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ABSTRACT

SONAL SALUJA
ELECTRO-MECHANICAL ASSISTED TRANSDERMAL DELIVERY OF
THERAPEUTIC AGENTS & DEVELOPMENT OF A NOVEL METHOD FOR
FABRICATING TITANIUM MICRONEEDLES
(Under the direction of Ajay K. Banga, Ph.D.)

Purpose: The work embodied in this dissertation aims to investigate the
applicability of transdermal iontophoresis and microneedles in delivering
'bioactive' therapeutics, ranging in molecular size. A novel method of fabricating
titanium microneedles and application of inkjet printing for preparation of proteins
patches were also investigated.
Methods: In vitro delivery, facilitated by iontophoresis and microneedles,
and stability of the decapeptide, triptorelin were investigated in hairless rat skin.
Interspecies variability with different formulation pH was studied in various
species, lontophoretic delivery of donepezil from a current modulated Wearable
Electronic Drug Delivery (WEDD) patch was also investigated in vivo, followed by
pharmacokinetic analysis.

xvii

Utilizing the technological advancements, microneedle fabrication was
undertaken by photolithography followed by wet etching. Also, utility of inkjet
printing for preparation of transdermal patches of dry protein was demonstrated
for the first time. Single, stable drops of human growth hormone were deposited
on membranes and drug content analyzed by ELISA.
Results: Iontophoresis delivery of donepezil from WEDD patches showed
a linear kinetic profile with an increase in current. In vitro results proved that
iontophoresis and microneedles delivered even the hydrophilic peptide. However,
microneedle delivery was accompanied by significantly higher degradation
compared to iontophoresis and the effect was more pronounced with their
combination. Variability in metabolism was evident with the thickness and
location of enzymatic activity. pH of the solution determined the iontophoretic
mechanism and hence delivery.
The wet etching process with a commercially available etchant released
microneedles in a reasonable time, making it suitable for mass production. Foil
thickness significantly affected the needle geometry and rigidity under insertion
stress. Results confirmed the poration capacity of the fabricated microneedles,
albeit with reduced efficiency.
Inkjet printing precisely deposited human growth hormone on backing
membranes. With a coating time of 80 sec with print-on fly mode, the amount
deposited was highest on an adhesive backing.

xviii

Conclusions: Iontophoresis and microneedles successfully mediated
transdermal delivery of donepezil and triptorelin. However, the peptide was
enzymatically cleaved during delivery and the effect was more pronounced in
microporated skin. Engineering principles were successfully applied for the
fabrication of delivery aids, although only partly successful in case of
microneedles.
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CHAPTER 1
INTRODUCTION
Since the introduction of the first scopolamine patch in the market, then
referred to as 'bandage for administering drugs', for motion sickness in 1979, the
transdermal market continues to grow. According to a report by Frost and
Sullivan, the annual growth rate of transdermal market (25 %) outpaces oral drug
delivery (2 %) and the inhalation market (20 %).
The primary role of skin is to provide a protection barrier against infection
and physical damage by preventing ingress of material across the skin, including
pharmaceuticals. The barrier property of skin was recognized as early as in 1975
when Michaels et al. suggested a 'brick and mortar' model of the stratum
corneum, where the corneocytes are the bricks embedded in a lipid matrix,
representing the mortar (Michaels et al., 1975). The model was reviewed and
validated by Jonhson et al. (Johnson et al., 1997a, Johnson et al., 1996). Stratum
corneum is thus the primary 'rate limiting barrier', which allows selective
permeation of molecules across the skin and regulates their flux. Skin also
possesses a broad spectrum of catalytic activity mediated by a diverse array of
metabolizing enzymes, limiting the permeation of intact drug.
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Large surface area of the skin was seen as an opportunity by scientists,
despite its inherent barrier nature, to use it as an entry point into the human
body. However, to go against nature's protective barrier and use it for artificial
entry was challenging. Only molecules with an appropriate lipophilic-hydrophilic
balance and having a molecular weight less than 500 Da conform to this modality
of delivery (Banga, 1998). Also, molecules that are absorbed are limited by
diffusion through skin and thus this treatment restricts itself to candidates
requiring extended periods of therapeutic onset. Following these limitations, the
conventional transdermal market serves only the small moderately lipophilic drug
molecules.
Transdermal delivery can nonetheless be viewed in a positive light with
emerging new technologies to disrupt/ bypass the barrier layer of skin. With the
availability of these techniques, the range of therapeutic candidates deliverable
through skin can be extended. Biomolecules represent an important class of
drugs benefitting from this. Biotech medicine- genetically engineered protein and
peptide drugs and other biological therapeutics, have added a new dimension to
the pharmaceutical industry, but their efficient and targeted delivery still remains
a big challenge. Frequent injections with poor compliance associated with the
only available parenteral route for biotherapeutics has further placed transdermal
delivery in a vantage position as a feasible alternative delivery route.
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Numerous techniques have been described to breach the skin's barrier
and enhance delivery of drugs transdermally. This can be accomplished by
enhancement techniques like iontophoresis (Craane-van Hinsberg et al., 1994,
Medi and Singh, 2003, Thysman et al., 1994, Rodriguez Bayon and Guy, 1996,
Lau et al., 1994, Clemessy et al., 1995) , sonophoresis (Mitragotri et al., 1995),
electroporation (Medi and Singh, 2003, Sen et al., 2002), microporation (Cormier
et al., 2004, McAllister et al., 2003) and radio frequency ablation (Levin et al.,
2005). Combination techniques, involving use of more than one of the above
techniques have also been reported in literature (Mitragotri, 2000).
In the PhD work presented, fabrication and use of some of the
enhancement

technologies

in achieving

increased

transdermal flux

for

unconventional molecules like peptides and charged ionic small molecule drugs
has been discussed. Chief among them are use of electric current, a technique
called iontophoresis, to propel the molecules across intact skin and microneedles
to temporarily disrupt the intact skin barrier in order to aid the penetration.
Fabrication Optimization of Titanium Microneedles
In chapter III, a new method for fabrication of titanium microneedles using
wet etching is presented. A thin titanium foil was patterned with the microneedle
design and developed using the available technology in photolithographic
processing, adopted from the semiconductor industry. Optimization of the
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process was carried out for foil thickness, wet etchant and gain direction and the
result tested out in hairless rat skin for microporation efficiency and depth of
penetration.
Triptorelin Stability During Physically Enhanced Transdermal Delivery
In chapter IV, the studies were extended to include microneedles and
iontophoresis to deliver triptorelin and understand their effect on the enzymatic
stability, accumulation and permeation of the peptide during transdermal
transport. Hairless rat skin model was used with either of the enhancement
techniques alone or in combination. Since the in-plane titanium microneedles
could not be effectively raised with 100% efficiency, soluble maltose microneedle
were used instead. Reverse phase HPLC was used to follow the degradation
pattern of the peptide.
Species Variability in The Transdermal Transport of Triptorelin
Chapter V further carries the investigation of enzymatic variability among
different species, namely hairless rat, hairless mice, guinea pig, pig ear, human
epidermis and dermatomed human skin. Iontophoresis was used in this study to
enhance the percutaneous permeation of triptorelin from different formulation
conditions.
Inkjet Printing of Protein Patches
Chapter VI probed into a new application of an old technology of inkjet
printing for preparation of patches of dry solid protein to be used in conjunction
with microneedles. Human growth hormone was used as a model protein and
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deposited on a number of transdermal films/ backings used routinely in the
conventional patch systems. The printer settings were optimized to eject a single,
stable drop of the protein under piezoelectric stimulation. Protein content
deposited on the membranes was analyzed by ELISA and visually observed
under confocal microscope and substrate observation camera of the printer itself.
Pharmacokinetic Feasibility of lontophoretic Delivery of Donepezil
In chapter VII, wearable electronic drug delivery (WEDD) patches using
iontophoresis as the principle were used to deliver a small molecule, donepezil.
In vivo experiments were followed in hairless rats at different current dosings and
analysis of extracted samples was performed by reverse phase HPLC.
Pharmacokinetic analysis was done using WinNonlin software.

CHAPTER 2
LITERATURE REVIEW
Drug delivery provides a platform for newly discovered drugs, which have
changed face over the years from penicillin to synthesized small molecules to
biotherapeutics and genetic material. In line with this development is the
advancement in the technologies to deliver such agents. The goal of any drug
delivery system is to provide a therapeutic amount of drug to an intended site in
the body such that the desired drug concentration can be achieved promptly and
then maintained (Gennaro, 2000).
Historically, drug delivery has been viewed as oral, injectable, inhalation
and topical products. Synthesis of a number of compounds in the 1950's and
1960's led to development of a range of conventional dosage forms, which
dominate the market even today. Among them oral delivery accounts for 51.7%
of the market share (Findlay, 2008, Lee, 1988). However, the deficiencies of
conventional dosage forms started to surface with newer unmet challenges being
realized. Conventional dosage forms are often limited by the rate of drug release
into the body and are synonymous with an immediate release of the drug. Hence,
to achieve therapeutic levels that extends over time, either an initial high dose
needs to be administered by an intravenous injection, which can
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potentially lead to toxicity or use of multiple doses is an alternative. In this mode
of delivery, however the therapeutic effect depends on the frequency of dose
administration and the half- life of the drug. Improper dosing may lead to 'peak
and valley' effect, known to cause toxicity in certain cases, such as with
chemotherapeutic drugs.
Spatial and temporal delivery, targeting drugs to specific organs, tissues,
cells or subcellular compartments at a specified rate were the need of the hour.
The period from 1970 to 1990 saw an increase in research focused on controlled
drug delivery and on understanding the barriers for various routes of
administration. A controlled drug delivery is defined as delivery of the drug at a
predetermined rate and/or to a location according to the needs of the body and
disease states for a definite time period. Skin as an interface for controlled drug
delivery was an option that was explored.
History of Skin as a Medium for Drug Delivery
Skin, as an interface for drug delivery is not new, and topical products
have been used since antiquity in the form of traditional preparations like
ointments, poultices and medicinal plasters, containing natural and herbal
components (Scheindlin, 2004). Use of belladonna plaster, containing 0.250.30% of belladonna root alkaloids as an analgesic has been documented in
early 20th century editions of the United States Pharmacopeia (USP) and
National Formulary (NF). The mustard plaster, applied as a home remedy for
severe chest congestion is another example of an early formulation for skin.
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Powdered mustard seeds (Brassica nigra) were mixed with warm water, and the
resulting paste spread on a strip of flannel and applied to the patient's chest. The
moisture and body warmth activated an enzyme, myrosin in mustard, which
hydrolyzed the glycoside, sinigrin, causing the release of the pungent active
ingredient allyl isothiocyanate (CH2=CHCH2NCS). Flannel served as an
impermeable backing and the mustard paste as reservoir for continuous release
of the drug until taken off.
Another remarkable preparation, considered a forerunner of modern skin
formulations was Stronger Mercurial Ointment, containing 50% of elemental
mercury. It was used for the treatment of syphilis when Salvarsan and other
arsenicals were in use, even before the discovery of penicillin. The formulation in
itself represented high standards of scientific knowledge. To make the ointment,
liquid mercury was first mixed with mercuric oleate, a mercury soap. Dispersion
of the mercury into microscopic globules required a large input of energy, either
by hand trituration with mortar and pestle, or by a power mixer. The dispersed
mercury was made into an ointment with benzoinated lard, using suet as a
stiffening agent. The ointment was applied and rubbed into areas where the skin
is thinnest: the groin and the bends of the elbows and knees. The amount
applied was two to four grams of ointment, containing one to two grams of
mercury.
Even while the preparations were being applied to the skin, their mode of
action was highly questioned. It was suggested that instead of mercury being
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absorbed through the skin, the patient was actually inhaling mercury vapor. It
was Schamberg who demonstrated otherwise that the bulk of absorption was
transdermal and not inhalational. A more definitive study was reported by Cole,
Gericke, and Sollmann, as an end point determination study, where the ointment
was rubbed in human volunteers (Cole et al., 1921). Any source of mercury
vapor was eliminated by washing off excess formulation from the skin. In the
study, 75% of the subjects experienced salivation, one of the known systemic
effects of mercury. The study thus provided a proof of concept for absorption of
drugs through skin, which has nourished over the years into what we today know
as topical/transdermal drug delivery.
Topical and Transdermal Delivery
An increased understanding of the principles of skin absorption have led
to the classification of the delivery mode into topical and transdermal delivery.
The division is based solely on the site of intended action. While topical delivery
targets drug in the skin, with penetration as the important requisite; transdermal
delivery adds value for systemic delivery. As a result penetration and absorption
are both important for transdermal delivery.
Corticosteroids, antibiotics, antifungals, antiseptics, counterirritants,
keratolytics, protectants, astringents and emollients are classes of drugs typically
delivered by topical administration, since their primary site of action is in the skin
(Gibaldi et al., 2007). It is however, unavoidable for a small amount of drug to be
absorbed systemically too. The formulations are equally diverse, ranging from
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liquids to semisolids to solids (powders). A topical product is formulated for
reasons of: hydration because of emollient properties, protection from external
environment, healing an intact or injured area of skin and to deliver medications
to the skin.
Transdermal formulations, on the other hand are applied to the surface of
the skin for delivering therapeutics through skin to the systemic circulation. In
addition to semi-solids, like creams, ointments and gels; unit dosage forms like
patches represent an important class of transdermals. An appreciation for this
form of delivery can be gained by understanding the skin anatomy and factors
which govern the flux of drugs across the skin.
Skin Structure
Skin is the largest organ of human body, providing approximately 10% of
the body mass of an average person. Like all other epithelia, it serves as a
barrier to isolate internal structures from the external environment. However, skin
is the only epithelium that must function in a hostile non aqueous environment. In
order to survive in this adverse environment and also preserve its integrity and
function, skin has developed a specialized structure of unique physical-chemical
composition, attributed primarily to the outermost layer.
Skin is broadly divided into two parts, the dead outermost layer and the
underlying viable layers. Histologically, three layers of skin can be recognized:
epidermis, dermis and hypodermis, as illustrated in the schematic in Figure 1
(Kydonieus and Wille, 2000, Freinkel and Woodley, 2001).
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Epidermis
The epidermis is a continually renewing, stratified squamous epithelium
covering the entire outer surface of the body. It ranges in thickness from 0.06 to
0.1 mm over most of the body and is thickest at the palms and soles.
Approximately 90-95% of epidermal cells are keratinocytes, named because of
the fibrous proteins- keratins contained within. Keratins represent a family of
alpha-helical, water insoluble proteins, ranging from 40 to 70 kDa.

Epidermis

1
Dermis

u

Hypodermis

Figure 1: Schematic representation of different layers of the skin
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Keratinocytes are characterized by the presence of submicroscopic (10
nm) keratin filaments and desmosomes, specialized structures occurring at
irregular intervals on the cell membrane that serve as points of attachment for
adjacent cells. The highly organized intercellular junctions serve to create strong
mechanical links between cells. They have one intracellular part, the
desmosomal plaque, and one extracellular part, the desmosomal plate. Inside
the cell, the desmosomal plaque interacts with keratin filaments to create a
network of filaments essential for maintaining the structural integrity of the
epidermis. Besides keratinocytes, other cell types, derived from different
embryonic origins consist of melanocytes, Langerhan cells and Merkel cells.
Epidermis contains five histologically distinct layers. From the inside to
outside, they are classified as:
Stratum Germinativum (Stratum Basale)
The basal cell layer primarily consists of mitotically active columnar
keratinocytes. On average, the keratinocytes replicate once every 200 to 400 hr.
After replication, one daughter cell remains in the basal layer while the other
migrates upwards through the epidermis towards the skin surface.
Other important cellular components present in the stratum basale include
melanocytes, the source of melanin pigment which gives skin its color and
affords protection from the damaging effects of ultraviolet radiation; the
Langerhan cells, derived from bone marrow form a part of the immune
surveillance system and are critical to the development of allergic contact
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dermatitis; and the Merkel cell, which is thought to function as a
mechanoreceptor for the sensation of touch. These cells are associated with
nerve endings, found on the dermal side of the basement membrane, and play a
role in cutaneous sensation.
Stratum Spinosum
The stratum spinosum is found on top of the basal layer and together
these two layers are termed as Malpighian layer.The stratum spinosum consists
of two to six rows of keratinocytes, whose shape, structure and subcellular
properties correlate with their position within the zone. The suprabasal cells are
polyhedral, whereas those in the upper layers are larger, more flattened and
contain new organelles, the lamellar granules. Keratinocytes begin to
differentiate within this layer and synthesize keratins that aggregate to form
tonofilaments. Condensation of tonofilaments gives rise to desmosomes which
connect the cell membranes of adjacent keratinocytes and maintain a distance of
20 nm distance between the cells. The abundance of desmosomes between
adjacent cells results in the formation of 'spines' due to shrinkage artifact,
because of which the layer is also called as spinous layer or prickle cell layer.
Stratum Granulosum
The stratum granulosum is only one to three cell layers thick and contains
enzymes that begin degradation of the viable cell components such as nuclei and
organelles. As the keratinocytes pass from the stratum spinosum to the stratum
granulosum, they continue to differentiate, synthesize keratin and most
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importantly start to flatten and acquire granular structures. The lamellar granules
are extruded from the cells into the intercellular spaces as the cells approach the
upper layer of the stratum granulosum. Lamellar granules, which are first evident
in the cytoplasm of the upper spinous layer, have the primary site of activity at
the granular comified layer interface. These membrane bound secretory
organelles originate in the Golgi apparatus. They contain glycoproteins,
glycolipids, phospholipids, free sterols and several acid hydrolases, including
lipases, proteases, acid phosphate and glycosidases and deliver precursors of
stratum corneum lipids into the intercellular spaces.
Stratum Lucidum/Transitional Layer
Most researchers tend to view stratum lucidum as the lower portion of the
stratum corneum and hence bracket these two layers together. Indeed, some
dermatologists question whether this layer is functionally distinct from the other
epidermal layers, or if it is an artifact of tissue preparation.
There is an abrupt transition from the granular cell to a terminally
differentiated comified cell in this layer. The granular cell not only synthesizes,
modifies and cross links proteins involved in keratinization, it also participates in
its own programmed destruction, driven by the degradative enzymes. Destruction
of cellular organelles like the nucleus also occurs with the morphological and
biochemical changes characteristic of an apoptotic form of cell death. It includes
intemucleosomal fragmentation of DNA and activation of caspases.

15
Occasionally droplets of an oily substance possibly arising from the disintegration
of lysosomes may be seen in this cell layer.
Stratum Corneum
Stratum corneum provides the major skin barrier to water loss and
permeation of foreign substances. Its importance is emphasized by the fact that
the development starts in utero 6 to 8 weeks prior to delivery. Indeed the raison
d'etre of the epidermis is to make the stratum corneum. It is also called the horny
layer and is the final product of epidermal cell differentiation. The nucleus and all
cell organelles (microsomes, mitochondria etc.) of the cells within the granular
layer are broken down and a thick band of cross linked proteins is deposited on
the inner surface of the cell membrane to form the cell envelope, and the entire
cell is filled with keratin filaments and associated matrix proteins (filaggrin). Thus
stratum corneum consists of dead, anucleated , keratinized cells embedded in a
lipid matrix. It takes approximately 14 days for a daughter cell from the stratum
basale to differentiate into a stratum corneum cell, which are retained for a
further 14 days prior to shedding. Typically the stratum corneum comprises only
10 to 15 cell layers and is around 10 urn thick when dry; however it may swell to
several times its thickness when wet. It is thickest on palms and soles and
thinnest on the lips.
Formation of stratum corneum is also accompanied by the deposition of a
thick band of protein on the inner surface of the plasma membrane, the cornified
cell envelope, a hallmark of terminal differentiation. The cornified envelope is a
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rigid protein scaffold formed by the crosslinking action of transglutaminases.
These crosslinks together with disulfide bonds, render the envelope insoluble
and very resistant to chemical attack, thus contributing to the skin's barrier
property. Also associated is the loss of the normal cell membrane and covalent
attachment of an unusual cj-hydoxyceramide to the cell envelope. Phospholipids,
an essential component of cell membranes, are degraded. Thus, corneocytes are
left with a compound cell envelope made up of a highly insoluble, cross linked
protein inner surface and a ceramide monolayer outside, joined together by
modified desmosomes to form a mechanically strong layer.
An intriguing feature of the stratum corneum, which distinguishes it from
other epithelium is the arrangement in the form of 'brick and mortar' model. In
this model the keratinized cells are embedded in a mortar of lipid bilayers. The
lipid envelope on keratinocytes functions as an anchor for the intercellular lipid
bilayers and serve to influence their organization. Stratum corneum consists of
75 - 80% protein, 5 - 15% lipid with 5 - 10% unidentified on a dry basis. A
unique mixture of lipids occurs, consisting of ceramides, fatty acids, cholesterol,
cholesterol sulfate and sterol/wax esters. The stratum corneum lipids are
arranged in multiple bilayers, but devoid of phospholipids, unlike other lipid
bilayers in the body. The eight classes of uniquely structured ceramides together
with the fatty acids, cholesterol and cholesterol sulfate, provide the amphiphilic
properties necessary to form the lipid bilayers.
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Dermis
Dermis is the connective tissue component of skin and contributes to
majority of the thickness of the skin structure. It is typically 3-5 mm thick in
humans. The dermis is divided into two parts: the upper, papillary dermis and the
lower reticular dermis. The papillary dermis is the thinner of the two and is
distinguished from the reticular dermis by having fiber bundles of much smaller
diameter. Its interface with the epidermis is irregular and is in the form of folds.
Collagen is the major fibrous protein of the dermis, accounting for more
than 70% of its dry weight. It provides support and tensile strength to the
structure. Interwoven among the collagen fabric is a network of elastic fibers
which gives skin its resilience, i.e. the ability to restore normal structure following
deformation. It makes up only 1—2 % of the dry weight of the dermis. Other
nonfibrous components are glycosaminoglycans and finely filamentous
glycoproteins, both of which contribute to the water binding properties of dermis.
The dermis has several structures which are embedded within it, such as
blood and the lymphatic vessels, nerve endings, pilosebaceous units (hair
follicles and sebaceous glands), and sweat glands (eccrine and apocrine). Skin
has extensive vasculature which is essential for the regulation of the body
temperature and also for delivering oxygen and nutrients to the tissue, at the
same time removing toxins and waste products. Average blood flow to the skin
may vary from 0.5 to 100 ml/min/100g, although the normal resting flow is in the
range of 3 to 10 ml/min/100g. The blood supply to the skin comes from
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cutaneous branches of muscoskeletal arteries, which ascend from the underlying
musculature, penetrate the subcutaneous fat and enter the dermis. In the deeper
regions of the dermis, branches spread horizontally to form a deep vascular
plexus running parallel to the surface of the skin. In addition, the parent vessel
ascends to the papillary dermis and divides into smaller arterioles which form a
superficial plexus. Arising from the superficial plexus are smaller arterioles that
give rise to capillary loops running at right angles to the surface of the skin and
traversing the dermal papillae to within a few microns of the basement
membrane.
Skin appendages whose ducts perforate the stratum corneum also
originate in the dermis. The duct of sebaceous gland though does not itself
penetrate the stratum corneum, but empties into the duct of the hair follicle
approximately 0.5 mm below the surface of the skin. These glands secrete
sebum which is composed of free fatty acids, waxes and triglycerides which
lubricate the skin surface and help to maintain the surface pH at around 5.
Eccrine or sweat glands are found over most of the body surface, typically at a
density of 100 - 200 per cm2 of skin. These glands are stimulated in response to
heat and emotional stress. The apocrine glands are located near the dermoepidermal layer however these are limited specific areas of the skin including the
axillae, nipples and ano-genital regions.
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Hypodermis
Hypodermis is the innermost subcutaneous fat layer of the skin which
bridges between the overlying dermis and the underlying body constituents. It is
relatively thick in most areas of the body and is typically in the order of several
millimeters. However certain areas of the body such as eyelids do not have
hypodermis. Hypodermis is made of up of adipose tissue and principally serves
to insulate the body and provide mechanical protection to the underlying organs
against physical shock. It is also a readily available source of high-energy
molecules. Principal blood vessels and nerves are carried to the skin in this layer.
Skin Structure in Relation to Transdermal Delivery
Skin covers a large area of about 1.7 m 2 , thus offering multiple sites to
administer therapeutic agents for both local and systemic effect (Adrian, 2003). A
general model for percutaneous absorption follows the path:
vehicle

