a restraining cone and the dose 

was administered in the dorsal subcutaneous region. In the 

case of intravenous study (n = 4), animals were 

anesthetized intraperitonially using a ketamine-xylazine 

(as described before) dose and then were weighed 

accurately. Dose corresponding to 0.2 U/kg of insulin 

formulation was taken in a syringe with 26-gauge needle and 

administered in the femoral vein of the rat.

Sampling and Analysis

Approximately 250 |iL of blood was collected from the 

cannula according to the following time schedule for each 

study: 0, 0.25, 0.5, 0.75, 1, 2, 3, 4, 5, 6, 7, and 8 hours 

in case of patch application studies; 0, 0.25, 0.5, 0.75,

1, 1.5, 2, 2.5 and 3 hours for subcutaneous study; 0, 1, 4, 

7, 11, 15, 20, 30, 45, 60, 90, and 120 minutes for 

intravenous studies. The cannula was flushed with 80 )o,L of 

heparinized saline (10 USP units) each time the sample was 

taken. These sample points were based after pharmacokinetic 

considerations. Blood samples collected were allowed to
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clot and centrifuged at 7200 rpm to obtain serum. The serum 

was stored at -20°C, until analyzed by ELISA. On the day of 

analysis, serum samples were thawed and vortexed lightly to 

uniformly mix the contents. Kits used for ELISA had no 

cross reactivity (< 0.001) with rat insulin.

The ELISA kits were validated for rat serum. Rat serum 

was spiked with insulin standards to obtain a standard 

curve (3- 2 00 mU/L) and one of the standards prepared above 

(100 mU/L), was linearly diluted with rat serum to obtain 

1:2, 1:4 and 1:8 dilutions. The percent recovery for each 

of the standards prepared above was within ± 20% limit.

Pharmacokinetic Analysis

Pharmacokinetic parameters (elimination rate constant 

ke, half life ti/2 , clearance Cl and area under curve AUC) 

were determined from serum concentration - time profile, 

using WinNonlin® software. Version 4.0 (Pharsight, CA).

These parameters were calculated using non-compartmental 

analysis (NCA). NCA is assumption free and involves 

application of trapezoidal rule for determining area under 

plasma/serum concentration - time curve (Gabrielsson and 

Weiner, 2000).
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Results and Discussions

Figure 12 shows the effect of passive transdermal 

permeation of human insulin in hairless rats. Amounts 

permeating through intact skin were very low (0.113 ± 0.018 

ng/mL) when the TransQ patch filled with 50 lU/mL of 

insulin formulation was applied on intact skin (n=3). 

However, significant amounts were delivered (5.4 ±

0.4ng/mL) through microporated skin (n=5) with the same 

concentration of insulin formulation in the patch. It 

demonstrates that a macromolecule, such as insulin is able 

to diffuse through the micropores created in the skin and 

reach systemic blood circulation.

Figure 12 also shows the effect of concentration on 

serum insulin levels. It took approximately one hour after 

patch application, to attain steady state levels that were 

maintained during the entire patch application period of 4 

hours. Once the patch was removed, these levels started 

dropping and reached baseline within 2 hours of patch 

removal. In this study, we investigated four different 

concentrations (10-100 lU/mL). At 100 lU/mL, the steady 

state values (12.6 ± 1.5 ng/mL) were approximately twice as 

much as 50 lU/mL (5.4 ± 0.4 ng/mL). Thus the steady state 

levels increased with increasing concentrations of insulin
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Figure 12. Delivery of recombinant human insulin from 

TransQ® patch loaded with four different insulin 

concentrations and applied for 4 hours
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in the patch, though this increase was not linear.

Figure 13 shows the drop in serum glucose levels when 

patch filled with different insulin concentrations (10 to 

100 lU/mL) were applied on the microporated area. The blood 

glucose levels started dropping as soon as the patch was 

applied and remained low during the patch application 

period. Approximately 70% drop in blood glucose was 

observed during the 4-hour patch application. Once the 

patch is removed at 4*̂  ̂hour, the blood glucose levels 

started rising and recovered to the baseline within four 

hours. As shown in Figures 12 and 13, human insulin was 

successfully delivered into systemic circulation in a 

bioactive form, via micropores created in the stratum 

corneum of hairless rat skin.

In order to determine the efficiency of microporation 

technology, the transdermal delivery profile was compared 

against the traditional subcutaneous delivery profile of 

regular insulin (Figure 14). The Cmax of subcutaneous 

injection at 1 U/kg was 4.6 ± 1.5 ng/mL with Tmax at 

approximately 45 min. The serum insulin level dropped off 

to baseline by the end of 1 hour. The serum glucose level 

against time for subcutaneous injection is shown in Figure 

15. On the contrary to the traditional subcutaneous 

injection, where frequent dosing would be needed to
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Figure 13. Blood glucose levels for the transdermal 

delivery of recombinant human insulin from TransQ® patch 

loaded with four different insulin concentrations and 

applied for 4 hours
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maintain the therapeutic effect of insulin, transdermal 

delivery assisted by microporation technology is capable of 

delivering insulin in a controlled fashion over a range of 

concentrations and maintain therapeutic effect during patch 

application period.

The serum insulin profile and serum glucose profile 

for the intravenous (i.v) administration of insulin 

formulation (0.2 U/kg) is shown in Figure 16. The i.v serum 

insulin data was fit into i.v bolus, non - compartmental 

model using WinNonlin® software to determine the primary 

under curve (AUC) (Table 1). The i.v. clearance was used 

to calculate the dose delivered from the transdermal patch 

(Cl IV* AUC transdermal) - With 0.367 mg, 0.8982 mg, 1.766 mg and 

3.65 mg of insulin loaded in the patch, the transdermal 

delivered dose was 5.76 + 0.45 |J,g, 12.07 ± 0.68 [ig, 14.82 ± 

0.8 \iq, 33.23 ± 0.51 pg respectively. It is seen that as the 

dose of insulin in the patch is increased, the transdermal 

dose delivered also increased although the increase was not 

linear. Pharmacokinetic parameters for the transdermal 

delivery were calculated using non compartmental analysis 
pharmacokinetic parameters such as elimination rate 

constant (kg) , half life (T1/2 ) , clearance (Cl) and area 

(Table 2).
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Table 1 . Pharmacokinetic parameters following IV 

administration of recombinant human insulin as calculated 

using WinNonlin® software by non-compartmental analysis

Parameter Units Values**

Ke

(Elimination 

rate constant)

min'^ 0.2 ± 0.03

T

(Elimination

half-life)

min 20 + 0.1

Cl

(Clearance)

ng/ml/kg 27.88 + 1.2

AUC (Area 

under curve)

min*ng/ml 258 + 0.77

** All parameters are expressed in mean+ SE
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Table 2 ■ Pharmacokinetic parameters following transdermal 

delivery of recombinant human insulin when TransQ patch was 

filled with different concentrations of insulin formulation 

and as calculated using WinNonlin® software by non- 

compartmental analysis

Parameter 1 Units 10 lU 25 lU 50 lU 100 lU

Patch** Patch** Patch** Patch**

Css ng/ml 2.4 ± 4.9 ± 5.4 ± 12 . 6 +

0.2 0.4 0.4 1.5

T V2 hr 1.67 + 1.19 + 0.89 + 1.12 +

0.52 0 .26 0 .11 0 .13

Ke hr‘̂ 0.56 + 0.68 + 0.82 + 0.65 +
0 .10 0 . 08 0 . 09 0 . 06

AUC hr*ng 11.50 + 23.62 + 27.05 + 62.15 +
/ml 0 . 96 1.23 3 . 77 10.24

Dose ng 5762.9 + 12065 + 14823 + 33236 +
delivered 453 680 798 5046

**A11 parameters are expressed in mean+ SE
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Conclusions

We successfully delivered recombinant human insulin 

via micropores in hairless rats using thermal microporation 

technology. Transdermal delivery was able to provide 

insulin over a period of time (steady state insulin levels 

were maintained during the patch application period) 

thereby regulating the glucose levels. This is the first 

report that demonstrates the in vivo transdermal delivery 

of recombinant human insulin in hairless rats using a 

clinically viable thermal microporation. This technology is 

now being investigated for Phase I clinical trials for the 

delivery of insulin.
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CHAPTER 6

FACTORS AFFECTING THE DELIVERY OF RECOMBINANT HUMAN INSULIN 

VIA THERMALLY CREATED MICROPORES IN HAIRLESS RATS

Abstract

Purpose. To study the factors affecting the delivery 

of recombinant human insulin via thermally created 

micropores in hairless rats.

Methods. Hairless rats were anesthetized by 

intraperitoneal injection of ketamine (75 mg/kg) and 

xylazine (10 mg/kg) dose and microporated on the abdomen 

using hand held porator. For concentration study and pore 

density study, 1 cm^ liquid reservoir patch was applied on 

the microporated area and then filled with either 10-100 

lU/mL or 5 0 lU/mL aqueous insulin formulation respectively. 

