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ABSTRACT 

GUOHUA LI 

Transdermal Delivery of Human IgG as a Model Macromolecule 

by Physical Enhancement Techniques 

(Under the direction of AJAY K. BANGA) 

The passive skin permeability to high molecular weight 

proteins is essentially zero. The enhancement of skin 

permeation by physical enhancement techniques using human 

immunoglobulin G (hlgG) as a model drug was investigated. 

hlgG was used initially to study the feasibility of in 

vitro permeation under the influence of microneedles (MN), 

ultrasound (US), and iontophoresis (ITP). For in vitro 

permeation studies, various parameters such as microneedle 

length, number of microneedles and donor concentration were 

examined. Microchannels created by maltose microneedles in 

hairless rat skin were visualized using methylene blue 

staining. Cryostat sections were prepared and stained to 

measure the depth of penetration. Pathways taken by hlgG 
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transported across the skin were visualized by 

immunohistochemical (IHC) studies. In vivo evaluation was 

done with human IgG in hairless rats using liquid reservoir 

patch applied to microporated skin area. The in vitro and 

in vivo delivery profiles of maltose microneedles and 

Dermaroller™ were compared. Blood samples were collected at 

predetermined time points and analyzed. Transepidermal 

water loss (TEWL) and methylene blue techniques were used 

to determine the open duration of microchannels. The 

uniformity of pores on rat skin was characterized by 

processing PPI values in Fluoropore software. Basic 

pharmacokinetic parameters of hlgG in rats were calculated 

after intravenous administration of this compound. 

The specific penetration of microspheres into hair 

follicles was qualitatively characterized. The results 

suggest that spray dried microspheres with size less than 

10 micron penetrated into the hair follicles of hairless 

rat skin when cathodal iontophoresis was applied. 

The characterization and development of human IgG 

formulation using hanging-drop, dynamic light scattering, 

size exclusion chromatography and differential scanning 

calorimetry was conducted. 



xviii 

In conclusion, maltose microneedles efficiently 

enhance transdermal delivery of human IgG in hairless rats 

both in vitro and in vivo. The tested microspheres 

successfully penetrated into hair follicles of hairless rat 

skin. Hanging drop technique is an easy and efficient 

method to initially screen protein formulation. 



CHAPTER 1 

INTRODUCTION 

The successful delivery of hydrophilic macromolecules, 

such as proteins, to and across the skin is a big 

challenge. In order to overcome or bypass the barrier 

properties of stratum corneum (SC) , several minimally 

invasive techniques such as microneedles (MN) and other 

related technologies that abrade or remove the SC have to 

be considered. 

Delivering medications to the systemic circulation 

through the skin is seen as a desirable alternative to oral 

administration. Transdermal delivery system offers a 

controlled release of drug through skin over a period of 

time. As a potential route of systemic drug delivery, this 

system provides the advantages of avoidance of first-pass 

effect, convenience, better patient compliance and 

multiple-day dosing. The transdermal route is indeed 

desirable, but the skin has a function to protect the 

organism from any mechanical, or microbial or physical 

influences. The protective properties are provided by the 
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outermost layer of skin, stratum corneum. The SC consists 

of corneocytes which are embedded in a lipid matrix. The 

perfect barrier properties of SC limit the transport of 

most drugs through skin. Only some molecules with certain 

properties such as low molecular weight of less than 500 

Da, optimal octanol-water partition coefficient have 

possibility to passively diffuse into the skin. 

The topical and transdermal delivery of protein 

pharmaceuticals faces enormous challenges, but at the same 

time has very significant potential for the non-invasive 

treatment of both localized and systemic diseases. 

Proteins, being hydrophilic macromolecules, do not 

passively permeate across the skin; some enhancement 

strategies are needed to enable proteins delivery into and 

across the skin. Therefore it's necessary to find out 

additional means to increase the skin permeability for 

large or hydrophilic compounds. One such enhancement 

strategy is iontophoresis but delivery may be limited to 

proteins with a maximum molecular weight of 10-15 kDa 

(Banga, 2006a). For larger molecules, one possible 

minimally invasive approach is the physical disruption of 

the stratum corneum by a variety of means such as 

radiofrequency ablation (Birchall et al., 2006), thermal 
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microporation (Badkar et al., 2007), or usage of 

microneedles (Coulman et al., 2006; Banga, 2006b). 

Microneedles are a somewhat simple, painless and 

minimally invasive technology. They are fabricated at 

microscopic level from silicon, metal, polymer or glass. 

The size of these tiny needles could be from 1 millimeter 

in length to only 25 microns. The delivery mechanisms by 

using microneedles could be divided into the following 

categories: (1) Solid microneedles: application of solid 

microneedles to the skin surface to create small holes in 

the superficial layers. These holes could then allow drugs 

diffuse through the skin. (2) Hollow microneedles: 

microneedles fabricated into hollow form with hollow 

centers through which drug can be administered into skin. 

(3) Coated microneedles: Some solid microneedles are 

precoated with a drug on the needle surface, upon insertion 

the drug could slowly dissipate into skin. Generally, 

direct coating drug on microneedle surface is used in 

immunogenicity studies such as coating vaccine on needle 

surface since only small amount of drug is needed to 

generate immune response (Banga, 2009). (4) Polymer 

microneedles: these microneedles are dissolved in the skin 

after insertion. In my project, one dissolvable 
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microneedles made from maltose and one metal microneedle 

device (DermaRoller™) were employed. 

Since the first report of using microneedles for 

transdermal delivery in 1998 (Henry et al., 1998). More and 

more interests have been shown in this field for 

pharmaceutical applications. Microneedles have been used 

for transdermal delivery of DNA, protein, small molecules 

and vaccine as shown in a variety of in vitro and animal 

studies (Wermeling et al., 2008) . Another approach that has 

been investigated more widely is a hybrid delivery system 

comprising of hypodermic needle and transdermal patch 

(Coulman et al., 2006). 

Microneedles manufactured from silicon, metal and 

polymer can breach the stratum corneum and make pores for 

molecules passage through the skin, and it shows these 

pores are big enough to permit the transport of 

macromolecules and even microparticles (Prausnitz, 2004). 

Microporation produced by these microneedles are very 

superficial and not to reach and stimulate dermal nerves. 

Therefore, this technique is technically painless and non

invasive . 

Sonophoresis uses ultrasonic energy to enhance the 

skin penetration of active substances (Cross et al., 2004). 



5 

Ultrasound apparatus deliver ultrasonic waves to skin and 

propagate to cause several effects (thermal and non

thermal) , with the non-thermal cavitation effect thought to 

be the most important in its application to drug delivery 

(Fri'zzell, 1988) . Cavitation is the formation of gaseous 

cavity in a medium upon ultrasound exposure, and cavitation 

affects tissue in different ways, the collapse of 

cavitation bubbles causes the formation of holes and 

perturbation of lipid matrix in the stratum corneum. 

Thermal effect is the increase of temperature of a medium 

upon ultrasound exposure at a given frequency. The 

temperature elevation of skin will increase the fluidity of 

stratum corneum lipids and enhance the penetration of 

molecules across skin. Ultrasound under a variety of 

conditions has been used for enhancing transdermal drug 

transport. Low ultrasound frequency at 20 kHz can increase 

the transdermal flux of heparin 21-fold higher compared 

with nonsonicated study (Mitragotri et al., 2001). Boucaud 

and his coworkers performed pulsed mode ultrasound on 

hairless rats at a low frequency of 20 kHz to achieve safe 

and efficient sonophoresis of insulin (Boucaud, 2000) . 

In this study, a SonoPrep® ultrasonic skin permeation 

device developed by Echo Therapeutics Inc. was used as an 
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ultrasound apparatus. It uses a low ultrasound frequency at 

5 5 kHz for 15 sec to make skin permutable, an effect that 

lasts about 24 hr. This device was FDA approved for 

delivery of lidocaine. 

Iontophoresis is a transdermal delivery system in 

which a charged molecule is propelled through the skin by a 

low electric current. This technique involves the 

application of a small electric current to a drug reservoir 

on skin surface, and the active electrode propels the same 

charged solute molecules away from the electrode and into 

skin. This electrorepulsion (or electromigration) is the 

main mechanism through which iontophoresis exerts its 

enhancement effect, though other factors including 

electroosmosis of neutral and polar substances also 

contribute a certain effect to the enhancement. 

Iontophoretic flux is the sum of electromigrative and 

electroosmotic contributions. Numerous studies suggested 

iontophoretic transport was strongly associated with hair 

follicles and sweat glands. But with the elucidation of 

iontophoretic pathways using confocal microscopy, scanning 

electrochemical microscopy and x-ray microanalysis, it 

indicated that other pathways including intercellular route 

also participate. It is likely that the relative importance 
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of each route will depend on the size, lipophilicity etc. 

of drug molecules (Touitou et al., 2006). 

Initially iontophoresis was applied for topical 

delivery of low molecular weight solutes (<500 Da). For 

macromolecules, proteins and peptides there have also been 

a number of published studies including calcitonin 

(salmon), insulin, and vasopressin and oligonucleotides 

(Cross and Roberts, 2004) . To date, iontophoresis is used 

to deliver a couple of medications in clinical therapy, 

such as corticosteroids for anti-inflammatory effect, 

lidocaine for skin anesthesia (Costello et al., 1995). 

There are a number of factors that influence iontophoretic 

transport including pH, drug concentration, current 

density, ionic competition, molecular size etc. If there 

are extra competing ions in the drug formulation, a 

bottleneck effect will be caused because all the ions 

attempt to pass through the available pores. The ions that 

are best capable of carrying charges will be transported 

preferentially across the skin (Costello and Jeske, 1995). 

In order to reduce competition from Na+ ions present in the 

donor, and thus to increase the permeation of interested 

molecules, most experiments were performed using a salt 

bridge assembly. This strategy consists of physically 
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separating the anodal chamber (Ag electrode immersed in PBS 

pH 7.4) from the donor compartment (drug solution in 

contact with the SC) and employing a salt bridge (prepared 

by filling a tubing with a warm aqueous solution of 3% 

agarose and 0.1 M NaCl which is then allowed to cool) to 

electrically connect the two chambers (Abla et al., 2006). 

Antibodies (also known as immunoglobulins) are 

produced by B-lymphocyte cells to protect organisms from 

the attack of foreign objects. Antibodies have a common 

basic structural unit of four peptide chains - two 

identical heavy chains and two identical light chains 

connected by disulfide bond. Antibodies are heavy (~ 150 

kDa) globular plasma proteins, they have sugar chain 

attached to some amino acid residues, and therefore, they 

are glycoproteins. There are five types of mammalian Ig 

heavy chain denoted by the Greek Letters: a, 5, e, y, and u 

(Janeway, 2001). The type of heavy chain present defines 

the class of antibody; these chains are found in IgA, IgD, 

IgE, IgG, and IgM antibodies, respectively (Rhoades et al. , 

2 0 02). The tip of the structure in the amino terminal half 

shows a strong variation in the first 100 to 110 amino 

acids, recognizes specific antigen. This region is called 

Fab (fragment, antigen binding) region, which is composed 
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of one constant domain and one variable domain from each 

heavy and light chains of the antibody. In both variable 

regions, there are three hypervariable regions (HV-1, HV-2, 

HV-3) which are called complementary determining regions 

(CDRs). The remainder of both chains in the carboxyl 

terminal half is called Fc (fragment, crystallizable) 

region, and is composed of two heavy chains (Fakultaten, 

2005). The Fc region binds with different cell receptors 

and other immune molecules to mediate different 

physiological effects. IgG is the most abundant 

immunoglobulin found in the blood, comprising generally 70-

75 percent of serum immunoglobulins in humans. 

Immunoglobulin G is a "Y" shaped molecule composed of two 

heavy chains and two light chains. In human, four 

subclasses are known: IgGl, IgG2, IgG3 and IgG4. It is 

present at 8-16 mg/ml in serum. 

In this project, a purified human immunoglobulin, IgG, 

with a MW of about 150 kDa was employed as a model drug for 

macromolecules. This is a first report on the delivery of a 

150 kDa macromolecule using microneedles through the skin. 

Specific Aims 

The specific aims of the current research can be 

divided into following categories including in vitro, in 
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vivo skin flux studies and the associated characterization 

of microchannels created by microneedles. In addition, 

follicular penetration of microspheres and development of 

protein formulation using hanging drop method were 

attempted as well. 

(1) In vitro transdermal delivery of therapeutic 

antibodies using maltose microneedles 

(2) Microchannels created by sugar and metal microneedles: 

characterization by microscopy, macromolecular flux and 

other techniques 

(3) Qualitative assessment of microsphere delivery into 

hair follicles 

(4) Application of hanging drop technique to optimize human 

IgG formulations 



CHAPTER 2 

LITERATURE REVIEW 

Human IgG 

In the immune system of vertebrates, one class of 

proteins play very important role to protect the organisms 

against foreign materials. These proteins are antibodies. 

They circulate in the blood and neutralize foreign agents. 

Due to the globular structure of antibodies, these soluble 

proteins are defined as immunoglobulins (abbreviated Ig), 

which are found in blood or other bodily fluids. 

Immunoglobulins or antibodies contribute specifically to 

immunity and have secreted and membrane-bound two forms 

(Richard Coico, 2003). Ig molecules are synthesized by B 

cells and plasma cells. The human immunoglobulins are a 

group of structurally and functionally similar 

glycoproteins. They share similar structure with two 

identical heavy (H) chains and two identical light (L) 

chains, which are held together by a number of disulfide 

bonds. 

11 
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Analysis of the antibody structure was achieved by the 

studies of Porter in England and Edelman in the United 

States in 1960s (Arehart-Treichel, 1976). Porter used 

papain to digest antibody molecule into two identical 

fragments with the ability to bind antigen and one slightly 

larger fragment with the responsibility for biologic 

functions of antibody molecule. These two identical 

fragments are referred to as Fab because they possess 

antigen binding activity with the valence of two. The third 

fragment which could be crystallized out of solution is 

called Fc (crystallizable fragment) with the activity of 

binding to various proteins to modulate different 

physiological effects. On the other hand, when antibody 

molecule is digested with pepsin, a divalent fragment 

referred to as F(ab')2 are resulted in, which consists two 

Fab regions joined by the disulfide bond and several Fc 

sub-fragments (Richard Coico, 2003). On the basis of these 

results, the structure of immunoglobulin molecules was 

proposed. 

In the N-terminal half, both the heavy chains and 

light chains show strong variation. This region is called 

variable (V) region and is responsible for the antigen 

binding. The C-terminal half is called constant (C) region. 
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In any immunoglobulin molecule, the constant (C) light 

chains are always either both kappa (K) or both lamada (A) , 

never one of each. The constant heavy chains have been 

shown to consist five different isotypes: alpha (IgA), mu 

(IgM) , delta (IgD) , epsilon (IgE) , gamma (IgG) . Human IgG 

can be further divided into subclasses based on antigenic 

and structure difference: IgGl, IgG2, IgG3 and IgG4. 

Human IgG consists of two y heavy chains with 

molecular weight of -50,000 Da each and two light chains 

(either of K or A) with molecular weight of -25,000 Da 

each, linked together by disulfide bonds. Therefore the IgG 

molecule has a molecular weight of -150,000 Da. Each 

antibody molecule consists of four polypeptides. And each 

polypeptide can fold into different domains. 

IgG antibodies are found in all body fluid. They are 

the smallest but most abundant (75-80%) of all antibodies. 

IgG is distributed almost equally in intravascular and 

extravascular fluids and is expressed on the B-cell 

membrane. Except for IgG3 subclass, which has a half-life 

of 7 days, the half-life of IgG is approximately 23 days, 

which is the longest half-life of all immunoglobulin 

isotypes. 
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Complement activation is possibly the most important 

biological function of IgG. IgG also can react with 

antigens to stimulate attraction of phagocytic cells to 

invade microorganisms. In addition, IgG is the only 

immunoglobulin which can across the placenta and confers 

immunity to fetus against infection. 

Intravenous immunoglobulin (IVIg) has been used for 

several immune deficiency disorders, in which the body 

doesn't make enough antibodies. It also can be used in 

autoimmune disorders, such as Guillain-Barre syndrome (GBS) 

and chronic inflammatory demyelization 

polyradiculoneuropathy (CIDP). In the past few years, the 

number of clinical application of IVIg has grown far beyond 

expectation (Martin et al., 1997). IVIg is a pooled plasma 

product by collecting the antibodies from about 20,000 

donors and mixing them together. IVIg is usually 

administered through a tube into the arm vein. A dose of 

400 mg/kg is infused to the patient daily for 5 days, and 

then followed by a monthly IVIg infusion of 600 mg/kg. The 

efficacy of IVIg as initial treatment for 

polyradiculoneuropathy patients was determined and proved 

(Mendell et al. , 2001). The anti-inflammatory effect of 

IVIg has been studied in a variety of animal models of 
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autoimmunity. In one of such studies, the anti-inflammatory-

activity and the molecular basis was investigated and found 

that the anti-inflammatory property is due to the 

inhibitory of Fc receptor (Samuelsson et al., 2001). 

Recently, it's found that IVIg is effective in the 

desensitization therapy in solid organ transplantation 

(Jordan et al., 2006) . 

Human IgG does not diffuse into or across the skin due 

to its big molecular weight and hydrophilic nature. In this 

project, for the first time human IgG was used as a model 

macromolecule and delivered across skin by different 

physical enhancement techniques. Once all the permeation 

parameters are optimized, such studies will be very useful 

for the transdermal delivery of large molecules or 

antibodies. 

Histology of Skin 

Histology is defined as the study of the microscopic 

anatomy of cells and tissues of plants and animals. The 

procedure involves a thin slice of tissue is examined under 

a light microscope. Because the tissue sections themselves 

are colorless, in order to differentially identify the 

microscopic structure of tissue, the sections are 
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visualized by staining into different colors (Junqueira et 

al., 2005; Hayat, 2006). 

In conventional histology study, tissue samples are 

prepared by formalin fixation and dehydration in a graded 

alcohol series, followed by paraffin embedding (Onodera et 

al., 1992) . The purpose of fixation is to preserve tissue 

from degradation, and to maintain the structure of the 

cells and subcellular organelles. Once the tissue has been 

fixed, it must be impregnated in a material for subsequent 

embedding. Paraffin is most commonly being used for this 

purpose. The tissue embedded in paraffin can then be 

sectioned into very thin from 3 to 10 microns using a 

machine called microtome. 

Conventional chemical fixation and paraffin embedding 

procedures give good preservation of morphology (Onodera et 

al., 1992). On the other hand, fresh frozen sections can be 

obtained in a cryostat for a rapid diagnosis of a 

pathologic process. The cryostat is just a refrigerated box 

containing a microtome. The temperature inside the cryostat 

is about -20 to -30 Celsius. The tissue samples to be 

studied are snap frozen in a cold liquid such as liquid 

nitrogen (-20 to -70 Celsius). The freezing process makes 

the tissue solid enough to section with a microtome. 
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Following the sectioning, the tissue sections are then 

placed on a glass slide for staining. Routine staining is 

done to give contrast to the tissue being examined. As 

without staining, it is very difficult to detect the 

difference in cell morphology. The routine stains are that 

of hematoxylin and eosin (H&E) which are the commonly used 

stains in histology. Hematoxylin has an affinity for the 

nucleic acids of the cell nucleus and colors it into blue. 