• stratum corneum

•

viable epidermis

•dermis

•

dermal blood vessels. However, interaction of a drug with each of these
individual layers governs the fate of transdermal delivery.
Stratum corneum is the most important layer of skin for percutaneous
penetration because of its inherent barrier nature. The highly organized structure
of cornified keratinocytes in lipid rich matrix allows selective permeation of
molecules. Hence, candidates with molecular size of 500 Da or less, possessing
sufficient lipophilicity are able to partition in into the lipid matrix . Hydrophilic
molecules cannot cross the lipidic barrier. Once permeated the molecules take a
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tortuous route to find their way into the viable epidermis and dermis, which is a
highly hydrated layer, equivalent of gelled water. Dermis offers minimal barrier for
polar drugs, but may be significant when delivering highly lipophilic molecules.
In vivo the drugs are removed by the blood flow to skin at the dermo-epidermal
junction even before they reach the dermis. The vascular surface available for
the exchange of substances between s kin and blood is estimated to be 1 to 2
cm2 per cm2 of skin surface. For transdermal drug delivery of most drugs, the
blood supply thus maintains a concentration gradient between the applied
formulation on the skin surface and the vasculature, across the skin membrane.
This concentration gradient is the driving force for passive drug permeation. In
addition, the lymphatic system, which reaches to the dermo-epidermal layer is
also effective in removing permeated molecules from the dermis. Cross and
Roberts showed that the lymphatic flow was a significant determinant for
clearance of larger molecules like interferon, while dermal blood flow significantly
affected the clearance of the relatively small solutes such as lidocaine (Cross
and Roberts, 1993). Appendages offer a potential route for molecules to enter
the lower layers of the skin without having to traverse the 'intact' barrier provided
by the stratum corneum. These so-called 'shunt routes' are especially important
for the delivery of large polar molecules.
In summary, a molecule can essentially take three pathways to traverse
across the intact stratum corneum. These pathways are not mutually exclusive
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and it is most likely that a combination of all three will be used by most molecules
depending on their characteristics and the skin source. They are:
1. Intercellular pathway through the multiple bilayers for small, uncharged
molecules
2. Transcellular pathway through the highly hydrated keratin for diffusion of
small hydrophilic molecules
3. Transappendageal /shunt pathways for large polar molecules, ions and
vesicular structures
In addition to the multiple partitioning and diffusion steps occurring in the
skin, a molecule may also bind to the skin elements. Drug binding to keratin in
the stratum corneum is responsible for the 'reservoir effect', which is well
established for steroids. Drug binding to the receptors present in the skin is also
known of.
Skin Biochemistry in Relation to Transdermal Delivery
Skin has two barriers of protection: a physical barrier of stratum corneum
and a biochemical barrier in the form of enzymes. The function of this second
barrier is to protect the body against any foreign agent that has gained entry
through the skin. Skin enzymes biotransform not only chemical toxins and
tumorogens, but also drugs entering from the skin surface. Histochemical and
immunohistochemical methodologies suggest that the majority of the enzymes
are localized in the epidermis, sebaceous glands and hair follicles (Adrian, 2003).
Thus, it becomes evident that a drug molecule will encounter enzymes on its way
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during penetration through the skin. In addition to affecting the drug bioavailability
after percutaneous absorption, skin metabolism may also manifest in the form of
cutaneous toxicity and allergic hypersensitivity reactions due to the metabolized
products (Svensson, 2009). Metabolic activity has however been positively
utilized for the design of prodrugs.
Skin possesses a broad spectrum of metabolizing enzymes, catalyzing
both Phase I ( oxidation, reduction, hydrolysis) and Phase II (glucuronidtion and
sulfation, methylation and glutathione conjugation) reactions (Oesch et al., 2007).
Cytochrome P450 plays a major role in drug metabolism in the liver and has also
been detected in the skin. Presence of numerous members of this important
enzyme family have been detected in the skin, with most of them localized within
the epidermis and sebaceous glands in normal healthy human skin. They include
CYP1A1, CYP1A2, CYP1B1, CYP2A6, CYP2B6, CYP2E1, CYP3A4, CYPs
predominantly involved in the metabolism of procarcinogens and CYP1A2,
CYP2E1, CYP2D6, CYP3A4/5, CYPs metabolizing many clinically used drugs.
Other phase I enzymes present in the skin include flavin-dependent
monooxygenases, alcohol and aldehyde dehydrogenases, esterases/amidases,
and epoxide hydrolases. Among these esterase/ amidases are highly active in
the skin and thus make prodrug administration feasible. Phase II drug
metabolizing enzymes that have been identified include glutathione Stransferase, glucuronosyltransferase, sulfotransferase, acetyltransferase, and
methyltransferase.
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Skin is also known to catalyse the hydrolysis of peptide/protein substrates
due to the presence of proteolytic enzymes. The term 'peptidases', 'peptide
hydrolases' or 'proteases' are used interchangeably to refer to a class of
enzymes which catalyze the hydrolysis of proteins and peptides (Beynon and
Bond, 2001). Proteases are broadly classified into two groups depending on their
site of hydrolysis: endopeptidases cleave the peptide bond at points within the
chain while exopeptidases act only near the ends of polypeptide chains. They
sequentially remove amino acids from either the C-terminus, referred to as
carboxypeptidases or from the N-terminal side, known as aminopeptidases.
If a dipeptide is cleaved from the C-terminal the enzyme is classified as a
peptidyl-dipeptidase. On the other hand, enzymes acting at the free N-terminal
and liberating a dipeptide or a tripeptide are classified as dipeptidyl-peptidase
and tripeptidylpeptidase respectively. For endopeptidases, the classification is
based on their catalytic mechanism as serine proteases, cysteine proteases,
aspartic proteases, metallo proteases and those of unknown catalytic
mechanism. In the skin, they are responsible for extracellular proteolysis during
formation of the stratum corneum barrier, mediating dissociation of desmosomal
contacts and desquamation (Buth et al., 2004). Together with their housekeeping
functions, they also degrade any other protein that comes in contact, thus
influencing the bioavailability of topically applied drugs. Studies to isolate
proteases were performed in skin homogenates, but knowledge of their complete
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classification and location is still fragmentary (Fraki and Hopsu-Havu, 1972,
Jansen and Hopsu-Havu, 1969, Fruton, 1946).
Significant cutaneous metabolism has been demonstrated for a wide
variety of compounds with differing physicochemical properties, including the
steroid hormones estrone, estradiol, and estriol, as well as glucocorticoids,
prostaglandins, retinoids, benzoyl peroxide, aldrin, anthralin, 5-fluorouracil,
nitroglycerin, theophylline, and propranolol (Wolff etal., 2007). Cutaneous
biotransformation reduced the systemic bioavailability of nitroglycerin
administered by 16 -21% in rhesus monkeys and hydrolyzed virtually 100 % of a
salicylate diester. Metabolism studies further bring into light the importance of
formulation used, as illustrated by investigations on the metabolism of several
transdermal nitroglycerine formulations. It emphasizes that it is difficult to
extrapolate quantitatively the level of metabolism obtained for different
formulations, which also has implications for the estimation of bioequivalence.
Furthermore, the distribution of biological barrier is also different among species,
making the extrapolation from animal to human difficult (Oesch et al., 2007). In
case of protein drugs, it is only recently that the importance of cutaneous
metabolism in relation to transdermal delivery was realized and hence extensive
literature is lacking (Steinstrasser and Merkle, 1995).
Percutaneous absorption and metabolism of compounds are viewed as
two independent events in kinetic competition with each other (Guy et al., 1987).
Hence, metabolism has a significant role to play during percutaneous permeation
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in transdermal delivery. Generally, compounds that remain in the skin for longer
periods of time due to their physiochemical nature undergo more metabolism.
Also, in considering the site of the most significant metabolism, the specific
activity and capacity has to be taken into account. In this regard, although the
level of many enzymes is highest in the epidermis, the relatively large size of the
dermal compartment may result in a significant role in the metabolism of topically
applied substances. Hence, situations where metabolism is studied in vivo, the
metabolism profile may be completely different from in vitro because of the
absorption of penetrating molecules by the dermal capillaries present at the
dermo-epidermal junction.
There exists a substantial difference in first-pass metabolism that occurs
in the skin compared with the usual organ- the liver (Svensson, 2009). A drug
administered orally goes to the liver by enterohepatic circulation before it enters
into the systemic circulation, thereby accessing the full complement of liver
enzymes. Drug applied to the skin, on the other hand is limited to a small region
and exposed to a low fraction of the overall drug-metabolizing enzymes in skin,
possibly leading to saturation of metabolism. Also, the specific activity of skin
enzymes is only about 10% of that found in liver and together with poor blood
perfusion to skin representing 6.25 % of the total liver blood flow, the extent of
skin metabolism is predicted to be modest (Roberts and Walters, 2007, Banga,
2006). Despite, knowledge of enzymatic distribution and activity is an important
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consideration in assessing pharmacotherapy directed to or through the
cutaneous tissue in designing a rational transdermal delivery system.
Skin Anatomy and Physiology Emphasizes Pharmacokinetic Evaluation of
Transdermal Delivery
The skin structure necessitates a number of diffusion and metabolism
steps for a molecule applied on the surface of the skin enroute to its target site.
Hence, pharmacokinetics, or the study of the effect of body processes on a drug
becomes important in transdermal delivery because the target tissues are not
directly accessible and the drugs must be transported from the portal of entry on
the surface through a variety of biological interfaces to reach the desired site.
During these many processes, it may undergo severe biochemical degradation
and produce a delivery pattern at the receptor site that differs markedly from the
pattern of drug release into the system. Percutaneous absorption is a process in
which a drug moves through the different layers of the skin to be taken up by the
systemic circulation. Hence the different phases characterizing a transdermal
delivery profile are the lag phase, the rising phase and the falling phase. In the
lag phase, there is no drug absorption since the drug is permeating through the
skin layers, followed by absorption into systemic circulation, represented by the
rising curve. Finally, in the declining phase, the drug starts to eliminate from the
body as seen by the falling blood levels of the drug.
Pharmacokinetic studies recommended by the FDA for a transdermal drug
formulation aim at assessing the rate and extent of absorption of a drug across
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the epidermal/dermal barrier (Shah and Maibach, 1993, Guy and Hadgraft,
2003). Estimates of drug pharmacokinetic parameters (clearance, volume of
distribution, half life, protein binding, blood/plasma concentration ratio,
nonlinearity in absorption and elimination) are also recommended. As described
in a CDER guideline entitled 'Format and Content of the Human
Pharmacokinetics and Bioavailability Section of an Application', five types of
studies are recommended to define the pharmacokinetics of a new drug: pilot
studies to assess drug absorption and elimination after transdermal delivery,
bioavailability studies, pharmacokinetic studies, other in vivo studies as
necessary and in vitro dissolution studies. The bioavailability and
pharmacokinetic studies are further recommended to be fully characterized in
comparison to an intravenous dose and in cases where intravenous dosing is not
possible, oral or intramuscular dosing may be used.
Inception and Growth of Transdermal Delivery
From the first studies in 1924, when Rein proposed that stratum comeum
posed the major resistance to transdermal transport, progress was made to
works of Michael and coworkers where they were successfully able to show
significant permeability of model drugs (Rein, 1924),(Michaels et al., 1975).
Knowledge gained through these studies resulted in the approval of the first
transdermal patch by US FDA in 1979 of scopolamine for treatment of motion
sickness. Subsequently, patches for nitroglycerin were approved in 1981.
Currently patches for drugs such as clonidine, fentanyl, lidocaine, nicotine,
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nitroglycerin, oestradiol, oxybutinin, scopolamine and testosterone are available
(Staff, 2003). Additionally, combination patches for contraception and hormone
replacement therapy are also available. It is estimated that the annual US market
for transdermal patches is more than US$ 3 billion (Prausnitz, 2004).
Advantages associated with transdermal delivery of these agents included
sustained delivery of drugs to maintain a steady plasma concentration,
particularly for drugs with short half lives resulting in reduced incidence of side
effects and decreasing the dosing interval from daily to weekly, avoidance of first
pass metabolism via liver and irritation in the gut. A convenient, non-invasive and
patient friendly option which can be self administered and easily allows dose
changes according to the patients need, made transdermal delivery popular with
the patients also. Nicotine patches became the first transdermal blockbluster
because it provided an easy opportunity to people who had been struggling with
their smoking and also raised the profile of transdermal delivery.
However not all drugs are suitable for delivery via transdermal route. The
first generation of transdermal products were essentially restricted to molecules
having characteristics of low molecular weight (<500 Da), high lipophilicity and
small required dose (up to mg), all exhibited by the marketed drug candidates
(Bronaugh and Maibach, 1999, Guy and Hadgraft, 2003). In recent years, the
pharmaceutical and biotech industries have developed more potent drugs, many
of which are proteins or DNA. Their basic hydrophilic nature, a narrow
therapeutic index and high susceptibility to enzymatic degradation in the gut
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renders them unsuitable for delivery by the conventional oral route. Opening the
transdermal route for delivery of large biomolecules such as proteins and
monoclonal antibodies is also a challenge. Even for small molecule drugs, which
are charged overcoming the lipid skin barrier is the major hurdle in the delivery of
such agents through skin.
Technology has made impossible also possible. There are a number of
enhancement techniques available, which essentially attempt to compromise the
skin barrier function in a reversible manner to facilitate delivery of even
hydrophilic or charged drug molecules across the skin. These can be broadly
classified into physical and chemical approaches. Use of chemical enhancers,
although not extensively used now, because of the toxicity issue of the
enhancers themselves was among the first strategies used. Physical approaches
include iontophoresis (use of electric current), phonophoresis (use of ultrasound),
magnetophoresis (use of magnetic energy), microporation (thermal and
microneedles), laser/radiofrequency ablation, photomechanical waves and heat.
These technologies are used individually or in various combinations.
Transdermal Patches/Films
As mentioned earlier, the major products currently marketed for
transdermal absorption are the transdermal therapeutic systems (TTS), popularly
known as patches. These patches can be classified into two categories based on
their design: reservoir and matrix type. A reservoir type patch holds the drug in a
solution or gel with a rate-controlling membrane positioned between the drug

30
reservoir and skin. The rate controlling membrane controls the delivery of the
drug. On the contrary, the later introduced matrix-type patches combine the drug,
adhesive and mechanical backbone of the patch into a simpler design that does
not involve a rate-controlling membrane; the rate of drug delivery is usually
controlled by skin permeability. Reservoir patches offer an advantage over matrix
patches in terms of formulation flexibility and tighter control over delivery rates.
The excipients used in patches include polyester film, ethylene vinyl alcohol
copolymer (EVA), or polyurethane film as backing membranes and polyester
fabric as removable strip. The adhesive is generally an acrylic polymer. The
technology of the backing layer and the removable layer is related to that of the
Band Aid® type protective strip.
However, none of these patches are suitable for protein drugs. Instability
of biomolecules against heat and organic solvents used during the patch
preparation discourages the use of conventional patch technology. Moreover,
due to the high concentration of proteins within these controlled release patches,
the protein molecules tend to aggregate after several days which can be
immunogenic in vivo (Johnson et al., 1997b). Film based drug delivery systems
have been investigated for controlling the delivery of proteins. Collagen and
poly(D,L-lactide-co-glycolide) were used for controlling the rate of human growth
hormone ((Maeda et al., 2001, Fredenberg et al., 2005). Films of the protein,
referred to as printed patches were prepared for human growth hormone. The
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protein solution was deposited using a microliter syringe on porous backing and
subsequently tested on radiofrequency porated skin (Levin et al., 2005).
Development of liquid handling systems has broadened the application of
inkjet printing from home to lab. Print technology borrowed from the graphics and
newspaper industry can now be adapted to the production of electronics and
even applied for medical applications (Cooley et al., Singh et al., 2010). Inkjet
printing is a material conserving deposition technique used for liquid phase
materials. The history of inkjet printing dates back to 1930's when Ranger,
Dickmann, Schroter, Hansell and Richards used continous jets of inks to record
signals or pictures (Hawkes, 1985). However, it took another 20 yrs to develop
the first successful product using inkjets. Elmquist in 1951 replaced the pen in
oscillograph recorders with inkjets, much like the electrocardiogram (ECG)
recording machines still used in hospitals. The development of inkjet printers
continued in the 1960s with Sweet and Winston who developed other types of ink
jet recorders and typewriters respectively. Together with the contributions of two
Swedish groups, Stemme and Larsson (1973) in Gothenburg and Hertz et al.
(1967) in Lund; additional methods for controlling inkjets by electrical signals
were developed. Thus by the end of 1960s four fundamentally different principles
for inkjet printing existed. These were improved and altered by the workers with
most of the inkjet systems in use today having evolved from these four principles.
In the mid 1970s printer companies realized the potential of the technology and
started work on creating an affordable inkjet printer to create high quality
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printouts. But it was not until late 1980s that the printers found their way into the
market.
The inkjet printing technology, based on droplet generation can be broadly
classified into continuous printing and drop-on-demand or impulse printing (Gans
et al., 2004). In continuous jet systems uniformly sized droplets are deflected
from a continuous stream to a substrate by electrical signals which control either
the direction of the droplets (Sweet method) or disperse them into a mist (Hertz
method). Continuous jet printers were developed by IBM; however the
technology never caught on due to a lot of wastage of the ink. These printers are
now limited for labeling cartons and address direct mail. Drop on demand
technology, the more popular of the two, uses electrical signals to generate
droplets when required. They work by pushing the ink out of the nozzle to form
droplets, either by heating (thermal) the ink or applying physical pressure
(piezoelectric). Figure 2 shows a schematic view of a piezoelectric inkjet. It
consists of a piezoelectric actuator attached to a microfluidic channel. One end
of the channel draws the ink/liquid from a reservoir and the other end narrows
down to form a nozzle (Zeng et al., 2009).
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Figure 2: Schematic diagram of a piezoelelectric inkjet head.
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Initially, surface tension draws the liquid from the reservoir and fills the
microfluidic channel. A slight negative pressure is applied in the reservoir to
prevent the liquid from dripping out. To fire a droplet, a carefully designed voltage
waveform is applied to the piezoelectric actuator. The resulting actuator
deformation first enlarges the microfluidic channel such that a negative pressure
is generated in the channel, which propogates towards the channel center just in
time for the actuator to contract. As a result, the liquid movement towards the
nozzle acquires sufficient momentum to overcome the surface tension and a
liquid jet is ejected from the nozzle. The liquid is replenished from the reservoir
and the liquid movement is dampened due to viscous shear before the next
waveform starts. In a thermal inkjet system each nozzle uses a micro-resistor to
apply heat to an ink solution, which vaporizes to form a vapor bubble (Melendez
et al., 2008). The bubble rapidly expands, creating a volume displacement much
like in the piezoelectric transducer. Though only <0.5% of the fluid experiences
an elevated temperature, the upper temperature limit is restricted by the boiling
point of the solvent. An additional property in consideration is the thermal
property of the fluid; it should be able to impart acoustic energy to the working
fluid.
Iontophoresis
Iontophoresis refers to the movement of ions across biological
membranes by application of an electric current for therapeutic purposes.
Biomedical applications of electricity were realized even before electricity was
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discovered when a Greek physician, Etius, prescribed the shocks of electric fish
for the treatment of gout (Banga, 1998). 1745. However, it was not until 1879
when Munck demonstrated the ability to deliver ions, by delivering strychnine into
a rabbit with an electric current. The first scientific experiments relating to the
mechanism of iontophoresis were performed by LeDuc in 1908, who introduced
the term iontotherapy. Using two rabbits placed in series, he introduced
strychnine into one and cyanide into the other, each depending on the polarity.
He was able to determine which ions were introduced by observing the signs
preceding death. Following, a wave of enthusiasm led to application of
iontophoresis in different fields of medicine, pharmacology and biology.
By definition, iontophoresis is increased movement of ions in an applied
electric field. Iontophoresis is based on the general principle that like charges
repel each other and unlike charges attract each other. An iontophoretic device
comprises a power source and two electrode compartments (Figure 3). The drug
formulation (D+A") containing the ionized molecule (D+) is placed in the electrode
compartment bearing the same charge. The indifferent electrode compartment is
placed at a distal site on the skin. Once the current is applied, the electric field
imposes directionality on the movements of the ions present: positive charges in
the anodal compartment move towards the cathode whereas anions move in the
opposite direction.

35

Figure 3: Diagram representing the iontophoretic principle

The most well-suited electrode system for iontophoresis is the Ag/AgCI
couple (Phipps et al., 1989, Sage, 1992). It avoids the sharp decreases in pH
that are seen with, for example, Pt-metal electrodes and their electrochemistry
occurs at voltages lower than those necessary for the electrolysis of water, thus
eliminating creation of additional competing H+ ions also responsible for skin
burns. However, the electrochemistry occurring at the Ag anode necessitates the
presence of CI" ions in the anodal compartment, which introduces significant
concentrations of highly mobile Na+ ions to compete with the drug to carry
current. As the CI" ions arrive at the electrode solution interface, they react with
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the metallic silver to form silver chloride, which on account of its low solubility
product, is deposited at the electrode surface. Electroneutrality is maintained by
movement of a cation out of the compartment into the skin or by an anion from
the skin into the anodal chamber. In the cathodal compartment, the AgCI is
reduced by the arrival of electrons from the power supply and yields metallic
silver together with a CI" ion, which passes into the solution. Again, for
electroneutrality, this must be compensated for by the arrival of a cation from
within the skin into the cathodal chamber or by the loss of an anion. Since the
electrical circuit is completed by the endogenous inorganic ions that are present
in the skin, primarily Na + and CI", these latter species can impact on the efficiency
of drug transport.
There have been a number of detailed analyses of the mechanistic
aspects of iontophoresis and iontophoretic phenomena (Pikal, 1990, Pikal, 2001,
Pikal and Shah, 1990b, Pikal and Shah, 1990a, Kalia et al., 2004). The observed
iontophoretic flux of a charged species, X, at steady-state can be considered as
the sum of two separate transport mechanisms—electromigration J E M and
electroosmosis J E 0 , assuming that the passive permeability is negligible.

