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Abstract. Transdermal delivery of peptides and proteins avoids the disadvantages associated with the
invasive parenteral route of administration and other alternative routes such as the pulmonary and nasal
routes. Since proteins have a large size and are hydrophilic in nature, they cannot permeate passively
across the skin due to the stratum corneum which allows the transport of only small lipophilic drug
molecules. Enhancement techniques such as chemical enhancers, iontophoresis, microneedles, electro-
poration, sonophoresis, thermal ablation, laser ablation, radiofrequency ablation and noninvasive jet
injectors aid in the delivery of proteins by overcoming the skin barrier in different ways. In this review,
these enhancement techniques that can enable the transdermal delivery of proteins are discussed,
including a discussion of mechanisms, sterility requirements, and commercial development of products.
Combination of enhancement techniques may result in a synergistic effect allowing increased protein

delivery and these are also discussed.

KEY WORDS: iontophoresis; microneedles; phonophoresis; protein delivery; transdermal delivery.

INTRODUCTION

Protein-based drugs are now very important for the
treatment of several conditions such as diabetes, osteoporosis,
cancer, and so on; made possible due to the developments in
recombinant DNA technology which have allowed commer-
cially viable production of pure recombinant proteins. Pro-
teins are complex molecules with large molecular weights,
acid-base side chains and are polar in nature. Stability issues,
along with their complex nature, make proteins difficult drug
candidates for delivery. Currently, proteins are being pre-
dominantly administered by the parenteral route. However,
since most proteins have short half-lives, this route has the
disadvantage of the requirement for repeated administrations
and low patient compliance. Other routes such as the oral,
pulmonary and nasal routes have also been investigated as
alternatives and some products have been launched. How-
ever, these routes have limitations such as gastrointestinal
degradation, low bioavailability, and local irritation (1).

The skin, the most accessible organ of the body with a
large surface area, offers an appealing alternative for deliver-
ing proteins into the systemic circulation. However, stratum
corneum, the outermost barrier of skin which is made up of
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dead keratinocytes, acts as a rate limiting barrier. This
lipophilic layer allows only small, potent and moderately
lipophilic molecules to partition across it passively, into the
deeper layers of the skin. This limits the delivery of proteins
which have a large molecular weight and are hydrophilic in
nature. So the key for delivering proteins is to overcome this
barrier after which the proteins can diffuse past the viable
epidermis which is comparatively more hydrophilic in nature
and into the systemic circulation via the capillaries present in
the dermis.

To overcome the stratum corneum barrier, several
enhancement techniques have been investigated, some of
the major ones being chemical enhancers, iontophoresis,
microneedles, sonophoresis, laser ablation, thermal ablation,
radiofrequency ablation, jet injectors and electroporation (2).
Tontophoresis and electroporation are electrically assisted
enhancement techniques where current is applied to increase
drug delivery through the skin. On the other hand, micro-
needle technology is a physical enhancement method which is
a bridge between conventional hypodermic needles and passive
transdermal patches. Micron-sized needles porate skin in a
minimally invasive manner to enable delivery of proteins.
Similarly, all the enhancement methods enable delivery
of drugs in different ways and bioavailabilites of >50%
may be possible (3).

After overcoming the stratum corneum barrier and
permeating into the deeper layers of skin, proteins need to
be intact to exert their pharmacological effect. Skin has
proteolytic enzymes which can degrade the proteins in the
skin. However, it has been reported that skin has relatively
low proteolytic activity as compared with mucosal routes,
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thereby reducing the amount of protein degradation (4).
Therefore, transdermal route may result in a comparatively
higher bioavailability as compared with the mucosal routes
(5). This route of administration may also be cost-effective
compared with the parenteral route as the patients can self-
administer the transdermal patches while the latter may
require a visit to the clinic.

In this review, principles behind the enhancement
techniques, their advantages, and limitations have been
discussed with respect to transdermal delivery of peptides
and proteins. Products being developed with these technolo-
gies are listed in Table I.