For patch surface area, liquid reservoir patch with 

different surface areas ( 1 - 3  cm̂ ) was applied on the 

microporated area and then filled with 50 lU/mL aqueous 

insulin formulations. In the above studies, the patch was
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removed at the end of 4 hours. For repeated patch 

application study (three times, 4 hours each), 1 cm^ liquid 

reservoir patch was applied and filled with 50 lU/mL 

insulin formulation. Blood samples (0.25 mL) were taken 

from the cannulated jugular vein. Serum samples were 

analyzed for insulin concentration as well as for glucose 

contents. Stability of insulin formulation was also 

analyzed by analytical methods like CD, light scattering, 

SDS-PAGE and RP-HPLC.

Results. Mean steady state serum concentrations (Cgg) 

of 1.1 + 0.05, 2.4 ± 0.59 and 3.7 ± 0.22 ng/mL were 

achieved for 1, 2 and 3 cm^ patch area respectively. For 

concentration study. Gas of 0.227 ± 0.004, 0.782 ±0.04, 1.1 

± 0.05, and 1.81 ± 0.01 ng/mL, respectively, for 10, 25,

50, and 100 lU/mL insulin formulations were achieved. For 

pore density study, Cgs of 0.436 + 0.023 ng/mL, 1.14 + 0.072 

ng/mL, 3.27 ± 0.26 ng/mL and 5.61 ± 0.15 ng/mL, 

respectively, for 40, 80, 120 and 160-pores/cm^ were 

achieved. For repeated patch application study, mean steady 

state levels of 1.66 ± 0.13 ng/mL, 1.75 ± 0.22 ng/mL, and 

2.2 + 0.32 ng/mL, respectively, for first, second and third 

patch application were achieved. Insulin formulation was 

stable during the 4 hours of patch application period.
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Conclusions. Controlling the concentration of insulin in 

the patch or changing microporation factors like micropore 

area (patch surface area) and pore density, could be used 

to modulate delivery of insulin via micropores in hairless 

rats. Repeated patch application was able to maintain 

steady state levels during each patch application period.

Introduction

Newer insulin analogs, insulin lispro (Humalog), 

insulin aspart (NovoLog) and insulin glargine (Lantus) that 

have pharmacokinetic profiles similar to the normal 

secretory patterns of insulin, have now become available. 

Although tremendous progress has been made in developing 

newer and better insulin formulations, it still requires 

daily subcutaneous injections. Only recently the benefits 

of intensive insulin therapy have been reported (The 

Diabetes Control and Complications Trial Research Group, 

1993 and UKPDS Group, 1998). Though intensive therapy can 

keep a close control on the glucose levels, it has not been 

widely accepted. It requires multiple daily injections that 

necessitate patience and efforts on behalf of the patient 

to stick to the regimen. This can be inconvenient and can 

lead to patient non-compliance and has the additional
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problem of possible infection at the site of injection 

(Saudek, 1997).

Oral administration of insulin or other proteins is 

not feasible at this stage. Alternate routes of insulin 

delivery are under investigation. Transdermal route for 

insulin delivery is a reasonable option, as it would 

provide basal levels of insulin through a convenient patch, 

in a noninvasive fashion. Permeation of insulin through 

intact skin, to attain therapeutic levels, is almost 

impossible. Insulin has a large molecular mass (~6000Da for 

a monomer), and therefore its passive delivery through the 

skin is restricted. Moreover, insulin undergoes aggregation 

to form dimers (-12 kDa) and hexamers (-36 kDa), which 

further makes its permeation through intact skin nearly 

impossible (Chetty and Chien, 1998).

Numerous attempts have been made to enhance the 

transport of insulin across the rate-limiting barrier of 

the skin. Use of chemical enhancers (Filial et al., 2003) 

or electrical enhancement to improve penetration of insulin 

across skin has been reported (Meyer et al., 1989, Siddiqui 

et al, 1987). lontophoretic transdermal delivery of insulin 

through intact skin is unlikely to succeed because of its 

pi (5.3), which is within the pH range of the stratum 

corneum (-5.1 -5.7). When positively charged insulin is
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delivered under anode, it will migrate up to a point where 

it will encounter a pH close to 5.3, and then not migrate 

any further due to the loss of charge. Similarly, when 

negatively charged insulin is delivered under cathode, it 

will lose its charge in the skin and the negatively charged 

skin may hinder the transport of negatively charged insulin 

(Sage et al., 1995, Sage et al., 1997). The delivery of 

electrically neutral insulin due to electroosmosis under 

anodic iontophoresis is also limited as the solubility of 

insulin at its pi is low.

The results from permeation studies (Kanikkannan et 

al, 1999, Zakzewski et al., 1998, Langkjar et al., 1998) 

indicate that an increase in the permeation of regular 

insulin may need skin pretreatment such as the use of 

depilatory cream or tape stripping or wiping the skin with 

absolute alcohol. This suggests that skin pretreatment 

results in a reduction of the barrier function of the skin. 

In case of alcohol pretreatment, it may involve lipid 

extraction. Therefore, in order to deliver insulin across 

the skin and into systemic circulation, it is necessary to 

use some technique that can either enhance its permeation 

through the stratum corneum or reversibly compromise the 

barrier characteristics of the stratum corneum.

Use of microneedles to enhance the transport of drug
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molecules across the skin have been reported (Henry et al., 

1998). Microprojection patch technology was able to deliver 

therapeutic levels of oligonucleotides in vivo in hairless 

guinea pigs (Lin et al., 2001). For our studies we have 

used a new technique, thermal microporation that uses 

thermal energy to create micropores. This technique has 

been used for the rapid extraction of interstitial fluid 

for continuous glucose sampling (Smith et al., 1999) and to 

improve the perfusion of vaccines (Bramson et al., 2003).

In our earlier we demonstrated the successful delivery of 

recombinant human insulin in hairless rats using thermal 

microporation technology. In this study we wanted to check 

the feasibility of delivering human insulin via an array- 

patch system, which is a combination of wafer-thin array of 

filaments and a patch containing the medicine. The array is 

applied to the skin and is then gently pulsed with energy 

using a hand-held reusable battery-driven activator. Energy 

built up in the array filaments is rapidly transferred to 

precisely defined regions of the stratum corneum, which is 

the outermost layer of the skin. At each site, a micropore 

(around 100 |am wide and 40 pm deep) is created 

instantaneously in an area about the width of a human hair. 

The micropores so formed are just deep enough to cross the 

stratum corneum without reaching pain receptors and thus
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can help macromolecules like insulin to cross the stratum 

corneum barrier without any pain.

Materials and Methods

Materials

Recombinant human insulin (28 U/mg) was purchased from 

Sigma Chemical Co. (St. Louis, MO). Male hairless rats were 

obtained from Charles River (CA). Other chemicals (buffer 

salts, acid, HPLC water, etc.) were obtained from Fisher 

Scientific (Pittsburgh, PA). Mercodia Human Insulin ELISA 

kits were obtained from ALPCO Diagnostics (Windham, NH). 

In-house transdermal patches (reservoir type) and seals 

were obtained from Altea Therapeutics Corp. (Atlanta, GA) 

and were used for all transdermal studies.

Microporation Setup

Hand held porator (Altea Therapeutics, Inc., Atlanta,

GA) was used to create micropores. The system consisted of 

an activator, an activator-array interface and planar array 

(porator). The activator utilized temperature feedback 

control and was programmed to deliver four 10msec pulses 

set at a 100 opto temperature setting. The planar array had 

an active area of Icm^ and is made up of stainless steel
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filaments with gold - plated copper traces. At the start of 

each experiment the planar array was attached to the 

activator-array interface and was activated to create 

micropores in the abdominal region of hairless rats.

Transdermal Experimental Setup

A day prior to the experiment, hairless rats (around 

300-400 gm) were weighed, anesthetized and cannulated 

(cannula with internal diameter 0.023 inch and filled with 

80 pL of heparinized saline, 10 USP units) in the right 

jugular vein. This gave them time to recover from the 

surgery. The cannulated animals were housed in the animal 

facility at Mercer University, School of Pharmacy as per 

lACUC approved guidelines, until used for the experiment.

On the day of experiment, insulin formulation was prepared 

by first dissolving recombinant human insulin in minimal 

quantity of 0.IN HCl and then the required concentration 

(10-100 lU/mL) was obtained by making up the volume with 

50mM, pH 7.5-phosphate buffer. This formulation was end 

sterilized by filtration through 0.22pm filter.

The animals were weighed again and anesthetized 

intraperitonially using ketamine (75 mg/kg) and xylazine 

(10 mg/kg) dose. During the entire period of anesthesia, 

rats were placed under warming lamps to maintain their body
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temperature. The area (abdominal region) to be microporated 

was carefully examined to ensure that it was intact and 

then cleaned with warm water and patted to dryness. Rats (n 

= 4 in each group) were placed on the table with abdominal 

side facing up and microporated using the interface device. 

The microporated area was Icm^ with 80-pores/cm^, unless 

otherwise specified. Patch was applied on the microporated 

area and filled with insulin formulation through the minute 

slits provided in the patch. A seal was placed on top of 

the patch to cover the slits and prevent leakage of 

formulation from the patch. The patch was secured in place 

and the rats were placed back in the cage with free access 

to food and water. Animals were once again anesthetized 

(dose administered intravenously via jugular vein cannula, 

dose was 1/6*̂  ̂the intraperitoneal dose) at the end of 4 

hours. Patch fluid (insulin formulation) was retrieved and 

then the patches were removed. The microporated area was 

wiped with warm water and patted to dryness.