Ji = J E M + J E 0

(1)

Electromigration is the movement of small ions across the skin under the
direct influence of the electric field. The total charge transported depends on the
strength of the electric field and the duration of application. Iontophoresis sets in
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motion a number of ions across the skin, and all of them compete to carry a
fraction of the current. The contribution of each ion to charge transport is called
its transport number, the overall sum of which equals 1. According to Faraday's
law, the electromigration flux of each ion in the iontophoretic circuit is given by
the following equation.

fjX/

Jm

(2)

~ F^7t

ti is the transport number, z\ is the valence of the ith ion, F is Faraday's constant,
and I is the total current. The transport number depends on the ion's relative
mobility (Ui) and charge Zj and upon its relative concentration q as shown below.
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Sodium and chloride ions are the principal extracellular electrolytes present in the
body at high concentrations, they will invariably carry a major part of the current
during iontophoresis in vivo.
Electroosmosis is the principal transport mechanism of uncharged
molecules and of high molecular weight cations (Pikal, 2001). The skin is
negatively charged at physiological pH, and acts therefore as a permselective
membrane to cations (Gangarosa et al., 1978). This preferential passage of
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counterions induces an electroosmotic solvent flow that carries neutral molecules
in the anode-to-cathode direction. The volume flow J v (volume x time"1 x area"1)
is proportional to the potential gradient established by the electric field as shown
below (Pikal, 2001).

/ v _ LVE X —

(4)

I_VE is the electroosmotic flow coefficient describing the direction and the
magnitude of the volume flow resulting from the driving force, -dO/dx. The
electroosmotic flux contribution to the transport of a solute s present in the
anodal compartment at molar concentration cs is then represented by follows.

^EO —JyX

cs

,g.

Electroosmosis assists the transport of high molecular weight cations and
retards the passage of anions at pH 7. It can be modified by altering the
permselectivity of the membrane and by manipulation of the formulation in the
electrode chambers that is by changing the value of I_VE (Guy et al., 2001).
The contributions of electromigration, electroosmosis, and passive
diffusion to the total iontophoretic flux depend on the structure and
physicochemical properties of the species being transported. For small ions such
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as Na+or CI", electromigration dominates; on the other hand, neutral solutes are
transported by electroosmosis and (usually) to a much lesser extent by passive
diffusion.
A number of factors as described below can affect the flux during
iontophoresis in vitro, in vivo or both.
Drug Concentration
In general, increase in drug concentration increases the iontophoretic flux
across skin until a certain level is reached, after which the flux plateau's
(Thysman et al., 1992, Koizumi et al., 1990, Nugroho et al., 2005, Jacobsen,
2001), (Siddiqui et al., 1985). Further increase in drug concentration does not
result in increase in flux possibly because the boundary layer of the skin relative
to the donor bulk solution is saturated (Phipps et al., 1989, Sanderson et al.,
1989). Thus simply increasing the concentration of the drug in the formulation
may not increase the number of molecules in the skin membrane, moreover the
mobilities or the transport number of the competing ions in the formulation also
play an important role. Finally the effects of the physicochemical properties of the
drug and the ability of the molecules to interact with its microenvironment along
the iontophoretic transport pathway should also be considered. For e.g. in the
iontophoresis of nafarelin and leuprolide, increasing the concentration of the
drugs actually resulted in the reduction of the drug delivery (Delgado-Charro and
Guy, 1994, Hirvonen et al., 1996, Rodriguez Bayon and Guy, 1996). It was
demonstrated that the presence of a significant hydrophobicity closely adjacent
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to a positive charge represented a key feature of the structure which was
responsible for inhibition of electroosmosis (Hirvonen et al., 1996).
Current Strength and Current Density
In general, for both small molecules and peptides, the contribution of
electromigration to the iontophoretic flux is linearly proportional to the applied
current at constant concentrations of the respective ions (Singh et al., 1999, van
der Geest et al., 1997). Similar to the effect of increasing drug concentration,
increasing the current produces an increase in iontophoretic transport, but the
response starts to plateau after a particular current level. This again suggest the
presence of a saturation phenomenon, where a further increase in current has no
effect once a limiting transport number is achieved (Kasting et al., 1989).
Lau et. al showed that increasing the applied current increases the
iontophoretic flux of peptides (Lau et al., 1994). Current density is the quantity of
current delivered per unit surface area. The essential criteria's in selecting proper
current densities for iontophoresis are: (1) the current should be sufficiently high
to provide a desired drug delivery rate; (2) it should not produce harmful effects
to the skin; (3) there should be a quantitative relationship between the flux and
the applied current; and (4) there should be electrochemical stability of the drug.
pH of the Drug Microenvironment
pH of the drug-containing solution determines the degree of ionization of
the drug. Generally, ionized drugs show higher transport via iontophoresis vs.
nonionized drugs. Two distinct mechanisms have been proposed by which pH of
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the drug-containing solution can affect the iontophoretic transport. For weak
bases, increasing pH reduces the ionized fraction of the drug, resulting in a
decreased electromigratory contribution to iontophoretic transport. Skin has a pi
of 4 - 4.5 and above this pH, the carboxylic groups in the skin are ionized,
making the skin as a permselective membrane. This gives rise to the second
iontophoretic transport mechanism - the electroosmotic solvent flow (Guy et al.,
2000).
For a weakly basic drug, as the pH of the solution approaches the pKa of
the drug, the drug becomes unionized and the contribution of the
electromigration to transport is reduced. At higher pH (> 6.5 - 7), skin becomes
completely ionized and electroosmosis will begin to contribute to the transport
(Merino et al., 1999). Thus the relative impact and net effect of these opposing
transport mechanisms will depend on the physicochemical properties of the
molecule (Green et al., 1991a, Green et al., 1991b). For a weakly acidic drug,
such as 5-fluorouracil (5-FU) with a pKa of 8, at lower pH (pH 3 - 6 ) the drug is
unionized and electroosmosis is the only driving force for transport. At pH below
the pi of the skin, the skin is positively charged and the convective solvent flow is
in the cathode-to-anode direction. At pH above the pi of the skin, the skin
becomes negatively charged reversing the electroosmotic flow in the anode-tocathode direction.
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Drug Salt Form
The salt form of the drug along with the pH of the solution is an important
consideration in determination of the ionized state of the drug. Different salt
forms of the drug may have different specific conductivities (Gangarosa et al.,
1978). The suitability of a drug for iontophoresis can be judged by the information
obtained from the in vitro conductivity experiments.
Ionic Strength and Ionic Competition
During iontophoresis current is carried by positive and negative ions in the
solution. There is no major distinction between ions of the same charge even
though they are composed of different chemical elements. If several ions are
present in the solution, the ions compete, and those that are best capable of
carrying the charge will be transported preferentially across the skin (Burnette
and Ongpipattanakul, 1988). The use of buffering agents to maintain pH adds
co-ions which are usually smaller and more mobile than the drug ions. This
results in the reduction of the number of drug ions carrying the current and thus
reduction in the delivery across the skin. In vitro, the total current will be carried
by drug ions along with the same charges as drug ions in the donor cell plus the
counter ions present in the receptor cell. Therefore, the competing ions in the
donor cell and the counterions in the receptor cell will be affecting the actual
current carried by the drug moiety.
It follows that an increase in ionic strength will decrease drug delivery, as
extraneous ions compete with the drug ions. Studies investigating the effect of
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ionic strength showed a higher flux at lower electrolyte concentration for several
peptides (Chien et al., 1989, Morimoto et al., 1992, Craane-van Hinsberg et al.,
1994) and small molecules such as keterolac (Tiwari and Udupa, 2003) and
salicylic acid (Yoshida and Roberts, 1995).
Drug Stability During lontophoretic Process
Oxidation or reduction of the drug not only reduces the amount of drug
available but also gives rise to degradation compounds. If the degradants are
ionic, they can compete with the ionic drug molecules during transdermal
iontophoresis, thus reducing the overall transport of the drug.
Molecular Size and Molecular Weight
It has been shown that across excised human skin, permeability
coefficients in charged or uncharged solutes are a function of molecular size. The
permeability coefficients decrease with an increase in the molecular size (Lian et
al., 2008, Neely et al., 2009, Singh and Roberts, 1996, Yoshida and Roberts,
1995). For electrorepulsive iontophoresis, when all other conditions are kept
constant, the transport of compounds decreased with an increase in molecular
weight (chloride > amino acid > nucleotide > tripeptide > insulin) (Green et al.,
1991a, Green etal., 1991b, van der Geest et al., 1996).
Physiological Factors
The presence and severity of certain conditions such as inflammation at
the site of application can influence the drug transport due to increased
temperature and elevated levels of blood and fluids present at these sites
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(Roberts et al., 1982). Other factors such as the thickness of the skin at the site
of application, presence of subcutaneous adipose tissue and the size of other
structures such as skeletal muscle may affect the transport of compounds during
transdermal iontophoresis.
Transport of molecules during iontophoresis has been shown to occur
mainly via sweat glands ducts and to a lesser extent via hair follicles and
sebaceous glands. Once introduced in the body, the drug can either act locally
in the skin or systemically because when the drug enters the tissue fluid it is
disseminated throughout the body tissues. This has been demonstrated by the
iontophoresis of radioactive material (O'Malley and Oester, 1955). Thus
iontophoresis offers a non invasive technique for administering ionic and large
molecule drugs across the intact skin barrier. Since it is an active permeation
technology, it permits use of lower quantities of drug compared to the
conventional patches where a concentration gradient has to be maintained,
leading to fewer side effects. It also prevents variation in the absorption observed
in patches. Easy and rapid termination of therapy, modulation of dosing by
varying the current applied further eliminates chances of over or under dosing.
Microneedles
The long standing interest in finding new technologies for drug delivery
have led to integration of the progress made in the engineering field into drug
delivery science. Microneedles have seen the light of the successful merger of
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two different sciences for biomedical applications. Microneedles are miniaturized
needles, fabricated at a microscale.
Use of needles for drug delivery can be traced back to the 1800s.
Invention of the hypodermic needle was seen as an independent outcome of
Charles Gabriel Pravaz in France and Alexander Wood in England in 1853
(Kravetz, 2005). Ever since then, needles have become the most widely used
medical device, with an estimated 16 billion injections administered worldwide
(Hauri et al., 2004). They rank second only to the most successful oral route of
drug delivery, facilitating delivery of drugs, vaccines and other substances into
the body along with extraction of fluids and tissues. Despite their widespread use
and effectiveness they lack patient acceptance. Associated with their use is
anxiety, pain and difficulty of using from the user viewpoint and limitations in
controlled delivery of formulations from a pharmaceutical standpoint along with
the biohazard risk. It is estimated that about 10% of the adult population may
have a phobia of needles (trypanophobia), often leading to avoidance of medical
care and in rare cases even death. Consequently, parenteral delivery is
unpopular with some adults and children, especially in the age group of 5-16
(Deacon and Abramowitz, 2006). This often times results in poor compliance in
adhering to treatments requiring chronic administration.
Reducing the needle size has been well accepted by patients, as seen by
the

popularity of the short, 31-gauge pen needle (Bohannon, 1999).

Microneedles further scale down to a micron level, with lengths varying from 50-
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1500 urn (Arora et al., 2008). Though needles of a few mm have also been
referred to as microneedles, a common understanding of the term is that the
length of the needle is shorter than 1 mm. Their short length is not able to
penetrate deep into the dermis where the nerve endings are present and hence
are perceived as painless during use (Kaushik et al., 2001). A classification for
microneedles usually used in literature classifies them based on the fabrication
process as in-plane or out-of-plane microneedles. In-plane microneedles are
fabricated with the shaft being parallel to substrate surface and out-of-plane
microneedles protrude from the substrate. Another classification distinguishes
them as solid or hollow needles with a lumen.
Applications

of

microelectromechanical

systems

(MEMS)

and

microfabrication have spread to the biomedical area, opening a new field called
bio-MEMS.

It

represents

bringing

together

knowledge

from

electrical,

mechanical, optical and chemical engineering, material and clinical sciences to
find cost effective solutions to biomedical problems (Saliterman, 2006).
BioMEMS devices form a platform for nanomedicine and the principles used for
their fabrication are essentially borrowed from the microfabrication technology.
Microfabrication uses a sequence of processes, some of which are adopted from
the semiconductor fabrication technology and some specifically developed for
micromachining (Betancourt and Brannon-Peppas, 2006). These processes are
assembled together in a given order to produce a physical structure. The
structures can be built within the bulk of a substrate material, what is known as
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bulk micromachining, or on the surface of the substrate through surface
micromachining (Voldman et al., 1999). Usually a combination of both is used to
fabricate a structure. Typical MEMS fabrication techniques include precise
controlled deposition and etching of materials. The structure to be fabricated is
defined by a two-dimensional pattern in a photomask, which is transferred to a
photosensitive film on a substrate by photolithography. The substrate is typically
a silicon wafer with a thickness of 300-700 um. Once the structure is set on the
substrate, materials can be etched with respect to each other. By consecutively
redepositing, patterning and etching materials, three-dimensional structures can
be created. Commonly used techniques to add material to the substrate are spin
coating, physical vapor deposition (e.g. evaporation or sputtering) or chemical
vapor deposition (CVD). Etching may be accomplished through wet etching
(immersing into a liquid solution) or dry etching (plasma based). In plasma based
etching a gas is excited into a reactive state, enabling reactions between the gas
and the substrate. By controlling the gas pressure, the relative amount of ions
over reactive radicals can be adjusted, which in turn affects the degree of
isotropy of the etch. An electric field may accelerate the ions and further increase
the directivity of the etch. Such an anisotropic plasma-based etch is referred to
as Reactive Ion Etching (RIE).
The fabricated microneedles can then be combined in a patch like
structure, resulting in an integrated system, which essentially will then have all
the desirable properties of a traditional transdermal patch, i.e. continuous
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release, ease-of-use and freedom from pain. But, unlike with the standard patch,
macromolecular delivery can be possible with a microneedle-based patch. The
microneedle technology alone has been tested for a wide variety of applications
ranging from delivery to immunization to sampling of body fluids for bioanalysis
(Mukerjee et al., 2004, Oka et al., 2002). Microneedles have also been fabricated
for microdialysis, where a hollow in-plane needle equipped with a semipermeable membrane filters the sampled liquid (Zahn et al., 2005).
Future of Transdermal Delivery
Due to the barrier properties of the skin, delivery of a large majority of
drugs through skin requires enhancement methods. In the past decade, several
enhancement methods have been studied. Despite extensive research, chemical
enhancers have achieved only limited success in increasing the transport of
small molecules and continue to struggle in delivering large molecules. Other
enhancement methods based on electric fields such as iontophoresis and
electroporation have shown increased ability to deliver small drugs and
macromolecules efficiently, however their development is limited by their reliance
on electronically controlled devices for energy source. Enhancement methods
that physically breach the skin barrier by creation of micron size holes/pores in
the skin such as microneedles, thermal poration and jet injection have also
shown dramatic increase in the transdermal delivery of small molecules and
macromolecules. However there are safety concerns associated with these
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techniques especially with regards to skin damage. Cost-effectiveness is another
issue that remains to be addressed.
Despite the slower pace at which transdermal delivery has evolved over
the past few decades and the technological advancement achieved during the
past few years, the scientific community is still fascinated with the potential of
transdermal drug delivery. In the opinion of Mark Praustinz, "transdermal delivery
has only scratched the surface of possible clinical impact" (Prausnitz et al.,
2004). A characteristic feature of transdermal drug delivery is that the drug
reservoir is outside the body. This opens up a number of opportunities for the
development of enhancement techniques. Altering the drug-release kinetics after
administration by traditional routes such as gastrointestinal tract, lungs or inside
the body is extremely difficult; however transdermal delivery overcomes this
disadvantage.
Major advances in the enhancement techniques based on electric fields
will depend on breakthroughs achieved in the development of microchip based
energy sources. Furthermore, advances in the nanotechnology will further spur
development of cost effective and efficient enhancement techniques. The
enhancement technologies mentioned above may be able to deliver the desired
drug on a specific case by case basis. However, it may not be possible to
generalize one particular technology as an effective solution for all transdermal
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delivery applications. Rather a combination of enhancement techniques with help
from the micro and nanotechnology industry may be a practical path forward in
establishing transdermal delivery as a first choice of delivery route.

CHAPTER 3
FABRICATION OF WET ETCHED TITANIUM MICRONEEDLES FOR USE AS
POTENTIAL DELIVERY AID FOR TRANSDERMAL DELIVERY
Abstract
Purpose
To optimize the fabrication of wet etched titanium microneedles as
delivery aids for transdermal delivery of molecules.
Methods
In plane solid titanium microneedles were wet etched from titanium sheet.
A layer of light sensitive material, called photoresist was spin coated, baked,
patterned with the microneedle design under UV exposure and developed.
Titanium was then etched through. Parameters such as mask design, substrate
orientation, thickness, different etchants and effect of ultrasonication during
etching were varied during the optimization process. Raising device for the
needles was prepared with silicon. Si02 was deposited on the wafer and etched
using the Bosch process using plasma etching. SEM pictures were taken for both
the devices. Microporation efficiency was carried out by staining the
microporated skin with methylene blue for 1 min and viewing the treated area
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under an optical microscope. Confocal microscopy assessed the depth of
insertion in the skin.
Results
Wet etching of titanium produced an in plane microneedle array, which
was raised against 150 urn tall silicon pillars to get an out of plane ready to use
array. Quality of etching and the total etching time for a 75 urn thick titanium foil
was affected by the etchant used. H 2 S0 4 (20% v/v) and H2S04: H 2 0 2 did not etch
the substrate at all, H 2 0: H2O2: HF (2:1:1) and commercially available Ti TFT
etched through in 10:50 and 13:26 min, respectively. Ultrasonication helped in
improving the etching uniformity, but reduced the thickness of the needles.
Substrate orientation (direction of needles with respect to the milling direction of
the titanium foil) did not have a significant effect on the dimensions - both parallel
and perpendicular orientation produced needles with a length and width of 325
|am and 85 |am, respectively. Huge 'undercut' explains the deviation from the
desired needle configuration. To compensate for the undercut, thicker titanium
foils were patterned with a new mask design and etched in Ti TFT etchant. A 127
um thick foil produced 454 ± 42 urn long and 225 ± 11 urn wide microneedles.
Etching a thicker 250 um foil resulted in further reduction in the dimensions.
Penetration studies revealed a depth of insertion of 150 ± 40 um, but with
reduced efficiency.
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Conclusion
Wet etching of titanium in Ti TFT can be adopted for fabricating micron
sized needles, which were capable of transiently creating pores in the skin.
However, the raising device was not able to successfully raise all the needles in
the array perpendicular to the plane, limiting its efficiency.
Introduction
Hypodermic needles have been the gold standard for drug delivery for
over a decade. However, parenteral delivery is not well received by certain
groups of the population. A starting point, thus for overcoming an important, but
often ignored condition of needle phobia is to alter the needle design to avoid
pain perception. Reducing the needle size has been linked to increased patient
acceptance, as seen by increasing popularity of the short, 31-gauge pen needle
(Bohannon, 1999), with further reduction to submillimeter range offering freedom
from pain. Microneedle technology offers a promising approach with application
of techniques from the semiconductor based microelectronics industry for drug
delivery. Furthermore, skin anatomy favorably utilizes the 'microneedle'
technology, offering a promising approach for painless delivery and shows
promise for the delivery of vaccines and proteins, currently delivered through
injections.
Microneedles, referred to as a hybrid between hypodermic needles and
transdermal patches, are micron sized needles used to circumvent the diffusional
barrier across the skin and providing a controlled release of the drug (Banga,
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2009). They create artificial and transient pathways, orders of magnitude larger
than the molecular dimension, across the skin barrier to allow easier transport
and placement of macromolecules and even microparticles in different skin strata
(Prausnitz, 2004). By using microneedles, skin can be breached to deliver drugs,
but do so in a minimally invasive and painless manner that lends itself to self
administration. The needle dimensions do not allow for penetration to the nerve
endings in the dermal layer and hence are perceived as painless (Kaushik et al.,
2001).
The microneedle concept dates back to 1976 when ALZA corporation first
conceived this idea (Gerstel and Place, 1976). However, it was the
microelectronics industry in the 1990s that paved the way forward with the high
precision microfabrication techniques becoming available (Henry et al., 1998).
Since then, it has been tested for drug delivery and fluidic sampling for
biochemical sensing applications (Griss and Stemme, 2003, Mukerjee et al.,
2004).
Microneedles control the delivery of drugs through skin depending on their
release mechanism (Banga, 2009), which is controlled by the design. Broadly
they can be classified into four types as described below.
Solid Microneedles
These are the simplest form of microneedles which are used to increase
the skin permeability prior to application of a patch/drug formulation. Drug
diffuses through the microconduits to be taken up by systemic circulation. This
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approach is also referred to as the 'poke with patch approach'. Stainless steel,
titanium and nickel-iron are some metals used for fabrication of solid
microneedles.
Solid Microneedles Coated with the Drug
The 'coat and poke' approach uses drug coatings on the microneedles
which dissolve in the skin, followed by withdrawal of the microneedle array. This
approach is particularly suitable for highly potent molecules like vaccines due to
limited surface area for coating.
Soluble Microneedles with the Encapsulated Drug
Microneedles fabricated from biodegradable or water soluble polymers
with encapsulated drug are designed for dissolution in the skin. Examples of
polymers include polycarbonate, polylactic-coglycolicacid, carboxymethylcellulose, polyvinyl-pyrrolidone and maltose.
Hollow Microneedles
Hollow microneedles are miniaturized hypodermic needles utilizing the
narrow bore to actively deliver the drug solution.
Microneedles are typically fabricated as arrays, instead of just a single
needle, to maximize coverage and delivery. Silicon was the first material to be
used for microneedle fabrication due to its easy adaptation to the microelectronic
processing (Henry et al., 1998, Hashmi and Gaugler, 1997, Hashmi et al., 1995).
Electroplating, photochemical etching and laser cutting have been used for
metal microneedles, while mold based techniques like casting, hot embossing,
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injection molding and investment molding for polymeric needles (Donnelly et al.).
While the micro-electromechanical systems (MEMS) technology offers mass
production advantages, it is highly specialized requiring multi step processes.
Also, it places an added requirement for clean room processing. Polymeric
needles offer advantages over the silicon or metal needles in terms of ease of
production and biocompatibility, but also limit the delivery to the amount
incorporated in the needles, which can also affect needle strength. Thought
should also be given to the stability of drugs when added to hot polymer melts.
Although microneedles with a wide range of architectures with an equally
diverse range of materials have been reported, not all have the ability to produce
drug blood levels. Skin is an elastic tissue, showing considerable variation
among individuals with age, skin type, hydration level, body location and
individuals. To ensure effective and reproducible piercing, microneedles should
be intelligently designed and fabricated using the right combination of material
and process. This study was aimed at optimizing the design and fabrication
procedure for titanium microneedles for use as drug delivery aids. With our
experience in using commercially available microneedles, we wanted to go one
step further in fabricating them ourselves. This would give us the flexibility of
custom designing microneedles especially for our needs.
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Materials and Methods
Materials and Facility
Titanium foils with different thickness were purchased from Sigma Aldrich
(St.Louis, MO, USA). The entire process of microfabrication was carried out in
the cleanroom at Microelectronics Research Centre (MiRC), GA Tech, Atlanta,
GA, USA. All the chemicals used in the process were provided by the cleanroom:
positive photoresist, SC 1827 and developer, MICROPOSIT MF - 319 were
available from Shipley Company Inc., Marlboro, MA, USA and negative resist,
NR7-1500P and developer from Futurrex Inc., Franklin, NJ, US. Fluorescently
labelled microspheres of 2 jam were purchased from Invitrogen (Carlsbad, CA,
USA) and methylene blue dye, used for the microporation efficiency was
obtained from Eastman Kodak Co. (Rochester, NY, USA).
Methods
Microneedle Fabrication
Standard lithographic procedures were adopted during the fabrication
process. The process flow is enlisted in the sequence below:
I.

