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ABSTRACT 

NISHILN. DESAI 

Transdermal Delivery of Human Growth Hormone 
(Under the direction of AJAY K. BANGA) 

The main purpose of this research work is to evaluate the feasibility of using 

different enhancement techniques for transdermal delivery of Human growth 

hormone. Enhancement methods like microneedles, sonophoresis, and 

iontophoresis were employed which are non or minimal invasive in nature. 

Micropores were created in the stratum corneum of freshly excised hairless 

rat skin using novel soluble microneedles made of maltose. Microporated skin 

was mounted on the vertical Franz diffusion cells and human growth hormone 

formulation was added to the donor compartment of the cell. The percutaneous 

absorption in vitro was obtained by calculating the amount of drug diffused 

through the skin. Samples were collected and analyzed using sandwich ELISA. 

Different delivery parameters like the effect of increasing donor concentration 

and increasing the number of needles were optimized. A linear increase in the 

cumulative amount delivered was obtained with the increasing concentration and 

the amount of human growth hormone increased with the increase in the number 

of microneedles. 
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For in vivo studies, hairless rats were anesthetized by administering an 

intraperitoneal dose of ketamine and xylazine. Percutaneous permeation was 

assessed by creating micron size pores on the abdominal area of the skin by 

maltose or metal microneedles followed by covering the microporated area by a 

solution reservoir patch. In some experiments, ultrasound at a frequency of 48 

kHz was applied, and parameters like application time and pulse length were 

evaluated. Iontophoresis was also applied alone and in combination with 

microneedles and ultrasound to study the enhancement potential of such 

combination techniques. 

The transport of human growth hormone, a large macromolecule through 

intact skin was not found feasible using intact skin; however it was possible to 

attain therapeutic levels after the applications of microneedles and ultrasound. 

Iontophoresis by itself was unable to deliver human growth hormone in 

quantifiable manner, but was able to enhance the flux by three fold when used in 

combination with microneedles and ultrasound. 

Pharmacokinetic parameters of human growth hormone were calculated after 

administering the formulation intravenously and the clearance obtained from it 

was used to calculate the dose delivered transdermal^ from different 

enhancement methods. The formulation of human growth hormone was shown to 

be stable over the period of study by employing different analytical methods like 

dynamic light scattering, reverse phase high pressure liquid chromatography, 

size exclusion chromatography, and circular dichroism spectra. 



CHAPTER 1 

INTRODUCTION 

Due to advancement in the recombinant DNA (rDNA) technology which 

utilizes living organism or biological system to produce or modify desired product, 

proteins and peptides can be produced in large quantities in host cells (Banga, 

2006b). Biological active protein and peptides revolutionized the healthcare 

system and the way diseases are treated and diagnosed (Banga, 2007). The 

total market value of the recombinant proteins was estimated to be over $ 32 

billion in 2003 and is expected to have an accelerated growth in the coming 

years (Kim et al., 2005). Size of these proteins typically varies from 1 to 160 kDa. 

Because these products have low intestinal permeability, high hepatic clearance 

and suffer from gastric degradation due to proteases and peptidases, oral route 

which is one of the most preferred routes of administration is not a preferred 

route to deliver these molecules (Kim et al., 2005). The advancement in the 

delivery methods is currently unable to keep in pace with the advancement in the 

products. Presently, these products are delivered with the help of hypodermic 

needle due to the low circulation half-lives of these drugs. 

Human growth hormone (hGH) is one of the earliest rDNA product used to 

treat growth hormone deficiency. Pediatric endocrinologists have been treating 

growth hormone deficiency for nearly five decades. Before 1985, due to the short 
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supply of the growth hormone, patients were not allowed to receive growth 

hormone treatment if their height reached 60 inches, in order to provide the 

growth hormone to maximum numbers of patients (Katakam & Banga, 1997); 

(Katakam et al., 1995). Due to the advent of the rDNA techniques, large 

quantities of synthetic human growth hormone (hGH) started becoming available 

in large quantities since 1985. It was first been approved in the market to cure 

pediatric growth hormone deficiency, and the only treatment for this is 

administering daily subcutaneous injections of hGH for several years (Lee et al., 

1997). Due to the availability of hGH in sufficient quantities, the research on this 

hormone continued rapidly and the product is currently approved for a variety of 

indications including adult growth hormone deficiency, chronic renal insufficiency, 

Turner's syndrome and cachexia secondary to AIDS, it is also investigated for 

many other disorders (Levin et al., 2005; Cleland et al., 1997). Even though 

several manufacturers have received approval to market this product, the route 

of administration is still in the form of subcutaneous injections (Levin et al., 2005). 

A sustained release depot injection was approved in the market which was aimed 

at reducing the dosing frequency but was withdrawn from market (Govardhan et 

al., 2005). Numerous growth hormone delivery systems including devices like 

pens, depot formulations, needle-free devices, aqueous preparations have been 

released in the international market over the last decade with the aim of 

improving the patient compliance, however the success of these products have 

not been ascertained yet, and there is currently no data to argue for improved 

final height with any of these preparations (Lustig, 2004), Other routes of 
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administration have been also evaluated and reported in literature but the 

success of these routes has been very limited (Angerholm et al., 1994; Lustig, 

2004; Leitner et al., 2004). However, despite all these maneuvers, growth 

hormone therapy continues to underperform in terms of reaching the mean 

height of the population. Numerous difficulties have been proposed to account for 

suboptimal efficacy, which includes reasons like: poor compliance with the 

injection regimen, improper preparation and storage of the injection, suboptimal 

dosing or schedule of the injection, and faulty injection techniques (Lustig, 

2004).An alternate delivery method is urgently sought to deliver this putative 

product in an effective manner so that the desired pharmacological benefits can 

be achieved. 

Skin which is the largest organ of the body and can be effectively utilized as a 

portal for painless drug delivery for systemic circulation. Recent developments in 

the drug delivery area provide a convenient solution for administering the drug in 

painless and safe manner, e.g., transdermal drug delivery utilizing skin as a 

portal to administer drugs for systemic as well as local indication. Transdermal 

delivery of several drugs has become a reality and there are several drugs on the 

market like nicotine, scopolamine, nitroglycerine, testosterone, estradiol, 

lidocaine, oxybutynin, fentanyl, and clonidine (Brown et al., 2008). The worldwide 

sale of transdermal products is increasing, but is still based on the thirteen drugs 

that are available on the market. The relative impermeability of the skin to drugs 

is the main reason of less drugs being introduced in the market (Kasha and 

Banga, 2008). The main barrier for transdermal drug delivery is stratum corneum, 
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which is the topmost layer of the skin (Barry, 1991). It is the nature of stratum 

corneum that enables terrestrial animals to exist in non aquatic environment 

without desiccation. The ability to control both the loss of water and the influx of 

potentially harmful chemicals or microorganisms is the result of the evolution of a 

unique mixture of protein and lipid materials that collectively forms this coherent 

membrane composed of morphologically distinct domains. These domains are 

principally proteinaceous, the keratinocytes, or lipophilic, the intercellular spaces 

(Walters, 2002). 

The lipophilic nature of stratum corneum allows only preferential passive 

permeation of lipophilic small molecules of < 500 Daltons. In order to administer 

a hydrophilic large molecule like a protein or polypeptide for systemic circulation, 

the resistance of the stratum corneum should be compromised or circumvented 

using appropriate enhancement techniques which are minimal invasive and 

painless in nature (Badkar et al., 2007). Enhancement methods like 

microneedles, ultrasound, iontophoresis, radiofrequency ablation, laser ablation, 

chemicals, and other enhancers have been reported in literature to successfully 

circumvent the stratum corneum for the effective delivery of macromolecules 

through the skin for systemic delivery (Kolli and Banga, 2008). 

Specific Aims 

The overall objective of this research is to deliver recombinant human growth 

hormone (hGH), a polypeptide, through hairless rat skin using different painless 

enhancement techniques like microneedles, ultrasound, and iontophoresis alone 
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and in combination. The overall objectives will be accomplished by performing 

the following specific aims: 

1. To study the effect of maltose and metal microneedles on the permeation 

of hGH across hairless rat skin in vitro and in vivo. 

2. To evaluate the effect of ultrasound alone and iontophoresis alone or 

iontophoresis in combination with microneedles or ultrasound for delivery 

of hGH in vivo. 

3. To study the use of formulation or other approaches to maximize delivery 

of hGH across hairless rat skin in vitro and in vivo. 

4. To obtain the pharmacokinetic parameters from IV bolus and 

subcutaneous injection and to use those to calculate the dose delivered 

transdermal^ from previously used enhancement methods. 

5. To investigate the stability of hGH formulation over the duration of 

experiment by using different analytical techniques like dynamic light 

scattering, circular dichroism, reverse phase and size exclusion high 

pressure liquid chromatography. 



CHAPTER 2 

LITERATURE REVIEW 

Transdermal Drug Delivery Systems 

The concept of using skin for applying drug for local effects has been realized 

for several years. In the recent years, skin has gained lot of attention as a portal 

for the delivery of drugs for systemic effects (Banga, 2006a). Conventional 

transdermal drug delivery systems are based on the principle of passive diffusion 

of the drug molecule through the layers of the skin. A lot of research has been 

conducted in this area and this has resulted in approval of several drug products 

for systemic circulation. In 1981 the US FDA approved first transdermal patch of 

scopolamine to treat motion sickness, and from then onwards, patches for 

treating angina, acute pain management, hypertension, hormone replacement, 

smoking cessation, contraceptive, overactive bladder and Alzheimer have been 

approved. Even though the history of transdermal drug delivery systems is 

relatively new within the regulatory agencies in comparison to other methods of 

delivery, there are 13 drugs that have been approved for use. 

In order to study the diffusion of the drug through the skin, it is very important 

to understand the structural aspects of the skin and the pathways taken by the 

drug candidates. Skin is the largest organ in the body and accounts 

6 
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for more than 10% of the body mass (Godin and Touitou, 2007). The main 

function of the skin is to protect the body from the harsh environment, to act as a 

barrier for the entry of foreign molecules and proteins in regulating body 

homeostasis and to act as a sensory organ (Walters, 2002). Skin is very elastic 

in nature and is made up of epidermis, dermis and subcutaneous tissue. The 

epidermis and dermis are separated by the basal membrane and the dermis 

remains continuous in nature with the subcutaneous and adipose tissues. The 

epidermis which is the top layer is composed of five different layers which are 

called as stratum corneum, stratum lucidum, stratum granulosum, stratum 

spinosum, and stratum basale (Barry, 1991). The average thickness of the 

epidermis is 50 -100 microns and it contains no blood vessels and nerve 

endings. Out of all these layers, the stratum corneum is the most important layer 

pertaining to transdermal delivery, as it is the main rate limiting barrier (Banga, 

1998). The stratum corneum is the non-viable outermost layer of the epidermis 

which is approximately 10 -20 microns in thickness and is made of 15 -20 

flattened cornified cells that are interconnected with each other with lipid matrix 

(Banga, 2006a). The structure of stratum corneum is compared to that of brick 

and mortar, with the corneocytes acting as brick and the lipid - rich intracellular 

matrix acting as mortar (Badkar et al., 1999). The dermis which is generally 0.1-

0.5 cm thickness is composed of collagenous fibers and elastic connective tissue 

matrix of mucopolysaccharides. The dermis contains extensive vascular network 

and is the layer that is responsible for systemic absorption of drugs through the 

skin. It also has langerhans cells that provide immunity and are also involved in 
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the inflammatory response (Schaefer and Redelmeier, 1996). Appendages such 

as hair follicles sweat ducts, and apocrine glands end in the viable dermis 

(Cullander, 1992). In order for a drug to act systematically, it must be able to 

penetrate the stratum corneum, viable epidermis and papillary dermis into the 

microcirculation. Because of the lipid matrix that make the stratum corneum, it 

becomes lipophilic in nature; hence small molecules (< 500 Daltons) which are 

moderately lipophilic are ideal candidates for passive transdermal delivery. The 

drugs have three available pathways to pass through this barrier. In the first 

pathway, the drug follows tortuous path within intercellular lipids, predominantly 

along the multilammelar bilayers, the second pathway is through the bulk of 

stratum corneum called as transcellular, and the third one is through the hair 

follicles and sebaceous glands known as transappendageal or shunt route, which 

avoids the lipid layers altogether (Schaefer and Redelmeier, 1996). 

Advantages of Transdermal Drug Delivery 

The major advantages of transdermal delivery systems over other delivery 

systems are as follows: 

> It bypasses hepatic first pass metabolism 

> Painless in nature 

> Non or minimal invasive in nature 

> Provides good patient compliance 

> Eliminates the risk and inconvenience of parenteral therapy 

> Eliminates the peaks and valley in absorption 

> Continuous administration is possible 
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> Ease of termination 

> Scope for programmable delivery 

> Controlled delivery is possible 

Limitations: 

> Feasible for moderately lipophilic drugs 

> Permeation possible for drugs < 500 Daltons 

> The drug has to be highly potent 

> Skin irritation and sensitization 

> Difference in absorption between diseased and normal skin 

Enhancement Techniques for Transdermal Drug Delivery 

Due to the above limitations posed by stratum corneum, hydrophilic, charged 

ionic species or macromolecules such as proteins and peptides having molecular 

weight greater than 500 Daltons cannot be delivered passively to give an effect 

that is pharmacologically acceptable. The transdermal products that are 

approved in the market are highly lipophilic in nature and are less than 500 

Daltons in weight. More drug products can be added to the existing list with the 

help of enhancement techniques in a painless and effective manner (Benson and 

Namjoshi, 2008). 

The enhancement techniques can be broadly divided into physical, electrical, 

ablation, and chemical categories. In this work microneedles, ultrasound, 

iontophoresis and ablation of stratum corneum will be discussed in detail. 
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Microneedles 

The application of micro technology has tremendous potential in terms of 

developing new miniaturized micro devices used for drug delivery area and 

diagnostic tools. Drug delivery remains important challenge in the medicine and 

microfabrication techniques may be used to develop novel drug delivery systems 

with capabilities not possible with current systems. Recently, there has been 

significant interest in providing strategies that disrupt or circumvent the principal 

physical barrier, the stratum corneum, for the efficient cutaneous delivery of 

macromolecular and nucleic acid based therapeutics (Henry et al., 1999). 

Microneedles are one of the promising physical enhancement methods which 

can be used to enhance the flux of macromolecules. It consists of micron size 

needles typically 1 - 1000 microns in lengths which are smaller than the shaft of 

hair follicle (Coulman et al, 2006a; Prausnitz, 1997). 

Advances in the processing of materials on a micro-scale have led to the 

development and introduction of these very small needles that have significant 

potential in devices for diagnostics, healthcare monitoring and drug delivery (Tao 

and Desai, 2003; Prausnitz, 2001). These microneedles work by mechanically 

perforating the outer skin layer and creating transient micrometer-scale holes 

allowing for transdermal drug absorption or fluid sampling that could not be 

possible ordinarily (Prausnitz, 2004). The first report in literature on the use of 

microneedles to enhance the delivery of drug across the skin was published in 

1998 (Henry et al., 1998). The authors made the microneedles by using the 

reactive ion etching microfabrication techniques adapted from the 



microelectronics industries. These microneedles were made of silicon and could 

be easily inserted into the skin without breaking. These microneedles increased 

the permeation of a model drug calcein by 4 fold when they were used in vitro. 

The microneedles are painless because they are too small in length, (typically 

200-1000 microns) to touch the nerves located deeper in the skin (Kaushik et al., 

2001). The use of microneedle is simple, and causes no bleeding, with further 

advantages of convenient manufacture in different shapes, sizes, materials, and 

ease of disposal (Prausnitz et al., 2004). In vivo delivery has been reported on 

peptides such as insulin (Martanto et al., 2004; Nordquist et al., 2007), 

desmopressin, and genetic material including plasmid DNA and oligonucleotides 

(Coulman et al., 2006b). Vaccines directed against hepatitis B, anthrax, and 

Japanese encephalitis has also been delivered in vivo (Park et al., 2004); (Dean 

et al., 2005). Hollow microneedles have been also used to inject drug in the skin, 

(McAllister et al., 2000; Roxhed et al., 2008). Drugs have been encapsulated in 

(Cross and Roberts, 2004) biodegradable polymeric microneedles and inserted 

in the skin for sustained release (Park et al, 2005). In vivo delivery of 

erythropoietin has been demonstrated by using self-dissolving microneedles 

made of polymer threads (Ito et al., 2006) Microneedles coated with drugs have 

been used to release small amount of drug when inserted in skin. A strong 

immune response in guinea pig was shown against ovalbumin (Gill and 

Prausnitz, 2007). Coated microneedles have been also used to deliver sodium 

fluroscein and pilocarpine to eye in vitro in human cadaveric sclera and in vivo 

into rabbit cornea (Jiang et al., 2007). These processing techniques incorporate 
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one or more technologies that enable the precise machining, extrusion, casting, 

and/or forming of from one to an array or grid of microneedles (Park et al., 2007). 

Several factors - include an aging patient population, biological drug therapies for 

chronic conditions, and an emphasis on patient self-monitoring and self-care are 

driving an evolution in the way that healthcare is delivered. Evolving microneedle 

systems will be well-positioned to address a significant segment of the large 

molecule biological drugs expected to emerge from the convergence of 

automated discovery and genome mapping (Davis et al., 2004). Microneedles 

assembled on transdermal patch have been proposed as a hybrid between 

hypodermic needles and transdermal patches designed to overcome the 

limitation of both. 

The factors responsible for efficient and painless transdermal delivery of 

drugs by microneedles are: 

o The needles should be sharp enough to create a micro channel in the 

skin. 

o The length of needles should be between 50 -1000 microns. 

o Sufficient amount of pressure must be applied while inserting the 

microneedles. 

o Microneedles should have enough strength to avoid fracture in skin 

upon insertion 

o Hollow microneedles that are used for infusion have to be retracted 

back slightly in order for effective infusion to take place. 
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o Coated microneedles should have drug in the coating that should be 

sufficient enough to give a pharmacological effect that is acceptable. 

o Microneedles made of degradable polymeric materials should not 

cause any irritation in skin upon degradation of polymers. 

Ultrasound 

An ultrasound is a wave having frequencies between 18 kHz-16 MHz 

(Mitragotri et al., 1995a). These waves are characterized by two main 

parameters, frequency and amplitude. Ultrasound over a wide frequency range 

has been used in medicine over the last century. 

There are three distinct sets of ultrasound conditions based on frequency 

range and application (Suslick, 1990). 

• Ultrasound in the high frequency range (3-10 MHz) has been used 

successfully as diagnostic and imaging techniques for real-time, 

moving images of internal organs, such as diagnosing organ 

abnormalities and monitoring pregnancies. 

• The therapeutic range of ultrasound also known as medium-frequency 

is 0.7 - 3 MH and has been used for massage. 

• Ultrasound in the low frequency (18-100 kHz), also known as power 

ultrasound, has been used in dental descaling, ultrasonic scalpels, 

cancer treatment, lithotripsy, cataract emulsification, and liposuction 

(Mitragotri and Kost, 2004b). 

The technique has been used frequently for over half a century with 

hydrocortisone in combination with physical therapy in the treatment of arthritis, 



14 

thus ultrasound can be safely used as an enhancer for transdermal drug delivery 

(Mitragotri and Kost, 2004a). A device known as sonicator is used to generate 

ultrasound. This device consists of an electrical signal generator which produces 

an electrical AC signal at the desired frequency and amplitude. When this signal 

is applied across quartz crystal and some polycrystalline material such as lead-

zirconate-titanium, or barium titanate (Wells, 1993) having a permanent dipole, 

instead of aligning with the field, it resonates and causes deformation of the 

material thereby generating ultrasound waves. The thickness of the material 

dictates the frequency at which it resonates. Ultrasound waves are reflected at 

the boundary of two media possessing different acoustic impedance. At the air -

water boundary, 99.99% of ultrasound is reflected when an ultrasound beam is 

incident from either side. In order for ultrasound to be transmitted to the desired 

organ, a proper coupling media having acoustic impedance near to that of skin 

(1.6 x 106kg/m2s) should be selected. The acoustic impedance of water (1 x 106 

kg/m2s) is near to that of skin; hence water can be selected as reasonable 

coupling medium (Wells, 1993). 