Eosin is an acidic dye with an affinity for cytoplasmic 

components of the cell and colors the cytoplasm into pink 

(Junqueira and Carneiro, 2005; Dabbs, 2006) . Following the 

staining of sections on glass slides, the stained sections 

must be protected from being scratched by covering the 

slides with a thin cover slip. 

The skin is the largest and easy accessible organ and 

covers the entire outer surface of the body. It consists of 

three main layers, the epidermis, dermis and hypodermis. 

The epidermis is the most superficial layer of the skin. 

The most top skin layer in epidermis is the stratum 

corneum, which is composed of dead and dying keratinocytes. 

The barrier properties of the stratum corneum provide the 

skin with protection from the invasion of foreign 

substances into the body and against fluid loss (Melton et 
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al. , 1995) . The thickness of epidermis is thinnest on 

eyelids at -0.05 mm and thickest on palms and soles at 

-0.15 mm. The dermis is the thick layer of the connective 

tissue and its thickness is difficult to determine but 1-2 

mm is assumed to be the average range for general skin 

(Skandalakis, 2000). The skin contains a variety of 

appendages including hair follicles (HF), associated 

sebaceous glands which are usually embedded in the dermis 

and sweat glands which are tubular glands and extend deep 

to the border between dermis and hypodermis. HF extends 

down to dermis and usually a short distance into 

hypodermis. 

Immunohistochemistry 

High quality immunohistochemistry (IHC) is 

prerequisite for the study of skin proteins or proteins 

delivered into the skin because some of these proteins play 

a very important role in the pathogenesis of cutaneous 

diseases (Onodera et al., 1992) . This technique has been 

used since 1940s (Coons et al., 1941). Currently, it is 

widely used in the diagnosis and treatment of almost all 

kinds of tumors (Mashhood, 2008). Hence, first of all we 

should understand the principle of this technique and get 

the knowledge of how to perform this study. 
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Immunohistochemistry is an antibody-based staining 

method for use with bright field microscopy (Young et al. , 

2000). It is used to specifically localize and visualize 

proteins in cells of a tissue section by using labeled 

monoclonal or polyclonal antibodies through antigen-

antibody interactions that are visualized by a marker such 

as fluorescent dye, enzyme or isotope (Hayat, 2006). For 

detection of proteins in IHC procedures, an antibody which 

is conjugated with an enzyme such as horseradish peroxidase 

or tagged with a fluorophore such as FITC is used. The 

selection of a suitable detection system should be based on 

the sensitivity required and the properties and type of 

specimen under investigation. IHC is widely used in the 

study of localization and distribution of biomarkers and 

differentially expressed proteins in different parts of 

tissue. This technique has significantly increased the 

ability to identify categories of cells under a microscope 

(Dabbs, 2 006; Hayat, 2 0 06) . 

The procedures involved in the immunohistochemistry 

study include tissue preparation, blocking, incubation of 

antibodies and detection. The crucial steps of sample 

preparation contain the slicing of tissue, which is usually 
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accomplished through using a microtome, and the subsequent 

mounting of sections on slides. 

Non-specific background staining gives rise to false 

positive results. This background staining might be caused 

by the introduction of polyclonal serum to the tissue or 

delayed fixation of tissue (Hayat, 2006). The non-specific 

binding of antibodies to some background sites is mainly 

through hydrophobic and electrostatic forces. These 

bindings are usually uniform and can be reduced by blocking 

with normal serum (Hayat, 2006). In the case of using 

avidin-biotin detection system, to avoid avidin binding 

with endogenous biotin, the tissue section should be 

pretreated with unconjugated avidin because some tissues 

such as liver and kidney have endogenous biotin (McMahon, 

2008). When fluorescent dyes are used in the experiments, 

the autofluorescence from some tissues which can cause 

background should be considered and avoided. The best way 

to solve this problem is to view the tissue sections under 

a fluorescent microscope before the antibody incubation. If 

the autofluorescence is detected, the fluorescent labeling 

should be replaced with an enzyme or other labeling 

methods. 
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Following blocking, the sections on slide are 

incubated with primary antibody and the subsequent 

secondary antibody. During the incubation of primary 

antibody solution on the surface of the specimen, the 

antibody will bind to the target protein of interest. In 

the next step of incubation, secondary antibody will 

specifically recognize the primary antibody. Secondary 

antibody normally is covalently linked to either a small 

molecule (such as biotin) or a reporter enzyme such as 

horseradish peroxidase. When enzyme is used in the 

detection system, the localization of the primary antibody 

is visualized by adding a mixture of enzyme substrate (such 

as 3, 3'-diaminobenzidine - H202 - horseradish peroxidase 

method). If the small molecule linked to the secondary 

antibody is biotin, a labeling solution containing avidin-

peroxidase or avidin-FITC will be employed. Therefore, 

through the affinity of avidin for biotin, the enzyme or 

fluorescein is indirectly linked to the site where the 

primary antibody is bound on the sample surface. 

There are two methods to perform the 

immunohistochemical detection of antigens in tissue, the 

direct method and indirect method (Dabbs, 2006; Hayat, 

2006). The direct method involves the labeled antibody 
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(i.e. FITC-conjugated) directly reacting with the antigens 

in tissue section. Because only one antibody is used in 

this procedure, it is fast and easier. However, its 

sensitivity is pretty low due to little signal 

amplification and not suggested to be used since the 

occurrence of indirect method. The indirect method involves 

the reaction between primary antibody (unlabeled) and 

antigen in the tissue sections and the reaction between 

primary antibody and secondary antibody (labeled). This 

method is more sensitive due to signal amplification 

through multiple sites binding, such as Biotin-Avidin 

detection system. Avidin-biotin complex (ABC) method is one 

of the widely used techniques for immunohistochemical 

staining. Biotin-avidin system provides the highest 

sensitivity in fluorescence and enzyme-based detection 

(McMahon, 2008). Avidin usually tagged with peroxidase or 

fluorescein is a glycoprotein with a very high affinity for 

biotin. Biotin, a low molecular weight vitamin, can be 

coupled to a protein (usually antibody). Because many 

biotin molecules can coupled with a protein, and therefore 

the biotinylated antibody enables to bind with more than 

one molecule of avidin (McMahon, 2008). In this project, 

the staining of immunohistochemical sections is performed 
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using a biotinylated anti-human IgG directed toward the 

human IgG in the skin tissue, followed by FITC conjugated 

Avidin D. Compared with direct conjugation of a marker to 

an antibody, the biotiny-avidin system has several 

advantages. This strategy can improve sensitivity due to 

multiple sites binding. Secondly this method overcomes the 

problem of background fluorescence which is encounted in 

the use of heavily fluorescein-labeled or rhodamine-labeled 

antibody. These conjugates sometimes adsorb nonspecifically 

to tissues, while fluorescein-conjugated Avidin D does not 

(McMahon, 2008) . 

Physical Enhancement Techniques 

Microneedles 

The stratum corneum layer of the epidermis is the main 

barrier for the transport of most molecules through the 

skin. It could be bypassed by microneedles which can create 

micro-conduits in the skin and allow the drug molecules to 

cross the skin through the microchannels. Microneedles-

based delivery involves micrometer-scaled solid or hollow 

or polymer needles that painless pierce the stratum 

corneum. These creations can be employed to deliver 

medications in a variety of ways. For example, the solid 

microneedle arrays are applied to the skin surface, and 
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they create micron sized holes in the upper epidermis. 

These holes could then allow drug molecules delivery into 

skin. Some microneedles also can be fabricated into hollow 

type with hollow centers through which the drug molecules 

can pass into the skin. Some microneedles are designed to 

be precoated with a drug before being inserted into the 

skin. The drug could slowly dissipate into skin after being 

inserted. One of the recent studies revealed that the 

macroflux system (Alza Corporation), which incorporates a 

titanium microneedle array precoated with dermopressin, 

results in a bioavailability as much as 85% in humans 

(Cormier et al., 2004). Because these needles are so small, 

and such tiny structures can avoid pain caused by 

stimulating the nerves located in the dermis. In addition, 

due to the interruption of the stratum corneum by 

microneedles, in this case there is no concern about the 

polarity and molecular weight of delivered molecules. 

For the first time Henry et al. reported the 

application of silicon microneedles for transdermal 

delivery of calcein in 1998 (Henry et al., 1998). Since 

then, there has been an increasing interest in this field 

for pharmaceutical applications. Martanto et al. studied 

delivery of insulin in vivo using solid microneedles, and 
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demonstrated that microneedles can increase insulin 

delivery and thereby decrease blood glucose up to 80% in 

diabetic hairless rats (Martanto et al., 2004). The 

combination of microneedles and iontophoresis for 

transdermal delivery of oligonucleotide in vivo 

demonstrated that the combined approach can increase 

transdermal flux by 100-fold relative to iontophoresis 

alone (Lin et al., 2001). Another approach that has been 

investigated more widely is a hybrid delivery system 

comprising of hypodermic needle and transdermal patch 

(Coulman et al., 2 006). The pores in skin created by 

microneedles are big enough to permit the transport of 

macromolecules and even microparticles (Prausnitz, 2004). 

Microneedles are usually designed to penetrate down to 

dermal layer of skin, but not to reach and stimulate dermal 

nerves. Safety studies performed with microneedles ranging 

in length between 500-1500 um showed the pain induced by 

the microneedles is significantly lower when compared to 

hypodermic needles (Gill, 2006). 

In this project, a novel microneedle array made of 

maltose was tested. Microneedles were developed and 

supplied by Elegaphy (Otsu, Japan), which were mainly 

manufactured using maltose as base material. These needles 
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are designed for manual insertion into the skin. Once 

inserted in skin, the microneedle material is rapidly-

dissolved, but the created channels can stay open for long 

time especially if the treated area is occluded with a 

patch. These needles offer pain free, blood free and 

minimally invasive delivery to skin. Single layer consists 

of 27 needles and one array might incorporate multi-layers 

by parallel stacking of single layers to obtain the desired 

density of needles. The size of these needles can range 

from 2 00 pirn to 2 mm long based on the applications and 

preference. The characterization of maltose microneedles 

showed that the radius of the tip is around 3 xxm and each 

side length of the equilateral triangle in the base of a 

single needle is about 204.62 ± 7.19 /xm (Kolli et al. , 

2008) . In this project 200 /xm and 500 xxm long microneedles 

were used. 

Another microneedle device used in this project is 

DermaRoller™. DermaRoller™ system was developed by Horst 

Liebl Co. (Friesenheim, France) and patented in year of 

2000. DermaRoller™ is intended to enhance delivery of 

cosmeceuticals into the human skin. It can be repeatedly 

used over two years according to the released data from the 

company. The tiny microneedles on DermaRoller™ are able to 



27 

pierce the top layer of the skin without damaging it. The 

pores on the skin surface close again around one hour 

later. Using this device gently gives tickling feeling and 

is not painful. The maximum penetration point with a length 

of 13 0 + 2 0 /xm and a diameter of 8 0 /xm could be made in the 

skin by this device. This device is made of stainless 

steel. Model CIT 8 with length of 500 /xm and 192 needles in 

8 rows was used for the experiments. This device applied 

once on each skin area can produce microchannels in the 

density of about 16 microchannels/cm2. In human IgG delivery 

studies, the device was applied four times on each skin 

area, so the microchannel density was 64 microchannels/cm2. 

Salt Bridged Iontophoresis 

Iontophoresis associated transdermal enhancement is 

another non-invasive delivery system in which a substance 

carrying a charge is propelled into or across the skin by a 

low electrical current (less than 0.5 mA/cm2) . When an 

electric field is established between the skin and the 

transport of ions on both sides will occur through 

electromigration and electroosmosis, two main transport 

mechanisms during iontophoresis. Electromigration is the 

movement of small ions across the skin under the direct 

influence of electric field. Electroosmosis or convective 



28 

solvent flow in the anode-to-cathode direction is the main 

transport mechanism of uncharged molecules and/or high 

molecular weight cations, it is the consequence of the 

skin's net negative charge at physiological pH (Sieg et 

al., 2004) . Under the effect of an electrical field, a bulk 

solvent flow that carries neutral molecules through the 

skin will occur in the direction of anode-to-cathode, which 

is called electroosmosis. There are a couple of factors 

which affect the iontophoretic transport of molecules such 

as drug concentration, physicochemical properties of drug 

molecule, current density, time applied, molecular size and 

ionic competition. The delivery efficiency of a positively 

charged ingredient can be dramatically influenced by the 

presence of competitive ions such as Na+. If Ag/AgCl (Ag + 

CI" -> AgCl + e") electrodes are used in the iontophoresis, 

and the drug is not present as hydrochloride salt. CI" ions 

are required for the anodal electrochemistry. Chloride has 

to be provided by addition of NaCl and competitive ions 

(e.g Na+) are supplied. In order to reduce the number of 

competing ions such as Na+ in the formulation if Ag/AgCl 

electrodes are chosen in the iontophoretic transdermal 

delivery, a salt bridge device which is designed to connect 

the donor compartment with a physically separated anodal 
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compartment can be employed. Anodal compartment contains 

high concentration of NaCl (e.g. 200 mM) and very small 

amount of NaCl (e.g. 10 mM) or low concentration of ionic 

solution is retained in donor compartment to prevent 

fluctuation in voltage upon application of current. The 

tube of salt bridge is filled with 3% agarose gel 

containing 100 mM NaCl. A schematic graph of salt bridge 

setting is presented in Figure 1. This setting was 

evaluated in an iontophoretic transdermal delivery of YdR 

(H-Tyr-D-Arg-OH). It was reported that the absence of 

competitive ions resulted in a significant increase in YdR 

delivery, but did not affect the convective solvent flow 

(Abla, 2 005) . The usage of a salt bridge in iontophoretic 

transdermal drug delivery has the potential to provide a 

constant current maintained throughout the experiments 

(Merclin et al., 2004). In this project, this device 

combined with microneedles was employed to evaluate the 

syngestic effect in IgG percutaneous permeation. 

Sonophoresis 

Sonophoresis or phonophoresis is defined as a process 

of using ultrasound energy to enhance the skin permeation 

of active substances. Low frequency (beyond 2 0 kHz) of 
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sound is called ultrasound, which shows to enhance the 

transdermal transport of drugs. 

Ultrasound mediated transdermal drug delivery offers 

several advantages over the traditional administration 

methods, which is noninvasive and painless. Although 

significant attention has been paid to sonophoresis, the 

"Ag anode salt bridge filled 
with agarose gel, 10OmM NaCI 

10mMhlgGsol.,pH4 

AgCI cathode 

10 mM buffer 

Figure 1. A salt bridge setting in a vertical Franz cell 
system. 

mechanisms of improved transdermal transport are still not 

clearly understood. Upon ultrasound exposure, several 
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effects may occur in the skin, including cavitation, 

thermal effects, convective velocities, and mechanical 

effects. A possible effect of enhanced percutaneous 

transport by ultrasound is that cavitation (generation and 

oscillation of gas bubbles) might generate a rapid liquid 

flow within lipid bilayers, which allows the crossing of a 

hydrophilic drug or molecule (Mitragotri et al., 1995; Park 

et al., 2007) . Another mechanism is thermal effects 

(temperature increase), in which the ultrasound waves are 

absorbed by the skin and the energy is converted into heat. 

The increase in the skin temperature may increase the skin 

permeability because of an increase in the permeant 

diffusion coefficient (Mitragotri et al., 1995). Convective 

transport in sonophoresis is another effect. Fluid 

velocities generated during ultrasound exposure may affect 

transdermal transport by inducing convective passage of the 

permeant across the skin appendages such as hair follicles 

and sweat ducts. Mechanical stress in sonophoresis might 

have contribution to the enhancement of ultrasound. 

Mitragotri et al. (1995) investigated the possible 

mechanisms of sonophoresis and found that the cavitation-

induced lipid bilayer disordering was the main reason for 
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ultrasouic enhancement of transdermal penetration 

(Mitragotri et al., 1995). 

Ultrasound is applied to the skin by creating a 

contact between ultrasound transducer and the skin through 

a coupling medium. The coupling medium can be the same as 

the solvent used to dissolve the drug. It should act as a 

medium to transmit the ultrasound from the transducer to 

the skin. In this study, a coupling medium containing 1% of 

sodium lauryl sulfate (SLS) in PBS (pH 7.4) was used. 

Ultrasound has been used to enhance skin permeation of 

various active agents, including local anesthesia, anti

inflammatory drugs, anti-cancer drugs (Hikima et al., 1998) 

and even proteins such as insulin (Park et al., 2007). 

Mitragotri et al. (1995) reported that therapeutic 

ultrasound (1 MHz) does not induce transdermal transport of 

high molecular weight protein due to the inverse 

relationship between cavitation effect and ultrasound 

frequency. Therefore, they used low frequency ultrasound 

(20 kHz) to induce transdermal delivery of proteins, 

including insulin (MW=6,000), interferon y (-17,000) and 

erythropoietin (-48,000) (Mitragotri et al., 1995). Another 

report also suggests that low ultrasonic frequency (20 kHz) 

enhanced the transdermal transport of fentanyl and caffeine 
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across human and hairless rat skin (Boucaud et al., 2001). 

Similarly, a portable sonophoresis device with a low 

working frequency of 5 5 kHz has been employed in this 

project. 

Hair Follicular Delivery 

Anatomy of Hair Follicles 

The skin appendages include hair follicles, sebaceous 

glands and sweat glands. Follicles and sweat glands account 

only for approximately 0.1% of the skin surface area 

(Lademann et al., 2001), but they might play a very 

important role in percutaneous transport of substances. 

A hair has two distinct structures, the hair follicle 

in the skin and the hair shaft which extends outside the 

skin. An adult human is estimated to have a total 5 million 

hair follicles on the body. The hair follicle is buried 

deep in the dermis and is continuous with the epidermis 

(Bronaugh et al., 2002). Each hair grows from a follicle in 

the deep layer of the skin. The hair bulb sits in the 

subcutaneous tissue layer, and it is a structure of 

actively growing cells. The hair shaft is part of the hair 

that can be seen above the skin. It consists mainly of hard 

and dead cells (keratins) which is the same protein as 

found in nail and outer layer of the skin, and be 
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lubricated by sebum produced by the sebaceous glands of the 

follicles. The hair shaft has three layers. From the inner 

to outer, the layers are called medulla, cortex and the 

outer layer cuticle. The hair follicle is surrounded by two 

sheaths-an inner sheath and outer sheath. The outer root 

sheath (ORS) of follicles, which surrounds the hair 

follicle all the way to the tip of the bulb, is a 

multilayered structure mainly made up by keratinocytes. The 

inner root sheath (IRS) of follicles is a layered structure 

as well. It firmly anchors the hair into the follicles. The 

IRS ends at the sebaceous gland level and leaves only 

cortex and cuticle to protrude out of the epidermis. 

There are two main types of hair on the human body: 

terminal hair and vellus hair. Terminal hair is long, thick 

and dark; comparatively, vellus hair is short, thin and 

light colored. Terminal hairs only grow on the scalp and 

eyebrows, nowhere else. All the rest of the hair is vellus 

hair. Vellus hair is generated in a small hair follicle and 

only a large follicle can generate a terminal hair. 