Designing

II.

Photolithography
a. Surface Preparation
b. Spin Coating
c. Pre-Bake
d. Alignment and Exposure
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e. Development
f.

Post-Bake

III.

Etching

IV.

Stripping

V.

Inspection

I. Designing
The microneedle pattern was designed using a software AutoCAD
(Autodesk, Inc., San Rafael, CA). The chosen needle dimensions were 500 urn in
length, 200 urn in width with a tip taper angle of 30° C. The design was translated
into a mask having the desired features. Images are presented in color.
II. Photolithography
a. Surface preparation: A 4 X 4" titanium sheet varying in thickness was
chemically cleaned to remove any impurities (eg. dust, bacteria, solvent or
photoresist residue) present on the surface. This was done by washing it with a
series of solvents in order of increasing polarity starting with acetone, isopropyl
alcohol followed by methanol and distilled water. The substrate was then blow
dried with nitrogen gas and baked for dehydration purposes at 110°C.
b. Spin Coating: The titanium sheet was then coated with photoresist, SC
1827 on RC8 Spin coater (SUSS MicroTec, formerly Karl Suss, Waterbury
Center, VT, USA). Photoresist is a light sensitive polymer, used to pattern the
surface of the substrate. Depending on its nature, positive in our case, the
exposed areas become more or less soluble during development.
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The sheet was held onto the spinning device, the chuck of the coater by
vacuum. Photoresist was dispensed in the center of the sheet with a transfer
pipette and spun at a speed of 3000 rpm for 30 sec until the photoresist was
evenly distributed (Figure 4).

Photoresist
Excess resist
flies off during
rotation
Chuck

Figure 4: Schematic representation of spin coating

c. Pre bake: The coated titanium sheet was transferred to an oven and
baked at 110° C for 10 min to remove all solvents from the photoresist coating.
d. Alignment and Exposure: After cooling off, the coated substrate was
aligned with the mask on OAI mask aligner (Optical Associates Inc., San Jose,
CA). Briefly, the substrate was held on a chuck by use of vacuum and the entire
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assembly was raised until in direct physical contact with the mask. This was
followed by exposure to UV light for 30 sec at 365 nm, transferring the mask
image to the resist coated substrate and activating the photosensitive
components of the resist (Figure 5).

Figure 5: Schematic representation of alignment and exposure of positive resist
coated titanium foil

e. Development: The substrate was finally exposed to an alkaline developer
solution, MICROPOSIT MF - 319 that removed the exposed positive photoresist,
until visible patterns appeared on the substrate (Figure 6).

SOAK IN DEVELOPER

Figure 6: Schematic representation of post exposure development

f. Post-Bake: Further bake at 120°C was performed to stabilize and
harden the unexposed photoresist. It also helps to remove any remaining traces
of coating solvent or developer.
III. Etching
Post development, titanium was submerged in acidic etchants to
selectively etch through in regions not protected by the resist (Figure 7).
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Acid Bath

Figure 7: Schematic representation of etching.

IV.

Stripping
Finally, the remaining photoresist from unexposed features was removed

by an acetone rinse (Figure 8).

Figure 8: Schematic representation of stripping.
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V.

Inspection
The resulting needle array was inspected under an optical microscope for

any defects resulting from processing and SEM (Hitachi 3500H, Pleasanton, CA,
USA) images taken.
Parameters such as substrate orientation, etchants and effect of
ultrasonication during etching were studied for the optimization of titanium
microneedles.
Raising Chuck Fabrication
Raising device for the needles was made from crystalline silicon. A layer
of silicon oxide was deposited on the silicon wafer. Silicon oxide layer was
patterned using a negative photoresist, NR7-1500P. After exposing the sample
under UV light, it was developed in the resist developer, RD6. Negative
photoresist hardens on exposed areas, while the developer removes unexposed
areas. Next, unprotected silicon oxide regions was etched using inductively
coupled plasma (ICP), followed by etching the underlying silicon layer with the
Bosch process.
Microporation Efficiency
Microporation efficiency of the fabricated microneedles was tested in
freshly excised hairless rat skin. A 1% w/v methylene blue solution was used for
staining the micropores on the skin for a time period of 1 min, followed by wiping
off the excess dye. Pore images were taken with a Proscope HR video
microscope.

64
Confocal Microscopy
Freshly excised skin from the abdominal region of hairless rats was
porated with the microneedle array and treated with 2 um FluoSpheres®. Excess
material was dabbed with kimwipes. The skin sample was placed on a
microscope slide and scanned at 488 nm excitation wavelength by CLSM (LSM
510 META, Carl Zeiss Microimaging, Thornwood, NY, USA) to follow the
distribution of fluorospheres. The imaging plane of brightest fluorescence was
taken as the skin surface (z=0 um). X-Z sectioning was performed and emission
was collected at 515 nm at 10 urn intervals. All animal experimentation was done
as per protocols approved by Mercer University's IACUC.
Results and Discussion
Microneedle Design
The concept of microneedles, i.e. penetration without any sensation of
pain, was the guiding force in designing microneedles. AUTOCAD (San Rafael,
CA, USA) designing software was used to this aim. Emphasis was laid on the
factors listed below.
1. Microneedle material
2. Microneedle geometry
3. Fabrication method
Microneedle fabrication has been reported with a number of different
materials and there is no one best material for fabrication. Titanium was chosen
as the substrate of choice due to its excellent biocompatibility, fracture toughness
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with reduced demands on device packaging, resistance to harsh environments
and, most importantly, available processing techniques (Parker et al., 2007,
Brunette et al., 2001). With the advent of enabling micromachining
technologies, the use of titanium has been extended from the existing macro
scale devices such as hip implants and pacemaker cases to micro-scale
biomedical applications.
The essence behind the success of microneedle technology is insertion
into the skin to the right depth, which is dictated by its geometry. Rational
designing of microneedles was based on the experience of others and our own in
using soluble maltose microneedle arrays. A microneedle will penetrate in the
skin only if it is able to deliver enough energy to overcome the skin resistance
and create a tear in the skin. Hence, an optimal design with large margin of
safety would be one with low insertion force, but a high fracture force (Davis et
al., 2004). Low insertion forces, typically range between 0.1 - 3 N and depend
on the interfacial area at the tip. Side wall thickness, length, width and shape on
the other hand control the strength of the needles, preventing them from failing
under stress.
Needle length not only determines the strength, but more importantly
determines the utility of microneedles to avoid pain. Longer microneedles are
stronger, can deliver more drug and are easy to handle, but can also cause pain
(Oh et al., 2008, Teo et al., 2005). A 3 fold increase in the needle length
increased the pain by 7 fold (Kaushik et al., 2001). Typical needle lengths that
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have been studied range from 50-1500 urn (Arora et al., 2008). Based on our
success with 500 urn long maltose microneedles, it was taken as the starting
point. Base radius was also kept constant at 200 um because force of insertion in
independent of the base diameter and stress is also expected to maximize at the
needle tip (Roark and Young, 1975).
It should be realized that even though the needle dimensions are long
enough to permeate upto the dermis, the entire length does not actually
penetrate into the skin, since the surface of the skin is not completely flat due to
the dermatoglyphics (tiny wrinkles) and hair (Henry et al., 1998). Moreover, to
eliminate variations due to skin physiology, particularly thickness, it is best to
have longer microneedles than those which fail to penetrate through.
Shape of the microneedles was optimized by Paik et al using mechanical
strength analysis (Paik et al., 2004). A tip taper angle of 30° and an isosceles
triangle tip shape was shown to be the most robust. Any angle less than 10°
would severely compromise the tip before the shafts start to buckle. Hence, to
obtain a sharp tip which is mechanically robust, a tip taper angle of 30° was
finalized upon.
Finally the needle density has also shown to play a role in deciding the
penetration ability of the microneedle array. Increasing the density from 45 to 154
resulted in increasing the flux by offering more channels for transport (Oh et al.,
2008). It helps to spread the forces across the array in case of very thin needles
and prevent them from fracturing, but also increases the risk of "bed of nails"
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effect. Hence, a spacing of 180 urn was designed in between the needles,
yielding a density of 44 needles/cm2. Higher densities of 190 needles /cm2 and
1300/2 cm2 have been separately reported to be successful for microporation
(Matriano et al., 2002), (Ameri et al.).
Guided by the principles, first a sketch of the microneedle (shaded portion)
layout (Figure 9) was designed for a 1 cm2 array patch followed by implementing
it on AUTOCAD (Figure 10).
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Figure 9: Microneedle array layout for a 1 cm2 patch.
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Figure 10: Microneedle design generated by AutoCAD.

Adoption of a simple procedure with the available tools to fabricate
microneedles was the goal. To this aim, titanium was processed by
photolithography followed by wet etching. Photolithography transfers structural
patterns onto a substrate through selective exposure of a light sensitive polymer
(Betancourt and Brannon-Peppas, 2006). The desired topographical features are
then etched through by selective removal of titanium through chemical means, a
process known as wet etching. Wet etching is more selective with less
parameters to control for but is amenable to fewer materials (Voldman et al.,
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1999). Dry etching with gas phase chemistry on the other hand has a relatively
slow etch rate and takes long to etch through an entire thickness of substrate.
Etchant Screening
Different etchants reported in literature were tested for quality and time for
wet etching a 75 (am thick titanium foil (Table I) (Williams et al., 2003). Among all
etchants tested, 20% v/v H2S04 and (1:1) H2S04: H 2 0 2 did not etch titanium at
all, while others etched in different time intervals. Titanium etching was initially
started in solutions with no ultrasonic agitation. However, observation of the
sidewalls and non-uniformity in etching of the released microneedles under a
microscope prompted to switch over to sonication. Ultrasonication helped in
improving the etching uniformity by reducing the concentration of H2 bubbles
generated over the etched surface. Substrate orientation (direction of needles
with respect to the milling direction of the titanium foil) did not have a significant
effect on the dimensions of the released needles.
Raising Device Fabrication and Use
The raising chuck for the in plane microneedles was molded from a silicon
wafer using Bosch process. The Bosch process is based on alternating cycles of
silicon etching with fluorine rich plasma (SF6) and side wall passivation (i.e.
inactivation) with carbon rich plasma (C4F8) (Cui, 2008).

Table I: Effect of different etchants on the etching process of a 75 pm thick titanium foil.
Etchant

Sonication

Etching time
(mins)

Etching quality

H 2 0:H 2 0 2 :HF (2:1:1)

No

34.00

Non uniform etching due to H2 bubbles generated

H 2 0:H 2 0 2 :HF (2:1:1)

Yes

10.50

Improvement in etching uniformity; ultrasonic
agitation reduced the thickness of needles

TiTFT

Yes

13.26

Uniform etching; reduced thickness of needles

Ti TFT: H20 (1:10)

Yes

51.03

Uniform etching; reduced thickness of needles

Ti TFT: H20 (1:10)

Yes

51.08

Uniform etching; reduced thickness of needles

20 % v/v H2S04

Yes

144.26

Substrate was not etched

H 2 S0 4 :H 2 0 2 (1:1)

Yes

120.40

Substrate was not etched
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C4Fs in plasma can form a fluorine carbon compound which once
deposited on silicon surface can prevent F+ from reacting further with Si.
Although pure SF6gas reacting with Si results in isotropic etching, the etched
surface is soon passivated by C4F8. So, in the next cycle when SF6 is introduced,
it removes the passivation layer only in the trenches and not on the side walls,
eventually resulting in vertical side walls. Triangular pillars measuring
approximately 155 urn in height were produced with good reproducibility (Figure
11).

Figure 11: SEM of the raising chuck for in-plane microneedles, showing the
height of an individual pillar.
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The docking holes in the microneedle array were designed to match with
raised circles in the chuck and each individual needle was raised manually under
the microscope. The base of the needles were pressed against the base of the
pillars with the help of a forcep and raised perpendicular to the plane as much as
possible. Caution was taken not to break the fragile pillars. Figure 12 shows an
out-of plane microneedle array produced by raising needles from an in-plane
array.

Figure 12: Process of production of an out-of plane microneedle array.
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Process Optimization
Both the parallel and perpendicular grain directions of a 75 ^m titanium foil
were etched. SEM images of the released in-plane microneedles revealed
significantly reduced dimensions, with a length and width of around 330 fim and
70 |am, respectively (Figure 13).

Figure 13: SEM of an in-plane microneedle showing reduced dimensions.

Closer examination of the microneedle array revealed a huge 'undercut'
(depicted by red arrows in Figure 14), responsible for the deviation from the
desired needle configuration. Wet etching is an "isotropic" etch, meaning it
proceeds at the same rate in all directions. Hence, the substrate is etched not
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only in the direction of depth, but also laterally, resulting in a curved profile, as
shown in a schematic diagram in Figure 15. This nature of chemical etching
to etch the substrate from under the resist is known as 'undercutting'.

Figure 14: SEM picture of a portion of microneedle array depicting 'undercut'.

^Uiv^

undercutting

Figure 15: Schematic representation of undercut
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Similar observations of reduced dimensions with wet etching on silicon
microneedles have also been reported by Wilke et al (Wilke et al., 2005). They
recommended measuring the width at the top and etch depth a couple of times in
the last 30 min of the process to gauge the right time to stop the process and
emphasized on the importance of age of the etch bath in determining the etch
rate of the needles. This was not a factor of concern however, as fresh etchant
was used each time. More importantly, the etching time was optimized such that
it was stopped immediately when the needles were released, meaning that the
unprotected (from the photoresist) titanium around the needles was etched away.
Over etching with time was controlled for.
In order to avoid undercutting, another etching technique called
electrochemical etching was tried. The patterned titanium sheet acted as the
anode with titanium and silicon as the cathode. They were dipped into titanium
TFT etchant and a voltage of 8V was applied for 6.59 min. Though the sidewalls
obtained with this technique were the best among all, but it was still not able to
avoid an undercut of 100 pm.
Undercutting also severely impacted the tip of the needles, which is the
crucial element for overcoming skin resistance to allow penetration of rest of the
needle into the skin. The etch rate at the tip increases because of the action of
the etchant from all sides as compared to the sidewalls. This results in a very
fragile tip as seen in the inlay of the microneedle tip (Figure 16).

Figure 16: Fragile microneedle tip resulting from wet etching a 75 um titanium foil.
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Hence, to compensate for the significant reduction in dimensions, a new
mask with proportionately increased microneedle dimensions was designed.
Also, considering that the etch rate is highest at the tip of the microneedles, the
design was slightly modified (Figure 17) to account for the lateral etch at the tip.
Instead of having a sharp tip, the modification included a 'bridge' with a gap of 50
pm, so that even when the etch rate starts to increase as it approaches the tip, it
has a window of 50 pm to control the thickness at the apex. Image of a
microneedle from the new mask, as seen under an optical microscope is shown
in Figure 18.

Figure 17: Design of the new 'bridge' mask showing a gap of 50 pm at the tip.
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Figure 18: Optical image of the new 'bridge' mask.

Etching with the new mask was tested with the choice of the etchant
based on the screening results and commercial availability of ready to use
chemicals. Ti TFT etchant was an ideal choice for future experiments. Biasing
the mask to change the needle geometry did successfully impact the results,
which were first analyzed under an optical microscope to ensure their suitability
in dimensions. The new released microneedles measured 500 um and 280 um in
length and width with a sharp tip, as illustrated in Figure 19.
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Figure 19: Optical images showing the length (a) width (b) and tip (c) of titanium
microneedles released from a 75 urn sheet patterned using the new mask.

SEM images of the microneedles also confirmed the results, in addition to
measuring the tip angle (42°) and diameter (5.8 um) (Figure 20). The tip
geometries thus far correlated well with those reported in literature for robust
microneedles, where a taper angle of 30° was found to be ideal for low insertion
forces (Paiketal., 2004).

Figure 20: SEM of the released microneedles showing the tip angle (a) and diameter (b) released from a 75 urn sheet
patterned using the new mask.
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Hence, the microneedles were advanced to the next stage of testing in
hairless rat skin. The microporation results of the raised microneedles by
methylene blue staining however did not show promising results (Figure 21). A
uniform pattern of staining was observed, but the microneedles were not able to
create large enough pores, confirmed by the absence of a lumen when observed
under higher magnification. The needle density of the fabricated array is much
lower compared to some of the other arrays used, ruling out the spread of the
force across the array (Ameri et al.).

Figure 21: Methylene blue stained hairless rat skin microporated with the
fabricated needles at OX (a) and 100X (b).

While, maltose microneedles have been reported to create effective pore
surface diameters of ~ 60 um (Kalluri and Banga, 2010), the fabricated needles
failed to porate the skin uniformly across the array. The stained areas, seen in
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figure 21 can however be attributed to superficial staining, caused by minor
indentation of the skin by the microneedles. Methylene blue is a low molecular
weight water soluble dye and its selective uptake indicates creation of
microchannels, but not wide enough that may be suitable for delivery across the
skin barrier.
To better understand the reason behind the observation, microneedles
were imaged under SEM both before and after skin permeation, as shown in
Figure 22. It was observed that the needle tips were not able to withstand the
insertion pressure and the needles themselves buckled under the force due to
the elastic instability of the structure. They started to create pores in the skin (as
seen with methylene blue staining) due to the sharp tip, but as the pressure was
further increased the tips curled and could not overcome the resistance,
explaining the negative results.
Thin side walls were primarily responsible for the failure of needles ex
vivo. Although the microneedle geometry obtained was as designed with sharp
needle tips, the thin titanium sheet produced correspondingly thin side walls after
etching and were not able to withstand the insertion pressure (Figure 23). The
observation was supported by evidence from Davis et al who noted that the side
wall thickness was the most important parameter governing the fracture of
needles under stress (Davis et al., 2004).
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(a)

(b)

(c)

Figure 22: SEM images of microneedles before (a) and after permeation into
hairless rat skin, showing buckling of the needles (b) and curling of tips (c).
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(a)

(b)

Figure 23: SEM images of needle tip before insertion (a) and after insertion
depicting the side wall thickness (b).

Mechanical rigidity of the needles was tailored by using thicker titanium
foils. Two different thicknesses were tested-127 and 250 um. While there was
not much difference in the etching time of the 127 um foil, the 250 um foil took
over 30 min to completely release the needles. The increased thickness of the
foils negatively affected the dimensions by also increasing the etching time. The
longer it took for the etchant to etch through the whole thickness of 250 um, the
more it had the opportunity to undercut the needles. As a result, the
microneedles released from the 250 um foil were not only shorter, but also their
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tips were so fragile that it was impossible to raise these needles. Table II
illustrates the influence of substrate thickness on undercutting, influencing the
dimensions of the resulting needles.

Table II: Effect of titanium foil thickness on the length and width of the released
needles.
Foil thickness
(Mm)

Length
(urn ± SD)

Width at base
(um±SD)

75

498 ±12

260 ± 30

127

454 ± 42

225 ±11

250

365 ± 32

184 ±19

After confirming the microneedle dimensions and tip suitability, the side
walls were imaged for this batch. SEM imaging showed a considerable
improvement in thickness form 17 urn to around 45 urn, as seen in Figure 24.
The new fabricated microneedles were again tested for their microporation
efficiency in hairless rat skin and this time they were partly successful in creating
pores. As seen in Figure 25, only some needles in the array were able to create
pores in the skin with varying pore sizes of 30-40 urn, much smaller than that
reported by Kalluri ef al (Kalluri and Banga, 2010). Others simply indented the
skin like in the earlier case with the 75 urn thick foil.
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Figure 24: Side wall measurements of a raised microneedle fabricated from a
127 um thick foil.

Figure 25: Methylene blue stained hairless rat skin microporated with the needles
fabricated from 127 um thick titanium foil.

87
Creation of micropores was validated by confocal microscopy also, which
estimated the depth of penetration of the fabricated needles. Fluorospheres
measuring 2 urn in diameter were used to track the needle insertion, based on
the maximum depth in the skin where fluorescence was observed (Figure 26).
The microneedles were found to penetrate to a depth of 150 ± 40 urn, estimated
from the fluorescence signal, which was quite comparable to maltose
microneedles.
Use of micron sized particles also provided a proof of concept for
macromolecule delivery across the skin through these microchannels.
Macromolecules in solution have a hydrodynamic diameter in the submicron
range; hence if the 2 urn fluorospheres could pass through the channels,
biomolecules could easily move through. The success of microneedle
penetration in the skin was again partial, because only a fraction of the needles
in the array actually porated the skin to allow visualization of fluorescence
intensity.
Challenges
Figure 27 is a summary of the developmental stages leading to fabrication
of in-plane titanium microneedles, illustrating the change of masks and foil
thicknesses.

Figure 26: Confocal micrographs for penetration of fluorospheres measuring 2pm in diameter across hairless rat skin.
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Figure 27: Fabrication optimization process of titanium microneedles, (a) SEM of
in plane microneedle obtained with old mask (b) SEM of in plane microneedle
obtained with new mask (c) SEM of raised microneedle fabricated from 75 urn
thick foil before insertion (d) SEM of raised microneedle fabricated from 75 pm
thick foil after insertion depicting curling of tips (e) SEM of raised microneedles
released from 127 pm thick foil.

90
Low efficiency of the fabricated microneedles to porate the skin as seen in
the results however, severely limited their utility for delivery purposes. The
primary reason for failure of the needles was raising the in-plane needles at 90°
to the planar surface. Though, a raising chuck in the form of triangular pillars was
used for the purpose, the process was still manually performed under a
microscope for each needle in the array separately. It was found that the needles
had to be pushed against the pillars only at a specific angle to raise them
perpendicularly straight up, also taking care not to break the fragile silicon pillars.
Any other orientation of the forcep at the base of the microneedles would result in
slanting needles as seen in Figure 28. The image shows non uniformity of the
raised needles, which when pressed against the skin at a right angle fail to
overcome the skin resistance to porate. Only the needles which were
successfully raised were capable of creating microchannels. Another
consideration while raising was to apply the correct pressure so that the
microneedles do not retract backwards, which would again decrease the
efficiency of the needles.
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Figure 28: SEM image of a microneedle array before insertion into skin showing
nonuniformity of the raising process.

Conclusions
Microneedles are being realized as a potential delivery aid for transdermal
permeation of drugs. Hence an attempt was made to fabricate titanium
microneedles for our purpose. Wet etching of a 75 pm thick titanium foil in Ti TFT
etchant released microneedles within a reasonable time, but with significantly
reduced dimensions. They measured 330jiim and 70|am in length and width
respectively. Milling direction of the sheet did not affect the dimensions of the
needles. Further optimization experiments with a new microneedle design,
incorporating the undercut estimation and different foil thickness resulted in
microneedles with the desired configuration. A 127 pm thick foil patterned with
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the new mask design was found to be suitable for the needle geometry, in terms
of the dimensions (500 ^m length and 280 |im in width), tip taper angle (42°) and
side wall thickness (45 ^im). Methylene blue microporation and confocal
experiments confirmed the formation of microchannels, but with significantly
reduced efficiency, attributed partly to difficulties in raising the individual needles
in the array.