FORMULATION APPROACHES

Chemical enhancers alter the lipid structure of the
stratum corneum thereby reducing its barrier properties and
increasing its permeability for drugs which would not pass
through the skin passively. For example, Magnusson and
Runn (6) reported that transdermal delivery of an analog of
thyrotropin releasing hormone increased 2-fold in the pres-
ence of ethanol. Peptide delivery increased further in the
presence of ethanol and cineole. When employing chemical
enhancers in the formulation, care must be taken to choose
nonirritating excipients that will not dentaure the peptide.

Coadministration of certain peptide sequences, acting as
peptide facilitators, has also been reported to increase
peptide delivery. Chen et al. have reported that coadministra-
tion of a short synthetic peptide increased passive delivery of
insulin and human growth hormone. Fluorescent labeling
indicated that the main route of transport for delivery is
through the transfollicular route (7). In another similar study
by Frankenburg et al. (8), a short peptide was incorporated
into a recombinant melanoma protein targeted for vaccina-
tion, resulting in a high antibody titre as compared with the
control. This method of administration may not be effective
and reliable as the follicular density and surface area is small
compared with the rest of the skin and will have variation
from site to site and person to person. Chemical modification
of peptides has also been tried to enhance drug delivery.
Lipophilic derivatives of peptides have been reported to have
better skin permeability (9,10). However, modification of the
peptide might affect its pharmacological activity and hence
must be investigated.

Encapsulation of peptides has also been reported to
increase peptide delivery across skin. Different types of
particles such as liposomes, niosomes, ethosomes, and trans-
fersomes have been developed and investigated. The surfac-
tants in the particles aid in local fluidization of the lipids
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which then allows for the particles to sit in the upper layers of
the stratum corneum where they form a depot for a
prolonged effect. Transfersomes are more elastic in nature
which has been claimed to allow them to squeeze their way
through the pores on the surface of skin into the deeper
layers (11).

Enhancement of transdermal delivery of peptides due to
incorporation of penetration enhancers, addition of facilitat-
ing peptide sequences, chemical modification of the peptide
itself or encapsulation, is limited to only a narrow range of
small peptides. Therefore, different enhancement methods
need to be employed for larger proteins. These methods also
offer other advantages as will be discussed in this review.

IONTOPHORESIS MEDIATED TRANSDERMAL
DELIVERY OF PROTEINS

Tontophoresis is one of the more successful techniques
and has been extensively used for localized drug delivery in
physical therapy clinics and is being investigated more
recently to enhance transdermal delivery of drugs for
systemic administration. This technique involves the applica-
tion of mild current (typically, <0.5 mA/ecm? of skin) in a
pulsatile or continuous fashion in order to propel charged
drug molecules into the skin; in this case, proteins (Fig. 1).
The charged protein is placed under an electrode with the
same polarity. Therefore, when current is applied, following
the rule of like repels like, the protein is propelled away from
the electrode into the layers of the skin.

The two main mechanisms of transport governing ionto-
phoretic delivery are electromigration (EM; for charged mole-
cules) and electroosmosis (EO; for neutral molecules).
Electromigration/electrorepulsion is the repulsion of the
charged drug by an electrode with the same polarity and this is
the predominant mechanism of transport for most proteins.
Electroosmosis on the other hand is the flow of solvent from
anode to cathode via which neutral water soluble molecules can
also be transported into the skin. Therefore, the total flux of
proteins during iontophoretic delivery is: Jror=J/gm+JE0. Abla
et al. (12) studied the contributions of each mechanism on the
transdermal delivery of D-(Arg)-kyotorphin, a model peptide.
They reported that electromigration accounted for ~70% of the
delivery. However, when permselectivity of the skin was altered
by tape stripping, the amount of total peptide delivered
remained the same, but contributions of each mechanism
changed significantly. Electroosmosis was absent, effect of
electromigration decreased and passive delivery increased due
to the altered barrier properties (12). Iontophoretic delivery
follows Faraday’s law as stated below:

