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ABSTRACT

PARVIN AKTHER
Transdermal delivery of insulin from polymer matrices using 
microporation technology 
(Under the direction of AJAY K. BANGA)

The objective of this study is to investigate the 
feasibility of delivering recombinant human (regular, 
hexameric) insulin from polymer matrices across the stratum 
corneum through thermally created micropores.

Transdermal patches of insulin gel and film were 
prepared using polymers (HPMC, HEC, PVA, and EVA), and 
diluents/osmolytes (mannitol, sorbitol, and sucrose) . In 
vitro drug release studies were conducted using Franz 
diffusion cell. The effects of insulin concentration, 
polymer concentration, diluent, and diluents concentration 
on release profile of insulin were studied. The release rate 
of insulin from polymers increased linearly with increasing 
insulin and diluent concentration. Controlled release 
system of insulin could be developed using polymers and 
diluents.

xvi
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For permeation studies, hairless rats (cannulated) were 
first anesthetized by isofluorane gas. A PassPort™ system 
device (Altea Therapeutics, GA) was used to create 
micropores on the abdominal skin of the rat. A patch or film 
with insulin formulation was applied over the microporated 
area. Factors affecting insulin delivery such as buffers, 
buffer concentration, formulation excipients, formulation 
parameters (concentration, film thickness), micropore 
density, and activator pulse length were investigated. 
Samples were analyzed for insulin concentration by a 
validated ELISA method as well as for glucose levels. 
Delivery of insulin through microporated skin can be 
modulated by controlling the concentration of insulin, 
polymer, and diluents in the film or changing patch 
thickness, micropore densities, and activator pulse length.

Insulin self association was studied at various 
concentrations, pH, temperatures, and in various excipients 
using dynamic light scattering (DLS), size exclusion 
chromatography (SEC), and gel electrophoresis (SDS - PAGE). 
Excipient compatibility studies were done using differential 
scanning calorimetry (DSC). Insulin formulation was found 
to be stable during formulation processing as well during 
the 24 hours of patch application period by light 
scattering, gel electrophoresis, size exclusion - HPLC, and 
Differential scanning calorimeter.

xvii
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Lyophilized insulin formulation was stable during the 
24 hours of patch application period. DSC data suggested 
that there was no interaction between insulin and 
excipients.

xv iii
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CHAPTER 1

INTRODUCTION

Insulin is a hormone produced by pancreatic (3 cells, 

in response to glucose and amino acids (Chetty and Chien, 

1998). The actions of insulin have been known for a long 

time (Steiner, 1977). Banting and Best have been credited 

with discovering insulin and establishing its relationship 

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

1
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insulin dependent diabetes mellitus (IDDM or Type 1 

diabetes) or non-insulin dependent diabetes mellitus (NIDDM 

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

Nevertheless, all types of DM 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 Chien, 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 parenteral route is primarily used 

for its administration. Currently, insulin is available as 

subcutaneous injections that cause pain and inconvenience. 

Alternate routes for systemic delivery of insulin have been 

investigated (Trehan A and Ali A, 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 M and Ilium L ,  1999), buccal (al- 

Achi A and Greenwood R, 1993) and transdermal routes 

(Zakzewski et al., 1998). Recently inhaled insulin Exubera® 

has been approved in both the U.S. and the EU for adults.
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However it may not be suitable for people with lung 

problems, it can not deliver a fixed dose, and it will 

probably be more expensive than subcutaneous insulin.

Transdermal route could provide an attractive option 

for insulin delivery. It would provide a noninvasive 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, microneedles 

or ultrasound) and 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
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of the drug to push ionic drugs into the body (Banga et 

al., 1999).

In order to maximize the drug flux across the skin, we 

must therefore 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 

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

the skin with absolute alcohol (Langkjasr 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
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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).

One of the proposed advantages of transdermal delivery 

is the possibility to attain sustained and constant drug 

levels (Guy and Hadgraft, 1989). Recently much attention 

has been focused on developing controlled drug delivery 

systems using polymers. These developments led to the 

formulation of transdermal drug delivery systems (TDDS) 

which release the drug for systemic effects at a controlled 

rate (Chien, 1982). Among the various types of TDDS 

available for different ailments, one type utilizes the 

dispersion of a drug in an inert matrix made up of polymers 

which release the drug at a controlled rate (Keith, 1983). 

The rate of drug release from these matrices may be altered 

by variations of the dimensional parameters of the film, 

the polymer matrix materials (Rhine et al., 1980), and the 

drug concentration in the film (Chen et al., 1995).

Polymers used in transdermal delivery systems should 
have biocompatibility and chemical compatibility with the 

drug and other components of the system. They also should 

provide consistent, effective delivery of drugs throughout 

the products intended shelf life or delivery period and
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have generally recognized as safe status. Polymer selection 

and design must be considered when striving to meet the 

diverse criteria for the fabrication of effective 

transdermal delivery systems. The main challenge is in the 

design of a polymer matrix, followed by optimization of the 

drug loaded matrix not only in terms of release properties, 

but also with respect to its adhesion cohesion balance, 

physicochemical properties, compatibility and stability 

with other components of the system as well as with skin 

(Wolf, 2000). Therefore if we can develop a stable 

formulation that can deliver insulin transdermally for 

desired period of time, then we may be able to control 

blood glucose level effectively.

For our studies we have used a new technique, thermal 

microporation, which uses thermal energy to create 

micropores, for delivering recombinant human insulin across 

the skin to obtain systemic effects. 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
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micropore (around 150 pm wide and 50 pm deep) 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 macromolecules like insulin to cross the stratum 

corneum barrier. Controlling the microporation parameters 

and the geometry of the resistive filament, one can 

precisely control the size and the depth of the micropores.

Specific Aims

The long term goal of this project is to develop a 

polymer based insulin transdermal patch and to investigate 

the feasibility of delivering recombinant human (regular, 

hexameric) insulin from polymer matrices across the stratum 

corneum through thermally created micropores. This was 

accomplished by the following specific aims:

1. To formulate polymer matrix transdermal patches for 

release study of recombinant human insulin.

2. To evaluate transdermal delivery of recombinant human 

insulin from solution formulation through thermally 
created micropores in hairless rat skin.
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3. To investigate transdermal delivery of recombinant 

human insulin from polymer matrix through microporated 

rat skin.

4. To evaluate stability and compatibility of insulin 

using relevant analytical techniques.
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CHAPTER 2

LITERATURE REVIEW 

Transdermal Drug Delivery

The use of herbal medicine for treating a variety of 

topical disorders has been known for several millennia. 

However, the use of skin as an alternative route to obtain 

systemic effects was realized relatively recently. There 

are reports of using anti-infective and hormonal agents for 

systemic effects in the early 1960s (Scoggins and Kliman, 

1965; Greaves, 1969). Transdermal delivery of drugs through 

the skin for systemic effects has been very popular since 

the introduction of several nitroglycerin products in 1981. 

The advances in biotechnology, which have taken place in 

parallel, have produced a generation of macromolecules with 

great therapeutic promise. These new drug molecules are 

very different from their predecessors (i.e., conventional 
small molecules), in that they have varied needs of 

formulation and drug delivery, This, in turn, has created 

many complications in the administration of these

9
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compounds, because special drug delivery requirements can 

be a significant impediment to its use. The main reason for 

this can be attributed to the fact that biologically active 

macromolecules, like peptides or proteins, generally have 

none or very low bioavailability, making oral 

administration difficult. They also have a short half-life, 

causing parenteral administration impractical outside of 

the hospital setting. Alternate routes of administration 

have been explored (nasal, pulmonary, ocular, transdermal) 

out of which the transdermal route seems to be one of the 

most promising one.

Transdermal delivery systems provide a noninvasive 

means to administer drugs via absorption through the skin 

(Guy, 1996). Currently, nearly 30% of the 77 candidates in 

preclinical development are transdermal or dermal systems 

(Barry, 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; Cleary, 2003), and selegiline.
The relative impermeability of the skin is the main 

reason why only a few transdermal products are currently on 

the market.
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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 also serves as a sensory organ. Hence the 

skin must posses barrier properties, be tough and flexible 

in order to perform its function (Walters and Roberts,

2002). Skin is a selective and efficient organ for 

preventing the transport of drugs. In order to understand 

how drugs permeate the skin, a basic knowledge of the 

structure of the skin is needed. It consists of outer 

epidermis, followed by viable dermis which in turn is 

followed by the subdermal tissue. The dermis is the viable 

region consisting of a capillary network and nerve endings 

(Berti and Lipsky, 1995). The epidermis is separated from 

the dermis by a basement membrane. The epidermis is 

composed of five layers of cell types beginning from the 

outside of the skin: stratum corneum, stratum lucidum, 

stratum granulosum, stratum spinosum, and stratum basale 

(Berti and Lipsky, 1995). The average thickness of the 

epidermis is about 50-lOOpm and it contains no blood 

vessels, lymphatics, or nerves (Brown and Langer, 1988).

The molecular environment of the epidermis, most notably 

the cornified layer of the stratum corneum, provides the 

rate limiting step to drug penetration.
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The stratum corneum contains around 70% protein, 15% 

lipid, and 15% water. The stratum corneum is the non-viable 

part of the epidermis and is approximately 10 - 20p.m thick, 

depending upon the area of the body (Walters and Roberts, 

2002). The structure of 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 stratum corneum its barrier properties 

(Barry, 2001). Continuous desquamation of these cells 

further strengthens the barrier properties of stratum 

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 stratum corneum (the rate limiting step 

for most compounds), diffusion through the epidermis and 

viable dermis into 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
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that diffusion coefficient is high) and optimal solubility 

and partition coefficient (Barry, 2001a).

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 Langer, 1994). A recent diffusion study 

suggests that even small polar molecules like water follow 

a tortuous path (Potts and Francoeur, 1991) . The second 

pathway involves the direct transport of the drug molecule 

across the cornified stratum corneum cells. The third 

pathway, often called the "shunt" route or the 

transappendageal route, involves movement of drugs along 

the skin appendages such as sweat glands, sebaceous glands 

and hair follicles, thereby avoiding the intercellular 

lipid layers (Cullander and Guy, 1992). Usually, 

appendageal route is thought not to be very significant 

contributor to delivery, partly because of the low surface 

area occupied by the appendages (Hadgraft, 2001), but it 
may be crucial for ionic and large polar molecules that 

find it difficult to cross the intact stratum corneum 

(Barry, 2001a).
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The transport mechanism for percutaneous absorption is 

considered to be simple passive diffusion and can be given 

by simplifying Fick'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

Diffusion coefficient (D)

As evident from Fick'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 absorption rate 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 series of
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compounds that have similar polarity, absorption rate 

decreases with increasing molecular weight.

Partition coefficient (K)

A partition coefficient is a measure of differential 

solubility of a compound in two solvents. The logarithmic 

ratio of the concentration of the solute in the solvent is 

called logP. The best known of these partition coefficient 

is the one based on the solvents octanol and water. The 

octanol-water partition coefficient is a measure of the 

hydrophobicity and hydrophilicity of a substance. Polar 

compounds have lower partition coefficients and therefore 

have initial low partitioning in the stratum corneum (s.c), 

which presents a major hurdle for their permeation. On the 

other hand, very lipophilic compounds readily penetrate 

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 s.c for up to 2 weeks after initial application) 

(Wiechers, 1989). Thus a penetrant must have reasonable 

solubility in both water and oil phases for systemic 

delivery via the skin (Hadgraft, 1996).
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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 

move probably through the intercellular pathway while the 

ionized forms move through the intracellular 

(transcellular) pathways, though they have slow permeation 

rates.

Concentration gradient (AC)

Concentration gradient is the graduated difference in 

concentration of a solute per unit distance through a 

solution. A major driving force for percutaneous absorption 

is the concentration difference in different layers of 

stratum corneum (s.c). There will be a steep gradient if 

the concentration of the drug is more in the top layers of 

s .c than in the lower layers. In order to have minimum 

amount of drug in the lowest layers of 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, 

concentration gradient of the drug will mainly depend upon 

a) partitioning of the drug from the vehicle into the top 

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

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.

Transdermal delivery has come a long way since the 

introduction of scopolamine patch in 1979. The challenge in 

developing an efficient transdermal system involved not 

only to improve drug permeability across stratum corneum, 

but also to ensure that there was enough drug in the patch 

and it was stable, had appropriate pharmacokinetics and 

pharmacodynamics once it reached systemic circulation, and 

that the delivery system was non-irritant and safe to use 

(Langer, 2004). The short-comings of TDS (low dose 

requirement and lag time associated with the delivery)
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limited the number of drugs that could be developed as a 

patch.

Advantages of Transdermal Delivery:

1. It avoids the variation of absorption and metabolism 

associated with oral therapy.

2. It improves patient compliance by reducing the 

frequency of drug administration for short half life drugs, 

providing the drug in a more controlled-fashion and in a 

non-invasive way.

3. It allows the continuity of drug administration, 

permitting the use of a drug with a short biological half- 

life .

4. It achieves the efficacy with lower total daily dosage 

of drug due to continuous drug input and bypassing the 

hepatic first-pass metabolism.

5. It has less chance of over or under-dosing as a result 

of prolonged, pre-programmed delivery of drug at the 

required therapeutic rate.

6. It provides a simplified therapeutic regimen, leading 

to better patient compliance.

7. It has the ability to easily terminate the medication 

as needed by simply removing the drug delivery device from 

the skin surface (Roberts and Sloan, 2003).
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Insulin

Background and History

The history of diabetes is supposedly started in 

approximately 1550 B.C. An Egyptian papyrus mentioned a 

rare disease that caused the patient to lose weight rapidly 

and urinate frequently. This is thought to be the first 

reference to the disease. Diabetes was given its name by 

the Greek Physician Aretaeus (30-90CE). He recorded a 

disease with symptoms such as constant thirst (polydipsia), 

excessive urination (polyuria) and loss of weight. He named 

the condition "diabetes", meaning "a flowing through". 

Later, Galen (131-201CE) noted the rarity of this condition 

and theorized that it was an affliction of the kidneys. The 

disease got the term 'Diabetes' from the Greek word 

'siphon', while the term "Mellitus," derived from the Latin 

name for honey or sweet.

After this period, diabetes is rarely mentioned.

Indeed, it seems to have been a mystery or incredibly rare 

during the Middle Ages. The first clear reference to the 

disease came from Avicenna, the famous Arabian Physician.

He described in detail the complications of the disease, 

and how it progressed. In 1869 a German scientist known as
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Paul Langerhans had revealed the composition of the 

pancreas. He had identified tiny cell islands whose 

function was unknown. 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. It was not until 1920 that an American 

called Moses Barron linked the Langerhans cells with the 

basis of diabetes mellitus. Picking up on the research of 

Barron, a doctor called Frederick Banting discovered an 

essential hormone called insulin. 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. Fredrick Banting and Charles Best have been credited 

with 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, Banting and Macleod were recognized for their 
achievement with a Nobel Prize. Lilly Company was the first 

to manufacture animal insulin in 1923.

Insulin was identified as a protein in 1928. Insulin 

was the first protein to be fully sequenced in 1955, the
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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 a long 

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 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.

Insulin Structure and Self-Association

Human insulin, having 5800 Dalton 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 A20-B19 

connect the two chains to each other. An additional 

disulfide bond is present in A-Chain between cysteine 

residues of A6 and All. Porcine insulin differs only in one 

amino acid as compared to human insulin. In porcine 

insulin, alanine replaces threonine at B30. Bovine insulin
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differs from human insulin in two amino acids in A-Chain; 

alanine replaces threonine at A8 and valine replaces 

iosleucine at A10 and in B-Chain, alanine replaces 

threonine at B30 (Brange and Langkjasr, 1997).

The tertiary structure of insulin monomer has been 

elucidated by X-ray crystallography. 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 

extensive conformational flexibility, which is necessary 

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

Self-association of insulin into dimers, tetramers, 

hexamers and oligomers 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) and these dimers 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
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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).

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. Insulin 

is released in the serum in response to increased glucose 

levels. Insulin hexamers get dissociated due to dilution of 

zinc ions. 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).

The human pancreas produces 1-2 mg of the insulin per 

day. Secretion profile of insulin is pulsatile, basal phase 

(preprandial) and stimulated phase (postprandial). Basal 

phase maintains serum insulin concentration around 5-15

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



24

HU/mL. Stimulated insulin secretion occurs in response to 

food consumption when serum insulin concentration becomes 

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

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

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 21 

million people suffer from DM in United States alone of 

which 10% are Type 1 patients. While an estimated 15 

million have been diagnosed with diabetes, unfortunately, 6 
million people (or nearly one-third) are unaware that they 

have the disease. Roughly 47 million Americans age 40 to 74 

have pre-diabetes (more than 120 mg/dL and less than 200 

mg/dL). Pre-diabetes occurs when a person's blood glucose
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levels are higher than normal (80 - 120 mg/dL) but not high 

enough to merit a type 2 diabetes diagnosis. 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 glucose 

levels exceed the physiological range and can rise up to 

500 mg/dL, which can be fatal if prompt treatment with 

insulin is not provided. Therefore, it is 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 requirement of insulin 

therapy. For patients with type 2 diabetes, insulin in 

combination with oral antidiabetic agents is the rational 

choice.

Review of Insulin Formulations and Stability

The major challenge in the development of protein 

pharmaceuticals is to maintain protein stability during
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formulation processing and as well as over its shelf life. 

Although safety and efficacy of these dosage forms is of 

utmost importance, it must be realized that at least some 

degradation is inevitable and the Food and drug 

administration (FDA) therefore requires complete 

characterization of these degradation products. Although, 

currently there are no regulatory guidelines for acceptable 

levels of such impurities, toxicity testing may be required 

if these levels are high.

In Sir Frederick Banting 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 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
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intermediate acting insulin; its absorption begins almost 

after 1.5 hours of subcutaneous injection and its peak 

activity last anywhere between 4 and 12 hours and 

completely disappears within 24 hours (Gualandi-Signorini 

and Giorgi. 2001). The addition 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 Langkjasr, 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 

7-7.8 and has methyl-parahydroxybenzoate as preservative. 

Acidic solution of insulin, when brought to neutral pH 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 is has a longer
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duration of action. The insulin crystals remain in 

suspension and are absorbed very slowly. It maintains 

insulin levels for ~8-20 hours. (Gualandi-Signorini and 

Giorgi, 2001) .

Both, NPH and Lente insulin 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).

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. It is very 

important that the structural integrity of insulin be 

maintained during its storage and use in order for it to be 

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

leaching of polymeric materials from the storage containers 

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 also be brought
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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, which 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 IU/mL because 

the relative loss would be insignificant (Brange and 

Langkjar, 1993).