In case of repeated patch application study, 

transepidermal water loss (TEWL) measurements were taken 

before microporation, immediately after microporation and 

at predetermined time points after 12 hours. A graph of 

percent of TEWL relative to fresh pores against age of 

pores was plotted to determine the time required for pore
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decay. A control study was also done where the animals were 

microporated but did not have the drug patch.

Sampling and Analysis

Approximately 250 )liL of blood was collected from the 

cannula at 0, 0.25, 0.5, 0.75, 1, 2, 3, 4, 5, 6, 7, and 8 

hours. These sample points were based after pharmacokinetic 

considerations. The cannula was flushed with 80 ).iL of 

heparinized saline (10 USP units) each time the sample was 

taken. Blood samples collected were allowed to clot and 

centrifuged at 7200 rpm to obtain serum. The serum was 

stored at -20°C, until analyzed by a previously validated 

ELISA. On the day of analysis, serum samples were thawed 

and vortexed lightly to uniformly mix the contents. The 

ELISA kits had no cross reactivity (< 0.001) with rat 

insulin.

Stability Studies and Analysis for Insulin Formulation 

Liquid reseryoir patch (Icm^) was placed on a glass 

petridish. Freshly prepared insulin formulation (50 lU/mL) 

was filled through the slits proyided on the surface of the 

patch. The slits were then covered with a seal in order to 

prevent any leakage of the formulation from the patch.

Samples were taken from the patch at 4 hours and 24 hours
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and were analyzed for stability by analytical methods like 

circular dichroism spectroscopy (indicates structural 

transitions in the protein), dynamic light scattering 

method (indicates insulin self-association status) and gel 

electrophoresis (SDS-PAGE, which indicates covalent or non 

covalent aggregates). Control samples (zero hour sample, 

i.e., before adding in the patch) were also analyzed by the 

same analytical methods. All the analytical methods have 

previously been reported to indicate the stability of 

proteins and protein formulations (Kelly and Price, 2000, 

Sato et al., 1983, Melberg and Johnson, 1990, Singh et al, 

1991).

For circular dichroism studies, Jasco J-810 (Jasco 

Corporation, Japan) instrument was used. Samples were 

diluted to obtain a concentration of 0.2 mg/mL in order to 

obtain a good CD spectrum in the far UV region. They were 

placed in a 0.1 cm flat cuvette and scanned in the far UV 

region (190 - 250 nm) at room temperature. Scanning speed 

was 50 nm/min and five accumulations were made to obtain an 

average CD spectrum. Molar mean residue ellipticity ([©Imrw/ 

millidegrees.cm^.dmol'^ ) was calculated using the following 

equation: [0]mrw = © X 100 X Mr / c X 1 X NA, where 0 =

measured ellipticity in millidegrees, Mr = protein 

molecular weight, c = protein concentration in mg/mL (exact
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concentration was determined by UV analysis at 276 nm), 1 = 

path length in cm, NA = number of amino acids per protein.

For light scattering experiments, PDDLS 2000/Batch 

(Precision Detectors, MA) instrument was used. Detector was 

set at fixed laser wavelength of 800 nm and light scattered 

was measured at a fixed angle of 90°. Sample time was 3 

psec, run time was 2 msec and 50 accumulations were made. 

Intensity was maintained below 1,000,000-counts/min and 

system was set to determine the hydrodynamic radius of 

sample.

For SDS-PAGE studies, MiniProtean® III (BioRad, CA) 

system was used. Laemmli's buffer was used as the sample 

dilution buffer (1 part of sample and/or standards were 

diluted with 1 part of Laemmli's buffer and heated for 10 

min). Electrophoresis buffer was IX Tris/Glycine/SDS buffer 

(pH 8.3) and electrophoresis was performed on 4-20% 

polyacrylamide gel system (BioRad) for a period of 45 

minutes.

In another study, freshly prepared insulin formulation 

(50 lU/mL) was stored at three different temperatures (37°C, 
room temperature and 4°C) for 24 hours and % recovery in 

case was determined.

Stability indicating RP-HPLC method, modified from 

(Szabelski et al., 2002) was used to analyze insulin
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formulation used for the experiments and the retrieved 

patch fluid. Samples stored at different temperatures were 

also analyzed by the same assay. The set up consisted of a 

solvent delivery module (Waters LC Module 1), UV detector 

(LDC Analytical SpectroMonitor 3100) , an integrator 

(Hewlett-Packard, HP 3394A), and an analytical column 

(Alltech, Spherisorb CN column, 10|n, 250 X 4.6 mm I.D.). The 

mobile phase consisted of 0.05 M, pH 2.4-potassium 

phosphate monobasic buffer (pH adjusted with 85% o- 

phosphoric acid) and acetonitrile in the ratio of 75:25.

The injection volume was 50 |iL, flow rate was 1.0 mL/min and

detection wavelength was 215 nm. The retention time was

observed to be about 8.2 minutes.

Pharmacokinetic Analysis

From our earlier intravenous study (pharmacokinetic 

parameters (elimination rate constant ke, half life ti/2 , 

clearance Cl and area under curve AUC) were determined by 

fitting intravenous serum concentration - time data in IV 

bolus, non-compartmental model (NCA) using WinNonlin® 

software. Version 4.0 (Pharsight, CA). NCA is assumption 

free and involves application of trapezoidal rule for 

determining area under plasma/serum concentration - time
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curve (Gabrielsson and Weiner, 2000) . In this study, we 

used Cliv (from previous study) to calculate the transdermal 

dose delivered ( C l i v  * A U C  transdermal) .

Results and Discussions

From our previous study, we know that there is 

negligible permeation of insulin through intact skin.

However through microporated skin significant amounts 

(Figure 12) are being delivered. In this study we used 

insulin formulation with four different concentrations (10 

- 100 lU/mL). Figure 17 shows the effect of passive 

permeation of human insulin through hairless rat skin.

Steady states were attained within one hour of applying 

patch and were maintained during the patch application 

period. Once the patch was removed these levels returned to 

baseline values within 2 hours. During the patch 

application period, serum glucose levels dropped and were 

maintained low during patch application and later increased 

to baseline values once the patch was removed (Figure 18). 

Clearance obtained from previously performed intravenous 

study was used to calculate the dose delivered by 

transdermal delivery. With 0.3 60 mg, 0.891 mg, 1.73 9 mg and 

3.4 8 mg of insulin in the patch, the transdermal dose
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Figure 17. Delivery of recombinant human insulin via 
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delivered was 0.992 ± 0.039 \x<̂, 2.23 ± 0.084 |xg, 3.28 ±

0.024 |ag, 5.5 ± 0.097 |o,g respectively (pharmacokinetic 

parameters in Table 3). We found a linear increase (r̂  = 

0.98) in the amount of dose delivered with increasing 

concentrations of insulin in the transdermal patch. Thus by 

regulating the concentration of insulin in the patch we 

could control the passive delivery of insulin through 

micropores. From Table 3 we see that the half life for 

transdermal delivery is not the same for all insulin 

concentrations. Half life in case of transdermal delivery 

may not reflect the true elimination half life as 

absorption may be taking place even after patch removal.

The true elimination half life will be obtained only after 

administration of i.v dose since in that case there is 100 

% elimination of the drug with out any absorption.

In the next series of experiment, we studied three 

different micropore areas (Icm^, 2 cm^ and 3 cm^) . Using 

methodology described earlier, the rats were microporated 

to obtain 1 or 2 or 3-cm^ area and patch with corresponding 

area was applied over it. Patch was filled with 50 lU/mL 

insulin formulation. Steady states were reached within one 

hour of patch application and they were 1.1 ± 0.05 ng/mL,

2.41 ± 0.59 ng/ mL, 3.57 ± 0.28 ng/ mL for Icm^, 2 cm^ and 3 

cm^ micropore areas respectively (Figure 19). Serum glucose

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



124

Table 3 . Pharmacokinetic parameters following transdermal 

delivery of recombinant human insulin when liquid reservoir 

patch was filled with different concentrations of insulin 

formulation and as calculated using WinNonlin® software by 

non-compartmental analysis

Parameter Units 10 lU 

Patch**

25 lU 

Patch**

50 lU 

Patch**

100 lU 

Patch**

Css ng/ml 0.227 ± 

0 . 004

0.782 ± 

0.04

1.1 + 

0 .05

1.81 + 

0 . 01

Terminal 

Half Life

Hr 3 .12 + 

0.49

1.11 + 

0 .14

1.55 + 

0.32

0.88 + 

0 . 06

Az hr"^ 0.24 + 

0.04

0.65 + 

0 . 07

0.51 + 

0.1

0.79 + 

0 . 05

AUC hr*ng/ml 1.70 + 

0 . 09

4 .44 + 

1.3

5.55 + 

0 . 19

9.44 + 

0 . 09

Cl/F L/hr 23.16 + 

1.13

22.16 + 

0 . 62

35.49 + 

1.29

41.6 + 

0.39

** All parameters are expressed in mean + SE

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



125

1 sq cm
2 sq cm
3 sq cm

Patch removed at 4 hours

10

Time (Hours)

Figure 19. Delivery of recombinant human insulin via 

micropores through liquid reservoir patch with different 

patch areas (micropore areas) and each patch loaded with 5 0 

lU/mL insulin formulation and applied for 4 hours
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levels dropped after patch application and returned to 

their initial value after patch removal (Figure 20). 