Selection of Ultrasound Parameters 

Ultrasound Frequency 

Therapeutic frequency of ultrasound has been used to enhance the transport 

of estradiol across cadaver human skin in vitro. The researchers concluded with 

the observation that 1 MHz enhanced the transport 13 times than 3 MHz at the 

same intensity which was able to enhance only 1.5 times (Mitragotri and Kost, 

2004c). High frequency ultrasound has been used to enhance the transport of 
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salicylic acid and lanthum tracers across hairless rat skin in vivo. It was observed 

that 10 MHz was more effective than 16 MHz which was in turn more effective 

than 24 MHz (Bommannan et al, 1992a; Bommannan, 1992b). Over the last 

decade, much of the attention has been given to the low frequency ultrasound 

having frequencies less than 1 MHz. This region has been explored by Mitragotri 

and others to enhance the transport of various compounds. It has been reported 

that 20 KHz frequency was able to enhance the transport of salicylic acid seven 

fold higher than 40 KHz (Mitragotri et al., 1996). This study concluded the inverse 

dependence of sonophoretic enhancement on ultrasound frequency. This 

phenomenon was also observed for insulin and lidocaine across hairless rat skin 

in vivo at the frequency of 48 KHz in which the blood sugar level was decreased 

by 50% in 240 min and anesthetic effects was prolonged for transdermal^ 

administered lidocaine (Tachibana, 1992; Tachibana & Tachibana, 1993). The 

conclusion drawn from all these studies indicated that low frequency ultrasound 

has been found to enhance the transdermal delivery of drugs more than that 

induced by high frequency. 

Pulse Length 

Ultrasound can be applied in a continuous or pulsed mode. The pulse mode is 

frequently used in order to reduce the severity caused by thermal effects. 

However, it has been reported in the literature that pulsed application has 

significant effect on the sonophoretic permeation of drugs (Kost, 1993; Tezel et 

al., 2002b). Cavitational effects which play a predominant role in sonophoresis 

decrease with the decrease in pulse length (Mitragotri et al., 1995b). 
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Mechanism of Ultrasound 

Ultrasonic energy disorganizes the lipid-bilayer of the stratum corneum, and 

creates reversible micro channels in the skin through which fluids and analytes 

can be extracted and large molecules can be delivered (Mitragotri et al., 1995a; 

Mitragotri and Kost, 2000; Cantrell et al., 2000; Mitragotri, 1995b; Mitragotri et al., 

2000; Mutoh et al., 2003). The exact mechanistic effect of ultrasound is still 

unknown, but it is hypothesized that the enhancement of flux is attributed to the 

combination of cavitational effects, acoustic streaming, and thermal stress 

(Machet & Boucaud, 2002). 

Cavitational Effects 

The formation of gaseous cavities in a medium that is exposed to ultrasound 

is called cavitational effects. Cavitation involves either rapid growth and collapse 

of bubbles (inertial cavitation) or slow oscillatory motion of bubble in ultrasound 

field (stable cavitation). Collapse of cavitation bubbles releases a shock wave 

that can cause structural alteration in its surroundings. These cavitations are 

caused by the pressure variation in the medium, and vary inversely with 

ultrasound frequency (Tezel et al., 2001). Biological tissues contain numerous air 

pockets that are trapped in fibrous structures which can act as nuclei for 

cavitations upon ultrasound exposure (Lavon and Kost, 2004). 

Acoustic Streaming 

Acoustic streaming is the development of unidirectional flow current in fluid 

that is the result of the presence of sound waves. The primary cause of acoustic 

streaming is ultrasound reflections and other distortions that occur during wave 
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propagation. It is the development of time dependent high fluid velocities in a 

medium exposed to an ultrasound wave. Oscillations of cavitation bubbles might 

also contribute to acoustic streaming. The shear stress developed by streaming 

velocities affects the neighboring structures (Mitragotri et al., 1995b; Lavon and 

Kost, 2004). 

Thermal Stress 

Absorption of ultrasound increases temperature of the medium. Materials that 

possess higher ultrasound absorption coefficients, such as bone, experience 

severe thermal effects compared to muscles. This increase varies proportionally 

with the ultrasound intensity and exposure time. Thermal effects can be 

minimized by applying ultrasound in pulse mode (Lubbers et al., 2003). 

Since the ultrasound affects the biological tissue via three main effects: 

thermal, cavitational, and acoustic effects. These effects can be critical under 

certain conditions as given below: 

Thermal effects may be important when 

o The tissue has high protein content 

o High intensity continuous wave is used 

o Bone is included in the heated volume 

o Vasculatization is poor 

Cavitation may be important when 

o Low frequency ultrasound is used 

o Gassy fluids are exposed 

o Small gas - filled spaces are exposed 
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o The tissue temperature is higher than normal 

Streaming may be important when 

o The medium has acoustic impedance different from its surroundings 

o The fluid in the biological medium is free to move 

o Continuous wave application is used 

For low frequency sonophoresis, the formation and collapse of the bubbles in 

the coupling medium, causes disruption in the skin tissue and is believed to be 

the predominant effect by which the method works (Tezel et al., 2002a). Low-

frequency ultrasound was shown to increase the permeability of human skin to 

many drugs, including high molecular weight proteins, by several orders of 

magnitude, thus making transdermal administration of these molecules 

potentially feasible (Mitragotri et al., 1995a; Mitragotri et al., 1996; Mitragotri, 

2001; Leetal., 2000a; Boucaud et al., 2001a; Boucaud et al., 2002). It was 

possible to deliver and control therapeutic doses of proteins such as insulin, 

interferon gamma, and erythropoietin across human skin (Mitragotri et al., 1995b; 

Mitragotri and Kost, 2004a; Mitragotri and Kost, 2004b; Boucaud et al., 2002; Le 

et al., 2000b). Low frequency ultrasound has also been used for immunization; a 

strong immune response was generated when a model vaccine of tetanus toxoid 

was applied topically after the application of ultrasound to skin (Tezel et al., 

2005). Low-frequency ultrasound is thus a potential noninvasive substitute for 

traditional methods of drug delivery, such as injections. Ultrasound has also been 

used for non-invasive glucose monitoring based on the sonophoretic disruption of 

skin (Cantrelletal., 2000). 
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Various studies in the literature suggest that application of therapeutic 

ultrasound does not cause any irreversible change in the skin permeability in 

vivo. Similar studies have been done for low frequency and also for high 

frequency ultrasound (Menon et al., 1994; Menon and Elias, 1997; Boucaud et 

al., 2001b; Boucaud et al., 2001a). In spite of being a safe enhancement method 

the approach has not developed as widely as was once predicted, very few drugs 

and no proteins at all are yet delivered by this route clinically. The miniaturization 

of the ultrasound generator as a patch is also a major obstacle for scientists. 

Iontophoresis 

Iontophoresis is an electrical enhancement technique whereby a direct 

electric current is used to deliver charged or polar molecules across the skin 

(Chien et al., 1989; Parasrampuria & Parasrampuria, 1991). The technique 

generates an electrical potential gradient that facilitates the movement of solute 

ions across the membrane (Banga and Chien, 1993; Singh and Maibach, 1994). 

The main criteria for iontophoretic drug delivery are that the drug must possess 

some aqueous solubility. The factors that contribute towards flux enhancement 

during iontophoresis are believed to be electrorepulsion and electroosmosis 

(Singh and Maibach, 1994); (Chien et al., 1989); (Kalia et al., 2004). Electrical 

and physicochemical properties of the skin and drug will decide the predominant 

force of action (Guy et al., 2000). 
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Delivery Mechanism 

Electrorepulsion 

Electrorepulsion is defined as the repulsive force acting between species 

possessing same charge. When the electrode with the same charge as that of 

the drug is placed in the donor chamber, and a constant direct current is applied, 

due to similar charge, the drug will be repelled into the skin for topical or systemic 

circulation (Green, 1996). Electrorepulsion is believed to be the main force which 

contributes to flux enhancement during iontophoresis (Hoogstraate et al., 1994; 

Stralka et al., 1996). The ions move along the pathways that offer least 

diffusional resistance when potential difference exists between the skin. These 

low resistance pathways also known as shunt pathways include sweat glands, 

sebaceous glands, hair follicles and skin imperfections (Cullander, 1992). In 

addition pore pathways have also been suggested for small ionic molecules with 

high mobility, but for large macromolecules the shunt pathways are the major 

contributing route (Lee et al., 1996; Scott et al., 1993). The lipid lamellae which 

constitute the stratum corneum are also believed to be permeabilized to water 

and ions by the application of current and are also partly responsible for the 

iontophoretic transport (Pechtold et al., 1996). Even though the transport of ions 

occur through the follicular pathways, it has been established that intercellular 

pathway between the follicles and the epidermal cells is still the final pathway 

(Monterio-Riviere et al., 1994). 
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Electroosmosis 

When electric current is applied to skin, the bulk movement of water 

molecules from anode to cathode can be described as electroosmosis (Pikal, 

2001; Pikal, 1990). To understand the mechanism of electroosmosis, it is 

important to know the isoelectric point of the skin. Literature suggests that the 

isoelectric point of skin is between 4.0 - 4.5 (Marro et al., 2001). At physiological 

pH the skin acquires a negative charge due to the ionization of the carboxylic 

acid groups (Clemessy et al., 1995). Hence when current is applied to the skin, 

the counter ions move from cathode to anode 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. When these ions pass 

through the skin, they carry water of hydration along them. This preferential 

movement of ions results in bulk movement of water from anode to cathode (Kim 

et al., 1993). Due to this convective bulk movement of water neutral molecules 

can be delivered when placed under anode, cationic species will get a second 

driving force in addition to electrorepulsion and anionic species will be inhibited 

(Pikal, 2001). The relative importance of electrorepulsion and electroosmosis 

depends on the physicochemical and electrical characteristics of the membrane 

(Guy e ta l , 2000). 

Factors Affecting lontophoretic Drug Delivery 

Effect of Charge 

Theoretically the iontophoretic flux is proportional to the charge of the 

molecule. The nature of the charge will determine the polarity of the electrode 
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used. Neutral molecules can also be delivered by exploiting the electroosmotic 

flow of the solvent (Banga, 1998). Non-ionic drugs can also be delivered by 

encapsulating them in liposomes which carry positive or negative charges on 

their surface (Badkaret al., 1999). If the drug is highly charged, the transdermal 

transport is reduced because it interacts strongly with the skin which in turn 

lowers the diffusion coefficient across the skin (Phipps et al., 1989). 

Effect of pH 

Charge on the drug molecule is the major contributor factor in iontophoresis 

delivery; even neutral molecules can be delivered by electroosmotic flow (Banga, 

1998). Since the charge on any molecule or a membrane is a function of pH of 

the environment, maintenance of the pH is very important to keep the species in 

ionic form. Drugs will be 50% ionized at its pKa and will possess a negative 

charge in environment with pH is higher than its pKa and vice versa. In the case 

of a protein or a peptide, the charge on the molecule will be a function of the 

isoelectric point (pi) of the molecule. At pH higher than the pi, a biomolecule is 

negatively charged and vice versa. At pH below the pi of the skin, the skin 

becomes positively charged and the direction of the electroosmotic flow changes 

from cathode to anode. This effect is due to the neutralization of a part of 

negative charges on the skin, and a decrease in the double layer of the 

counterion which changes the permselectivity of the skin from cations to anions 

(Clemessy et al., 1995; Kim et al., 1993). Because of this the flux of negatively 

charged molecules can be expected to be greater at lower pH values. There are 

reports in the literature that maximum flux of an oligonucleotide occurred 



23 

between pH 4.5 and 7.5, as compared to 5.5 and 9.5 (Oldenburg et al., 1995). 

Similar results were obtained for TAG-6 where there were secondary structural 

changes taking at low pH (Brand et al., 2001). Extreme pH should be avoided as 

it generates hydroxide and hydronium ions which can reduce the drug mobility 

(Kaliaetal.,2004). 

Effect of Extraneous Ions 

The presence of buffer and electrolytes are necessary to maintain the 

electrochemistry of the electrodes (Ag/AgCI) and to control pH of donor chamber. 

Buffer ions and electrolytes are small and highly charges species with high 

mobility. When the donor is connected and an electric current is passed, the 

current is distributed amongst all the ions present. Hence the presence of buffer 

species and salt ions has a negative effect on the iontophoretic transport of the 

drug; the transport number of the drug is reduced (Clemessy et al., 1995). 

Excipients like anti-microbial agents, anti oxidants and others are also added to 

increase the drug stability in the donor. It is important to add optimum amount 

and select appropriate excipients with poor or zero current efficiency. 

Transport Number 

Transport number is defined as the fraction of the current carried by each type 

of ions. This transport number is the measure of efficiency of the electrophoretic 

transport of that species (Prausnitz et al., 1996). Hence to increase the 

iontophoretic efficiency, the drug has to carry the maximum amount of charge. In 

other words the transport number of the drug should be as high as practical 

possible. 
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Drug Concentration 

Although there is direct relationship between the drug concentration and 

iontophoretic flux, it holds true up to certain point and then reaches plateau and 

in some cases declines (Marro et al., 2001). Several explanations proposed for 

these include the formation of a boundary layer which is saturated with respect to 

the bulk donor phase, aggregation, ion pairing, reduction or elimination of 

electroosmosis (Green, 1996; Phippsetal., 1989). 

Electrode Material 

The selection of the electrode material is very critical in iontophoretic drug 

delivery. For iontophoresis to work the electric current should be converted to 

ionic current. Since this conversion takes place at the surface of the electrodes, 

the electrode material should be a good conductor in addition to being inert so as 

to avoid the deposition of metal ions in the skin (Nair et al., 1999). Electrodes can 

be metallic and reversible type. Platinum is an inert material, however it causes 

the electrolysis of water that result in production of protons that can compete with 

drug ions and also cause drift in pH which can cause skin irritation (Pillai et al., 

2003). In order to avoid this problem, reversible electrode like silver-silver 

chloride can be used (Banga et al., 1995). However, these electrodes require the 

addition of chloride ions for the oxidation of Ag at anode, and this could be 

achieved by using chloride salt in the donor or by using a salt bridge (Abla et al., 

2005). 
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Current Intensity 

The increase in the current density increases the iontophoretic flux, since 

electrorepulsion is the major contributor to the flux. This effect has been 

observed for several drugs like nafarelin, angiotensin, and ketoprofen (Clemessy 

etal., 1995; Delgado-Charro and Guy, 1995; Panus etal., 1996). A current 

density of less than 0.5 mA/cm2 is said to be well tolerated by human skin 

(Burnette and Marrero, 1986). 

Iontophoresis has been used successfully in therapy of hyperhidrosis (Kalia et 

al., 2004). The potential of iontophoresis for systemic delivery is being 

rediscovered, and the technique has been observed to be particularly effective 

for ionic drugs. It also enhances transdermal permeation of neutral compounds 

by the process of electroosmosis (Pikal, 2001) which is the flow of water from 

anode to cathode. Iontophoresis has shown to deliver peptides like thyrotropin-

releasing hormone (362 Da), vasopressin (1084 Da) calcitonin (3418 Da) 

monomeric insulin (5808 Da) in literature (Banga and Chein, 1993a). 

Iontophoresis has been reported to deliver local drugs to eye and also 

vasodialators for the treatment of erectile dysfunction. Reverse iontophoresis 

have been used to monitor glucose (Kasha and Banga, 2008). The upper 

threshold of molecular weight for iontophoretic delivery reported in literature is 14 

kDa (Nair et al., 2003; Pillai et al., 1999; Banga and Chien, 1993; Heit et al., 

1993; Hirvonen et al., 1996; Thysman et al., 1994; Cazares-Delgadillo et al., 

2007; Pacini et al., 2007). However there have been some reports in the 

literature of delivery of some very large molecules through intact skin by 
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iontophoresis. These studies were done with botulinum toxin A, having molecular 

weight of 150 kDa present as 900 kDa complex shown effective to treat 

hyperhidrosis. Some peptides may require delivery at a pulsatile pattern to avoid 

the down regulation of receptors dictated by the chronopharmacology (Peppas 

and Leobandung, 2004). Iontophoresis can be used in such cases as it can be 

controlled by the application of the electricity. Reverse iontophoresis is used to 

monitor blood analytes levels (Mize et al., 1997; Leboulanger, Guy et al., 2004); 

Glucowatch® is an approved device use for this purpose. Iontophoresis could 

potentially provide such a delivery system in which the drug levels in the body 

can be manipulated by switching the current on and off periodically (Banga, 

2007). 

Combination of Technologies 

Combination of two or more enhancement techniques to generate a 

synergistic enhancement effect has been explored and offers promise for the 

future development of transdermal products (Mitragotri, 2000). In many cases 

synergistic enhancement can be achieved though it is difficult to predict optimal 

enhancer combination for each drug. A method of screening enhancers based on 

the changes in the impedance was proposed. Two enhancer combinations 

sodium lauryl sulphate/phenyl piperazine and N-lauroyl sarcosine/sorbiton 

monolaurete were found to increase the skin permeability of LHRH and heparin 

by upto 100-fold without causing skin irritation (Karande and Mitragotri, 2002; 

Karande et al., 2004; Karande et al., 2006). 
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Synergistic Effects between Chemical and Physical Enhancer 

Low frequency ultrasound has been shown to enhance transdermal drug 

transport in combination with other enhancers when compared with ultrasound 

alone. A synergistic effect was observed on the permeation of mannitol. 

Application of SLS alone induced 3-fold increase in mannitol permeability, while 

application of ultrasound 20 kHz frequency alone increased the permeability to 8-

fold. However, when combination of ultrasound and 1% SLS was used, a 200-

fold increase was observed (Mitragotri et al., 2000). Various possible 

mechanisms of these synergistic effects were indicated including enhanced 

delivery and dispersion of the surfactant in the skin due to low frequency 

ultrasound (Tezel et al., 2002). Transdermal delivery of LHRH was enhanced 10-

fold by iontophoresis with limonene, whilst iontophoresis alone and 5 % limonene 

alone provided 4 and 5-fold enhancement respectively (Bhatia et al., 1997). If the 

chemical enhancer is charged, iontophoresis enhances the delivery of enhancer 

into the skin thereby facilitating its effect as observed in transdermal delivery of 

leuprolide delivery by iontophoresis after a pretreatment with ethanol (Srinivasan 

et al., 1990), and insulin (Choi et al., 1999). 

Synergistic Effect between Physical Enhancers and Iontophoresis 

Synergistic effects between physical enhancement techniques have also been 

observed in literature, since they enhance the transdermal transport through 

different mechanisms. Synergistic effects between low frequency ultrasound and 

iontophoresis have also been reported in literature. Ultrasound alone was able to 

increase the permeation of heparin by 3-fold, iontophoresis alone was able to 
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increase the permeation by 15-fold, but the combination was able to increase the 

permeation by 200-fold (Le et al., 2000a). Transdermal flux of LHRH was 

increased by five to ten times by application of electroporation prior to application 

of iontophoresis, as compared to iontophoresis (Bommannan et al., 1994). The 

same combination was able to increase the flux of human parathyroid hormone 

upto 10-times greater than electroporation (Medi and Singh, 2003). Decrease in 

blood glucose levels was achieved in diabetic rats after using the combination of 

electroporation and iontophoresis to deliver insulin, while no insulin delivery was 

detected by iontophoresis or passive alone (Tokumoto et al., 2006). Synergistic 

enhancement was observed in the delivery of interferon alpha 2b by applying the 

combination of thermal microporation and iontophoresis, a 3-fold increase was 

observed with combination than with microporation alone (Badkar et al., 2007). A 

three fold increase in methotrexate flux was observed when using the 

combination of microneedles and iontophoresis versus microneedles alone 

(Vemulapallietal.,2008). 