Hair Follicle Parameters 

It is very important to have the knowledge of hair 

follicle density and size for the understanding of 

follicular penetration and permeation process. Otberg et al 
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(2004) determined the vellus hair follicle density, size of 

follicular orifice, amount of orifice of the skin surface, 

hair shaft diameter, and volume and surface of the 

infundibula on seven different skin areas including 

forehead, back, thorax, upper arm, forearm, thigh and calf 

region (Otberg et al., 2004). Their findings show that the 

average density is highest on the forehead with 292/cm2. The 

diameter of the hair follicle orifice was found to be 

smallest on the forehead with 66 micron and on the forearm 

with 78 micron. The highest percentage of follicular 

orifices on the skin surface was on the forehead. For the 

diameter of the hair shaft, it was found that the hairs on 

the calf region (42 micron) and thigh (29 micron) were 

significantly thicker than the other five regions. The 

forehead and calf region are highest in the volume of the 

follicular infundibula. The largest infundibula surface was 

found on the forehead with 13.7 mm2 on average. These 

findings together offer us a good knowledge of follicle 

parameters, and this is a prerequisite for the 

understanding of follicular penetration and permeation 

process. With a thorough knowledge of hair follicles, the 

development and optimization of drugs and cosmetics for 

topically delivery into hair follicles can be achieved. 



Follicular Delivery 

Because hair follicles and sweat glands only occupy a 

small area of the skin surface, the transappendageal route 

via both the sweat glands and hair follicles with their 

associated sebaceous glands is often underestimated. 

However, recent studies show that pilosebaceous unit, 

comprising of hair follicle and sebaceous gland may 

contribute a lot to the transdermal delivery (Singh et al. 

2000). Feldemann and Mailbach concluded that greatest 

absorption of some compounds occurred at sites with highes 

follicular density (Feldmann, 1967). To date, the major 

limitation in studying follicular pathway is due to the 

lack of an adequate animal model that can distinguish 

transfollicular from transepidermal transport (Weiner, 

1998; Singh et al., 2000). However, there is an increased 

interest in this pathway with regard to the potential 

applications for treating some hair follicle-associated 

diseases and hair growth abnormalities. 

The earlier studies of follicular penetration were 

focused primarily on qualitative, histological studies of 

dye and fluorophore localization in the hair follicles 

(Weiner, 1998). Li and Hoffman (1997) demonstrated that 

liposomes entrapped with calcein or melanin can be 
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topically delivered into the hair follicles and hair shafts 

on mice (Li et al., 1997). Lieb et al. (1997) concluded 

that antisense oligonucleotides linked with a fluorescein 

and rhodamine-conjugated dextrans have the potential to 

penetrate into hair follicles via the junction of the 

internal and external root sheath (Lieb et al., 1997). 

Lademann et al. (2007) showed dye-containing nanoparticles 

penetrate much deeper into the hair follicles and were 

stored in there up to 10 days (Lademann et al., 2007). The 

recent studies have been changed to quantitative assessment 

of compounds in the hair follicles such as using 

cyanoacrylate skin surface biopsies and tape stripping 

technique (Teichmann et al., 2005). 

Recent reports suggest that microparticles or 

nanoparticles also play an important role in follicular 

penetration (Lademann et al., 2001; Toll et al., 2004). The 

investigation of Rolland et al. (1988) has shown that the 

size of microspheres is a significant variable in 

intrafollicular delivery (Rolland et al., 1993). Their data 

showed that the size range of 3-10 micron is optimum for 

selectively passage into follicular canal. The particles 

with size less than 3 micron were observed in the 

superficial layers of the stratum corneum. In contrast, 
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when the particles are larger than 10 micron, they do not 

enter into the follicles or the stratum corneum and only-

stay on the skin surface. To date, several delivery systems 

involving follicular targeting have been developed (see 

Table 1). Apparently, liposomes have been shown to target 

drug delivery to the hair follicles in a growing number of 

topical studies (Lieb et al., 1997; Weiner, 1998; 

Tabbakhian et al., 2006). 

As mentioned previously, microspheres with appropriate 

size (less than 10 micron) have the potential to target and 

accumulate in the hair follicles. As compared with 

liposomes, microspheres offer several advantages: 

controlled release of the active compound, good stability 

and selectively into follicular infundibulum (Vogt et al., 

2005). Building on these findings, the microspheres loaded 

with fluorescent dye (FITC) with the good size range 

(around 7 micron) have been utilized in our studies. 

Enhancement of Iontophoresis in Follicular Delivery 

The epidermis of the skin is disrupted by pores, 

particularly those of the sweat glands, as well as those of 

the hair follicle and sebaceous glands (Costello et al., 

1995). Low voltage electric enhancement by iontophoresis 

make ion transfer occurs primarily through these pores. A 
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couple of studies have shown that hair follicles act as 

channels for the iontophoretic transport of different 

molecules (Uitto et al., 2003). Thus, the combination of 

microspheres and iontophoresis has been used for 

specifically follicular targeting in this project. 

Table 1. Follicular delivery systems 
Delivery 
system 
Liposome 
Liposome 
Liposome 
Liposome 

Liposome 
Liposome 
Liposome 

Liposome 

Novasome I 

Non-ionic 
liposome 
Nanopar tides 
Nanoparticles 

Liposome and 
noisome 

Drug 

carboxyfluorescein 
Calcein, melanin 
Ant i-androgen 
MAb against 
doxo rub i c i an 
T4 endonuclease 
DNA 
Lac-Z-reporter 
gene 
Melanin, genes, 
protein and small 
molecule 
a - interferon, 
cyclosporine 
Cimetidine 

Fluorescein 
Fluorescein 

finasteride 

Authors 

(Li et al., 1992) 
(Li and Hoffman, 1997) 
(Bernard et al., 1997) 
(Balsari et al., 1994) 

(Yarosh et al., 1994) 
(Li et al., 1993) 
(Li et al., 1995) 

(Lieb et al., 1997) 

(Niemiec et al., 1995) 

(Lieb et al., 1994) 

(Lademann et al., 2007) 
(Alvarez-Roman et al. , 
2004) 
(Tabbakhian et al., 
2006) 

Future Prospects 

Singh et al. stated that liposomes or microspheres are 

capable of targeting a wide range of active compounds in 
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hair follicles, including macroraolecules such as 

antibodies. Targeting the active ingredient in the hair 

follicles may contribute a lot to the therapy in treating 

follicles associated disease such as alopecia or even 

cancer. Besides being used for local delivery, systemic 

delivery via hair follicles may be achieved (Singh et al. , 

2000). Therefore, follicular pathway may serve as a good 

alternative for local delivery of biopharmaceuticals in 

forthcoming future. 

Hanging Drop Screening 

Hanging drop is a technique of hanging a drop of 

liquid on the undersurface of the object glass (glass 

slide) for examination under the microscope (Pelczar et 

al., 1965) . This technique is the most popular method in 

the study of crystallization of macromolecules. 

Protein solubility is the main concern for liquid 

state, especially in NMR studies. To identify solvent 

conditions in NMR studies, one general approach is to 

exchange the protein into different solutions, and then the 

solubility of protein in these conditions is assessed. Once 

the buffer concentration and pH have been optimized, the 

addition of salt, reducing agents, glucose and detergents 
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is empirically decided. The disadvantage of this empirical 

approach is that the combination of different excipients, 

or combination effects of different factors is not taken 

into account. Hence, an effect method for screening various 

protein formulations need to be developed. In this study, a 

simple method (hanging drop) of screening solution 

conditions for optimizing human IgG solubility will be 

used. 

The first step in protein study is to identify the 

solubility and stability of protein in the buffer 

conditions. Protein solubility can be affected by many 

factors, such as salt concentration, buffer pH, presence of 

preservatives, and the addition of other excipients. One 

approach to identify the solubility of protein is using 

methods developed for protein crystallization hanging 

drop. Briefly, a few microliters of protein solution are 

mixed with an almost equal amount of reservoir solution. 

One drop of this mixture is put on a glass slide which 

covers the reservoir with drop side towards the reservoir. 

The reservoir tested reagents are placed in the wells of a 

Linbro plate. Since the concentration of reagent in the 

drop is lower than the reservoir, evaporation of water from 

drop to reservoir will occur. In other words, solvent will 
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diffuse out of the drop until the ionic strength in the 

drop is approximately the same as the reservoir solution 

(Lepre et al., 1998). The occurrence of precipitation is 

monitored by light microscopy; protein precipitation is 

obvious as clouding of the solution. If the buffer 

environment favors the solubility of the dissolved protein, 

precipitation is occurring slowly; otherwise fast 

precipitation will be developed upon exposure to different 

solvent environments. In this technique study, two terms 

need to be clarified, one is protein aggregation and 

another is protein precipitation. Protein precipitation is 

basically the removal of protein molecules from the 

solution. This can be achieved by many approaches, such as 

the addition of salt. In the protein purification, the 

first step is to precipitate the proteins out by adding 

salt. In this process, salt takes away the water molecules 

surrounding protein. As a result, the protein molecules 

have more chance to get together. Therefore, this 

phenomenon does not imply changes in protein folding, even 

though this is not entirely true because some protein 

precipitation methods do induce protein unfolding. On the 

contrary, protein aggregation is directly related with 

protein mis-folding, to a great extent it is the 
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denaturation of proteins. Protein aggregation is classified 

into soluble and insoluble aggregation. The soluble 

aggregates are hard to visualize and they are usually-

reversible and are able to change back to nature states. 

Insoluble aggregates on the other hand can be easily seen 

as precipitates in the solution. The mis-folded protein in 

the solution may not be seen as soluble status due to 

hydrophilic or low concentration of aggregates. Hence, the 

formulation screening by using hanging drop method is 

perfectly fine because the precipitation of protein in drop 

after evaporation does not indicate any information of 

protein unfolding (denaturation). 

A few protein solubility studies have shown that 

hanging drop technique is a very effective method to screen 

solvent conditions for optimizing protein solubility (Bagby 

et al., 1997; Lepre and Moore, 1998; Howe, 2004; Jancarik 

et al., 2004) . This method permits screening a variety of 

conditions, and subtle combinations of conditions, compared 

using conventional procedures. Thus, this technique offers 

high efficiency of screening solvent conditions, defined as 

the number of sample conditions studies per unit amount of 

protein (Lepre and Moore, 1998). 



CHAPTER 3 

IN VITRO TRANSDERMAL DELIVERY OF THERAPEUTIC ANTIBODIES 

USING MALTOSE MICRONEEDLES 

Abstract 

Purpose. This chapter investigates the microneedle 

mediated in vitro transdermal delivery of human IgG as a 

model protein and demonstrates its applicability to deliver 

a monoclonal antibody. 

Methods. Microchannels created by the treatment of 

maltose microneedles in full thickness hairless rat skin 

were visualized using methylene blue staining. Cryostat 

sections were prepared and stained using hematoxylin and 

eosin to locate the depth of penetration. In vitro 

penetration studies were conducted using freshly excised 

full thickness hairless rat skin and various parameters 

like needle length, number of needles and effect of donor 

concentration were examined. Pathway of IgG transport 

across the skin breached by microneedles was confirmed by 

immunohistochemical (IHC) studies. A monoclonal antibody 

was delivered under optimized conditions. 

44 
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Results. Methylene blue was taken up by microchannels 

indicating disruption of the stratum corneum and 

cryosections showed that microneedles just reached the 

dermis. Human IgG delivery increased with increase in 

arrays of microneedles, concentration and length of 

microneedles. IHC studies demonstrated that IgG follows 

microchannels for transport across the skin. Transdermal 

delivery was also demonstrated for the monoclonal antibody. 

Conclusion. Maltose microneedles provide a means for 

the transdermal delivery of macromolecules. 

Introduction 

Oral administration of proteins is therapeutically 

desirable but unlike conventional drug molecules, oral 

administration of proteins encounters significant 

proteolytic degradation and absorption barriers. Currently, 

proteins are mostly administered by parenteral 

administration but non-invasive routes of administration 

are desirable. One approach that has been investigated is 

the delivery via skin (McAllister et al., 2003; Levin et 

al., 2 005; Meidan et al., 2 0 05; Schuetz et al., 200 5; 

Coulman et al., 2006). Proteins, being hydrophilic 

macromolecules, do not passively permeate across the skin; 

some enhancement strategies are needed to enable protein 
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delivery into and across the skin. One such enhancement 

strategy is iontophoresis but delivery may be limited to 

proteins with a maximum molecular weight of 10-15 kDa 

(Banga, 2006b). For larger molecules, one possible 

minimally invasive approach is the physical disruption of 

stratum corneum by a variety of means such as 

radiofrequency ablation (Birchall et al., 2006), thermal 

microporation (Badkar et al., 2007), or usage of 

microneedles (Coulman et al., 2006; Banga, 2006a). 

Application of microneedles for transdermal delivery 

was first reported in 1998 (Henry et al., 1998). Since 

then, there has been an increasing interest in this field 

for pharmaceutical applications. Transdermal delivery of 

insulin in vivo was studied using solid microneedles, and 

it was demonstrated that microneedles increased insulin 

delivery and thereby decreased blood glucose levels in 

diabetic hairless rats (Martanto et al., 2004). 

Microneedles were combined with iontophoresis for 

transdermal delivery of an oligonucleotide in vivo and 

authors demonstrated that the combined approach increased 

transdermal flux by 100-fold relative to iontophoresis used 

alone (Lin et al., 2 0 01). Another approach that has been 

investigated more widely is an integrated delivery system 
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comprising of a hypodermic needle and a transdermal patch 

(Coulman et al., 20 06). 

The development of microfabrication techniques makes 

it possible to produce suitable microneedles for 

inexpensive mass production. In addition to solid 

stainless-steel microneedles, a number of other types have 

been designed including hollow needles through which the 

drug can be administered into skin, and microneedles that 

have been precoated with drug for dissolution upon 

application. 

A purified human immunoglobulin, IgG, with a MW of 

about 15 0 kDa was employed as the model drug for 

macromolecules. This is the first report on the delivery of 

a 150 kDa macromolecule using soluble microneedles through 

the skin. Initial studies were conducted with human IgG and 

once factors affecting delivery were optimized, a 

monoclonal antibody was further studied for the 

applicability of microneedles for delivering other 

macromolecules. 

Materials and Methods 

Materials 

Microneedles were developed and supplied by Elegaphy 

Inc., (Otsu, Japan). Purified human IgG, goat serum, avidin 
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and biotin were purchased from Sigma (St. Louis, MO, USA). 

Monoclonal antibody of IgG was provided by Pfizer Inc., 

(Chesterfield, MO, USA) . Biotinylated anti-human IgG (H+L) , 

vector aqueous anti-fade fluorescent mounting medium, and 

FITC-Avidin D were purchased from Vector Labs (Burlingame, 

CA, USA). Hematoxylin, eosin, phosphate buffered saline and 

polysine microscope slides were purchased from Fisher 

Scientific (Pittsburgh, PA, USA). 

Hairless rats were obtained from Charles River 

(Wilmington, MA, USA) and were housed in the animal 

facility at Mercer University until used. Study was 

approved by the Mercer University IACUC Committee. 

Visualization of Microneedles and Microchannels 

To facilitate imaging studies, skin treated with 500 

um long microneedles was stained with methylene blue for 2 

min. It was rinsed quickly with PBS (pH 7.4), and excessive 

stain was removed using alcohol swabs (Birchall et al., 

2006) . 

Pictures of microneedles before treatment and pictures 

of the stained skin following pretreatment were collected 

using a digital camera (Canon, USA) or a video microscope 

(Hi-Scope KH2200, Hirox Co., Japan). A control was employed 

to demonstrate that the skin disruption is due to the 
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microneedles alone and not due to pressure resulting from 

the insertion procedure. For this, an empty microneedle 

base with all the needles removed was pressed onto the skin 

with the same pressure as with the microneedles. 

Microneedles were also examined using field emission 

scanning electron microscope (Hitachi, S4100, Japan) 

integrated with a critical dimension measurement system. 

Primary beam accelerating voltage was 15 kV and secondary 

ion images were collected. 

Histology of Micro-Conduits within Skin 

Freshly excised full thickness hairless rat skin 

treated with 500 pm long microneedles was stained with 

methylene blue for 2 min, rinsed in PBS to wash off the dye 

and excess dye was further cleaned using alcohol swabs. The 

skin tissue was subsequently embedded in OCT medium snap 

frozen in liquid nitrogen and stored overnight at -8 0°C. The 

cryosectioning of frozen tissue was performed using a 

cryomicrotome (Histostat Cryostat Microtome, Buffalo, NY) 

to produce skin sections with thickness measuring between 8 

and 12 um. These were then stained with hematoxylin and 

eosin (H&E), and the images were examined using a 

microscope. 

In Vitro Studies 
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Microneedles (500 or 200 um long) were used for the in 

vitro studies. They were stacked in layers to obtain the 

desired microneedle density. Single layer of 500 urn long 

microneedles contained 27 needles per layer and can be 

stacked in two or three parallel layers to give 54 and 81 

microneedles per assembly, respectively. A single layer of 

200 um long microneedles contained 48 microneedles per 

layer. 

Full thickness skin freshly excised from hairless rats 

was manually inserted with maltose microneedles using a 

force of about 250 gm monitored on a weight balance. Once 

the needles were inserted into skin, the cardboard base of 

microneedles was then held straight in position for 1 min 

to allow the microneedles to dissolve in the skin. 

Following insertion, the cardboard was observed under a 

stereomicroscope (LEICA MZ6, 6.3 x ~ 40 x) to make sure all 

the needles were inserted into the skin. The maltose 

microneedles dissolved immediately but the channels 

remained open for at least 24 hr when covered with a drug 

solution (unpublished data). Treated skin was then mounted 

on static type Franz diffusion cells having a diffusion 

area of 0.64 cm2 (PermeGear, Bethlehem, PA). Donor solution 

was composed of human IgG solution (1-60 mg/ml in phosphate 
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buffer pH 7.4) and the receptor compartments contained 5 ml 

phosphate buffer (pH 7.4). Receptor cells were maintained 

at 3 7°C under stirring. Influence of various parameters like 

the number of microneedles (single layer with 27 needles or 

two layers with 54 needles), length of the microneedles 

(200 um and 500 urn) and donor concentration (1, 5, 10, 20, 

40 and 60 mg/ml) on the transdermal delivery of human IgG 

were investigated. Skin treated with just the cardboard 

base of the microneedle holder without microneedles served 

as pressure control for the experiments. All the studies 

were performed using purified human IgG except for the 

study in which human monoclonal antibody was used. 

Aliquots of 500 ul were collected at various time 

intervals from the receptor and immediately replenished 

with the same volume of receptor solution. The samples were 

stored in a refrigerator until they were analyzed. The 

amount of IgG diffused was determined by quantifying the 

samples using ELISA. All the in vitro studies were 

performed in triplicate unless otherwise mentioned and 

results were presented as mean ± S.E. 