Up until the last few decades, insulin was available 

only as acidic (pH 2-4) solution. In acidic conditions, 

insulin undergoes hydrolytic degradation due to deamidation 

at asparaginyl residues at A21 position. 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). 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
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significantly reduced rate of hydrolysis. This shows that 

the formation of cyclic imide intermediate is reduced when 

the flexibility of tertiary structure is reduced (Brange et 

al., 1992a). In case of neutral formulations, deamidation 

occurred 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. 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.

During storage at temperatures > 25°C covalent insulin 

dimers (CID) are formed. 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 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
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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 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 Langkjar, 1992c) while it 

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 

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 insulin, NPH and Lente insulins 

present two major problems: they show a definite peak
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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.

Tremendous research is 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 

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

and insulin aspart, are two rapid acting insulin analogs, 

developed by biotechnology that 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) and 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. 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
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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 pre-prandial 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
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take insulin injections for their lifetime (Gualandi- 

Signorini and Giorgi. 2001).

Type I diabetes patients have variable insulin 

requirements at night. During midnight and approximately 3 

hours later less insulin is required whereas 30% 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 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 B30 

carboxyl terminal. Presence of two additional arginine 

residues impart two positive charges that lead to change in 

the isoelectric point from ~5.3 to ~6.7 (Bolli et 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)
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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 once-daily 

basal insulin (Campbell et al., 2001).

All the above mentioned insulin therapies involve 

once-daily or in some cases multiple-daily subcutaneous 

injections that have the potential to cause pain, risk of 

infection, and lead to patient non-compliance. In some 

cases these insulin therapies have to be combined with 

other insulin to obtain the desired glycemic control. The 

discomfort associated with insulin injections are lessened 

to some degree by new insulin analogs and insulin pens and 

pumps along with non invasive glucose sampling (Jeandidier 

and Boivin, 1999). Being a protein, oral administration of 

insulin is not feasible at this time due to degradation by 

gastric acid and proteolytic enzymes of the 
gastrointestinal tract. Recently inhaled insulin Exubera® 

has been approved in both the U.S. and the EU for adults 

with type 1 and type 2 diabetes. However, very little data 

is available on the long-term safety of inhaled insulin,
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and particularly its effects on the lung function. The 

problems associated with inhaled insulin are that it may 

not be suitable for people with lung problems, it can not 

deliver a fixed dose, and it will probably be more 

expensive than subcutaneous insulin. 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.

Enhancement of Transdermal Drug Delivery

Despite the advantages that transdermal route has to 

offer for insulin delivery, therapeutically effective 

levels are not likely to be attained by delivery through 

the intact skin. Since insulin is a hydrophilic molecule 

and 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 the intact 

skin nearly impossible. Hence some there is a need for
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using new techniques to improve transdermal permeation and 

increase the number of drugs that can be delivered 

transdermally.

To address this limitation, a variety of methods to 

increase transdermal transport have been studied, including 

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.

Electroporation

Application of strong electric field pulses to cells 

and tissues is known to cause some type of structural 

rearrangement of the cell membrane. Some of these 

rearrangements consist of temporary aqueous pathways 

("pores"), with the electric field playing the dual role of 

causing pore formation and providing a local driving force 

for ionic and molecular transport through the pores. This 

phenomenon is known as "electroporation" or "electro- 

permeablization". This is a universal bilayer membrane 

phenomenon, which occurs when short (ps to ms) electric
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field pulses cause the transmembrane voltage, Vskin, to rise 

to about 0.5-1.0 V (Weaver, 1995).

Ultrasound

Another promising method to deliver proteins 

transdermally involves the use of ultrasound (also called 

sonophoresis/phonophoresis). An ultrasound wave is one 

possessing frequencies above 20kHz. These waves are 

characterized by 2 main parameters frequency and amplitude. 

Ultrasound can be applied continuously or in a pulsed 

manner. In the later case, an additional parameter, duty 

cycle, is required to characterize ultrasound. Duty cycle 

is the fraction of time for which ultrasound is "on." A 

device referred to as a sonicator generates ultrasound.

Iontophoresis

Transdermal iontophoresis is a technique that delivers 

charged molecules across the skin using mild electric 

current (Nair et al, 1999) . The only requisite for 

iontophoresis is that the drug must possess some aqueous 

solubility. Iontophoresis facilitates permeation of the 

drug by electrorepulsion and electroosmosis.

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



40

Electrorepulsion. When solution of an ionic drug is placed 

under an electrode (placed on the skin surface) that has 

the same charge as that of the drug, and then under the 

influence of electric current the drug gets repelled away 

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

This is known as electrorepulsion.

Electroosmosis. It can be described as the movement of 

water molecules from anode to cathode when electric current 

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

physiological pH, skin acquires a net negative charge (pi 

of skin is ~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.
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Microporation

Hypodermic needles are commonly used to administer 

large doses of drugs, including proteins and peptides, to 

overcome the barrier properties of the skin. However, they 

cause pain, trauma with the 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) 

describes the use of 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 fim 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 are 

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

another study, microprojection patch, created using 
microfabrication technology, was able to deliver 

oligonucleotides across the skin and into systemic 

circulation of guinea pigs. Also, erythema at the site of
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application was mild and transient, implying that the array 

was well tolerated (Lin et al, 2001). In another study, 

Macroflux® microprojection array patch was able to deliver a 

bolus dose of antigen for intracutaneous immunization. No 

bleeding was observed which indicated that the 

microprojection patch was above the capillary bed and also 

that there was no infection at the site (Matriano et al,

2002). This development has opened the gates for delivering 

a wide variety of macromolecules including therapeutic 

vaccines across the skin. The advancement in 

microfabrication 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).

Thermal Microporation for Delivery of Insulin

To facilitate the transdermal delivery of insulin 

across the rate-limiting barrier various attempts were 

made. Studies have been reported where chemical enhancers 

like menthone, linoleic acid have been used to improve 

transdermal permeation of insulin solution across the rat
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skin (Pillai and Panchagnula, 2003). Electrical enhancement 

to improve penetration of insulin across the skin has also 

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

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, and were able to deliver regular insulin under 

cathode rather than anode. Kanikkannan et al 1999 showed 

that application of depilatory cream immediately before 

experiments 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 showed that 

when there is some kind of skin pretreatment, whether it is 

the use of depilatory cream, tape stripping or wiping the 

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

is an increase in the permeation of regular insulin as 

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

the skin, or lipid extraction, in case of alcohol 

pretreatment.
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Although still under active investigation, these 

enhancement methods have made only limited impact on 

medical practice to date. Therefore, if we can use some 

techniques 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. In these studies, we are investigating 

the use of thermal microporation technology 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 in 

case of glucose monitoring (Smith et al, 1999). This 

technique harvests interstitial fluid in a rapid, painless 

and needle free manner.

Thermal microporation is a technique, which involves 

rapid application of thermal energy to a small area of the 

skin to create "pores" in the stratum corneum. At each 

site, a micropore is created by flash vaporization of 

stratum corneum cells in an area about the width of a human 

hair. Using microporation technique, the activator will 

deliver controlled pulses of thermal energy to filaments, 

which heated up the filaments. This process will 

instantaneously and painlessly remove minute amounts of 

stratum corneum cells to form micropores. The size of the

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



45

filament used to create micropores is 500pm long, 50pm wide, 

and 15pm thick. The size of micropores created by this 

filament are approximate 150pm long, 50pm wide, and 40pm 

deep i.e., they are deep enough to cross the s.c, but not 

deep enough to reach the nerve endings. Hence microporation 

can help macromolecules like insulin to cross the stratum 

corneum barrier without any pain. We can precisely control 

the size and the depth of the micropores by controlling the 

microporation parameters and the geometry of resistive 

filament.

Polymer in Transdermal Drug Delivery

One of the proposed advantages of transdermal delivery 

is the possibility to attain sustained and constant drug 

levels (Guy and Hadgraft, 1989). Recently much attention 

has been focused on developing controlled drug delivery 

systems using polymers. These developments led to the 

formulation of transdermal drug delivery systems (TDDS) 

which release the drug for systemic effects at a controlled 

rate (Chien, 1982) . Among the various types of TDDS 

available for different ailments, one type utilizes the 

dispersion of a drug in an inert matrix made up of polymers 

which release the drug at a controlled rate (Keith, 1983) .
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The rate of drug release from these matrices may be altered 

by variations of the dimensional parameters of the film, 

the polymer matrix materials (Rhine et al. , 1980), and the 

drug concentration in the film (chen et al., 1995). 

Transdermal drug delivery systems are broadly classified 

into following types (chien, 1987).

Reservoir Systems

In this system, the drug reservoir is embedded between 

an impervious backing layer and a rate controlling 

membrane. The drug releases only through the rate 

controlling membrane, which can be microporous or 

nonporous. In the drug reservoir compartment, the drug can 

be in the form of solution, suspension, or gel or dispersed 

in a solid polymer matrix. On the outer surface of the 

polymeric membrane a thin layer of drug compatible, 

hypoallergenic adhesive polymer can be applied.

Matrix Systems (Drug in Adhesive System)

The drug reservoir is formed by dispersing the drug in 

an adhesive polymer and then spreading the medicated 

polymer adhesive by solvent casting or by melting the 

adhesive (in case of hot melt adhesion) onto an impervious 

backing layer. On top of the reservoir, layers of
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unmedicated adhesive polymer are applied (Kandavilli et 

al., 2002).

Matrix-Dispersion System

The drug is dispersed homogeneously in a hydrophilic 

or lipophilic polymer matrix. This drug containing polymer 

disk then is fixed onto an occlusive base plate in a 

compartment fabricated from a drug impermeable backing 

layer. Instead of applying the adhesive on the face of the 

drug reservoir, it is spread along the circumference to 

form a strip of adhesive rim.

Microreservoir Systems

This drug delivery system is a combination of 

reservoir and matrix dispersion systems. The drug reservoir 

is formed by first suspending the drug in an aqueous 

solution of water soluble polymer and then dispersing the 

solution homogeneously in lipophilic polymers to form 

thousands of unleachable, microscopic spheres of drug 

reservoirs.

Polymers used in transdermal delivery systems should 

have biocompatibility and chemical compatibility with the 

drug and other components of the system. They also should 

provide consistent, effective delivery of drugs throughout
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the products intended shelf life or delivery period and 

have generally recognized as safe status. Polymer selection 

and design must be considered when striving to meet the 

diverse criteria for the fabrication of effective 

transdermal delivery systems. The main challenge is in the 

design of a polymer matrix, followed by optimization of the 

drug loaded matrix not only in terms of release properties, 

but also with respect to its adhesion cohesion balance, 

physicochemical properties, compatibility and stability 

with other components of the system as well as with skin 

(Wolff, 2000). Therefore if we can develop a stable 

formulation that can deliver insulin transdermally for 

desired period of time, then we may be able to control 

blood glucose level effectively.

To be successfully used in controlled drug delivery 

formulations, a material must be chemically inert and free 

of leachable impurities. It must also have an appropriate 

physical structure, with minimal undesired aging, and be 

readily processable. Some of the polymers that are 

currently being used or studied for controlled drug 
delivery include

• Ethyl cellulose

• Hydro ethylcellulose

• Hydroxypropyl methylcellulose
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• Poly(N-vinyl pyrrolidone)

• Poly(methyl methacrylate)

• Poly(vinyl alcohol)

• Poly(ethylene-co-vinyl acetate)

• Poly(ethylene glycol)

• Silicone

• Poly(methyl methacrylate)

• Poly(vinyl alcohol)

• Polyacrylamide

• Poly(ethylene-co-vinyl acetate)

• Poly(methacrylic acid)

Hydroxyethyl Cellulose (HEC), Hydroxypropyl Methylcellulose 

(HPMC), and Polyvinyl Alcohol (PVA)

HEC, HPMC, and PVA are hydrophilic swellable polymers 

widely used in oral controlled drug delivery. They have

also been explored as a matrix former in the design of

transdermal patches. These have been shown to yield clear 

films because of the adequate solubility of the drug in the 

polymer. Matrices of these polymers without rate- 

controlling membranes exhibited a burst effect during 

dissolution testing because the polymers were hydrated 

easily and swelled, leading to the fast release of the drug

(Guyot M. and Fawaz F., 2000).
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Ethylene vinyl acetate (EVA)

EVA frequently is used to prepare rate-controlling 

membranes in transdermal delivery systems because it allows 

the membrane permeability to be altered by adjusting the 

vinyl acetate content of the polymer. For example, when 

ethylene is copolymerized with vinyl acetate, which is not 

isomorphous with ethylene, the degree of crystallinity and 

the crystalline melting point decreases and it becomes more 

amorphous. As the solutes permeate easily through the 

amorphous regions, the permeability increases. The 

copolymerization also results in an increase in polarity. 

Hence, an increase in the vinyl acetate content of a 

copolymer leads to an increase in solubility and thus an 

increase in the diffusivity of polar compounds in the 

polymers. However, at vinyl acetate levels of 60% by 

weight, the glass-transition temperature, Tg, of polymer 

increases from 25 °C to 35 °C. An increase in Tg reflects a 

decrease in the polymer-chain mobility and hence the solute 

diffusivity (Kandavilli S., Nair V., and Panchagnula R.,

2002).
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Lyophilization

Lyophilization or freeze-drying is often used to 

stabilize various pharmaceutical products, including virus 

vaccines, protein and peptide formulations, liposome, and 

small-chemical drug formulations (Pikal M.J., 1990). Often 

a pharmaceutical product may be susceptible to physical and 

chemical degradation when stored as a ready-to-use 

solution. The goal of the formulations scientist is to 

identify the right formulation conditions, the right 

excipients in optimal quantities, and the right dosage form 

to maximize stability, biological activity, safety, and 

marketability of a particular product (Frank Kofi Bedu- 

Addo, 2004) .

Desired Characteristics of a Lyophilized Product

A lyophilized product should possess certain desirable 

characteristics, including

• long-term stability

• short reconstitution time

• elegant cake appearance
• maintenance of the characteristics of the original dosage 

form upon reconstitution, including solution properties;
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structure or conformation of proteins; and particle-size 

distribution of suspensions

• isotonicity upon reconstitution (in some cases, also for 

bulk solution).

The Lyophilization Process

The lyophilization process consists of three stages: 

freezing, primary drying, and secondary drying.

Freezing

During this stage the formulation is cooled. Pure 

crystalline ice forms from the liquid, thereby resulting in 

a freeze concentration of the remainder of the liquid to a 

more viscous state that inhibits further crystallization. 

Ultimately, this highly concentrated and viscous solution 

solidifies, yielding an amorphous, crystalline, or combined 

amorphous-crystalline phase.

Primary drying

The ice formed during freezing is removed by 

sublimation at subambient temperatures under vacuum. This 

step traditionally is carried out at chamber pressures 

of 40-400 Torr and shelf temperatures ranging from -30 °C 

to -10 °C. Throughout this stage, the product is maintained
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in the solid state below the collapse temperature of the 

product in order to dry the product with retention of the 

structure established in the freezing step. The collapse 

temperature is the glass transition temperature (Tg) in the 

case of amorphous products or the eutectic temperature (Te) 
for crystalline products.

Secondary drying

The relatively small amount of bound water remaining 

in the matrix is removed by desorption. During this stage, 

the temperature of the shelf and product are increased to 

promote adequate desorption rates and achieve the desired 

residual moisture.

Possible Destabilizing Effects of the Lyophilization 

Process

Freezing

Freezing damage can occur with labile products such as 

liposomes, proteins, and viruses (Allison S.D., 1996). 

Initial ice-crystal size depends on the relative 
contributions of nucleation and crystal growth of ice. A 

rapid nucleation and growth rate resulting from a large 

degree of supercooling leads to a larger number of small
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ice crystals, which in turn presents a large ice-water 

interface (Searles J.A., 2001). Exposure of proteins to 

this ice-water interface can lead to denaturation. Freezing 

stresses also can disrupt the liposome bilayer and emulsion 

structure. The freezing step will determine the structure 

of the final dried cake as well as the drying rate. Small 

ice crystals produce pores with lower volume-surface area, 

thus resulting in lower diffusive flux and slower 

sublimation rates (Searles J.A., 2001).

Drying

Removal of the hydration shell from proteins and 

products such as liposomes during drying in the absence of 

the appropriate stabilizers can cause destabilization of 

the protein structure and fusion of liposomes (Crowe J.H.,

1993). Extremely low water content in the final product can 

result in destabilization, and optimal water content should 

be determined (Shalaev E.Y., 1996). The desired residual 

moisture must be correlated to stability during long-term 

storage as part of development studies.

Excipients in a Lyophilized Formulation

The design of a lyophilized formulation is dependent 

on the requirements of the active pharmaceutical ingredient
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(API) and intended route of administration. A formulation 

may consist of one or more excipients that perform one or 

more functions. Excipients may be characterized as buffers 

and pH adjusters, bulking agents, stabilizers, and tonicity 

modifiers.

Buffers

Buffers are required in pharmaceutical formulations to 

stabilize pH. In the development of lyophilized 

formulations, the choice of buffer can be critical. 

Phosphate buffers, especially sodium phosphate, undergo 

drastic pH changes during freezing (Pikal and Carpenter, 

1998). A good approach is to use low concentrations of a 

buffer that undergoes minimal pH change during freezing 

such as Tris, citrate, and histidine buffers (Carpenter,

1997).

Bulking agents

The purpose of the bulking agent is to provide bulk to 

the formulation. This is important in cases in which very 

low concentrations of the active ingredient are used. 

Crystalline bulking agents produce an elegant cake 

structure with good mechanical properties. However, these 

materials often are ineffective in stabilizing products
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such as emulsions, proteins, and liposomes but may be 

suitable for small-chemical drugs and some peptides (Pikal 

M.J., 1997). If a crystalline phase is suitable, mannitol 

can be used. Sucrose or one of the other disaccharides can

be used in a protein or liposome product.

Stabilizers

In addition to being bulking agents, disaccharides 

form an amorphous sugar glass and have proven to be most 

effective in stabilizing products such as liposomes and 

proteins during lyophilization (Pikal M.J., 1990). Small 

neutral amino acids (glycine) or those containing charged 

side chains (e.g., Asp, Glu, Arg, Lys, His) are most

effective in increasing solubility (Middaugh et al., 1992).

Arginine acts to stabilize and solubilize tPA. Amino acids 

have been used to reduce surface adsorption, inhibit 

aggregate formation, and stabilize proteins against heat 

denaturation (Wang et al., 1988). Amino acids can also 

stabilize proteins because of preferential exclusion 

(Timasheff et al., 1992). It was reported that addition of 

glycine or alanine to alpha interferon solutions prior to 

lyophilization provided a product with improved stability 

(Kwan et al., 1985). Glycine is well-known 

osmolyte/stabilizer. Osmolytes are generally believed to
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stabilize protein by getting preferentially excluded from 

the protein surface and favoring the preferential hydration 

of the protein. They are also known to increase the 

chemical potential of the denatured protein ensemble. The 

value of chemical potential increases with increase in the 

osmolyte concentration, resulting in an increased 

preferential hydration and hence stabilization.