Tape Stripping 

The simplest method to reduce the resistance barrier function of the stratum 

corneum is to remove it by tape stripping. Tape stripping with adhesive tapes is 

one of the most widely accepted methods to study the localization and 

distribution of drugs, chemicals and other substances. This technique is a 

minimal invasive technique which can sequentially remove the stratum corneum 

by applying appropriate adhesive tapes on the skin. It has been found that 30 

tape strips are needed to strip off most of the stratum corneum on the flexor 
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surface of the forearm. Tape stripping is used to provide information about the 

kinetics of transdermal drug delivery, and is also the basis of the FDA's 

dermatopharmacokinetic approach to assess the topical bioavailability and 

bioequivalence. Many agents are applied to the skin either deliberately or 

accidentally with either beneficial or deleterious outcomes. The main interest in 

dermal absorption assessment is related to: 

Determination of Superficial Infections and Viruses 

Topical infection caused due to S. aureus and S. pyogenes are clinically 

relevant and cause a variety of serious symptoms, including toxic shock 

syndrome and skin lesions that can progress to sepsis and systemic shocks if left 

untreated. These bacterial species are also the common cause of impetigo in 

humans. Tape stripping technique has offered the possibility of studying these 

superficial infections on the skin, as well as viruses in skin tumors (Forslund et 

al., 2004). 

Kinetics and Penetration Depths of Drugs 

Administration of piroxicam from a commercially available gel to human 

volunteers, both passively and under iontophoresis was studied by tape stripping. 

The total amount of drug recovered in stratum corneum post- iontophoresis by 

tape stripping was significantly higher than that found following passive diffusion 

(Curdy et al., 2001). 

The combined effect of permeation enhancers Azone and Transcutol in skin 

permeation of sodium naproxen formulated in PF-127 was found to be twice than 

that by Transcuutol alone. Tape stripping has also been used to study the effect 
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of hydroxylpropyl-P-cyclodextrin on cutaneous penetration and activation of 

prodrug 4-biphenylylacetic acid from hydrophilic ointment in hairless mouse skin 

(Escobar-Chavez et al., 2008). 

Comparison of bioavailability of ketoprofen in a photostabilized gel 

formulation.Production and characterization of monoleine dispersions as drug 

delivery carrier systems for indomethacin was tape stripping assisted (Loden et 

al., 2004). 

Dermal Absorption of Toxic or Irritant Chemicals 

Acute dermal absorption of jet fuel on human subjects was assessed by tape 

stripping within 20 minutes of exposure as naphthalene has a short retention time 

in stratum corneum (Mattorano et al., 2004). Tape stripping has also been used 

as an explanatory and predictive tool for developing physiologically based 

pharmacokinetic models that simulate the absorption of organophosphate 

pesticides through skin (van der Merwe et al., 2006), and to study the impairment 

of water barrier function and inflammation on human skin caused because of 

treatment with SLS. Tape stripping has also been used as a useful tool in 

evaluating the factors that influence the physiology of stratum corneum, to 

determine the composition, and thickness of stratum corneum and in assisting 

the development of in vitro models for regeneration of stratum corneum 

(Escobar-Chavez et al., 2008). 

In spite of being a non invasive technique, it has been never used in literature 

for the delivery of drugs through the skin. Controlled microdermabrasion is a 

methodology which is used recently in the treatment of stretch marks, wrinkle 
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smoothing, and acne scars allows the stratum corneum to slowly abrade upto a 

desired level in a non-traumatic way (Fujimoto et al., 2005). Controlled 

microdermabrasion can be also compared to conventional tape stripping and can 

be applied to estimate the rate of drug penetration across the skin under in vivo 

conditions, where the amount of stratum corneum removed by each 

dermabrasion treatment can be controlled precisely (Tojo and Lee, 1989). 

In Vitro Methods for Assessing Transdermal Drug Delivery 

The permeation rate of the drug across the skin has been measured in vitro 

using various kinds of skin permeating apparatus, which consists of three main 

components, the donor, receptor and the permeation barrier sandwiched 

between the donor and the receptor. The whole setup can be visualized as 

having three compartments, in which the first compartment is called as donor 

compartment. This compartment holds the drug in a uniform manner. The drug 

passes from the donor compartment through a permeation barrier or a 

membrane, which is the second compartment into the receptor which is the third 

compartment. Typically skin is used as a barrier membrane in case of 

transdermal drug delivery. The receptor is filled with phosphate buffered saline 

which is continuously stirred at 600 rpm, and maintained at 37°C which will keep 

the skin at a temperature of 32°C, sink conditions are also maintained; these 

conditions are maintained to simulate the physiological situation (Banga, 1998). 

The whole setup is known as Franz diffusion cell, these cells are available in 

vertical and horizontal systems and in different areas. An inherent problem with 

this setup is the lack of microvasculature present in vivo. This problem is 
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manifested when poorly soluble drug candidates are used for studying the 

permeation, as the drug concentration may reach closer to saturation solubility 

due to which sink conditions cannot be maintained. In order to overcome this 

problem, flow-through diffusion cells are used in which the receptor buffer can be 

continuously removed (El-Kattan et al., 2000). The permeation coefficient (P) can 

be obtained from the equation 

J = A * P * AC 

Where, A is the surface area of permeation, J is the steady state flux, and AC is 

the difference in concentration between the donor and the receptor compartment. 

For flow-through cells the equation used is as follows (Cordoba-Diaz et al., 

2000): 

Vrec dUrgn^ J (A - Tree) ^-rec 

dt 

Where, Vrec = Volume of receiver chamber, J = Flux of drug out of skin, A = 

Diffusional area, Frec = Flow rate of receptor fluid, dCrec/dt = Rate of change of 

concentration in receiver. 

Animal Models Used in Evaluating Transdermal Drug Delivery 

In order to assess the performance of the dermal and transdermal drug 

delivery system, the first step is to assess the percutaneous absorption of the 

drug molecule. The second step is to design and optimize the dosage form by 

evaluating the factors that determine a good in vivo performance. Ideally the data 

collected from the human subjects would be the most reliable data; however 

studies of these types are not feasible during the preclinical development of the 

product since its toxicity has not been studied. The next close match will be to 
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obtain human cadaver skin to assess the precutaneous absorption, however 

human cadaver skin is not readily available, and when available, samples are 

obtained from different anatomical sites, and may have different disease states 

which could result in varying permeability of the drug (Costello and Jeske, 1995; 

Schaefer et al., 1977). Human skin obtained from different sources like cosmetic 

surgery, amputations and other procedures have been also used, but the 

availability is again low. In order to overcome these limitations, various animal 

models like rat, mouse, primates, guinea pig, porcine, and snake skin have been 

suggested. The use of primates in the research is highly restricted, hence the 

skin of mice, rats and guinea pigs are most commonly used in research for 

assessing in vitro and in vivo permeation of drugs (Friend, 1992). The next 

readily available skin is that of rodents that are hairless in nature, and because of 

their small size and ease of handling they are often used in assessing drug 

permeation data. Amongst the rodents, the hairless rat skin has more structural 

similarities to the human skin and also because of less follicular density, the need 

of shaving these animals prior to the experiment is eliminated, hence voiding the 

damage to the stratum corneum and the underlying tissues (Simon and Maibach, 

1998). 

Different transdermal permeation data are obtained from different application 

sites even though the same animal model is used. The explanation of this 

variation arises from the fact that the drug molecules has to permeate through 

the stratum corneum lipid domain, and since the thickness of the stratum 

corneum and its composition varies from site to site it gives rise to variable rate 
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of absorption. The main factors which contribute to the variations in the stratum 

corneum are the density of hair follicles, the amount of free acids and 

triglycerides (Netzlaff et al., 2006). In order to overcome this variation, the use of 

cultures skin equivalents is employed. The skin equivalents are made of full 

thickness epidermal and dermal tissues. These skin equivalents eliminate the 

use of animals to assess the drug absorption and can also be used to assess 

drug toxicity and drug skin interaction. Since the human skin cells are used in 

these models, properties similar to human skins are obtained. One of the 

disadvantages this model possesses is the absence of hair follicles; hence 

iontophoretic transport cannot be studied in this model (Netzlaff et al., 2005). 

Pharmacokinetics of Transdermal Drug Delivery 

The skin is a very complex structure and because of this drug delivery through 

the skin is very complex phenomena. For hydrophilic small molecules, stratum 

corneum offers main resistance, and is the major rate limiting step, for lipophilic 

small molecules, the dermis is the rate limiting step. The drug undergoes 

different phases after administration like absorption, distribution, metabolism and 

excretion, the science which deals with these subjects is called 

pharmacokinetics. The major goal of pharmacokinetics is to evaluate critical 

parameters and to develop models which can predict the future state of a system 

leading to the optimization of dosing regiments and toxicological consequences 

(Derendorf and Meibohm, 1999). 

Percutaneous absorption is a process in which the drug moves through the 

different layers of the skin after its administration from the site of application and 
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reaches the vasculature to be taken up for systemic circulation. The different 

phases that a drug undergoes after transdermal drug delivery are the lag phase, 

the rising phase and the falling phase. In the lag phase, there is no drug 

absorption, and it is defined as the initial waiting period for drug absorption. In the 

rising phase the drug is taken up into the systemic circulation and the levels of 

drug in the circulation increases. In the falling phase, the drug level in the 

circulation declines as a result of elimination which dominates the rate of 

absorption (Schaeferand Redelmeier, 1996). 

Pharmacokinetic evaluation of a transdermal drug delivery system involves 

the assumption that the total body clearance is linear, and based on this 

assumption; the concentration- time profile of a transdermal drug delivery system 

is compared with that of intravenous profile to calculate the steady state 

transdermal delivery rate (TDR) according to the equation (Gabrielsson and 

Weiner, 2001): 

TDR = Css* CLiv 

Where Css is the steady state plasma concentration, and CL|V is the total systemic 

clearance obtained following an intravenous administration. The transdermal 

dose delivered (TDD) can be calculated from the following equation: 

TDD = AUCTDR * CLiv 

Where AUCTDR is the area under the concentration-time curve obtained following 

the transdermal drug delivery and CLiv is the total systemic clearance obtained 

following an intravenous administration. 



36 

Human Growth Hormone 

Growth hormone therapy was developed in early 1950s and was used 

successfully to treat growth hormone deficiency in hypopituitary dwarfism. 

Human growth hormone (hGH) is a single chain polypeptide with 191 amino 

acids and a molecular weight of 22 kDa. It is secreted by the somatotropic cells 

of the anterior pituitary gland. Until the mid of 1985, most of the growth hormone 

used was derived from the human cadavers and distributed by the National 

Hormone and Pituitary program of National Institute of Health. The use of this 

pituitary derived growth hormone led to the development of a fatal 

encephalopathy known as Creutzfeld-Jacob disease in some individuals which 

led to degeneration of the brain and eventually led to the death of the patient. 

The virus responsible for this disease was neither easy to remove nor easy to 

exclude, this paved the way for the urgent need to produce this protein using the 

rDNA techniques. The amino acid sequence of the rDNA derived growth 

hormone is identical to that of human growth hormone of the pituitary origin. The 

biosynthetic growth hormone and pituitary growth hormone are equipotent in 

bioassay, and have the same pharmacokinetic profiles in rats (Jorgensen et al., 

1988). 

Evolution of Treatment 

The introduction of recombinant hGH in 1985 allowed increased number of 

patients to receive replacement therapy, as compared to prior experience with 

cadaver growth hormone. A study aimed to improve the outcomes of the therapy 
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indicated that increase in growth hormone doses have been shown to increase 

the growth rate (Silverman et al., 2002). Today most of the childrens with growth 

hormone deficiency receive hGH 6 or 7 times weekly by subcutaneous injections 

(Cleland et al., 1997). hGH formulations are sold in the market as lyophilized 

powder which has to be reconstituted prior to use and then stored in refrigeration 

at 4°C. Recombinant hGH is available in the United Stated as Somaterm 

(Protopin®; Genentech Inc) as Somatropin (Humatrope®; Eli Lilly & co), and as 

Genotropin®; Pfizer Inc (Banga, 2006b). Outside United States, several other 

companies market the product like NovoNordisc (Norditropin®), Sereno 

(Saizen®). A generic version of hGH under the brand name Omnithrope® 

(Sandoz) has also been approved in Europe. All these formulations come in dual 

chamber vials in which one side contains sterile white powder and the other side 

contains special diluents provided for each vial that is intended to be 

administered subcutaneously. In case of Protopin, this diluent is bacteriostatic 

water for injection (BWFI) which contains benzyl alcohol as preservative, the 

diluent provided with Humatrope is a special diluent containing m-cresol as 

preservative and glycerol, and that with Genotropin is m-cresol and mannitol. 

Dilution with other types of BWFI, shooting the diluent directly on the powder, 

and shaking the vials results in severe precipitation of the protein; hence care 

must be exercised by patients in reconstitution and handling of the reconstituted 

vials. 

Growth hormone replacement therapy provides successful treatment for 

childrens and adults with growth hormone deficiency as well for growth 
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retardation in children with chronic renal disease and Turner's syndrome. It is 

however a long-term treatment with patients requiring daily subcutaneous 

injections for many years and therefore patient compliance becomes a key factor 

in achieving successful outcome (Stanhope et al., 2001). Poor patient 

compliance is attributed to various factors like the fear and pain associated with 

the needle, the need for mixing of the medication prior to the usage. In order to 

overcome the fear of the needle, and the need of mixing of the medication prior 

to use, newer design of device was introduced in the form of a pen, in which the 

reconstitution of the vial was effected by the movement of the barrier between 

the powder and the diluent, thus avoiding external transfer of the diluent by the 

patient (Pearlman and Bewley, 1993). To further minimize the steps required to 

be taken before the administration of the medication, a liquid formulation was 

introduced which takes less time to prepare and administer the medication and 

which can be administered by injection or a pen which has a auto injector. 

Clinical studies indicated that the pen auto-injection was less painful in 

comparison to the injections, and was more acceptable by the patients 

(Stanhope etal., 2001). 

In 1999, the first long-acting preparation of growth hormone, Nutropin Depot®, 

was approved for human administration either once or twice monthly. Nutropin 

Depot® utilized a sustained-release system engineered for macromolecules such 

as peptides and proteins. This system consists of biocompatible, biodegradable 

microspheres formulation from poly(lactic co-glycolic acid) (PLGA). This polymer 

has a history of safe usage in suture materials and bone plates (Pihlajamaki et 
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al., 1992). Nutropin Depot microspheres contained micronized particles of hGH 

embedded in a polymer matrix. The rate of drug can be controlled depending on 

different polymer properties like polymer chain length, lactide —glicolide ratio, and 

the polymer end- group modification (Lee et al., 1997). After subcutaneous 

injection of the microsphere suspension, the protein was released from the 

microspheres into the subcutaneous space initially by diffusion, followed by both 

diffusion and polymer degradation. Ultimately the PLGA co-polymer undergoes 

hydrolysis into monomers, lactic acid and glycolic acid, which are further 

degraded primarily into carbon dioxide and water (Cleland et al., 1997; Lee et al., 

1997). This system is reported to have complexities such as inflammation and 

protein denaturation by hydrophobic interaction, high acidic environment 

associated with the degradation of PLGA, and adverse reaction were most 

frequently reported at the site of injection (Johnson et al., 1996; Silverman et al., 

2002), Since the particle size of the microspheres tend to be larger, it requires a 

special larger gauge needles for dose administration (21 gauge) which comes 

with the packet, also the cost of manufacturing of polymeric particles was high, 

and hence the product was subsequently withdrawn from the market (Govardhan 

etal.,2005). 

A long-term regimen of daily subcutaneous injections could be challenging for 

many patients and their families. By reducing the dose frequency, an attractive 

alternative for the long-term management of growth hormone deficiency in 

childrens can be achieved. In an effort to produce a sustained release system of 

hGH another novel extended release formulation was made by Okumu et al 
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(2002). The system known as sucrose acetate isobutyrate (SAIB) extended 

release (SABER) which is a novel extended release system based on high 

viscosity non-polymeric scaffold. SAIB has been approved as food additive by 

the US FDA. This system consists of SAIB, a solvent (ethanol/benzyl alcohol), 

and a polymeric modifier (poly-D,L-lactic acid). One of the characteristic of the 

system is that a SAIB/solvent mixture has a low viscosity, but upon injection the 

viscosity increases dramatically as the solvent diffuses away from SAIB and a 

depot is formed. Spray dried formulation was made and the system were 

assessed in vitro and 99 % of the hGH released was in monomeric form. When 

tested in vivo in rats for seven days, a sustained release profile was obtained, 

however histological examination of the injection sites indicated the presence of 

cavitated inflammatory process associated with the depot. The main advantage 

of this system is the ease of use and sustained delivery of active agent. The 

SABER system distinguishes itself from the PLGA microspheres system in that 

the injectable liquid matrix controls the release of the entrapped drug, which 

enables the higher concentration upto 50-100 mg/ml and the ability to administer 

these high doses by conventional 25 gauge needle (Okumu et al., 2002). 

The significant interest in an extended release therapeutic protein is well 

justified, since these formulations can provide greater safety, efficacy, and 

improve patient compliance (Cleland et al., 1997). One of the promising methods 

of extending the half life of the protein molecule without redesigning the molecule 

is crystallization. High doses of crystalline antibodies have been reported in 

literature (Basu, 2004). Despite many promises and apparent advantages of 
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crystallization, insulin is the only protein product on the market which is 

manufactured and delivered in crystalline suspension form and provides 

sustained release for 24 h. A crystal coating process was developed based on 

electrostatic interaction between opposite charges of crystal surface (Govardhan 

et al., 2005). Negatively charged hGH crystals was made and these crystals 

were then coated with monomolecular layer of positively charged poly (arginine) 

or protamine sulphate in varying weight ratios. These polyelectrolyte crystals 

were harvested and in vitro dissolution test was conducted by different analytical 

techniques, and the results indicated the protein released from these crystals 

was stable. The formulation was tested in vivo in rats and monkeys for seven 

days and the efficacy of this formulation injected subcutaneously once weekly 

was found equivalent to seven days of soluble injections. The formulation was 

also found to be non viscous and could be injected with a fine 30 gauge needle 

(Govardhan etal., 2005). 

Despite the concerns about the stability of the protein during spray drying, a 

number of attempts are being reported in literature. Some advantages of spray 

drying include the ability to produce a dry powder in short time which makes this 

technique energy efficient than lyophization, one such method reported in 

literature utilizes natural biomaterial sodium hyaluronate (HA) to encapsulate 

hGH in spray dried microsphere formulation (Kim et al., 2005). HA is a 

biodegradable, biocompaitable, and viscoelastic polysaccharide found in synovial 

fluid and extracellular matrix. Because of its various functions and 

physicochemical properties, HA is used for various pharmaceutical and medical 
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applications (Hahn et al., 2004). A sustained release formulation of hGH was 

made using HA, lecithin, and medium chain triglyceride. An in vitro release study 

confirmed the sustained release profile and the structure of the released protein. 

A single dose of this formulation was then administered in vivo to cynomolgus 

monkeys and beagle dogs subcutaneously with a 26 gauge needles and a 

sustained release profile was obtained for six days. The loading of hGH in these 

microparticles was also 18 % greater than PLGA microspheres, and the toxicity 

studies revealed no evidence of adverse effects in vivo (Kim et al., 2005). 