Clearance from IV study was used to calculate the 

transdermal dose delivered (Cl iv* AUC transdermal) and in this 

case it was it was delivered was 3.28 ± 0.024 pg, 6.99 ± 

0.075 fig, and 10.3 ± 0.59 jig for Icm^, 2 cm^ and 3 cm^ 

micropore areas respectively (pharmacokinetic parameters in 

Table 4). Once again, a linear increase (r̂  = 0.99) in the 

dose delivered and the micropore area was observed. 

Increasing the micropore area resulted in higher dose 

delivered as compared to those obtained when insulin 

concentrations in the patch were increased. At the highest 

micropore area of 3 cm̂ , the dose delivered was 10.3 ± 0.59 

fig while that for the highest concentration (100 lU/mL) ; the 

dose delivered was 5.5 ± 0.097 pg. Thus the delivery of 

insulin from the patch was modulated more effectively by 

regulating the micropore area than by increasing the 

insulin concentration in the patch.

Delivery of insulin was investigated at 50 lU/mL 

insulin formulation concentration for four different pore 
densities (40, 80, 120 and 160-pores/cm^) , keeping patch 

area constant at Icm^. A linear increase in the steady state 

levels were obtained as the pore density increased from 80
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Table 4 ■ Pharmacokinetic parameters following transdermal 

delivery of recombinant human insulin when 50 lU/mL of 

insulin formulation was filled in liquid reservoir patch 

with different patch areas (micropore areas) and as 

calculated using WinNonlin* software by non-compartmental 

analysis

Parameter Units 1 cm^ 

Patch**

2 cm^ 

Patch**

3 cm^ 

Patch**

Css ng/ml 1.1 ± 

0. 05

2.4 ± 0.6 3.7 ± 0.2

Terminal 

Half Life

Hr 1.55 + 

0.3

1.9 + 0.22 2.1 + 1.1

Az hr'^ 0.51 + 

0.10

0.36 + .04 0.56 + 

0 . 16

AUC hr*ng/ml 5-6 + 

0 .19

11.2 + 2.8 18.03 + 

0 . 89

Cl/F L/hr 35.49 + 

1.29

40.4 + 

10 . 9

32.9 + 

1 . 57

** All parameters are expressed in mean + SE
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to 160 pores/cm^ (r^=0.99). The steady state levels were 

1.14 + 0.072 ng/mL, 3.27 ± 0.26 ng/mL and 5.61 + 0.15 ng/mL 

for 80, 120 and 160-pores/cm^ respectively (Figure 21). 

However, at 40-pores/cm^ (steady state levels were 0.436 + 

0.023 ng/mL) this linearity was lost. This suggests that 80 

pores/cm^ may be the limiting pore density, below which 

insulin permeation may be disproportional. The highest pore 

density investigated was 160-pores/cm^ as it was not 

possible to obtain the micropore arrays beyond 160- 

pores/cm^. Also it was thought that that beyond this value, 

the pores would be very close to each other and some pores 

may merge to create pores with larger pore size. This would 

then be equivalent to the skin stripped of stratum corneum, 

which is the rate-limiting barrier. Serum glucose dropped 

in a predictable manner after patch application and 

recovered once the patch was removed (Figure 22).

We wanted to investigate whether microporation 

technology was able to maintain steady insulin levels for 

at least for a period of 12 hours, when the micropore area 

was kept constant at Icm^. It was thought that the fill 

volume of insulin formulation (100 pi) would be insufficient 

for continuous patch application for 24 hours. Therefore, 

we applied the patch 3 times, with each application being 

for 4 hours, i.e., after every four hours, old patch was
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Figure 22. Glucose levels for the delivery of recombinant 
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using liquid reservoir patch loaded with 50 lU/mL insulin 
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replaced by the new patch, up to 12 hours. Insulin 

formulation was retrieved from the previous patch before 

applying the new patch. Each patch applied was able to 

maintain steady state during four hour of its application 

period (Figure 23). There appeared to be an increase in 

steady state levels with successive patch application with 

average steady state values being 1.66 ± 0.13 ng/mL, 1.75 ± 

0.22 ng/mL, and 2.2 ± 0.32 ng/mL respectively for first, 

second and third patch application and these values were 

not statistically significant at p = 0.05. A small increase 

in the steady state levels observed might be due to the 

presence of residual amount of insulin (remaining on the 

microporated surface) from previous patch application. 

Insulin levels reached baseline values within 2 hours of 

final patch removal. Glucose levels were maintained low 

during patch application period and they were raised after 

the final patch was removed (Figure 23).

From transepidermal water loss study we found upon 

microporation there was a dramatic increase in the TEWL 

readings. From Figure 24 we see that the TEWL readings for 

microporated skin (60.99 ± 7.66 g/m^/h) were 4 times higher 

as compared to those obtained for intact skin (15.07 + 7.14 

g/m^/h). We also found that 45% of TEWL values returned to 

their original values (values obtained for intact skin/
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before microporation) approximately, within 4 hours of 

patch removal (Figures 24 and 25). In case of control group 

with no patch applied around 49% of TEWL values with 

respect to that of fresh pores reached the original levels 

within 6 hours of microporation (Figure 25). These results 

suggest that it takes around 4 to 6 hours of exposure of 

pores to the atmosphere (either after microporation with no 

patch or after patch removal) for them to undergo decay and 

possibly start closing.

Insulin formulation (50 lU/mL) that was used to fill 

the liquid reservoir patch for in vivo studies as well as 

the one recovered after patch was removed was analyzed for 

insulin content by RP-HPLC. Recovery was found to be within 

± 20%. In the other study where insulin formulations were 

stored at different temperatures (3 7°C, room temperature and 

4°C), recovery was close to 90% after 24 hours at all the 

three storage temperatures. Figure 26 shows the effect of 

storage temperature on insulin formulation.

It is known that insulin has a tendency to adsorb on 

the hydrophobic surfaces (air-water interfaces in infusion 

pumps or storage containers and devices) (Sluzky et. al., 

1991). This can lead to drastic reduction in the biological 

activity and can potentially increase the immunogenecity of 

the formulation. It is therefore very essential that
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stored at different temperatures for 24 hours as indicated 
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insulin remains stable in the formulation during its shelf 

life and transportation. In the following study, stability 

of insulin formulation in the patch was investigated. The 

aim was to see if there were any structural changes in 

insulin molecule or any loss of insulin in the formulation 

when stored for 24 hours in liquid reservoir patch.

Figure 27 shows the concentration normalized CD spectra for 

insulin samples collected at 0 (room temperature and at 

90°C) , 4 and 24 hours. All samples were scanned in the far 

UV region to get information on the secondary structural 

changes. Negative minimas were obtained at 222 nm and 2 08 

nm, for unheated samples, indicated the predominance of 

alpha helix (Creighton, 2002). In the case of sample heated 

to 90°C (which was the positive control), there was a 

significant reduction in the negative minimas at both 222 

and 208 nm. This indicated that there was complete loss of 

alpha helical structures upon heating. Since there was no 

difference in the molar mean residual ellipticity of the 

control sample (0 hour at room temperature) and samples 

taken at 4 and 24 hours it implied that there were no 

changes in the secondary structure of insulin over 24 hours 

in vitro when stored in liquid reservoir patch.

Formation of hexamers is very important for the 

stability of insulin formulation (Brange, 1994) . At
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Figure 27. Stability of insulin formulation (50 lU/mL) in 

liquid reservoir patch for a period of 24 hours: CD spectra 

for insulin samples collected at different time intervals
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concentrations relevant to pharmaceutical preparations, 

insulin is present as hexamers. Here, three insulin dimers 

come together to form hexamers by coordinating with two 

zinc ions (Wollmer et al., 1987, Coffman and Dunn, 1988, 

Gross and Dunn, 1992). Figure 2 8 show the mean hydrodynamic 

radius of insulin molecule in the samples collected at 0, 4 

and 24 hours. There is no difference in the hydrodynamic 

radius of the control sample (2.57 ± 0.16 nm) and samples 

collected at 4 hours (2.38 ± 0.14 nm) and 24 hours (2.34 ±

0.17 nm). Literature reports (Blundell et al. , 1972, Dathe et 

al., 1990, Bohidar, 1997) the hydrodynamic radius of 

insulin hexamer to be around 2.50 nm at pH 7.5. Our results 

are in agreement with the literature reports and indicate 

that insulin is in the hexameric form throughout the 24 

hours of study. This implies that insulin formulation is 

stable in the liquid reservoir patch for at least a period 

of 24 hours.

Although hexamer formation is essential for 

formulation stability, it is important that these hexamers 

dissociate to yield monomer when administered in the body. 