Sucrose and trehalose are inert and have been used in 

stabilizing liposome, protein, and virus formulations. 

Glucose, lactose, and maltose are reducing sugars and can 

reduce proteins by means of the mailard reaction (Chuyen,

1998). Two hypothesis have been postulated to explain the 

stabilizing effects of the disaccharides.

The water replacement hypothesis. Disaccharides have been 

found to interact with these products by hydrogen bonding 

similarly to the replaced water.

The vitrification hypothesis. Disaccharides form sugar 

glasses of extremely high viscosity. The drug and water 

molecules are immobilized in the viscous glass, leading to 

extremely high activation energies required for any 

reactions to occur (Crowe, 1993).
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Tonicity adjusters

In several cases, an isotonic formulation might be 

required. The need for such a formulation may be dictated 

by either the stability requirements of the bulk solution 

or those for the route of administration. Excipients such 

as mannitol, sucrose, glycine, glycerol, and sodium 

chloride are good tonicity adjusters. Glycine can lower the 

glass-transition temperature if it is maintained in the 

amorphous phase. Tonicity modifiers also can be included in 

the diluents rather than the formulation.

Glass-transition Temperature and Its Significance

When heated, sugar glasses undergo a second-order 

transition from a rigid state to a viscoelastic rubbery 

state. The temperature at which the vitreous transformation 

occurs is the glass-transition temperature (Tg).When a 

product exceeds the Tg value; the rigid glass softens to 

become a highly viscous rubbery material and collapses. The 

Tg value of a formulation can be determined by differential 

scanning calorimetry (DSC), and the collapse temperature is 

measured by freeze-drying microscopy (Chang, 1992) . Primary 

drying is always performed at the highest possible 

temperature while maintaining the product below the
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collapse temperature. A 5 °C increase in product 

temperature can lead to a decrease in drying time by a 

factor of two (Carpenter, 1997). The dried amorphous 

product material also has a Tg value. As water is removed 

during secondary drying, Tg increases. Storage below Tg is 

important for several products to maintain the rigid-glass 

structure and hence stability of the product (Izutsu,

1994).

This work involves the investigation of release 

profile from a polymer based transdermal patch and also 

uses microporation, a relatively new method, as an 

enhancement technique for transdermal delivery of 

recombinant human insulin.
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CHAPTER 3

FORMULATION OF POLYMER MATRIX TRANSDERMAL PATCHES FOR 

RELEASE STUDY OF RECOMBINANT HUMAN INSULIN

Abstract

Purpose. To evaluate the release kinetics of 

recombinant human insulin from polymer matrix, and design 

preparation methods for insulin-loaded gel and films.

Methods. Transdermal patches of insulin gel and film 

were prepared using polymers (HPMC, HEC, PVA, and EVA), and 

diluents/osmolytes agents (mannitol, sorbitol, and 

sucrose). In vitro drug release studies were conducted 

using Franz diffusion cell. The effects of insulin 

concentration, polymer concentration, diluents, and 

diluents concentration on release profile of insulin were 

studied.

Results. The insulin release profiles from the 

polymeric gel and film formulations indicated that the drug 

content in the patch decreased at an apparent first-order 

rate, whereas the quantity of drug release was proportional
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to the square root of time. The release rate of insulin 

increased linearly with increasing insulin and diluent 

concentration.

Conclusions. Controlled release system of insulin could 

be developed using polymers and diluents.

Introduction

Peptide and protein drugs have emerged as an important 

class of therapeutic agents due to the significant 

advancements made in recombinant DNA technology. At 

present, the parenteral route remains to be the only option 

to systemically deliver peptide/protein drugs, which in 

turn is associated with poor patient compliance, because of 

the discomfort of frequent injections and the risk of 

infection and inflammation at the site of injection (Banga, 

1988). The main bottleneck of non-parenteral routes lies in 

achieving significant blood levels, as they suffer from 

poor membrane permeability and proteolytic degradation at 

most of the biomembranes (Pillai, 1999). The transdermal 

route has a proven commercial success due to good patient 

compliance for a number of drugs having short biological 

half-lives (Naik, 2000). Furthermore, skin has much less or 

lacks proteolytic activity (Pannatier, 1978). These two 

factors coupled together offer an attractive opportunity
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for delivery of peptide/protein drugs. The large molecular 

size of these drugs necessitates the use of enhancement 

strategies to overcome the barrier posed by stratum corneum 

(SC), so several strategies are under active investigation 

(Pillai, 2001). One of the technical issues that remain to 

be resolved is the development of suitable formulations 

that can serve as a link between the drug and the device.

Transdermal drug delivery systems can be classified 

either according to their design or by the mechanism of 

drug release. Patch designs fall into four basic 

categories:

(1) semisolid formulations, such as gels, ointments and 

lotions;

(2) systems in which the drug is contained in a liquid 

form, sealed in a layer not in contact with the skin;

(3) peripheral adhesive multilayer structures - where the 

drug layer is in direct contact with the skin but is 

surrounded by a separate adhesive skin contact layer;

(4) solid-state designs, further subdivided into

(i) systems where the drug-containing layer and the skin 
contact adhesive layer are one and the same,

(ii) a drug reservoir is found at the interior surface 

of the drug-containing skin contact layer,
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(iii) the skin contact layer (devoid of drug) is 

separated from the drug reservoir by another non-drug 

containing layer.

Classification according to the drug release mechanism 

depends, in the first instance, on whether the drug is 

entirely dissolved in the formulation or exists in the 

solid form. Formulations that contain the drug above the 

saturation concentration in the form of a suspension will 

give rise to drug release profiles that follow the Higuchi 

model. The presence of a rate-controlling membrane 

incorporated into the patch will ideally ensure that the 

release rate is determined by the drug delivery device.

The quest to develop noninvasive strategies that 

improve transdermal delivery but minimize insult to the 

barrier has led to the investigation of supersaturated 

systems as potential formulation vehicles. The driving 

force for drug transport within a vehicle from point A to 

point B, or across a membrane from its exterior surface (in 

contact with a formulation) to its interior, is the 

difference in chemical potential between the two sites. 

Therefore, in order to optimize drug delivery, one must 

maximize drug activity in the vehicle. Nominally, the 

highest stable activity for a drug in a formulation is
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obtained when the formulation contains the drug in the form 

of suspension. As a consequence, any transdermal drug 

delivery system containing a suspension of given drug will 

give rise to the same release rate, regardless of the 

absolute concentration in the vehicle, as long as the 

formulation has no rate-enhancing interaction with the 

membrane. Supersaturated solutions enable thermodynamic 

activities of greater than unity to be achieved; however, 

they tend to be unstable and have limited lifetimes in the 

absence of stabilizing polymers. In addition to the 

elevated thermodynamic activity of the drug in the delivery 

vehicle, it is also possible that the formulation may 

increase the local solubility of the drug in the membrane 

and hence increase drug partitioning.

Most of the studies in the literature have been 

carried out with solutions, but to hold promise for further 

clinical application, gel or film systems would be the most 

suitable formulation for transdermal delivery of protein 

drugs.

In order to prolong the therapeutic effect and confirm 

product stability, various sustained-release formulations 

have been developed. These are commonly prepared by 

incorporating the drug into a matrix of a hydrophilic or 

hydrophobic polymer that is water-soluble and swells in an
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aqueous medium. One of the proposed advantages of 

transdermal delivery is the possibility to attain sustained 

and constant drug levels (Guy and Hadgraft, 1989). Recently 

much attention has been focused on developing controlled 

drug delivery systems using polymers. These developments 

led to the formulation of transdermal drug delivery systems 

(TDDS), which release the drug for systemic effects at a 

controlled rate (Chien, 1982). Among the various types of 

TDDS available for different ailments, one type utilizes 

the dispersion of a drug in an inert matrix made up of 

polymers, which release the drug at a controlled rate 

(Keith, 1983). The rate of drug release from these matrices 

may be altered by variations of the dimensional parameters 

of the film, the polymer matrix materials (Rhine et al., 

1980), and the drug concentration in the film (chen et al.,

1995).

Polymers used in transdermal delivery systems should 

have biocompatibility and chemical compatibility with the 

drug and other components of the system. They also should 

provide consistent, effective delivery of drugs throughout 
the products intended shelf life or delivery period and 

have generally recognized as safe status. Polymer selection 

and design must be considered when striving to meet the 

diverse criteria for the fabrication of effective
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transdermal delivery systems. The main challenge is in the 

design of a polymer matrix, followed by optimization of the 

drug loaded matrix not only in terms of release properties, 

but also with respect to its adhesion cohesion balance, 

physicochemical properties, compatibility and stability 

with other components of the system as well as with skin 

(Wolff, 2000).

The objective of the present study was to formulate a 

polymer based insulin transdermal patch and to evaluate the 

release kinetics of insulin from these matrix systems. 

Transdermal patches have been fabricated with different 

rate-controlling polymers.

Materials and Methods 

Materials and Equipments

Recombinant human insulin (28 IU/mg), sodium 

ethylenediamine tetraacetate (Na EDTA), mannitol, sorbitol, 

sucrose, trehalose, PVA (polyvinyl alcohol), bovine serum 

albumin (BSA), and methylene chloride were purchased from 

Sigma Chemical Co. (St. Louis, MO). L - arginine and other 
chemicals (buffer salts, acid, HPLC water, etc.) were 

obtained from Fisher Scientific (Pittsburgh, PA). 

Hydroxypropyl methyl cellulose (HPMC) and hydroxyl ethyl
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cellulose (HEC) were purchased from Dow Chemical Co. 

{Midland, Michigan). Ethylene vinyl acetate with 40% vinyl 

acetate (EVA) was from Alfa Chem. (Kings Point, NY).

Mercodia Human Insulin ELISA kits were obtained from ALPCO 

Diagnostics (Windham, NH). Franz diffusion cell with a 

surface area available for diffusion of 0.64 cm2 and a 5 -mL 

receptor compartment volume was purchased from PermeGear 

(Riegelsville, PA). Transdermal patches (reservoir type) 

and the patch cover were obtained through Altea 

Therapeutics Corp.from 3M (St. Paul, MN).

Formulation of Insulin Polymer Matrices

Preparation of Insulin gel formulation

Recombinant human insulin was first dissolved in 

minimal quantity of 0.1N HC1, and then the required 

concentration was obtained (10 mg/mL unless otherwise 

specified) by making up the volume with 13mM phosphate 

buffer (pH 8) containing 1% EDTA. 4% HPMC, 4% HEC, and 20% 

PVA gel was prepared using 13mM phosphate buffer (pH 8) 

containing 1% EDTA. Equal amount of insulin solution was 

added to equal amount of 4% HPMC, or 4% HEC, or 20% PVA.

The final insulin gel formulation contained 5 mg/ml insulin 

in 2% HPMC, or 2% HEC, and or 10% PVA. This insulin gel
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formulation was placed on a 1cm2 patch prior to release 

study.

Preparation of Insulin film formulation

Preparation of insulin film using PVA polymer. Recombinant 

human insulin was first dissolved in minimal quantity of 

0.1N HC1 and then the required concentration was obtained 

(10 mg/mL unless otherwise specified) by making up the 

volume with 13mM phosphate buffer (pH 8) containing 1%

EDTA. 40% PVA gel was prepared using 13mM phosphate buffer 

(pH 8) containing 1% EDTA. Equal amount of insulin solution 

was added to equal amount of 40% PVA. The insulin gel 

formulation contained 5 mg/ml insulin in 20% PVA. Insulin 

gel formulation (200pL) was placed on a patch (1cm2 area) 

and kept in fume hood to evaporate the water for 24 hours.

Preparation of lyophilized insulin. Sigma recombinant human 

insulin 40 mg/ml, trehalose 16 mg/ml, and mannitol 40 mg/ml 

were dissolved in 20mM arginine buffer. pH was adjusted to 

9 with IN sodium hydroxide solution. The insulin solution 

was frozen at -20 deg C for 3 days and lyophilized using a 
bench top Labconco Freeze - Dryer System (model 7752000) 

for 2 days. The resulted cake structure was sieved using 20
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mesh sieve. The dry powder was stored in a refrigerated 

dessicator until use.

Preparation of insulin film using lyophilized insulin and 

EVA polymer. The general fabrication procedure of Rhine et 

al, 1980, was followed. Ethylene - vinyl acetate copolymer 

(40% vinyl acetate by weight) was dissolved in methylene 

chloride to give a 10% solution (w/V) by continuous 

stirring for 3 hours. Lyophilized insulin and mannitol were 

ground and sieved through mesh # 20 to get uniform particle 

size. Lyophilized insulin was added to mannitol and mixed 

for 30 minutes. This mixture was added to polymer solution 

in a glass vials and stirred for 2 hours at 450 rpm to give 

a homogeneous suspension of lyophilized insulin particles 

in the polymer solution. The suspension was quickly poured 

on the backing film and dried in the fume hood for 5 hours. 

The film was cut into pieces with 0.78cm2 area using skin 

punch biopsy tool. Each film was weighed and its thickness 

was measured with digital slide calipers. The film was 

placed on a patch cover and stored at -20 °C until use.

Content Analysis

Insulin gel formulation (200pL) or an insulin film 

(cut into small pieces) was placed in a vial containing 5ml
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of phosphate buffer, pH 7.4. A magnetic stirrer was placed 

into the vial and stirred it for 24 hours at 50 rpm. The 

insulin concentration was determined by using RP-HPLC 

method. The set up consisted of a solvent delivery module 

(Waters LC Module 1), UV detector (LDC Analytical 

spectromonitor 3100), and an analytical column (Alltech, 

Spherisorb CN column, 5p, 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 pL, flow rate was 1.0 mL/min and detection 

wavelength was 215nm. The retention time was observed to be 

about 16 minutes. The content analysis was performed in 

triplicates.

In Vitro Release Studies

In vitro release from Insulin gel formulations

The in vitro release of insulin from gel was examined 

by using the Franz diffusion cells (n = 3). Insulin gel 

(200pL) was injected onto the patch and patch was placed 

onto the receptor and fixed it in place with clamping a 

donor chamber over it. The receptor phase was 13 mM 

phosphate buffer (pH 7.4) with 1% bovine serum albumin. The
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receptor temperature was maintained to 37 °C with an 

external water bath which maintained the temperature of 

circulating water in the jackets of the Franz cells at 37°C 

and stirred constantly. Samples (0.5 mL) were taken at 

predetermined time intervals from the receptor chamber and 

volume were replenished with equal volume of fresh receptor 

buffer. Insulin concentration of the samples was analyzed 

by ELISA.

In vitro release from Insulin film formulations

The in vitro release of insulin from film was examined 

by using the Franz diffusion cells (n = 3). The PVA insulin 

patch, and or EVA insulin film attached to patch cover was 

placed onto the receptor and fixed it in place with 

clamping a donor chamber over it. The receptor phase was 13 

mM phosphate buffer (pH 7.4) with 1% bovine serum albumin. 

The receptor temperature was maintained to 37 °C with an 

external water bath which maintained the temperature of 

circulating water in the jackets of the Franz cells at 37°C 

and stirred constantly. Samples (0.5 mL) were taken at 

predetermined time intervals from the receptor chamber and 

volume was replenished with equal volume of fresh receptor 

buffer. Insulin concentration of the samples was analyzed 

by ELISA.
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Sampling and Analysis

Approximately 500 fiL of sample was collected from the 

receptor chamber according to the following schedule for 

each study: 0, 0.5, 1, 2, 4, 6, 8, 10, 12, 20, 22, and 24 

hours and analyzed by ELISA. The ELISA kits had no cross 

reactivity (< 0.001) with rat insulin.

The ELISA kit (Mercodia Human Insulin ELISA kits from 

ALPCO Diagnostics, Windham, NH) was validated for zero 

standard. Zero standard was spiked with insulin standards 

to obtain a standard curve (3- 200 mU/L) and one of the 

standards prepared above (100 mU/L), was linearly diluted 

with zero standard to obtain 1:2, 1:4 and 1:8 dilutions. 

The percent recovery for each of the standards prepared 

above was within ± 20% limit.

Statistical Analysis

All data are presented as mean + SE. Statistical was 

performed using analysis of variance (ANOVA). P < 0.05 was 

set a priori as significant.
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Result and Discussions

Content Analysis

The insulin content in various formulations and 

diluents is shown in Table 1-5.

The insulin content in gel formulation with 2% HPMC,

2% HEC, and 10% PVA was 98.66%, 99.12%, and 99.05%; the 

insulin content in film formulation with 20% PVA was 98.71% 

respectively (Table 1).

Table 1: Excipients and insulin content in insulin gel 
formulation and film formulation with hydrophilic polymers

1 mg Gel 2% HPMC N/A N/A 98.66

1 mg Gel 2% HEC N/A N/A 99.12

1 mg Gel 10% PVA N/A N/A 99.05

1 mg Film 20% PVA N/A N/A 98.71
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The insulin content in EVA film formulation with 

various types of diluents is shown in Table 2. The content 

for insulin EVA film formulation with 50% mannitol, 45% 

mannitol with 5% sucrose, and 50% sorbitol was 92.53%, 

92.01%, and 92.10% respectively.

Table 2: Excipients and insulin content in EVA film 
formulation with different diluents

2% Film 20% EVA 50% Mannitol 28% trehalose 92.53

2% Film 20% EVA 45% Mannitol 

+ 5% sucrose

28% trehalose 92.01

2% Film 20% EVA 50% Sorbitol 28% trehalose 92.10

The insulin content in EVA film formulation with 

varying percentage of insulin is shown in Table 3. The 
insulin content in EVA film formulation with 20% insulin, 

8% insulin, 4% insulin, and 2% insulin was 95.11%, 93.15%, 

92.67%, and 92.53% respectively.
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Table 3: Excipients and insulin content in EVA film 
formulation with different amount of insulin

20% Film 20% EVA 50% Mannitol 10% trehalose 95.11

8% Film 20% EVA 50% Mannitol 22% trehalose 93.15

4% Film 20% EVA 50% Mannitol 26% trehalose 92.67

2% Film 20% EVA 50% Mannitol 28% trehalose 92.53

The insulin content in EVA film formulation with 

varying percentage of Ethylene vinyl acetate polymer is 

shown in Table 4. The content in EVA film formulation with 

20% EVA, 30% EVA, 40% EVA, and 50% EVA was 92.42%, 90.38%, 

88.55%, and 87.19% respectively.