Despite all the above formulations, the route of administration still remains in 

the form of subcutaneous injections. A needle free user friendly route of 

administration is highly sought to improve the patient compliance and to reduce 

the risk associated with the injections (Levin et al., 2005). 

Pharmacology of Human Growth Hormone 

Growth hormone administration in rats affects nearly every organ and tissue 

of the body with the exception of the brain and eye. It is believed that hGH 

directly acts on bone and soft tissue to cause uniform growth as well as direct 

stimulation of insulin like growth factor. Growth hormone accelerates the 

transport of amino acids into the tissues, thereby increasing their incorporation 

into the protein. In addition, growth hormone promotes the incorporation of tissue 

constituents such as Ca2+, Mg2+, K+, Na+, and phosphates. A study of 

hypophysectomized rats revealed that although growth hormone stimulates the 

differentiation of some cell types directly, most metabolic effects are mediated by 

extracellular forces (Kuretand Murad, 1990). 
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Pulsatile Release of Human Growth Hormone 

The secretion of growth hormone is control by central nervous system. 

Growth hormone releasing factor (GHRH) and growth hormone release inhibitory 

hormone (somatostatin) are the two hypothalamic factors that mediate the 

release of growth hormone. Asynchronous, episodic releases of these factors are 

responsible for the pulsatile growth hormone secretion (Peppas & Leobandung, 

2004). hGH is secreted in a intermittent, pulsatile pattern in all ages from fetal 

development through adult childhood. Experiments in rodents have also revealed 

that pulsatile delivery of hGH or GHRH results in greater growth than that 

achieved with the same amount injected once every day (Rogol, 1995). 

Intermittent delivery is also more effective and increases insulin like growth factor 

I messenger RNA levels with epiphyseal growth plate. Although intermittent 

delivery of GHRH and hGH is effective in children, there is no evidence to 

differentiate the effect between single and multiple daily administration of either 

compound. 

Many factors regulate the amount and pattern of hGH secretion such as 

GHRH, growth hormone binding protein (GHBP), and IGF binding protein (Kuret 

and Murad, 1990). Because of this complexity, the pattern and amount of hGH 

secretion necessary for normal growth has not been precisely evaluated. In 

addition, age, gender, pubertal status, menstrual cycle phase, body composition, 

sleep, nutrition, and exercise influence the frequency and amplititude of hGH. 

This complex regulation precludes a simple relationship between circulating 

mean hGH levels and linear growth velocity have also shown that treating rats 
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with long term pulsatile intravenous infusion of active human GHRF fragment 

GHRF (1-29) NH2 accelerated growth and increased pituitary hGH compared to 

continuous infusions (Clark and Robinson, 1985). The study also showed that 

pulsatile, and not continuous, GHRH stimulates growth in animals made GHRF 

deficient by neonatal monosodium glutamate treatment. 

Routes of Administration and Delivery Systems of hGH 

Delivery systems proposed for peptides and proteins involve administration in 

temporal patterns very different from natural secretion. As, compared to insulin, 

fluctuations of hGH levels in the body are tolerable. Availability of good analytic 

methods is another reason for hGH to be a good model protein. 

Intestinal Absorption 

Intestinal route is the most preferred and commonly used route of 

administration. Intestinal absorption of hGH has been reported in the literature 

(Moore and Wroblewsky, 1992). In their study, the investigators used hGH alone 

and in combination with permeation enhancers. Sodium salicylate, a known 

enhancer was investigated for its absorption enhancing properties in different 

parts of the gastrointestinal tract and rectum, hGH formulated with and without 

sodium salicylate in an aqueous solution or suspension in mineral oil was used in 

the study. The above combinations were injected directly into the stomach, 

duodenum, ileum, or colon. Negligible absorption was observed in the stomach 

and duodenum irrespective of the preparations tested. However, high serum 

concentration resulted from the solution containing both sodium salicylate and 

mineral oil. The synergistic enhancement effect between sodium salicylate and 
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mineral oil was attributed to mineral oil possibly serving as a reservoir for sodium 

salicylate, thus prolonging the effects of the enhancer. 

Rectal Absorption 

Although hGH is too large to pass through rectal mucosa, absorption 

enhancers could be used to facilitate its absorption. To increase the absorption of 

hGH across rectal mucosa, suppositories of hGH containing acetyl salicylate, 

enamine derivative of phenylalanine, sodium salicylate, and ethyl acetoacetates 

were used in rats. A dose related enhancement in absorption of hGH was 

observed with sodium salicylate and enamine derivative. There was also 

evidence that growth hormone was absorbed in a biologically active form (Moore 

and Wroblewsky, 1992). 

Suppositories of hGH containing sodium glycocholate were administered to 

hypophysectomized rats. When compared with only hGH, the addition of sodium 

glycocholate appeared to have some effect on weight gain. However there were 

limitations of this route such as loss of drug from defecation or premature melting 

of the dosage form, which may result in dosing below the therapeutic level. 

Another problem is that the use of an absorption enhancer may lead to non

specific absorption of colonic contents. 

Continuous Subcutaneous Infusion 

The potency of hGH by daily subcutaneous infusion was compared by 

Theeuwes and Yum (1976). hypophysectomized rats were implanted with mini -

osmotic pumps that were filled with hGH to infuse 5, 15, or 50 ug/day. Another 

group of rats were given the same dose as daily injections for comparison. An 
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interesting observation reported in the study was that there was no difference in 

the weight gain based on the pattern of administration. However, other issues 

such as immunogenicity, stability, and other hormonal interactions needed to be 

considered in the case of continuous infusion (Theeuwes and Yum, 1976). 

Intranasal Absorption 

Intranasal administration is extensively studied as an alternative to parenteral 

administration. The highly vascular mucosal bed underlying the nasal epithelium 

provides rapid access to the blood stream once the molecules have crossed the 

epithelium (Angerholm et al., 1994). Administration via the nasal cavity is easy 

and therefore suitable for self-medication and does not require sterile equipments 

and painful injections, resulting in better patient compliance (Ugwoke et al., 

2001). The nasal route has been reality for increasing number of therapeutic 

peptides such as calcitonin, desmopressin, buserelin, octreotide and insulin (Abe 

et al, 2003; Lang et al., 1998; Law et al., 2001). Further bioavailability of nasal 

route is low as the residence time is low because of mucociliary clearance and 

high metabolic turnover rate of the nasal epithelium (Sarkar, 1992). By using the 

animal model developed by Hirai et al., (1981), a study was conducted with hGH 

in male rats. Test formulations were infused into the external nares with a pipette 

tip and the nares were sealed with polyacrylamide adhesive. This study also 

investigated the effect of a nonionic surfactant, polyoxoethylene lauryl ether, bile 

salt, and sodium deoxycholate, on intranasal absorption of hGH. Without 

enhancers there were no detectible levels of hGH in the plasma samples (Hirai et 

al., 1981). 
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A study by Albertsson-Wikland et al., (1995) investigated the intranasal 

delivery of hGH in the presence of the permeation enhancer sodium tauro-24, 

25-dihydro fusidate (STDHF). Ten patients with classical growth hormone 

deficiency were administered hGH formulations containing three variables: hGH 

content (2, 4.1, or 6.3 mg), concentration of STDHF (0.75, 1.0, 1.25%), and spray 

volume (2x35, 2x53, or 2x70 ul). Bioavailability, measured as the plasma 

concentration of hGH, demonstrated that formulations with low spray volumes 

resulted in a lower uptake of hGH and less inter-individual variability. The 

concentration of STDHF had no significant effect although the higher 

concentration of STDHF resulted in more intense nasal secretion; no damage of 

the nasal mucosa was observed (Albertsson-Wikland et al., 1995). 

In a study conducted by Angerholm et al in 1994 on the transepithelial 

transport of hGH using absorption permeation enhancers didecanoyl-L- a-

phosphatidylcholine (DDPC) and a-cyclodextrin (a -CD) was studied with 

intranasal administration to rabbits. The enhancers used were able to enhance 

the transport of hGH across nasal epithelium and the bioavailability was 

estimated to be in the vicinity of 20 %. However, when a study was also 

conducted to decipher the mechanism of action of the permeation enhancers, it 

was found that the major pathway was transcellular taking place by passive 

diffusion through necrotic, ciliated cells. The authors concluded that this transport 

was likely due to the damage inflicted by the two permeating enhancers DDPC 

and a -CD which interacted with the plasma membrane component and the 

severe damage caused to the epithelial barrier and the following impairment to 
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the mucociliary apparatus can increase the risk of developing allergies and 

causing infection and that such adverse effects cannot be accepted (Angerholm 

etal., 1994). 

A study was conducted by Leitner et al in 2004 in which the researchers used 

thiolated polymers which are thiol bearing hydrophilic macromolecules that have 

shown to improve the bioavailability by: improved penetrating enhancing effect, 

mucoadhesive properties and enzyme inhibitory effects. A nasal gel formulation 

comprising polycarbophil-cysteine/glutathione gel formulation was used to 

enhance the permeation of hGH across nasal mucosa in vitro and in vivo. An 

aqueous nasal gel having final hGH concentration of 0.3, 0.5, and 0.6 % (m/v) 

was prepared using fluroescein isothiocyanate labeled hGH. A three fold 

increase in the permeation was achieved in vitro in comparison to control, also 

staining of nasal mucosa did not show any damage to the cells and the 

formulation showed biphasic release of hGH with faster initial phase followed by 

controlled terminal phase. When the formulation was administered to rats in vivo, 

a 27-fold increase with respect to control was observed for 6 h. There was no 

systemic toxicity recorded, as the matrix was not absorbed in significant 

quantities (Leitner et al., 2004). 

Jet Injector 

In an effort to make the therapy needle free, jet injectors which propel liquid 

medication into the skin at high velocities were used. The Vitajet, (Bioject), 

Biojector (Bioject) and MediJector and their associated versions Biojector Cool 

click and SeroJet (Soreno), MediJector-Zomajet (Ferring) deliver protein 
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injections in liquid form, These products are currently marketed for delivery of 

rhGH, insulin and ganirelix (Houdijket al., 1997; Schneider etal., 1994). The 

bioavailability of these are demonstrated to be equivalent to corresponding 

needle injection. However the claim that the needle fee jet propulsion injections 

are less painful that the conventional injections has not been substantiated. It 

was reported that diabetic childrens found these injections more painful than the 

conventional needles and also experienced more local skin irritation (Schneider 

etal., 1994). 

Transdermal 

Recently, there has been a literature report about transdermal drug delivery of 

hGH using radio-frequency ablation. It is based on an electronic device known as 

ViaDerm which generates an electric current at high frequency in the range of 

radio frequency (100-500 kHz). The passage of this current through the stratum 

corneum via the array of microelectrodes placed on the skin brings about ionic 

vibrations within the skin cells leading to local heating, liquid evaporation and cell 

ablation. Due to this, small microchannels called RF-microchannels are formed in 

the stratum corneum and epidermis through which the growth hormone 

permeates. The creation of the RF-microchannels facilitated the delivery of hGH 

and the serum levels were comparable to the subcutaneous injections (Levin et 

al., 2005). 

Protein Structure 

Proteins are a class of polymers formed by amino acids which are joined 

together by peptide bonds. Polymers with less than 20 amino acids are terms as 
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peptides and between 20 and 50 are termed as polypeptides and more than 50 

are termed as proteins (Banga, 2006b). Due to high molecular weight and size 

proteins come in different structure referred to as primary, secondary, tertiary and 

quaternary structures. 

Primary Structure 

The primary structure of the protein is the sequence of the covalently bonded 

amino acids in the polypeptide chain; it is determined by the sequence of the 

nucleotides in DNA. The peptide bonds linking the amio acids are rigid and 

planar and mostly exist in trans conformation. 

Secondary Structure 

The secondary structure is any regular organized local structure of a linear 

segment of the polypeptide chain such as a-helices, (3-sheets, which are the 

most commonly found. In a-helix, a single protein chain twists like coiled spring, 

and in (3-sheets two or more chains align themselves in parallel or anti-parallel 

forms conformation. The length of the a-helices and beta [3-sheets limit the 

diameter of the protein. An important property of the secondary structure is it 

provides efficient pairing of the hydrogen such that it bonds the internal group of 

the polypeptide backbone, which in turn may confer stability to the folded 

structure. In addition to these structures, there are other kind of structures like 

beta bends, small loops and random coils. It is estimated that 31 % of the 

residues in proteins are a-helices and 28 % of the residues are B-structures 

(Wang and Pearlman, 1993; Bewley and Li, 1986; Pearlman and Bewley, 1993). 
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Tertiary Structure 

Tertiary structure is the overall topography of the folded polypeptide chain. 

Globular proteins are compact and spherical in shape. Tertiary structure has 

been categorized based upon the arrangements of multilayered spherical 

structures which are the core or stabilizing features. An example of this is the 

disulfide bonds that are formed between the same chains and between two 

chains, disulfide bonds are common features of many proteins and some 

peptides. The S-S bonds have a preferred geometry and once formed impart 

great stability to the protein structure by limiting the number of conformational 

structures it can undergo. In the folded structure of a protein, polar groups are on 

the surface while hydrophobic groups of the side chains are usually buried; this 

decreases the surface area of the hydrophobic moieties accessible to the solvent 

(Wang and Pearlman, 1993; Aubert et al., 1986; Pearlman & Bewley, 1993). 

Quaternary Structure 

Quaternary structure is the final form of conformation. It exists in some 

proteins and refers to the noncovalent interaction or spatial arrangement of 

individual subunits or monomers to form oligomers. Association of two or more 

polypeptide chain, either identical or different takes place in the formation of the 

quaternary structure. Depending on the solution conditions, such as pH, or buffer 

species, usually one form is preferentially stable. In some cases quaternary 

structure is vital for the structure and function of protein. 
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Aggregation Behavior of Proteins 

Aggregation is a phenomena commonly occurring in protein solutions through 

association of the neighboring molecules. This phenomenon may lead to the 

formation of soluble and insoluble particles known as aggregates. Soluble 

aggregates remaining in the solution and are often oligomers, while insoluble 

aggregates are usually larger aggregates which usually precipitate out. 

Aggregates could reduce the bioactivity of the protein and can also cause 

immunogenic reaction. Extensive aggregation may lead to precipitation, which 

can be explained as a dynamic process involving thermodynamic and kinetic 

parameters. During aggregation each monomer is added to the growing protein 

aggregate in solution which slows down the rate of favorable conformations. This 

leads to high surface area occupied by the hydrophobic residues and hence the 

rate of precipitation the rate of association (Wang, 1999). 

Analytical Techniques for the Determination of Proteins Stability 

The complexity of the protein structure, due to their large size and higher 

order form, and the degradation pathways demand the use of several analytical 

techniques to monitor the protein stability. There are several analytical 

techniques such as spectroscopy, chromatography, thermal analysis, 

immunoassay, bioassays, and electrophoresis may be required to characterize a 

protein. The ultimate goal of measuring the stability is to know that whether the 

formulated protein is stable physically and chemically (Banga, 2006b). 
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Light Scattering 

Light scattering is a phenomenon in which light from an incident polarized 

laser beam source is scattered in all directions upon interaction with a molecule 

or a particle. The measurement is based on the principle of Brownian motion. 

Since a particle in solution undergoes Brownian motion, the intensity of light 

scattered by a particle varies with time. The intensity of the scattered light is 

dependent on the physical particles scattering it, and by measuring this it gives 

the information about the shape and size of the particle. By collecting the 

intensity at well selected angles, important molecular properties like 

hydrodynamic radius and molecular weight can be obtained. Light scattering can 

be divided into static light scattering and dynamic light scattering. Static light 

scattering gives the information about the molecular size of the protein and 

dynamic light scattering gives the information about the diffusion coefficient 

which in turn is useful in determination of the hydrodynamic radius of the protein 

from the Stoke's equation: 

D=kT/6 n u RH 

Where D is the diffusion coefficient, RH is the hydrodynamic radius of the particle, 

T is the absolute temperature, k is the Boltzman constant, and u is the viscosity 

of the solution. Thus, dynamic light scattering gives the information of the 

hydrodynamic radius and the size distribution of the protein solution. Increase in 

the RH suggests an increase in the size distribution of the protein solution which 

in turn can be linked to aggregation (Ahrer et al., 2003; Ahrer et al., 2004). 
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Circular Dichroism 

Circular dichroism (CD) is an excellent spectroscopic technique used to 

investigate the structure of the protein. It measures the difference in the 

absorbance of the right and left circularly polarized light by an optically active 

substance. All amino acids except glycine are asymmetric because of the 

presence of chiral carbon, and therefore also optically active. Hence, CD analysis 

in the far UV spectrum between 250-190 nm may be used to determine the 

secondary structure of the protein. Absorption in this region predominately 

indicates amide bond. Far UV CD indicates the information regarding various 

structural elements like a-helix, (3-sheets, (3-turns and random coils. A a-helix 

generally shows two minima's around 221 and 209 nm, while (3-sheets shows 

weak minima's between 215-218nm and maxima between 195-200 nm. When 

the ordered secondary structure of the peptide backbone is perturbed by either 

temperature or denaturants, changes can be observed in this region. A transition 

from a-helix to (3-sheets or random coils can be easily monitored by observing 

the spectral changes in this region, and this information is useful in evaluating the 

stability of protein solution (Wang and Pearlman, 1993; Bewley and Li, 1986; 

Pearlman and Bewley, 1993). 

Reverse Phase Chromatography 

Reverse phase high pressure liquid chromatography (RP-HPLC) relies on 

relatively nonpolar stationary phase in conjunction with a mixed polarity solvent 

as mobile phase. The elution of the analyte is performed either with a gradient of 

decreasing polarity of in isocratic mode (Riggin et al., 1987). Although wide pore 
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size ranges of columns are available, columns with pore size of at least 300°A 

are preferred. Several groups have published RP-HPLC methods for hGH; three 

methods appear in the Pharmacopeial Forum (1990). 

Size Exclusion Chromatography 

Size exclusion high pressure chromatography (SEC-HPLC), also called as gel 

permeation chromatography, is a separation technique which separates the 

protein on the relative size or hydrodynamic volume of a molecule with respect to 

the size and shape of the pores of the packing. Smaller molecules penetrate into 

the column and hence take longer time to get eluted as compared to larger 

molecules. Thus, higher molecular weight oligomeric will elute out faster than the 

monomeric form which will take more time to elute out of the column (Ahrer et al., 

2003). A method described in literature for hGH uses 0.025 M ammonium 

carbonate buffer (Riggin et al., 1988). This method separates monomers, dimers, 

and higher order oligomers. There is also a correlation between this method and 

the biopotency assay for hGH. 



CHAPTER 3 

MICRONEEDLE MEDIATED TRANSDERMAL DELIVERY OF HUMAN 

GROWTH HORMONE ACROSS HAIRLESS RAT SKIN 

Abstract 

Purpose. To demonstrate the transdermal delivery of human growth hormone 

through microporated hairless rat skin in vitro and in vivo using different 

microneedles 

Method. Percutaneous absorption in vitro and in vivo was studied using the 

hairless rat model. For in vitro studies, freshly excised skin was mounted on 

Franz diffusion cells. Arrays containing three layers (27 needles/layer) of 500 

micron long maltose microneedles were used to microporate the skin prior to 

permeation studies. For in vivo studies, abdominal skin was pretreated using 

maltose or metal microneedles and the microchannels were visualized following 

exposure to calcein. hGH formulation was held in a 1.0 cm2 liquid reservoir patch 

which provided direct contact of solution with the treated area. Blood samples 

were collected and serum analyzed using sandwich ELISA. 