Molecular weight x Applied Current x Current efficiency x Duration of application

Amount delivered =

Molecular charge x Faraday’s constant

As can be referred from the above equation (13), flux
is directly proportional to the applied current. However,
iontophoretic delivery is not dependent on current alone. It
depends on a variety of parameters including the phys-
icochemical properties of the protein (size, overall charge,

structure, and lipophilicity) and the experimental parame-
ters employed (current density, duration of application,
electrodes employed). Therefore, it is possible to individu-
alize therapy by adjusting the various parameters that
affect drug delivery.
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Table I. Transdermal Enhancement Technologies/Products Being Developed by Companies and Key Discontinued Products

Enhancement method

Company

Product/technology

Tontophoresis

Microneedles

Thermal ablation
Radiofrequency ablation
Laser-assisted delivery

Sonophoresis

Jet systems

Alza (former)
Iomed (now Chattanooga)

Vyteris

Travanti Pharma (now Teikoku
Pharma USA)

Transport Pharmaceuticals (former)

Mattioli engineering

Empi

Dharma Therapeutics (a subsidiary
of Transcu Group Ltd)

ActivaTek™

Isis Biopolymer

Nupathe®

Animas® corporation (part of
Johnson and Johnson)

3M

Zosano

Becton Dickinson

Corium

DermaRoller

Elegaphy

Kumetrix

NanoPass and Silex Microsystems

Norwood Abbey

TheraJect

Valeritas

Altea Therpeutics

TransPharma Medical

Pantech Biosolutions AG

Norwood Abbey

Echo Therapeutics (formerly Sontra
Medical Corporation)

Valeritas

Developed by PowderJect®
pharmaceuticals and now owned

by Novartis vaccines and diagnostics

E-TRANS®, IONSYS® (withdrawn)

Chattanooga Tonto™ (Phoresor®);
Companion80™,
Numbystuff®/Tontocaine

LidoSite®

WEDD®, Tontoptach®

®

SoloVir™ (discontinued)

Transderm® Ionto system

Empi Action patch™

Iontophoretic drug delivery
system (IDDS)

Trivarion®

IsisIQ™

SmartRelief Technology

GlucoWatch® (discontinued)

Solid Microstructured Transdermal
System (sMTS) and Hollow
Microstructured Transdermal
System (hMTS) technology

MacroFlux®

BD Soluvia™

MicroCor™

DermaRoller®

Soluble microneedles

Silicon microneedles

MicronJet needle (Hollow);
Micropyramid technology (Solid)

Microneedle technology

TheraJectMAT and VaxMAT

Micro-Trans™

PassPort® Patch

ViaDor™

PLEASE®

Epiture Easytouch™

SonoPrep® system (withdrawn)

Mini-Ject™
PowderJect® technology

lontophoresis
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Fig. 1. Schematic of principle behind iontophoresis. Charged drug molecules are propelled
into the skin due to the electrorepulsive forces from electrodes of similar polarity
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Effect of Physicochemical Properties of Proteins

Iontophoretic delivery of proteins is restricted to mole-
cules with a molecular weight of ~10-15 kDa. Therefore, this
technique is effective for peptides and proteins that fall within
this size restriction. For the peptides that do fit within this size
limit, the charge of the protein determines the polarity of the
electrodes to be used (anodal/cathodal). Anodal iontopho-
resis is more effective than cathodal iontophoresis owing to
the negatively charged surface of skin and the bulk solvent
flow from anode to cathode. Therefore, this enhancement
method may be more effective for molecules with a high
isoelectric point (pI) as they are positively charged in the
formulation. The high pl also avoids precipitation of the
protein within the skin by retaining its original charge (2).
Molecular size and hydrodynamic radius are related to the
molecular weight of a peptide and they play a role in the
passage of the peptide through the skin as well.