This is because it is the monomeric form of insulin that 

binds to the receptor and initiates pharmacological 

response (Derewenda et al., 1989). Therefore, it was 

important for us to determine whether insulin formed
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Figure 28. Stability of insulin formulation (50 lU/mL) in 

liquid reservoir patch for a period of 24 hours; 

Hydrodynamic radius of insulin molecule in the formulation 

as indicated by dynamic light scattering

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



142

covalent or non covalent aggregates when its formulation 

was stored for 24 hours in the patch. This was investigated 

by SDS-PAGE (Sodium dodecyl sulphate polyacrylamide gel 

further enhanced due to the presence of phenolic compounds 

which are often present in insulin preparations as 

electrophoresis) under non-reducing conditions. SDS is a 

mild denaturing agent and disrupts only non covalent bonds 

by imparting negative charge to the amino acids that 

results in unfolding of the protein. It however does not 

break covalent bonds and therefore is a good indicator for 

the presence of covalent or non covalent bonds. Figure 2 9 

shows the gel electrophoresis of insulin samples collected 

at 0, 4 and 24 hours. Lane 1 contains molecular weight 

markers (BioRad, CA), lanes 2 and 3 contain insulin sample 

at 0 hour, lanes 4 and 5 contain insulin sample at 4 hour, 

lanes 6 and 6 contain insulin sample at 24 hour. From 

Figure 29, we see that all the samples migrate at to the 

same level and show molecular weight level of 6500 Da, 

which is the approximate molecular weight of insulin 

monomer. This indicates that the hexamers formed in the 

formulation are non covalent and dissociate into monomeric 

subunit. These findings were further supported from our in 

vivo data where glucose lowering effect was seen during the 

patch application period of 4 hours.
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Figure 29. Stability of insulin formulation (50 lU/mL) 

stored in liquid reservoir patch for 24 hours: SDS-PAGE of 

insulin samples collected at different time intervals
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Conclusions

We were able to successfully deliver human insulin via 

micropores created in vivo in hairless rats. Insulin 

delivery can be controlled by its changing its 

concentration in the patch or by varying the micropore area 

or by changing the pore density when micropores are 

created. The greatest increase in delivery was achieved by 

increasing the microporation area. Insulin formulation was 

stable over a period of 24 hours as indicated by the HPLC 

results and there were no structural changes in insulin 

when the formulation was filled in the liquid reservoir 

patch as indicated by CD wavelength scan, dynamic light 

scattering and gel electrophoresis.
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CHAPTER 7 

SUMMARY AND CONCLUSIONS

The work presented here evaluates the use of thermal 

microporation as a technique to enhance the transdermal 

permeation of recombinant human insulin. Insulin is a large 

molecule and its permeation through intact skin is nearly 

impossible. Microporation process temporarily and 

reversibly compromises the stratum corneum, the rate- 

limiting barrier for transdermal delivery. This enables the 

transport of macromolecules like proteins across the skin. 

All studies presented in different chapters of this 

dissertation demonstrate the feasibility of delivering 

recombinant human insulin using microporation technology.

Feasibility of delivering recombinant human insulin 

using thermal microporation across skin was first 

investigated in vitro. For in vitro studies, freshly 

excised hairless mouse or rat skin was mounted on vertical 

Franz diffusion cells. Insulin formulation was in some 

cases spiked with ^̂ Î labeled insulin. In the later case,
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samples collected were analyzed either by Gamma counter or 

by ELISA method. Passive permeation of insulin across 

intact skin was almost negligible. However, significant 

amounts of insulin were detected in the receptor when 

microporated skin was used. A comparison between the 

cumulative amounts detected by Gamma counter and those 

detected by ELISA indicated that radiotracer assay was 

overestimating the actual amounts permeating. This may be 

due the fact that radiotracer assay cannot distinguish 

between intact insulin and its degraded products.

Therefore, we then investigated the degradation of insulin 

in the receptor and found a concentration dependent loss of 

insulin occurring in the receptor; decreasing the 

concentration of insulin in the receptor increased the 

percent loss of insulin in the receptor. Iontophoresis in 

conjunction with microporation did not enhance the delivery 

as compared to passive permeation across microporated skin. 

Changing various iontophoretic parameters such as current 

density, duration of current application and formulation 

concentration did not enhance permeation of insulin across 

microporated skin as compared to passive permeation across 

microporated skin.

Hairless rats were used for In vivo studies. Animals 

were anesthetized intraperitonially using ketamine and
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xylazine. The abdominal area was porated using either a 

prototype or a hand held porator. Several different factors 

like micropore density, micropore area (or patch surface 

area) and concentration of insulin in the formulation were 

investigated. All of the above mentioned factors had a 

direct effect on the delivery of insulin. Steady state 

levels, which were maintained during patch application, 

increased with increasing micropore density, micropore area 

(or patch surface area) and concentration of insulin in the 

formulation. Once the patch was removed the steady state 

levels returned to the baseline values within the next two 

hours. Serum glucose also showed a predictable pattern,

i.e., they were low during patch application period and 

returned to their original values once the patch was 

removed. Repeated patch application was also able to 

maintain steady state levels during each patch application 

period (4 hours, 3 times).

This is the first report that demonstrates the in vivo 

transdermal delivery of recombinant human insulin in 

hairless rats using a clinically viable thermal 

microporation technique. This technology is now being 

investigated for Phase I clinical trials for the delivery 

of insulin.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



BIBLIOGRAPHY

al-Achi A., Greenwood R.; Buccal administration of human 
insulin in streptozocin-diabetic rats. Research 
Communications in Chemical Pathology and Pharmacology, 
1993, Dec 82(3): 297-306

Baker E.N., Blundell T.L., Cutfield J.F., Cutfield S.M., 
Dodson E.J.' Dodson G.G., Hodgkin D.M., Hubbard R.E., 
Isaacs N.W., Reynolds C.D.; The structure of 2Zn pig 
insulin crystals at 1.5 A resolution. Philosophical 
transactions of the Royal Society of London. Series B, 
Biological Sciences, 1988, Jul 6; 319(1195): 369-456

Banga A.K., Chien Y.W.; Hydrogel-based iontotherapeutic 
delivery devices for transdermal delivery of peptide/ 
protein drugs. Pharmaceutical Research, 1993, May 10(5): 
697-702

Banga A.K., Bose S., Ghosh T.K.; Iontophoresis and 
electroporation: comparisons and contrasts. International 
Journal of Pharmaceutics, 1999, Mar 1, 179(1): 1-19.

Banga A.K.; Iontophoretic transdermal drug delivery, in 
"Electrically assisted transdermal and topical drug 
delivery", Taylor and Francis Ltd, London, UK, 1998, Chapter 
2, 13-28

Barry B.W.; Novel mechanisms and devices to enable 
successful transdermal drug delivery. European Journal of 
Pharmaceutical Sciences, 2001, Sep 14(2): 101-14

148

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



149

Barry B.W.; Is transdermal drug delivery research still 
important today? Drug Discovery Today, 2001, Oct 1 6(19) 
967-971

Berti J.J., Lipsky J.J.; Transcutaneous drug delivery: a 
practical review. Mayo Clinic Proceedings, 1995, Jun 70(6) 
581-6

Blundell T.L., Cutfield J.F., Cutfield S.M., Dodson E.J., 
Dodson G.G., Hodgkin D.C., Mercola D.A.; Three-dimensional 
atomic structure of insulin and its relationship to 
activity. Diabetes, 1972, 21(2 Supplement): 492-505

Bohidar H.B.; Light scattering and viscosity study of heat 
aggregation of insulin. Biopolymers, 1998, 45(1): 1-8

Bolli G.B.; Rationale for using combinations of short- 
acting insulin analogue and NPH insulin at mealtime in the 
treatment of type 1 diabetes mellitus. Journal of Pediatric 
Endocrinology and Metabolism, 1999, 12 Supplement, 3: 737- 
744

Bramson J, Dayball K, Evelegh C, Wan YH, D Page D, and 
Smith A; Enabling topical immunization via microporation: i 
novel method for pain-free and needle-free delivery of 
adenovirus-based vaccines. Gene Therapy, 2003, 10: 251-260

Brange J., Langkjaer L.; Insulin structure and stability in 
Stability and characterization of protein and peptide 
drugs: Case histories, edited by Wang J.Y and Pearlman R, 
Plenum Press, New York, 1993, 315 - 350

Brange J., Langkjaer L., Havelund S., Volund A.; Chemical 
stability of insulin. 1. Hydrolytic degradation during 
storage of pharmaceutical preparations. Pharmaceutical 
Research, 1992, Jun 9(6): 715-26

Brange J., Havelund S., Hougaard P.; Chemical stability of 
insulin. 2. Formation of higher molecular weight 
transformation products during storage of pharmaceutical

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



150

preparations. Pharmaceutical Research, 1992, Jun 9(6); 727- 
734

Brange J., Langkjaer L.; Chemical stability of insulin. 3 
Influence of excipients, formulation, and pH. Acta 
Pharmaceutica Nordica. 1992, 4(3): 149-58

Brange J.; Chemical stability of insulin. 4. Mechanisms and 
kinetics of chemical transformations in pharmaceutical 
formulation. Acta Pharmaceutica Nordica, 1992, 4(4): 209-22

Brange J., Hansen J.F., Langkjaer L., Markussen J., Ribel 
U., Sorensen A.R.; Insulin analogues with improved 
absorption characteristics. Hormone and Metabolic Research. 
Supplement Series, 1992, 26: 125-30