The insulin content in EVA film formulation with 

varying percentage of mannitol is shown in Table 5. The 
content in EVA film formulation with 4 0% mannitol, 50% 

mannitol, 60% mannitol, and 70% mannitol was 93.18%, 

92.53%, 94.32%, and 96.42% respectively.
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Table 4: Excipients and insulin content in EVA film 
formulation with different amount of EVA

20% Film 20% EVA 20% Mannitol 40% trehalose 92.42

20% Film 30% EVA 20% Mannitol 30% trehalose 90.38

20% Film 40% EVA 20% Mannitol 20% trehalose 88.55

20% Film 50% EVA 20% Mannitol 10% trehalose 87.19

Table 5: Excipients and insulin content in EVA film 
formulation with different amount of mannitol

2% Film 20% EVA 40% Mannitol 38% trehalose 96.08

2% Film 20% EVA 50% Mannitol 28% trehalose 96.12

2% Film 20% EVA 60% Mannitol 18% trehalose 96.32

2% Film 20% EVA 70% Mannitol 8% trehalose 96.42
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From the data above, the insulin content in 

hydrophilic polymer-based gel and film formulations were 

found to be higher than those of the hydrophobic polymer- 

based formulations. This may be due to complete dissolution 

of insulin from the hydrophilic polymer. It was 

demonstrated that the insulin content percentage in film 

formulation with higher percentage of hydrophobic polymer 

were lower, which may result from the hydrophobic polymer 

preventing complete dissolution of insulin by reducing the 

total number of interconnecting channels. Therefore, as the 

percentage of hydrophobic polymer increased the dissolution 

of insulin decreased, and hence it resulted into lower 

insulin content.

Release Studies

The release pattern of insulin from three different 

gel formulations was compared. Figure 1 shows the release 

of insulin from HPMC gel (302.39 + 19.48 pg/cm2) , HEC gel 

(280.25 + 17.71 pg/cm2), and PVA gel (658.27 + 54.80 pg/cm2) 

respectively. The release of insulin from PVA gel is 

significantly higher than the release from HPMC gel and HEC 

gel. This may be due to the viscosity difference of these 

polymers. At 20°C the viscosity of HPMC is ten times higher 

and HEC is twenty times higher than viscosity of PVA (Wade
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and Weller, 1994). It was shown that the sustained release 

of insulin from polymer gel can be achieved over prolong 

periods.
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Figure 1: Release study of insulin from polymer gel 
formulation

The release of insulin from film and gel formulation 

in polymer matrix was compared (Fig. 2). Insulin in PVA 

film and PVA gel showed 650.24 + 18.82 pg/cm2 and 658.27 + 

54.80 pg/cm2 release respectively over 24 hours. One hour 

lag time was observed in PVA film formulation. Insulin 

released rapidly from PVA gel formulation after
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incorporation into its matrix but it did not diffuse 

through PVA film in the same pattern. This may be due to 

the initial water content of PVA gel formulation being 

greater than PVA film formulation. The greater the ratio of 

water to polymer, the greater the rate of protein release 

from the matrix (Langer et.al. 1976).
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Figure 2: Release of insulin from PVA film and gel 
formulations

The next study shows the release profile of 

lyophilized insulin from hydrophobic polymer (Fig. 3). In 

the study of comparing the effect of diluents on release
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kinetics of insulin from EVA polymer film, mannitol alone, 

sorbitol, or mannitol + sucrose was combined with 

lyophilized insulin, and then incorporated into EVA matrix. 

All formulations exhibited insulin burst release initially 

and then a linear sustained release. The insulin release 

from the formulations of lyophilized insulin with mannitol 

alone, sorbitol, and mannitol + sucrose incorporated into 

EVA was 262.89 + 12.19 pg/cm2, 237.71 _+ 10.16 pg/cm2, and 

219.89 + 11.83 pg/cm2 release respectively over 24 hours. 

There is no significant difference in release kinetics of 

these three diluents.
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Figure 3: Release of insulin from EVA polymer matrix: 
Effect of excipients (added to lyophilized insulin)
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Next, the effect of increasing insulin concentration 

was studied (Fig. 4). It was seen that the % cumulative 

amounts released increased with increasing of the drug 

concentration. EVA matrix with insulin loading 2%, 4%, 8%, 

and 20% showed 262.89 + 12.19 pg/cm2, 295.02 + 19.97 pg/cm2, 

341.48 + 8.59 pg/cm2, and 540.80 + 7.28 pg/cm2 release 

respectively. At the end of 24 hours, a linear relationship 

(r2=0.99) was observed between the % cumulative amounts 

released and insulin concentration in film (2% - 20%). The 

differences in release kinetics during the burst effect 

were small for the smallest amount of drug loading. Release 

of insulin from polymer matrix had two phases. The first 

phase was an initial burst of insulin release that can be 

explained by the dissolution of particulate insulin at the 

surface of the matrix. The second phase of the release was 

further dissolution and diffusion of insulin through the 

tortuous porous polymer network. In the second release 

phase the cumulative percent release of incorporated 

insulin was observed to be linear with the time. This is 

consistent with the diffusion of molecules through a porous 

planar matrix as the rate limiting step (Higuchi, 1963).

Several parameters determine the release 

characteristics of insulin delivery systems. The rate of
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drug diffusion through the pores is dependent on the size, 

number of pores, and tortuosity of the pores. Factors 

affecting the formation of these pores should be important 

determinants of the release kinetics profile from these 

devices. Increased drug concentration results in a greater 

number of interconnecting pores (Langer et al, 1986) and 

may provide simpler pathways (lower tortuosity). Both of 

these qualities would facilitate the movement of water 

into, and proteins out of the matrix. Therefore higher 

insulin concentration increases release rates.
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Figure 4: Release of insulin from EVA polymer matrix: 
Effect of insulin concentration
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Effect of increasing polymer concentration was then 

investigated (Figure 5). Lyophilized insulin was 

incorporated into polymer matrix with different 

concentrations of EVA to study the effect of polymer 

concentration. The insulin release from transdermal patches 

with 50% EVA, 40% EVA, 30% EVA, and 20%EVA was 111.23 +

8.21 pg/cm2, 250.28 + 17.46 pg/cm2, 325.83 + 29.62 pg/cm2, 

and 522.65 + 25.18 pg/cm2 respectively over 24 hours. This 

may be because increased polymer concentration produces 

lower numbers of aqueous pores (since EVA is hydrophobic 

polymer) in the matrix, which affects the release of 

insulin from polymer matrix. All the formulations exhibited 

burst release at first phase and sustained release at 

second phase that was linearly dependent on time. Next, the 

effect of mannitol concentrations on release of insulin was 

studied.

Figure 6 shows the release of insulin from polymer 

matrix with different % of mannitol. In this study 

lyophilized insulin was incorporated into EVA matrix with 

different % of mannitol. All the formulations showed burst 

release at first phase and sustained release at second 

phase that was linearly dependent on time. Lyophilized 

insulin with 70% mannitol , 60% mannitol, 50% mannitol, and
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40% mannitol showed 353.00 + 2.47 pg/cm2, 299.47 + 13.57 

pg/cm2, 262.89 + 12.19 pg/cm2, and 209.99 + 10.07 pg/cm2

600

20% EVA

30% EVA500
40% EVA

50% EVA2400

200

0 4 8 12 16 20 24
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Figure 5: Release of insulin from polymer matrix: Effect of 
EVA concentration

release respectively over 24 hours. Increased mannitol 

concentration results in a greater number of aqueous pores 

(Langer et al, 1986) and may provide simpler pathways 

(lower tortuosity), both of which would facilitate the 

movement of water into, and proteins out of the matrix. 

Therefore higher mannitol concentration increases release 

rates.
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Figure 6: Release of insulin from EVA polymer matrix: 
Effect of mannitol concentration

Conclusions

In vitro release studies have shown that formulation 

affects the release kinetics of insulin from polymer 

matrix. It was seen that macromolecules can slowly permeate 

through normally impermeable polymer by adding water 

soluble excipients. The data should be useful in the design 
of release vehicles for various polypeptides, 

polysaccharides, and other bioactive agents produced by 

genetic engineering.
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CHAPTER 4

EVALUATION OF TRANSDERMAL DELIVERY OF RECOMBINANT HUMAN 

INSULIN FROM SOLUTION FORMULATION THROUGH THERMALLY CREATED 

MICROPORES IN HAIRLESS RATS SKIN

Abstract

Purpose. To investigate the in vivo delivery of 

recombinant human insulin through microporated hairless rat 

skin from solution formulation. The effect of EDTA, Zinc, 

insulin concentration, pore density, and duration of patch 

application time were studied.

Methods. Hairless rats (cannulated) were anesthetized 

by isofluorane gas. A PassPort™ system device was used to 

create micropores on the abdomen of the rat. A patch was 

loaded with 200 micro liter of an aqueous insulin 

formulation and applied over the microporated area. For 

EDTA and Zinc studies, 1 cm2 liquid reservoir patch was 

applied on the microporated area for 24 hours and filled 

with different amount of EDTA or zinc containing insulin 

solution (50lU/mL). For concentration study and pore 

density study, 1 cm2 liquid reservoir patch was applied on

86
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the microporated area and then filled with either 50-1000 

IU/mL or 500 IU/mL aqueous insulin formulation 

respectively. In the above studies, the patch was removed 

at the end of 24 hours. For repeated patch application 

studies (two times, 12 hours each), 1 cm2 liquid reservoir 

patch was applied and filled with 500 IU/mL insulin 

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

cannulated jugular vein for 26 hours at predetermined time 

intervals. Samples were analyzed by a validated ELISA 

method for insulin concentration as well as for blood 

glucose levels.

Results. Insulin delivered from EDTA containing 

formulation is significantly higher (0.81 + 0.1 ng/mL and 

2.35 + 0.083 ng/mL for 13.5 mM EDTA and 27 mM EDTA 

respectively) than insulin formulation without EDTA (0.002 

+ 0.016 ng/mL). Addition of zinc to insulin formulation 

facilitates the insulin delivery by stabilizing insulin in 

its hexameric form. Steady state serum concentrations for 

50, 500, and 1000 IU/mL insulin formulations were reached 

within 2 hours of patch application. For pore density 
study, serum insulin concentrations of 2.86 + 0.97 ng/mL, 

and 6.62 + 3.64 ng/mL respectively for 40 and 80-pores/cm2 

were achieved. For repeated patch application study, mean 

steady state levels of 4.59 ± 1.02 ng/mL and 6.06 ± 0.23
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ng/mL respectively, for first and second patch application 

were achieved.

Conclusions. Delivery of insulin through microporated 

skin can be monitored by controlling concentrations of 

EDTA, zinc, and insulin of the formulations or by changing 

microporation factor like pore-density.

Introduction

Diabetes mellitus is a disease characterized by an 

impaired carbohydrate metabolism resulting from an absolute 

or relative deficiency of insulin. Diabetes is responsible 

for increased mortality and morbidity, and for an altered 

functional status and quality of life because of its 

numerous complications. These include myocardial 

infarction, heart failure, stroke, renal failure, loss of 

vision, amputation, peripheral and autonomic neuropathies, 

and vulnerability to infections. Discovery of insulin 

revolutionized the treatment of diabetes mellitus (DM).

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 Chien, 1998) . It 

is therefore essential to normalize plasma insulin profile 

to regulate systemic glucose levels.
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In the treatment of Type 1 diabetes, it is important 

to provide 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 requirement 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 

or need to be combined with other insulin to obtain the 

desired glycemic control. Convenient routes such as oral 

administration of insulin are not feasible at this stage 

because of the nature of the insulin molecule; insulin 

being a protein would undergo degradation by gastric acid 

and proteolytic enzymes in the gastrointestinal tract. 

Recently inhaled insulin (Exubera®) has been approved in 

both the U.S. and the EU for adults with type 1 and type 2 

diabetes. However, very little data is available on the 

long-term safety of inhaled insulin, and particularly its 

effects on the lung function. The problems associated with 

inhaled insulin are that it may not be suitable for people
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with lung problems, it cannot deliver a fixed dose, and it 

will probably be more expensive than subcutaneous insulin. 

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 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 (~36 

kDa), which further makes its delivery 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 

enhancers like menthone, linoleic acid have been used to 

improve transdermal delivery of insulin solution across rat 

skin (Pillai and Panchagnula, 2003). Electrical enhancement
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to improve penetration of insulin across the skin has also 

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

Iontophoretic 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, 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 (Langkjasr et al., 1998), indicated 

that there was an increase in the delivery of regular 

insulin as opposed to when there was no skin pretreatment. 

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
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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 used a 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).

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 fxm wide 

and 40 fim deep) 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 macromolecules like 

insulin to cross the stratum corneum barrier. Controlling
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the microporation parameters and resistive element geometry 

can precisely control the size and the depth of the 

micropores.

Materials and Methods

Materials

Recombinant human insulin (28 U/mg), and sodium 

ethylenediamine tetra acetate (Na EDTA) were purchased from 

Sigma Chemical Co. (St. Louis, MO). Zinc chloride and other 

chemicals (buffer salts, acid, HPLC water, etc.) were 

obtained from Fisher Scientific (Pittsburgh, PA). Male 

hairless rats were obtained from Charles River (CA).

Sterile polyethylene tubing with internal diameter 0.023 

inch, auto-clip for wound closure (9mm), auto-clip 

applicator, silk breaded cotton thread, surgical 

instruments (forceps, twizer, microdissecting scissor, and 

vannas microscissor) were obtained from Harvard Apparatus 

(Holliston, MA). Glucose strip and Ascensia Elite 

Glucometer (manufacturer - Bayer) were purchased from 

Physicians Sales & Service (Marietta, GA). Heparin was 

purchased from Abbott Laboratories (North Chicago, IL). 

Mercodia Human Insulin ELISA kits were obtained from ALPCO 

Diagnostics (Windham, NH). Transdermal patches (reservoir

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



94

type) and patch cover were obtained through Altea 

Therapeutics Corp. from 3M (St. Paul, MN), and were used 

for all transdermal studies.

Microporation Setup

PassPort® system (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 10 msec pulses 

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

an active area of 1cm2, 15 pm thick, 500 pm long, 50 pm-wide 

filaments, and is made up of stainless steel 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

One day before the experiment, hairless rats (around 
300-400 gm) were weighed, anesthetized by an 

intraperitoneal dose of ketamine (75 mg/kg) and xylazine 

(10 mg/kg) and cannulated (cannula with internal diameter 

0.023 inch and filled with 80 pL of heparinized saline, 10
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USP units) in the right jugular vein. The cannulated rats 

were allowed to recover from surgery in the animal facility 

at Mercer University; College of Pharmacy as per IACUC 

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 0.1N HC1 and then the required concentration 

(50-1000 IU/mL) was obtained by making up the volume with 

13mM, pH 7.5-phosphate buffer. The required pH was obtained 

by adjusting the pH with 0.IN sodium hydroxide. For EDTA 

and zinc studies different amount of EDTA (13.5 - 27 mM) 

and zinc (6.2 - 200 micro-molar) were added to the 

formulation. This formulation was end sterilized by 

filtration through 0.22 pm filter.

The animals were anesthetized again using isofluorane 

gas. 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 rats (n 

= 4 - 8 in each group) were placed on the table with 

abdominal side facing up and microporated using the 

interface device. The microporated area was 1cm2 with 80- 

pores/cm2, unless otherwise specified. Patch was applied on 

the microporated area and filled with 200 micro liter 

insulin formulation through the minute slits provided in
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the patch. A patch cover was placed on the top of the patch 

to cover the slits and prevent leakage of formulation from 

the patch. Patch was applied for 24 hours. Just before the 

patch application, zero time blood sample (~250 pL) was 

taken from the jugular vein cannula. The patch was secured 

in place by tagaderm bandage and the rats were placed back 

in the cage with free access to food and water. Animals 

were once again anesthetized at the end of 24 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.

Sampling and Analysis

Approximately 250 flL of blood was collected from the 

cannula according to the following schedule for each study:

0, 2, 4, 6, 8, 10, 12, 16, 20, 24, and 26 hours. The 

cannula was flushed with 80 p.L of heparinized saline (10 USP 

units) each time the sample was taken. Blood samples 

collected were allowed to clot and centrifuged at 7200 rpm 

for 10 minutes 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
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the contents. The ELISA kits had no cross reactivity (< 

0.001) with rat insulin.

The ELISA kit (Mercodia Human Insulin ELISA kits from 

ALPCO Diagnostics, Windham, NH) was validated for rat 

serum. Rat serum was spiked with insulin standards to 

obtain a standard curve (3- 200 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.

Statistical Analysis

All data are presented as mean + SE. Statistical 

analysis was performed using analysis of variance (ANOVA).

P < 0.05 was set a priori as significant.

Result and Discussions

Figure 7 shows the efficiency of transdermal delivery 

of human insulin in hairless rats. When patch filled with 

50 IU/mL of insulin formulation was applied to the 

microporated skin (n = 4-8) for 24 hours, the serum insulin 

level reached to 1.12 + 0.51 ng/ml within 2 hours and then 

started to drop. From this experiment we can conclude that 

insulin is able to diffuse through the micropores created
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in the skin and reach systemic blood circulation. However, 

it can not maintain steady state level for duration of 

patch application.
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Figure 7: Transdermal delivery of insulin through 
microporated rat skin

Insulin formulation with different EDTA concentrations 

(13.5 - 27 mM) and Zinc concentrations (5.2 - 200 yM) were 
studied to see if EDTA or zinc can help to deliver insulin 

for longer period of time. Patches filled with insulin 

solution, insulin solution with EDTA, and insulin solution
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with EDTA and zinc were placed on the microporated skin. 

Figure 8 shows the effect of EDTA and zinc on delivery of 

human insulin through hairless rat skin. The area under the 

curve (AUC) for zero to 24 hours for EDTA containing 

insulin formulation is significantly higher (27.66 ng- 

hr/ml for 13.5 mM EDTA and 52.35 ng-hr/ml for 27 mM EDTA) 

than the AUC for insulin formulation without EDTA (6.50 ng- 

hr/ml for 0 mM EDTA). This may be attributed to EDTA 

keeping the pores open by chelating with calcium, which may 

be one of the cofactors necessary for enzymatic activity 

and viability of tissue cells.

Desmogleins (Dsg) are desmosomal cadherins that 

mediate cell-cell adhesion. Cadherins are transmembrane 

proteins with an extracellular domain located in the N- 

terminal part of the molecule. The intracellular domain is 

linked to actin filament. The extracellular domain is 

typically made of five repeats (Grunwald, 1993) . Calcium 

enables E- cadherin to subserve barrier function by first 

enabling its molecular dimerization (Figure 9) at low 

calcium levels within the intercellular space and then at 
somewhat higher calcium levels, its ability for homophyllic 

reaction and association with E-cadherin within the 

membrane of adjacent cells(Pertz et al, 1999). It has been 

reported that if EDTA presents in the incubation system,
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the decrease in surface cell cohesion reaches a point where 

the cells can be dissociated very easily from the rest of 

the tissue pieces, i.e., by simple agitation(Lundstrom et 

al, 1990). It has also been reported that the major 

desmosomal glycoprotein, desmoglein II to be protected by 

calcium against proteolysis (Garrod, 1986). Desmoglein II 

could thus be the protein that is degraded in the presence 

of EDTA. Because of chelation of EDTA with calcium, 

desmoglein II get degraded which disrupts the integrity of 

stratum corneum. It has been suggested that the presence of 

calcium holds the tissues together and its removal by 

chelation allows the separation of the stratum 

corneum/epidermis from the dermis (Bhatt et al, 1997) and 

inhibits the healing process. EDTA also stabilizes protein 

against oxidation by depleting the divalent metal ions.