Results. In vitro flux of hGH following pretreatment with microneedles was 

2.62 ug.cm"2.hr"1 as compared to no detectable levels observed with untreated 

skin used as control. Flux increased linearly with increase in the donor 
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concentration from 10 to 40 mg/ml. Disruption of the stratum corneum was 

evident from the calein images and all the pores took up calcein uniformly with 

PPI centered on 2.2. Microneedle mediated delivery of hGH was also 

demonstrated in vivo and pretreatment with maltose microneedles resulted in 

sustained blood levels until 12 hours. The Cmax was 11.50 ng/ml. Detectable 

serum levels were not observed for passive delivery. The Cmax 7.4 ng/ml with 

use of Dermaroller™ 

Conclusions. Microchannels were created by using different types of 

microneedles and application procedure in the hairless rat skin and they 

facilitated the transdermal delivery of human growth hormone in vitro and in vivo. 

Introduction 

Recombinant Human growth hormone has been on the market since 1986, 

but the route of administration is still parenteral. Due to the frequent use of 

injections, the therapy also suffers from poor patient compliance. Other routes of 

administration are evaluated but are not successful to deliver it in a safe and 

efficacious way; hence there is an urgent need for alternate route of 

administration which is needle free and painless in nature. Patch-based 

transdermal drug delivery offers a convenient way to administer drugs without the 

drawback of standard hypodermic injections relating to issues such as patient 

acceptability and injection safety. However, conventional transdermal drug 

delivery is limited to the therapeutics where the drug can diffuse passively 

through the skin by virtue of its physicochemical properties and is only possible 

for small molecules having molecular weight <500 Daltons and which are 
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moderately lipophilic in nature having partition coefficient of around 1.5 . Since 

hGH is a hydrophilic molecule having a molecular weight of 22,124 Daltons, 

passive permeation from a patch through intact skin is nearly impossible. 

In order to get hGH across the skin and into the systemic circulation, it is 

necessary to use techniques that can reversibly permeabilize the protective 

barrier property of stratum corneum. By using miniaturized needles, also known 

as microneedles, a pathway into the human body can be established which will 

allow transport of macromolecular drugs or vaccines. Microneedles are much 

thinner than the diameter of a human hair and could be the basis for a new drug 

delivery technique which will be able to administer small quantities of high-

potency medications through the skin without causing pain. Arrays of the 

microneedles could improve administration of existing medications, allow 

development of new therapeutic compounds, and open the door for 

microprocessor-based systems for delivering drugs continuously or in response 

to body needs. 

Microneedles were produced initially with fabrication techniques originally 

developed for the microelectronics industry; these tiny needles can avoid causing 

pain because they penetrate only the outermost layer of skin that contains no 

nerve endings. Microneedles made of different materials like silicon, glass, 

titanium, polymers have been reported in literature, these needles come in 

different geometries and can be fabricated as solid, and hollow. Microneedles 

have been used to deliver oligonucleotide, DNA, vaccines, and have been also 

used to extract interstitial fluids for glucose monitoring in clinical trials (Smith et 
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al., 1999). Before microneedles find widespread use, it is essential to perfect the 

techniques with respect to handling of microneedles made from different 

materials, analyzing the pores created by them, and comparing the delivery 

profile obtained from them to complete the integration of microneedles into a 

drug delivery system. 

The microneedles that we employed are soluble and solid and made of 

maltose or stainless steel. The maltose microneedles when inserted in the skin 

dissolve in the skin leaving micron sized holes. The metal microneedles are 

rolled over the skin, and the rolling action of these microneedles creates micron 

sized holes in the skin. 

The main objective of this study is to determine the effects of using the 

maltose microneedles in vitro and extend it to in vivo model along with the 

DermaRoller™. In addition the pores formed by the two needles were also 

compared for the delivery of hGH. 

Maltose Microneedles 

The microneedles used for this experiment were made of maltose. Maltose is 

a sugar, and an excipient most frequently used in the parenteral formulation, it is 

also included in the GRAS list of FDA, and has good water solubility. The special 

feature of these microneedles is that they completely dissolve in the body, resist 

clogging with tissue and overcome skin elasticity, this features of these 

microneedles make them safe with respect to the breakage of the needles in the 

skin, and the clearance of maltose which take place in the body with the help of 

the enzyme maltase. When these microneedles are inserted in skin, they can be 
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left in the skin as the needles will start to dissolve in the interstitial fluids present 

in the skin, and maltose being a sugar is cleared form the body. The 

microneedles used did not contain any drugs. The microneedles were sharp 

tipped solid tetrahedron in shape and each row of microneedles contains 27 of 

such microneedles having a length of 500 micron (Kolli and Banga, 2008). Three 

of these arrays stacked parallel together constituted a three line microneedle. 

The micronedles were made using micromoulding technology as described in 

literature (Miyano et al., 2005). 

Metal Microneedles (DermaRoller™) 

The DermaRoller™ is a product of cosmetic industry; it is sold for used in the 

treatment of acne, sun burn and scar, as an enhancer for hair loss products, and 

to induce collagen. The DermaRoller™ contains 192 stainless steel microneedles 

that are mounted on a cylindrical drum (2x2 cm) which is attached to a handle 

that allows the roller to roll freely and easily. Two different type of needle length 

used are 130 and 500 microns. The special features of this product is that since 

the needles are mounted on the roller, they do not have to be inserted vertically 

in the skin to breach the stratum corneum, instead they can be rolled over the 

skin to produce the desired effect. Due to this rolling effect, the needles will not 

penetrate the skin to their full length. The rolling action of the DermaRoller™ on 

the skin creates microchannels on the surface of the skin through which drugs 

can be delivered locally. The use of DermaRoller™ has not been reported for 

systemic circulation. 
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Material and Methods 

Materials 

Human growth hormone was obtained as gift from Pfizer Global Biologies 

(Chesterfield, MO.). Maltose microneedles were purchased from Texmac (NC, 

USA), DermaRoller™ was purchased from Leaf and Rusher (USA), Male CD-

hairless rats purchased from Charles River (Wilmington, MA), human growth 

hormone ELISA kit was obtained from DRG International (Piscatway, NJ), 

Scanning electron microscopy (SEM, Topcon, DS-130F, NJ), stereo microscope 

(Lecia). All other chemicals were purchased from Fisher scientific (Pittsburg, PA). 

Methods 

Characterization of Microneedles 

Since the microneedles that were employed to perforate the skin were micron 

in size, different microscopic techniques were employed to acquire images and to 

characterize them. The needles were characterized with respect to their length, 

radius of curvature at the tip, sharpness, and the spacing between the adjacent 

needles. The study was conducted using different visualizing techniques like the 

scanning electron microscopy, bright field microscopy and stereo microscopy. 

Assessment of Pore Uniformity 

This study involves the usage of calcein, a fluorescence hydrophilic dye. 1% 

calcein solution was placed on the treated area for a minute using a liquid 

reservoir patch and then removed. The site was wiped off using sterile saline 

wipes and alcohol swabs. A fluorescence image was taken using digital camera 

(Cannon, USA). The image data was processed using Fluropore software which 



62 

is an image analysis tool used to generate a Pore Permeability Index (PPI), a 

number that is representative of the calcein flux in the underlying tissue for each 

pore. 

Assessment of Barrier Perturbation 

It is generally accepted that transepidermal water loss (TEWL) is a non

invasive method of determining the integrity of the barrier function of the skin. 

The study was conducted at room temperature. The barrier function of SC was 

evaluated using Cyberderm evaporimeter (Cortex Technology, Denmark). The 

probe was held on the skin till a stable reading was obtained (40s) and then the 

measurement were recorded for next 20s.The data was analyzed using Desylab 

software (Cortex Technology, Denmark). Two measurement were performed, 

one 10 minutes before insertion and one immediately after the insertion. The 

barrier disruption was also visualized by the uptake of calcein. 

In Vitro Procedure 

Hairless rats were euthanized and the abdominal skin was obtained by 

making a cut below the forelimb in circular fashion. The underlying muscle and 

blood vessels and fats were removed The skin was then washed with water and 

then equilibrated in phosphate buffered saline (PBS) for 15 min, following which 

the buffer was changed and the procedure repeated again. The skin was cut into 

pieces slightly greater than the Franz cells (0.64 cm2 diffusion area) and patted 

dry on an adsorbent paper. Maltose microneedles were inserted into the skin and 

were held there till the needle dissolved in the interstitial fluids (one minute). The 

skin was then mounted on to the vertical Franz diffusion cells. The receptor was 
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filled with 5ml of PBS solution, immediately 0.5ml of sample was drawn from the 

receptor and this was the 0 hour sample. The donor was filled with 250 pi of hGH 

formulation, and samples were drawn at regular intervals from receptor and 

equal amount of PBS was replenished back into the receptor. The receptor 

samples were stores at 4°C and analyzed for hGH after the completion of the 

experiment-using sandwich ELISA assay. All studies were done in at least 

triplicate. 

In Vivo Procedure 

Male hairless rats, 8-10 weeks old and weighing 275-375g were obtained 

from Charles River (Wilmington, MA), and were housed in animal facility at 

Mercer University until further use, all the rats had free access to water and 

pelleted food. All study protocols were approved by the Institutional Animal Care 

and Use Committee of Mercer University. Hairless rats were held in restraining 

cone and were then anesthetized with an intraperitoneal injection of Ketamine 

(70 mg/kg) and Xylazine (10 mg/kg). The abdominal area was then cleaned 

gently using alcohol swab and allowed to dry and was then inspected thoroughly 

for scratch marks or any other abnormalities. Blood sample was obtained 15 

minutes before the application of the microneedles. The selected area was then 

stretched gently till the wrinkles on the skin disappeared, at this point, maltose 

microneedles were inserted manually into this area and held in the position till 

they dissolved (one minute). In case of Dermaroller™, the roller was rolled on the 

abdominal skin for predetermined times holding the handle at an angle of 45 

degrees from the abdomen of the rat. Following the treatment procedure, both 
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the treated area was covered immediately with a customized solution patch (1.0 

cm2) containing 250 ul of reconstituted hGH formulation (10 mg/ml pH=6.8). 

Blood was drawn at regular intervals in heparin coated vials by bleeding the tail 

vein. The serum was separated by centrifuging the vials. The samples were 

stored at -20°C, until they were analyzed for hGH levels using sandwich ELISA 

assay. All studies were done in at least triplicate. 

Analytical Determination of hGH Levels 

The whole blood was allowed to clot (10 min.) and then centrifuged at 10,000 

rpm at 4°C for 10 min to obtain serum as supernatant which was then 

refrigerated at -20 °C until further analysis. The analysis of this serum is done 

using commercially available ELISA kit for human growth hormone (DRG 

international Inc., Piscatway, NJ).The methodology involves sandwiching the test 

samples between sheep anti-hGH antibody and a mouse monoclonal anti hGH in 

horseradish peroxide. The ELISA assay kit was specific to human growth 

hormone and does not detect endogenous rat growth hormone. The standards 

used in the kits were calibrated according to the WHO, 1st IRP 66/217. 

Results and Discussions 

Characterization of Microneedles 

Figure 1 shows the scanning electron microscopy (SEM) image of the maltose 

microneedle tip. The radius of curvature of microneedles at tip was 3 microns, 

smaller than the shaft of hair follicle. The smaller radius also gives the indication 

that they are sharp enough to penetrate the stratum corneum. Figure 2 shows 

the bright field microscopy image of the microneedles; this image shows that the 
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microneedles are tetrahedral at the base and has sharp edges which enabled 

them to penetrate and make the perforation in the skin easier. Figure 3 shows 

the stereo microscopy image of the microneedle array having 27 needles stacked 

adjacent to each other. Figure 4 shows stereo microscopy image of the 

DermaRoller™ needles, the image shows that the length of needles as 500 

microns. Figure 5 shows the length and the tip curvature of the DermaRoller™ 

taken by scanning electron microscopy. When these microneedles are inserted in 

the skin there is no perception of pain as these needles are long enough to 

penetrate the epidermis, but too short to reach and stimulate the nerves located 

in the lower dermis that perceive pain. Even though the maltose microneedles 

were 500 microns in length, the effective length of penetration would be lower 

because of dissolution of maltose due to its coming into contact with water which 

increases as the depth increases; similar results were reported in literature (Kolli 

& Banga, 2008). 

Assessment of Pores 

Figure 6 shows the images obtained from calcein permeation studies 

following treatment by six lines maltose microneedles. The picture also shows 

that the microchannels created by these microneedles were evenly spaced. The 

uptake of calcein into the pores provides the proof that the microneedles 

employed did the job of creating the micropores. Figure 7 shows the PPI values 

assigned by the Fluoropore software to each of the pore created by the 

microneedles. The pores had an average PPI of 2.3 indicating that the 

microchannels created by the microneedles were uniform in nature. Similar 
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results were reported in literature (Kolli and Banga, 2008). The pores formed by 

rolling the DermaRoller™ two and five times is shown in Figure 8, and 9 

respectively. The image shows that there is increase in the pore density with the 

increase in the number of passes. The pores formed by rolling the 

DermaRoller™ were not evenly spaced like the maltose microneedles, but rolling 

it for two and five times gave the same number of pores as obtained by applying 

three and six lines microneedles. The average pore size of micropores that were 

created by the microneedles was 50 microns deep (Kolli and Banga, 2008). 

Assessment of Barrier Perturbation 

Figure 10 shows the plot of TEWL values that were recorded before and after 

the insertion of the microneedles. Significant increase in TEWL values were 

observed following the treatment of the skin with microneedles and 

DermaRoller™. The TEWL values increased from 9 to 22 and 28 gm/cm2/hr after 

the application of 3 and 6 line microneedles respectively, and from 9 to 20 and 37 

gm/cm2/hr with DermaRoller™. High TEWL values are believed to be associated 

with the disruption of stratum corneum (Smith, 1999; Kolli and Banga, 2008). The 

assessment of barrier perturbation was also visualized after applying calcein to 

the treated area and observing the green fluorescent pores through a Cannon 

camera fitted with fluorescent lamp placed on the treated area as seen in Figure 

7, 8, and 9. 

In Vitro Studies 

Figure 11 shows the effect of needle density on the delivery profile when one, 

two, and three line microneedles were used. There was no substantial difference 
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in the cumulative amount delivered at 9 and 24 hours when one and two line 

microneedle were applied, but when three lines were used, there was significant 

difference in the cumulative amount delivered values. This may be attributed to 

the increased skin hydration that is caused by increasing the needle density 

when employing three line microneedles. 

Figure 12 shows the delivery profile obtained in vitro when using different 

donor concentration keeping the micronedles density the same. It is seen that 

when the donor concentration is increased form 1 to 40 mg/ml, there is an 

increase in the amount of drug delivered form 0.75 to 75 ug/cm2. This is because 

an increase in donor concentration increased the concentration difference which 

is the driving force in transdermal delivery. The results obtained from in vitro 

permeation studies are shown in Table 1. 
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Figure 1 Scanning electron microscopy image showing tip of soluble maltose 
microneedles. 
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Figure 2 Brightfield microscopy showing the tetrahedral shape, length, and 
spacing of maltose micronedles. 
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Figure 3 Stereo microscopy image of one line maltose microneedles array. 
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Figure 4 Stereo microscopic image of DermaRoller™ showing 500 micron 
needles. 
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Figure 5 Scanning electron microscopic image of the DermaRoller™ showing the 
length and tip of the needles. 
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Figure 6 Calcein image of abdominal rat skin treated with six line maltose 
microneedles. 
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Figure 7 Pore Permeability Index values assigned to each pore in six line 
microneedles. 
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Figure 8 Calcein Images of skin treated with two passes of 500 microns 
DermaRoller™. 
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Figure 9 Calcein Images of skin treated with five passes of 500 microns 
DermaRoller™ \ 
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Figure 10 TEWL values obtained after treating the rat skin with microneedles 
Where 3 Line, and 6 Line is three lines and six lines of microneedles having 27 
needles stacked parallel to each. DR-2 and DR-5 is the rolling of the 
DermaRoller™ two and five times respectively (n=4). 
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Figure 11 Cumulative amount of hGH delivered in vitro at 9 and 24 h using 
maltose microneedles of varying density. Where 1LMN is one line of 
microneedles having 27 needles stacked parallel to each other; 2LMN is two 
such lines stacked together; and 3LMN is three such lines stacked together 
(n=3). 
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Figure 12 Effect of change in hGH donor concentration using three line maltose 
microneedles in vitro (n=3). 
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Table 1 Effect of change in donor drug concentration and microneedle density on 
delivery of human growth hormone using maltose microneedles in vitro. 

Donor 

concentration 

(mg/ml) 

40 

10 

1 

10 

10 

10 

*Where Cum. Am 

Needles Density (lines) 

3 

3 

3 

1 

2 

3 

ts. Del. is the cumulative amoi 

Cum. Amts. Del*, at 24 hrs 

(ug/cm2) ± SD 

76.35 ± 5.49 

20.91 ±9.89 

0.75 ±0.21 

2.94 ±0.89 

8.25 ±2.01 

16.32 ±9.89 

int delivered. 

In Vivo studies 

Maltose microneedles 

Figure 13 shows the in vivo delivery profile that is obtained after treating the 

skin with maltose microneedles. Passive permeation through the skin without the 

use of microneedles did not result in any detectable delivery. A Cmax of 12 ng/ml 

was recorded when three line microneedles were used, and when the number of 

microneedle arrays was increased from three to six, there was an increase in the 

Cmax values from 12 and 28 ng/ml (p < 0.05), and the Tmax also increased from 6 

to 9 hours. One possible reason for this could be that the increases in the area of 

microporation results in the increased amount delivered and for longer time, our 
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results are in conclusion with similar kind of studies reported in literature (Ito et 

al., 2006; Widera et al., 2006). 

Metal Microneedles (DermaRoller™) 

Figure 14 shows the in vivo profile when the DermaRoller™ with 500 microns 

needles was rolled on the skin; no significant amount was detected when the 

roller was rolled once, but when it was rolled two times, Cmax of 2.8 ng/ml was 

obtained. When the DermaRoller™ was rolled five times, the Cmax increased from 

2.8 to 7.4 ng/ml, and the Tmax also increased from 1 to 3 hours, this could be 

attributed to the fact that by increasing the number of passes, there is also an 

increase in the density of the pores that are created from which the drug can 

permeate. 

Figure 15 compares the delivery profile that is obtained when rolling the 

DermaRoller™ having different needle lengths for five times. With the increase in 

length from 130 to 500 microns the Cmax increased from 2 to 7 ng/ml, and also 

the Tmax increased from 2 to 3 hours. The increase in the delivery amount and 

time is most likely due to the deeper penetration of 500 micron needles as 

compared to the 130 micron needled which also causes longer time for the skin 

to recover as seen from the increasing TEWL values obtained after application of 

500 micron DermaRoller™. Since the amount of drug delivered in a function of 

the depth of penetration, an increased delivery for a longer time can be achieved 

by using longer needles. Similar results have been reported in literature (Ito et 

al., 2006). 
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When the amount of hGH delivered by maltose microneedles was compared 

with that delivered by DermaRoller™, it was found that the amount delivered by 

maltose microneedles was significantly higher than that delivered by 

DermaRoller™ (p < 0.05). By rolling the DermaRoller™ two and five times, more 

number of microchannels were created as would be by applying three and six 

lines maltose microneedles, the channels formed by DermaRoller™ were even 

wider and some of them even overlapped as seen from the calcein permeation 

studies and also the stratum corneum was breached in more places which was 

evident from the TEWL values, but the microchannels created by DermaRoller™ 

were not able to achieve higher amount hGH in serum. A possible explanation for 

this could be that the microneedles should be inserted with a force that could 

facilitate the penetration of the needles through the stratum corneum and into the 

epidermis, due to this deeper microchannels can be created that facilitate the 

drug permeation for longer time by reducing the diffusional pathways. The 

geometry of the microneedles is also important; in order to achieve good 

insertion, the edges of the microneedles should be sharp enough to easily 

penetrate the skin. Since the maltose microneedles are tetrahedral in shape 

having sharp edges they facilitate easy insertion. Similar studies reported in 

literature by different groups support this hypothesis (Haq et al., 2008; Kolli and 

Banga, 2008; Widera et al., 2006; Wu et al., 2008). Another reason which could 

account for lower delivery while using DermaRoller™ is the successive rolling of 

DermaRoller™ over the skin, this can reduce the sharpness of the tip of the 

microneedles thereby making it difficult for insertion in skin and creating the 
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microchannels more wider than deeper. Similar studies were reported in 

literature (Friedl, 2005; Teo et al., 2005). 