Quantitative Analysis 

Samples were analyzed using sandwich ELISA (Human IgG 

ELISA quantitation kit, Bethyl Laboratories, Inc., 
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Montgomery, TX, USA). Briefly, 96-well plates (Nunc -

Immuno Module, Nalge Nunc International, Kaysville, UT, 

USA) were coated with 100 ul/well of goat anti-human IgG 

antibody (10 ug/ml in coating buffer) and incubated at room 

temperature for 1 hr. The plates were washed three times 

with wash solution (50 mM Tris containing 0.14 M NaCl and 

0.05% Tween 20, pH 8.0) and then blocked using blocking 

solution (50 mM Tris containing 0.14 M NaCl and 1% BSA, pH 

8.0). The plates were washed again three more times and 

incubated with 100 pi of test sample for 1 hr, (samples 

were diluted appropriately where needed) followed by five 

subsequent washings. HRP-conjugate antibody (100 ul) was 

then added and incubated for 1 hr at room temperature. 

Later, 100 ul of substrate (TMB, Sigma) was added and 

further incubated for 5-30 min, and the reaction was 

terminated by the addition of 2 M H2S04. Absorbance was 

measured at 450 nm using an ELx 800 UV microtiter plate 

reader (Bio - Tek Instruments, Winooski VT, USA). 

Extraction of IgG from Skin 

Amount of drug retained in the skin following in vitro 

study provides an indirect evidence of amount permeated 

through the skin during the study. The skin pieces (n=3) 

were collected after the completion of the in vitro study. 
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The area of the skin exposed to the drug was isolated and 

washed three times, each for 20 min with PBS (pH 7.4). The 

skin portion was then tape stripped twice using Transpore 

tape (3M, St. Paul, MN, USA) to remove the surface bound 

IgG; cut into small pieces and transferred into a vial 

containing 0.5 ml of PBS buffer and homogenized over ice 

using a homogenizer (OMNI International, Marietta, GA, 

USA). The resulting suspension was centrifuged at 10,000 

rpm for 10 min while maintaining a temperature of 4°C and 

the supernatant was analyzed by ELISA as mentioned in the 

earlier section. 

Extraction efficiency of human IgG from skin was 

determined by superficially injecting 50 pil of human IgG 

(0.5, 1.0, and 2.0 /xg/ml) into skin pieces (n=3 for each 

concentration) and allowing to stand for 3 hours at room 

temperature. Following equilibration, skin pieces were 

homogenized over ice in PBS buffer (pH 7.4) and centrifuged 

at 4°C at 8000 g for 10 minutes. Samples were then analyzed 

by ELISA and recovery was calculated to be 73.6 ± 4.1%. 

Immunohistochemical Studies 

Hairless rat skin collected following the in vitro 

study was frozen and sections were prepared for IHC 

studies. Before staining, frozen sections were thawed to 
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room temperature and fixed over ice cold acetone for 5 min 

and later air dried for 3 0 min. Skin sections were then 

rinsed twice with washing buffer (PBS pH 7.2 containing 

0.05% Tween 20) for 2 min each and later normal serum 

blocking was performed. Since this study involves avidin-

biotin system, avidin/biotin blocking was performed after 

normal serum block. Sections were washed thrice in washing 

buffer for 2 min each and then incubated in biotinylated 

anti-human IgG solution (1:500 in PBS with pH 7.2) for 1 hr 

at room temperature. They were rinsed thrice in buffer for 

2 min each and were then incubated in FITC-Avidin D in PBS 

(pH 7.2) solution for 1 hr at room temperature while 

protecting slides from light. It was again rinsed thrice in 

washing buffer for 2 min each, mounted with vector aqueous 

anti-fade fluorescent mounting medium and slides were 

examined using a fluorescent microscope (Leitz Fluovert 

Wetzar, Germany; x 25 ). 

Results 

Visualization of Microneedles and Microchannels 

Figure 2 (A) is a video microscope picture of single 

layer maltose microneedles and a further magnified image of 

individual microneedles was obtained by scanning electron 

microscopy and presented in Figure 2(B). These pictures 
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show intact needles spaced uniformly along the cardboard 

base. 

Microchannels created in the skin can be visualized 

through their ability to uptake methylene blue marker 

(Birchall et al., 2006). Figure 2 (C) is a picture of full 

thickness hairless rat skin stained with methylene blue 

following treatment with six layered microneedles. Areas of 

the skin breached by microneedles took up the dye. There 

was no evidence of any damage caused by the base of the 

microneedles. All the layers and almost all of the 

microneedles penetrated the skin as seen in Figure 2(C). 

Figure 3(A-C) show cryosections of skin pretreated with 

microneedles. The skin portions around the microchannel 

maintained normal structure with intact stratum corneum 

[Figure 3(A)] whereas the microchannel [Figure 3(B-C)] was 

seen as deep indentation with disrupted stratum corneum at 

the base, extending through the epidermis and just up to 

superficial dermal layer. Also, localization of tissue blue 

could be observed at the base of microchannels. Figure 3(D) 

is the SEM image (primary accelerating voltage used was 10 

KV) of the cryosection where the microchannel can be 

clearly visualized here as an indentation along the normal 

skin. 
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Effect of Microneedle Layers 

The microneedles employed in these studies have 27 

needles per layer and were stacked in parallel layers to 
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Figure 2. (A) Single layer microneedles as seen by a video 
microscope. (B) SEM image of a portion of single maltose 
microneedle layer with needle length of 500 um. (C) 
Photomicrograph of methylene blue stained skin treated with 
six layers of microneedles stacked in parallel. 

result in desired pore density. The effect of increasing 

number of layers and thereby pores on the delivery of IgG 

(500 ul, 20 mg/ml) is shown in Figure 4. Following 

pretreatment, the steady state flux increased from 66.7 



ng/cm2/hr with single layer to 660 ng/cm2/hr with two layer 

of 500 um long microneedles. 
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Figure 3. (A) Histology of unstained cryosection of 
microneedle treated rat skin, in magnified view. (B) Blue 
at the bottom of pore indicates the methylene blue 
staining. (C) H &E stained cryosection following 
pretreatment. (D) SEM image of skin section following 
treatment with microneedles. 

Effect of Drug Concentration 

The influence of drug concentration on transdermal 

delivery was also determined (Figure 5). In this specific 
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study, skin was pretreated with two-layered maltose 

microneedles and 200 pi IgG (1, 5, 10, 20, 40 or 60 mg/ml) 

was applied to each donor. Increasing IgG transport with 

increased concentration of drug in donor was observed up to 

20 mg/ml concentration. A maximum flux of 17 9 ng/cm2/hr was 

achieved for the 2 0 mg/ml concentration. Though the mean 

cumulative amount and steady state flux with 4 0 mg/ml as 

0 5 10 15 20 25 

Time (hr) 

Figure 4. The in vitro permeation profile of human IgG (500 
ul, 20 mg/ml) across skin following treatment with single-
layer (-•-, 27 needles, 500 um long) or two-layers (-•-, 54 
needles, 500 um long) of maltose microneedles and cardboard 
base without microneedles serving as pressure control (-A-) 
(Mean ± SE) (n=3). 

donor were less than that of 2 0 mg/ml and 6 0 mg/ml (with 

big standard deviation) as donor concentration were higher, 



the difference was found to be not statistically 

significant (P<0.05). 
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Figure 5. Cumulative amounts of human IgG permeated and 
steady-state flux across hairless rat skin pretreated with 
two-layered microneedles (54 needles, 500 urn long) during 
24 hr of transdermal delivery with 200 ul of donor at 60, 
4 0 mg/ml, 20 mg/ml, 10 mg/ml, 5 mg/ml or 1 mg/ml of human 
IgG concentrations (Mean ± SE) (n=3). 

Effect of Microneedle Length 

The influence of microneedle length on IgG delivery 

was investigated (Figure 6). Single-layer microneedles with 

200 um or 500 urn in length were inserted twice on each skin 

piece and a 500 ul of 20 mg/ml IgG was used as donor 
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solution. The results show that length of needles has an 

effect on the delivery. Briefly, when the length of needle 

was increased from 200 to 500 urn, steady state flux changed 

from 27.07 ng/cm2/nr to 102.09 ng/cm2/hr. 
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Figure 6. The effect of microneedle arrays having different 
length/number of microneedles on IgG permeation in vitro: 
Microneedles with 500 urn long MN (-•-, single layer with 27 
needles, insertion twice) and 200 urn long MN (-•-, single 
layer with 48 needles, insertion twice) were compared to 
control (-A-). hlgG was 500 ul of 20 mg/ml in donor cell. 
(Mean ± SE) (n=3). 

Extraction of IgG from Skin 

Skin extractions were carried out following in vitro 

study to estimate the amount of IgG retained in the skin 
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(Figure 7). Results show that skin retention of IgG was 

high (31.4 + 7.6 ug/g) when skin was treated with 500 urn 

long microneedles as compared to similar treatment but with 

200 um long microneedles (17.0 + 5.3 ug/g). 
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Figure 7. Extraction of human IgG from exposed area 
following in vitro study across hairless rat skin treated 
with microneedles following passive delivery. 

Immunohistochemistry 

Figure 8(a-b) show fluorescent micrographs of IgG 

permeation pathways in hairless rat skin pretreated with 

microneedles. Figure 8(a) indicates that IgG is transported 
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down through the microchannel and Figure 8(b) shows IgG 

diffused out radically into the surrounding epidermal 

tissue. Dark areas without any fluorescence indicate 

absence of IgG. 

Figure 8. IHC micrographs of permeation pathways for IgG in 
hairless rat skin, following treatment with 500 urn 
microneedles. IgG is transported down through the stratum 
corneum into the epidermal tissue through the microchannels 
exclusively (bright areas). Dark areas indicate lack of 
fluorescence. 

In Vitro Transdermal Delivery of Monoclonal Antibody 

In all the previous mentioned studies, purified human 

IgG was used as a model drug for large proteins in 

transdermal delivery, and later the feasibility of 

microneedle mediated transdermal delivery was further 

investigated using a human monoclonal antibody IgG to 

demonstrate the applicability of this technique for 
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delivery of macromolecules. Figure 9 represent the 

penetration profile of the monoclonal antibody through 

hairless rat skin treated with three single layer needles 

(81 pores in total). Significant enhancement in transdermal 

delivery following pretreatment with microneedles as 

compared to passive was observed. The steady state flux was 

269.5 ng/cm2/hr following microneedles pretreatment. 

Comparison between Different Physical Enhancements 

In vitro transcutaneous permeation of human IgG 

enhanced by two-line maltose microneedles, ultrasound and 

iontophoresis was performed and compared each other (Figure 

10). The results of cumulative amount at 24 hr suggested 

using microneedles resulted in highest IgG delivery (6163 ± 

865 ng/cm2) and the application of ultrasound (55 kHz for 90 

sec) increased IgG permeation at 24 hr with cumulative 

amount of 3052 + 1735 ng/cm2. Comparatively, iontophoresis 

(0.5 mA/cm2 for 4 hr) alone hasn't enhanced the percutaneous 

permeation of human IgG due to big molecular weight of this 

protein. 

Salt Bridge Iontophoresis 

The previous study showed regular iontophoresis can 

not increase skin permeability of human IgG. Therefore, in 

this experiment the combination of microneedles and salt 
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bridge iontophoresis was used (Figure 11). The setup of 

salt bridge iontophoresis was performed according to the 

guideline in a literature (Abla, 2005). Briefly, the 

purpose of using a salt bridge in the iontophoresis is to 

reduce the number of competing ions in the formulation. The 

current flowed from anode to the donor through a salt 

bridge. Two formulations with different pH values were 

studied, one is sodium chloride solution with pH (7.1) 

close to the pi value of human IgG and one is pH 4 acetate 

buffer. Figure 11 illustrates the effect of salt bridge on 

the iontophoretic delivery of human IgG. By comparing with 

microneedles alone, the permeation enhancement of the 

combination was due to the application of salt bridge 

resulting in reduced competition. pH of formulation has a 

significant effect on the electromigration of molecules. 

When formulation pH is close to the pi range of a protein, 

the electromigration of molecules is reduced because the 

protein carries no net charge. As a result, human IgG in pH 

4 acetate buffer was positively charged and propelled by 

anodal electrode through microporation created by 

microneedles to cross the skin. In sodium chloride 

solution, protein molecules were not charged and 

electromigraton had no effect but electroosmosis did. 
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Discussion 

Delivery of purified human IgG and a monoclonal 

antibody in vitro across hairless rat skin was investigated 
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Figure 9. In vitro transdermal delivery of the model 
monoclonal antibody (500 ul of 5 mg/ml) after skin was 
treated with single line microneedles inserted three times 
(81 needles in total) (-A-), and treatment with base 
without microneedles that serves as pressure control (-•-) 
(Mean ± SE) (n=3). 

and direct visualization of IgG in the microchannels was 

possible with immunohistochemical studies. Ability of the 

microneedles to create the microchannels in the skin was 



66 

confirmed from methylene blue staining which could stain 

the microchannels created by microneedles. Intact skin with 

hydrophobic stratum corneum cannot take up the hydrophilic 

low molecular weight methylene blue but once the skin is 

breached due to pretreatment with microneedles, integrity 

of stratum corneum is lost and methylene blue diffuses 

through the newly created microchannels in the skin. 

The maltose microneedles had tips that were sharp 

enough (3 urn) to pierce the stratum corneum for creating 

microchannels. Davis et al. measured and predicted the 

insertion force and fracture force of microneedles, results 

showed that insertion forces of 10-300 gm were sufficiently 

low to permit insertion by hand (Davis et al., 2004). 

However, this insertion force is greatly dependent on the 

sharpness of the microneedle tip. In our study about 250 gm 

of insertion force was sufficient enough for manual 

insertion of microneedles into the skin to ensure complete 

penetration. 

The deep indentation observed (Figure 3) was a result 

of applied pressure during the insertion of microneedles. 

Pressure applied first indents the skin because of the 

elastic nature of skin and after a sufficient pressure is 

applied, penetration of the needles into the skin occurs. 
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This results in only a part of the microneedle penetrating 

through the stratum corneum and our observation 
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Figure 10. Comparison of delivery amount between different 
enhancement techniques. 2 0 mg/ml human IgG was used for all 
instances. 

regarding effective depth of penetration of microneedles, 

was consistent with earlier reports in the literature 

(Martanto et al., 2006). The depth of penetration was just 

sufficient to reach the superficial dermal layer. 

Increased delivery with increased number of 

microneedle layers shows the effectiveness of stacking 

microneedles in parallel to increase the number of pores 
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per unit area. Control experiments conducted (Figure 4 and 

Figure 9) indicate that IgG did not permeate through skin 
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Figure 11. Transdermal permeation of human IgG in vitro by 
triple-line microneedles alone (A), the combination of 
triple-line microneedles and salt-bridge ITP with 10 mM 
sodium chloride solution at pH 7.1(*) and 10 mM acetate 
buffer at pH 4 (•). ITP (0.4 mA/cm2 for 6 hr) and 5 mg/ml 
IgG was applied to hairless rat skin. 

just because of pressure applied by the microneedle holder 

but the delivery was due to the microneedles causing 

microscopic channels for transport. This offers an 

additional parameter in addition to drug concentration and 

patch size for optimizing the drug delivery. 

Enhanced transdermal IgG transport was observed with 

increase in donor concentration up to a particular 
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concentration following pretreatment with microneedles. 

Assuming 250 microneedles per cm2 of skin and a linear 

extrapolation of flux, a flux of about 12 ng/hr/pore can be 

extrapolated to a delivery of 0.72 mg over 24 hours using a 

10 cm2 patch. This flux could be sufficient for potential 

dermatological indications of monoclonal antibodies. More 

importantly, this shows feasibility of delivery of 

macromolecules across microporated skin. Further increase 

in flux should be possible with optimal formulation and 

device design. However, when the donor concentration was 

above 2 0 mg/ml, IgG delivery did not increase. This may be 

due to saturation of the boundary layer relative to the 

donor solution after which the transport becomes 

independent of concentration. 

Microneedle arrays having different length/number of 

maltose microneedles affected transdermal delivery of IgG, 

with 500 urn long microneedles delivering more IgG across 

skin compared to 200 urn counterparts. This was consistent 

with reports by Widera et al. who investigated the 

influence of needles with length of 225, 400 and 600 urn on 

delivery of ovalbumin in vivo, and demonstrated that the 

needle length has an effect on delivery into the skin 

(Widera et al., 2006). However, since the number of 
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microneedles in the array also changes as the length 

changes, this is not a clear comparison. In this study, 

though 200 um long microneedles have 48 microneedles in a 

layer, it is possible that most of them might not have 

pierced the skin or at least not pierced to a depth 

sufficient to increase the transport of molecules. These 

shorter needles were observed to be less sturdy 

mechanically which may also be a contributing factor. The 

lower delivery was also confirmed from the skin extraction 

data (Figure 7) that shows increased skin localization of 

IgG with 500 um long microneedles as compared to 200 um. 

IHC has been used by researchers to demonstrate the 

localization of growth hormone binding protein in rats 

(Lobie et al., 1992) and this technique has also been used 

to determine the growth hormone receptor in squamous cell 

carcinoma of the skin (Stanimirovic, 2004). Our results 

demonstrate the applicability of IHC to visualize the 

localization of human IgG around the microchannels. The 

transport of IgG appears to have taken place exclusively 

through microchannels created by microneedles (Figure 8 a-

b). Fluorescence was observed primarily in the areas 

surrounding the microchannels. Fluorescence was not 

observed in the follicular shafts or the areas away from 
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microchannels where the stratum corneum remained intact. 

Therefore, these studies support our earlier observations 

that transport of IgG across the skin takes place through 

microchannels created by microneedles. 

The enhanced transdermal delivery was also 

demonstrated for the monoclonal antibody. It was shown that 

flux (269.53 ng/hr/cm2) of the monoclonal antibody enhanced 

significantly following treatment with microneedles (Figure 

9). This enhancement was achieved by using monoclonal 

antibody with 5 mg/ml in PBS as donor. This demonstrates 

the ability of maltose microneedles to deliver large model 

molecules such as IgG and extends to the delivery of 

therapeutically relevant monoclonal antibodies. 

Conclusions 

Maltose microneedles that can dissolve in the skin 

upon insertion have been used for the percutaneous 

administration of therapeutic molecules. The microneedles 

were sufficiently strong to pierce the skin and when 

inserted into hairless rat skin, they penetrated the 

stratum corneum creating micro-scale conduits for 

percutaneous transport of macromolecules. Purified human 

IgG and a model monoclonal antibody were delivered in 

vitro. Localization of these molecules was seen just in and 
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around the microchannels created by microneedles. Delivery 

of human IgG was influenced by various factors like number 

of microneedles, length of the microneedles and donor 

concentration. 



CHAPTER 4 

MICROCHANNELS CREATED BY SUGAR AND METAL MICRONEEDLES: 

CHARACTERIZATION BY MICROSCOPY, MACROMOLECULAR FLUX AND 

OTHER TECHNIQUES 

Abstract 

Purpose. The objective was to investigate the 

feasibility of using microneedle technology to enhance 

transcutaneous permeation of human immunoglobulin G across 

hairless rat skin. 

Methods. Microchannels created by maltose and metal 

(DermaRoller™) microneedles were characterized by 

techniques such as methylene blue staining, histological 

examination and calcein imaging. 