Figure 8 also shows that when Zinc concentration in 

insulin formulation increases, the delivery of insulin 

through microporated skin also increases. This may be 

because Zinc helps to form hexameric insulin which is 

essential for stability of insulin. In absence of zinc 
insulin exists as monomer or dimmer which has hydrophobic 

moieties. These hydrophobic moieties may interact with 

skin. Hence by modulating the EDTA and zinc concentration 

of insulin solution in the patch we can control the
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delivery of insulin through micropores, thereby controlling 

the duration of action.
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Figure 8: Transdermal delivery of insulin: Effect of EDTA 
and Zinc concentration

Insulin formulations with three different 

concentrations (50, 500, and 1000 IU/mL) have been used. 

Figure 10 shows delivery of insulin increases with the 
increase of drug concentration. In case of 50 IU/ml insulin 

formulation the serum insulin level reached the steady
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Figure 9: Calcium enables cadherin to subserve barrier 
function by enabling its molecular dimerization (Modified 
from Getsios S., Huen A. C., and Green K. J., Nature Publishing Group, 5, 
272, 2004)
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state level and started to drop after 8 hours. This may be 

because the concentration used is not enough to maintain 

the steady state level for desired period of time. For 500 

IU/ml the serum insulin level reached steady state within 

two hours of applying patch and maintained in a steady 

state level during patch application time (24 hours). In 

the case of 1000 IU/ml the serum insulin level reached four 

times higher than the 500 IU/ml. After four hours the level 

started to drop, reached 5 ng/ml (which was the serum 

insulin level for 500 IU/ml) after 6 hours, and maintained 

that level during the patch application time. As the 

concentration increased, it is generally observed that flux 

increased up to a certain point and then attained a plateau 

value. It is thought that the boundary layer with respect 

to the bulk donor phase is more saturated in a higher 

concentration (Phipps et al, 1989).

Figure 11 shows the drop in serum glucose levels when 

patch filled with insulin was applied on the microporated 

area for 24 hours. The blood glucose levels started 

dropping as soon as the patch was applied and remained low 
during the patch application period. As much as 

approximately 80% drop in blood glucose was observed during 

the 24 hours patch application. As shown in Figures 10 and
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11, human insulin was successfully delivered into systemic 

circulation in a bioactive form, through microporated 

stratum corneum of hairless rat skin.
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Figure 10: Delivery of insulin: Effect of insulin 
concentration

Delivery of insulin was investigated at 500 IU/mL 

insulin formulation concentrations for two different patch 

application times. In the case of 1X24 hours patch 

application period, only one patch was applied to the
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microporated area and worn for 24 hours. In the case of 

2X12 hours patch application period, first patch was

140 - • -5 0 0  IU/ml insulin

1000 IU/ml insulin
120
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Figure 11: Blood glucose level after delivery of insulin 
through micropores: Effect of insulin concentration

applied to the microporated area and worn for 12 hours and 

at the end of 12 hours old patch was replaced with a fresh 

patch. For 24 hours patch application study, mean steady 

state level was 6.62 ± 2.35 ng/mL. For repeated patch (2X12 
hours) application study, mean steady state levels of 4.59 

± 1.02 ng/mL and 6.06 + 0.23 ng/mL respectively, for first 

and second patch application were achieved. Figure 12 shows

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



that there is no significant difference between serum 

insulin levels when one patch was applied for 1X24 hours 

and two patches were applied for 2X12 hours (two patches, 

12 hours each). This may be due to the amount of insulin 

present in one patch being sufficient to deliver insulin 

for 24 hours. Therefore 500 ICJ/mL insulin formulation 

provides sufficient concentration for the delivery of 

insulin for 24 hours.
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Figure 12: Delivery of insulin through micropores: Repeated 
patch study
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Figure 13 shows that there is no significant 

difference between blood glucose levels when patch was 

applied for 1X24 hours and 2X12 hours. The blood glucose 

levels started dropping as soon as the patch was applied 

and remained low during the patch application period. As 

much as approximately 80% drop in blood glucose was 

observed during the 24 hours patch application.
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Figure 13: Blood glucose level after delivery of insulin 
through micropores: Repeated patch study

Next, delivery of insulin was investigated at 500

IU/mL insulin formulation concentration for two different

pore densities (42 and 80-pores/cm2), keeping patch area
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constant at 1cm2. The rat abdomen was microporated to obtain 

42 and 80-pores/cm2 and patch was applied over it. Patch was 

filled with 500 IU/mL insulin formulation. Steady states 

were reached within two hours of patch application and they 

were 2.8 6 + 0.97 ng/mL, and 6.62 ± 3.64 ng/mL respectively 

for 42, and 80-pores/cm2 (Figure 14). A linear increase (r2 

= 0.99) in the dose delivered and the pore density was 

observed.

Figure 15 shows the drop in blood glucose levels when 

patch filled with insulin were applied on the microporated 

area for two pore densities (42, and 80-pores/cm2) . The 

blood glucose levels started dropping as soon as the patch 

was applied and remained low during the patch application 

period. As much as approximately 70% drop in blood glucose 

was observed for 80-pores/cm2 pore densities and 30% drop in 

blood glucose was observed for 42-pores/cm2 pore densities 

during the 24-hour patch application period. Once the patch 

is removed at 24th hour, the blood glucose levels started 

rising and recovered to the baseline within two hours. As 

shown in Figures 14 and 15, human insulin was successfully 

delivered into systemic circulation in a bioactive form, 

through micropores created in the stratum corneum of 

hairless rat skin.
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Figure 14: Delivery of insulin through micropores with 
different pore density
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Figure 15: Blood glucose level after delivery of insulin 
through micropores: Pores density study
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Conclusions

By changing different parameters, such as 

concentration (insulin, EDTA and zinc), patch application 

time, and pore density, we were able to deliver insulin 

over a desired period of time, thereby regulating the 

glucose levels. At optimized insulin concentration, steady 

state insulin levels were maintained during the patch 

application period. This insulin solution formulation is 

now being investigated for Phase I clinical trials for the 

delivery of insulin using microporation technology.
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CHAPTER 5

INVESTIGATION OF TRANSDERMAL DELIVERY OF RECOMBINANT HUMAN 

INSULIN FROM POLYMER MATRIX THROUGH THERMALLY CREATED 

MICROPORES IN HAIRLESS RAT SKIN

Abstract

Purpose. To investigate the in vivo delivery of 

recombinant human insulin through microporated hairless rat 

skin from polymer based transdermal patches. The influence 

of polymer types, buffers, buffer concentration, protein 

stabilizer, diluents, polymer concentration, drug 

concentration, diluents concentration, patch thickness, and 

activator pulse length were studied.

Methods. Hairless rats (cannulated) were anesthetized 

by isofluorane gas. A PassPort™ system device was used to 

create micropores on the abdominal skin of the rat. To 

compare the cannula bleeding to tail vein bleeding, patch 

was filled with 200 pL (1000 IU/mL) of insulin gel 
formulation (PVA gel) and samples were taken from cannula 

and tail vein for 8 hours. For film study, 1 cm2 polyvinyl 

alcohol (PVA) and ethylene vinyl alcohol (EVA) insulin 

films were applied on the microporated area. A subcutaneous
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infusion study (lU/kg) was also performed in order to 

determine and compare to transdermal pharmacokinetic 

profile. Pulse length study was done to determine if 

insulin delivery is dependent on pulse length of activator 

(7.5 msec, 5 msec, and 2 msec pulse length). 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. Calcein study was done to 

determine if pores is open for 24 hours. Microporated skin 

was photographed using calcein just after microporation 

(control) and at 24 hours.

Results. For jugular vein cannula bleeding, the serum 

insulin level is seven times higher than the tail vein 

bleeding. Delivery of insulin from PVA gel is much higher 

than the PVA film. Delivery of insulin from lysine and 

citrate buffer is less than the delivery of insulin from 

arginine buffer. Lyophilized insulin mixed with EVA polymer 

could maintain the effective insulin level for a longer 

period of time. For mannitol containing formulation the 

serum insulin level reached to 20.8 9 + 5.70 ng/mL within 
two hours of patch application and could maintain 

therapeutic level (0.2 ng/mL)for 24 hours. The delivery of 

insulin increases with increasing insulin and mannitol
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concentration and decreasing EVA concentration as well as 

film thickness.

Conclusions. By controlling the concentration of 

insulin, polymer, and diluents in the film or by changing 

patch thickness, and activator pulse length, delivery of 

insulin via micropores in hairless rats can be monitored.

INTRODUCTION

Diabetes management has been a challenge for both 

physicians and patients (Hoffman, 2004; Mazze, 1995; 

Likitmaskul, 2002) . Diabetes is not a life threatening 

disease but accompanied by severe complications such as 

blindness, nerve damage, kidney damage, heart disease etc 

(Viberti, 1994; Kumagai, 1999; Melville, 2000; Garber,

2003) . Type II Diabetes treatment involves initially diet 

control and exercise (Langer, 2002; Warren, 2004) with or 

without the introduction of oral hypoglycemic agents 

(Riddle, 2005) . But recent studies have shown that diabetes 

can be better managed if insulin regimen is introduced at 

the early stage (Braunstein, 2005, Miller, 2005). Most of 
the newly diagnosed patients are not willing to accept 

daily self-injected insulin regimen either because of the 

stigmatization of insulin injection (Tak-Ying Shiu, 2003) 

or fear of needles. Type I Diabetes can be only treated by
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insulin injection (Wagner, 2005). Patient compliance in 

both types is always a challenge when the patients have to 

inject themselves multiple times every day (Weijman, 2005) .

Maintaining basal rate of insulin delivery will 

benefit both types of diabetic patients (Fahlen, 2005; 

Braunstein, 2005). The currently available option for 

maintaining basal rate of insulin is to use continuous 

infusion pump (McMahon, 2005) or to use long acting insulin 

product like Lente® or NPH® or long acting insulin 

analogues like Lantus®. Alternative routes for delivery of 

basal insulin are highly desirable as it will obviate the 

pain and risk of infection from needle for dosing the basal 

rate insulin. Several alternative routes of delivery are 

currently being pursued (Shaikh, 2005; Cefalu, 2004; White, 

2005; Goto, 2006; Sajeesh, 2006; Krauland, 2006; Xuan,

2005; Cui, 2005; Renard, 2004). Transdermal delivery 

(Prausnitz, 2004) is also favored because it is painless, 

convenient, needs less frequent dosing (Sclar, 1991) and 

can be self-administered. Physicians will have a better 

chance of convincing diabetic patients to start insulin 
regimen as early as possible. Patients will have a higher 

successful rate of maintaining low blood glucose.

Skin is naturally resistant to permeation of exogenous 

chemicals (Casey, 2002). Stratum corneum, the outermost
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layer of skin, consists of dead skin cells called 

keratinocytes (Bouwstra, 2002 and 2003) imbedded in a lipid 

matrix. Only a few small molecules with balanced 

hydrophobicity and hydrophilicity are able to penetrate 

through intact stratum corneum and reach therapeutic levels 

for disease management such as nicotine, clonidine, 

scopolamine, nitroglycerin etc. (Olivier, 2003) (Guy,

1987). Most hydrophilic small molecules and macromolecules 

are not likely to be delivered through intact skin due to 

their opposite nature to the stratum corneum (Bodde, 1989) . 

Insulin is a peptide consisting 51 amino acids and tends to 

form hexamers at high concentration or in the presence of 

zinc and phenolic compounds (Klostermeyer, 1966) (McGraw, 

1990). The hurdle for developing an effective transdermal 

delivery product for insulin is the skin resistance to 

permeation of macromolecules (Schuetz, 2005).

Several technologies for facilitating insulin delivery 

via skin have been reported. They can be classified into 

three categories: chemical enhancers, physical 

interventions and the combination of both (Pillai, 2003) 

(Sen, 2002). Chemical enhancers are known to improve skin 

permeability by disrupting the brick (keratinocytes)-mortar 

(lipid matrix) structure of stratum corneum (Sinha, 2000) 

(Kanikkannan, 2000). The explored chemical enhancers
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include lecithin (Guo, 2000), surfactants, lipids 

(Biphasic) (King, 2002), ethosomes (Godin, 2003) and 

transfersomes from IDEA AG (Cevc, 2003), in vivo phage 

display (Chen, 2006), etc. Other formulation approaches 

include nanoparticles, microparticles have also been 

investigated (Higaki, 2006).

Electrical interventions such as iontophoresis (Meyer, 

1989) (Chien, 1987) (Banga, 1993), and electroporation 

(Tokumoto, 2006) (Murthy, 2006) (Potts, 1997) have been 

widely pursued. Mechanical intervention includes 

microneedles (Martanto, 2004) (Prausnitz, 2004)

(McAllister, 2003) and powder injection. Sonophoresis (Lee,

2004) (Boucaud, 2002) (Tachibana, 1992), photomechanical 

waves (Lee, 2001), pressure waves (Doukas, 2004), 

erbrium:YAG laser (Fang, 2004) and radiofrequency wave has 

also been reported as an effective way of permeabilizing 

the skin for insulin delivery (Levin, 2005). Thermal 

intervention involves small amount of thermal energy 

applied on skin surface to create microscopic pores using a 

PassPort™ system. At each site, a micropore (around 100 pm 

wide and 40 pm deep) 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 macromolecules
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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. PassPort™ system creates 

microscopic aqueous channels on the skin and facilitates 

the delivery of hydrophilic molecules, both small molecules 

and vaccines (Bramson, 2003).

Rate-controlling transdermal delivery systems have 

been successfully developed to deliver various drugs via 

skin into the systemic circulation with considerable 

biomedical benefits (Yu, 1991 and Chien, 1992). Some of the 

systems have used release modifiers to achieve desired 

therapeutic plasma levels of the drug (Loth, 1991; Stantus 

and Baker, 1993; Barrickman., 1995)

Controlled delivery of insulin through the skin would 

prevent first-pass metabolism of the drug. Additionally, it 

would be possible to reduce the dosing frequency and 

eliminate peak plasma levels of the drug if the system is 

able to deliver the drug at a constant rate for an extended 

period of time. The current study demonstrated a solid 
insulin film formulation delivering high serum level of 

insulin in hairless rat model via PassPort™ system. A 

systemic evaluation of this solid film formulation is also 

reported.
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Materials and Methods

Materials

Recombinant human insulin (28 U/mg) sodium 

ethylenediamine tetraacetate (Na EDTA), mannitol, sorbitol, 

sucrose, trehalose, PVA (polyvinyl alcohol), and methylene 

chloride were purchased from Sigma Chemical Co. (St. Louis, 

MO). Sodium citrate, zinc chloride, L - arginine, and other

chemicals (buffer salts, acid, HPLC water, etc.) were

obtained from Fisher Scientific (Pittsburgh, PA). 

Hydroxypropyl methyl cellulose (HPMC) and hydroxyl ethyl 

cellulose (HEC) were purchased from Dow Chemical Co.

(Midland, Michigan). Ethylene vinyl acetate with 40% vinyl

acetate (EVA) was from Alfa Chem (Kings Point, NY). Male 

hairless rats were obtained from Charles River (CA).

Sterile polyethylene tubing with internal diameter 0.023 

inch, auto clip for wound closure (9mm), auto clip 

applicator, silk breaded cotton thread, surgical 

instruments (forceps, twizer, microdissecting scissor, and 

vannas microscissor) were obtained from Harvard Apparatus 

(Holliston, MA). Glucose strip and Ascensia Elite 

Glucometer (manufacturer - Bayer) were purchased from 

Physicians Sales & Service (Marietta, GA). Heparin was 

purchased from Abbott Laboratories (North Chicago, IL).
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Mercodia Human Insulin ELISA kits were obtained from ALPCO 

Diagnostics (Windham, NH). 3M Scotchpak backing film 1109 

and 3M 1521 (single-sided polyethylene film) as the top 

seal were purchased from 3M (St. Paul, MN). Transdermal 

patches (reservoir type) and patch cover were obtained 

through Altea Therapeutics Corp. from 3M (St. Paul, MN), 

and were used for all transdermal studies.

Formulation of Insulin Polymer Matrices

Preparation of Insulin gel formulation

Recombinant human insulin was first dissolved in 

minimal quantity of 0.IN HC1 and then the required 

concentration was obtained (3 - 2000 IU/mL), unless 

otherwise specified, by making up the volume with 13mM 

phosphate buffer (pH 8) containing 1% EDTA. 20% PVA gel was 

prepared using 13mM phosphate buffer (pH 8) containing 1% 

EDTA. Equal amount of insulin solution (2000 IU/mL) was 

added to equal amount of 20% PVA. The final insulin gel 

formulation contained 1000 IU/ml insulin in 10% PVA. This 

insulin gel formulation (200pL) was placed on a patch (1cm2) 

prior to delivery study.
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Preparation of Insulin film formulation

Preparation of insulin film using PVA polymer. 

Recombinant human insulin was first dissolved in minimal 

quantity of 0.1N HC1 and then the required concentration 

was obtained (2000 IU/mL unless otherwise specified) by 

making up the volume with 13mM phosphate buffer (pH 8) 

containing 1% EDTA. 40% PVA gel was prepared using 13mM 

phosphate buffer (pH 8) containing 1% EDTA. Equal amount of 

insulin solution was added to equal amount of 40% PVA. The 

insulin gel formulation contained 1000 IU/ml insulin in 20% 

PVA. Insulin gel formulation (200pL) was placed on a patch 

(lcm2 area) and kept in fume hood to evaporate the water for 

24 hours.

Preparation of lyophilized insulin. Sigma recombinant 

human insulin 40 mg/ml, trehalose 16 mg/ml, and mannitol 40 

mg/ml were dissolved in 20mM arginine buffer. pH was 

adjusted to 9 with IN sodium hydroxide solution. The 

insulin solution was frozen at -20 deg C for 3 days and 

lyophilized using a bench top Labconco Freeze - Dryer 

System (model 7752000) for 2 days. The resulted cake 
structure was sieved using 20 mesh sieve. The dry powder 

was stored in a refrigerated dessicator until use.
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Preparation of insulin film using lyophilized insulin 

and EVA polymer. The general fabrication procedure of Rhine 

et al, (1980) was followed. Ethylene - vinyl acetate 

copolymer (40% vinyl acetate by weight) was dissolve in 

methylene chloride to give a 10% solution (w/V) by 

continuous stirring for 3 hours. Lyophilized insulin and 

mannitol were ground and sieved through mesh # 20 to get 

uniform particle size. Lyophilized insulin was added to 

mannitol and mixed for 30 minutes. This mixture was added 

to polymer solution in a glass vials and stirred for 2 

hours at 450 rpm to give a homogeneous suspension of 

lyophilized insulin particles in the polymer solution. The 

suspension was quickly poured on the backing film and dried 

in the fume hood for 5 hours. The film was cut into pieces 

with 1cm2 area using punch biopsy tool. Each film was 

weighed and its thickness was measured with digital slide 

calipers. The film was placed on a patch cover and stored 

at -20 °C until use.