Figure 13 Serum concentration-time profile obtained showing the effect of 
change in needle density using maltose microneedles in vivo (n=3). 
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Figure 14 Serum concentration-time plot showing the effect of increasing the 
micropore density in vivo using 500 micron DermaRoller™ for two and five 
passes (n=3). 
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Figure 15 Serum concentration-time plot showing the effect of needle length on 
delivery profiles of hGH in vivo using DermaRoller™ having needles of 500 and 
130 microns (n=3). 
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Conclusions 

Passive permeation of hGH did not give any significant amount of delivery 

that can be detected. The amount of hGH delivered increased with the increase 

in the donor concentration in vitro. The amount of hGH delivered by maltose 

microneedles in vitro and in vivo increased with needle density. The amount of 

hGH increased with the increase in the length of microneedles in the 

DermaRoller™. The Cmax levels obtained by using the maltose microneedles 

were higher than that of metal microneedles. Maltose microneedles created 

uniform pores spaced equidistantly. 



CHAPTER 4 

TRANSDERMAL DELIVERY OF HUMAN GROWTH HORMONE BY 

ULTRASOUND OR COMBINATION APPROACHES 

Abstract 

Purpose. To evaluate the effect of ultrasound alone and iontophoresis alone 

or iontophoresis in combination with microneedles or ultrasound for delivery of 

hGH in vivo. 

Methods. Hairless rats were anesthetized by administering an intraperitoneal 

injection of ketamine and xylazine. Low frequency ultrasound (55 kHz) was 

applied from Sontra SonoPrep skin permeating system on the abdominal area 

which was then covered by liquid reservoir patch. Iontophoresis was performed 

by using Trans-Q 1GS® patches which were filled with 1 ml of hGH formulation 

and was then applied on the area treated with ultrasound or microneedles. The 

patch was connected to the active electrode and a reference electrode placed in 

the nearby area was connected to counter electrode to complete the circuit. A 

constant current of 0.2 mA/cm2 was applied for 6 hr. For the combination, low 

frequency ultrasound was applied first. After this procedure, the area was 

covered by Trans-Q patch. In the case of microneedles, the skin was porated 

with the needles and then the area was covered with Trans-Q patch. 
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Results. Transdermal delivery of hGH following low frequency ultrasound for 

20 seconds resulted in Cmax of 5.4 ng/ml. The delivery increased with the 

increase in the application time. Iontophoresis alone was unable to enhance the 

delivery in the detectable range. However, when applied in combination with 

ultrasound it was able to enhance the delivery 3-fold (16.2 ng/ml). Similar results 

were observed when iontophoresis was used in combination with microneedles 

and a Cmax of 18.1 ng/ml was observed. 

Conclusions. Transdermal delivery of hGH using low frequency ultrasound 

has been demonstrated. Iontophoresis alone was unable to deliver hGH through 

intact skin in detectible levels, but was able to provide synergistic effect when 

used in combination with ultrasound or microneedles. 

Introduction 

The coming years will witness therapeutic peptides and proteins gaining 

increasing importance because of the advances in biotechnology industries. 

Currently these products are administered by injections; delivery technology is 

unable to cope up with these advances. Skin as a delivery site can be 

advantageous since it contains a dense vascular network in its lower part which 

can promote the uptake of drugs. The skin also offers potential means of 

noninvasive delivery by virtue of its enormous area and easy accessibility. In 

addition, the skin has less proteolytic activity relative to other mucosa, and also 

offers a possibility of site specific targeting for certain applications. The skin 

provides an opportunity for a zero-order delivery which is akin to a constant rate 

intravenous administration for. Large proteins and peptide drugs cannot be 



delivered efficiently across the skin due to their size and hydrophilic nature. 

Currently, there are no commercially available transdermal delivery systems that 

can deliver therapeutic doses of proteins and peptides through the skin. This is 

mainly due to the barrier function of the skin which allows passage of drug 

substance having very specific physiochemical properties. 

One of the most promising methods to deliver proteins transdermal^ involves 

the use of ultrasound. Out of the whole range of ultrasound, the most promising 

range is from 18-100 kHz, this range is also called as low frequency ultrasound. 

Application of ultrasound in this range reversibly permeabilizes the stratum 

corneum which is the principal barrier for transdermal drug delivery. In studies 

with animals, low frequency ultrasound has been shown to deliver insulin in vitro 

and in vivo to diabetic rats and rabbits (Mitragotri et al., 1995a). It has been also 

used to deliver anticoagulant heparin to rats. Ultrasound in this range has been 

reported to deliver erythropoietin, interferon gamma, and has also been used to 

extract interstitial fluids to monitor glucose. Recently, it has been used to 

administer local anesthetics through the skin to human volunteers. Ultrasound 

frequency in the range of 20-60 kilohertz induces the formation of low-pressure 

air bubbles on the skin surface. These bubbles grow rapidly and then collapse 

violently, producing microjets and shock waves that create temporary micropores 

in the skin. 

Iontophoresis is another promising enhancement method used for delivery of 

hydrophilic molecules like peptides, it utilizes small amount of electric current to 

push the molecule through the skin. Since proteins and peptides are charged 
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above and below their isoelectric point, this enhancement technique can be 

exploited to deliver them. Due to the advancement in the recombinant DNA 

techniques, many biotechnology products used for topical delivery like the use of 

growth factor for wound healing and some in development for skin disorders 

include the recombinant proteins; onercept, and interleukin 18bp, fusion protein 

denileukin diftitox, and monoclonal antibodies eculizumab, adalimumab, and 

antiangiogenesis monoclonal antibody, iontophoresis alone or in combination 

with other enhancement techniques can be exploited to deliver them (Banga, 

2006b). Iontophoresis has been successfully used for the delivery of relatively 

small macromolecules that are less than 14 kDa (Badkar et al., 2007) for 

systemic delivery through skin. In order for it to exert its effect for proteins, 

iontophoresis has to be used in combination with other enhancement techniques 

in order to obtain a synergistic effect and reduce the lag time. 

Iontophoresis has been well accepted for the topical drug delivery with the 

successful launch of lontocaine and LidoSite and is gaining acceptance for the 

systemic delivery of fentanyl patch. Therapeutic doses of leuprolide, an analogue 

of leutnizing hormone releasing hormone have been successfully delivered in 

human volunteers by iontophoresis in comparison to subcutaneous injections 

(Kasha and Banga, 2008). 

In this study, we first showed the feasibility of transdermal delivery of human 

growth hormone through hairless rat skin using low frequency ultrasound and 

investigated whether the application time had any effect on the delivery. The 

ultrasound generator used in the study is an approved device used to accelerate 
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the skin delivery of lidocaine for inducing local anesthesia (Benson and 

Namjoshi, 2008). We also evaluated the enhancement of the delivery when 

iontophoresis was combined with ultrasound or microneedles. 

Materials and Methods 

Materials 

Human growth hormone was obtained as gift from Pfizer Global Biologies 

(Chesterfield, MO.). Maltose microneedles were purchased from Texmac (NC, 

USA), Sontra SonoPrep® skin permeating system generating ultrasound waves 

of frequency 55 kHz was purchased from Sontra Medical Corp. (Franklin, MA), 

Trans-Q 1GS®, transdermal patch was purchased from lomed Inc. (Salt lake City, 

Utah), Male CD-hairless rats purchased from Charles River (Wilmington, MA), 

human growth hormone ELISA kit was obtained from DRG International 

(Piscatway, NJ). All other chemicals were purchased from Fisher scientific 

(Pittsburg, PA). 

Methods 

Assessment of Barrier Perturbation 

It is generally accepted that transepidermal water loss (TEWL) is a non

invasive method of determining the integrity of the barrier function of the skin. 

The study was conducted at room temperature. The barrier function of SC was 

evaluated using Cyberderm evaporimeter (Cortex Technology, Denmark). The 

probe was held on the skin till a stable reading was obtained (40s) and then the 

measurement were recorded for next 20s.The data was analyzed using Desylab 

software (Cortex Technology, Denmark). Two measurement were performed, 
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one 10 minutes before insertion of microneedles and one immediately after the 

insertion. The barrier disruption was also visualized by the uptake of calcein. 

Analytical Determination of hGH Levels 

The whole blood was allowed to clot (10 min.) and then centrifuged at 10,000 

rpm at 4°C for 10 min to obtain serum as supernatant which was then 

refrigerated at -20 °C until further analysis. The analysis of this serum was done 

using commercially available ELISA kit for human growth hormone (DRG 

international lnc.USA).The methodology involved sandwiching the test samples 

between sheep anti-hGH antibody and a mouse monoclonal anti hGH in 

horseradish peroxide. The ELISA assay kit was specific to human growth 

hormone and does not detect endogenous rat growth hormone. The standards 

used in the kits were calibrated according to the WHO, 1st IRP 66/217. 

Transdermal Study Setup 

Ultrasound 

Male hairless rats, 8-10 weeks old and weighing 275-375g were obtained 

from Charles River (Wilmington, MA), and were housed in animal facility at 

Mercer University until further use, all the rats had free access to water and 

pelleted food. All study protocols were approved by the Institutional Animal Care 

and Use Committee of Mercer University. Hairless rats were held in restraining 

cone and were then anesthetized with an intraperitoneal injection of Ketamine 

(70 mg/kg) and Xylazine (10 mg/kg). The abdominal area was then cleaned 

gently using alcohol swab and allowed to dry and was then inspected thoroughly 

for scratch marks or any other abnormalities. Blood sample was obtained 15 
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minutes before the application of the ultrasound. The selected area was then 

stretched gently till the wrinkles on the skin disappeared, at this point, a ring 

locator was placed on the selected area and the hand piece was activated, this 

immediately releases the coupling medium and the ultrasound procedure begins. 

Following the treatment procedure, the treated area was covered immediately 

with a customized solution patch (1.0 cm2) containing 250 pi of reconstituted 

hGH formulation (10 mg/ml pH=6.8). Blood was drawn at regular intervals in 

heparin treated vials by bleeding the tail vein. The serum was separated by 

centrifuging the vials. The samples were stored at -20°C, until they were 

analyzed for hGH levels using sandwich ELISA assay. All studies were done in at 

least triplicate. 

Microneedles 

Male hairless rats, 8-10 weeks old and weighing 275-375g anesthetized as 

described above. The selected abdominal area was then cleaned gently using 

alcohol swab and allowed to dry and was then inspected thoroughly for scratch 

marks or any other abnormalities. Blood sample was obtained 15 minutes before 

the application of the microneedles. The selected area was then stretched gently 

till the wrinkles on the skin disappeared, at this point; maltose microneedles were 

inserted manually into this area and held in the position till they dissolved. 

Iontophoresis 

Male hairless rats were anesthetized as described above. The abdominal 

area was then cleaned gently using alcohol swab and allowed to dry and was 

then inspected thoroughly for scratch marks or any other abnormalities. Blood 
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sample was obtained 15 minutes before the application of the procedure. 

Cathodal iontophoresis was performed using commercially available 

iontophoretic Trans-Q 1GS® patch. The patch was saturated with 1 ml of hGH 

formulation (pH 6.8) and placed on the treated area of the skin. The electrode 

under this patch was connected to the cathode and a counter electrode (anode) 

was placed on the nearby abdomen area. Both the electrodes were kept apart. A 

constant DC current of 0.2 mA/cm2was applied using Keithley iontophoretic 

system. Blood was drawn at regular intervals in heparin treated vials by bleeding 

the tail vein. The serum was separated by centrifuging the vials. The samples 

were stored at -20°C, until they were analyzed for hGH levels using sandwich 

ELISA assay. All studies were done in at least triplicate. 

Results and Discussions 

The calcein images of the skin taken following ultrasound treatment are 

shown in the Figure 16. The calcein image of the untreated skin which was used 

as control is shown in Figure 16 (a), there is no calcein permeation observed. 

Since calcein is a hydrophilic dye, it is unable to penetrate the skin without 

lowering the resistance of the stratum corneum. 

The application of ultrasound is being shown to permeabilize the skin by 

create hydrophilic channels, Figure 16 (b) shows calcein permeation image after 

the skin is treated with ultrasound for 20 sec. The image shows that calcein 

uptake has been taken place only in certain spots of treated area, indicating that 

ultrasound generates localized spots in which the barrier has been breached. 

When the application time is increased from 20 to 60 and 90 seconds, the area 
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covered by calcein also increased, which indicated that with the increase in the 

ultrasound exposure time, increased disruption of stratum corneum was 

observed which gave rise to more hydrophilic channels which is seen in Figure 

16 (c) and (d). The barrier perturbation was also evident from the increase in the 

TEWL values recorded after the treatment of the skin with ultrasound and is 

shown in Figure 17. It is the generation of these areas which is responsible of 

creating hydrophilic channels by increasing the transport area through which the 

drug can permeate; similar results were obtained by Mitragotri et al.2005. 

Figure 18 shows the results of the delivery profile that was obtained when 

hairless rat skin was treated with low frequency ultrasound in vivo. The increase 

in the ultrasound application time increased the amount of drug delivered, and 

also the drug was delivered for longer period of time. There was an increase in 

Cmax from 1.5 to 20 ng/ml, a proportional increase in the Tmax values was also 

observed. Since the cavitational effects in low frequency ultrasound are 

proportional to the application time, increase in the application time increased the 

cavitations which in turn increased the intensity of skin disrupted, due to which 

the values of Cmax and Tmax also increased. 

Figure 19 shows the delivery profile when cathodal iontophoresis was 

conducted using 0.2 mA/cm2 current density for 6 hours. The application of 

iontophoresis alone was unable to deliver any hGH in detectable amount. The 

most likely reasons for this is that, the major pathway taken by a permeant during 

iontophoresis delivery across the skin is through hair follicles and sweat glands 

also known as shunt pathways, which only occupy about 0.1% of the skin's total 
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area. Very large proteins cannot be delivered by iontophoresis alone, but it may 

be able to deliver when used in combination with other enhancement techniques, 

also the molecular weight cutoff reported in literature in 10 kDa (Cazares-

Delgadillo et al., 2007; Pacini, Gulisano, Punzi, & Ruggiero, 2007), hence 

amounts delivered by iontophoresis alone is too less to be detected. Similar 

results were obtained by Kari (1986), who found it necessary to disrupt the 

stratum corneum of diabetic rabbits to achieve the iontophoretic delivery of 

hexameric insulin. Enhanced delivery of interferon, and low molecular heparin 

(Badkar et al., 2007; Le et al., 2000a) in rats was observed only after 

microporating and sonicating the rats and then conducting iontophoresis. 

When iontophoreis was used in combination with ultrasound, a synergistic 

effect was observed and a three fold increase in Cmax values from passive 

ultrasound alone was observed. The Cmax values in serum increased from 5 to 15 

ng/ml (p < 0.05) as shown in Figure 19. Similar results were obtained when 

iontophoresis was used in combination with microneedles, a three fold increase 

in serum Cmax from 5 to 18 ng/ml (p < 0.05) was recorded as shown in Figure 20. 

The explanation for the synergistic effects of iontophoresis when used in 

combination with other physical enhancement techniques is given by the fact that 

when microneedles and ultrasound are applied on the skin, more aqueous 

channels are generated, these channels facilitate the passage of more 

hydrophilic molecules through them. Another possible reason is the application of 

current generates an electrorepulsion force, which pushes the charged drug 

molecules through these channels. The results that we have obtained are in 



97 

conclusion with the results that are reported in literature for interferon, insulin, 

and methotraxate (Badkar et al., 2007; Le et al., 2000a; Vemulapalli et al., 2008). 

Figure 21 shows the comparison of the results of the serum profiles obtained 

from the group that is treated with combination of ultrasound and 

iontophoresis with the one treated with microneedles and iontophoresis, the Cmax 

values in the ultrasound-iontophoresis group was lower than that of micronedle 

group. This can be attributed to the uniform and even channels created by 

microneedles versus the localized disruption created by ultrasound. 
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(a) (b) 

Figure 16 Calcein images of ultrasound treated area (a) control (b) 20 (c) 60 (d) 
90 seconds obtained by stereo microscopy. 
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100 

30 

25 

a? 20 
J: 
c 

co
nc

en
tr

at
io

n 

en
 

E 
3 > _ 

w 10 

5 

i i 

0 5 10 15 

Time (hours) 

-A—sono90s 

—•— sono 60s 

~m- sono 20s 

20 25 

Figure 18 Concentration time profile showing the effect of different ultrasound 
application time on delivery profile (n=3). 
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Figure 20 Concentration time profile obtained by using iontophoresis in 
combination with three line maltose microneedles (n=3). 
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Conclusions 

The delivery of hGH across hairless rat skin is possible using ultrasound 

alone (SonoPrep® ultrasonic skin permeating system). Increasing the application 

time increased the creation of the hydrophilic channels, which in turn increased 

the Cmax values. Iontophoresis alone was unable to deliver hGH through intact 

skin in detectable quantity, but when used in combination with ultrasound or 

microneedles, it was able to increase the delivery by three fold compared to 

microneedles alone and ultrasound alone. The Cmax levels in the group treated 

with the combination of microneedles and iontophoresis was more than the one 

treated with ultrasound and iontophoresis 



CHAPTER 5 

APPROACHES TO MAXIMIZE THE TRANSDERMAL DELIVERY OF HUMAN 

GROWTH HORMONE 

Abstract 

Purpose. To evaluate the use of formulations and other parameters to 

maximize the delivery of human growth hormone in vitro and in vivo across 

hairless rat skin. 

Methods. For in vivo studies, male hairless rats were anesthetized, using 

intraperioteneal injection of ketamine and xylazine and then for the microneedles, 

were inserted in the abdominal area of the rats, following this, the area was 

covered with human growth hormone powder. For tape stripping, Transpore tape 

having dimensions of 2 x 2 cm2 was placed on the selected abdominal area one 

after another and then removed briskly, 20 such pieces were placed on the area 

and then it was covered with a liquid reservoir which contained 250 pi of hGH 

formulation. For in vitro studies, anodal iontophoresis was conducted by 

reformulating hGH in 10 mM citrate phosphate at pH 4.0 by conducting a buffer 

exchange with buffer exchange cassettes. Sodium chloride was added in the 

donor and for salt bridge, NaCI was supplied with the help of the bridge whose 

one end was dipped in NaCI solution and other end dipped in 
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donor. A current of 0.5 mA/cm2 was applied for 6 hours in conjunction with three 

line maltose microneedles. Samples were drawn at regular intervals and 

analyzed by sandwich ELISA. 

Results. Concentration of 42 ng/ml was obtained following the tape stripping 

procedure and the delivery was sustained for 36 hours. When hGH powder was 

used in conjunction with maltose microneedles, a high initial spike of 42 ng/ml 

was observed. For in vitro study using combination of anodal iontophoresis and 

microneedles, the cumulative amount delivered at 6 h was not significantly higher 

than the microneedles alone. 

Conclusions. Tape stripping facilitated the complete removal of the stratum 

corneum and yielded a higher sustained delivery for a longer time. Powder 

formulation was able to give a very high spike in the serum levels, and 

application of anodal iontophoresis and salt bridge was unable to enhance the 

delivery. 