CHAPTER 4
PHYSICAL ENHANCEMENT TECHNIQUES FOR DELIVERY OF TRIPTORELIN
AND INVESTIGATION OF ITS STABILITY DURING IN VITRO TRANSDERMAL
DELIVERY
Abstract
Purpose
To investigate the effect of physical enhancement techniques on the
delivery of triptorelin and its stability during transdermal transport.
Methods
Permeation of triptorelin (3 mM) was studied across hairless rat skin.
Iontophoresis (0.4 mA/cm2for 8 hrs) alone or in combination with maltose
microneedles was used to enhance the delivery from pH 5.0 acetate donor.
Analysis by RP-HPLC showed the presence of triptorelin (7.3 min) and its
degradation peaks at 6.2 and 9.3 min. Furthermore, skin was tape stripped at the
end of 24 hours; triptorelin was extracted out from the tape strips and analyzed
by HPLC.
Results
The enhancement techniques enabled triptorelin delivery across the skin.
Combination of microneedles and iontophoresis produced the highest flux for the
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intact peptide, as expected with a value of 0.19 ± 0.05 ug/cm2/hr, but delivered
only 1 % of intact triptorelin. A 3 fold higher delivery of intact triptorelin was found
with iontophoresis alone. The large surface area provided by microchannels
favored the interaction of positively charged peptide with the negatively charged
skin proteins and resulted in its accumulation in the skin. A fivefold higher
recovery from the stratum corneum was observed after the combination
treatment.
Conclusions
Iontophoresis and microneedles delivered triptorelin across the skin, but
also influenced its metabolism and accumulation in the skin. The combination of
both provided large quantities of the peptide for action by enzymes, failing to
enhance the delivery in comparison to a single technique.
Introduction
Biotherapeutics are making their presence felt in a large way. The past
decade has seen commercialization of many successful protein therapeutics with
a total of 32 new products receiving marketing approval within European Union
and USA between 2003 and 2006 (Walsh, 2006). A bigger challenge that needs
to be addressed in the light of the present developments is delivering
therapeutically active proteins to the site of action. Transdermal route has been
investigated as a feasible alternative to parenteral delivery for biomolecules.
However, delivery through skin is equally challenging. In addition to the physical
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barrier another equally important barrier is the metabolic barrier presented to the
molecules during their transit through skin.
The growing interest in protein drugs has made it important to look into
other possible delivery systems. Most of the biomolecules are currently delivered
by invasive routes such as intravenous or subcutaneous, which is not well
received by patients due to pain and inconvenience. Also, parenteral
administration requires a trained health care professional and carries at least
some infection risks. Oral administration, on the other hand remains to be the
most popular route, but fails to lend itself to protein delivery. Low oral
bioavailability results from proteolysis and degradation in the stomach from the
acidic environment and poor intestinal permeability of the hydrophilic molecules
(Morishita and Peppas, 2006). Many mucosal routes such as intranasal,
intraocular, pulmonary and buccal have also been investigated by researchers
for delivery of biologies to eliminate the existing limitations and maximize on the
benefits of the new route (Torres-Lugo and Peppas, 2000, Cui and Mumper,
2002, Deftos et al., 1997). Transdermal route presents one such option in this
direction.
Skin, the largest organ of the body, provides a readily accessible and
potential site for local and systemic drug delivery. It comprises of four main
layers: the innermost subcutaneous fat layer - the hypodermis, dermis, viable
epidermis and the outermost non viable epidermal layer- the stratum corneum
(Walters, 1998). Stratum corneum is a layer of dead keratinized cells in a lipid
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matrix and regulates the flux of molecules across it. Since it allows only selective
transport it is also called the 'rate limiting barrier' of skin. Numerous techniques
have been used in the past to transiently increase the local permeability of the
skin to enhance the delivery of drugs. Of particular interest amongst them is the
delivery of macromolecules across the skin. Most therapeutic proteins are
hydrophilic and ionic in nature, which hinders their passive diffusion across the
lipophilic stratum corneum. This can be overcome by enhancement techniques
like iontophoresis (Craane-van Hinsberg et al., 1994, Medi and Singh, 2003,
Thysman et al., 1994, Rodriguez Bayon and Guy, 1996, Lau et al., 1994,
Clemessy et al., 1995), sonophoresis (Mitragotri et al., 1995), electroporation
(Medi and Singh, 2003, Sen et al., 2002), microporation (Cormier et al., 2004,
McAllister et al., 2003) and radio frequency ablation (Levin et al., 2005).
Combination techniques, involving use of more than one of the above techniques
have also been reported in literature (Mitragotri, 2000).
An important aspect of skin biochemistry that is often underestimated in
delivery experiments of a therapeutic candidate is its metabolic activity. Most of
the work has focused around enhancing the delivery of peptides/proteins, often
neglecting the other inherent barrier of skin: the metabolic barrier. Skin is one of
the organs of extra hepatic metabolism, enzymatic activity being found in the
stratum corneum, viable epidermis, dermis, appendages and skin surface micro
organisms (Kao and Carver, 1990). In order for a molecule to reach the systemic
circulation, it must pass through the different skin strata and encounter enzymatic
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flora in the process. Even though the skin metabolic activity is <10% of the
specific activity found in liver, it may still contribute in changing the drug profiles
and reducing the bioavailability of transdermally applied medicaments (Walters,
1998). Metabolic advantage of the skin is utilized for the design of prodrugs, but
the effect at large is undesirable (Guy et al., 1987). An extensive body of
literature is available on cutaneous metabolism of small molecules also enlisting
the enzyme systems present in different species (Oesch et al., 2007). However,
kinetics of the 'first-pass metabolism' in the skin, i.e. the interplay of diffusion and
concurrent metabolism, has found less attention. Ubiquitous presence of
proteases further complicates the situation for biomolecules (Lee, 1988). It
therefore becomes imperative to undertake a combined study of percutaneous
absorption and skin metabolism to clearly understand the transdermal profile of
drugs.
Triptorelin acetate (pGlu-His-Trp-Ser-Tyr-D-Trp-Leu-Arg-Pro-Gly-NH2)
(MW= 1311.5 Da; pi = 7.19) is a synthetic agonist analogue of naturally occurring
luteinizing hormone releasing hormone (LHRH), also known as gonadotropin
releasing hormone (GnRH). Biofeedback inhibition of gonadotropin secretion by
GnRH agonists is used to treat hormone-responsive cancers such as prostate or
breast cancer, precocious puberty, endometriosis, uterine fibroids and in assisted
reproduction. Transdermal iontophoretic transport of triptorelin has been
reviewed across porcine ear epidermis (Schuetz et al., 2005), rabbit ear and
human abdominal skin (Nicoli et al., 2001a). The peptide was reported to be
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stable during the experiments and was therefore chosen as a candidate for
mechanistic studies. However, preliminary studies soon pointed in another
direction with significant loss of the peptide observed during transport. The
purpose of the current investigation was thus to assess factors contributing to the
degradation of the peptide and understand the interplay of skin metabolizing
enzymes on the transdermal delivery of triptorelin with different enhancement
techniques, namely iontophoresis and microneedles. The study also represents a
first account of combined comparisons between techniques.
Materials and Methods
Materials
Triptorelin acetate was obtained from Bachem Bioscience Inc. (King of
Prussia, PA, USA). HPLC grade acetonitrile (ACN), acetic acid, hydrochloric
acid, o-phosphoric acid, sodium acetate, sodium chloride, triethylamine
phosphate and tris were purchased from Fisher Scientific (Pittsburgh, PA, USA).
All other chemicals used were of analytical grade. Solutions and buffers were
prepared in deionized water. 0.5 mm silver wire and silver chloride used in the
fabrication of electrodes were obtained from Sigma-Aldrich (St. Louis, MO, USA).
Methods
Permeation Experiments
Skin preparation. Animal experimentation was done as per protocols
approved by Mercer University's IACUC. Male hairless rats (8-10 week old) were
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obtained from Charles River Laboratories (Wilmington, MA, USA). Animals were
euthanized using C0 2 and skin from the abdominal region was isolated. It was
separated from any underlying fat and thereafter equilibrated with the receptor
buffer for half an hour.
In vitro diffusion. Static vertical Franz diffusion cells (PermeGear, Inc.,
Hellertown, PA, USA) with a diffusional area of 0.64 cm2 was used. Freshly
excised skin was clamped between the donor and the receptor divisions with the
stratum corneum facing the donor compartment. The donor solution consisted of
500ul of 3 mM triptorelin in 100 mM acetate buffer (pH 5.0) and a pH 7.4 tris
buffer served as the receptor solution. It was magnetically stirred and maintained
at 37° C (to achieve skin surface temperature of 32° C) by a circulating water
bath. Samples (0.3 ml) from the receptor compartment were collected at
predetermined time intervals over a period of 24 hrs and replaced with equivalent
amount of fresh buffer. Samples were stored at 4° C until further analysis.
Skin treatments. Iontophoresis (ITP) alone or in combination with soluble
maltose microneedles (MN) were used as the enhancement techniques. A
constant current of 0.256 mA (equivalent to a current density of 0.4 mA/cm2) was
applied for 8 hrs via Ag/AgCI electrodes connected to a power supply (Keithley
Instruments; Cleveland, OH, USA).
Skin was manually microporated prior to mounting on the diffusion cells
with a 6-line maltose microneedle stack (Elegaphy, Inc., Otsu, Japan). The
microneedles were inserted into the skin and kept in place for 60 sec. Each
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microneedle in the array measured 500 urn in length, 200 urn in width and 3 urn
as radius of curvature at the tip (Kolli and Banga, 2008). Each array/line consists
of 27 needles and six such lines stacked together side by side form a single 6
line microneedle stack.
Tape Stripping
At the end of 24 hrs in vitro study, the skin was cleaned, dried and
stripped 30 times using 3M transpore tape (St.Paul, MN, USA). Stripping 30
times ensured complete removal of the stratum corneum, evidenced by an
increase in the transepidermal water loss (TEWL) value by 8 times from the base
value when performed in vivo. The first tape strip was rejected (Pershing et al.,
1994). Triptorelin was extracted out from the remaining tape strips in deionized
water. The first four tape strips were extracted individually and thereafter
combined and extracted in groups of 5.
Skin Stability
Skin from the abdominal region of hairless rats was mounted on Hanson's
diffusion cells with either the stratum corneum or the dermis side facing towards
the donor. Three line soluble maltose microneedles were used in cases where
microporated stratum corneum was mounted. The respective skin surfaces were
loaded with 3 ml of a 200 ug/ml triptorelin solution for 24 hrs. At predetermined
time points 100 ul of the solution was recovered for analysis.
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HPLC Assay
Samples were analyzed by RP-HPLC on Alliance (Waters Corp., MA,
USA) coupled to a photodiode array detector. Separation was performed on
Phenomenex® LUNA C-18 column (150 X 4.6 mm) maintained at 40° C by the
mobile phase consisting of 50 mM triethylamine phosphate (pH 2.3): ACN flowing
at a rate of 1 ml/min. Composition of the mobile phase was changed continuously
from 80:20 to 70:30 over 9.5 min; the total analysis time being 12.5 min. Sample
injection volume was 75 |al. Retention times of triptorelin and its degradation
peaks at a detection wavelength of 220nm were found to be 7.3 and 6.3, 9.1 and
12 min respectively. Calibration curves were linear in the concentration range of
0.1-10 ug/ml. Images in the chapter are presented in color.
Statistical Analysis
All experiments were performed in at least triplicates and the results
expressed as mean ± SE. Two sided unpaired t-test with Welch's correction or
one-way ANOVA with Tukey's post hoc test was performed using GraphPad
Prism version 4.03 for Windows (GraphPad Software, San Diego CA, USA). A
probability of p <0.05 was considered statistically significant.
Results and Discussion
Skin absorption is a net result of skin penetration, metabolism, binding and
permeation of a topically applied agent, where a multitude of diffusional and
metabolic processes proceed either concurrently or sequentially (Kao, 1988). In
vitro models are routinely used to assess percutaneous absorption, but consider

skin as merely a physical barrier to diffusion. Cutaneous first pass metabolism
which is often neglected is a significant source of presystemic clearance of
drugs.
Biomolecule delivery across the skin is complicated by the limited
permeability attributed to their hydrophilic and charged nature. Consequently,
physical enhancement methods, namely iontophoresis and microneedles were
used either alone or in combination to increase the percutaneous delivery of
triptorelin. Amounts of the peptide transported across hairless rat skin from a 3
mM donor solution, maintained at pH 5.0 are shown in Figure 29. The
predominant transport mechanisms operative during iontophoresis are
electromigration and electroosmosis (Kalia et al., 2004). Schuetz et al
demonstrated electromigration to be the major mechanism for triptorelin
iontophoretic transport with an optimum donor peptide concentration of 3 mM
(Schuetz et al., 2005). Accordingly a donor concentration of 3 mM was used for
the studies. Also, a positive charge was given to the peptide for anodal
iontophoresis. At pH 5.0 (pH<pKa) the peptide has an approximate charge of
+1.2 and would benefit from the bulk solvent flow (electroosmosis) in addition to
electrorepulsion from anode during its transport. Selection of acetate buffer at pH
5.0 was made based on the stability data of triptorelin in aqueous solutions (Helm
and Muller, 1990, Nicoli et al., 2001b). A slightly acidic pH has also been
recommended for least decomposition of peptides in solution (Breimer and
Speiser, 1987).

Figure 29: Permeation of triptorelin at any given time across hairless rat skin
treated with iontophoresis (ITP) and microneedles (MN) alone or in combination
(ITP+MN).

In vitro experiments showed that triptorelin was delivered transdermally.
Cumulative amounts delivered by iontophoresis and microneedle treatments
were 3.67 ± 1.05 and 1.92 ± 0.66 ug/cm2 respectively. However, the combination
of iontophoresis and microneedles, delivered only 1.30 ± 0.40 ug/cm2 after 24
hrs. The combination strategy is generally used to increase the delivery in a
manner that each process in the combination, acting via different mechanisms
adds to the synergistic delivery of drugs (Mitragotri, 2000, Badkar et al., 2007,
Wu et al., 2007). Steady state flux calculations also validated the theoretical

assumption of a significantly higher (p< 0.05) delivery rate (0.19 ± 0.05
ug/cm2/hr) for the combination compared to microneedles alone (0.04 ± 0.01
ug/cm2/hr). However, it was not reproduced in the results, i.e. the cumulative
amount delivered. The possible reasons for this anomalous behavior are
pictorially represented in Figure 30.

Figure 30: Possible reasons for less delivery of triptorelin by the combination
than either of the stand alone treatment.

Evidence of triptorelin degradation was seen in the HPLC chromatograms
from the in vitro study. Several new peaks appeared in the chromatograms of
the analyzed receptor solution, indicative of the possible degradation of
triptorelin. The parent peptide eluting at 7.3 min was degraded into new peaks
eluting at 6.2 and 9.3 min (Figure 31). Attempts to characterize the degradant
peaks by mass spectrometry, did not yield reliable results due to the presence of

phosphate salts in the mobile phase. Presence of lonizable salts in the sample
gives a high background in the spectrum, making knowledgeable deductions
impossible.
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Figure 31: RP-HPLC chromatograms of triptorelin standard (a) and in vitro
receptor sample (b) showing degradation of the peptide.

Absence of these peaks in controls (with no peptide) indicated that they
were not artifacts due to skin, but in fact degradation peaks of the peptide. The
chromatogram in Figure 32 shows an overlay of blank tris buffer in contact with
the dermis with no degradant peaks and triptorelin reference peak. The observed
result however contradicted findings of Bachhav et a/who also observed eluting

peaks before the parent, but attributed these to substances released from the
skin (Bachhav and Kalia, 2009). Substances from the skin definitely leach out,
but are mostly seen in the early part of a chromatogram and early elution of the
parent peak in their case could have masked the degradation peaks under those
from the skin. Use of a shallow gradient to shift the retention time of triptorelin
further in the chromatogram in the present study simplified the identification of
the degrading peaks from the skin eluents.
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Figure 32: RP-HPLC chromatograms of tris buffer in contact with dermis (black)
and triptorelin (red).

A multitude of reasons were hypothesized for the degradation of the
peptide as depicted in Figure 33. Current and temperature did not influence the
appearance of new peaks. Donor solutions, assayed after 24 hrs of in vitro study
and peptide solutions heated to 40° C with continuous magnetic stirring in a
separate beaker did not show any evidence of degradation. However, incubation
of triptorelin with dermis confirmed the hypothesis of metabolic degradation. It is

known that skin houses many proteases, which play an implicit role in regulating
skin metabolism (Fruton, 1946, Fraki and Hopsu-Havu, 1972). Presence of both
endopeptidases, splitting a peptide bond in the middle of a chain and
exopeptidases, attacking the ends introduces a plethora of reactions operative
during skin metabolism.

Figure 33: Possible degradation sites for triptorelin degradation.

A significant difference (p< 0.05) with a 1.3 fold less recovery of the intact
peptide was achieved when incubated on the dermis side compared to the
outermost stratum corneum layer (Figure 34). Microporation also did not change
the results significantly. Contact with the microporated stratum corneum resulted
in a recovery of 95.1 ± 2.5 %.
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Figure 34: Percent triptorelin remaining after incubation with either side of
hairless rat skin.

An important point to consider is that despite only 86.9 ± 5.8% of intact
triptorelin remaining in contact with the stratum corneum, no degradation peak
was observed. Figure 35 clearly illustrates the difference in the metabolic pattern
of the two sides of skin, the stratum corneum and the dermis. The resultant
decrease in peak area could most likely be attributed to adsorption of the peptide
on the glass surface, also seen when triptorelin was kept in a beaker (Figure 36).
Loss of the peptide due to surface adsorption is not unnoticed. Significant losses
to a glass surface for a LHRH antagonist were observed from dilute solutions
(Grohganzetal.,2004).
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Fig 35: RP-HPLC chromatograms of triptorelin incubated on the stratum corneum
(black) and the dermis (blue) side of hairless rat skin.
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Fig 36: RP-HPLC chromatograms of triptorelin incubated on the stratum corneum
(black) side of hairless rat and in a beaker (pink).

Examination of the chromatograms and supporting data thus proved the
susceptibility of the peptide to skin proteolytic enzymes. However, the
contribution of enhancement treatments to the observed results was still not
clear. It was reasoned that microneedle insertion might be triggering enzyme
release from the cells. However, the hypothesis failed to find ground with
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microneedle treatment alone. If the above hypothesis was correct, a similar
decrease in the cumulative amount should have been observed as with the
combination, but instead it gave a steady flux of 0.04 ± 0.01 ug/cm2/hr throughout
the study. Another postulate based on the observations was that the combination
simply did what it was intended to do i.e. increase the delivery, but also
presented more peptide for enzymatic degradation. While biotransformation was
observed starting at only 4 hrs for the iontophoresis group, 86% and 92% of the
peptide had already degraded for microneedle and the combination groups
respectively. Microneedles further facilitated the iontophoretic process by
creating pores in the stratum corneum to favor direct passage of the peptide into
the viable epidermis or dermis depending upon the insertion depth, accounting
for more degradation. We have previously shown that soluble maltose
microneedles penetrate to a depth of around 150 urn, roughly at the epidermaldermal junction, which is also abundant in proteases (Kolli and Banga, 2008, Li
etal.).
Microneedles are not only a facilitator of transport, but also provide easily
accessible sites for accumulation. Once in the skin, triptorelin has a tendency to
bind with the negatively charged skin membrane due to the oligopeptide motif
(hydrophobe hydrophobe cation) and can remain anchored to the membrane
proteins (Hirvonen et al., 1996). Scott etal have reported the use of tape
stripping to investigate percutaneous penetration of topically applied
medicaments (Scott, 1990). The technique was used here for estimating the
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amount of triptorelin accumulated in the stratum corneum, which showed a five
fold increase in microporated skin subjected to iontophoresis (Figure 37). Drug
molecules take the path of least resistance during iontophoresis and
microchannels offer such routes, in addition to the traditional follicular pathway.
Enhanced permeation through the microchannels in the combination treatment
thus translates into an increase in the skin protein bound triptorelin, making it
more susceptible to metabolic degradation.
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Figure 37: Amount of triptorelin extracted from tape strippings of the stratum
corneum of hairless rat skin treated with iontophoresis (ITP) or microneedles
(MN) alone or in combination (ITP+MN)
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Figure 38 illustrates the combined effect of diffusion, metabolism and
accumulation with the use of different strategies on the percent of therapeutically
active intact peptide available after skin permeation. The combination could
deliver only about 1% of the intact peptide, while the rest was either metabolized
or bound to the skin proteins. Microporation and iontophoresis alone did not
increase the delivery much either. They delivered 6.1 and 4.8% respectively.
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Figure 38: Percent of intact triptorelin delivered across hairless rat skin with
iontophoresis (ITP), microneedles (MN) and their combination (ITP+MN)

113
Conclusions
Skin is not only a protective barrier of the body, but also an active organ
supporting many metabolic processes. It therefore, becomes more important to
evaluate these processes in conjunction to provide accurate predictions on
delivery of drugs through skin. The enhancement strategies used (iontophoresis,
microneedles, iontophoresis + microneedles) influenced the mass transport,
metabolism and accumulation of triptorelin in the skin. They determined the
residence time of the peptide, which in turn affected the metabolic cleavage and
explained lower cumulative amounts and higher degradation rates for the
combination compared to a single treatment alone at the same pH. Microneedles
created easy pathways for the peptide to pass through, but also offered sites for
binding to skin proteins, resulting in the lowest flux rate (0.04 ug/cm2/hr) amongst
the three treatments. Iontophoresis driven molecules take the shunt pathways
and were not seen to be as much affected by the binding, delivering 3.67 ug/cm2
at a rate of 0.12 ug/cm2/hr. However, the combination resulted in the highest flux
of around 0.2 ug/cm2/hr, but delivered the least percentage (~ 1%) of intact
triptorelin across the skin.