Microporation Setup

PassPort™ system (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
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control and was programmed to deliver one 7.5 msec pulses 

(unless otherwise specified) set at a 0.7 opto temperature 

setting. The planar array had an active area of 1cm2 and is 

made up of stainless steel 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 by an 

intraperitoneal dose of ketamine (75 mg/kg) and xylazine 

(10 mg/kg) and cannulated (cannula with internal diameter 

0.023 inch and filled with 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 IACUC approved guidelines, until used 

for the experiment.

The animals were anesthetized again using isofluorane 

gas. 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 rats (n
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= 4-8 in each group) were placed on the table with 

abdominal side facing up and microporated using the 

interface device. The microporated area was 1cm2 with 80- 

pores/cm2, unless otherwise specified. For insulin gel study 

patch filled with 200 microliter insulin PVA gel 

formulation was applied on the microporated area. A seal 

was placed on top of the patch to cover the slits and 

prevent leakage of formulation from the patch. Patch was 

applied for 8 hours. Just before the patch application, 

zero time blood samples (-250 jxL) were taken from the 

jugular vein cannula and tail vein. The patch was secured 

in place by tagaderm bandage and the rats were placed back 

in the cage with free access to food and water. Animals 

were once again anesthetized at the end of 8 hours. Patch 

(insulin gel formulation) was removed. The microporated 

area was wiped with warm water and patted to dryness.

In the case of insulin PVA film study, insulin PVA 

film was placed on the microporated area. Patch was applied 

for 8 hours. Just before the patch application, zero time 

blood samples (-250 pL) were taken from the jugular vein 

cannula. The patch was secured in place by tagaderm bandage 

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

to food and water. Animals were once again anesthetized at 

the end of 8 hours. Patch (insulin film) was removed. The
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microporated area was wiped with warm water and patted to 

dryness.

In the case of insulin EVA film study, insulin EVA 

film was placed on the microporated area. Patch was applied 

for 24 hours. Just before the patch application, zero time 

blood samples (~250 p.L) were taken from the jugular vein 

cannula. The patch was secured in place by tagaderm bandage 

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

to food and water. Animals were once again anesthetized at 

the end of 24 hours. Patch (insulin film) was removed. The 

microporated area was wiped with warm water and patted to 

dryness. Sampling was continued for 26 hours. A control 

study was also done where the animals were microporated but 

did not have the drug patch.

Sampling and Analysis

Approximately 250 p.L of blood was collected from the 

cannula according to the following schedule for each study:

0, 2, 4, 6, and 8 hours for insulin PVA gel and film

formulation studies; 0, 2, 4, 6, 8, 10, 12, 16, 20, 24, and
26 hours in the case of insulin EVA film formulation

studies; 0, 1, 2, 3, 4, 5, 6, 7, and 8 hours for

subcutaneous infusion study. The cannula was flushed with
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80 p.L of heparinized saline (10 USP units) each time the 

sample was taken. Blood samples collected were allowed to 

clot and centrifuged at 7200 rpm for 10 minutes 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. The 

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

insulin.

The ELISA kit (Mercodia Human Insulin ELISA kits from 

ALPCO Diagnostics, Windham, NH) was validated for rat 

serum. Rat serum was spiked with insulin standards to 

obtain a standard curve (3- 200 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.

Subcutaneous Infusion Study Setup

In the case of subcutaneous study, a dose 

corresponding to 3IU/mL of insulin solution formulation was 

taken in 3cc syringe with a 26-gauge butterfly needle and 

attached to tubing (flush air bubbles from syringe and 

tubing). The animals (n = 4 in each group) were weighed 

accurately (around 300-400 gm), anesthetized by an
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intraperitoneal dose of ketamine (75 mg/kg) and xylazine 

(10 mg/kg). The butterfly needle was inserted 

subcutaneously into the dorsal side of neck of each rat.

The dose was administered for 8 hours (Dose: 1 IU/kg, 100 

mL/hr, 0.3 IU/hr) by starting run on syringe pump system.

Calcein Study

This study was done to evaluate the duration that the 

pores stay open. Rat abdomen was microporated and a patch 

was place onto it. At zero hour (before the insulin patch 

application) and at 24 hours (after the insulin patch was 

removed) calcein (a fluorescence dye) was injected into the 

patch. After one minutes the calcein patch was removed from 

the microporated area. The microporated area was first 

wiped with an alcohol swab to remove the calcein and then 

patted to dryness with a napkin. Fluorescent image was 

taken using digital camera with fluorescence filter lens to 

check how long pores were open. The permeability of calcein 

at each poration site was determined by a computer program 

known as fluoropore. The relative value of permeability of 
each pore is known as pore permeability index (PPI) . This 

fluoropore program measures the fluorescent intensity. The 

bigger the pore size the stronger the intensity. This data 

was then analyzed using a least squares algorithm. The
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distribution curve (histogram) of fluorescence which 

radiates from each pore is similar to a Gaussian 

distribution.

Pharmacokinetic Analysis

Serum concentration vs. time profile from subcutaneous 

infusion and transdermal microporation routes (solution and 

film) were analyzed using non-compartmental analysis 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). 

Pharmacokinetic parameters such as elimination rate 

constant ke, half life ti/2, clearance Cl and area under 

curve AUC were determined. In this study, we used CliV (done 

by previous researcher in our lab) to calculate the 

transdermal dose delivered (C1IV * AUC transdermal) •

Statistical Analysis

All data are presented as mean + SE. Statistical was 

performed using analysis of variance (ANOVA). P < 0.05 was 

set a priori as significant.
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Result and discussions

Cannula bleeding was first compared to tail vein 

bleeding. Patch was filled with 200 pL of insulin gel 

formulation (1000 IU/mL). Figure 16 shows that steady state 

level (11.53 + 0.94 ng/mL) for jugular vein cannula 

bleeding was reached within one hour of patch application 

and was maintained during patch application period. Figure 

16 also showed that for jugular vein cannula bleeding, the 

serum insulin level was seven times higher than the tail 

vein bleeding. This may be due to vasodilation which 

reduced blood flow at the peripheral part of the body (at 

tail) . Therefore cannulated rats were used for all the 

other experiments.

This study was done to evaluate the delivery of 

insulin from PVA gel and PVA film. Figure 17 shows that for 

PVA gel steady state level of 11.53 + 0.94 ng/mL was 

reached within one hour of patch application and the level 

was maintained throughout the patch application period. 

Insulin delivery from PVA gel was much higher than the PVA 

film. In the case of gel formulation, insulin already 

exists in the gel in soluble form. Therefore the delivery 

of insulin depends on the diffusion of insulin molecules 

from the gel. The interstitial fluid which comes out from
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pores created by microporator helps the insulin molecules 

to diffuse through the gel matrix by further 

dissolving/solubilizing the gel. But in the case of PVA 

film the delivery of insulin depends on first dissolution 

and then diffusion of insulin molecules. Since PVA is a 

water soluble polymer, the interstitial fluid that comes 

out from pores mostly helps to dissolve the polymer. There 

was not enough interstitial fluid to dissolve the insulin 

molecules. Therefore at initial phase of PVA film, there 

was no delivery; however, at later phase there was some 

delivery observed.

Cannula bleeding 
- • - T a i l  vein bleeding18

16 -

O)

10

4 5 6 7 80 1 2 3
Time (hour)

Figure 16: Delivery of insulin from PVA gel: Study of
cannula bleeding Vs tail vein bleeding (1000 IU/mL)
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Figure 17: Delivery of insulin from PVA gel and PVA film
formulation (7 mg/patch)

Lyophilized Insulin Formulation in Different Dosage Forms

We wanted to maintain the effective serum insulin 

level at least for 24 hours. However PVA gel formulation 

was unable to maintain the effective serum insulin level 

for a desired period of time. Therefore we changed the 

formulation strategy. This study was done to compare the 
delivery of insulin from lyophilized insulin formulation in 

different dosage forms. In this study glycine was used as 

stabilizer, arginine was used as solubilizing agent,
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mannitol was used as bulking and tonicity agent, and EVA 

(hydrophobic polymer) was used as rate limiting barrier for 

insulin. Glycine is a well-known osmolyte/stabilizer. 

Osmolytes are generally believed to stabilize protein by 

getting preferentially excluded from the protein surface 

and favoring the preferential hydration of the protein. 

Insulin raw material is slightly soluble at physiological 

pH (approximately 12mg/ml in 13mM phosphate buffer at pH 

7.5) and is susceptible to denaturation in organic solvent 

methylene chloride. The lyophilized insulin formulation 

renders human insulin better solubility in aqueous solution 

at physiological pH (approximately 14 0mg/ml). Therefore, 

lyophilized insulin formulation was used to prevent the 

insulin denaturation. Four lyophilized insulin formulations 

were used, lyophilized insulin as solution, lyophilized 

insulin as powder, lyophilized insulin powder cover with 

EVA and lyophilized insulin powder mixed with EVA.

Figure 18 demonstrates that compared to the 

lyophilized insulin solution, lyophilized insulin powder 

showed significantly higher insulin level (2.74 + 0.99 
ng/mL) at the time point of 2-3 hours of patch application, 

which might be because the interstitial fluid came out from 

the microporated skin and resulted in highly concentrated 

solution of lyophilized powder in the patch. In the case of
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lyophilized insulin powder covered with EVA film, no 

insulin delivery was observed throughout the patch 

application period. This might be because the interstitial 

fluid could not diffuse through the hydrophobic EVA film to 

dissolve the insulin in the patch. Compared to the other 

three formulations, lyophilized insulin mixed with EVA 

polymer could maintain the steady state level for a longer 

period of time.

AR -1M (lyophilized solution) 

-♦-AR-1M  (lyophilized powder)
LLI
O)

AR -1M (lyophilized powder covered with EVA film) 

AR -1M (lyophilized powder mixed with EVA)
o>
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c

4>
CO

0 10 15 20 255
Time (hour)

Figure 18: Delivery of insulin from lyophilized insulin 
formulation using glycine as protein stabilizer (0.35 
mg/patch)
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Stabilizers

Trehalose is generally considered a promising 

excipient for stabilization of proteins during 

lyophilization (Roser et al. , 1991). Trehalose has a higher 

Tg(glass transition temperature) at a given moisture 

content than other disaccharides and, thus, for 

formulations containing trehalose it may be easier to 

obtain an appropriate cake structure with an economical 

lyophilization cycle (Crowe et al., 1998). The Tg value for 

pure trehalose is - 30 °C and for glycine is - 37 °C. It is 

important to design a formulation with maximum collapse 

temperature during lyophilization (Carpenter et al., 2002). 

Trehalose is also more resistant to acid hydrolysis. This 

study was done to compare formulations with two different 

protein stabilizers (trehalose and glycine). Figure 19 

shows that in both formulations, the serum insulin 

concentration reached the steady state (1.04 + 0.53 ng/mL 

and 0.7 6 + 0.22 ng/mL) within one hour of patch application 

and maintained the level for the next three hours.

Therefore trehalose was used as stabilizer for all the 

formulations.
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Figure 19: Delivery of insulin from lyophilized insulin 
formulation: Study of protein stabilizers (0.35 mg/patch)

Buffer and pH

This study was carried out to evaluate the effect of 

buffer and pH on insulin delivery from an EVA polymer film. 

Permeation of insulin from films which were made with three 

different buffers, arginine (pH 8.5), lysine (pH 8.5) and 
citrate (pH 2.6) were studied. Figure 20 shows that the

delivery of insulin from arginine buffer is higher than the

delivery of insulin from lysine and citrate buffer. The

delivery of insulin from citrate buffered formulation could
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be low due to acid hydrolysis of trehalose at low pH. 

Hydrolysis of trehalose produces reducing sugars, which may 

ultimately result in damage to proteins in a lyophilized 

formulation (Carpenter et al., 2002). The delivery of 

insulin from lysine buffered formulation was also low. This 

may be because solubility of insulin in lysine is less 

compared to arginine. In the case of arginine buffer, the 

serum insulin concentration reached the steady state level 

within four hours of patch application and the level was 

maintained for a longer period of time. This may be due to 

the effect of arginine on insulin solubility. Therefore, 

arginine buffer at approximate pH 8.5 was used for all 

other experiments.

Buffer Concentration

To evaluate which concentration of arginine buffer is 

a best fit for formulation, the delivery of insulin from 

EVA film with different arginine concentration was studied. 

Figure 21 shows that there is no significant difference in 

serum insulin levels for formulation with 10 mM arginine, 

20mM arginine, and lOOmM arginine buffer. In another study 

we found that the serum insulin level from a higher drug 

load (20%) and lower arginine content (10 mM) was much
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Citrate buffer(pH 2.6) 

Arginine buffer(pH 8.5) 

Lysine buffer(pH 8.5)
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Figure 20: Comparison of delivery of insulin from EVA film: 
Effect of buffers and pH

lower than that from the typical 4% insulin film with 20 mM 

arginine. It was hypothesized that arginine buffer capacity 

may have been consumed faster than the insulin delivery and 

lost its buffer capacity to maintain the pH above 8.5 where 

insulin has high solubility. This hypothesis was supported 

by the neutral pH obtained from the retrieved interstitial 

fluid collected at the end of the 24-hour studies. 

Theoretically by adding more arginine, more insulin should
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be soluble in the interstitial fluid as the pH should be 

maintained at above 8.5. Therefore, 20mM arginine buffer 

was chosen as optimum buffer concentration for all the 

formulations.
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Figure 21: Delivery of insulin from EVA film: Effect of 
arginine concentration

Figure 22 shows the drop in blood glucose levels when 
insulin film was applied on the microporated area for 24 

hours. The blood glucose levels started dropping as soon as 

the patch was applied and remained low during the patch

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



138

application period. As much as approximately 80% drop in 

blood glucose was observed during the 24 hours patch 

application.
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Figure 22: Glucose level for delivery of insulin from 
different millimole arginine based formulations

Diluents

After optimizing the buffer system and buffer 

concentration, we investigated the effect of diluents on 

the delivery of insulin from film formulation. For these 

studies mannitol, sorbitol, desiccated sorbitol, and
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mannitol with sucrose were used as diluents. For mannitol 

containing formulation the serum insulin level reached to

20.89 + 5.70 ng/mL within two hours of patch application 

and could maintain therapeutic level for 24 hours. However, 

the serum insulin levels reached to only 0.73 + 0.72 ng/mL, 

3.12 + 1.54 ng/mL, and 0.78 + 0.80 ng/mL for sorbitol, 

desiccated sorbitol, and mannitol with sucrose containing 

formulations, respectively. Figure 23 shows that the 

delivery of insulin from the formulation with mannitol is 

significantly higher than delivery of insulin from the 

formulations with sorbitol, desiccated sorbitol, and 

mannitol with sucrose. This may be because mannitol has 

higher water absorbing capacity than sorbitol and sucrose. 

This characteristic would help mannitol to absorb more 

interstitial fluid, which would increase dissolution and 

diffusion of insulin from the EVA film. Therefore mannitol 

was used as the diluents for lyophilized insulin 

formulation. Thus, final lyophilized insulin formulation 

was prepared with mannitol and trehalose in arginine 

buffered system.

Surfactants Added to EVA

Surfactants are used in transdermal delivery of drug 

to enhance delivery. Surfactant reduces surface tension,
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Figure 23: Delivery of insulin from EVA film: Effect of 
diluents

which reduces the system free energy as well as protein - 

surface and protein - protein interaction. Surfactant can 

also bind to hydrophobic surfaces and reduce hydrophobic 

interactions between proteins and other processing surface 

(Lougheed, 1983). This study was investigated to compare 
the delivery of insulin from film formulation with two 

surfactants, Tween 80 and propylene glycol (PG). Propylene 

glycol and Tween 80 at 5% were incorporated in the typical
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4% insulin films by mixing with methylene chloride.

Figure 24 shows that the serum insulin level 20.89 + 5.70 

ng/mL for only mannitol content formulation is 

significantly higher than the serum insulin level for the 

formulations with Tween 80 (0.88+0.30 ng/mL) and 

propylene glycol (6.31 + 0.47 ng/mL). This may be because 

of hygroscopicity of propylene glycol, which may prevent 

insulin from getting enough water to dissolve and creating 

direct channel to diffuse out from the film.
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Figure 24: Delivery of insulin from lyophilized insulin 
film: Effect of surfactant added to EVA
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Surfactant Added to Mannitol

This study was investigated to compare the delivery of 

insulin from film formulation containing mannitol and film 

formulation containing mannitol with Tween 80. Tween 80 at 

5% was incorporated in the typical 4% insulin films by 

mixing with mannitol. Figure 25 shows that the serum 

insulin level of 20.89 + 5.70 ng/mL for only mannitol 

content formulation is significantly higher than the serum 

insulin level of 8.82 + 0.27 ng/mL for the formulation with 

mannitol and Tween 80. Figure 25 also shows that the Tmax 

for both the formulation is the same but the Cmax is 

different. This may be the hydrophobic natured surfactant 

Tween 80 interacted with insulin and decreased delivery of 

insulin.

Microporated Skin Vs Intact Skin

This study was done to compare the delivery of insulin 

from film formulation through the microporated skin and the 

intact skin. Figure 26 shows that in the case of the 

microporated skin the serum insulin concentration reached 
the steady state level (6.89 + 1.62 ng/mL) at 2 hours and 

maintained the effective level for almost 20 hours. But in 

the case of intact skin there was no delivery observed.
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Figure 25: Delivery of insulin from lyophilized insulin 
film: Effect of surfactant added to mannitol
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Figure 26: Delivery of insulin from EVA film: Study of 
microporated skin Vs intact skin
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Figure 27 shows the drop in blood glucose levels when 

patch filled with insulin were applied on the microporated 

skin. The blood glucose levels started dropping as soon as 

the patch was applied and remained low for 20 hours. As 

much as approximately 7 0% drop in blood glucose was 

observed for delivery of insulin through microporated skin.
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Figure 27: Blood glucose level after delivery of insulin: 
Study of microporated skin and intact skin

Insulin Concentration

After optimizing formulation excipients, it was 

important for us to know the effect of formulation 

parameters like concentration of insulin, diluents, or 

polymer matrix as well as the film thickness on the
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delivery of the drug. This experiment was done to evaluate 

the delivery of insulin from film formulation with 

different dosages (lmg/patch, and 2mg/patch). Increased 

drug concentration results in a greater number of pores 

(Langer et al, 1986) and may provide simpler pathways 

(lower tortuosity), both of which would facilitate the 

movement of water into, and proteins out of the matrix. 