Introduction 

Revolutionary advances in biotechnology have given rise to a large number of 

drugs that are of peptide and protein origin. In order to reap the ultimate 

therapeutic benefits of these new generation drugs, there is both a commercial 

and clinical need to develop suitable noninvasive delivery systems. Over the last 

several decades, the skin has generated a lot of interest as a site for systemic 

delivery of drugs. However, in order to expand the scope of drugs that can be 

delivered transdermal^, a number of competitive enhancement technologies 

should be under investigation (Benson and Namjoshi, 2008). The top layer of the 
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skin, stratum corneum, forms the main barrier to the transdermal delivery of 

protein and peptides. Removal of this barrier by stripping and shaving produces 

an increase in the transdermal flux of drugs (Banerjee and Ritschel, 1989; Kari, 

1986). Since the manufacturing process of these proteins and peptides is 

complex and usually associated with high manufacturing costs, appropriate 

means of ensuring high delivery efficiency should be evaluated in order to 

successfully commercialize these products. Low delivery efficiency is one of the 

major obstacles in the development of the user friendly transdermal delivery 

system (Levin et al., 2005). The factors contributing to the efficiency of 

iontophoresis like polarity and presence of extraneous ions will be examined to 

increase the efficiency of iontophoresis process (Guy et al., 2000). 

Electroosmosis is the flow of water from anode to cathode, and is also shown to 

assist in transporting the molecule when anodal iontophoresis is employed (Pikal, 

2001; Kim et al., 1993). Increasing the concentration of the drug can also 

increase the amount of drug present in the system, but high concentration of 

protein in solution has been shown to cause stability issues in the formulation, 

the use of powder drug following the application of microneedles could be a very 

promising method of increasing the delivery efficiency and also reducing the lag 

time associated with the transdermal delivery. 

Materials and Methods 

Materials 

Human growth hormone was obtained as gift from Pfizer Global Biologies 

(Chesterfield, MO.), Trans-Q 1GS®, transdermal patch was purchased from 
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lomed Inc. (Salt lake City, Utah), Male CD-hairless rats purchased from Charles 

River (Wilmington, MA), Transpore tape was obtained from 3M (St.Paul, MN), 

Slide-A-Lyzer® dialysis cassettes purchased from Pierce (Rockford, IL), human 

growth hormone ELISA kit was obtained from DRG International (Piscatway, NJ). 

All other chemicals were purchased from Fisher Scientific (Pittsburg, PA). 

Methods 

In Vitro Iontophoresis 

Hairless rats were euthanized and the abdominal skin was harvested from it. 

The underlying muscle and blood vessels and fats were removed The skin was 

then washed with water and then equilibrated in phosphate buffered saline (PBS) 

for 15 min, following which the buffer was changed and the procedure repeated 

again. The skin was cut into pieces slightly greater than the Franz cells (0.64 cm2 

diffusion area) and patted dry on an adsorbent paper. Maltose microneedles 

were inserted into the skin and were held there till the needle dissolved in the 

interstitial fluids. The skin was then mounted on to the vertical Franz diffusion 

cells. The receptor was filled with 5 ml of phosphate buffer solution (pH 6.8), 

immediately 0.5 ml of sample was drawn from the receptor and this was the 0 

hour sample. A silver wire was placed in the donor acted as anode and a silver-

silver chloride electrode was inserted in the receptor which was cathode. The 

anode and the cathode were then connected to the positive and negative 

terminal. The donor was filled with 250 pi of hGH formulation containing 

appropriate amount of NaCI (calculated as per chloride calculator), and a 

constant current of 0.5 mA/cm2 was applied immediately. 



In the case of salt bridge experiment, hGH formulation (pH=4) was obtained 

by buffer exchange of using Slide-A-Lyzer dialysis membrane. The buffer 

exchange was achieved as per the procedure described by the manufacturer. 

Briefly, the dialysis cassettes were hydrated with 10mM citrate-phosphate buffer 

for 30 seconds and then 1 ml of hGH formulation (10mg/ml) was injected in the 

cassettes.and the cassette wsa then immersed in the beaker containing the 

buffer overnight. 250 ul of this hGH formulation was then added to the donor 

along with 10 mM NaCI, this was physically separated from anodal compartment 

which contained 133 mM NaCI. The anodal compartment was connected 

electrically with the donor with the help of salt bridge. The salt bridge was 

prepared with 3 % agarose solution made in 0.1 M NaCI, this solution was filled in 

a 12 cm tube when warm, and subsequently allowed to cool. Samples were 

drawn at regular intervals from receptor and equal amount of buffer was 

replenished back into the receptor. The receptor samples were stores at 4°C and 

analyzed for hGH after the completion of the experiment-using sandwich ELISA 

assay. All studies were done in at least triplicate. 

In Vivo Microneedles 

Male hairless rats, 8-10 weeks old and weighing 275-375g were obtained 

from Charles River (Wilmington, MA), and were housed in animal facility at 

Mercer University until further use, all the rats had free access to water and 

pelleted food. All study protocols were approved by the Institutional Animal Care 

and Use Committee of Mercer University. Hairless rats were held in restraining 

cone and were then anesthetized with an intraperitoneal injection of Ketamine 
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(70 mg/kg) and Xylazine (10 mg/kg). The abdominal area was then cleaned 

gently using alcohol swab and allowed to dry and was then inspected thoroughly 

for scratch marks or any other abnormalities. Blood sample was obtained 15 

minutes before the application of the microneedles. The selected area was then 

stretched gently till the wrinkles on the skin disappeared, at this point, maltose 

microneedles were inserted manually into this area and held in the position till 

they dissolved (one minute). Following the treatment procedure, the treated area 

was covered immediately with 500 ug of hGH powder. Blood was drawn at 

regular intervals in heparin treated vials by bleeding the tail vein. The serum was 

separated by centrifuging the vials. The samples were stored at -20°C, until they 

were analyzed for hGH levels using sandwich ELISA assay. All studies were 

done in at least triplicate. 

In Vivo Tape Stripping 

Male hairless were anesthetized as per the procedure described above. 20 

pieces of Transpore tape measuring 2 x 2 cms were previously cut and were 

then placed on the selected area one after another. 10 contours with uniform 

pressure were made were made on the tape with the tip of middle finger and then 

the tape was removed briskly. After this procedure, the treated area was covered 

with 250 pi of hGH formulation. Samples were drawn, and serum was separated 

and analyzed as per the procedure described above. 

Assessment of Barrier Perturbation 

Transepidermal water loss (TEWL) is a non-invasive method of determining 

the integrity of the barrier function of the skin. The study was conducted at room 
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temperature. The barrier function of SC was evaluated using Cyberderm 

evaporimeter (Cortex Technology, Denmark). The probe was held on the skin till 

a stable reading was obtained (40s) and then the measurement were recorded 

for next 20s.The data was analyzed using Desylab software (Cortex Technology, 

Denmark). Two measurement were performed, one 10 minutes before insertion 

and one immediately after the insertion. The barrier disruption and pore 

uniformity was also visualized by the uptake of calcein. 

Analytical Determination of hGH Levels 

The whole blood was allowed to clot (10 min.) and then centrifuged at 10,000 

rpm at 4°C for 10 min to obtain serum as supernatant which was then 

refrigerated at -20 °C until further analysis. The analysis of this serum was done 

using commercially available ELISA kit for human growth hormone (DRG 

international Inc. USA). The methodology involves sandwiching the test samples 

between sheep anti-hGH antibody and a mouse monoclonal anti hGH in 

horseradish peroxide. The ELISA assay kit was specific to human growth 

hormone and does not detect endogenous rat growth hormone. The standards 

used in the kits were calibrated according to the WHO, 1st IRP 66/217. 

Results and Discussions 

The skin was tape stripped 20 times on the same area to remove the stratum 

corneum completely. Figure 22 shows the increase in the TEWL values of the 

treated skin which was recorded immediately after the procedure. The rise in the 

TEWL value from 9 to 70 suggests that stratum corneum was removed 

completely since an increase of the TEWL values in same range was also 
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reported in literature (Escobar-Chavez et al., 2008). The Cmax that was obtained 

was 42 ng/ml and the Tmax was reached at 12 hours as shown in Figure 23 which 

shows the concentration time profile obtained after tape stripping the stratum 

corneum 20 times and covering the area with solution reservoir, similar 

results were reported for passive permeation of vasopressin by stripping the skin 

(Banerjeeand Ritschel, 1989). 

Figure 24 shows the concentration time profile when hGH powder was applied 

to cover the area that was microporated by microneedles. Serum levels of 36 

ng/ml were observed at 30 minutes. When the needle density was increased 

from one line to three lines, a Cmax value of 42 ng/ml and a Tmax value of 1 hour 

was observed. An interesting part in this study is that when single line 

microneedle was used with hGH powder, we observed a very high initial spike in 

serum levels in the first 30 minutes, similar observations were reported in 

literature by (Levin et al., 2005). 

Figure 25 shows the comparison of the different delivery profiles obtained 

after administering powder and solution, it is seen from the graph that there is a 

sharp increase in the Cmax values in the area treated with powder. The reason for 

this could be attributed to the fact that when the microneedles were inserted in 

the skin, the interstitial fluids were be released at higher rates (Smith et al., 1999; 

Smith, 1999), and since hGH is highly water soluble, it rapidly dissolves in the 

interstitial fluids giving rise to high local concentration in the skin. The delivery of 

this dissolved hGH subsequently takes place by diffusion across a steep 

concentration gradient which leads to a high delivery profile. Another interesting 
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part of this study is the Cmax values obtained from using the hGH powder 

formulation was five fold higher than solution formulation, in spite of using five 

times lower hGH amount. Figure 26 shows the comparison of the different 

enhancement methods used in vivo, the best results are obtained when the 

stratum corneum was completely removed, followed by the use of six line 

maltose microneedles and applying sonophoresis for 90 seconds. 

Figure 27 shows the cumulative amount of hGH deliverd by using a 

combination of microneedles and iotophoresis with and without salt bridge. 

Iontophoresis was unable to enhance the delivery of hGH in vitro significantly, a 

most likely explanation for this could be that the isoelectric point of hGH lies 

between pH 4-5. Because of this the hGH molecule between these pH does not 

possess any charge due to which its electrophoretic mobility between this range 

is the lowest. Since the enhancement effects of iontophoresis is attributed 

because of the presence of the charge on the molecule no additional 

enhancement was observed by application of current. One more reason for this 

could be that the isoelectric point of the skin also between pH 4-5, hence the skin 

will also neutralize the charge on hGH and thereby only allowing only passive 

diffusion as if only microneedles are applied. Results of same type were reported 

(Craane-van Hinsberg et al., 1994). 
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Figure 22 In vivo TEWL values obtained before and after treatment of skin by 
microneedle and tape stripping (n=3). 
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Figure 23 In vivo concentration time profile obtained after tape stripping the 
stratum corneum 20 times (n=4). 
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Figure 24 Effect of needle density on concentration time profile obtained by using 
powder formulation (n=3). 
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Figure 25 Comparison of concentration time profile obtained by using solution 
and powder formulation following three line maltose microneedles (n=3). 
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Figure 26 Comparison of the concentration time profile of different application 
procedures: sonophoresis, six line maltose microneedles, and tape stripping. 
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Figure 27 Cumulative amount of hGH delivered in vitro when using three line 
maltose microneedles in combination with anodal iontophoresis (0.5 mA/cm2) for 
6 hours with and without salt bridge (n=3). 
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Conclusions 

Tape stripping of the stratum corneum gave highest Cmax and Tmax values 

amongst all the enhancement methods applied using solution formulation. 

Removal of stratum corneum completely can deliver high amount of hGH 

sustained over long periods of time. The use of powder hGH reduced the lag 

time and gave highest value of Cmax amongst all the enhancement methods 

used. The Cmax obtained from using the powder formulation was five fold higher 

than solution formulation in spite of using five times lower concentration. High 

amount of hGH can be delivered in very short lag time using powder formulation. 

The use of anodal iontophoresis and salt bridge was unable to enhance the 

delivery of hGH in vitro. 



CHAPTER 6 

PHARMACOKINETICS OF HUMAN GROWTH HORMONE DELIVERED BY 

DIFFERENT ENHANCEMENT METHODS 

Abstract 

Purpose. To obtain the pharmacokinetic parameters from intravenous bolus 

and subcutaneous injection of human growth hormone and to use these 

parameters to calculate the dose delivered transdermal^ by previously used 

enhancement methods. 

Methods. Intravenous bolus administration was given to hairless rats through 

surgically inserted catheters placed in the right jugular vein. Subcutaneous 

injections were also administered to hairless rats. Blood samples were drawn 

and the serum was analyzed for the hormone content. Pharmacokinetic 

parameters were obtained from the intravenous dosing, and clearance data was 

used to calculate the transdermal dose delivered. 

Results. The clearance, half life and the volume of distribution of hGH 

calculated from the intravenous administration was 11.92 ± 0.397 ml/min/kg, 5.83 

± 0.93 minutes, and 100.17 ± 14.80 ml/kg. The dose of hGH delivered by using 

subcutaneous injections and transdermal sonophoresis for 60 and 90 seconds 

was 1.17 ± 0.30, 1.51 ± 0.13 ug and 2.33 ± 0.24 ug respectively. Dose delivered 
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by microneedles varied from 1 - 4.5 ug. The highest amount of hGH delivered by 

tape stripping was 10.25 ± 2.07 ug. 

Conclusions. Intravenous administration was able to provide the 

pharmacokinetic parameters, and these parameters were used to calculate the 

amount of hGH dose delivered using the enhancement techniques employed. 

Introduction 

Biosynthetic human growth hormone derived from the recombinant DNA 

technology revolutionized the treatment of the growth hormone deficiency in 

pediatric and adult populations. However, in spite of the sufficient quantities of 

growth hormone that is available, there are no alternate routes of administration 

that are commercially available and the treatment is still dependent on the 

subcutaneous injections that have to be administered daily . Alternate routes are 

urgently sought for the treatment to be patient compliant. In order to evaluate the 

efficacy of other routes, it is important to ascertain that the dose delivered by 

other alternate routes of administration is comparable with that delivered by the 

current subcutaneous administration. To evaluate the dose delivered, it is very 

important to calculate the pharmacokinetic parameters like clearance, volume of 

distribution and elimination rate constant and area under the curve (AUC) 

(Jorgensen et al., 1988). These parameters can be calculated from the serum 

concentration-time profile that will be obtained following intravenous bolus 

administration. The clearance obtained from the intravenous administration can 

be used to calculate the dose delivered transdermal^ by assuming a non 

compartmental model (Chaturvedula et al., 2005). Non compartmental model is 
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assumption free and involves the application of the trapezoidal rule for 

determining the area under the concentration- time curve (Gabrielsson and 

Weiner, 2001). 

F X DOSe del ivered = A U C transdermal X C L iv 

Where F is the fraction of drug present in blood; AUC transdermal is the area under 

the serum concentration-time curve obtained following transdermal 

administration; CL |V is the clearance of hGH obtained following intravenous 

administration. 

Materials and Methods 

Materials 

Hairless rats were obtained from Charles River Laboratories (Wilmington, MA) 

and housed in Mercer University animal facilities until further use. Human growth 

hormone was obtained from Pfizer Global Biologies (Chesterfield, MO.). Human 

growth hormone ELISA kit was obtained from DRG International (Piscatway, NJ). 

Methods 

Intravenous Study Set-up 

Male hairless rats, 8-10 weeks old and weighing 275-375g were obtained 

from Charles River (Wilmington, MA), and were housed in animal facility at 

Mercer University until further use. All the rats had free access to water and 

pelleted food. All study protocols were approved by the Institutional Animal Care 

and Use Committee of Mercer University. Hairless rats were held in restraining 

cone and were then anesthetized with an intraperitoneal injection of Ketamine 

(70 mg/kg) and Xylazine (10 mg/kg). Polyethylene catheters (Intramedic®', PE50) 



were inserted in the right jugular vein by surgical treatment for intravenous 

dosing. The catheters were kept open with heparinised saline, 100 IU of heparin 

sodium in isotonic saline. The animals were allowed to recover after the surgery 

for 24 hours. Prior to the intravenous administration the catheters were again 

flushed with heparin solution to check the viability of the cannula. The rats (n=3) 

were injected over 10 seconds with 60 ug/kg of hGH in 1.5 ml/kg solution. Blood 

samples (250 ul) were taken at selected intervals from each rat. 

Subcutaneous Study Set-up 

The rats were anesthetized as per the procedure described above. A dose of 

100 ug/kg was administration subcutaneously to the rats (n=3). Blood samples 

(250 pi) were taken at selected intervals from each rat. 

Analytical Determination of hGH Levels 

The whole blood was allowed to clot (10 min.) and then centrifuged at 10,000 

rpm at 4°C for 10 min to obtain serum as supernatant which was then 

refrigerated at -20 °C until further analysis. The analysis of this serum is done 

using commercially available ELISA kit for human growth hormone (DRG 

international Inc., USA).The methodology involves sandwiching the test samples 

between sheep anti-hGH antibody and a mouse monoclonal anti hGH in 

horseradish peroxide. The ELISA assay kit was specific to human growth 

hormone and does not detect endogenous rat growth hormone. The standards 

used in the kits were calibrated according to the WHO, 1st IRP 66/217. 



Results and Discussions 

Figure 28 shows the concentration-time profile in serum for intravenous 

administration of hGH (60 ug/kg). After an initial distribution phase, hGH was 

eliminated from the serum with an observed half-life of 5.83 ± 0.93 minutes. One 

hour after the dose the serum concentration was almost negligible. Studies in 

literature also report that the serum concentration decline rapidly after 

intravenous administration. The results obtained in the studies were in close 

agreement with others results reported in literature (Jorgensen et al 1988). The 

pharmacokinetic parameters (Table 2) were calculated by fitting the serum-

concentration data to a non-compartmental model using WinNolin® software. 

The clearance obtained from the intravenous administration was used to 

calculate the transdermal dose delivered from the previous studies. Figure 29 

shows the concentration-time data obtained for subcutaneous administration 

(100 ug/kg), after an initial distribution phase (1h), there was a rapid decline 

observed, and negligible levels were observed after 6 hours. The results 

obtained are in good agreement with the results obtained in literature (Jorgensen 

et al 1988). The drug clearance obtained from the intravenous administration was 

used to calculate the transdermal (AUC transdermal**̂ L iv) dose delivered. The 

amount of hGH delivered by using sonophoresis for 60 and 90 seconds was 1.51 

± 0.13 ug and 2.33 ± 0.24 ug, which is more than the amount delivered by 

subcutaneous injections 1.17 ± 0.30 ug (p < 0.05) (Table 3). The amount of hGH 

permeating through the microneedles increased when the area covered by the 

needles increased, by doubling the area, more than three fold increase in the 



amount was observed (p < 0.05) (Table 4). Iontophoresis was able to enhance 

the delivery almost two fold (p < 0.05) with significant amount being delivered into 

the systemic circulation when applied in combination with microneedles and 

sonophoresis (Table 5). Iontophoresis by itself was unable to deliver hGH 

through intact skin. However the results presented indicate that iontophoresis is 

able to enhance the delivery of hGH through the treated skin, as the pathways 

created by these treatments are different than the iontophoretic pathways which 

predominantly take the shunt pathways. When hGH powder was used in 

conjunction with one line microneedle, a sharp increase in the Cmax values was 

observed. A possible reason for this could be that when the powder is applied 

over the treated area, it dissolves in the interstitial fluids and forms a solution 

which gives high initial levels of hGH in serum. However when the amount of 

powder is more than a critical amount then the fluid is taken up by the powder but 

the amount is not adequate enough to dissolve the powder present. Similar 

observations are reported in literature (Levin et al., 2005). However this method 

of delivery can be utilized to reduce the lag time associated with the delivery 

system and can also be used to obtain spiked in the serum hGH levels. The 

highest amount of dose delivered is 10.25 ± 2.07 ug, and is possible when the 

stratum corneum is removed completely by successive tape stripping. Removal 

of stratum corneum by tape stripping is an acceptable method; however the 

penetration of the adhesives present on the tape can be a problem. A possible 

solution to this problem is the use of microdermabrasion procedure which is also 

used in cosmetic procedures (Tojo and Lee, 1989). 
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Figure 28 Average human growth hormone concentration (+SD) in serum 
obtained after administering an intravenous bolus (60 ug/kg) in hairless rats 
(n=3). 
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Figure 29 Mean concentrations (+SD) of human growth hormone in serum 
obtained after subcutaneous administration (100 ug/kg) in hairless rats (n=3). 
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Table 2. Pharmacokinetic parameters following IV bolus administration, as 
calculated using WinNolin® software by non-compartmental analysis (n=3). 