Results. Methylene blue staining and histological 

sections of treated skin showed that maltose microneedles 

and DermaRoller™ breached the skin barrier by creating 

microchannels in the skin with an average depth of ~ 150 

pm, as imaged by histological microcopy. Calcein imaging 

and pore permeability index values suggested the uniformity 

of the created pores in microneedle treated skin. 
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Transdermal studies with IgG indicated a flux rate of 45.9 

ng/cm2/hr, in vitro, and a Craax of 7.2 7 ng/ml, in vivo, for 

maltose microneedles treated skin while a flux rate of 

353.17 ng/cm2/hr, in vitro, and a Cmax of 9.33 ng/ml, in 

vivo, was achieved for DermaRoller™ treated skin. 

Transepidermal water loss measurements and methylene blue 

staining, in vivo, indicated the presence of microchannels 

for upto 24 hr, when occluded. Transepidermal water loss 

(TEWL) and methylene blue staining in vivo indicated that 

microchannels created by microneedles maintain open up to 

24 hr. The pore uniformity and pore permeability index 

values suggested the uniform distribution of pores after 

microneedle insertion. WinNonlin program was run to obtain 

the pharmacokinetic parameters of human IgG in hairless 

rats and results showed the half life of this protein was 

about 44 hr. 

Conclusion. In conclusion, the microchannels created 

by maltose microneedles and DermaRoller™ resulted in the 

percutaneous enhancement of a macromolecule, human 

immunoglobulin G. 

Introduction 

Skin is a very large and easily accessible organ of 

the human body. Topical application of compounds to skin 
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has potential advantages over other routes of 

administration due to the local accessibility of tissue, 

avoidance of "first-pass" effect, improvement of patient 

compliance, ease of monitoring and ability to easily 

terminate delivery (Kumar et al., 2007). However, the skin 

has excellent barrier properties rendered by the stratum 

corneum (SC), which is located in the outermost layer of 

the epidermis. The SC is a 10-15 /xm thick matrix of dead 

keratinocytes embedded in a lipid matrix. Consequently, 

these barrier properties are not only able to stand against 

physical and chemical attacks, but also restrict 

transdermal delivery to a limited number of drugs with low 

molecular weight and/or lipophilic nature. Clearly, the 

successful delivery of large hydrophilic molecules, such as 

proteins to and across the skin is a big challenge. 

However, transdermal delivery of these therapeutic agents 

is of interest because percutaneous administration can 

overcome many problems associated with conventional therapy 

(Coulman et al., 2006). 

Peptides and proteins, hydrophilic by nature, are 

charged molecules at physiological pH. Hence, passive 

transdermal permeation of these molecules is not possible. 

In order to overcome or bypass the barrier properties of 
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stratum corneum, several penetration enhancement techniques 

have been developed which can chemically or physically 

alter the stratum corneum barrier. Chemical enhancement 

techniques may be valuable to promote the delivery of small 

peptides (Benson et al., 2008), but large peptides and 

proteins typically require some physical enhancement 

techniques to be employed. For transdermal delivery of 

macromolecules, minimally invasive techniques such as 

microneedles and other related technologies that can abrade 

the stratum corneum are promising (Schuetz et al., 2005). 

Microneedles have been described as a simple, pain-

free and minimally-invasive technology (Coulman et al., 

2006). The application of microneedles to skin creates 

transient pathways which enable the transport of 

macromolecules and hydrophilic drugs through the skin (Li 

et al., 2008). Microneedles can be produced in a 

reproducible and cost effective manner and once integrated 

with a patch, they can allow easy self-administration by 

the patient, even delivering large, hydrophilic molecules 

which would normally not cross the skin. 

Microneedles have been shown to enhance transdermal 

delivery of a wide range of molecules (Cormier et al., 

2004; Pearton et al., 2008) including proteins such as 
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insulin (Teo et al., 2005; Roxhed et al., 2008). Passive 

transdermal delivery of insulin is not possible since it is 

a big (6,000 Da) hydrophilic molecule. Microinfusion of 

insulin for 3 0 min. in diabetic rats can decrease blood 

glucose levels up to 70% when using hollow microneedles 

(Wang et al., 2006) . Solid metal microneedles also 

increased insulin delivery and lowered blood glucose levels 

by as much as 80% following application of insulin on 

microneedle treated skin in diabetic hairless rats 

(Martanto et al., 2004). Microneedles can also be pre-

coated with drug before application onto skin. It has been 

reported that the Macroflux system, which incorporates a 

titanium microneedle array precoated with desmopressin, 

results in a bioavailability of about 85% in humans 

(Cormier et al., 2004). 

Currently, parenteral injections are the most frequent 

method of administration for immunoglobulins as they are 

unsuitable for oral delivery. Alternate delivery systems 

are therefore desirable and one possibility is transdermal 

delivery. However, as discussed before, transdermal 

delivery is limited by size and hydrophilicity. Therefore 

it is highly desirable to develop a delivery system for 

direct delivery of such large therapeutic agents into and 
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across the skin. In this project, human immunoglobulin G 

(IgG), with a molecular mass of approximately 150 kDa, was 

used as a model macromolecule to study the efficacy of 

microneedle technology for transdermal delivery of 

macromolecules as even small amounts in the body may be 

sufficient for potential use as antigens for vaccination or 

for potential dermatological indications of monoclonal 

antibodies. 

Materials and Methods 

Materials 

Male hairless rats about 7 weeks old were purchased 

from Charles River Laboratories (Wilmington, MA) and were 

housed in the in-house animal facility at Mercer University 

until use. Approval for using hairless rats was obtained 

from Mercer University's Institutional Animal Care and Use 

Committee. Animals were sacrificed at the end of the study 

by carbon dioxide asphyxiation. The study was conducted 

according to the "Principles of Laboratory Animal Care" 

(NIH publication # 85-23, revised in 1985). 

Purified human IgG was obtained from Sigma Aldrich 

Chemicals (St. Louis, MO). Human IgG ELISA Quantitation Kit 

was purchased from Bethyl Laboratories (Montgomery, TX). 



Calcein (Fluoresoft - 0.35%®) for imaging studies was 

obtained from Holies Laboratories, Inc. (Cohasset, MA). 

Maltose microneedles were developed and supplied by 

Elegaphy, Inc. (Otsu, Japan). Arrays of 81 microneedles 

were stacked in three layers, 27 needles per layer. An 

alternate means of microporation was also employed using 

DermaRoller™, a commercially available cosmetic handheld 

device, developed by Horst Liebl Co. (DermaRoller™ 

S.a.r.l., Friesenheim, France). The CIT8 Model DermaRoller 

was used in these studies which consists of 192 stainless 

steel microneedles stacked in 8 rows. 

Scanning Electron Microscopy for Characterization of 

Microneedles 

Scanning electron microscopy was performed to study 

the dimensions and geometry of maltose and metal 

(DermaRoller™) microneedles. A Hitachi S-4100 Scanning 

Electron Microscope (SEM) was employed for imaging maltose 

and metal microneedles. Both the samples were imaged 

directly without any further coating. For the DermaRoller™ 

the head with the embedded microneedles was detached from 

the holder for imaging. The samples were placed in a field 

emission SEM at an accelerating voltage of 15 KV. 

Characterization of Microchannels Created by Microneedles 
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Methylene blue staining, calcein imaging, and 

histology studies were performed to characterize the 

microchannels created by both maltose microneedles and 

DermaRoller™. Freshly excised abdominal hairless rat skin 

was treated with maltose or metal (DermaRoller™) 

microneedles and stained with 1% (w/v) methylene dye 

solution for visualization of the microchannels. Excess dye 

was removed with alcohol swabs and images were taken using 

a stereomicroscope. The number of pores created by maltose 

microneedles and DermaRoller™ were manually counted and 

reported as number of pores per sq.cm. 

To characterize the ability of microneedles to breach 

the stratum corneum barrier, histological studies were also 

performed. Freshly excised hairless rat skin was porated 

with microneedles and the skin samples were fixed in OCT 

medium (Tissue-Tek") . The samples were instantly frozen with 

liquid nitrogen and histological sectioning was performed 

with a Microm HM 550 cryostat. Vertical sections were 

obtained and stained with hematoxylin and eosin. The 

transverse section photomicrographs of the created channels 

were imaged using a camera attached to a microscope. 

The procedure employed for calcein imaging has been 

reported elsewhere (Kolli et al., 2008). Briefly, a 
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hairless rat was anesthetized using ketamine (70 mg/kg of 

body weight) and xylazine (10 mg/kg of body weight). An 

area on the abdominal region was treated with microneedles 

followed by application of calcein solution on microneedle 

pretreated skin for 3 0 sec. The excess dye was wiped off 

with alcohol swabs. A fluorescent image was then taken 

using a digital camera (Canon, Japan) fitted with a 

fluorescence filter. Image analysis was performed using 

Fluoropore software, an image analysis tool which gave a 

value termed the pore permeability index (PPI), a number 

representative of the calcein flux into each pore (Kolli 

and Banga, 2 008) . 

In Vitro Skin Permeation of Human IgG 

In vitro permeation studies were performed using 

vertical Franz diffusion cells with a diffusion area of 

0.64 cm2 (PermeGear, Bethlehem, PA). Donor chambers were 

loaded with 500 fj.1 of donor solution consisting of 5 mg/ml 

IgG in PBS buffer (pH 7.4) and receiver compartments were 

filled with 5 ml of PBS buffer (PH 7.4). Each receiver 

compartment was constantly stirred with a magnetic stirrer 

and was maintained at a temperature of 3 7°C. 

Full thickness skin was freshly excised from hairless 

rats and was treated with maltose microneedles using a 
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force of 250-300 g, as monitored by a balance (equivalent 

to 2.45 - 2.94 N). The treated skin was then mounted onto 

Franz cells and diffusion studies were conducted over a 

period of 24 hrs. At regular intervals, 500 pil aliquots of 

the receptor buffer were withdrawn from the receptor arm 

and the receiver compartments were immediately replenished 

by an equal volume of fresh receptor buffer solution. 

DermaRoller™ was also employed as an alternate means of 

microporation. Full thickness hairless rat skin was treated 

with four passes of the DermaRoller™ and in vitro 

experiments were carried out as described above. Permeation 

through intact skin was also measured which served as the 

control. All samples were analyzed by ELISA. 

Microneedle Mediated Transdermal Delivery - In Vivo 

Hairless rats (250 g - 400 g) were anesthetized by 

intraperitoneal (i.p.) injection of a combination of 

ketamine and xylazine. A site on the abdominal area was 

cleaned with an alcohol swab and was treated with 

microneedles (maltose or 4 passes of DermaRoller™). A 

liquid reservoir patch (1 cm2) , filled with 200 y,1 of 5 

mg/ml human IgG in PBS buffer (pH 7.4), was placed on the 

treated area. Blood samples of 300 ul were collected from 

the tail vein at predetermined time intervals over a period 
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of 24 hr. Drug was extracted from blood plasma samples and 

stored at -20°C until analysis. All samples were analyzed by 

ELISA. 

Delivery of IgG Across Compromised Skin 

Tape stripping was performed to remove the entire 

stratum corneum which served as a positive control for 

microneedle treated skin. In this method, an adhesive tape 

strip measuring 2 x 2 cm with a surface area of 4 cm2 

(Transpore™, 3M, St. Paul, MN) was pressed onto the skin. A 

glass rod was rolled onto the tape to reduce the influence 

of skin furrows and ensure intimate contact between the 

tape and skin. The tape was then removed swiftly with 

forceps in a quick unidirectional movement. This procedure 

of application and removal was repeated sequentially for 2 0 

tape strips to ensure complete removal of the stratum 

corneum. Transepidermal water loss (TEWL) readings were 

taken at the end of tape stripping to confirm complete 

removal of the SC layer. 

A liquid reservoir patch loaded with the drug solution 

(200 fil of 5 mg/ml human IgG in PBS buffer (pH 7.4)) was 

placed on the site of compromised skin. Blood samples were 

taken at predetermined time points over a period of 24 hr 

and drug content was quantified by ELISA. 
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Transepidermal Water Loss (TEWL) Measurements to Check 

Barrier Integrity 

To gain insight into the creation and closure of 

microchannels formed by microneedles, TEWL values were 

measured using a VapoMeter instrument (Delfin Technologies 

Ltd., Stamford, CT), which are indicative of skin 

integrity. TEWL values of intact skin prior to treatment 

with microneedles were considered as baseline values. TEWL 

readings of microporated skin were taken immediately after 

poration which are indicative of disrupted skin barrier. 

Upon removal of the patch at 24 hr, TEWL values were taken 

again to study the disruption of the skin barrier. All the 

measurements were subjected to statistical analysis. 

Pharmacokinetics of Human IgG in Rats 

Plasma data was analyzed by a non-compartmental 

analysis method which estimated the area under curve using 

the trapezoidal rule. WinNonlin (NCA Model 201, Win-Nonlin8 

version 5.0.1, Pharsight, CA) was employed to obtain the 

pharmacokinetic parameters. 

Analysis of Experimental Samples 

Samples from in vitro experiments as well as plasma 

samples from in vivo studies were analyzed using an enzyme-

linked immunosorbent assay (ELISA) commercial kit to 
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quantify human IgG. A sigmoidal curve was obtained using 

the GraphPad software. For in vivo plasma samples, a 

recovery of 73.6% was obtained and applied for analysis of 

drug levels. 

All experimental data from in vitro studies and in 

vivo studies, including tape stripping measurements, were 

recorded in triplicates and subjected to single factor 

ANOVA. In all instances, a value of *p<0.05 was considered 

statistically significant. 

Results 

Characterization of Microneedles 

Scanning electron microscopic (SEM) images of maltose 

microneedles (Fig. 12A) and DermaRoller™ (Fig. 12B) are 

presented in Fig. 12. Maltose microneedles have a pyramidal 

geometry with an average length of 497.41 ± 31.10 um and 

base diameter of 197.60 ± 17.53 um. Metal microneedles on 

the DermaRoller™ have a conical geometry with an average 

length of 699.38 + 70.72 um and an average base diameter of 

127.88 + 15.96 um. Both types of microneedles have sharp 

tips and are strong enough to pierce the stratum corneum 

barrier of skin. 

Characterization of Microchannels Created by Microneedles 



Microchannels created by both maltose and metal 

microneedles were visualized by methylene blue staining 

(Fig. 13a, 13b respectively). Each array of maltose 
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Figure 12. Scanning electron microscope images of (A) 
maltose microneedles and (B) stainless steel microneedle 
on the DermaRoller™. 
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Figure 13. Methylene blue staining for visualization of 
microchannels; (a) triple-line maltose microneedle-treated 
skin at 0 hr, in vitro and (b) DermaRoller-treated skin at 
0 hr, in vitro. 

microneedles effectively created 81 microchannels (125 per 

sq.cm) while DermaRoller™ created about 16 microchannels 

per sq.cm. The needle-to-needle spacing on the DermaRoller™ 

is much bigger than that of maltose microneedles which 

resulted in less number of microchannels per sq.cm 
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Figure 14. Cross-sectional images of skin sections; (A) 
Scanning electron microscopic image of a skin section 
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treated with maltose microneedles; (B) Hematoxylin and 
Eosin stained image of a skin section treated with maltose 
microneedles; (C) Hematoxylin and Eosin stained image of 
DermaRoller™ treated skin section. The arrows indicate a 
single microchannel. 

comparatively. However, microchannels were created in a 

reproducible manner by both types of microneedles. 

Histological sectioning of skin samples confirmed the 

disruption of the stratum corneum barrier by both maltose 

and metal microneedles. The transverse section 

photomicrographs of the created channels indicate the 

efficient creation of microchannels (Figs. 14A, B and 14C) . 

Uniformity of the created microchannels was also 

characterized by calcein imaging studies. The fluorescent 

images were analyzed using Fluoropore software which 

calculated the pore permeability index (PPI) value for each 

pore based on the total amount of calcein uptake by that 

specific pore. Fig. 15A and 15B represent the initial 

calcein images which were further processed to get the PPI 

values. Fig. 15C shows the PPI values for all the pores 

created by the insertion of triple-line maltose 

microneedles and Fig. 15D indicates the histogram of PPI 

distribution with a mean value of 5.6 and standard 

deviation of 5.25 for all 62 pores. Similarly, the PPI 
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values and distribution profile of the pores created by the 

DermaRoller™ (Fig. 15E and 15F) have also been determined. 

Results show that the mean PPI value was 14.5 with a 

standard deviation of 6.17 for all 23 pores. The narrow 

histograms and relative low standard deviation of PPI 

values in Fig. 15C and 15F reflect the creation of uniform 

pores by maltose microneedles and DermaRoller™ 

respectively. 

Transdermal Permeation of Human IgG 

To study the enhancement of skin permeability by 

maltose microneedles and DermaRoller™, transdermal 

experiments were performed in vitro and in vivo. A drug 

concentration of 5 mg/ml was employed in all the permeation 

studies. Fig. 16A shows the in vitro permeation profiles of 

the model drug through maltose microneedles and 

DermaRoller™ treated skin. Steady-state fluxes of 45.96 

ng/cm2/hr and 353.17 ng/cm2/hr were observed for maltose 

microneedles and DermaRoller™ respectively. Conversely, the 

passive diffusion of human IgG was not detected. In vivo 

permeation profiles in Figs. 16B indicates that a Cmax of 

7.27 ng/ml was reached at 24 hrs in the maltose 

microneedles mediated study and the area under the curve 

(AUCo-t) was 9 6.38 ng.hr/ml. For DermaRoller™, the plasma 

http://ng.hr
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concentration peaked to 9.33 ng/ml at the end of study (24 

hrs) and AUC0-t was about 164.0 ng.hr/ml. A steady increase 

in the amount of permeated human IgG (ng/cm2) in the 

receiver side, in vitro, and in the plasma (ng/ml), in 

vivo, was observed with time. 

The stratum corneum can be partially or completely 

removed by tape stripping, and therefore human IgG could 

easily permeate across skin because of the removal of this 

rate-limiting barrier. The tape stripping experiment was 

used as a positive control for the transdermal permeation 

experiments employing microneedles. Fig. 16C illustrates 

the effect of barrier disruption by tape-stripping on the 

percutaneous penetration of human IgG. The complete removal 

of the stratum corneum by tape-stripping technique resulted 

in the highest in vivo delivery of human IgG with a Cmax 

value of 310.69 + 138.26 ng/ml compared to maltose 

microneedles (Cmax = 7.27 ± 0.88 ng/ml) and DermaRoller™ (Cmax 

= 9.33 + 4.05 ng/ml) methods. This observation of a 

dramatic increase in the flux of human IgG across stripped 

skin confirmed that the stratum corneum presented the major 

barrier to the percutaneous permeation of this big protein. 