Figure 28 shows the delivery of insulin increases with 

increasing drug concentration. Steady states were reached 

within two hours of patch application and they were 3.88 ± 

0.87 ng/mL, and 6.20 + 2.83 ng/mL respectively for 1 

mg/film, and 2 mg/film.

EVA Concentration

This study was investigated to compare the delivery of 

insulin from film formulation with different EVA 

concentrations. Figure 2 9 shows within two hours of patch 

application the serum insulin level reached 20.89 + 5.70 

ng/mL and 5.10 + 0.14 ng/mL for formulation with 20% EVA 

and 30% EVA respectively. This may be due to increased 
polymer concentration producing lower numbers of aqueous 

pores (since EVA is hydrophobic polymer) into the matrix, 

which affects the release of insulin from polymer matrix. 

Therefore, the polymer concentration affects the delivery
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of insulin through microporated skin. Figure 29 also shows 

that the Cmax for 20% EVA formulation is higher than the 

Cmax for 30% EVA formulation and Tmax for 20% EVA 

formulation is less than the Tmax for 30% EVA formulation.

16

14

1 mg/patch
2 mg/patch

r  10

0 5 10 15 20 25
Time (hour)

Figure 28: Delivery of insulin from EVA film: Effect of 
insulin concentrations

Figure 30 shows the drop in blood glucose levels when 

patch filled with insulin were applied on the microporated 

skin. The blood glucose levels started dropping as soon as 

the patch was applied and remained low for 20 hours. As 

much as approximately 70% drop in blood glucose was 

observed for formulation with 20% EVA and 30% drop in blood 

glucose was observed for formulation with 30% EVA.
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Figure 30: Blood glucose level after delivery of insulin 
from polymer film: Effect of EVA concentrations
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Mannitol Concentration

This study was investigated to compare the delivery of 

insulin from film formulation with different mannitol 

content. Figure 31 shows that the delivery of insulin from 

68% mannitol is significantly higher than 47%, and 52% 

mannitol content formulation. Increased mannitol 

concentration results in a greater number of aqueous pores 

(Langer et al, 1986) and may provide simpler pathways 

(lower tortuosity), both of which would facilitate the 

movement of water into, and proteins out of the matrix. 

Figure 31 also shows that with 68% mannitol content 

formulation the therapeutic level reached before 2 hours 

and can maintain the level for almost 24 hours. From all 

the studies we found that formulation containing 68% 

mannitol, 20% EVA, and 2% insulin would be a promising 

formulation for transdermal delivery of insulin through 

microporated skin.

Film Thickness

This experiment was done to study the delivery of 
insulin film formulation from different thickness of film. 

Two films of 0.30 mm and 0.60 mm thickness were placed on 

the microporated skin respectively. Figure 32 shows that
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the delivery of insulin increases as the thickness of film 

decreases. This may be because increasing film thickness 

resulted in increasing the distance which drug molecules 

need to travel. Hence by changing the patch thickness with 

same insulin film formulation we can control the delivery 

of insulin through micropores.
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- * “ 52% mannitol 

-* -4 7 %  mannitolCO

O
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Figure 31: Delivery of insulin from EVA film: Effect of 
mannitol concentration
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Figure 32: Delivery of insulin from EVA film: Study of film 
thickness

Activator Pulse Setting

This experiment was done to compare delivery of 

insulin through micropores created by activator with 

different pulse setting. A film with lmg/cm2 insulin placed 

on the microporated skin and worn it for 24 hours. Figure 

33 shows that serum insulin levels reached therapeutic 
level within two hours of patch application for all three 

pulse setting. The levels for 7.5 msec pulse setting is

20.89 + 5.72 ng/mL, 5 msec pulse setting is 3.25 + 0.89
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ng/mL, and 2 msec pulse setting 1.11 + 0.54 ng/mL. In the 

case of 7.5 msec pulse setting the serum insulin level is 

almost twenty times higher than the serum insulin level for 

2 msec pulse setting and in the case of 5 msec pulse 

setting the serum insulin level is three times more than 

the serum insulin level for 2 msec pulse setting. Hence by 

changing the thermal application time of activator we can 

control the delivery of insulin through micropores.

Pulse 7.5 msec

Pulse 5 msec
LLI
CO Pulse 2 msec

E 50o>

£  40

20 2515100 5
Time (hour)

Figure 33: Delivery of insulin through micropores : 
Activator pulse study
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Formulations (Solution Vs Film)

This study was investigated to compare insulin 

solution formulation with film formulation. Figure 34 shows 

that the serum insulin concentration reaches the 

therapeutic level within two hours of patch application and 

maintained the level for 24 hours. Initially the steady 

state level for film formulation is significantly higher 

than the steady state level of solution formulation. This 

may be because the instant dissolution of insulin on film 

surface caused higher insulin concentration. We found that 

in 24 hours approximately 10 microliter interstitial fluid 

comes out from the microporated skin. Therefore the 

dissolution of insulin in this little amount of 

interstitial fluid resulted in higher concentration than 

concentration of insulin in solution formulation; thus 

serum level for insulin film formulation is higher than 

insulin solution formulation.

The IV clearance was used to calculate the dose 

delivered from the transdermal patch (Cl iV * AUC transdermal) • 

With solution formulation and film formulation, 35.7 mg and 

1 mg of insulin loaded in the patch, the transdermal dose 

delivered was 9663.77 ± 1.29 ng and 16172.91 + 10.9 ng 

respectively. As seen the dose delivered from film
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formulation is significantly higher than delivered from a 

solution formulation. Pharmacokinetic parameters for the 

transdermal delivery were calculated using non 

compartmental analysis (Table 6).

■+■ 500 lU/ml insulin solution .
-4-EVA Film (68% mannitol,20% EVA,and 2%insulin)tn

a>o=30Oo

0 5 10 15 20 25
Time (hour)

Figure 34: Delivery of insulin from solution and EVA film 
formulation
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Table 6: Pharmacokinetic parameters following transdermal
delivery of recombinant human insulin from insulin solution
formulation and insulin film formulation and as calculated. ®using non-compartmental analysis m  WinNonlin software

Tmax Min 10.1 ± 2.98 6.4 ± 0.82

Cmax ng/ml 26.52 ± 6.07 57.65 ± 3.53

Terminal Half 
Life

Hr 3.91 + 0.3 2.37 + 0.22

Xz hr'1 0 .177 + 0.05 0.292 + 0.05

AUC hr*ng/ml 346.62 + 1.82 580.09 + 2.8

Dose delivered ng 9663.77 + 1.29 16172.91 + 10.9

Subcutaneous Infusion vs. Transdermal Film

This study was performed to compare the delivery of 

insulin from transdermal Vs subcutaneous infusion. For 

subcutaneous infusion, 3 IU/mL dose was applied for 8 hours 

(Dose: 1 IU/kg, 112 jiL/hr, and 0.3 IU/hr) . For transdermal 

delivery 1 mg (30 IU) insulin film was used. Figure 35 

shows that for transdermal delivery, serum insulin 

concentration reached about three times higher than the 

serum insulin level for subcutaneous infusion.

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



155

The serum insulin profile and the blood glucose level 

against time for subcutaneous infusion is shown in Figure 

36. Glucose levels were maintained low during subcutaneous 

infusion.
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Figure 35: Serum insulin level for Subcutaneous infusion 
and Transdermal delivery from a film
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Figure 36: Serum insulin level and Blood glucose level for 
Subcutaneous infusion

The IV clearance was used to calculate the dose 

delivered by the transdermal route (Cl IV* AUC transdermal) • 

Film loaded with 1 mg of insulin is found to deliver 

13858.31 + 4.33 ng in 8 hours. By normalizing the dose 

delivered by the subcutaneous infusion (10 * 1524 ng) we 

found that there is no significant difference between dose 

delivered from film formulation and subcutaneous infusion. 

Pharmacokinetic parameters for the transdermal delivery 

were calculated using non compartmental analysis (Table 7).
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Table 7: Pharmacokinetic parameters for subcutaneous 
infusion and transdermal routes calculated using non- 
compartmental analysis using WinNonlin software

Tmax Min 5.67 ± 1.33 5.33 ± 0.47

Cmax ng/ml 7.57 ± 1.67 55.86 ± 3.47

Terminal Half Hr 4.51 + 0.53 3.10 + 0.29

Life

Az hr'1 0.154 +0.73 0.223 + 0.71

AUC hr*ng/ml 54.69 + 0.97 497.07 + 2.8

Dose delivered ng 1524.75 + 0.59 13858.31 + 4.33

Calcein Study

This study was done to evaluate how long pores were 

open. Figure 37 and Figure 38 show the imaging of pores 

without calcein at zero hour and 24 hours, respectively. 

From these two figures, we observed that the size of the 

pores at zero hour is bigger than the size of the pores at 

24 hours.
Figure 3 9 shows the pore permeability index (PPI) data 

(number of pores and their size) at zero hour and Figure 40 

shows PPI data (number of pores and their size) at 24
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hours. PPI data indicated that 100% of the pores were open 

during 24 hours patch application period.

Figure 41 and 42 demonstrate that number of pores with 

bigger pore size is more at zero hour than the number of 

pores with bigger pore size at 24 hours. From Calcein 

studies we found that though all pores were open for 24 

hours, the average size of the pores was reduced to 50%

(from 21.1 micro meters to 10 micro meters). However the 

hydrodynamic radius of hexameric insulin molecule is 

approximately 2.5 nm. Therefore hexameric insulin molecules 

were supposed to be delivered through the pores even though 

the pores were reduced by 50%.

Figure 37: The imaging of pores without calcein at zero 
hour
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Figure 38: The imaging of pores without calcein at 24 hours

Figure 39: The PPI data with calcein dye at zero hour
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Figure 40: The PPI data with calcein dye at 24 hours
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Figure 41: Histogram of calcein study at zero hour
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Figure 42: Histogram of calcein study at 24 hours

Conclusion

Transdermal delivery of recombinant human insulin for 

desired period of time is feasible using polymer based 

transdermal patches. Polymer types, polymer concentration, 

drug concentration, buffer, protein stabilizer, diluents, 

diluents concentration, activator pulse length, and patch 

thickness play important roles in developing controlled and 

stable transdermal delivery system for protein drugs. The 

greatest increase in delivery was achieved with increasing

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



162

the mannitol concentration. Transdermal delivery of insulin 

from film formulation was able to mimic the delivery of 

insulin by subcutaneous infusion. This insulin film 

formulation is now being investigated for Phase I clinical 

trials for the delivery of insulin using microporation 

technology.
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C h a p t e r  6

EVALUATTION OF STABILITY AND COMPATEBILITY OF INSULIN USING 

RELEVANT ANALYTICAL TECHNIQUES

Abstract

Purpose. To evaluate stability and compatibility of 

insulin with different excipients using relevant analytical 

techniques such as light scattering, SDS-PAGE and DSC.

Methods. Insulin self association was studied at 

various concentration, pH values (2 -9), buffers 

(phosphate, arginine, citrate, and lysine), temperatures 

(room temperature and 37 °C), and in various excipients 

(EDTA, mannitol, sorbitol, sucrose, and trehalose,) using 

dynamic light scattering (DLS) and gel electrophoresis (SDS 

- PAGE). Excipients compatibility studies were examined by 

differential scanning calorimetry (DSC).

Results. Light scattering and gel electrophoresis data 

showed that buffers, excipients, experimental temperature, 

and formulation process do not have significant effect on 

insulin stability. Gel electrophoresis data also showed at

163
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extreme acidic pH, insulin exists as dimers and at higher 

pH insulin exists as hexamers. DSC data showed excipients 

do not cause shift of endothermic peak of insulin.

Conclusion. Lyophilized insulin formulation was stable 

during lyophilization process and the 24 hours of patch 

application period.

Introduction

Protein stability is a major concern for protein 

pharmaceuticals and this problem remains a challenge for 

protein chemists and pharmaceutical industry. In order to 

formulate successful and efficacious protein 

pharmaceuticals, protein stability is a critical issue that 

needs to be addressed. Because of high specificity and 

activity at relatively low concentrations, proteins provide 

numerous unique and vital treatments for human diseases and 

conditions. However, if a therapeutic protein is not 

adequately stabilized, it may not only result in reduced 

therapeutic efficacy but also lead to increased toxicity 

and immunogenicity. Each protein, unlike conventional drug 

molecules, possess a complex 3-dimensional unique structure 

called as the native or biologically active conformation.

It is important to maintain the native conformation of 

protein throughout its shelf life for protein efficacy.
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This is particularly difficult and challenging because 

proteins are only marginally stable and highly susceptible 

to both physical and chemical degradation (Banga, 2006) . 

Chemical degradation of protein occurs due to modification 

of covalent bonds such as deamidation, oxidation and 

disulfide bond shuffling. Physical degradation includes 

unfolding, adsorption, aggregation and precipitation.

Of all the different types of protein instabilities, 

aggregation is the most common manifestations observed in 

almost all stages of protein development. Protein 

aggregation may lead to reduced bioactivity as in the case 

of human growth hormone, immunogenic reactions, possibly 

due to increased molecular weights such as with gamma 

globulins, blockage of tubing, membranes, or pumps in an 

infusion set, such as with insulin and unacceptable 

physical characteristics such as opalescence which gives 

the product an undesirable appearance. Aggregation 

describes the assembly from initially native, folded 

proteins of aggregates containing non-native protein 

structures (Chi, 2003) and is generally found to be 

irreversible. Aggregation may be caused due to a variety of 

factors and these can be divided as formulation and 

processing stress factors. Formulation factors include 

solution pH, buffer, ionic strength, excipients, and
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temperature. Processing factors include freeze-drying, 

thermal stress, mechanical shaking, freeze-thaw, spray- 

drying and reconstitution. Thus, aggregation is a function 

of all these different stress factors and can occur during 

every step of development of protein pharmaceuticals, 

thereby necessitating the need to characterize proteins at 

each of these steps.

Characterization of protein is important, not just in 

detecting protein aggregation or other protein 

instabilities, but also imperative in understanding the 

mechanism of these instabilities. Techniques used for the 

characterization of proteins are dynamic and static light 

scattering techniques, gel and capillary electrophoresis, 

differential scanning calorimetry, far and near UV circular 

dichroism spectroscopy, fluorescence spectroscopy, FTIR, 

analytical ultracentrifugation and UV spectroscopy. Each 

technique measures different parameters and gives different 

information with respect to protein conformation. Therefore 

it is important to use a combination of various techniques 

to confirm the information obtained from any of these 

techniques.

To overcome the protein instability problems in 

aqueous solutions solid forms of protein often have to be 

made to achieve an acceptable shelf life (Mannings et al.,
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1989). Because the observed rates of chemical degradation 

reactions in the solid state are dramatically slower than 

in liquid formulation, solid formulations often possess 

greater long term stability (Arakawa et al., 2001).

Moreover, solid dosage forms can avoid some stability 

problems that occur during shipping and handling for liquid 

formulation due to mechanical stress. Freeze drying is a 

widely accepted approach for manufacturers of the protein 

pharmaceuticals (Pikal, 1990). Despite the attractiveness 

of freeze drying, this process generates a variety of 

freezing and drying stresses, such as solute concentration, 

formation of ice crystals, pH changes, and dehydration 

stresses (Nagendra et al., 1998).

In this work we have tried to investigate the 

stability and compatibility of insulin with different 

excipients and formulation process using light scattering, 

gel electrophoresis, size exclusion chromatography, and 

conventional differential scanning calorimetry (DSC) for 

the characterization of lyophilized protein solid 

formulation.
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Materials

Recombinant human insulin (28 U/mg) sodium 

ethylenediamine tetraacetate (Na EDTA), mannitol, 

trehalose, and methylene chloride were purchased from Sigma 

Chemical Co. (St. Louis, MO). Sodium citrate, zinc 

chloride, L - arginine, and other chemicals (buffer salts, 

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

Scientific (Pittsburgh, PA). Ethylene vinyl acetate with 

40% vinyl acetate (EVA) was purchased from Alfa Chem.

(Kings Point, NY). Laemmli sample buffer (catalog # 161- 

0737), running buffer (catalog # 161- 0732), 4-20% 

polyacrylamide ready gel (Tris - HC1 gels), and BioRad 

protein standard were purchased from BioRad (Hercules, CA)

Stability Studies for Insulin Formulation

Dynamic light scattering (DLS)

In dynamic light scattering (DLS) intensity 

fluctuations of the scattering light by objects in 
dispersion were analyzed. The Brownian motion of the 

scattering objects produces intensity fluctuations in the 

signal. Analysis of these fluctuations using the
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correlation function yields the diffusion coefficient of 

the objects. Using the Stokes-Einstein equation the 

hydrodynamic radius of the objects can be determined. Small 

molecules diffuse quickly and produce a fast decay in the 

correlation function, larger particles diffuse more slowly.

Insulin formulation was prepared by first dissolving 

recombinant human insulin in minimal quantity of 0.IN HC1 

and then the required concentration (2-10 mg/mL) was 

obtained by making up the volume with 13mM, pH 7.5- 

phosphate buffer. The required pH was obtained by adjusting 

the pH with 0.IN sodium hydroxide. For EDTA study phosphate 

buffer was prepared with different amount of EDTA (0.5%- 

1%) and then insulin was added to it. For buffer and pH 

studies, insulin (2 mg/mL) was prepared in 13 mM phosphate 

buffer (pH 6 and 8), 20 mM arginine buffer (pH 4, 6, and 

9), 100 mM arginine buffer (pH 4, 6, and 9), 100 mM lysine 

buffer (pH 4, 6, and 9), and 100 mM citrate buffer (pH 2,

4, and 6). For effect of excipients on insulin self 

association studies, samples (10 mg/mL) were prepared by 

dissolving insulin, insulin + mannitol, or insulin + 

sorbitol, or and insulin + mannitol 4 - sucrose in 20mM 

arginine buffer (pH 9) with trehalose. Aggregation studies 

of excipients were done with these samples before 

lyophilization and after lyophilization (sample was
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reconstituted with deionized water). For temperature 

studies insulin and lyophilized insulin (10 mg/mL) were 

dissolved in deionized water and stored at room temperature 

and at 37 °C. Samples were taken at 0, 2, 4, 8, 12, 16, and 

24 hours. Samples were filtered through 0.2 ym syringe 

filters to remove any insoluble material. Final pH of the 

filtered solutions was verified before performing the 

studies. Samples were analyzed by dynamic light scattering 

method (which indicates insulin self-association status) .