Brange, J., Langkjaer, L.; Insulin Formulation and Delivery, 
Protein Delivery: Physical Systems, Saunders and Hendren, 
eds., Plenum Press, New York, 1997

Brange J., Andersen L., Laursen E.D., Meyn G., Rasmussen 
E.; Toward understanding insulin fibrillation. Journal of 
Pharmaceutical Sciences, 1997, May 86(5): 517-25

Brange J., Dodson G.G., Edwards D.J., Holden P.H., ®
Whittingham J.L.; A Model of insulin fibrils derived from 
the X-ray crystal structure of a monomeric insulin 
(Despentapeptide Insulin). Proteins: Structure, Function, 
and Genetics, 1997, 27:507-516

Brange J., Owens D.R., Kang S., Volund A.; Monomeric 
insulins and their experimental and clinical implications. 
Diabetes Care, 1990 Sep 13(9): 923-54

Burge M.R., Schmitz-Fiorentino K., Fischette C., Qualls 
C.R., Schade D.S.; A prospective trial of risk factors for 
sulfonylurea-induced hypoglycemia in type 2 diabetes 
mellitus. JAMA: The Journal of the American Medical 
Association, 1998, Jan 14, 279 (2) : 137-43

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



151

Campbell R.K., White J.R., Nomura D.; The clinical 
importance of postprandial hyperglycemia. Diabetes 
Education, 2001 Sep-Oct, 27(5): 624-6, 632-4, 636-637

Campbell R.K., White J.R. Jr.; Insulin therapy in type 2 
diabetes. Journal of American Pharmaceutical Association 
(Wash), 2002, Jul-Aug, 42(4): 602-11

Cefalu W. T.; Novel routes of insulin delivery for patients 
with type 1 or type 2 diabetes. Annals of Medicine, 2001, 
Dec 33 (9) : 579-86

Cefalu W. T.; Concept, strategies, and feasibility of 
noninvasive insulin delivery. Diabetes Care, 2004, Jan 
27(1): 239-46

Chapman T.M., Noble S., Goa K.L.; Insulin aspart: a review 
of its use in the management of type 1 and 2 diabetes 
mellitus. Drugs, 2002, 62(13): 1945-81. Erratum in: Drugs, 
2003, 63 (5) : 512

Chetty, D. J., Chein, Y. W.; Novel Methods of Insulin 
Delivery: An update, Critical Reviews in Therapeutic Drug 
Carrier Systems, 1998, 15(6): 629-670

Choi E.H., Lee S.H.,, Ahn S.K., Hwang S.M; The pretreatment 
effect of chemical skin penetration enhancers in 
transdermal drug delivery using iontophoresis. Skin 
Pharmacology and Applied Skin Physiology, 1999, Nov-Dee,
12 (6) : 326-35

Ciszak E., Beals J.M., Frank B.H., Baker J.C., Carter N.D., 
Smith G.D.; Role of C-terminal B-chain residues in insulin 
assembly: the structure of hexameric LysB2 8ProB2 9-human 
insulin. Structure, 1995 Jun 15, 3(6): 615-22

Cleary G. W.; Transdermal and transdermal-like delivery 
system opportunities: Today and the future. Drug Delivery 
Technology, 2003, 3(5): 34-40

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



152

Coffman F.D., Dunn M.F.; Insulin-metal ion interactions: 
the binding of divalent cations to insulin hexamers and 
tetramers and the assembly of insulin hexamers. 
Biochemistry, 1988, Aug 9, 27(16): 6179-87

Craane-van Hinsberg W.H., Bax L., Flinterman N.H., Verhoef 
J., Junginger H.E., Bodde H.E.; Iontophoresis of a model 
peptide across human skin in vitro; effects of 
iontophoresis protocol, pH, and ionic strength on peptide 
flux and skin impedance. Pharmaceutical Research, 1994, 
Sep 11(9): 1296-300

Creighton T.E. (editor); Protein Structure: A Practical 
Approach, 2’̂'̂ edition. Chapter 11, 287-296, IRL Press at 
Oxford University Press

Cullander C.; What are the pathways of iontophoretic 
current flow through mammalian skin. Advanced Drug Delivery 
Reviews, 1992, 9: 119-135

Cullander C., Guy R.H.; Sites of iontophoretic current flow 
into the skin: identification and characterization with the 
vibrating probe electrode. The Journal of Investigative 
Dermatology. Symposium proceedings / The Society for 
Investigative Dermatology, Inc. [and] European Society for 
Dermatological Research, 1991, Jul 97(1): 55-64

Cullander. C, Guy. R. H.; Transdermal Delivery of Peptides 
and Proteins. Advanced Drug Delivery Reviews, 1992, 8: 291- 
329

Dathe M., Gast K., Zirwer D.; Insulin aggregation in 
solution. International Journal of Peptide and Protein 
Research, 1990, Oct 36(4): 344-9

Davis N. and Granner D. K.; Insulin, oral hypoglycemic 
agents and pharmacology of the endocrine pancreas, in 
Goodman and Gilman's 'The Pharmacological basis of 
therapeutics', 9*̂  ̂edition, Harman J. G. , Limbird L. E., 
Molinoff P. B., Ruddon R. W. and Goodman Gilman A., Eds., 
New York, McGraw Hill, 1995, 1487-1517

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



153

Denet A.R., Vanbever R., Preat V.; Skin electroporation for 
transdermal and topical delivery. Advanced Drug Delivery 
Reviews, 2004, Mar 27; 56(5): 659-74

Delgado-Charro M.B., Guy R.H.; Characterization of 
convective solvent flow during iontophoresis. 
Pharmaceutical Research, 1994, Jul 11(7): 929-35

DeFelippis M.R., Chance R.E., Frank B.H.; Insulin self
association and the relationship to pharmacokinetics and 
pharmacodynamics. Critical Reviews in Therapeutic Drug 
Carrier Systems, 2001, 18(2): 201-64

Derewenda U., Derewenda Z., Dodson E.J., Dodson G.G., 
Reynolds C.D., Smith G.D., Sparks C., Swenson D.; Phenol 
stabilizes more helix in a new symmetrical zinc insulin 
hexamer. Nature, 1989, Apr 13, 338(6216): 594-6

Derewenda U., Derewenda Z., Dodson G.G., Hubbard R.E., 
Korber F.; Molecular structure of insulin: the insulin 
monomer and its assembly. British Medical Bulletin, 1989, 
Jan 45(1): 4-18

Dyer AM, Hinchcliffe M, Watts P, Castile J, Jabbal-Gill I, 
Nankervis R, Smith A, Ilium L.; Nasal delivery of insulin 
using novel chitosan based formulations: a comparative 
study in two animal models between simple chitosan 
formulations and chitosan nanoparticles. Pharmaceutical 
Research. 2002, Jul 19 (7) :998-1008

Edwards D. A. and Danger R.; A linear theory of transdermal 
transport phenomenon. Journal of Pharmaceutical Sciences, 
1994, 93: 1315-1334

Gabrielsson J. and Weiner D., Pharmacokinetic and 
Pharmacodynamic Data Analysis: Concepts and applications, 
3̂ ^̂  edition, Stockholm, Sweden, Swedish Pharmaceutical 
Society, 2000, 141-151

van der Geest R., Danhof M., Bodde H.E.; Iontophoretic 
delivery of apomorphine. I: In vitro optimization and

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



154

validation. Pharmaceutical Research, 1997, Dec 14(12): 
1798-803

Gordon R. D., and Peterson T. A.; 4 Myths about transdermal 
drug delivery. Drug Delivery Technology, 2003, 3(4): 44-50

Green P.G.; Iontophoretic delivery of peptide drugs 
Journal of Controlled Release, 1996, 41: 33-48

Green P.G., Hinz R.S., Kim A., Szoka F.C. Jr., Guy R.H.; 
Iontophoretic delivery of a series of tripeptides across 
the skin in vitro. Pharmaceutical Research, 1991, Sep 8(9) 
1121-7

Green P.G., Hinz R.S., Cullander C., Yamane G., Guy R.H. 
Iontophoretic delivery of amino acids and amino acid 
derivatives across the skin in vitro. Pharmaceutical 
Research, 1991, Sep 8(9): 1113-20

Greaves M.W.; The pharmacological basis for the rational 
use of topically applied corticosteroids. Pharmacology for 
Physicians, 1969, Oct 3(10): 1-5

Gross L., Dunn M.F.; Spectroscopic evidence for an 
intermediate in the T6 to R6 allosteric transition of the 
Co (II)-substituted insulin hexamer. Biochemistry, 1992, 
Feb 11, 31(5): 1295-301

Gualandi-Signorini A.M., Giorgi G.; Insulin formulations: a 
review. European Review for Medical and Pharmacological 
Sciences, 2001, May-Jun, 5(3): 73-83

Guy R.H., Kalia Y.N., Delgado-Charro M.B., Merino V., Lopez 
A., Marro D.; Iontophoresis: electrorepulsion and 
electroosmosis. Journal of Controlled Release, 2000, Feb 14 
64 (1-3) : 129-32

Hadgraft J.; Advances in transdermal drug delivery. 
Practitioner, 1996, Nov 240(1568): 656-8

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



155

Hadgraft J.; Skin, the final frontier. International 
Journal of Pharmaceutics, 2001, Aug 14, 224 (1-2): 1-18

Hadgraft J.; Modulation of the barrier function of the 
skin. Skin Pharmacology and Applied Skin Physiology, 2001, 
14 Supplement 1; 72-81

Haga M., Akatani M., Kikuchi J., Ueno Y., and Hayashi M.; 
Transdermal iontophoretic delivery of insulin using a 
photoetched raicrodevice. Journal of Controlled Release, 
1997,43: 139-149

Hansen J.F.; The self-association of zinc-free human 
insulin and insulin analogue B13-glutamine. Biophysical 
Chemistry, 1991, Jan 39(1): 107-10

Helmerhorst E., Stokes G.B.; Self-association of insulin. 
Its pH dependence and effect of plasma. Diabetes, 1987, Mar 
36(3): 261-4.