Recovery of Skin Barrier in Microneedle Treated Skin 

Transepidermal water loss (TEWL) is a measure of skin 
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Figure 15. Uniformity of microchannels created by maltose 
and metal microneedles. Initial fluorescent images of 
channels created by (A) maltose microneedles and (B) 
DermaRoller™ respectively. The uniformity was interpreted by 
the PPI values for all pores created by (C) maltose 
microneedles and (E) DermaRoller™. The histogram graphs of 
the distribution of PPI values indicate uniformity the 
microchannels created by (D) maltose microneedle (F) 
DermaRoller™. 
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Figure 16. Transdermal delivery of human igG. A: 
In vitro transdermal delivery profiles for (•) maltose 
microneedles treated, (A) DermaRoller™ treated and 
(•) intact skin; (B) In vivo transdermal delivery profiles 
for (•) maltose microneedles treated, (•) DermaRoller™ 
treated and (C) Tape stripped skin; a donor formulation of 
5 mg/ml was applied in all the in vitro and in vivo 
studies. 
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barrier function and this principle was employed to test 

the ability of microneedles to disrupt the integrity of 

stratum corneum and the duration for which the channels 

created by microneedles remain open (Fig. 17). As a 

baseline control, the TEWL of intact skin was read before 

patch application. The TEWL values of DermaRoller™, maltose 

microneedle treated skin and tape stripped skin at 0 hr 

(immediately after treatment) were found to be 11.7 + 0.4, 

19.8 ± 0.7 and 99.6 ± 4.0 g.hr^m"2 respectively. A 

significant increase (ANOVA, **p<0.01) in TEWL values was 

observed as a result of the formation of microchannels in 

the skin by maltose microneedles and DermaRoller™ as 

compared to control at 0 hr (7.8 ± 0.1 g.hr_1m"2) . After 

removal of the liquid reservoir patch at 24 hrs in vivo, 

the skin was allowed to dry off for 5-10 min to avoid 

excessive moisture from the formulation and TEWL 

measurements were taken again (Fig. 17). TEWL values at 24 

hrs were found to be 21.4 ± 0.5, 21.8 ± 1.1 and 7 7.8 ± 1.2 

g.hr_1m"2 for DermaRoller™ treated, maltose microneedles 

treated and tape stripped skin respectively. In comparison 

with the baseline values, the skin pretreated with these 

three techniques showed significant differences (ANOVA, 

**p<0.01) after patch removal at 24 hrs. This suggests that 
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microchannels formed by maltose microneedles and 

DermaRoller™ were still open after patch removal at 24 hrs 

in vivo. TEWL values at both 0 hr and 24 hrs after tape 

stripping were much higher than the other treatments 

indicating the degree of barrier disruption by tape 

stripping. 
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Figure 17. TEWL values of skin before and after 
pretreatment with DermaRoller™ (DR), maltose microneedles 
(mMN) and tape stripping (TS). At 0 and 24 hr after patch 
application, sites treated with DermaRoller™, maltose 
microneedles, and tape stripping showed a significant 
increase in TEWL values as compared to control (ANOVA, 
**p<0.01). 

Further, methylene blue staining was also performed to 

visualize the microchannels at the end of the experiment at 

24 hrs. Figures 18A and 18B show the stereomicroscopic 

images of methylene blue stained rat skin samples at the 

end of the experimental time. As observed in the images, 
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microneedles remained open even at 24 hrs after patch 

application„ 

.// 

Figure 18. Methylene blue staining at the end of 2 4 hr, in 
vivo, indicating the presence of open pores for both 
maltose and metal microneedles; the arrows indicate a 
single microchannel. 

Discussion 

In this study, two types of microneedles, maltose and 

metal (DermaRoller™), were characterized (Fig. 12) and 

compared as physical enhancement methods for transdermal 

permeation of human IgG. Methylene blue staining and 
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histological sectioning indicate the penetration of both 

maltose and metal microneedles past the stratum corneum 

barrier and effective creation of microchannels (Fig. 13, 

14). Maltose microneedles created 81 microchannels per 

array; around 125 microchannels per cm2. Further, calcein 

imaging studies with pore permeability index values 

indicated creation of uniform microchannels (Fig. 15C). 

DermaRoller™, a handheld device with metal 

microneedles embedded in the head, was also employed as an 

alternate means of microporation. The microneedles on the 

DermaRoller™ penetrate the stratum corneum barrier of the 

skin thereby creating ~ 16 microchannels per cm2, or ~ 64 

microchannels for four passes. The microchannels had a 

similar depth of ~ 150 um but a wider surface diameter of ~ 

80 yim (Fig. 14B, C) . This might aid in increased permeation 

of some molecules such as proteins and hydrophilic 

molecules across the skin barrier. Therefore, it has 

applications in both cosmetic and medical applications. 

DermaRoller™ is currently being used in the cosmetic 

industry for treatment of acne related scars, collagen 

induction therapy(Martin et al., 1997) and atrophic facial 

scars (Majid, 2009) . DermaRoller™ has also been shown to 

enhance delivery of Vitamin A in a liposomal formulation 



98 

upto 200 times (DermaRoller, 2009; Dermaroller, July 10th, 

2009). 

Therefore, both maltose and metal microneedles were 

employed in permeation studies in vitro and in vivo to 

study the efficacy of microneedle technology as a potential 

physical enhancement method for delivery of large 

macromolecules like IgG. From the in vitro permeation 

profiles, the steady-state fluxes of human IgG were 3 53.17 

ng/cm2/hr and 45.96 ng/cm2/hr for the skin samples 

pretreated with DermaRoller™ and maltose microneedles 

respectively. The comparison of in vitro data between 

maltose microneedles and DermaRoller™ showed that the mean 

flux after DermaRoller™ treatment was significantly higher 

as compared with the maltose microneedles (*p<0.05). 

Similarly, in the in vivo studies, plasma levels peaked to 

9.3 3 ng/ml (AUC=164.0 ng.hr/ml) and 7.2 7 ng/ml (AUC=96.3 8 

ng.hr/ml) for DermaRoller™ and maltose microneedles 

respectively. One possible reason why DermaRoller™ resulted 

in more enhancement than maltose microneedles may be 

because of the creation of bigger microchannels with an 

average surface diameter of about 82.49 + 9.97 p as 

compared to 58.16 ± 6.23 jum created by maltose 

microneedles, as indicated by histological examination. 
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This was further supported by the PPI values obtained from 

calcein imaging studies. The average PPI value for pores 

created by maltose microneedles was around 5.6, while a 

relatively larger value of 14.5 was observed for pores 

created by the DermaRoller™. Hence, different permeation 

profiles were observed for in vitro and in vivo studies. 

In vivo permeation studies were also carried out on 

tape stripped compromised skin as a positive control for 

the microneedle employed experiments. Tape stripping is a 

process to sequentially remove microscopic layers of 

stratum corneum and this technique has been used in 

dermatology for decades. A separate study based on TEWL 

values indicated that stratum corneum is completely removed 

after 20 strips. The procedure is relatively painless and 

non-invasive and it has been used to assess cutaneous drug 

or excipient levels in the skin after topical treatment 

(Herkenne et al., 2008). It can also be used to study 

percutaneous absorption profiles across completely 

compromised skin (Bashir et al., 2001). 

From the permeation profiles of human IgG across 

intact, microneedle treated and tape stripped skin sites 

(Figs. 16A, B and C), it is clear that the stratum corneum 

is the main barrier for the transport of human IgG through 
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skin. Intact skin does not allow drug permeation and hence, 

breached skin (with microneedles and tape stripping) 

results in an increase in skin permeability with the 

highest permeation levels achieved for tape stripped skin, 

in vivo. 

It is known that breaching the SC integrity is 

accompanied by an elevation in TEWL (Grove G.L., 1999). The 

significant increase in TEWL values as a result of the 

formation of microchannels created by maltose microneedles 

and DermaRoller™ (Fig. 17) suggest that the barrier is 

disrupted. The highest TEWL value was observed for tape 

stripped skin, and this may be because the channel area 

produced by microneedles or DermaRoller™ only accounts for 

a very small percentage of the total treated skin area. The 

TEWL values were found to be higher even after 24 hrs in 

vivo after treatment with maltose microneedles or 

DermaRoller™. This indicates that the channels formed upon 

insertion of the microneedles can remain open for up to 24 

hrs when occluded with a patch. To further confirm this 

conclusion, methylene blue staining of skin sites was 

performed. Methylene blue staining of the skin sites is an 

easy and very rapid process for visualization of the 

microchannels (Levin et al., 2005). Therefore, maltose 
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microneedles and DermaRoller™ treated skin samples were 

stained with methylene blue at the end of the in vitro and 

in vivo studies. The stereomicroscopic images of methylene 

blue stained skin samples (Fig. 18) confirmed the presence 

of open pores at 24 hrs in vivo. 

In summary, the results indicate that maltose 

microneedles and DermaRoller™ can create microchannels in 

the skin and allow the transport of human IgG through skin 

in both in vitro and in vivo studies. Thus microneedle 

technology provides an interesting and promising 

alternative to parenteral administration of proteins, which 

is currently being actively pursued (Schuetz et al., 2005; 

Banga, 2 009) . 

Conclusions 

Maltose microneedles and DermaRoller™ were capable of 

disrupting the SC and creating microchannels in hairless 

rat skin. The uniformity of these microchannels was 

demonstrated by their PPI values. Presence of open pores 

throughout the experimental period (24 hrs) was indicated 

by TEWL data. Microneedle technology increased the 

transdermal delivery of human IgG in hairless rats, both in 

vitro and in vivo. Therefore, microneedles can be used to 

deliver large molecular weight proteins such as antibodies 



across skin and microchannels stay open for extended 

periods when occluded. 
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CHAPTER 5 

QUALITATIVE ASSESSMENT OF MICROSPHERE DELIVERY INTO HAIR 

FOLLICLES 

Abstract 

Purpose. The objective of this study was to ascertain 

and quantify follicular penetration of microspheres. 

Methods. The intrafollicular deposition of BSA-FITC 

microspheres was observed by examining horizontal and 

vertical sections of the hairless rat skin. The penetration 

depth was determined using confocal laser scanning 

microscopy. 

Results. The results showed that the permeation was 

along the junction of internal and external root sheath, 

and deep to hair bulb. The thermal stability of 

microspheres in differential scanning calorimetry (DSC) 

indicates the manufacturing process of spray drying does 

not influence the thermogram of BSA and FITC. Confocal 

laser scanning microscopy (CLSM) for quantification of 

fluorophore accumulated in different layers of skin and 

hair follicles was investigated and the intrafollicular 

103 
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delivery of microspheres takes place deep to about 110 

micron from the skin surface. 

Conclusion. Microspheres with size range between 3-10 

micron are suited for intrafollicular penetration. These 

microspheres were potential to reach to deeper layer and 

offer controlled release of active compound. 

Introduction 

Skin is the largest organ in humans with a surface 

area around two square meters and offers an appealing 

pathway for delivery of cosmetic and drug products. 

Pathways for penetration through the skin include 

transepidermal and transappendageal routes (Illel, 1997). 

The transappendageal route facilitates the transport of 

compounds through sweat glands and hair follicles with 

associated sebaceous glands (Illel, 1997). The hair 

follicle, hair shaft and associated sebaceous glands are 

known as the pilosebaceous unit (Agarwal et al., 2000). The 

skin density of pilosebaceous units varies greatly 

according to the body region, excluding terminal hair 

follicles on the scalp, with the highest vellus hair 

follicle density found on the forehead (Otberg et al., 

2004). 
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As a potential route for local and transdermal drug 

delivery, a lot of ongoing studies have been focused on 

follicular delivery of compounds. The skin appendages, 

follicles and sweat glands, account for approximately 0.1% 

of the total skin surface area (Lademann et al., 2001). 

However, higher absorption of some compounds occurred at 

sites with higher follicular density (Feldmann, 1967). Some 

studies were carried out on follicular penetration by 

Lademann and his colleagues who demonstrated that this 

route has high influence on the penetration of topically 

applied substances (Lademann et al., 2001; Otberg et al., 

2004; Lademann et al., 2005; Teichmann et al., 2005; Vogt 

et al., 2005; Lademann et al., 2006; Lademann et al., 

2007). 

It has been demonstrated that for certain drug 

delivery systems, hair follicles are the privileged 

penetration pathways. They enter faster into this structure 

than through the stratum corneum. Among the various drug 

delivery systems, administration of topical liposomes, 

microspheres or nanoparticles have been shown to target 

drug specifically to the hair follicles (Li et al., 1997; 

Weiner, 1998; Alvarez-Roman et al., 2004; Tabbakhian et 

al., 2006). Microspheres can offer some advantages as 
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compared to liposomes in their stability and controlled 

release of active compounds. The targeted penetration of 

particles into hair follicles mainly depends on the size of 

microspheres. It was demonstrated that the optimum size at 

which polymeric microspheres could specifically target into 

hair follicles was 3-10 /im (Alvarez-Roman et al. , 2004) 

and the particles remained on the skin surface if the size 

is larger than 10 /xm. Particles with sizes less than 1 pun 

spread widely on intact skin and also penetrate into the 

upper layers of the stratum corneum but not into the 

viable epidermis (Rolland et al., 1993). Similarly, the 

investigation of penetration profile using microparticles 

from 0.75 fim to 6 ixm showed the microparticles of different 

sizes allow to target different compartments within the 

infundibulum or the bulge region of human hair follicles 

(Vogt et al., 2005). 

It has been reported that one of the strategies for 

enhanced follicular delivery is iontophoresis (Meidan et 

al. , 2005). Iontophoresis is a safe and non-invasive method 

to enhance the transport of charged and neutral components 

across the skin. The application of a very low electric 

current to the skin increases the permeability of some 

ingredients into the epidermis. The compounds can take a 
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number of pathways, but several investigations suggest 

iontophoretic transdermal drug delivery was primarily via 

skin appendages: hair follicles and sweat glands (Burnette 

et al., 1987; Cullander, 1992). This study aimed to assess 

the combination effect of iontophoresis and microspheres 

for follicular penetration and targeting of microspheres 

because both microspheres and iontophoresis are accepted 

strategies to enhance follicular delivery. 

Material and Methods 

Materials 

Microspheres prepared by microencapsulating FITC in an 

albumin matrix were kindly supplied by Martin D'Souza, 

Mercer University (Atlanta, GA, USA). 

Animals 

Male hairless rats, 10-12 weeks of age, were purchased 

from Charles River. The animals were housed in the animal 

facility at Mercer University until used. The experiments 

using animals were approved by the university's IACUC 

committee. 

Scanning Electron Microscopy 

The morphology of microspheres was observed by a field 

emission in-lens Topcon DS-130F scanning electron 
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microscopy (SEM) (Topcon Corporation, Tokyo, Japan) at an 

accelerating voltage of 10 kV. 

Examination of Particle Size Distribution 

Size distribution of microparticles was detected using 

a Spectrex PC 2000 Laser particle counter (Spectrex Corp., 

Redwood, CA, USA). Microspheres were thoroughly suspended 

in 5 ml of deionized water in a clear glass vial before 

being scanned with the particle counter. This technique 

measures the cross-sectional dimensions of particles by 

light scattering (Steurer J F, 2003) and the average size of 

particles was reported. 

Zeta Potential 

The surface charge of microspheres was measured using 

a Zetasizer-Nano ZS (Malvern, Worcestershire, UK). A very 

small amount of microspheres was suspended in 1 ml of 

filtered phosphate saline buffer (pH 7.4). A cuvette was 

filled with the suspension and was placed in the Zetasizer. 

Zeta potential of the microspheres was evaluated in 

triplicates. 

Differential Scanning Calorimetry 

Differential scanning calorimetry (DSC) thermograms 

were obtained in a TA DSC Q100 differential scanning 

calorimeter (TA Instruments, New Castle, DE, USA). 7-8 mg 
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of each sample was sealed in an aluminum hermetic pan and 

scanned between 30 to 375°C at an increment rate of 5°C/min 

under nitrogen purge with a flow rate of 50 ml/min. 

Confocal Laser Scanning Microscopy (CLSM) 

Freshly excised rat skin was obtained from the 

abdominal area and mounted on Franz diffusion cells. The 

donor was filled with 500 /xl 10 mg/ml BSA-FITC suspension 

and cathodal iontophoresis was performed at 0.5 mA/cm2 for 4 

hr. Thereafter, the excess formulation was removed from the 

skin surface and the apparatus was dismantled and the skin 

piece was unmounted. Excess formulation on the skin surface 

was cleaned with phosphate buffer (pH 7.4) and a cotton 

swab. The skin piece was then placed on a glass slide and 

covered with a cover slide for observation by confocal 

microscopy. A Zeiss Confocal Laser Microscope LSM 510 META 

(Goettinger, Germany) was employed for imaging at an 

excitation/emission wavelength of 488/514 ran respectively. 

X-Z scanning was performed to observe the diffusion profile 

of microspheres along the hair follicles. 

Histological Examination of Hair Follicles 

Hairless rats were anesthetized using Ketamine (70 

mg/kg) and Xylazine (10 mg/kg) via the intraperitoneal 

route. The abdominal area was cleaned with an alcohol swab 
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before applying a TransQ patch (IOMED®, Salt Lake City, UT, 

USA) loaded with 10 mg/ml microparticle suspension. 

Cathodal iontophoresis was performed at 0.2 mA/cm2 for 4 hr, 

after which the iontophoretic unit was removed and passive 

permeation was allowed for upto 24 hr. 

Rats were euthanized by carbon dioxide asphyxiation at 

the end of in vivo studies. The skin tissue occluded by the 

formualtion patch was excised and immediately frozen under 

liquid nitrogen. Vertical and horizontal skin sections, 8-

12 pirn thick, were serially cut using a cryostat microtome 

and collected on a polysine coated microscope slide (Thermo 

Electron Corporation, Pittsburgh, PA, USA). The fluorescent 

signal was immediately observed under a fluorescent 

microscope (Leitz Fluovert Wetzar, Germany). 

Results and Discussion 

The high magnification scanning electron microscopic 

(SEM) images of microspheres prepared by spray-drying 

indicated a good spherical shape with smooth surface, as 

observed in Figure 19. The average diameter of the 

microparticles was less than 10 ptm, which was in line with 

the results obtained from particle counter (Table 2). This 

suggested that the size of microspheres was suitable for 

follicular delivery. 



Table 2 shows the size distribution, mean size and 

zeta potential of BSA-FITC microspheres. The size 

lb 
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Figure 19. Scanning electron microscopy to study the 
morphological characteristics of BSA-FITC microspheres; ( 
and (b) indicate the spherical shape and smooth surface o 
the microspheres. 
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distribution of particles was in the range of 7 ~ 9 micron 

and the mean size was found to be 7.4 6 + 0.5 /zm. The size 

of microspheres is a critical factor during hair follicular 

delivery. The size range of these microspheres is suitable 

for follicular targeting because it is less than 10 micron 

and larger than 3 micron. The zeta potential for BSA-FITC 

microspheres was found to be negative charge on surface 

with value of -41.4 + 3.5 mV. Therefore, cathodal 

iontophoresis was employed to drive negative charged 

microspheres into hair follicles in this study. Zeta 

potential can also be used as an indicator of the 

suspension stability. The particles with higher absolute 

value of zeta potential have greater repulsive forces 

between each other and therefore the possibility of getting 

coagulation and flocculation becomes less (Yeboah et al. , 

2009). 