CHAPTER 5
SPECIES DIFFERENCE IN TRANSDERMAL TRANSPORT OF A
DECAPEPTIDE, TRIPTORELIN
Abstract
Purpose
To investigate the difference in transdermal transport and stability of
triptorelin as a function of skin species and donor pH of the formulation.
Methods
Franz diffusion cells were used to study the permeation of triptorelin (3
mM) across freshly excised hairless rat, hairless mice and guinea pig skin and
thawed pig ear, human epidermis and dermatomed skin. Tris (pH 7.4) or acetate
(pH 5.0) buffer was used in the donor and pH 7.4 tris in receptor chamber.
Iontophoresis (0.4 mA/cm2; 8 hrs) using Ag/AgCI electrodes was used to asssist
the delivery of triptorelin across the skin into the receptor compartment. Samples
were analyzed by RP-HPLC for presence of triptorelin and its three degradation
peaks.
Result
lontophoretic delivery was observed starting at 1 hour in all the species
except guinea pig and pig ear skin, which demonstrated a lag time of 2 and 4 hrs
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respectively. Delivery was seen to increase in the order of dermatomed < rat <
pig ear < guinea pig < human epidermis < mice with cumulative amounts of 3.8 ±
0.58, 4.8 ± 0.24, 7.2 ±5.11, 15.5 ± 1.33, 51.9 ± 1.56 and 116.2 ± 3.14 ug/cm2
respectively at pH 7.4. At pH 5.0, the order was slightly changed with pig ear <
dermatomed <rat < guinea pig < mice < human epidermis with cumulative
amounts varying from 0.7 ± 0.7 to 60.3 ± 6 ug/cm2. Enzymatic activity in the skin
degraded the peptide during transport in all skin types except human epidermis.
Three major degradation peaks were observed in HPLC chromatograms at
retention times of 6.3, 9.1 and 12 min. However, the degradant eluting at 12 min
was absent in the rat skin. The amount of triptorelin delivered in general agreed
with the calculated flux, except in some species where either metabolism or
permeation dominated over the other. Flux also regulated percent degradation of
the peptide. Permeation through mice skin at pH 7.4 with a flux of 14.2 ± 2
ug/cm2/hr delivered 48 ± 6.25% of intact triptorelin after 24 hrs, while at a higher
flux it delivered only 21.4 ± 3.4 at pH 5.0. Rat and dermatomed human skin
showed maximum enzymatic activity.
Conclusions
Significant differences in the delivery and enzymatic degradation pattern
of triptorelin were observed in different species during transdermal transport.
Mice skin model was most permeable to the peptide. Hairless rat skin model
resembled closely to dermatomed human skin both in terms of delivery and
degradation.
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Introduction
Transdermal delivery has been one of the most successful of the
controlled release technologies because of the easy acceptance with patients.
Continuous efforts are being put into increasing the range of therapeutic
compounds deliverable by this route. However, skin is often thought of as a
physical barrier in the approaches used. Skin is also a metabolically active organ,
where many biotransformation reactions occur, altering the efficacy and/or
toxicity of drugs. As an extension to peptide metabolism, metabolic distribution
across species from different solution conditions was probed.
Delivery of proteins has been a challenging task, particularly because of
the high susceptibility of their backbone to degradation by proteases. Skin is a
favorable alternative and although highly impermeable, is expected to be
important for biomolecule delivery by the use of enhancement techniques like
iontophoresis and microneedles (Banga, 2009, Green, 1996). However, skin also
houses many proteases and is capable of a variety of metabolic processes
(Fruton, 1946). Even though the skin enzymatic activity is less than 10% of that
found in liver, it can still contribute significantly in changing the drug profiles.
Cutaneous metabolism is important for drug delivery because every topically
applied agent has to pass through the layers of the skin to enter into dermal
microcirculation followed by systemic uptake. Hence some degradation is
inevitable for most drugs. Moreover, the degradation products may lead to
reactive metabolites which might result in irritation, toxicity, mutagenicity or
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carcinogenicity (Anders, 1985). Therefore, knowledge of the enzyme systems
present in the skin is important. Enzymes corresponding to those present in the
liver, mainly responsible for metabolism of small molecules have been identified,
but complete enumeration of proteases is far from complete.
In order to assess the impact of dermal metabolism and hence the fate of
drug molecules, it is important to know the metabolic activity of the enzymes and
their location. The location is important in order to make knowledgeable
predictions about whether the drug will come into contact with the enzymes
during in vitro or in vivo transport. Proteolytic enzymes are ubiquitous in the
human body (Lee, 1988), but their exact site of presence in the skin is still not
known (Steinstrasser and Merkle, 1995). Technical difficulties in efficiently
separating different layers due to their undulating nature have been the reason of
slow progress in this area. Most of the studies on estimation of protein
metabolism in the skin till date have been performed with homogenates of skin,
yielding a mixture of all cell types (Fraki and Hopsu-Havu, 1972, Jansen and
Hopsu-Havu, 1969). Skin is a heterogeneous organ and homogenization
destroys its natural organization. It therefore furnishes no information on the sites
of enzymatic degradation. Biotransformation in a living tissue, on the other hand
depends on metabolism during mass transport, a fine kinetic balance between
diffusion and concurrent metabolism.
It was observed in Chapter IV that triptorelin was extensively metabolized
during in vitro transdermal transport in hairless rat skin. Literature suggests that
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the decapeptide (pGlu-His-Trp-Ser-Tyr-D-Trp-Leu-Arg-Pro-Gly-NH2) (MW=
1311.5 Da; pi = 7.19) was synthesized by replacing Gly6in gonadorelin with Dtryptophan for enhanced enzymatic stability and receptor binding affinity (Coy et
al., 1976). Cyclization of the N-terminal residue to p-Glu also ensures protectivity
against aminopeptidases. This was the main reason that the peptide was initially
chosen for mechanistic studies. The structural change also showed stability
when iontophoresed in porcine ear epidermis (Schuetz et al., 2005), rabbit ear
and human abdominal skin (Nicoli et al., 2001a). However, contradictory results
were observed in our experiments. Whether the phenomenon was restricted
solely to rat skin or spread across other species as well was the aim of the study.
Retrospective analysis of reported data was impossible due to different
experimental conditions adopted by other groups. Thus, the study tried to
understand differences in metabolic patterns in different species. This would also
help identify an animal model for transdermal enzymatic activity. Though use of
human skin would be the first choice in such studies, animal models are often
preferred due to unavailability of large amounts of fresh viable tissue from human
skin banks. Also, differences in biotransformation with formulation pHs was the
focus of the study.
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Materials and Methods
Materials
Triptorelin acetate was obtained from Bachem Bioscience Inc. (King of
Prussia, PA, USA). HPLC grade acetonitrile (ACN), acetic acid, hydrochloric
acid, o-phosphoric acid, sodium acetate, sodium chloride, triethylamine
phosphate and tris were purchased from Fisher Scientific (Pittsburgh, PA, USA).
All other chemicals used were of analytical grade. Solutions and buffers were
prepared in deionized water. 0.5 mm silver wire and silver chloride used in the
fabrication of electrodes were obtained from Sigma-Aldrich (St.Louis, MO, USA).
Methods
Permeation Experiments
Skin samples. Skin from several species such as hairless rat, guinea pig,
hairless mice, pig and human skin, both epidermis and dermatomed were used
for the experiment. All animal experimentation was done as per protocols
approved by Mercer University's IACUC. Male hairless rats (8-10 week old), male
SKH1 hairless mice (8 weeks old) and guinea pigs were obtained from Charles
River Laboratories (Wilmington, MA, USA). Abdominal skin of guinea pigs was
shaved one day prior to the experimentation. Animals were euthanized using
CO2 and skin from the abdominal region was isolated. It was separated from any
underlying fat and thereafter equilibrated with the receptor buffer for half an hour.
Full thickness human skin was procured from CHTN and the epidermis was heat
separated (Bronaugh et al., 1981). Briefly, full thickness skin was immersed in

120
hot water at 60° C for 1 min, followed by gently pulling away the epidermis using
a forcep.
In vitro diffusion. Static vertical Franz diffusion cells (PermeGear, Inc.,
Hellertown, PA, USA) with a diffusional area of 0.64 cm2 were used. Freshly
excised skin (hairless rat, hairless mice and guinea pig) or thawed skin (pig ear,
dermatomed human skin and separated human epidermis) was clamped
between the donor and the receptor divisions with the stratum corneum facing
the donor compartment. A 3 mM triptorelin (500 pi) in either tris (pH 7.4) or
acetate (pH 5.0) buffer was used as the donor. The receptor solution consisted of
5 ml of pH 7.4 tris. It was magnetically stirred and maintained at 37° C (to achieve
skin surface temperature of 32° C) by a circulating water bath. Samples (0.3 ml)
from the receptor compartment were collected at predetermined time intervals
over a period of 24 hrs and replaced with equivalent amount of fresh buffer.
Samples were stored at -20° C until further analysis.
Iontophoresis. Constant current iontophoresis was used to assist the
delivery of the hydrophilic macromolecular peptide across the skin. Iontophoresis
is a technique that uses small doses of current to repel a charged drug molecule
from an electrode of the same polarity (Banga, 1998). A constant current of 0.256
mA (equivalent to a current density of 0.4 mA/cm2) was applied for 8 hrs via
Ag/AgCI electrodes connected to a power supply (Keithley Instruments;
Cleveland, OH, USA).
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HPLC Assay
Samples were analyzed by RP-HPLC on Alliance (Waters Corp., MA,
USA) coupled to a photodiode array detector. Separation was performed on
Phenomenex® GEMINI C-18 column (150 X 4.6 mm) maintained at 40° C by the
mobile phase consisting of 50 mM triethylamine phosphate (pH 2.3): ACN flowing
at a rate of 1 ml/min. Composition of the mobile phase was changed continuously
from 80:20 to 70:30 over 9.5 min; the total analysis time being 12.5 min. Sample
injection volume was 75 \i\. Retention times of triptorelin and its degradation peak
at a detection wavelength of 220 nm were found to be 7.3 and 9.1 min,
respectively. Calibration curves were linear in the concentration range of 0.1-10
ug/ml. Images in the chapter are presented in color.
Statistical Analysis
All experiments were performed in at least triplicates and the results
expressed as mean ± SE. Two sided unpaired t-test with Welch's correction or
one-way ANOVA with Tukey's post hoc test was performed using GraphPad
Prism version 4.03 for Windows (GraphPad Software, San Diego CA, USA). A
probability of p <0.05 was considered statistically significant.
Results and Discussion
Physiology of the skin together with characteristics of the drug molecule
set limits for its absorption. Particularly for biomolecules, whose degradation
starts from the site of administration till their site of action, complete absorption is

an unlikely exception. Consequently, reproducible delivery from the system by a
combined study of percutaneous absorption along with skin metabolism was
attempted to understand the transdermal profile of peptide/protein drugs.
Triptorelin was enzymatically cleaved during its transport through the skin
layers, as seen in Chapter IV. The degradation pattern was further characterized
in different species in an attempt to correlate the degradation to interspecies
variation. A single technique; iontophoresis was used in this study to facilitate
movement of the peptide from different formulation conditions.
Delivery and Metabolism at phi 5.0
Figures 39-44 illustrate the variability among various species, from a
donor solution at pH 5.0. Degradative metabolic pattern for triptorelin was
observed in the HPLC chromatograms with new peaks at 6.3, 9.1 and 12 min
besides the parent peptide peak at 7.3 min during RP-HPLC analysis. In all the
graphs below, degradation product refers to a combination of all the three peaks
eluting at 6.3, 9.1 and 12 min. Rat skin was an exception, in which the 12 min
degradation peak was absent, suggesting absence of the enzyme responsible for
bioconversion to this product. Since the degradants could not be identified by LCMS, because of the presence of salts in the mobile phase, area of the peaks
were used for comparing formation of the cleavage products from the parent
triptorelin.
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Figure 39: Permeation profile of triptorelin in pig ear skin at pH 5.0; trp: intact
triptorelin, deg: degradation products of triptorelin
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Figure 40: Permeation profile of triptorelin in dermatomed human skin at pH 5.0;
trp: intact triptorelin, deg: degradation products of triptorelin
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Figure 41: Permeation profile of triptorelin in hairless rat skin at pH 5.0; trp: intact
triptorelin, deg: degradation products of triptorelin
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Figure 42: Permeation profile of triptorelin in guinea pig skin at pH 5.0; trp: intact
triptorelin, deg: degradation products of triptorelin
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Figure 43: Permeation profile of triptorelin in mice skin at pH 5.0; trp: intact
triptorelin, deg: degradation products of triptorelin

Figure 44: Permeation profile of triptorelin in human epidermis at pH 5.0; trp:
intact triptorelin, deg: degradation products of triptorelin

Iontophoresis facilitated delivery of the hydrophilic tnptorelin starting
around 1 hrfrom pH 5.0 donor formulation. However, a lag phase of 4 hrs was
observed in pig ear skin and 2 hrs in guinea pig and human epidermis. Flux
values give an indication of the rate of permeability across the skin, but the
interpretation may be complicated by concurrent metabolism during/after skin
permeation. Flux values were found to increase in the order: dermatomed < rat <
guinea pig <pig ear <mice <human epidermis with values of 0.10 ± 0.01, 0.12 ±
0.02, 0.27 ± 0.04, 1.21 ± 0.20, 3.69 ± 0.63 and 6.09 ± 0.76 ug/cm2/hr, also
showing a corresponding increase in the cumulative amounts from 0.77 to 60.3
ug/cm2 found in the receptor after 24 hrs. Correlation between the two values is
obvious since flux is calculated from the slope of the cumulative amount of the
intact peptide assayed in the receptor vs. time graph, meaning that if the flux of a
particular compound is more, it is expected to be present in larger quantities
resulting in higher calculated amounts. However, a good correlation in this case
is even more important because the peptide is not just permeating through the
skin, but also getting metabolized. Observation of the graphs above indicate that
the cumulative amounts of triptorelin in mice skin and pig ear skin started to
decrease around 12 hrs, suggestive of metabolic degradation. Correlating flux
and amounts in such a scenario then indicates that permeation predominates
over metabolism, because flux was calculated from the initial rising portion of the
graph before it started to degrade. Cumulative amounts for pig ear skin were 21
fold less (p <0.05) than mice skin after 24 hrs.

A process where metabolism predominated permeation was seen in case
of pig ear skin compared to guinea pig and hairless rat skin. All exhibiting similar
flux values, with no statistical difference, rat and guinea pig resulted in
significantly higher (p <0.05) amounts in the receptor with a 5 and 9 fold
increase over pig ear, attributed to the post permeation degradation phase.
Degradation of peptides in the receptor by dissolving enzymes from the viable
skin layers has also been observed by Ogiso et al (Ogiso et al., 2000).
Incubation of triptorelin with the dermis for 24 hrs degraded approximately 35%
of the peptide (Chapter IV).
Thickness of the skin sample was also seen to play a role in regulating the
flux of intact peptide. As stated by Steinstrasser et al, thickness of the skin
determines contact time with the enzymes, thus regulating its total metabolic
activity (Steinstrasser and Merkle, 1995). Increased permeation in mice and
epidermis can thus be attributed to their thicknesses, which are comparatively
thinner than a 1 mm thick hairless rat skin or 1.5 mm thick pig ear skin. The skin
thickness also governs the lag phase of appearance of the drug in the receptor.
Another trend was observed in the experiments with the percent degradation. For
example, the thin mice skin allowed a significantly higher (p < 0.05) flux of the
drug (3.69 ug/cm2/hr), resulting in reduced degradation of the peptide. Mice skin
degraded 78.5 % of triptorelin compared to hairless rat skin, which degraded
94.7% with a lower flux of 0.12 ug/cm2/hr. Thus, flux is an important parameter

controlling metabolic degradation. A probable reason for the phenomenon could
be assigned to enzyme saturation.
Metabolism was also significantly affected by spatial distribution and
localization of metabolic activity in skin (Hikima et al., 2005). While all the skin
samples degraded triptorelin, only human epidermis did not show any evidence
of metabolism. Absence of degradation in the epidermis could be a result of
either minimal proteolytic activity in the epidermis or destruction during heat
separation. It has been shown that heating human cadaver skin at 60° C for 1
min, similar to the conditions used in the experiment decrease skin viability, as
measured by anaerobic glucose utilization (Wester et al., 1998). Directly
contradictory results with 51% degradation of triptorelin in contact with heat
separated (time=2 min at 60° C) porcine epidermis was also seen, suggesting
retention of the metabolic activity (Bachhav and Kalia, 2009). In general, mild
and short heat treatments around 56 -60°C for 60 s have been suggested. Also
to add, in agreement with the results in our study, degradation was significant in
dermatomed skin, reaching 87.8% after 24 hrs emphasizing on the layer specific
localization of enzymatic activity.
Delivery and Metabolism at pH 7.4
Figures 45-50 show the interspecies variability in the transport and
degradation of the peptide from pH 7.4 donor solution.
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Figure 45: Permeation profile of triptorelin in dermatomed human skin at pH 7.4;
trp: intact triptorelin, deg: degradation products of triptorelin
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Figure 46: Permeation profile of triptorelin in hairless rat skin at pH 7.4; trp: intact
triptorelin, deg: degradation products of triptorelin
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Figure 47: Permeation profile of triptorelin in pig ear skin at pH 7.4; trp: intact
triptorelin, deg: degradation products of triptorelin
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Figure 48: Permeation profile of triptorelin in guinea pig skin at pH 7.4; trp: intact
triptorelin, deg: degradation products of triptorelin
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Figure 49: Permeation profile of triptorelin in human epidermis at pH 7.4; trp:
intact triptorelin, deg: degradation products of triptorelin
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Figure 50: Permeation profile of triptorelin in mice skin at pH 7.4; trp: intact
triptorelin, deg: degradation products of triptorelin

lontophoretic delivery was observed starting at 1 hour in most species.
However, pig ear skin delayed the appearance of the peptide in the receptor
compartment by 4 hrs and guinea pig skin showed a lag time of 2 hrs. Different
skin samples allowed permeation of varying amounts of triptorelin seen in the
increasing order of dermatomed < rat < pig ear < guinea pig < human epidermis
< mice. Cumulative amounts in the receptor ranged from 3.8 to 116.2 ug/cm2.
Permeation is affected by the thickness of the skin sample, controlling the
diffusion rate and metabolism during its transit. The thinner skin sample allowed
quick passage of the permeant across the barrier into the receptor, reflecting an
increase in the flux value as with mice skin and human epidermis. Metabolism
predominated permeation for pig ear, which showed the same flux as guinea pig
skin, but also exhibited a post degradation phase. Cumulative amounts for pig
ear were two fold less than guinea pig skin.
Hairless rat and dermatomed human skin showed the highest degradation
with 97.8 and 94.3%, corresponding to the lower delivery in the order of skin
permeabilities. Homogenate studies also confirmed protease pattern
resemblance in rat and human skin (Jansen and Hopsu-Havu, 1969). Human
epidermis did not show any evidence of degradation, while the lowest
degradation was supported by mice skin with just 51%. Higher flux saturates the
enzymes catalytic sites, preventing further degradation.
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Formulation effects
Considering the pi of triptorelin, which is about 7.19, the peptide would be
positively charged at pH 5.0 and neutral at pH 7.4. Thus, in addition to
electroosmosis at both pH values, the transport would also comprise a
component of electromigration at pH 5, due to the positive charge on the peptide.
Schuetz et al demonstrated electromigration to be the predominant mechanism
of the two in delivering triptorelin from a 3 mM donor solution at pH 7.4 (Schuetz
et al., 2005). About half of the overall transport across porcine epidermis was
reported to occur by electromigration, which increased to 80% during
electroosmotic inhibition. The results however, differ from the basic theory of
iontophoresis. At pH 7.4, when the peptide is almost neutral, electromigration or
transport by the movement of ions was shown to be the major mechanism.
Based on their results, delivery at pH 5.0 should be expected to be more than at
pH 7.4, much in contrast to the results from our experiments. A general trend of
increased delivery at pH 7.4 was observed in most species (Figure 51),
supporting electroosmosis as the primary iontophoretic transport mechanism for
peptides around 1 kD (Pikal, 2001).
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Figure 51: Cumulative amount of triptorelin permeated after 24 hrs in different
species.

Metabolism is a factor complicating interpretation of results in the species
studied. No metabolic degradation was observed for porcine ear epidermis when
the mechanism for transport of triptorelin was deduced, but the peptide
underwent significant biotransformation when studied in other species. Even
though it was stable in human epidermis, no significant difference was observed
in the transport capabilities at different solution pH values. To further investigate
this, effect of different conditions was taken into account for assessing variation
in the metabolic efficiencies. However, no trending pattern was clear for
degradation as a function of pH. Figure 52 shows a representation of % intact

triptorelin remaining in the receptor compartment for various species. While pH
5.0 encouraged less degradation in hairless rat skin, a 1.5 fold more degradation
was observed in mice skin.
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Figure 52: Percent intact triptorelin permeated after 24 hrs in different species

Among the three degradation peaks, the one eluting at 9.1 min was found
to be the major product based on comparison of peak areas. There was species
variability seen with the ratio of the major (9.1 min) to minor (6.1 +12 min)
degradant peak areas as well. Flux remaining constant across the pHs for
hairless rat and pig ear skin, the ratio varied by a factor of 1.8 and 2.5
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respectively between pH 5 and pH 7.4 (Figure 53). The difference hints towards
varying metabolic activity by varying the solution conditions, avoiding
misinterpretations due to variations in flux.
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Figure 53: Ratio of the major/minor degradation peaks of triptorelin at different
solution conditions of pH

Thus it was observed that comprehension of the results based on just one
parameter makes meaningful conclusions impossible. Instead, a comprehensive
understanding of all the biological processes only would suffice a thorough
understanding. Table III and IV combine the effects of various factors affecting
the mass balance of the peptide during transdermal permeation.

Table III: Mass balance of triptorelin after transdermal permeation from various
species from a pH 5.0 donor formulation.

Skin species

% Intact triptorelin

% Degradation
product

Human epidermis

100.0

0

Mice

21.43

78.57

Guinea pig

29.32

70.68

Pig ear

5.4

94.6

Dermatomed human skin

3.58

96.42

Hairless rat

5.3

94.7

Table IV: Mass balance of triptorelin after transdermal permeation from various
species from a pH 7.4 donor formulation.

Skin species

%lntact triptorelin

% Degradation
product

Human epidermis

100.0

0

Mice

44.2

55.8

Guinea pig

26.0

74.0

Pig ear

10.98

89.02

Dermatomed human skin

5.84

94.16

Hairless rat

2.31

97.69

Conclusions
An essential aspect of transdermal delivery is the interplay between
permeation and metabolism. Iontophoresis enabled transdermal delivery of a
decapeptide, triptorelin. However, the peptide degraded as it was delivered
across the skin and exhibited significant interspecies, formulation and skin layer
variability. Thickness of the skin sample influenced the flux of the peptide
permeating across it, which in turn dictated the percent of triptorelin undergoing
degradation. Mice skin, one of the most permeable of the samples tested
resulted in a high flux and also 21% and 48% of intact triptorelin at pH's 5.0 and
7.4, compared to lower percentages of 5% intact triptorelin in hairless rat skin.
Metabolism predominated over permeation in determining the cumulative
amounts after 24 hrs for pig ear skin at both pH values, resulting from post
degradation phase. Relatively higher cumulative amounts were delivered from a
pH 7.4 donor solution. Degradation pattern varied with the location as much as
metabolic activity. Human epidermis did not show evidence of metabolic
degradation, compared to dermatomed or full thickness samples. Also, metabolic
activity varied in species with rat skin degrading the parent peptide into just two
products out of the observed three and affecting the ratio of the major (9.1 min)
to minor (6.3 +12 min) degradants. Hairless rat skin model was found to be the
closest to dermatomed human skin both in terms of delivery and metabolic
degradation at pH 5.0 and 7.4.