Effect of Experimental Parameters—Current, Duration
of Application, and Electrodes

As can be inferred from Faraday’s law, flux is directly
proportional to the applied current. Therefore, drug delivery
increases as a function of the applied current (14). This is the
main advantage of iontophoretic drug delivery as it allows
controlled delivery of drugs. However, it has been reported in
the literature that this increase in delivery as a function of the
applied current might be nonlinear in certain cases (15,16) or
may plateau after a certain point (17). An example of the
nonlinear dependence of flux on current density is the
delivery of human parathyroid hormome (hPTH). Medi and
Singh (15) have indicated that current densities of 0.2, 0.3,
and 0.4 mA/cm? did not have any significant effect on hPTH
delivery. However, at 0.5 mA/cm?, hPTH delivery increased
significantly. Traditionally, the acceptable maximum value for
current for in vivo applications, as reported in the literature,
is ~0.5 mA/cm?® (18). Higher current densities can result in
burns/complications and hence must be optimized.
Investigators have also studied delivery profiles upon
application of current in a continuous manner as compared
with a pulsatile fashion. In some cases, continuous delivery
can result in de-sensitization of the related receptors in the
body which will affect further drug delivery (13).

Duration of current application is another important
parameter which has to be practical in order to avoid burns/
complications and at the same time effective enough to
deliver therapeutic levels of proteins. For some proteins,
application times can be as short as 15 min., while for others,
iontophoretic applications for 24 h may be required.

Iontophoresis also provides programmability of delivery
as the drug flux changes with changes in current. In some
unique cases, the therapeutic effect may change depending on
how the drug is administered. For example, luteinizing
hormone releasing hormone (LHRH) is used in the treatment
of both prostate cancer and infertility. While for the former
disease, it is required to deliver LHRH in a continuous
manner, pulsatile delivery is more effective for treatment of
infertility (19).

The type of electrodes to be employed in the iontopho-
retic patch or system is also important for optimal delivery.
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Platinum electrodes and silver—silver chloride electrodes have
been used by several research groups in their studies. The
silver—silver chloride electrode system seems to be a better
electrode system as it avoids sharp changes in formulation pH
due to electrolysis of water. Even, even though some earlier
literature have indicated the use of platinum electrodes for
protein delivery, it is not advisable as peptides and proteins
containing disulfide bridges have been reported to degrade at
platinum surfaces (20).

Formulation Considerations—Donor Concentration
and Formulation pH

Concentration of peptide in the formulation is an
important factor that may affect its delivery. Several research-
ers have reported in the literature that, for small molecules, as
the concentration of the drug goes up, amount of drug
delivered also increases. While peptides and proteins might
be more complex compared with small molecules, they have
also been shown to typically follow a similar trend (21). For
example, Langkjaer et al. (22) have indicated that the amount
of insulin delivered at concentrations of 1-3 mM were 30-fold
higher than the amount delivered at 0.1 mM. Exceptions to
this trend have also been reported for certain analogs of
LHRH (23). However, as proteins are expensive, it is logical
to keep the concentration at the lower limit where pharma-
cological effects are observed.

As already discussed, proteins have a pl and therefore,
the final pH of the formulation will have an effect on the
overall charge of the protein. Since anodal iontophoresis is
more effective than cathodal iontophoresis, proteins with a
high pI value are ideal for iontophoretic delivery as they
will be positively charged at physiological pH and also in
the skin which has a surface pH of 4-6 (24). Insulin is a
classic example of the importance of pH/pl for iontopho-
retic delivery. Insulin exists as a hexamer and has a pl of
5.3 which makes it a difficult molecule to deliver ionto-
phoretically. The final pH of the formulation has to be in
the lower pH range in order to keep the insulin positively
charged and this can result in irritation of the skin. Once it
reaches in the skin, insulin will lose its charge and reside as
a neutral molecule which can lead to formation of a depot.
Therefore, it is important to consider these aspects while
formulating a peptide/protein formulation for application
with iontophoresis.