For light scattering experiments, PDDLS 2000/Batch 

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

set at fixed laser wavelength of 800 nm and measurements 

were made at a fixed angle of 90° to the incident beam. A 

standard solution of BSA (BSA obtained from Sigma chemical 

Co, St Louis, MO, part # P-0834 is recommended in the 

manual) at 2 mg/ml was used to standardize the instrument 

prior to insulin sample analysis. Also, according to the 

manual, the viscosity of dilute aqueous solution at 25°C is 

0.00890 centiPoise, and this value was used for all 

experiments. Sample time was 3 ysec, smoothness was 8, run 

time was 10 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. Average 

hydrodynamic radius (Rh) of insulin was used as an
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indication of soluble aggregation. Data was analyzed using 

the precision deconvolve/deconview software and re-plotted 

using an Excel worksheet to determine formation of soluble 

aggregates as determined by a change in average Rh.

Gel electrophoresis (SDS - PAGE)

Gel electrophoresis is a method that separates 

macromolecules on the basis of size and electric charge on 

that molecule (SDS-PAGE, which indicates covalent or non 

covalent aggregates). For effect of excipients on insulin 

self association studies, samples were prepared by 

dissolving insulin, insulin with excipients (insulin + 

mannitol + trehalose + arginine), and lyophilized insulin 

formulation (insulin + mannitol + trehalose + arginine) in 

deionized water (2 mg/mL). Aggregation study of insulin was 

done with sample before lyophilization and after 

lyophilization. For temperature studies, 2 mg/mL insulin 

and final lyophilized insulin formulation (insulin + 

mannitol + trehalose + arginine) were dissolved in 

deionized water and stored at 37 °C for 24 hours. Samples 

were taken at 0 and 24 hours. For SDS-PAGE studies, 

MiniProtean® III (BioRad, Hercules, CA) system was used. 

Laemmli' s buffer was used as the sample dilution buffer (1 

part of sample - 2mg/mL and/or standards were diluted with
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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 for a period of 2 hours at 50mV.

Differential scanning calorimetry (DSC)

Differential scanning calorimetry or DSC is a 

thermoanalytical technique in which the difference in the 

amount of heat required to increase the temperature of a 

sample and reference are measured as a function of 

temperature. Both the sample and reference are maintained 

at very nearly the same temperature throughout the 

experiment. Generally, the temperature program for a DSC 

analysis is designed such that the sample holder 

temperature increases linearly as a function of time. The 

reference sample should have a well-defined heat capacity 

over the range of temperatures to be scanned.

The basic principle underlying this technique is that, 

when the sample undergoes a physical transformation such as 

phase transitions, more (or less) heat will need to flow to 

it than the reference to maintain both at the same 

temperature. Whether more or less heat must flow to the 

sample depends on whether the process is exothermic or 

endothermic. For example, as a solid sample melts to a
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liquid it will require more heat flowing to the sample to 

increase its temperature at the same rate as the reference. 

This is due to the absorption of heat by the sample as it 

undergoes the endothermic phase transition from solid to 

liquid. Likewise, as the sample undergoes exothermic 

processes (such as crystallization) less heat is required 

to raise the sample temperature. By observing the 

difference in heat flow between the sample and reference, 

differential scanning calorimeters are able to measure the 

amount of heat absorbed or released during such 

transitions. The heat capacity, glass transition 

temperature, specific heat and the melting and 

crystallization temperatures can be determined by DSC.

Thermal analysis was performed using a differential 

scanning calorimeter (DSC Q100, TA instruments, DE). 2 mg 

of insulin, or 5 mg of lyophilized insulin (2 mg insulin, 2 

mg mannitol, and 1 mg trehalose), and/or 3 mg placebo ( 2 

mg mannitol and 1 mg trehalose) powder was taken in a 

standard aluminum pan and weighed using microbalance. The 

pan was sealed hermetically. DSC analysis was carried out 

by scanning the samples from a temperature of 0 °C to 230°C 

at an underlying heating rate of 5 °C/min. All scans were 

normalized for concentration and baseline subtracted for
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comparisons. The data obtained was analyzed using the TA 

Universal Analysis software.

Results and Discussions

Hydrodynamic radius is an important parameter for 

protein and peptide drugs. The effect of EDTA and 

concentration on hydrodynamic radius of insulin was 

evaluated. The hydrodynamic radius of 2 mg/mL, 5 mg/mL, and 

10 mg/mL insulin were 2.93 + 0.12 nm, 2.89 + 0.21 nm, and 

2.94 + 0.09 nm respectively. The hydrodynamic radius of 2 

mg/mL, 5 mg/mL, and 10 mg/mL insulin with 0.5% EDTA are

3.00 + 0.04 nm, 2.96 + 0.07 nm, and 2.96 + 0.11 nm 

respectively. The hydrodynamic radius of 2 mg/mL, 5 mg/mL, 

and 10 mg/mL insulin with 1% EDTA are 3.01 + 0.09 nm, 2.98 

+ 0.15 nm, and 2.97 + 0.13 nm respectively. There is no 

significant effect of concentration or EDTA on hydrodynamic 

radius of insulin (Fig. 43).

Formation of hexamers is very important for the 

stability of insulin formulation (Brange, 1994). At 

concentrations relevant to pharmaceutical preparations, 
insulin is present as hexamers. Three insulin dimers come 

together to form hexamers by coordinating with two zinc 

ions (Coffman and Dunn, 1988). Hexamer formation is further
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enhanced due to the presence of phenolic compounds which 

are often present in insulin preparations as antimicrobials 

(Wollmer, et al., 1987; Gross and Dunn, 1992). The effect 

of buffers and pH on hydrodynamic radius of insulin was 

investigated (Figure 44). Table 8 shows the hydrodynamic 

radius of insulin at different pH in various buffers. The 

hydrodynamic radius of 2 mg/mL insulin in 13 mM phosphate 

buffer at pH 6 and pH 8 are 2.98 + 0.04 nm and 2.99 + 0.09 

nm respectively.
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5
Insulin concentration (mg/mL)

Figure 43: Comparison between hydrodynamic radius of 
insulin: Effect of EDTA and insulin concentration
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The hydrodynamic radius of 2 mg/mL insulin in 20 mM 

arginine buffer at pH 4, pH 6, and pH 9 are 2.08 + 0.11 nm,

3.00 + 0.04 nm, and 3.01 + 0.09 nm respectively. The 

hydrodynamic radius of 2 mg/mL insulin in 100 mM arginine 

buffer at pH 4, pH 6, and pH 9 are 2.07 + 0.10 nm, 2.96 + 

0.04 nm, and 2.98 + 0.14 nm respectively. The hydrodynamic 

radius of 2 mg/mL insulin in 100 mM lysine buffer at pH 4, 

pH 6, and pH 9 are 1.95 + 0.10 nm, 2.96 + 0.21 nm, and 2.97 

+ 0.17 nm respectively. The hydrodynamic radius of 2 mg/mL 

insulin in 100 mM citrate buffer at pH 2, pH 4, and pH 6 

are 1.95 + 0.06 nm, 2.10 + 0.11 nm, and 2.96 + 0.04 nm 

respectively.

Table 8: The effect of Buffers and pH on hydrodynamic 
radius of insulin

13 m M  Phosphate - -
2.98 + 
0.04

2.99 + 
0.09

-

20 m M  Arginine -
2.08 + 
0.11

3.00 + 
0.04

-
3.01 + 
0.09

100 m M  Arginine -
2.07 + 
0.10

2.96 + 
0.04

-
2.98 + 
0.14

100 m M  Lysine -
1.95 + 
0.10

2.96 + 
0.21

-
2.97 ±  
0.17

100 m M  Citrate
1.95 + 
0.06

2.10 + 
0.11

2.96 + 
0.04

- -
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It showed that buffers do not have significant effect 

on hydrodynamic radius of insulin. However, the 

hydrodynamic radius of insulin changes with pH (Fig. 44). 

At extremely acidic pH insulin exists as a dimer and as pH 

increases, insulin forms hexamers. The hydrodynamic radius 

of insulin hexamer should be 2.50 nm - 3.00 at pH 7.5. 

(Blundell et al., 1972, Dathe et al., 1990, Bohidar, 1997) 

Our results are in agreement with the literature reports 

and indicate that insulin is in the hexameric form.

ILI
to

5.0 

. 4.5j
J  4.0 

i  3.5

"  3.0

pH 2 B pH 4 m pH 6 

pH 8 H  pH 9

13mM
Phosphate

20mM 100mM 100mM
Arginine Arginine Lysine

100mM
Citrate

Figure 44: Effect of buffers and pH on hydrodynamic radius 
of insulin
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During formulation protein and peptide may undergo 

through different physical and chemical stresses which may 

cause aggregation and ultimately change the hydrodynamic 

radius of molecules. Any change in hydrodynamic radius of 

insulin indicates instability of formulation. The effect of 

excipients and lyophilization process on insulin 

aggregation was investigated in the following experiment. 

Figure 45 shows the hydrodynamic radius of insulin before 

lyophilization and after lyophilization. Before 

lyophilization the hydrodynamic radius of insulin, insulin 

with mannitol, insulin with sucrose, and insulin with 

sorbitol are 2.98 + 0.02 nm, 3.00 + 0.07 nm, 2.96 + 0.19 

nm, and 2.96 _+ 0.13 nm respectively. After lyophilization 

the hydrodynamic radius of insulin with mannitol, insulin 

with sucrose, and insulin with sorbitol are 3.01 + 0.11 nm, 

2.98 + 0.09 nm, and 2.97 + 0.08 nm respectively. From 

Figure 45 it may conclude that excipients and 

lyophilization process do not have significant effect on 

hydrodynamic radius of insulin.

Although insulin hexamer formation is essential for 
formulation stability, it is important that these hexamers 

dissociate to yield monomers when administered in the body. 

This is because it is the monomeric form of insulin that
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Figure 45: Effect of excipients on hydrodynamic radius of 
insulin

binds to the receptor and initiates pharmacological 

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

important for us to determine whether insulin formed 

covalent or non covalent aggregates to generate hexameric 

insulin during lyophilization process. This was 

investigated by SDS-PAGE (Sodium dodecyl sulphate- 

polyacrylamide gel 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
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however does not break covalent bonds and therefore is a 

good indicator for the presence of covalent or non covalent 

bonds. Figure 46 shows the gel electrophoresis of molecular 

markers.

(211,806 D)

B - galactosidase 
(121,020 D)
Bovine serum albumin 
(100,216 D)

Ovalbumin 
(54,395 D)

Carbonic anhydrase 
(38,708 D)
Soybean trypsin inhibitor 
(29,806 D)
Lysozyme 
(20,040 D)
Aprotinin (7331 D)

Figure 46: SDS-PAGE gel electrophoresis of molecular marker

Figure 47 shows the gel electrophoresis of insulin. 

Lane 1 contains molecular weight markers (BioRad, CA), 

lanes 2 and 3 contain insulin sample, lanes 4 and 5 contain
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insulin with excipients before lyophilization, and lanes 6 

and 7 contain insulin with excipients after lyophilization. 

From the figure it was observed that all the samples 

migrate at to the same level of 6500 Dalton molecular 

weight level, which is the approximate molecular weight of 

insulin monomer. This indicates that excipients do not 

cause insulin aggregation and the hexameric insulin is 

noncovalently bond and can dissociate into monomeric 

subunit.

It was also important for us to know if the 

lyophilized insulin formulation (insulin with excipients 

after lyophilization) is stable at the experimental 

temperature. The effect of temperature on insulin stability 

was evaluated. Figure 4 8 shows temperature does not have 

significant effect on insulin aggregation. These findings 

were further supported from our SDS - PAGE data.

SDS - PAGE gel electrophoresis study was carried out 

to investigate whether insulin formed covalent or non 

covalent aggregates when insulin and lyophilized insulin 
formulation were stored at room temperature and 37 °C for 

24 hours. Figure 4 9 shows the gel electrophoresis of 

insulin. Lane 1 contains molecular weight markers (BioRad,

CA), lanes 2 and 3 contain insulin at 0 hour (control),
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 7 t.
Insulin with excipients 
after lyophilization

Mol wt markers Insulin with excipients
before lyophilization

Figure 47: Effect of excipients on insulin aggregation 
before lyophilization and after lyophilization (SDS-PAGE of 
insulin)

lanes 4 and 5 contain insulin in 37 °C at 24 hours, lanes 6 

and 7 contain insulin with excipients after lyophilization 

in 37 °C at 0 hour, and lanes 8 and 9 contain insulin with
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-♦-Insulin (at room temperature)

Insulin (at 37 deg C)

-k- Lyophilized insulin (at room temperature) 
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Figure 48: Formation of soluble aggregation for insulin and 
lyophilized insulin: Effect of temperature

excipients after lyophilization in 37 °C at 24 hours. As 

observed with Figure 47, this figure also shows that all 

the samples migrated at to the same level of 6500 Dalton 

molecular weight level, which indicates that experimental 

temperature does not cause insulin aggregation and the 

hexameric insulin is non-covalently bond and can dissociate 

into monomeric subunit. These findings were further 

supported from our in vivo data where glucose lowering
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effect was seen during the patch application period of 24 

hours.

T t  1 k i[ | | 1 l a  i1 1 
Insulin atO hr

1 1 
Lyophilized insulin

(control) in 37 °C at 0 hr

Mol wt markers Insulin in 37 °C at 
24 hours

Lyophilized insulin 
in 37 °C at 24 hours

Figure 49: Stability of insulin formulation stored in 37 °C 
temperature for 24 hours (SDS-PAGE)

Preserving the native conformation of protein during 
freeze-drying would lead to a greater stability against 

denaturation during storage (Imamura, 2003). Freeze drying 

in the presence of sugar aids in preserving the native
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conformation of a protein (Prestrelski, 1993). When a 

protein solution is freeze-dried in the presence of sugars, 

amorphous matrices of sugars are formed, which could embed 

protein molecules (Pikal. 1994, Levine, 1992). The 

embedding of protein molecules in the amorphous sugar 

matrices is generally thought to prevent conformational 

changes in the protein during dehydration and storage due 

to interactions between protein and sugar molecules 

(Carpenter J.F, 1988). To determine endothermic peak shift 

due to Chemical interaction of insulin with excipients 

after lyophilization differential scanning calorimetry was 

used. Figure 50 shows DSC spectra of insulin, excipients, 

placebo, and insulin lyophilized with excipients. To 

explain this graph we split it into two graphs.

Figure 51 shows DSC spectra of insulin, mannitol, 

arginine, and trehalose. The endothermic peak for insulin, 

mannitol, arginine, and trehalose are 91.44 °C, 168.98 °C, 

218.55 °C, and 191.00 °C respectively.

Figure 52 shows DSC spectra of insulin, placebo, and 
lyophilized insulin. Both insulin and lyophilized insulin 

show its endothermic peak at 91.44 °C. In the case of 

insulin lyophilized with excipients a peak at 145 °C
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suggested that insulin may undergo degradation reaction 

with excipients at higher temperature.

■1000-

Ao>
I ■2000-   Arginine

—  ■ Trehalose
 Mannitol
 Placebo
 Insulin

E
*o
LL

218.55°C

■3000-to
®
I

65.515C•4000-

168.96‘C

ExoUp Temperature (*C) Universal V4.1D TA tnstmments

Figure 50: Compatibility of Lyophilized insulin 
formulation: DSC Spectra for insulin, mannitol, arginine, 
trehalose, placebo, and lyophilized insulin sample
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Figure 51: DSC Spectra for mannitol, arginine, insulin, and 
trehalose
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Figure 52: Compatibility of Lyophilized insulin 
formulation: DSC Spectra for insulin, placebo, and 
Lyophilized insulin sample

Conclusions

EDTA and insulin concentration being used do not have 

any effect on hydrodynamic radius of insulin. At acidic pH 

insulin exists as dimers. At higher pH insulin exists as 

hexamers. From light scattering and gel electrophoresis 

data, it may be concluded that excipients (used for 

lyophilization), lyophilization process, and experimental

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



temperature do not have any effect on insulin stability. 

Lyophilized insulin formulation was stable at both room 

temperature and 37 °C over a period of 24 hours as 

indicated by the light scattering and gel electrophoresis 

data. DSC data showed there was no chemical interaction 

between insulin and excipients.
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CHAPTER 7

SUMMARY AND CONCLUSIONS

This research is focused on the evaluation of thermal 

microporation as a technique to enhance the transdermal 

permeation of recombinant human insulin from a polymer 

based transdermal patch. 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, thereby enabling the transport of 

macromolecules like proteins across the skin. All studies 

presented in different chapters of this dissertation 

demonstrated the feasibility of delivering recombinant 

human insulin from a polymer based transdermal patch.

The insulin release profile from a polymer based 

transdermal patch was first investigated in vitro. For in 
vitro release studies, insulin gel or film formulation 

patch was placed on vertical Franz diffusion cells. Insulin 

gel or film formulation was prepared using different 

polymers. The release of insulin from PVA was significantly

190
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higher than the release from HPMC, and HEC. This may be due 

to the viscosity difference of these polymers. This study 

also showed that sustained release of insulin from polymer 

gel can be achieved over prolonged periods.

A comparison between the release of insulin from film 

and gel formulation in polymer matrix indicated that there 

was no significant difference in cumulative amount of 

insulin released by 24 hours. However one hour lag time was 

observed for PVA film formulation. This may be due to 

initial water content of PVA gel formulation being greater 

than PVA film. After finishing release studies with 

hydrophilic polymers as observed with polyvinyl alcohol gel 

and film formulation, next we investigated release profile 

of lyophilized insulin from hydrophobic polymer. To 

investigate the release kinetics of insulin from 

hydrophobic polymer film, first three formulations with 

different diluents were studied and it was found that there 

was no significant difference in release kinetics of these 

three diluents. Changing various formulation parameters 

such as concentration of insulin, mannitol, and ethylene 

vinyl acetate we demonstrated that increased insulin and 

mannitol concentration (aqueous soluble excipients) 

enhanced release rate by creating a greater number of 

interconnecting channels and may provide simpler pathways.
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Both of these qualities would facilitate the movement of 

water into, and proteins out of the matrix.

Feasibility of delivering recombinant human insulin 

using thermal microporation across skin was investigated.

For in vivo studies hairless rats were used. Several 

different factors like buffers, buffer concentration, 

formulation excipients, formulation parameters 

(concentration, film thickness), micropore density and 

activator pulse length were investigated. All of the above 

mentioned factors had a direct effect on the delivery of 

insulin. Serum insulin level increased with increasing 

micropore density, activator pulse length, concentration of 

mannitol, and concentration of insulin in the formulation. 

Once the patch was removed, the serum insulin 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 study demonstrated that with enough 

concentration gradient, one patch was sufficient to 

maintain steady state levels during patch application 

period of 24 hours.

Light scattering, gel electrophoresis, size exclusion 

- HPLC, and Differential scanning calorimeter data
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indicated that formulation was stable during formulation 

processing and as well during the 24 hours of patch 

application period.

This finding is the first to demonstrate the in vivo 
transdermal delivery of recombinant human insulin from 

polymer matrix using a clinically viable thermal 

microporation technique in hairless rats. Both the insulin 

solution and film formulations are now being investigated 

for Phase I clinical trials for the delivery of insulin 

using microporation technology.
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