Table 2. Particle size distribution, mean size and zeta 

potential values of BSA-FITC microspheres 

Size distribution % Counts Mean Size Zetapotential 

(jum) (inn) (mV) 

_ 53.7 

8 46.2 
9 0.1 7.46 ± 0.5 -41.4 ±3.5 
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The objective of this work was to qualitatively 

determine the permeation of microspheres along the hair 

follicles. Using fluorescent microspheres to investigate 

the follicular selectivity is a conventional approach. 

After topical application of the formulation containing 

fluorescent microspheres can be directly visualized using a 

Figure 20. The permeation profile of BSA-FITC microspheres 
in skin, 24 hr after topical application in vitro; (A) a 
traverse section of hair follicle taken at a depth of 150 
urn, (B) a cross sectional image of hair follicle taken at a 
depth of 240 urn, (C) vertical section of a hair follicle 
and (D) control; (HF-hair follicle). 



confocol or fluorescent microscope. Hairless rats were used 

in this study because the follicular density of rat skin is 

similar to that of some areas of human skin (Illel, 1997). 

The follicular penetration of topically administered 

fluorescein in microparticles was determined by analyzing 

horizontal and vertical histological sectioning and 

confocal microscopy. Locazilation of microscpheres along 

the follicular shaft could be observed via histological 

sectioning. Figure 20a and 20b are the cross sectional 

images of a hair follicle at the depth of 150 /xm and 240 jum 

beneath the skin surface respectively, displaying the 

localization of FITC microspheres. The deposition of 

microparticles is constricted to the infundibulum or the 

junction between internal and external root sheath of the 

hair follicles. Figure 20c shows the penetration into hair 

follicles of the fluorescent dye in the vertical section of 

a hair follicle. This profile suggests the targeting of 

microspheres is not confined to the follicular structures 

immediately surrounding the hair shaft; these microspheres 

can be delivered to the germinal elements of the hair 

follicles within 24-h study. Horizontally or vertically, 

the penetration pattern of fluorescent dye in the 

microspheres into the hair follicles of hairless rat skin 
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demonstrates that the particles specifically target into 

follicular canal as compared with control in Figure 20d and 

they penetrate much deeper into the hair follicles after 24 

hr. This further indicated the assumption that not only 

some lipophilc compounds can be delivered into hair 

follicles, but some solid substance in the form of 

particles with appropriate size can be targeted deeply into 

this structure (Schaefer, 1993) . The fluorescent image 
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Figure 21. Differential Scanning Calorimetry thermograms of 
BSA, FITC and BSA-FITC microspheres; heating rate 5°C/min; 
(Ms-microspheres). 
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illustrated in Figure 20c indicates that the deposition of 

microspheres reaches deep to the hair bulb after 24 hr of 

the single application of the test agent. It was 

demonstrated already that large molecular weight molecules 

have been deposited into hair follicles deep to hair bulb 

(Lieb et al., 1997). Wepierre et al. proposed that drug 

deposition into hair follicles is not necessarily followed 

by absorption, but accumulation may be possible (Wepierre 

et al., 1989). 

Differential scanning calorimetry or DSC is a 

thermoanalytical technique in which the difference in 

energy input into a substance and a reference is measured 

as a function of temperature. This technique has become one 

of the useful physicochemical methods to study the 

stability of protein biopharmaceuticals. It has been widely 

used to investigate the compatibility of drug and 

excipients. To characterize the compatibility of BSA and 

FITC after spray drying process, the thermostability of BSA 

measured by DSC was shown in Fig. 21. The comparison of 

thermograms between lyophilized BSA and BSA in microspheres 

shows that two endothermic transition peaks are observed 

for lyophilized BSA and a single endothermic perk is 

obtained for BSA-FITC microspheres. The peak positions are 
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summarized in Table 3. For BSA-FITC microspheres, the 

second transition peak disappeared, but the observed 

position for first peak, Tm, was 122.0°C, which was slightly-

shifted to higher temperature compared with the first peak 

of lyophilized BSA at Tm of 119.7°C. The exothermic peak of 

FITC in microspheres presents at higher temperature of 

291.8°C compared with measuring FITC alone at about 261°C. 

These results indicate that the spray drying process to 

manufacture microparticles renders more thermodynamic 

stability of BSA and FITC. The spray drying does not 

influence the thermogram of the BSA and FITC considerably. 

Table 3. The denaturation temperature measured by DSC 
Name 

BSA-FITC MS 

BSA 

FITC 

Peak 1 

Tm(°C) 

122.0 

119.7 

Peak 2 

Tm(°C) 

217.2 

FITC Peak 

Tm(°C) 

291.8 

261.3 

Stratum corneum is the outermost layer of the 

epidermis with a thickness of 10 ~ 3 0 microns. Underlying 

the stratum corneum is viable epidermis, which has a 

thickness of about 30 to 100 microns. It is shown that the 

follicular orifice which is called infundibulum extends 
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from the entrance of the sebaceous gland duct to the 

surface of the skin. The depth of a follicular infundibulum 

is about 300 to 500 microns. Hair follicular delivery of 

microspheres offers several advantages such as entry into 

the infundibulum, high local concentration and controlled 

release of the compounds (Vogt et al., 2005) . The loading 

of fluorescent dye into microspheres provides a convincing 

qualitative assessment of follicular delivery by 

fluorescent microscopy or confocal laser scan microscopy. 

Therefore, BSA microparticles loaded with FITC was employed 

in this report. The fluorescent microparticles have been 

seen to aggregate into the follicles from histology studies 

as shown in Fig. 20. Confocal laser scanning microscopy was 

first employed for relative quantification of a fluorophore 

accumulated in different layers of skin and appendages 

(Grams et al., 2002). Herein, in this study, in order to 

further acquire how deep the microparticles can go into the 

hair follicles. Confocal laser scan microscopy study was 

performed and serial horizontal sections of the skin were 

presented in Figure 22. This series of scans illustrated 

the penetration of topically microspheres into a hair 

follicle. Each image shows the horizontal section of the 

same field at different depth from the skin surface. 
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Apparently, the fluorescent dye loaded in microspheres 

still can be detected at the depth of 110 micron below the 

skin surface (see Figure 22). This finding suggests the 

penetration of microspheres might happen in the follicular 

infundibulum because follicular orifice is about 300-500 

micron deep. The microspheres are aggregated in the 

10,0 pm 20.0 pm 30.0 pm 

10.0 urn 150.0 pm 160.0 pm I7O.0 pm 

jO.O |jm 90.0 pm 100.0 pm 110.0 pm 

Figure 22. Confocal laser scanning microscopy to observe 
the permeation profile of BSA-FITC microspheres along the 
hair follicles; the images illustrate the permeation 
profile of microspheres driven by cathodal iontophoresis 
into hair follicles; Arrows in the first image indicate the 
hair follicles. 



120 

infundibulum for following controlled release of compounds 

from hair follicles into skin. The findings also showed the 

using of iontophoresis enhancement has resulted in the 

specifically and highly follicular penetration of tested 

microspheres in comparison with passive delivery (data are 

not shown). 

FITC has a molecular weight of 389 Da and can be 

passively diffused into and across the skin. If the 

fluorescent dye would be dissociated from the microspheres 

during the studies, the fluorescein would be in everywhere, 

including stratum corneum, epidermis and dermis. This case 

was not present. Because of this, the fluorescent signal 

that we are following is not the breakdown FITC, it is from 

the intact microspheres. Furthermore, in confocal study, 

the skin was harvested after 4 hr in vitro, within such 

short of the time, the breaking of the covalent bond of 

glutaraldehyde cross-linked BSA is less than 2 - 5 % (Yeboah 

and D'Souza M, 2 0 09) . 

In this study, negative charged microspheres have been 

shown to localize into hair follicles by viewing the 

sections of the skin. A recent report has shown that 

topically applied large molecular weight agent has the 

potential to reach to the hair bulb and the delivery takes 
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place via the junction of internal and external root sheath 

(Lieb et al., 1997). This conclusion is similar to the 

observation obtained in our study. 

Conclusions 

Microspheres with appropriate size range (3-10 micron) 

are suited for intrafollicular penetration. These 

microspheres are not only potential to reach to deeper 

layer, but also a good alternative approach for control 

release of active compound in the dermis. Thus, this 

delivery pathway provides an opportunity for treatment of 

hair growth abnormalities such as alopecia or gene therapy. 

Li and Hoffman concluded the potential of gene delivery 

into hair follicles using liposome as a carrier (Li and 

Hoffman, 1997) . 

Direct visualization of fluorophore in histological 

section or by confocal laser scanning provided an 

efficiently quantitative of intrafollicular penetration. 

The results in this study clearly indicated that follicular 

delivery of BSA-FITC microspheres has occurred. 



CHAPTER 6 

APPLICATION OF HANGING DROP TECHNIQUE TO OPTIMIZE HUMAN IgG 

FORMULATIONS 

Abstract 

Purpose. Hanging drop method was employed to evaluate 

formulations. 

Methods. A microdrop of human IgG and excipients 

solution hanging from a cover slide and undergoing vapor 

diffusion was monitored by a stereomicroscope. Aqueous 

solutions of IgG in the presence of different pH, salt 

concentrations, and excipients were prepared and 

characterized. 

Results. Low concentration of either sodium/potassium 

phosphate or Mcllvaine buffer favored the solubility of 

IgG. Addition of sucrose favored the stability of this 

antibody while addition of NaCl caused more aggregation. 

Antimicrobial preservatives were also screened. Dynamic 

light scattering, differential scanning calorimetry, and 

size exclusion chromatography studies were performed to 

validate the results. 

122 
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Conclusion. In conclusion, hanging drop technique 

addressed in this study can be a cost effective and rapid 

method to explore and select new excipients for formulation 

of protein prior to detailed characterization of the 

formulation. 

Introduction 

Proteins are unstable when exposed to various chemical 

and physical processes. Physical instability of proteins, 

such as aggregation in solutions, can cause protein 

denaturation. The aggregation of proteins is an important 

concern in the formulation and process development at 

pharmaceutical industry. Since, all protein based drug 

molecules pose unique challenges with respect to stability 

and hence efficacy, they need special techniques to 

characterize formulations in order to develop robust and 

efficacious therapeutic product (Patro et al., 2002). 

Hanging drop vapor diffusion is a method that has been 

proposed for screening crystallization conditions and 

protein solubility (Bagby et al., 1997; Lepre et al., 1998; 

Howe, 2004; Jancarik et al., 2004). This technique is often 

used in nuclear magnetic resonance (NMR) field because 

protein solubility is the main obstacle for liquid protein 

NMR. In this method, a very small volume of protein 
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solution is mixed with different buffer conditions. Changes 

in the external buffer environment of the protein can lead 

to structural changes, which in turn lead to protein 

aggregation. Aggregation can result in visible 

precipitation or particulate formation. The precipitation 

is then monitored by optical microscopy which appears as a 

cloud in the solution. The protein content and aggregation 

extent is varied when exposed to different formulations; 

hence, the aggregation can be scored comparatively under 

microscope based on the size and distribution of aggregates 

in the solution (Lepre and Moore, 1998). 

In order to increase solubility and stability of 

proteins in different formulations, the suitable buffer 

systems, excipients and additives need to be screened 

carefully for selection. The buffer components can 

dramatically affect solubility, such as the incremental 

solubility of tissue plasminogen activator (tPA) in 

imidazole, phosphate, histidine, succinate, EDTA, and 

citrate, with a 50-fold difference in solubility from 

imidazole to citrate (Banga, 2006). In addition, the pH of 

vehicle and excipients can also affect solubility of a 

protein. 
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Several stabilizers can prevent aggregation of 

proteins or stabilize against hydrolysis. Sugars such as 

sucrose are good stabilizers in solutions and dry state. 

Sucrose has been shown to protect hemoglobin from oxidation 

during lyophilization and storage (Labrude et al., 1989). 

Peptides and proteins are susceptible to microbial 

contamination being biological products. Therefore, 

preservative is a critical component in liquid formulation, 

especially for multi-dose formulations. However, effect of 

preservatives on solubility and stability is complex 

because several preservatives may cause precipitation in 

the reconstituted solutions. It was demonstrated that only 

benzyl alcohol alone was able to meet the regulatory 

requirements after screening six preservatives (benzyl 

alcohol, chlorobutanol, methylparaben, propylparaben, 

phenol, and m-cresol) for a humanized monoclonal antibody 

in order to develop a multi-dose intravenous formulation 

(Gupta et al., 2003). 

Monoclonal antibodies (mAbs) are used as therapeutic 

agents for inflammatory and immune diseases as well as 

cancer therapy. At high dose, intravenous IgG is used as an 

anti-inflammatory agent for the treatment of autoimmune 

disorders (Nimmerjahn et al., 2007) . However, good 
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solubility, chemical and physical stability of antibody in 

a favored formulation is essential to achieve the desired 

efficacy and shelf life. Therefore, in this study, effects 

of different formulation parameters on physicochemical 

stability and solubility of human IgG were investigated. 

Human IgG is a well-studied immunoglobulin with an average 

molecular mass of 15 0 kDa and it represents an important 

class of therapeutic proteins. It is commercially available 

as parenteral solution or lyophilized powder. 

The main focus of present study was to investigate the 

feasibility of hanging drop vapor diffusion in the 

screening of IgG formulations with different pH, salt 

concentration, buffer species, and excipients. The selected 

screened formulations with zero or low score were further 

characterized using dynamic light scattering (DLS), 

differential scanning calorimetry (DSC) and size exclusion 

chromatography (SEC) assays. 

Materials and Methods 

Materials 

Lyophilized human immunoglobulin G was obtained from 

Sigma Aldrich (St. Louis, MO, USA). Quik Optimize kit 

containing 4.0 M sodium phosphate monobasic and 4.0 M 

sodium phosphate dibasic was purchased from Hampton 
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Research (Laguna Niguel, CA, USA). Reagent concentration 

ranging from 0.2 to 4.0 M and pH values between 5.0 and 8.2 

can be easily formulated with Quik Optimize. Mcllvaine 

buffer system is composed of 0.1 M citric acid and 0.2 M 

disodium hydrogen phosphate, which can be formulated for a 

pH range of 2.2 to 8. At each pH value, the mixture of 

these two components was set as lx and the dilution of 

Mcllvaine buffer was based on this initial lx buffer, lx 

Mcllvaine buffer at pH 4, 5, 6, 7 and 8 have approximate 

concentration of 140 mM, 150 mM, 160 mM 180 mM and 200 mM 

respectively. Linbro plates (24 wells), 22 mm glass cover 

slides and vacuum grease were obtained from Hampton 

Research. All other chemical reagents were obtained from 

Fisher Scientific (Pittsburgh, PA, USA). All materials were 

reagent grade or better. 

Hanging Drop 

In the hanging drop screening, 1 ml of different 

buffer solutions was pipetted into each well of Linbro 

plate. Then, a drop (1 (il) of protein solution containing 20 

mg/ml IgG in filtered HPLC water was pipetted onto a glass 

cover slide. To this drop, 1 ul of buffer was added. The 

protein solution was then mixed with buffer by gently 

drawing and expelling the solutions in and out of the 
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pipette tip. The glass cover slide was then inverted and 

sealed onto the wells by using vacuum grease. The plate was 

allowed to rest undisturbed at room temperature for vapor 

diffusion to take place. The plates were observed under a 

stereomicroscope (LEICA MZ6, Houston, TX, USA) once every

day for the first week, and then once a week thereafter. 

The drops were carefully examined under the 

stereomicroscope with 6.3 x ~ 40 x magnification. 

Observations were recorded to indicate whether the drop was 

clear or contained precipitated particles. The precipitate 

appeared as a white spot against the black background when 

a condition of proper contrast of light and black was used 

to observe the drops. Aggregation was scored based on the 

fraction of the drop covered by the precipitate. The 

arbitrary scale of 0 to 4 was used, with 0 for no 

aggregates and 4 for aggregates completely covering the 

whole drop (Lepre and Moore, 199 8). 

SEC 

Soluble aggregates were determined by size exclusion 

chromatography. SEC-HPLC was performed using a TSK-GEL 

G3000SWXL 7.8 x 300 mm column (TOSOH Bioscience, 

Montgomeryvilie, PA, USA) and Alliance HPLC system with 

Empower® software (Milford, MA, USA). A mobile phase 
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consisting of 2 0 mM sodium phosphate and 10 0 mM NaCl at a 

final pH of 6.8 was used at a flow rate of 0.8 ml/min. The 

test buffers containing 10 mg/ml of human IgG dissolved 

were prepared and filtered through a 0.22 /xm filter before 

injection. A sample volume of 20 microliter was injected 

for analysis. Elutes were detected at 214 nm and peak 

integration was performed for quantification. 

Dynamic Light Scattering Measurements 

DLS studies were performed in a PDDLS/Batch detector 

system (Franklin, MA, USA) at a fixed angle of 90° to 

investigate the formation of soluble aggregates in the 

formulations. Data was analyzed in the precision 

Deconvolve/Deconview software (Franklin, MA, USA) and the 

soluble aggregates were determined by a change in average 

hydrodynamic radius (Rh) (n=3). Each sample of 1 ml (1 

mg/ml) was loaded in the test cuvette for measurement. 

Thermal Analytical Studies 

A decrease in the denaturation temperature reflects a 

destabilizing effect of formulation on IgG stability. The 

denaturation temperature was measured using a TA DSC Q100 

differential scanning calorimeter (TA Instruments, New 

Castle, DE, USA) at a scan rate of 2°C/min. Twenty 

microliters of 10 mg/ml IgG formulation was sealed in an 
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aluminium hermetic pan and scanned between 3 0 and 10 0°C 

under nitrogen purge with a flow rate of 50 ml/min. 

Results and Discussion 

Hanging Drop Study 

A stereomicroscope was used to observe aggregation 

associated with IgG and the corresponding scores for 

different levels of aggregates were assigned according to 

the scoring criterion as described previously (Figure 23). 

The results indicate that different solution conditions 

promote the formation of aggregates in vitro. These stable 

protein aggregates are caused by the formation of amyloid 

fibrils, a process involving a change from protein's native 

soluble form to insoluble aggregates (Chiti et al., 2001). 