Limitations of Iontophoretic Delivery

The main limitation of this technique is the restriction on
the size limit to ~10-15 kDa. This, therefore, limits the use of
this technique to peptides and small proteins. Furthermore,
the molecular size of the protein is also important as it could
lead to aggregation, resulting in unsuccessful delivery. Poten-
tial malfunction of the device itself and the possibility of dose
dumping also need to be considered.

MICRONEEDLES MEDIATED DELIVERY
OF PROTEINS

Microneedle technology is a minimally invasive techni-
que that has received a lot of attention in the past decade. In
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this technique, needles of micron-sized dimensions are
employed to create micron-sized channels in the skin to
overcome the stratum corneum barrier. Proteins can then
pass through these channels, typically into the lower epider-
mis and thereby diffuse into the capillaries located in the
dermal layers. Since the created channels are micron-sized in
dimensions, there is no size restriction on drug molecules to
be delivered via this technique. Microparticles with a size of
2 pm and higher have also been shown to be delivered via
microchannels created by microneedles (25,26).

Microneedles can be broadly classified into solid micro-
needles and hollow microneedles. Solid microneedles are
solid structures protruding out of plane while hollow micro-
needles have a hollow core to aid diffusion of liquid
formulation (26). They can be applied in different application
modes: porate the skin and place a drug-loaded patch; coat
solid microneedles with the protein and porate the skin;
encapsulate the protein in a biodegradable microneedle and
insert into skin; or infuse a liquid formulation of the protein
via hollow microneedles (Fig. 2). The application mode will
depend on the objective of the study and the target
therapeutic levels. For example, if high amounts of protein
need to be delivered, then infusing a high concentration
liquid formulation via hollow microneedles may be more
effective than coated microneedles as the latter has a
maximum limit of ~1 mg of drug for coating.
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Microneedle Technology—Different Modes of Application

The common mode of microneedle application is micro-
poration followed by application of a drug-loaded patch or a
liquid formulation. The aqueous pores in the skin then allow
diffusion of drug from the patch into the deeper layers of the
skin. Li et al. (27) employed soluble maltose microneedles
and metal microneedles to permeabilize the skin and enhance
the delivery of human immunoglobulin (IgG). They reported
that both types of microneedles enabled IgG delivery as
compared with the undetectable passive control. Several
others have reported similar increases in delivery of small
and macromolecules after microneedle treatment (28-33).

Coating solid microneedles with a protein/drug formula-
tion has been reported to give encouraging results (34-38).
The most common coating process is a dip-coating method
where the solid microneedles are dipped in the protein
formulation and air-dried. Jet-coating the formulation onto
microneedles has also been tried as an alternative method.
Cormier et al. (35) coated microneedles with desmopressin
using the dip-coating method which resulted in therapeutic
levels in hairless guinea pigs with a bioavailability of ~85%.
In a different study, Widera et al. (36) studied the effect of
varying coating thickness on drug delivery. Increasing
amounts of ovalbumin (OVA) was coated onto titanium
microneedles via the dip-coating process which resulted in a
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Fig. 2. Different application modes of microneedle technology. a Poration of the skin with solid microneedles followed by application of drug-
loaded patch; b insertion of drug-coated solid microneedles; ¢ insertion of drug-encapsulated soluble microneedles; and d insertion of hollow

microneedles for infusion of liquid formulations
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corresponding increase in ovalbumin delivery. However, as
mentioned earlier, this application mode is restricted by the
amount of protein/drug that can be coated onto the microneedles.
It is generally considered that a maximum amount of ~1 mg can
be coated on a microneedle array. Also, the formulation needs to
be optimized for viscosity and protein concentration avoiding
problems such as aggregation.