CHAPTER VI
DROP-ON DEMAND INKJET PRINTING FOR PREPARATION OF
TRANSDERMAL PATCHES OF PROTEINS
Abstract
Purpose
To evaluate the use of drop-on demand inkjet printer for the preparation of
transdermal patches of proteins.
Methods
Jet Lab inkjet printer was used to print selected transdermal patch
components used as substrates. Human growth hormone (human growth
hormone) was used as a model protein. Printing conditions were optimized to
allow ejection of a single, stable droplet by varying the voltage and time of the
waveform, which controls the activation of the piezoelectric crystal. Printing
conditions were optimized between the burst and print-on fly mode to increase
throughput of the method. Finally, printing was tested on films of different
chemistries and polarity, determined by contact angle measurements. The
amount of protein deposited on each as a function of number of coating cycles
was determined by ELISA and visually compared by the drop observation
camera or confocal images.
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Results
Stroboscopic images of frozen droplets in time and automated velocity
calculations yielded an ideal waveform for the formulation tested. A dwell and
echo voltage of 17 V along with 3 us rise, 22 us hold, 3 us fall, 40 us hold and 3
us of final rise jetted a single drop with a velocity of 2.32 m/s. On- the fly printing
significantly reduced the time from 1.6 hrs to 80 sec for a 80 X 80 spot patch.
Surface chemistries of the substrates dictated the deposition behavior of the
liquid and the amount coated. The hydrophobic acrylate adhesive printed 34.6 ±
4.5 ug of protein after 4 deposition cycles followed by 27 ug by other hydrophilic
films, also resulting in spreading of droplets.
Conclusion
Reproducible jetting of the formulation under test was obtained with the
inkjet printer, which was successfully used for printing the substrates with uniform
content uniformity.
Introduction
Inkjet printing is a key technology in the field of defined ink deposition,
which uses electrical actuators to eject pico/micro liter volumes of an ink from
micron sized apertures onto a substrate. The technology, since its first
appearance in the market as household printers has been applied in diverse
fields like electronics (Fauzia et al., 2010, Gans and Schubert, 2004, Sirringhaus
et al., 2000), sensor fabrication (Gonzalez-Macia et al.), combinatorial chemistry,
biology (Cooley et al., 2001, Frank and Overwin, 1996), 3-d printing (Sachs et al.,
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1992) along with drug delivery(Melendez et al., 2008, Goodall et al., 2002) and
medical applications (Doraiswamy et al., 2009, llkhanizadeh et al., 2007).
Computer controlled precise and accurate deposition of the ink to a substrate
was used as the guiding principle for the preparation of transdermal patches of
proteins.
The inkjet printing technology, based on droplet generation can be broadly
classified into continuous printing and drop-on-demand or impulse printing (Gans
et al., 2004). Drop on demand printers, as the name suggests use electrical
signals to generate droplets when required. They work by pushing the ink out of
the nozzle to form droplets, either by heating (thermal) the ink or applying
physical pressure (piezoelectric). Inkjet printing has found applications in different
fields due to the advantages it offers over other printing techniques, namely high
speed, non contact mode and automation to control accurate placement of the
ink. 'Direct write' attribute of the technology eliminates the use of a mask/die,
saving resources both in terms of time and money. Also, the volumetric accuracy
does not depend on the wettability of the substrate as with pin transfer systems
where the fluid touches the substrate during dispensing. Other features such as
reduced material need, scalability to large scale manufacturing and noncontamination, a result of non-contact mode, has opened doors for inkjet printing
in life science applications.
Although almost any operation that requires precise placement of
materials on a substrate is a candidate, application for deposition of biologicals

presents a significant economic advantage. Delaney et al have extensively
reviewed the numerous applications of this technique (Delaney et al., 2009). BioMEMS devices such as biosensors have utilized the inkjet printing to provide
point-of care clinical diagnostic devices. One of the earliest examples included an
enzyme based ion sensitive field effect transistor (ISFET) with glucose sensors
gaining more commercial interest. Other commercialized products include
sensors for determining the blood type and pregnancy status in a human
readable format. Blood typing reagents or the 3 subunit of human chorionic
gonadotropin are printed on a nitrocellulose substrate in the form of the
characters A,B, and +/-. In presence of the appropriate antibody, the test
displays the symbol corresponding to the blood type or pregnancy status.
Detection and analysis of biomarkers for studying fetal development and
detecting cancer cells and development of prosthetic retinas are some of the
other applications in the developmental stages. Immunoassay biosensors have
been tested by the US Naval Research Laboratory for biodefense and
Salmonella poisoning. Synthesis and deposition of oligonucleotide as
microarrays has also been accomplished by inkjet printing for purposes of clinical
diagnostics, SNP (single nucleotide polymorphism) detection, and point mutation
detection.
Drug delivery applications include microcapsules for drug reservoirs, 3D
dosage forms for tailored dissolution release and aerosolization of proteins like
human growth hormone and insulin. Biological samples experience high shear
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stress and localized heating, potentially raising a concern about their stability
during the process. Okamoto and coworkers however, did not find the process to
be of any concern during their work with DNA (Okamoto et al., 2000).
llkhanizadeh et al also demonstrated retention of biological activity of neural stem
cells when deposited on hydrogels (llkhanizadeh et al., 2007).
Taking advantage of the throughput, material conservation and stability
indicating process of ink jetting, it was explored for applicability in the preparation
of transdermal patches of proteins. A literature search did not reveal any study in
this direction, except for Levin et al who used a microlitre syringe to print patches
of human growth hormone (Levin et al., 2005).
Bio therapeutics have transformed the pharmaceutical industry since the
introduction of the first recombinant protein 25 years ago. However, not much
progress has been made in delivering them. Presystemic enzymatic degradation,
high stomach acidity and poor intestinal absorption place high odds against oral
delivery of proteins. Parenteral route has proven to be the most effective way to
administer biologies, but lacks patient acceptability. Delivering bioactive proteins
through alternate routes remains a challenge for scientists and researchers are
underway investigating new technologies to deliver proteins to provide relief from
the discomfort of injections for therapies requiring chronic administration. The
large surface area of skin provides a promising potential of using it as a medium
of administration of drugs, also overcoming the challenges of injectables.

However, transdermal delivery of proteins is also limited by the barrier
nature of the skin which allows only sufficiently lipophilic molecules to selectively
pass through the skin. It was envisioned that 'drop-on demand' patches along
with the synergistic use of other technologies (e.g. iontophoresis, microneedles)
to overcome/bypass the barrier layer of the skin would present a solution for
efficient delivery of proteins. Computer controlled precise and accurate
deposition of the ink to a substrate was used as the guiding principle for the
preparation of transdermal patches of proteins. Human growth hormone was
used as a model protein in the study.
Materials and Methods
Materials
Human growth hormone (hGH) formulation marketed by the name
Genotropin was obtained from Pfizer (Chesterfield, MO, USA). The formulation is
available in two chambered cartridges. The lyophilized chamber contains the
protein with phosphate buffer, glycine and mannitol as excipients and water for
injection with m-cresol in the diluent chamber. Substrates used for deposition
were obtained as samples from 3M (St. Paul, MN, USA) and Mylan Technologies
Inc. (St. Albans, VT, USA). Fluoropolymer coated polyester film (marketed as
1022 release liner), polyester film laminate (marketed as 1109 backing) and
pressure sensitive acrylate adhesive (marketed as 1774 polyethylene foam tape)
were obtained from 3M and polyethylene film (marketed as 1001 film) from
Mylan.
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Equipment
Jet Lab II (MicroFab Technologies Inc., Piano, TX, USA) is a laboratory
scale piezoelectric drop-on demand inkjet printer. It essentially consists of a
motion stage, which controls the movement of the substrate relative to the ink
dispensed from either a single or multiple dispensing jets. Other stages are
equipped with cameras for inspection of the substrate (inspection camera) and to
capture images of droplets in flight (drop observation camera). Figure 54 shows
a schematic of the Jet Lab print station.
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Figure 54: Schematic representation of a Jet Lab print station.

Generation of an ideal voltage pulse is crucial to the formation of droplets
from the jetting device. Pulse shape parameters which describe and thus govern

the ejection of droplets are the rise, dwell, fall, echo and final rise times, and idle,
dwell and echo voltages. Figure 55 shows a schematic representation of the
voltage pulse with the drop formation beginning around the end of the fall in the
pulse shape.
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Figure 55: Schematic of a waveform.
Methods
Preparation of the Protein Solution
Human growth hormone was used as a model protein for the study. The
lyophilized powder was reconstituted with 1 ml of the diluent, resulting in a
concentration of 12 mg/ml. The solution was filtered through a 0.22 urn syringe
filter prior to use for jetting. Filtering the solution removes any particulate matter
to avoid clogging of the jet head.
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Contact Angle Measurements
Spreading of the deposited drop on a substrate was estimated from the
contact angle. Studies were performed using a goniometer (Rame-hart, model
250, Netcong, NJ, USA) consisting of a 3-axis specimen stage, microsyringe, a
high speed digital camera and a fiber optic illuminator source. A sessile drop of
deionized water was dispensed on the substrate and its image captured by the
camera. The contact angle was determined by the computer software as the
angle formed between the solid/liquid interface and the liquid/vapor interface
with a vertex at the three phase intersection.
Printing of the Substrate
The printer was primed by jetting IPA followed by Dl water into a waste
dish. Filtered protein solution was placed in the solution receptacle and snap
fitted in the printer. Jetting was achieved from a single nozzle only, the effective
diameter of which was 50 urn. The substrate was taped to the stage of the printer
in order to keep it as flat as possible. The waveform pulse shape and voltage
were optimized for the protein solution such that only a single droplet was jetted
with a velocity of 1-3 m/s.

The whole process was carried out at room

temperature to print an area of 1 cm2, after which the substrates were removed
and air dried. They were stored in 6 well plates and placed in desiccators until
analyzed. Printing types and number of passes were varied to determine the
amount of the protein deposited on the substrate.
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Drug Content Analysis
The printed films were allowed to equilibrate to room temperature before
removing them from the desiccator. Individual films, already placed in separate
wells of a 6 well plate were soaked in 1 ml of water and the protein was extracted
into the solution, human growth hormone content was then analysed by ELISA kit
obtained from DRG International (Piscatway, NJ).
Microscopic Analysis
The coated films were analyzed by the substrate observation camera in
the inkjet printer immediately after printing, which gives an overview of the
printed area. LEXT confocal microscope (Olympus, Center Valley, PA, USA)
uses a 405nm laser to represent 3D images of the deposited drops along with
estimation of the diameter of the drops.
Results and Discussion
Instrument Parameters on Drop Generation and Analysis
Generation of a single, reproducible drop is critical for inkjet printing. A
drop is ejected in response to an external voltage applied to the piezoelectric
crystal, which causes a sudden change in the ink pressure. The pressure waves
travel to the orifice, are converted to fluid velocity and result in a drop being
ejected from the orifice. Hence, defining the voltage waveform by the time and
voltages of different segments- rise, dwell, fall, echo and final rise is crucial for
drop generation.
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First, the effect of magnitude of voltage on the shape, velocity and volume
of the drops was studied by varying it in the range of 15-25 V, followed by varying
the time of the individual segments (Table V).

Table V: Effect of waveform parameters on drop formation of human growth
hormone formulation
Parameters

Drop result

Rise
(MS)

Dwell
(MS)

Fall
(MS)

Echo
(MS)

Final
rise
(MS)

Voltage
(V)

Drop size
(Pi)

3

30

3

40

3

<15

no drop

3

30

3

40

3

16

199

1.67

3

30

3

40

3

17

184

2.06

3

30

3

40

3

18

276

2.58

3

30

3

40

3

20

293

1.73

3

30

3

40

3

>25

drops merge

3

20

3

40

3

17

244

1.5

3

20

3

30

3

17

243

0.9

3

22

3

40

3

17

310

2.32

5

20

5

40

3

17

269

1.4

5

20

5

40

5

17

293

2.87

Velocity
(m/s)

The goal was to identify parameters which reproduced jetting of droplets in
a velocity range of 1-3 m/s such that the droplets did not recombine before hitting

the substrate or showed presence of any satellite droplets. Timed images of the
drops were captured by a drop observation camera and the velocity calculated by
the software. Very short, intense flashes of light (strobe light) illuminate the drops
in motion, making them visible only for a fraction of a second. Thus by "freezing"
the motion in time, effect of the waveform on the droplet formation is captured.
Drop ejection was seen above a threshold of 15 V with coalescence
observed at voltages greater than 25 V. Critical values for both breakup of
droplets from the jet head and formation of satellites have been correlated to the
liquid density, surface tension of the liquid, droplet diameter and velocity by Pilch
etal (Pilch and Erdman, 1987). In order to generate a drop, the kinetic energy
should be sufficiently high to overcome the surface energy of the drop and
viscous dissipation (transformation of kinetic energy to internal energy due to
viscosity) (Fakhfouri et al., 2009). Thus, increasing the voltage beyond a certain
value gives sufficient kinetic energy to the liquid to allow ejection of drops from
the nozzle which also explains the formation of satellites upon further increase in
voltage. The minimum voltage for Dl water also lies around 23 V (Tsai et al.,
2008)
Increase in voltage was also accompanied by an increase in the drop
volume, which was attributed to an increase in the energy imparted to the liquid.
However no correlation was seen for drop velocity. Studies reporting
contradictory results on the effect of voltage on drop volume and velocity are
available in literature. It is expected for the drop velocity to increase with an
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increase in the firing voltage (Tsai et al., 2008, Doraiswamy et al., 2009).
However, Fauzia et al demonstrated a decrease in drop velocity from 2 m/s to 1
m/s, resulting from an increase in firing voltage from 7 V to 16 V (Fauzia et al.,
2010). A voltage of 17 V fairly reproduced drop formation with a velocity of ~ 2
m/s and hence was chosen for further optimization. The waveform was further
fine tuned for elimination of any satellite drop generation. A waveform
combination of (i) 3 us of rise, (ii) 22 us of hold, (iii) 3 us of fall, (iv) 40 us of hold
and (v) 3 us of final rise at a dwell and echo voltage of 17 V was considered ideal
with a jetting velocity of 2.32 m/s. Stroboscopic drop images at the optimized
waveform show the different phases of drop generation from the orifice (Figure
56).

Figure 56: Stroboscopic drop formation images with the optimized waveform for
human growth hormone formulation
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As seen from the figure, the main stages of drop formation are ejection,
stretching of liquid, pinch-off from the jet head and contraction of the liquid thread
to form a primary drop. Once ejected it falls under the force of gravity and air
resistance until it contacts the substrate, on which it spreads under momentum
acquired in motion and surface tension aided flow along the surface. The drop
then dries through solvent evaporation, leaving behind the solid residue of the
protein with a diameter of around 49.945 ± 2.043 urn, same as the diameter of
the nozzle (Figure 57).

Figure 57: Confocal image of a printed substrate showing the diameter of
deposited drop
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Instrument printing types
Two different deposition methods namely print on fly and burst mode were
undertaken to print the substrates with human growth hormone. On the fly
printing refers to printing a line of spots without stopping. The substrate
continuously moves under the jet device, while the motion controller sends a
trigger pulse to the jet controller every time a spot position is passed during flight.
The main advantage of this mode of printing is to gain time in cases where a
large array is to be printed. Burst mode, on the other hand deposits multiple
drops at a single spot with a single dispensing trigger.
While the print quality of both the techniques was adequate, printing time
was significantly different. Time for printing a 80 X 80 array increased from 80
sec with print on fly mode to 1.6 hrs with the burst mode. High throughput of the
on-fly mode was the chief reason for its use in studies hereon. Figures 58 and 59
compare the printing quality of the two techniques on acrylate adhesive and
aluminum vapor coated polyester laminate.

Figure 58: Burst and on-the fly mode of printing on acrylate adhesive

154

Figure 59: Burst and on-the fly mode of printing on aluminium vapor coated
polyester laminate

Effect of the substrate material
Printability depends on the surface and is governed at large by the
physiochemical properties of the surface. Proper wetting and adhesion are key
for satisfactory printing on nonporous/microporous films. Deposition is primarily
governed by the equilibrium between the drop and the substrate, which is defined
by the contact angle (0) (Figure 60), as given by Young's equation.

Cos0 = Ysg-Ysl
Yig

where, y sg - solid vapor interfacial tension
y si - solid liquid interfacial tension
Y i g - liquid vapor interfacial tension
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Ysg

ysi
Figure 60: Representation of the contact angle of a drop on a substrate

Water contact angle classifies the substrate as hydrophobic (9 > 90°) or
hydrophilic (9 < 90°). Figures 61 a and b describe the deposition pattern on either
surface of a polyester liner with a fluoropolymer coating on one side.
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Figure 61: Print pattern of human growth hormone solution after two deposition
cycles on surfaces differing in polarity: (a) hydrophobic and (b) hydrophilic
surfaces of fluoropolymer coated polyester laminate.
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Fluoropolymer coating is used to make surfaces superhydrophobic for a
'lotus leaf effect' of water repellency (Lerouxa et al., 2008). This property is
utilized in transdermal patches for easy release of the protective liner from the
adhesive before application. As expected, the deposited droplets tend to bead
up on the hydrophobic surface, in contrast to the polyester surface. The
phenomenon was more evident after 2 repeated deposits at the same point,
where the drops started to spread on the polyester side. Spreading of the human
growth hormone solution was confirmed by contact angle measurements; coating
increased the angle from 60.35° ± 0.31 to 107.66° ± 0.15 (Figure 62). Similar
results for contact angles have previously been reported for uncoated polyester
films with an angle of 64°(Konrad et al., 2010).

(a)

(b)

Figure 62: Equilibrium water contact angles on fluoropoymer coated (a) and
polyester (b) sides of a release liner

Drug content uniformity with substrate variation
Different substrates, routinely used in the manufacture of transdermal
patch systems were tested for printing. They varied in composition from
polyethylene, acrylate adhesive to polyester and aluminium vapor coated
polyester. Furthermore, to increase the amount of protein coated on the film,
pass number was varied from 1 to 4, meaning that after depositing the protein
once the process was repeated on the same area upto a maximum of 4 times.
Figure 63 (in color) shows the variation in the protein coated with the film material
used and the number of passes. A maximum of 34.6 ± 4.5 ug of the protein was
deposited on acrylate adhesive after 4 passes, while all the other film materials
deposited around 27 ug.
The number of passes did increase the amount of protein coated on the
substrate, however the drops started to merge after the first pass. Spread pattern
of an ink is difficult to control on non porous substrates compared to a porous
one (Thackray and Hindagolla). This is attributed largely to the capillarity of a
porous material which absorbs the ink and also affects the drying time of the ink
along with evaporation. Ink on a non-porous substrate, on the other hand must
dry either through evaporation or some type of curing mechanism. Rapid
deposition of successive drops before the first one dries completely could explain
the spreading behavior. Absence of spreading during the first pass rules out the
contribution from the surface chemistry of the substrate.
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Figure 63: Amount of human growth hormone (12 mg/ml) printed on the
substrates as a function of passage of the jet head (n=3).

The goal of preparing printed patches for proteins was to provide stability
and long shelf life to the active ingredient, which is normally formulated as liquid
parenteral products. Also, when used along with poration techniques to enhance
the permeability of the membrane, the interstitial fluid from the pores would
create a high local concentration of the active, thus eliminating the use of high
amounts of proteins along with providing sustained transdermal release. Thus,
even though the spreading is not an issue for our purpose, it does not take full
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advantage of the precise placement by inkjet printers. Figures 64-66 represent
the print patterns on acrylate adhesive, aluminum vapor coated polyester and
polyester films at different pass numbers.

Figure 64: Drop-on demand print pattern of human growth hormone solution (12
mg/ml) on acrylate adhesive with different pass numbers from 1-4
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Figure 65: Drop-on demand print pattern of human growth hormone solution (12
mg/ml) on aluminium vapor coated polyester with different pass numbers from
1-4.
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Figure 66: Drop-on demand print pattern of human growth hormone solution (12
mg/ml) on polyester with different pass numbers from 1-4

High transparency of the polyethylene film made visualization of the
deposited drops impossible, hence they were viewed under a confocal
microscope illuminated with a 405 nm laser (Figure 67).
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Figure 67: Drop-on demand print pattern of human growth hormone solution (12
mg/ml) on polyethylene with different pass numbers from 1 -4

Conclusions
Inkjet printing was demonstrated to be successful in depositing aqueous
protein solutions on substrates differing in polarity. Drop formation of human
growth hormone formulation was experimentally determined and visually
observed. Confocal images confirmed drop diameters of 49 urn, corresponding to
the nozzle diameter. Stable, reproducible drops were ejected at a voltage of 17 V
with a printing time of ~ 80 sec for a 1 cm2 array with on- the fly mode. Amount

printed on the substrates depended on the surface chemistry. Good adhesion of
the acrylate adhesive yielded the highest coated amount after 4 deposition
cycles, compared to the other hydrophilic films. Thus, use of 'drop-on demand'
patches on porated skin would result in a local high concentration of the protein
in the interstitial fluid, eliminating the use of high amounts of the drug and
maintain a sustained transdermal release.