Henry S., McAllister D.V., Allen M.G., Prausnitz M.R.; 
Microfabricated microneedles: a novel approach to 
transdermal drug delivery. Journal Pharmaceutical Sciences, 
1998, Aug 87(8): 922-5. Erratum in: Journal Pharmaceutical 
Sciences, 1998, Sep 88(9): 948

Hinchcliffe M, Ilium L.; intranasal insulin delivery and 
therapy. Advanced Drug Delivery Reviews, 1999, Feb 1, 35(2- 
3): 199-234

Holleman F., Hoekstra J.B.; Insulin lispro. New England 
Journal of Medicine, 1997, Jul 17, 337(3): 176-83. Erratum 
in: New England Journal of Medicine, 2003, Oct 9, 349(15): 
1487

Hoogstraate A.J., Cullander C., Nagelkerke J.F., Senel S., 
Verhoef J.C., Junginger H.E., Bodde H.E.; Diffusion rates 
and transport pathways of fluorescein isothiocyanate 
(FITC)-labeled model compounds through buccal epithelium. 
Pharmaceutical Research, 1994, Jan 11(1): 83-9

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



156

Jeandidier N., Boivin S.; Current status and future 
prospects of parenteral insulin regimens, strategies and 
delivery systems for diabetes treatment. Advanced Drug 
Delivery Reviews, 1999, Feb 1, 35(2-3): 179-198

Kadima W., Ogendal L., Bauer R,, Kaarsholm N., Brodersen 
K., Hansen J.F., Porting P.; The influence of ionic 
strength and pH on the aggregation properties of zinc-free 
insulin studied by static and dynamic laser light 
scattering. Biopolymers, 1993, Nov, 33(11): 1643-57

Kalia Y.N., Guy R.H.; Modeling transdermal drug release. 
Advanced Drug Delivery Reviews, 2001, Jun 11, 48(2-3): 159- 
72

Kalia Y.N., Naik A., Garrison J., Guy R.H.; Iontophoretic 
drug delivery. Advanced Drug Delivery Reviews, 2004, Mar 
27, 56 (5) : 619-58

Kanikkannan N., Singh J. and Ramarao P.; Transdermal 
iontophoretic delivery of bovine and monomeric human 
insulin analogue. Journal of Controlled Release, 1999, 59 
99-105.

Kasting, G.B., Theoretical models for iontophoretic 
delivery. Advanced Drug Delivery Reviews, 1992, 9: 177-199

Kaushik S., Hord A.H., Denson D. D., McAllister D. V., 
Smitra S., Allen M. G., and Prausnitz M. R.; Lack of pain 
associated with microfabricated microneedles. Anesthesia 
and Analgesia, 2001, Feb 92(2): 502-4

Kelly S. M., Price N.C.; Use of CD in the investigation of 
protein structure and function. Current Protein and Peptide 
Science, 2000, 1: 349-384

Kim A., Green P.G., Rao G., Guy R.H.; Convective solvent 
flow across the skin during iontophoresis. Pharmaceutical 
Research, 1993, Sep 10(9): 1315-20

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



157

Kucera M.L., Graham J.P.; Insulin lispro, a new insulin 
analog. Pharmacotherapy, 1998, May-Jun, 18(3): 526-38

Langer R.; Transdermal drug delivery: past progress, 
current status, and future prospects. Advanced Drug 
Delivery Reviews, 2004, Mar 27, 56(5): 57-8

Langkjaer, L, Brange, J. , Grodsky G.M. , Guy R.H.; 
Iontophoresis of monomeric insulin analogues in vitro: 
effects of insulin charge and skin pretreatment. Journal of 
Controlled Release, 1998, 51: 47-56

Lee R.D., White H.S., Scott E.R.; Visualization of 
iontophoretic transport paths in cultured and animal skin 
models. Journal of Pharmaceutical Sciences, 1996, Nov 
85(11): 1186-90

Lin W., Cormier M., Samiee A., Griffin A., Johnson B., Teng 
C., Hardee G., Daddona P.; Transdermal Delivery of 
antisense oligonucleotides with microprojection patch 
(Macroflux (R)) technology. Pharmaceutical Research, 2001, 
18 (2) : 1789-93

Lindholm A., McEwen J., Riis A.P.; Improved postprandial 
glycemic control with insulin aspart. A randomized double
blind cross-over trial in type 1 diabetes. Diabetes Care, 
1999, May 22 (5) : 801-5

Maria Gertrudis Wilhelmina Turkenburg-van Diepen, 
Crystallographic studies of modified insulin. Chapter 1, 
Thesis submitted to the University of York for Degree of 
Doctor of Philosophy, September 1996

Mark A.E., Nichol L.W., Jeffrey P.D.; The self-association 
of zinc-free bovine insulin: a single model based on 
interactions in the crystal that describes the association 
pattern in solution at pH 2, 7 and 10. Biophysical 
Chemistry, 1987, Aug 27 (2) : 103-17

Marro D., Kalia Y.N., Delgado-Charro M.B., Guy R.H.; 
Optimizing iontophoretic drug delivery: identification and

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



158

distribution of the charge-carrying species. Pharmaceutical 
Research, 2001, Dec 18(12); 1709-13

Marro D., Kalia Y.N., Delgado-Charro M.S., Guy R.H.; 
Contributions of electromigration and electroosmosis to 
iontophoretic drug delivery. Pharmaceutical Research, 2001, 
Dec 18 (12) : 1701-8

Matriano J.A., Cormier M., Johnson J., Young W.A., Buttery 
M., Nyam K., Daddona P.E.; Macroflux microprojection array 
patch technology: a new and efficient approach for 
intracutaneous immunization. Pharmaceutical Research, 2002, 
Jan 19(1); 63-70

McAllister D.V., Wang P.M., Davis S.P., Park J.H.,
Canatella P.J., Allen M.G., Prausnitz M.R.; Microfabricated 
needles for transdermal delivery of macromolecules and 
nanoparticles: fabrication methods and transport studies. 
Proceedings of the National Academy of Sciences of the 
United States of America, 2003, Nov 25, 100(24): 13755-60

Melberg S.G., Havelund S., Villumsen J., Brange J.; Insulin 
compatibility with polymer materials used in external pump 
infusion systems. Diabetic Medicine, 1988, Apr 5, 3:243-7

Melberg S.G., Johnson W.C. Jr., Changes in secondary 
structure follow the dissociation of human insulin 
hexamers: a circular dichroism study. Proteins, 1990,
8(3):280-6

Merino V., Lopez A., Kalia Y.N., Guy R.H.; Electrorepulsion 
versus electroosmosis; effect of pH on the iontophoretic 
flux of 5-fluorouracil. Pharmaceutical Research, 1999, May 
16(5): 758-61

Meyer B. R., Katzeff H. L., Eschbach J. C., Trimmer J., 
Zacharias S. B., Rosen S., and Sibalis D.; Transdermal 
delivery of human insulin to albino rabbits using 
electrical current. American Journal of Medicine and 
Science, 1989, May 297(5): 321-5

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



159

Mitragotri S., Blankschtein D., Langer R.; Ultrasound- 
mediated transdermal protein delivery. Science, 1995, Aug 
11, 269 (5225) : 850-3

Mitragotri S., Edwards D.A., Blankschtein D., Langer R.; A 
mechanistic study of ultrasonically-enhanced transdermal 
drug delivery. Journal of Pharmaceutical Sciences, 1995, 
Jun 84 (6) : 697-706

Mitragotri S., Kost J.; Low-frequency sonophoresis: A 
review. Advanced Drug Delivery Reviews, 2004, 56: 589- 601

Monteiro-Riviere N. A., Inman A. 0., Riviere JE; 
Identification of the pathway of iontophoretic drug 
delivery: light and ultrastructural studies using mercuric 
chloride in pigs. Pharmaceutical Research 1994 Feb; 11(2): 
251-6

Nair V., Pillai O., Poduri R., Panchagnula R.; Transdermal 
iontophoresis. Part I: Basic principles and considerations. 
Methods and Findings in Experimental and Clinical 
Pharmacology, 1999, Mar 21(2): 139-51

Offord R.E., Philippe J., Davis J.G., Halban P.A., Berger 
M.; Inhibition of degradation of insulin by ophthalmic acid 
and by a bovine pancreatic protease inhibitor. Biochemical 
Journal, 1979, Jul 15, 182(1): 249-51

Owens D.R., Zinman B., Bolli G.; Alternative routes of 
insulin delivery. Diabetic medicine: a journal of the 
British Diabetic Association, 2003, Nov 20(11): 886-98