Parameters 

Az 

tl/2 

CLIV 

Vz 

AUC (0-infinity) 

Units 

minutes"1 

minutes 

ml/min/kg 

ml/kg 

min*ng/ml 

Estimate ± SD 

0.119±0.017 

5.83 ± 0.93 

11.92 ±0.397 

100.17 ±14.809 

5036.60 ±166.70 

Where Az is the terminal elimination rate constant obtained from the serum 
concentration time profile; (ti/2) is the elimination half life of hGH calculated from 
Az; CLiv is the observed clearance from IV data; Vz is the volume of distribution 
of hGH; AUC (0-infinity) is the area under the curve from 0 to infinity obtained from 
the serum concentration-time profile calculated by the trapezoidal rule. 

Table 3 Pharmacokinetic parameters obtained using non-compartmental analysis 
by WinNolin® following transdermal delivery by sonophoresis and subcutaneous 
administration (n=3). 

Parameters 

Cmax 

' max 

AUC (transdermal) 

Dose 

delivered 

Units 

ng/ml 

hours 

min*ng/ml 

M9 

Subcutaneous 

±SD 

33.58 ±4.05 

1.1 ±0.17 

98.54 ±5.11 

1.17 ±0.30 

Sono 60 sec 

±SD 

16.88 ±1.57 

5.33 ± 1.15 

126.75 ± 

11.04 

1.51 ±0.13 

Sono 90 sec 

±SD 

21.47 ±3.63 

4.67 ±1.15 

195.67 ± 

20.20 

2.33 ±0.24 
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Table 4 Pharmacokinetic parameters obtained by WinNolin® using non-
compartmental analysis following transdermal delivery using maltose 
microneedles (n=3). 

Parameters 

'-'max 

• max 

AUC (transdermal) 

Dose 

delivered 

Units 

ng/ml 

hours 

min*ng/ml 

M9 

3LMN (sol.) 

±SD 

11.93 ±1.09 

6.05 ±0.08 

91.62 ±11.61 

1.09±0.13 

6LMN (sol.) 

±SD 

29.52 ± 5.93 

9.17 ±0.5 

376.58 ± 

84.69 

4.48 ±1.00 

1LMN(Pow.) 

±SD 

35.82 ±6.39 

0.16 ±0.04 

55.64 ±10.84 

2.33 ± 0.24 

Where 3LMN (sol.) is the use of hGH solution formulation following the treatment 
of skin with three lines of maltose microneedles stacked parallel to each other, 
6LMN (sol.) is the use of hGHsolution formulation following the treatment of skin 
with six lines maltose microneedles stacked parallel to each other, and 1LMN 
(Pow.) is the use of pure hGH powder after treating the skin with a single line of 
maltose microneedle. 
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Table 5 Pharmacokinetic parameters obtained by WinNolin® using non-
compartmental analysis following transdermal delivery using tape stripping of 
stratum corneum, and using iontophoresis in combination with microneedles and 
sonophoresis (n=3). 

Parameters 

^-Tnax 

1 max 

AUC (transdermal) 

Dose 

delivered 

Where 3LMN+P 

Units 

ng/ml 

hours 

min*ng/ml 

M9 

fP is three lines 

3LMN+ITP 

±SD 

18.45 ±1.91 

6.1 ±0.37 

165.06 ± 

20.89 

1.96 ±0.24 

Sono+ITP 

±SD 

14.63 ±1.28 

6.09 ±0.50 

106.20 ± 

11.41 

1.26 ±0.13 

Tape 

Stripping 

±SD 

42.90 ±8.48 

10.0 ±1.73 

859.80 ± 

174.09 

10.25 ±2.07 

Df maltose microneedles and iontophoresis in 
combination, and Sono+ITP is sonophoresis and iontophoresis in combination. 

Conclusions 

The pharmacokinetic parameters were calculated by intravenous 

administration. Highest amount of dose delivered was obtained by complete 

removal of stratum corneum by tape stripping. The amount of hGH delivered by 

microneedles and synergistic combination of inotophoresis with ultrasound and 

microneedles was comparable to that delivered by subcutaneous injections. 



CHAPTER 7 

STABILITY OF HUMAN GROWTH HORMONE FORMULATION UNDER 

STUDY CONDITIONS 

Abstract 

Purpose. To investigate the stability of human growth hormone formulation 

during the study period by various analytical techniques. 

Methods. Liquid reservoir patch used in the transdermal experiments was 

placed on a glass plate, 250 ul hGH formulation was injected into the reservoir 

patch and then sealed. The solution was kept in an incubator at 37°C and then 

removed and analyzed for aggregates, change in the structure and stability by 

using SEC-HPLC, dynamic light scattering, far and near UV CD, and RP-HPLC 

with the control formulation. 

Results. Dynamic light scattering showed the hydrodynamic radius of the 

control formulation as 5.8 nm, and the formulation after 24 hours also showed the 

same radius. There was no change in the far and near UV CD spectrum of hGH 

at 0 and 24 hours. Size exclusion, and reverse phase chromatography showed 

no additional peak except the characteristic peak of hGH at 10.5 and 35 minutes 

respectively. 
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Conclusions. The hGH formulation was stable at for 24 hours and showed no 

presence of aggregates. There was also no significant change in the secondary 

and tertiary structure of hGH during the experimental conditions. 

Introduction 

Advances in the recombinant DNA technology have provided us with several 

therapeutic protein drugs. Due to their complex structure and degradation 

pathways, these product fall under special class of drug molecules. Degradation 

of protein may involve either physical instability which is referred to as change in 

the secondary, tertiary, or quaternary structure or chemical modification yielding 

a new chemical entity (Wang, 1999). Proteins are globular structure in the folded 

state; change in the structure can lead to the physical instability which can result 

in the unfolding of the structure. This unfolded structure can adsorb to the 

surfaces and is also susceptible to further inactivation by aggregating with 

neighboring molecules. Aggregation is a major concern in protein formulation as 

it can lead to reduced bioactivity, immunogenic reaction, altered pharmacokinetic 

and pharmacodynamic profile, an undesirable opalescent appearing product can 

also formed (Katakam et al., 1995). During the steps of handling, processing and 

reconstituting the protein, it is exposed to several stresses that can lead to 

instability of the formulation. The generation of air water interfaces upon shaking 

can lead to aggregation of the protein as the protein adsorbs and unfolds at the 

hydrophobic interface (Katakam and Banga, 1997). The change in the 

temperature of the protein can also lead to denaturation as it increases the 
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interaction of the solute with the solvent which can lead to the change in Gibbs 

free energy of the system. 

Human growth hormone is a protein having 191 amino acids having identical 

sequence to the pituitary growth hormone. It is commercially available as 

lyophilized powder that has to be reconstituted before administration. Care must 

be exercised during reconstitution to prevent the formation of possible 

aggregates. The x-ray crystallography structure of hGH shows the presence of 

four alpha helices with two loop region. Due to this flexibility, hGH is highly liable 

to form non-covalent aggregates. The complexity of the protein structure, due to 

their large size and higher order form, and the degradation pathways demand the 

use of several analytical techniques to monitor the protein stability (Ahrer et al., 

2003). Diffrent analytical techniques such as spectroscopy, chromatography, 

thermal analysis, immunoassay, bioassays, and electrophoresis may be required 

to characterize a protein (Wang, 1999). The ultimate goal of measuring the 

stability is to know that whether the formulated protein is stable physically and 

chemically. 

Dynamic Light Scattering 

Light scattering is a phenomenon in which light from an incident polarized 

laser beam source is scattered in all directions upon interaction with a molecule 

or a particle. The intensity of the scattered light is dependent on the physical 

particles scattering it, and by measuring this it gives the information about the 

shape and size of the particle. Dynamic light scattering gives the information of 

the hydrodynamic radius and the size distribution of the protein solution. Increase 
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in the RH suggests an increase in the size distribution of the protein solution 

which in turn can be linked to aggregation (Ahrer et al., 2004). 

Circular Dichroism 

Circular dichroism (CD) is an excellent spectroscopic technique used to 

investigate the structural techniques of the protein. It measures the difference of 

in the absorbance of the right and left circularly polarized light by an optically 

active substance. Hence, CD analysis in the far UV spectrum between 250-190 

nm may be used to determine the secondary structure of the protein, absorption 

in this region is predominately indicates amide bond. Thus far UV CD indicates 

the information regarding various structural elements like a-helix, p-sheets, (3-

turns and random coils. A a-helix generally shows two minima's around 221 and 

209 nm, while (3-sheets shows weak minima's between 215-218 nm and maxima 

between 195-200 nm. When the ordered secondary structure of the peptide 

backbone is perturbed by either temperature or denaturants, changes can be 

observed in this region. A transition from a-helix to (3-sheets or random coils can 

be easily monitored by observing the spectral changes in this region, and this 

information is useful in evaluating the stability of protein solution (Pearlman and 

Bewley, 1993; Bewley and Li, 1986). 

Reverse Phase Chromatography 

Reverse phase high pressure liquid chromatography (RP-HPLC) relies on 

relatively nonpolar stationary phase in conjunction with a mixed polarity solvent 

as mobile phase. The elution of the analyte is performed either with a gradient of 

decreasing polarity or in isocratic mode (Riggin et al., 1987). Although wide pore 
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size ranges of columns are available, columns with pore size of at least 300°A 

are preferred. Several groups have published RP-HPLC methods for hGH, three 

methods appear in the Pharmacopeial Forum (1990). 

Size Exclusion Chromatography 

Size exclusion high pressure chromatography (SEC-HPLC), also called as gel 

permeation chromatography, is a separation technique which separates the 

protein on the relative size or hydrodynamic volume of a molecule with respect to 

the size and shape of the pores of the packing. Thus, higher molecular weight 

oligomeric will elute out faster than the monomeric form which will take more time 

to elute out of the column. A method described in literature for hGH uses 0.025 M 

ammonium carbonate buffer (Riggin et al., 1988). This method separates 

monomers, dimers, and higher order oligomers. There is also a correlation 

between this method and the biopotency assay for hGH. 

Materials and Methods 

Materials 

C4 column purchased from Phenomenex (Torrance, CA), TSKG3000SW 

column purchased from Supelco (Bellefonte, PA), Solvents and other reagents 

HPLC grade were purchased from Fisher Scientific (Pittsburg, PA). 

Methods 

Reverse Phase Chromatography (RP-HPLC) 

RP-HPLC analysis was performed by using a C4 column (Phenomenix) 

attached to a HP Agilent 1100 system. The method used by Riggin et al. (1987) 

was employed for the separation. The mobile phase consisted of n-propanol and 
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0.05M Tris (pH 7.5) in the proportion of 71/29. The operating temperature of the 

column was 40°C, and a flow rate of 0.5 ml/min was used to achieve separation. 

The protein was monitored at a wavelength of 280 nm using UV-Vis detector. 

Size Exclusion Chromatography (SEC-HPLC) 

SEC-HPLC was performed using a TSKG3000SW column (Toyo Soda) 

attached to a Perkin- Elmer system connected to a photo diode array detector. 

The method employed was modified from the one described by Riggin et al. 

(1988). The separation was carried out at room temperature using a flow rate of 

0.6 ml/min. The mobile phase consisted of aqueous buffer of 20 mM sodium 

phosphate and 0.1 M sodium chloride at pH 6.8. The elution of the protein was 

monitored at a wavelength of 214 nm using a photo diode array detector. 

Circular Dichroism (CD) 

CD analysis was carried out in spectrum mode in the far UV (260 - 185 nm) 

and near UV (320 - 250 nm) region using Jasco J-810 spectropolarimeter at a 

scanning speed of 200 nm/min at standard sensitivity. CD scans were performed 

at room temperature. Each scan was an average of 10 accumulations and all the 

scans were normalized for concentration by dividing the ellipticity values for each 

sample by the concentration of each sample. Samples were placed in the quartz 

cells having path length of 0.1 cm and 1.0 cm for far and near UV CD 

respectively. 



Dynamic Light Scattering (DLS) 

DLS was performed on Malvern Zetasizer using a fixed angle of 90°. hGH 

formulation (250 ul) was used to calculate the hydrodynamic radius of the 

protein. The samples were filled into a quartz cuvette by filtering through 0.2 urn 

filter. 

Results and Discussions 

Figure 30 shows the chromatogram of the SEC-HPLC results of hGH. The 

chromatogram does not show any dimers or other higher order aggregates. This 

result also correlate well with the results of dynamic light scattering Figure 31 in 

which the hydrodynamic radius of the protein is unchanged after 24 hrs. 

Figure 32 shows the RP-HPLC chromatogram of hGH. The retention time 

under the conditions is 33 minutes; this value is similar to that reported in 

literature (Riggin et al., 1987). The assay is a stability indicating assay and has 

been used primarily as an indicator of the purity during the acceptability of hGH 

production batches. 

CD analysis for hGH in the far UV region is shown in Figure 33. The spectrum 

showed two minima's, one at 222 nm and other at 208 nm. The presence of 

these minima's suggests a-helical structure as the prominent secondary structure 

for hGH, since the presence of minima at 222 is typical for a-helical structure. By 

measuring the ellipticity at 222 nm it is possible to measure the changes 

occurring in the secondary structure of hGH. Since the ellipticity at 208 nm is 

more negative than that at 222 nm, it suggests the presence of other structural 

arrangements like (3-sheets or random coil along with the a-helical structure. The 



data obtained correlates well with that in the literature (Bewley and Li, 1986). 

When the scans taken at 0 and 24 hrs were overlapped, it was observed that 

there is no change in the ellipticity of minima's thereby suggesting that the 

secondary structure of hGH is not affected during the period. 

Figure 34 shows the near UV CD of the tertiary structure of hGH. Proteins 

exhibit relatively weaker CD bands in the near UV region as compared to far UV 

region due to various aromatic amino acid groups. The two negative minima's 

that arise near 261 nm and 268 nm are due to phenylalanine side chains, while 

the two negative minima's at 283 nm and 277 nm are predominantly due to the 

tyrosine residues, the positive asymmetric band between 320 nm and 288 nm is 

caused by the tryptophan residue. Changes in the near UV CD region may be 

attributed to changes in these aromatic amino acids and therefore to the overall 

tertiary structure of the protein. From Figure 34 it is evident that there are no 

changes in the tertiary structure of the protein similar results have been reported 

in literature (Bewley and Li, 1986). 
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Figure 30 SEC-HPLC chromatogram of hGH under experimental conditions 
taken at 24 hrs. 
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Figure 31 Hydrodynamic radius of human growth hormone measured by dynamic 
light scattering at 0 and 24 hours. 
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structure at 0 and 24 hours. 
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Figure 34 Near UV CD plot of human growth hormone showing the tertiary 
structure at 0 and 24 hours. 



Conclusions 

Dynamic light scattering did not show any presence of soluble aggregates. 

Size exclusion chromatography did not show any presence of higher order 

oligomers. Reverse phase chromatography showed that the protein was stable 

under the experimental conditions. The far and near UV CD showed that there 

was no change in the secondary and tertiary structure of the protein. In all the 

physical stability of hGH under the experimental conditions was investigated and 

the protein is found stable in the conditions tested. 



CHAPTER 8 

SUMMARY AND CONCLUSIONS 

The work presented here evaluates the use of different transdermal 

enhancement techniques to enhance the delivery of recombinant human growth 

hormone (hGH) in therapeutically relavent doses through the skin. We have 

selected human growth hormone as the drug candidate as this protein has been 

on the market for more than 30 years but is still delivered parenterally to treat the 

growth hormone deficiency in pediatric and adult population. Several alternate 

routes of administration have been evaluated in the literature in order to make 

this therapy painless and compliant, but the success was limited in terms of 

delivering therapeutic doses. Since human growth hormone is a macromolecule 

that is too large to permeate passively into the skin through the main skin barrier, 

stratum corneum, enhancement techniques are needed to disrupt this barrier 

reversibly so that the delivery can be facilitated. We have evaluated different 

enhancement techniques like microneedles, ultrasound, and iontophoresis alone 

or in combination to achieve our goal. 

Initial studies were conducted in vitro using novel soluble microneedles made 

of maltose and using hairless rat skin as the model. There was no permeation of 

human growth hormone across intact skin, but the maltose microneedles 

enhanced the delivery giving flux values that were within the 
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therapeutic range. In these studies, the drug concentration and the number of 

microneedles to be used were optimized. Having achieved success in vitro, 

several in vivo experiments were conducted with the maltose and metal 

microneedles made of stainless steel at the selected concentration. In these 

experiments it became clear that microneedles were able to deliver human 

growth hormone in therapeutically relevant levels in vivo. 

The feasibility of low frequency ultrasound to deliver human growth hormone 

in vivo across hairless rat skin was also evaluated. Delivery as a function of the 

time of application was studied, and it was observed that with increase in 

application time, the amount delivered also increased. In the next set of 

experiments, electrical methods to increase the amount delivered was studied. 

Iontophoresis alone was unable to deliver any detectible amount through intact 

skin, but when used in combination with ultrasound and microneedles, it was 

able to further enhance the delivery. 

To further enhance the delivery, we tried an approach that utilized the use of 

the pure powder hormone to achieve the delivery. Pure hGH powder was applied 

to the microporated area treated with microneedles. It was concluded from this 

study that four times higher Cmax serum values can be achieved by using five 

times lower amounts of hGH than solution formulation. The lag time associated 

with the delivery can be reduced, and the area of skin under the treatment can 

also be reduced three times in comparison to the solution formulation. In order to 

evaluate the effect of electroosmotic flow and to minimize the competitive ions 

during iontophoresis, we also used anodal iontophoresis in combination with salt 



bridge in vitro. However this combination was unable to successfully enhance the 

levels. 

For all the in vivo studies the basic pharmokinetic parameters were evaluated 

by administering intravenous dose. The clearance obtained from this was then 

used to calculate the dose delivered in the transdermal studies, and this dose 

was also compared to the subcutaneous administration which is the present 

method of delivery used in the therapy. All the enhancement methods delivered 

doses in therapeutically acceptable range. Bioavailability of 0.13% was obtained 

relative to intravenous administration when powder hGH was used. The human 

growth hormone in serum was quantitated as immunoreactive protein by ELISA. 

Since the stability and structure of the protein is very important in providing 

the right therapeutic effects, it was important to assess that the drug was stable 

during the experimental period and did not form any aggregates. To do this, the 

experimental conditions were simulated with respect to the temperature and time 

of patch application. Various analytical techniques like RP-HPLC, SEC-HPLC, 

and DLS, were employed to check the stability, and presence of aggregates in 

hGH formulation. Biophysical techniques like CD were used to determine the 

secondary and tertiary structures of the protein. From these studies it was 

concluded that human growth hormone maintained the structural integrity, and 

was stable during the experimental conditions. Also it did not form any 

aggregated. 

It can be concluded from these studies that human growth hormone can be 

delivered in therapeutic range by the transdermal route with the help of maltose 
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microneedles or low frequency ultrasound. The serum levels can be modulated 

using iontophoresis in combination and also by utilizing the powder formulation. 
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