CHAPTER 7
PHARMACOKINETIC EVALUATION OF DONEPEZIL FOLLOWING
TRANSDERMAL IONTOPHORESIS BY WEARABLE ELECTRONIC PATCHES
IN HAIRLESS RATS
Abstract
Purpose
The aim of the study was to assess the feasibility of transdermal
iontophoretic delivery of donepezil in a hairless rat model as a potential treatment
modality in Alzheimer's and to evaluate the effect of different current densities
on the pharmacokinetics of the drug.
Methods
Donepezil loaded integrated Wearable Electronic Drug Delivery (WEDD)
patches supplied current levels of 0, 0.13, 0.26 and 0.39 mA. Plasma extracted
donepezil was analysed by HPLC. Non compartmental analysis following IV and
transdermal administration were used to characterize disposition of the drug.
Results
The amount delivered across hairless rat skin and areas under the curve
(AUC) were found to rise in proportion to the current levels. Peak plasma levels
of 0.094, 0.237 and 0.336 ug/ml were achieved at 0.13, 0.26 and 0.39 mA
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respectively. Time to peak plasma concentrations was after termination of current
and same for all current levels. Transdermal elimination half life was significantly
increased from the true value of 3.2 hr due to depot formation, prolonging
complete absorption of the drug.
Conclusions
Donepezil was successfully delivered iontophoretically in a hairless rat
model at levels sufficient to produce pharmacodymanic effect. Pharmacokinetic
analysis demonstrated linear kinetics at the current levels used and flip flop
kinetics following iontophoretic administration.
Introduction
Alzheimer's disease (AD) is a brain disorder named for German physician
Alois Alzheimer, who first described it in 1906. Since then, its prevalence rate
has increased to 4.5 million individuals (Hebert et al., 2003). It is the most
common cause of dementia and the fourth leading cause of death after heart
disease, cancer and stroke. Approximately 10% of people over the age of 65
may develop AD (Kelley and Petersen, 2007).
Currently there is no definitive cure to stop the progression of the disease,
however two types of medications have been approved by the US FDA for
treatment of the cognitive symptoms of AD: (i) cholinesterase inhibitors such as
Rivastigmine (Exelon), Donepezil (Aricept), and Galantamine (Razadyne) and (ii)
glutamate activity regulator, Memantine (Namenda) (Potyk, 2005). It is thought
that the cognitive impairment in AD results from the deficit or death of neuronal
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cells, either due to the over activity of enzyme cholinesterase or overexcitation of
N-methyl-D- aspartate (NMDA) receptors by the neurotransmitter glutamate.
These drugs are commercially available as oral formulations.
However, due to a multitude of risk factors in the AD population, such as
memory loss and high incidence of dysphagia, compliance to the conventional
oral formulations has been poor (Small and Dubois, 2007, Mauskopf et al.,
2005). Furthermore, higher doses are associated with greater chances of
cholinergic adverse reactions like nausea, vomiting, diarrhoea, anorexia and
abdominal pain, especially during the titration phase (Inglis, 2002).
Consequently, not all patients in clinical practice are able to achieve and maintain
the recommended therapeutic doses of the conventional oral formulations.
Transdermal patches may be an ideal therapeutic approach in
Alzheimer's, overcoming the limitations posed by the available oral
administration (Oertel et al., 2007). A transdermal patch can reduce plasma
fluctuations by maintaining sustained therapeutic plasma concentrations in
addition to reducing the CmaXand prolonging Tmax, all translating into reduced
incidence of cholinergic side effects. It is also a preferred method of drug delivery
for reasons including overall ease of use, advantages in keeping to the treatment
schedule and less interference with daily life. First-pass effects could be avoided
(Utsuki et al., 2007), endogenous circadian cholinergic rhythms could be
opposed (Davis and Sadik, 2006), doses could be reduced as a result of
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shortened metabolic pathway, and dosages could be optimized to improve
efficacy and compliance with transdermal route.
In this study, we investigated the feasibility of iontophoretic delivery of an
acetylcholinesterase inhibitor, donepezil across hairless rat skin over a period of
24 hrs. A proprietary Wearable Electronic Drug Delivery (WEDD) technology
platform was used to achieve iontophoretic delivery for our purpose. WEDD is an
innovative electronic transdermal drug delivery system that is totally self
contained, single use, portable and disposable. It utilizes low level DC current to
propel ions of soluble salts non-invasively across the skin (Singh and Maibach,
1994). Donepezil in its HCI salt form, is positively charged and therefore a
suitable candidate for iontophoretic delivery. Side effects with the drug have been
reported to occur as a result of high peak plasma concentrations (Cmax), rapid
absorption into the bloodstream resulting in a short time to Cmax Tmax), and the
frequency and magnitude of the resulting fluctuations in drug plasma level (Jann
et al., 2002). Hence, pharmacokinetic evaluation was carried out to understand
the disposition profile of the drug following transdermal iontophoretic
administration.
Materials and Methods
Materials
Donepezil and Tacrine were obtained from Shanghai OSD Co. Ltd.
(Shanghai, China) and Sigma-Aldrich (St.Louis, MO, USA) respectively. Drug

(4% donepezil, 2% HPMC, 0.02% propylparaben, 0.18% methylparaben) and
blank (0.9% NaCI, 2% HPMC, 0.02% propylparaben, 0.18% methylparaben) gel
formulations were prepared at Travanti Pharma Inc. (Mendota Heights, MN,
USA). HPLC grade acetonitrile (ACN), o-phosphoric acid, potassium dihydrogen
phosphate (KH2P04) were purchased from Fisher Scientific (Pittsburgh, PA,
USA). Solutions and buffers were prepared in deionized water.
Wearable Electronic Drug Delivery (WEDD®) patches and dry absorbent
pads were supplied by Travanti Pharma Inc. (Mendota Heights, MN, USA). Each
iontophoretic patch was built with anode and cathode pad slots with a power
supply connected between the pads. Proprietary Ag and Ag/AgCI electrodes,
constructed with a capacity which exceeds the charge dosage to be utilized were
built-in. The active anode and cathode pads were approximately 5cm2 in skin
contact area. A total of 7 volts of power was provided, with a series connected
transistor used to control current.
BD Luer Lok™ disposable syringes with 3 ml capacity (New York, NY, USA), 15
gauge flexible dispense tips (Verick, Brampton, ON, Canada) and petri dishes
were also purchased.
Methods
Preparation of Patches
Absorbent patches were activated with the respective gel formulation
overnight. Briefly, dry absorbent pads, with the shiny side down were placed in a
petri dish. A sufficient quantity (~ 2 ml) of the formulation was pulled using a
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plastic syringe fitted with flexible dispense tips and 1.10 ± 0.05 g of gel was
dispensed onto the pads placed on a tared balance in a spiral fashion. This was
followed by uniformly spreading the gel with a stainless steel spatula. The gel
was reweighed to make sure that the final weight dispensed fell in the range and
was not lost during spreading. The petri dishes were then placed overnight into a
Ziploc bag containing a wet paper towel to allow the pads to fully imbibe the
formulation. On the day of dosing, liners were pulled off from the designated pad
areas in WEDD patches (Figure 68). Fully imbibed pads were carefully picked up
with a pair of tweezers and applied in the appropriate chamber of the patch.

'C, ( A Y = ^ ' '^"^4 B ^ I
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E
Figure 68: Schematic diagram of a WEDD patch. A = anode; B = cathode; C&D =
slots for absorbent pads; E = connection to power supply battery supplying 0.13 /
0.26 / 0.39 mA current.
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In vivo Experimentation
Protocols for animal experimentation were approved by Mercer
University's IACUC. Hairless rats were anaesthetized by an intraperitonial
injection of Ketamine (75 mg/kg) and Xylazine (10 mg/kg). Patches were placed
on the abdominal region of rats for 24 hrs during which the current was
monitored to ensure proper connections. Blood (300 pi) was collected through tail
vein and sampling continued till 72 hrs at predetermined time points and
analyzed. Table VI enlists the experimental design used for in vivo studies.

Table VI: Experimental design illustrating the different current levels used for
iontophoresis by WEDD patches and replicates in each group.

Group No.

Treatment (current level)

No. of animals

1

IV

3

2

Passive (0 mA)

4

3

0.13 mA

4

4

0.26 mA

4

5

0.39 mA

4

Bioanalysis
To a 100 pi aliquot of plasma sample, 50 ul of donepezil dilution standards/saline
and 50 ul of IS (Tacrine; 50 ng/ml for transdermal study and 500 ng/ml for IV
study) were added. The sample was vortexed followed by addition of 300 pi of
acetonitrile. The mixture was again vortex-mixed and centrifuged at 14,000 rpm
for 15 min. The supernatant was transferred into an eppendorf tube and
centrifuged again to ensure complete removal of precipitated proteins. The upper
organic layer was removed and evaporated to dryness under a stream of
nitrogen. The residue was reconstituted in 100 pi of the mobile phase and a 20pl
aliquot of the resulting solution was injected into the HPLC.
HPLC Assay
Quantitative analysis was performed on Alliance HPLC (Waters Corp.,
MA, USA) coupled to a fluorescence detector. Chromatographic separation was
achieved using a GEMINI C18 column (150 X 4.6 mm, 5 pm; Phenomenex,
Torrance, CA, USA) with a 4.0 X 3.0 mm Security Guard C18 guard column
(Phenomenex, Torrance, CA, USA). The mobile phase consisted of 50 mM
potassium dihydrogen phosphate (pH 3.0): acetonitrile (73:27), delivered at a
flow rate of 1 ml/min. Tacrine was used as an internal standard. Donepezil and
Tacrine, excited at 325 nm with data collection at an emission wavelength of 390
nm yielded retention times of 7.3 and 2.6 min respectively. Calibration curves for
the transdermal study were linear in the concentration range of 0.05 pg/ml - 1
pg/ml.
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Pharmacokinetic Analysis
Pharmacokinetic parameters such as AUC, t|/2, volume of distribution,
clearance were calculated using the noncompartmental model with WinNonlin
software ver 5.2.1 (Pharsight, Cary, NC, USA).
Results and Discussion
Delivery as a Function of Current
Iontophoresis is a process in which the flux of ionic solutes is enhanced by
applying a voltage drop/electric field across the skin, repelling charged drug ions
placed under an electrode of the same polarity (Banga, 1998). In this study,
iontophoretic delivery of donepezil across hairless rat skin using WEDD patches,
supplying different current densities was investigated. Since the drug is
positively charged at the pH of the formulation (pH 6.0), delivery from anode was
attempted.
To ensure proper connections in the circuit, current was monitored at each
blood sampling time point while the patch was on the animal for 24 hrs. A
constant current level was maintained in all the groups throughout the application
period (data not shown). Figure 69 (in color) illustrates the effect of different
current densities on the plasma levels of donepezil delivered transdermally.
Passive delivery (I = 0 mA) did not produce any blood levels. However,
increasing the current strength delivered proportionately increasing amounts of
the drug. Plasma levels of 0.086, 0.202 and 0.304 ^g/ml were recorded at 24 hrs
with current densities of 0.13, 0.26 and 0.39 mA/5cm2 respectively, demonstrating
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a linear dependence of delivery on current strengths. Higher current densities
provide a greater electromotive force to push the charged drug molecules across
the skin, thus explaining higher plasma levels (Singh and Maibach, 1994, Kalia et
al.,2004, Phippsetal., 1989).
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Figure 69: Plasma donepezil concentrations (mean ± SD) following iontophoretic
delivery from WEDD patches across hairless rat skin (n=4)

Delivery of the drug continued with the application of current, during which
time it was being actively driven across the skin. Thereafter, the plasma levels
started to decline. However, a slight increase was seen until about 1 hr after the

current was discontinued, possibly due to the continuous desorption of the drug
from a skin depot. We hypothesize that donepezil, being a lipophilic molecule,
prefers to stay in a lipid rich environment of the stratum corneum and slowly
diffuses from it until the depot gets depleted. A similar trend of drug desorption
from the skin depot has previously been reported for another hydrophobic
molecule, verapamil by Wearely et al (Wearley et al., 1989). It has also been
reported that skin impedance recovers in 30 min post-iontophoresis (Curdy et al.,
2002). Current application polarizes the skin, resulting in movement of ions
across the skin. This increases the concentration of ions in the stratum corneum
with a consequent fall in resistance. Termination of the current may then allow
return of locally increased ionic concentrations to the normal physiological levels.
This lag time in returning to the normal values could also explain the diffusive
release of drug ions from the skin even after the current is stopped.
Donepezil IV Profile
A bolus IV dose of 3 mg/kg was administered to anaesthetized hairless
rats via femoral vein. This dose was selected based on the reported lethal dose
for rats of 7.7 mg/kg [17]. The disposition profile following IV administration is
shown in Figure 70 with the calculated pharmacokinetic parameters listed in
Table VII.

175

1.000 n

0.800
—.

<>

E
g> 0.600
E

<l

g 0.400
o

t
\

O) 0.200

u.uuu -i

v_
I

5

C

10

15

20

25

30

35

Time (h)
Figure 70: Plasma donepezil concentrations (mean ± SD) following an IV bolus
(3 mg/kg) injection in the femoral vein of hairless rats (n=3).

Table VII: Donepezil pharmacokinetic parameters (mean ± SD) after IV bolus
injection to hairless rats (n=3).
Parameter

Value ± SD

V(ml)

10393 ±4340

k (1/hr)

0.22 ± 0.04

t i / 2 (hr)

3.2 ± 0.53

CI (ml/hr/kg)

2205 ± 577

Cmax (ug/ml)

0.745 ±0.144

AUCiast(hr*ug/ml)

1.286 ±0.3920

Abbreviations V - volume of distribution, k - elimination rate constant, t
peak plasma concentration, AUC

last

- elimination half life, CI - clearance, Cmax 1/2
- area under the plasma concentration time curve from 0-72 hr

IV administration of donepezil resulted in a clearance value of 2205 ± 577
ml/hr/kg with an elimination half life of 3.2 ± 0.53 hr in hairless rats. Matsui et al
have reported marked interspecies differences in blood clearance for donepezil
(Matsui et al., 1999). After an IV administration to the male and female sprague
dawley rats and male beagle dogs, blood clearance was found to be 66.8, 25.1
and 56.3 ml/min/kg respectively. Hence it was prudent to calculate the clearance
values in hairless rats. Furthermore selection of the vein for IV administration
also affected clearance; injection of the same dose of donepezil into tail vein
gave a lower value of 344.1 ± 60.6 ml/hr/kg. This could be attributed to the small
caliber and local anatomy of the tail vein, making it technically difficult to
uniformly dose the animal via the tail vein. There also exists a possibility of the
drug solution extravasating the intact vein if the injection is faster than the blood
flow. Reported local depot effect (Tse et al., 1984) and the thick and tough tail
skin (Ronai, 1966) thus preclude the use of tail vein for routine IV injections.
Dose Delivered
The amount of donepezil absorbed was calculated using intrinsic
clearance value (listed above) according to the following equation.

A U G ( 0 - 2 4 ) transdermal (hr*ug/ml) * CI , v (ml/hr/kg)

Dose delivered (mg/kg/day) =
1000

Figure 71 is a diagrammatic representation of doses delivered in each
individual animal along with the average for all four rats. Greater variation in
delivery was seen at higher current levels. As summarized in Table VIII, 2.55 ±
0.75, 5.83 ± 0.37 and 8.75 ± 2.83 mg/kg/day of donepezil was delivered across
the skin at current strengths of 0.13, 0.26 and 0.39 mA respectively.
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Table VIII: Amount (mean ± SD) of donepezil delivered/kg/day across hairless rat
skin from a WEDD iontophoretic patch at four different current levels.
Group

Dose delivered
Mean ± SD (mg/kg/day)

2 - Passive

0

3 - 0 . 1 3 mA

2.55 ±0.75

4 - 0.26 mA

5.83 ± 0.37

5 - 0.39 mA

8.75 ±2.83

Since interspecies comparison of doses is not possible without allometric scaling,
an indirect comparison of the pharmacodynamic effect through plasma levels
obtained was attempted in the present study. A significant positive correlation
between donepezil plasma levels and percentage of acetylcholinesterase
inhibition has been demonstrated in clinical trials, wherein EC50 (50% effect)
was obtained at a concentration of 15.6 ng/ml and the effect plateaued (80%-90%
inhibition) at plasma concentrations higher than 50 ng/ml (Rogers et al., 1998).
Another study reported a therapeutic plasma level of 68 ng/ml for donepezil
(www.pfizer.ca), which was achieved with the current strength used in the
experiment.
Pharmacokinetics After Transdermal Administration
A non compartmental model was chosen simply for 'predictive' and
'explanatory' purposes. Our objective for the study was to estimate
pharmacokinetic parameters of the drug, useful for clinical practice
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(bioavailability, clearance, rate of absorption), and to be able to predict PK
parameters. The mean pharmacokinetic parameters of donepezil following
transdermal administration are listed in Table IX.

Table IX: Mean (± SD) donepezil pharmacokinetic parameters after transdermal
iontophoretic administration to hairless rats (n=4) at three different current levels.
Parameter

G3 (0.13 mA)

G4 (0.26 mA)

G5 (0.39 mA)

^max

0.094 ± 0.021

0.237 ± 0.033

0.336 ±0.174

26.0 ±2.8

25.5 ±1.0

25.0 ±1.1

AUCo-24
(hr*ug/ml)

1.157 ±0.338

2.648 ±0.167

3.971 ±1.284

AUC0_inf
(hr*ug/ml)

3.765 ±1.671

6.652 ±1.011

15.669 ±2.684

Cl/F
(ml/hr/kg)

11919.69 ±
3987.373

6120.484 ±
943.933

2612.382 ±
468.701

tl/2

13.4 ±8.2

14.9 ±2.8

29.2 ±14.7

0.060

0.106

0.250

(ug/mi)
1 max

(hr)

(hr)
AbsF

Abbreviations C
- peak plasma concentration, T
- time to peak concentration, AUC
- area under the
max
max
0-24
plasma concentration time curve from 0-24 hr, AUC
- area under the plasma concentration time curve to infinity, Cl/F
0-inf
- apparent clearance, t
-half life, Abs F - absolute bioavailability
1/2

Current levels of 0.13 and 0.26 mA produced statistically significant
(p<0.05) peak plasma concentrations of 0.094 and 0.237 ug/ml respectively, but
there was no difference in the values of Tmax- These results suggest that the peak

plasma concentration (Cmax) increased with increasing current levels, while there
was no effect on the time to reach maximum concentration (Tmax) of around 25
hrs. Donepezil was seen to follow linear kinetics with transdermal delivery in the
dose ranges studied. Plots of dose (current strength) vs Cmax as shown in Figure
72 and dose vs. AUC in Figure 73 show a linear relationship with a correlation
coefficient (r2) of 0.9971 and 0.9891 respectively.
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Figure72: Transdermal dose proportionality of donepezil with AUC at different
current levels of 0.13, 0.26 and 0.39 mA.
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Figure 73: Transdermal dose proportionality of donepezil with Cmax at different
current levels of 0.13, 0.26 and 0.39 mA.

Elimination half life (ti/2) of 3.2 ± 0.53 hr (Ke = 0.215 hr"1), observed during
IV bolus injection significantly increased (p<0.05) when the drug was
administered transdermally. There was a corresponding decrease in the
calculated rate constant values after transdermal absorption, from 0.215 hr"1 to
0.055, 0.048 and 0.022 hr"1 for current levels of 0.13, 0.26 and 0.39 mA
respectively. This suggests the role of flip flop kinetics (Neau et al., 1998).
According to the pharmacokinetic theory, absorption should not alter elimination.
The inconsistency in the values of the rate constants for an active delivery

system can therefore be explained by unusually long absorption times.
Iontophoresis actively delivers the drug, ruling out the possibility of prolonged
passive diffusion from the formulation across the skin. However it still has to
partition into the blood stream to be absorbed by pharmacokinetic definition.
Because absorption is slow for the considerably lipophilic drug, much of the drug
remains to be absorbed well beyond the peak time. The decay phase thus
represents the drug being eliminated as fast as it is absorbed, thus representing
both absorption and elimination from an absorption rate limited delivery system.
Bioavailability describes the fraction of administered dose of unchanged
drug that reaches the systemic circulation. Absolute bioavailability compares the
bioavailability following non-intravenous administration, transdermal route in the
present study, with the bioavailability of the same drug following intravenous
administration. The AUCo-int was used to estimate the absolute bioavailability of
6, 10 and 25% for the patch current strengths of 0.13, 0.26 and 0.39 mA
respectively. Larger drug amounts than desired to be delivered were intentionally
placed in the WEDD patches, so as to allow optimal and sustained delivery
efficiency with minimal current. Apparent clearance values for the current levels
were 11919.69, 6120.484 and 2612.382 ml/hr/kg respectively after transdermal
administration. The values are confounded by the extent of bioavailability (F),
which itself depends on dose and /or rate of absorption.
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Conclusions
Transdermal delivery provided a feasible alternative for delivery of
donepezil across a hairless rat skin model. Significant therapeutic plasma levels
were achieved by iontophoretic delivery at different current settings using WEDD
patches in hairless rats. Pharmacokinetic analysis demonstrated linear kinetics
with a significant increase in absorption without any effect on Tmax with increasing
doses. Iontophoretic administration of donepezil exhibited flip flop kinetics.
Transdermal iontophoresis thus offers an intriguing option as a therapeutic
approach in treatment of Alzheimer's disease.

CHAPTER 8
SUMMARY AND CONCLUSIONS
Transdermal delivery has shown promise in effectively delivering a wide
range of molecules, including peptides and proteins. This formed the basis for
taking a step forward by means of studies presented here. Work was centered
around fabricating aids for transdermal delivery, characterizing the stability of
peptides delivered across skin using the enhancement techniques and
understanding the pharmacokinetic principles involved in optimizing iontophoretic
drug delivery for a small molecule.
Interest has spurred in the use of microneedles as a leading technology
for enhancing transdermal permeation of drugs. Availability of lithographic
processing for application in drug delivery led to investigation of fabrication of
titanium microneedles. Wet etching of a 75 um thick titanium foil in commercially
available Ti TFT etchant released microneedles, which were significantly reduced
in dimensions. They measured 330 jam and 70 |im in length and width
respectively. Further optimization experiments with a new microneedle design to
compensate for the undercut and a thicker foil of 127 um resulted in suitable
needle geometry. The resulting dimensions were 500 (am in length and 280 |nm in
width with a tip taper angle of 42° and side wall thickness of 45 um. The
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microneedles were partly successful in porating the skin as shown by methylene
blue staining and confocal microscopy. However, uniform poration could not be
achieved due to difficulties in raising the in-plane microneedles perpendicularly to
the plane.
Nevertheless, maltose microneedles were used in the following
experiments to ensure efficient poration of the skin by the microneedle array.
Microneedles used in conjunction with iontophoresis revealed a significant trend
in the stability of triptorelin when delivered across hairless rat skin. Skin is a
metabolically active organ and each of the physical enhancement techniques
used influenced the mass transport, metabolism and accumulation of triptorelin in
the skin. Microneedles offered unrestricted channels for the passage of peptide,
but also offered sites for binding to skin proteins, resulting in the lowest flux rate
(0.04 ug/cm2/hr) amongst the three treatments. Iontophoresis driven molecules
take the shunt pathways and were not seen to be affected by the binding,
delivering 3.67 ug/cm2at a rate of 0.12 ug/cm2/hr. However, the combination
resulted in the highest flux of around 0.2 ug/cm2/hr, but delivered the least
percentage (~ 1%) of intact triptorelin across the skin.
Following on the stability of triptorelin, further characterization into the
interspecies enzymatic variability was performed. The amount available after
transdermal delivery is a result of permeation and metabolism. The peptide
showed significant degradation variability with interspecies, formulation and skin
layer. Flux was regulated by thickness of the skin sample, which also controlled
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the residence time and percent of intact triptorelin recovered after permeation.
Mice skin, one of the most permeable of the samples tested resulted in 21 % and
48% of intact triptorelin at pH's 5.0 and 7.4, compared to lower percentages of
5% intact triptorelin in hairless rat skin. Metabolism was the determining step in
pig ear skin, leading to lower cumulative amounts, resulting from post
degradation phase. Delivery from a pH 7.4 formulation resulted in relatively
higher cumulative amounts than from a pH 5.0 donor. Degradation pattern varied
with the location of the enzymes in the skin. Human epidermis did not show
evidence of metabolic degradation, compared to dermatomed or full thickness
samples. Also, the activity varied in rat skin, showing absence of the enzyme
responsible for bioconversion of the product eluting at 12 min. In conclusion,
hairless rat skin model was found to be the closest to dermatomed human skin
both in terms of delivery and metabolic degradation at pH 5.0 and 7.4.
Shifting focus from delivery to testing a new application of inkjet printing
for preparation of transdermal patches was investigated. These drop-on demand
patches were envisioned to be used in conjunction with microneedles to create a
local high concentration of the protein in the interstitial fluid. Inkjet printing was
demonstrated to be successful in depositing aqueous protein solutions on
substrates differing in polarity. Optimization of drop formation characteristics
ejected stable, reproducible drops at a voltage of 17V with a diameter
corresponding to the nozzle diameter. Confocal images confirmed drop
diameters of 49 urn, Printing time for a 1 cm2 array with on- the fly mode was

~ 80 sec. Amount printed on the substrates depended on the surface chemistry.
Good adhesion of the acrylate adhesive yielded the highest coated amount after
4 deposition cycles, compared to other hydrophilic films.
Finally, iontophoretic delivery was investigated for pharmacokinetic
feasibility of delivery of donepezil in a hairless rat model. Transdermal delivery
provided a feasible alternative for delivery of donepezil. Different current dosings
produced significant therapeutic plasma levels by iontophoretic delivery using
WEDD patches. Pharmacokinetic analysis demonstrated linear kinetics with a
significant increase in absorption without any effect on Tmax with increasing
doses. Iontophoretic administration of donepezil exhibited flip flop kinetics.
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