Effect of pH and Buffer Concentration 

The stability of proteins is highly pH dependent and 

can be affected significantly by the presence of high 

concentration of salts (Kaushik et al. , 1999) . Protein 

aggregation can be significantly affected by the pH (Xiong 

et al., 1993). Therefore, a minor change in pH can lead to 

problems (Patro et al., 2002). Peptides and proteins are 

generally least soluble at pH range near to their pi value 

(Schmittschmitt et al., 2003). Also, the ionic and salt 

concentration of a solution can affect the solubility of 
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Figure 23. Aggregation scales under a stereo microscope 
with 6.3 x ~ 40 x magnification. 

a protein. The effect of salt on protein stability is 

complex. The salt concentration for maximum solubility of 

proteins falls within a very narrow range. A 50 mM change 

in salt concentration results in a 20-fold difference in 

dissolving of T7 RNA polymerase (Schein, 1990) . In Figure 

24, sodium and potassium phosphate buffers with 

concentration of 200, 100, 50, 25 and 12.5 mM and pH 

between 5 and 8.2 were screened for IgG solubility. The 

extent of insoluble aggregate was very low at 2 5 mM and 5 0 

mM buffer concentration. In addition, the visible 

aggregation was low at pH closer to the pi (pi of human IgG 
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= 7-8) for these buffer concentrations (Figure 24) 

(Hamilton et al., 1988). For all the examined buffer 

concentrations (except 200 mM), no visible aggregation in 

sodium and potassium phosphate buffer at pH 5.0 to 6.5 

appeared. However, when pH of the buffer was close to pi 

range, there was visible aggregation (Figure 24). The 

aggregation profiles of all tested buffers follow the trend 

of increased insoluble aggregation when pH is close to the 

pi of the protein. These were in line with the study of an 
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Figure 24. The aggregation profile of human IgG exposed to 
different pH and concentration of Na/K phosphate buffers 
(n=l). 
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analog of human IgGl, in which monomer decreased with 

increasing pH of the solution (Zheng et al., 2006). It has 

also been reported that the optimum pH range for IgG 

storage is 5.0 - 6.0, and these results were in accordance 

with Szneczi et al (Szenczi et al. , 2006) . In Figure 25, 

the effect of solution pH and concentration on IgG 

aggregation is comparable to that of sodium and potassium 

phosphate buffer. It shows that Mcllvaine buffer at pH 5 
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Figure 25. The effect of pH and dilution of Mcllvaine 
buffer on the aggregation of Human IgG (n=l) (the 
concentration of lx, 0.5x, 0.25x, 0.lx and 0.05x at pH 4 is 
140, 70, 35, 14 and 7 mM respectively; 150, 75, 37.5, 15 
and 7.5 mM at pH 5; 160, 80, 40, 16 and 8 mM at pH 6; 180, 
90, 45, 18 and 9 mM at pH 7; 200, 100, 50, 20 and 10 mM at 
pH 8) . 
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and 7 displayed least impact on the IgG stability, though 

IgG undergoes aggregation or precipitation when exposed to 

lx (150 mM) Mcllvaine at pH 5 and 0.25x (45 mM) at pH 7. 

The effect of buffer concentration on IgG aggregation is 

either an ionic strength effect or a specific ion effect as 

the effect of buffer pH is almost identical for 

sodium/potassium phosphate buffer and Mcllvaine buffer. It 

is also known that aggregation of polyclonal IgG decreases 

at lower pH due to moving away from the isoelectric range, 

while the tendency of denaturation increases. The denatured 

or unfolded protein will adsorb to air/water interface or 

surfaces of the container and is susceptible to further 

inactivation by aggregation with neighboring molecules 

(Vidanovic et al., 2003). From the theory of Sanchez-Ruiz 

et al. (Sanchez-Ruiz et al., 1988), the irreversible 

denaturation process can be written as: 

where N is native state, U is unfolded state, (reversible 

state) and I represents the final irreversible denatured 

state which often forms aggregates. When ki>>kf, unfolded 

molecules will be converted to aggregates instead of going 

back to the native state, N. Therefore by comparing the 

stability at pH 5, 6 and 7, it is possible for lx Mcllvaine 
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buffer at pH 5 that the denaturation tendency is stronger, 

which finally leads to aggregates occurring in this buffer 

environment. Using these results, we conclude that 

adjusting the pH in the optimal range is essential for the 

solubility and stability of IgG in solution at lower buffe 

concentration. These results are in agreement with data 

reported by Sarciaux et al., where higher concentration of 

buffer favored the formation of dimers (Sarciaux et al., 

1999). 

Effect of Excipients 

Excipients typically used in formulation of protein 

include salts, sugars, buffers, and amino acids. Sugars 

have been reported to stabilize proteins against a variety 

of stress situations. Sucrose and sodium chloride are 

frequently used in formulation to stabilize proteins. 

Sucrose can stabilize proteins because the unfolded state 

of the protein is not favored thermodynamically in the 

presence of sucrose (Banga, 2006) . Salts are excluded from 

the protein-solvent interface because of increased surface 

tension of water, and therefore they can also stabilize 

proteins (Banga, 2006). In addition, the presence of ions, 

such as Cl", Na+ and Ca2+, presumably hinder hydrophobic 

association which is involved in the interaction between 
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protein molecules (Xiong et al., 1993). The use of sucrose 

as an excipient should be approached with caution for IgG 

formulation due to reported acute renal toxicity when high 

concentration (5-10%) was used (Sarciaux et al., 1999; 

Szenczi et al., 2006). Therefore, very low concentration 

(0.1%) of sucrose was introduced to formulations for 

studying its effect on the stability of IgG in this study 

(Table 4). Amongst the screened formulations, the findings 

suggested that IgG was more stable for some formulations in 

the presence of sucrose (the representatives of these 

formulations were listed in Table 4). However, sodium 

chloride showed some precipitation in some samples at a 

concentration of 0.58% (0.1 M). A similar effect of NaCl on 

whey protein aggregation was reported previously. At higher 

ionic strengths (>0.1 M NaCl) protein aggregation was 

promoted (Xiong et al., 1993). In one of the studies, it 

has been proved that addition of sodium chloride to a 

constant concentration of Na vs. K phosphate buffer results 

in more aggregates relative to buffer alone (Vidanovic et 

al. , 2003). The salt concentration is very critical for a 

protein stability because higher concentration of sodium 

chloride may allow stronger intermolecular attractions that 

can lead to aggregation (Pikal et al., 1991). In general, 



the stabilizing effect of some salts is dependent on the 

nature of protein, pH, charge, and concentration of salt 

used. 

Table 4. Effect of sucrose and NaCl on IgG aggregation* 

Buffer, pH 

0.lx Mc (20 mM), 8 
0.25x Mc (37.5 mM), 
lx Mc (150 mM) , 5 

5 

Hanging Drop 
No with 0. 
excipient Sucrose 
0.5 0.0 
2.5 1.5 
0.0 0.0 

Score (n=l) 
1% 

k 

with 0.58 % 
NaCl 
1. 0 
2.5 
2.0 

* Mc: Mcllvaine 

Some pharmaceutical formulations must contain 

antimicrobial agents to protect them from microbial 

contamination. Preservatives are also required for certain 

drug delivery systems. However, preservatives often induce 

aggregation of protein in aqueous solution. For example, 

preservatives of phenol, m-cresol, and benzyl alcohol have 

been shown to induce aggregation of human growth hormone 

(Maa et al., 1996). In addition, the effectiveness of 

preservative is influenced by pH and buffer components. It 

was reported that benzyl alcohol is effective only in the 

pH range of 4-7 and Tweens inactivate paraben and phenolic 

preservatives (Gupta and Kaisheva, 2003). Therefore, the 

effect of preservatives on protein stability is a major 



138 

concern. In this study, formulations were prepared by-

adding three preservatives, namely 0.5% benzyl alcohol, 

0.02% propylparaben and 0.1% m-cresol. The selected 

formulations with zero or low score were selected to 

evaluate the effect of preservatives on IgG. Results of 

this study showed that aggregate formation is not only 

influenced by different preservatives, but also dependent 

on the combination effect of pH and buffer concentration. 

IgG was more stable in 25 mM Na/K phosphate buffer at pH 5 

after addition of these three test preservatives (Figure 

26). When pH of the buffer increased to 6, buffer 

concentration of 200 mM and 25 mM favored the stability of 

human IgG (Figure 27). Comparatively, preservatives had 

complex effect on aggregation when exposed to 0.05 x 

Mcllvaine buffer at pH range of 4-6 (Figure 28). It showed 

0.05 x (8 mM) Mcllvaine buffer with pH 6 has least effect 

on the aggregation. Therefore, it was clear that the 

aggregation not only depends on the selected preservative, 

but also correlated with the pH and concentration of 

buffer. Overall, it indicates from all these profiles that 

human IgG is more stable in the presence of 0.5% benzyl 

alcohol when compared with the other two preservatives. 

However, previous studies concluded that a humanized 



monoclonal antibody was more stable when exposed to 

formulations containing propylparaben (Gupta and Kaisheva, 

2003). Though the mechanism for preservative-induced 

protein aggregation is not completely understood, it has 

been shown that addition of benzyl alcohol might perturb 

the tertiary structure of rhlNF-y without affecting its 

secondary structure (Lam et al., 1997). 
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Figure 26. Effect of Na/K phosphate buffer (pH 5) with 
addition of preservatives on IgG aggregation (n=l). 

DLS Analysis 

A primary application of DLS is to study the protein 

aggregation. Association and dissociation of monomeric and 

polymeric forms are of interest because of biologic 
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Figure 27. Effect of Na/K phosphate buffer (pH 6) with 
addition of preservatives on IgG aggregation (n=l). 

4 

3 -

S
co

re
 

1 

0 
4 5 

pH 

0 0.5% Benzyl alcohol 
• 0.02% Propylparaben 

• 0.1%m-cresol 
Q no preservatives 

W> 
Y//M 

6 

Figure 28. Effect of 0.05 x Mcllvaine buffer (pH 4-6) with 
addition of preservatives on IgG aggregation (n=l) (the 
concentration of 0.05x at pH 4, 5, 6 is 7, 7.5 and 8 mM 
respectively). 
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activity which can be studied with DLS (Zheng and Janis, 

2 0 06). DLS is a powerful technique to measure hydrodynamic 

radius and the presence of aggregates in protein samples. 

The hydrodynamic radius is defined as the radius of a hard 

sphere. An increase in Rh or broadening of distribution 

peak can suggest the increase of protein size and can be 

seen as an indicator of soluble aggregates (Badkar, 2001). 

The hydrodynamic radius of monodisperse human IgG is 

between 5 ~ 8 nm (Badkar, 2001). The average hydrodynamic 

radius of IgG as a function of pH/buffer was plotted in 

Table 4. The analysis showed pH change from 4 to 6 had not 

induced significant change in the average hydrodynamic 

radius in 0.05 x Mcllvaine buffer. In Table 4, the size 

distribution of IgG increased from 9.7 nm to 26 nm with pH 

change from 5 to 4 in 0.1 x Mcllvaine buffer. Similarly, an 

increase in Rh from 11.7 nm at pH 5 to 32 nm at pH 4 in 

0.25 x Mcllvaine buffer was observed. Thus, IgG forms 

larger soluble aggregates in 0.1 x Mcllvaine or 0.25 x 

Mcllvaine buffer with pH 4 in terms of Rh value. At pH 5, 

IgG does not have any aggregation in comparison to 

formulations at pH 4. Comparatively, 0.05 x Mcllvaine 

buffer has least effect on soluble aggregation as Rh value 

obtained at this condition was close to hydrodynamic radius 
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range of monomeric IgG. The results of Table 4 suggest only 

monodisperse was detected and no protein aggregates were 

present for 25 mM sodium and potassium phosphate buffer at 

pH 6 suggesting the protein was in monodisperse form. 

However, when pH changed to 5, there was significant 

increase in the average Rh value (42 nm) , suggesting a 

large portion of aggregates were formed. 

Combining the results from hanging drop screening and 

dynamic light scattering analysis, it was concluded that 

0.05 x Mcllvaine buffer with pH range of 4-6 and 25 mM Na 

vs. K phosphate buffer with pH 6 resulted in most stable 

human IgG formulation. 

DSC Study 

Thermal denaturation of IgG was studied by 

differential scanning calorimetry. High melting 

temperatures (Tm) of protein unfolding transitions 

determined by DSC are indicative of high protein stability, 

and thereby an important parameter when screening different 

protein formulations. The comparison of thermograms 

recorded at varying pH and buffer concentration was carried 

out and results of melting temperatures (Tm) are shown in 

Table 5. For Mcllvaine buffers, IgG shows the greatest 

stability at pH 5 in 0.1 x (15 mM) solution (Tra, 74.3°C) . 
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IgG at pH 6 in 25 mM sodium and potassium phosphate buffer, 

is more stable compared to pH 5 (Tm: 6 7 and 5 7°C 

respectively). The decrease in Tm values with decreasing pH 

for same buffer was observed as shown in Table 5. These 

results are in agreement with Szenczi et al (Szenczi et 

al., 2006) . 

Table 5. Formulation screening to evaluate compatibility 
between different techniques * 
Formulations 

0.05 x Mc 
0.05 x Mc 
0.05 x Mc 
0.1 x Mc 
0.1 x Mc 
0.25 x Mc 
0.25 x Mc 
2 5 mM Na/K 
25 mM Na/K 

PB 
PB 

PH 

4 
5 
6 
4 
5 
4 
5 
5 
6 

Score 
(by 
hanging 
drop) 

0 
0 
0.5 
0 
0 
0 
0 
0 
0 

Rh, nm 
(by 
DLS) 

12.0 
12.0 
9.7 
26.0 
9.7 
32.0 
11.7 
42.0 
7.8 

%Monomer 
(by SEC) 

94 .54 
92.69 
91.47 
94.76 
89.80 
92.18 
92.71 
92.43 
91.52 

Tm, °C 
(by 

DSC) 

46.1 
56.6 
64.5 
70.0 
74 .3 
63.1 
64.2 
57.1 
66.9 

* Mc: Mcllvaine buffer; PB: phosphate buffer; DLS, dynamic 
light scattering; SEC, size exclusion chromatography; DSC, 
differential scanning calorimetry 

Size-Exclusion Chromatography 

SEC-HPLC is a technique for quantitative assessment of 

soluble aggregation or polymers from protein aggregation. A 

concentration of 10 mg/ml IgG was injected into the SEC 

column for all cases. The percentage of monomeric IgG under 
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variable formulation conditions was summarized in Table 4. 

The aggregation peak from 0.05 x Mcllvaine buffer with pH 6 

was approximately 8.5%, but when pH changed to 4, the 

aggregate percent was decreased to 5.5%. In 0.1 x Mcllvaine 

buffer, the aggregate percentage was changed from 10.2% to 

5.24% when pH changed from 5 to 4. SEC data was compared 

with DSC and DLS data to assess product stability over 

time. Surprisingly, SEC results were incomparable with DLS 

and DSC data. This is probably because SEC could not give 

rise to a correct molecular mass determination due to the 

difference of retention and interaction of proteins with 

the column material in SEC. DLS can detect small traces of 

aggregates and is very sensitive to changes in the 

aggregates composition. Therefore it is suggested to 

combine these techniques together for protein study (Ahrer 

et al., 2003). Interestingly, for same buffer species, IgG 

monomer content in SEC analysis was decreased with 

increasing pH of the solution. This tendency is same as 

reported in the data of a previous report (Zheng and Janis, 

2 006). As expected, SEC data shows IgG aggregation 

increased with higher protein concentration tested by using 

0.1 x Mcllvaine buffer (pH 5) (Table 6). 
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Table 6. Effect of protein concentration on IgG aggregation 
Formulations 

O.lx Mc (20 
mg/ml, pH5) 
O.lx Mc (10 
mg/ml, pH5) 
0.1 xMc (5 
mg/ml, pH5) 

Area perc 
signal at 
% Aggrega 
7.36 

6.52 

6.16 

entage calcu 
214 nm * 
tes 

lated 

% Dimers 
4 .81 

3.89 

4 .00 

from UV 

% Monomers 
87.83 

89.59 

89.85 

* Mc, Mcllvaine buffer 

Conclusions 

It is demonstrated that selection of pH and buffer 

concentration in the optimal range is essential for 

solubility and stability of IgG in solution. Hanging drop 

method requires a very small quantity of protein. The ease 

of use and the versatility of testing stability of protein 

at different conditions make this method a very effective 

tool for optimizing the IgG liquid formulation in the early 

stages of formulation development. In conclusion, hanging 

drop technique addressed in this study can be a cost 

effective and rapid method to explore and select new 

excipients listed as Generally Recognized as Safe (GRAS) 

for formulation of proteins prior to detailed 

characterization of the formulation. 



CHAPTER 7 

SUMMARY AND CONCLUSIONS 

This study evaluated a novel transdermal delivery-

system, soluble (maltose) microneedles for the delivery of 

a big protein molecule. Also, some protein formulation work 

was done using hanging drop technique as a screening 

method. Finally, the delivery of microspheres into hair 

follicles was evaluated. 

Human IgG was selected as a big model protein in this 

project because passive delivery of such a big protein 

molecule into skin is not feasible. Physical enhancement 

techniques such as microneedles were used to enable such 

delivery. 

In the first part, we used maltose microneedles to 

breach hairless rat skin for in vitro studies. We have 

observed that an increase in the rate of delivery with the 

increase in the donor concentration, length of needles, and 

density of microneedles. Methylene blue staining has been 

proved to be an efficient and effective means of 

identifying pores created by microneedles on skin surface. 
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Imaging of skin surface from methylene blue staining and 

histology of vertical skin section have shown that 

microneedles of 500 micron in length were successful in 

breaching the stratum corneum. Immunohistochemistry is a 

quite often used technique for determining and localizing 

the distribution of protein of interest in any tissue or 

cells. This technique has been used to target the diffusing 

pathway of human IgG after microneedle insertion and 

results suggest that IgG follows the microchannels to cross 

the skin. 

In the second part, we evaluated the possibility of 

systemic delivery of IgG into hairless rat in vivo by using 

maltose microneedles and DermaRoller™. Blood sampling was 

performed for 24 hr. The plasma concentration was found to 

increase to 24 hr due to the enhancement from microneedles 

and DermaRoller™. DermaRoller™ is a stainless-steel 

microneedle device, which gives higher flux rate of IgG in 

vitro as compared with maltose microneedles. But, In vivo 

these two techniques result in similar amount of drug 

permeation. This could be because the elastic nature of 

skin in vivo resists the DermaRoller™ from piercing the SC 

easily when this device is applied, but maltose 

microneedles pierced the skin more easily after insertion, 



this resulted in a longer time of channel formation as 

compared with DermaRoller™. The pores created by 

microneedles and DermaRoller™ in vivo remains open for 24 

hr as measured by transepidermal water loss and methylene 

blue staining. Pore permeability index values suggest that 

all the microneedles could generate uniform pores in the 

skin. Basic pharmacokinetic parameters were calculated 

after intravenous administration of human IgG into hairless 

rat. A half-life of about 44 hr was obtained for IgG in 

rat; this is also indirectly confirmed by in vivo delivery 

data. 

Hair follicles provides a potential route for both 

localized and systemic drug delivery. A number of 

follicular delivery systems have been developed, such as 

liposome and microspheres. In this project, we used spray 

dried microsphere to study the targeting of hair follicles. 

The delivery pattern of microsphere in the hair follicles 

was determined using histology and confocal laser scanning. 

Results suggested that the tested microspheres have been 

specifically targeted into hair follicles and no diffusion 

of microspheres occurred in non-follicle structures. 

Hanging drop technique is often used in NMR study. The 

principle behind this method is its ability to detect the 
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protein solubility at different solvent conditions. But, it 

has not been used to screen formulation yet. Therefore, 

screening protein formulation by this approach was utilized 

in this project to see if it works, then the other 

techniques including DSC, SEC and dynamic light scattering 

have been used in this project to verify the hanging drop 

data. The results from all these combined techniques 

suggest that hanging drop method can be a technique for an 

initial screen of protein formulation. It can be combined 

with or support other techniques in protein solubility 

studies. 

In conclusion, microneedles are effective in 

delivering drug through skin both in vitro and in vivo. 

Hair follicular delivery of microspheres has the potential 

to be developed as an alternative delivery system for local 

or systemic effect. Hanging drop is a promising method in 

the development of protein formulation. 
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