More recently, soluble microneedles with drug encapsu-
lated in them are also being studied (39-42). For example,
Lee et al. (42) prepared carboxymethylcellulose microneedles
and encapsulated bovine serum albumin and lysozyme in
them. In another study, Park et al (41) prepared micro-
needles in a double-encapsulation procedure where the active
was first encapsulated into soluble microparticles which were
then encapsulated into soluble microneedles. This procedure
allows for prolonged release of the drug. A limitation to this
approach is that the amount of protein that can be loaded in
the microneedles is typically less than 1-2 mg, even with
having several hundreds of microneedles in a single patch
(42). Increasing the drug load might in turn compromise the
mechanical strength of the needles in some cases. This can
perhaps be minimized by decreasing the drug load in the
microneedle and coating the microneedles with some more
drug. A critical point to be noted regarding drug encapsula-
tion in soluble microneedles is the high temperatures involved
in the manufacturing process. The micromoulding process
usually involves high temperatures for heating the polymers/
sugars in order to create a melt to be cast in the micromoulds.
These high temperatures could result in denaturing of
proteins. It is also important to use generally regarded as
safe listed excipients while preparing soluble microneedles to
ensure safety and to make regulatory approval easier.

Infusion of liquid formulations of proteins is a promising
feature of this technology. In this application mode, hollow
microneedles are placed on the skin to create micropathways
in the skin, following which liquid formulation from a
reservoir can be infused into the deeper layers of the skin.
Various research groups have come up with different devices
where a drug reservoir was attached to the back of an array of
hollow microneedles and they differ in the mechanism by
which the formulation is delivered from the reservoir, through
the microneedles and into the skin (43-47). This mode is
limited by the volume of formulation that can be infused as
there is a back pressure from the densely packed layers of
skin (48). To overcome this limitation, partial retraction of the
needle following insertion has been suggested and this
resulted in increased diffusion volumes (25,45). Recent
literature suggests that volumes of up to ~1 mL can be
infused into the skin over a few minutes with minimal or no
leakage concerns. However, aggregation and syringeability
are concerns for highly concentrated formulations. Also, the
practicality of this approach can be challenging in terms of
storage and stability of protein formulations after manufac-
turing and leakage issues from the reservoir.

Concerns of Microneedle Technology—Sterility and Pore
Closure

Sterility of microneedles for clinical applications is a
valid concern which has become a topic of discussion. Some
speculate that since microneedles perturb only the superficial
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layers of the skin, sterility is not a mandatory requirement as
they are not more invasive than a scratch on the skin.
However, if a microneedle product seeks approval from
FDA, sterility of the microneedles will most likely be
required for regulatory approval. This can be achieved by
ethylene oxide gas sterilization or by another method. This
approach was used by Wermeling er al. (30) where, while
assembling their stainless steel microneedles into a patch,
sterility precautions were taken by assembling in a laminar
flow hood followed by ethylene oxide sterilization. In another
study, Ameri et al. (49) compared the effects of aseptic
manufacturing and terminal sterilization on the stability of a
parathyroid hormone (PTH) (1-34) patch with coated micro-
needles. They reported that, terminal sterilization with -
irradiation or e-beam resulted in increased oxidation of the
active in the product which could be reduced by optimizing
the irradiation dose and temperature for minimal oxidation.
On the other hand, the aseptic process was also found to be
challenging as a component of the device, an irradiated
adhesive, was incompatible with the active, thereby resulting
in the need to find an alternative adhesive for the product.
The authors suggest that the aseptic manufacturing approach
is the effective way of assembling a sterile product (49).
Alternatively, if sterility is not required, perhaps a simple
dipping in ethanol for disinfection will help. Sterilization of
microneedles and related products is an important issue
which needs to be investigated further.