Pechtold L.A., Abraham W., Potts R.O.; The influence of an 
electric field on ion and water accessibility to stratum 
corneum lipid lamellae. Pharmaceutical Research, 1996 Aug 
13,(8): 1168-73

Phipps J.B., Padmanabhan R.V., Lattin G.A.; Iontophoretic 
delivery of model inorganic and drug ions. Journal of 
Pharmaceutical Sciences, 1989, May 78(5): 365-9

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



160

Pikal M.J.; Transport mechanisms in iontophoresis. I. A 
theoretical model for the effect of electroosmotic flow on 
flux enhancement in transdermal iontophoresis. 
Pharmaceutical Research, 1990, Feb 7(2): 118-26

Pikal M.J.; The role of electroosmotic flow in transdermal 
iontophoresis. Advanced Drug Delivery Reviews, 2001, Mar 1, 
46(1-3): 281-305

Pillai 0., Nair V., Poduri R., Panchagnula R.; Transdermal 
iontophoresis. Part II: Peptide and protein delivery. 
Methods and Findings in Experimental and Clinical 
Pharmacology, 1999, Apr 21(3): 229-40

Pillai, O., Panchagnula, R.; Transdermal Delivery of 
Insulin from Poloxamer gel: ex vivo and in vivo Skin 
Permeation Studies in Rats using Iontophoresis and Chemical 
Enhancers. Journal of Controlled Release, 2003, 89: 127-140

Pillai 0., Borkute S.D., Sivaprasad N., Panchagnula R.; 
Transdermal iontophoresis of insulin. II. Physicochemical 
considerations. International Journal of Pharmaceutics, 
2003, Mar 26, 254(2): 271-80

Pillai 0, Nair V, Panchagnula R.; Transdermal iontophoresis 
of insulin: IV. Influence of chemical enhancers. 
International Journal of Pharmaceutics, 2004, Jan 9,
269(1): 109-20.

Potts R. 0., Francoeur M. L.; The influence of stratum 
corneum morphology on water permeability. Journal of 
Investigative Dermatology, April 1991, 96, 4:495-9.

Potts R.O., Bommannan D., Wong 0., Tamada J.A., Riviere 
J.E., Monteiro-Riviere N.A.; Transdermal peptide delivery 
using electroporation. Pharmaceutical Biotechnology, 1997, 
10: 213-38

Prausnitz M.R.; A practical assessment of transdermal drug 
delivery by skin electroporation. Advanced Drug Delivery 
Reviews, 1999, Jan 4, 35(1): 61-76

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



161

Prausnitz M.R., Mitragotri S., Langer R.; Current status 
and future potential of transdermal drug delivery. Nature 
Reviews. Drug Discovery, 2004, Feb 3(2): 115-24

Prausnitz M.R.; Microneedles for transdermal drug delivery. 
Advanced Drug Delivery Reviews, 2004, Mar 27, 56(5) : 581-7

Rosskamp R.H., Park G.; Long-acting insulin analogs 
Diabetes Care, 1999, Mar 22 Supplement 2: B109-13

Sage B. H. Jr., Bock R. C., Denuzzio J. D., and Hoke R. A.; 
Technological and developmental issues of iontophoretic 
transport of peptide and protein drugs in "Trends and 
future perspectives in peptide and protein drug delivery". 
Edited by Lee V. H. L., Hasida M., and Mizushima Y.,
Harwood Academic Publishers GmbH, Switzerland, 1995, 111- 
134

Sage B. H. Jr., Insulin iontophoresis in "Protein delivery: 
Physical systems", Sanders and Hendren, eds., Plenum Press, 
New York, 1997, 319-341

Sanger F.; Chemistry of Insulin. Science, 1959, 129: 1340- 
1344

Sato S., Ebert C.D., Kim S.W.; Prevention of insulin self 
association and surface adsorption. Journal of 
Pharmaceutical Sciences, 1983, 72: 228-232

Saudek C.D.; Novel forms of insulin delivery. Endocrinology 
and Metabolism Clinics of North America, 1997, Sep 26(3): 
599-610

Scholtz H. E., et al. Diabetologia, 1999, 42 (Supplement 
1): A235

Schramm J., Mitragotri S.; Transdermal drug delivery by jet 
injectors: energetics of jet formation and penetration. 
Pharmaceutical Research, 2002, Nov 19(11): 1673-9.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



162

Scoggins R.B., Kliman B.; Percutaneous absorption of 
corticosteroids: systemic effects. The New England Journal 
of Medicine, 1965, Oct 14, 273(16): 831-40

Scott E.R, Laplaza A.I., White H.S., Phipps J.B.; Transport 
of ionic species in skin: contribution of pores to the 
overall skin conductance. Pharmaceutical Research, 1993 
Dec; 10(12): 1699-709

Sen A., Daly M.E., Hui S.VI.; Transdermal insulin delivery 
using lipid enhanced electroporation. Biochimica et 
Biophysica Acta, 2002, Aug 19, 1564(1): 5-8

Singh B.P., Bohidar H.B., Chopra S.; Heat aggregation 
studies of phycobilisomes, ferritin, insulin and 
immunoglobulin by dynamic light scattering. Biopolymers, 
1991, 31: 1387-1396

Singh P., Boniello S., Liu P.; and others; Transdermal 
iontophoretic delivery of methylphenidate HCl in vitro. 
International Journal of Pharmaceutics, 1999, Feb 1,
178 (1) : 121-8

Siddiqui 0., Physicochemical, physiological, and 
mathematical considerations in optimizing percutaneous 
absorption of drugs. Critical Reviews in Therapeutic Drug 
Carrier Systems, 1989, 6(1): 1-38

Siddiqui, 0., Y. Sun, Liu, J-C, Chein, Y. W.; Facilitated 
Transdermal Transport of Insulin. Journal of Pharmaceutical 
Sciences, 1987, 76(4): 341-345

Sluzky V., Tamada J.A., Klibanov A.M., Langer R.; Kinetics 
of insulin aggregation in aqueous solutions upon agitation 
in the presence of hydrophobic surfaces. Proceedings of the 
National Academy of Sciences of the United States of 
America, 1991, Nov 1 88(21): 9377-81

Smith A., Yang D., Delcher H., Eppstein J., Williams D., 
Wilkes S.; Fluorescein kinetics in interstitial fluid 
harvested from diabetic skin during fluorescein

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



163

angiography: implications for glucose monitoring. Diabetes 
Technology and Therapeutics, 1999, Spring 1(1): 21-7

Standi E.; Introduction to hyperglycemic peaks. 
International Journal of Clinical Practice, 2002, 
Supplement, Jul 12 9: 2

Steiner D. F.; The Banting Memorial Lecture 1976. Insulin 
today. Diabetes, 1977, 26: 322-340

Szabelski, P., Cavazzini, A., Kaczmarski, K., Liu, X., Van 
Horn, J. and Guiochon, G.; Experimental studies of 
pressure/temperature dependence of protein adsorption 
equilibrium in reversed-phase high performance liquid 
chromatography. Journal of Chromatography A, 2002, 950: 41- 
53

Trehan A., Ali A.; Recent approaches in insulin delivery. 
Drug Development and Industrial Pharmacy, 1998, Jul 24(7): 
589-97

Turner N.G., Cullander C., Guy R.H.; Determination of the 
pH gradient across the stratum corneum. The Journal of 
Investigative Dermatology. Symposium proceedings / the 
Society for Investigative Dermatology, Inc. [and] European 
Society for Dermatological Research, 1998, Aug 3(2): 110-3

Vajo Z., Fawcett J., Duckworth W.C.; Recombinant DNA 
technology in the treatment of diabetes: insulin analogs. 
Endocrine Reviews, 2001, Oct, 22(5) : 706-17

Walters K.A., Roberts M. S.; Structure and function of skin 
in "Dermatological and Transdermal formulations", Edited by 
Walters K.A., Marcel and Dekker, New York, NY, 2002, Chapter 
1, 1-40

White J. R. Jr., Campbell R. K., and Hirsch I. B .; Novel 
insulins and strict glycemic control: Analogues approximate 
normal insulin secretory response. Postgraduate Medicine, 
2003, 113, 6: 30-6.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



164

Whittingham J.L., Edwards D.J., Antson A.A., Clarkson J.M., 
Dodson G.G.; Interactions of phenol and m-cresol in the 
insulin hexamer, and their effect on the association 
properties of B28 pro --> Asp insulin analogues. 
Biochemistry, 1998, Aug 18, 37(33): 1516-23

Wiechers J.W., The barrier function of the skin in relation 
to percutaneous absorption of drugs. Pharmaceutisch 
Weekblad. Scientific edition, 1989, Dec 15, 11(6): 185-98

Wollmer A., Rannefeld B., Johansen B.R.; Phenol-promoted 
structural transformation of insulin in solution.
Biological Chemistry Hoppe-Seyler, 1987, Aug 368(8): 903-11

Zakzewski C.A., Wasilewski J., Cawley P., Ford W.; 
Transdermal delivery of regular insulin to chronic diabetic 
rats: effect of skin preparation and electrical 
enhancement. Journal of Controlled Release, 1998, 50: 267- 
272

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.