Following microporation, duration of time taken for the
pores to close is also an important concern as it may
potentially result in complications such as irritation and
infection at the site, affecting delivery. Recent literature has
tried to address this problem in several ways. Kalluri and
Banga studied pore closure in a hairless rat model following
treatment with soluble microneedles. They reported that
while skin barrier function restored within 3-4 h after
poration, complete closure of pores was not observed until
15 h in vivo. They also reported that occlusion with a plastic
film or any solution delayed pore closure for up to 72 h in
vivo (50). Haq et al. (51) and Gupta (52) have also studied
pore closure in humans using staining and skin impendance
measurements respectively. Haq et al. compared the healing
kinetics of skin after insertion of microneedles to a 25 G
hypodermic needle insertion. While the microneedle treated
skin showed signs of healing 8-24 h after poration, disruption
caused by the hypodermic needle was significantly more even
at 24 h postinsertion (51). This reversible nature of micro-
channel closure is a desirable feature of this technology as it is
required for the microchannels to be open for the duration of
patch application. Following removal of the patch, skin will
regain its barrier function at a faster rate since occlusive
conditions have been removed.

To study the safety of this technology in terms of
infections, Donnelly et al. studied the permeation efficiencies
of three strains: Gram positive (S. epidermidis), Gram
negative (P. aeruginosa), and fungi (C. albicans), across
microporated silicone membrane and excised porcine skin.
All three strains had permeation levels less than the control, a
single 21 G hypodermic needle puncture (53). This perme-
ation of different strains can further be controlled or reduced
by cleaning the application site with 70% isopropanol before
poration, as used by Cormier et al. (35). However, application
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of alcohol to skin may affect its barrier properties to a certain
degree.

Considering the advantages and safety of this technology,
microneedles mediated transdermal delivery is an exciting
area for delivering peptides and proteins.

ELECTROPORATION

Electroporation was originally used to transfect cells with
macromolecules such as DNA by altering their cell mem-
branes in a reversible manner (2). It involves application of
high voltage in the form of pulses for short durations of time,
typically fractions of a second (~1-100 ms) which tend to
increase the permeability of cell membranes by opening the
aqueous pores in a reversible manner (Fig. 3a). This
technique was then investigated for application in trans-
dermal drug delivery for delivering a wide range of ther-
apeutics including macromolecules such as peptides and
proteins. Electroporation of skin requires higher voltages in
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the order of greater than 50 V (54,55). Even though it
involves the application of an electric field similar to
iontophoresis, they differ in principle. While iontophoresis
directly acts on the drug molecule itself to propel it into the
skin, electroporation acts mainly on the skin to alter its
permeability in order to enhance protein delivery.

Studies have been reported indicating the effectiveness
of electroporation for transdermal delivery of proteins. For
example, Zhao et al. (56) have shown that electroporation
enabled delivery of therapeutic levels of a model peptide in a
mouse model which elicited the desired immune response as
observed by the increase in peptide-specific cytotoxic T
lymphocytes. This response was comparable to that of its
intradermal injection control. They have also reported that
pulsing alone (without the active drug) enhanced migration of
the epidermal Langerhans cells which could further aid in
vaccination (56). In another study, Chang et al. (57) inves-
tigated the effects of different electroporation parameters on
salmon calcitonin delivery in the presence of a constant
electric field (iontophoresis). It was reported that an increase
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Fig. 3. Schematic showing the principles of a electroporation, b thermal ablation, ¢ sonophoresis, and d laser ablation. a
Electroporation: application of high voltage alters the permeability of the skin and enhances drug delivery; b thermal
ablation: an electric pulse is converted to thermal energy on the microfilaments, thereby causing localized high temperature
on the stratum corneum surface which vaporizes a localized region to create a micropore; ¢ sonophoresis: activation of the
probe transmits low-frequency waves which alter the permeability of the skin by cavitation and local heating; d laser
ablation: activation of the probe transmits a laser beam which heats the skin surface causing the water molecules to
evaporate rapidly thereby creating microchannels in the epidermis
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in the applied voltage from 60 to 100 V significantly increased
calcitonin levels. In a similar study by Medi and Singh (15),
application of pulses at 100, 200, and 300 V increased delivery
of hPTH by 6.9-, 16.5-, and 20.4-fold respectively, as
compared with the passive control. However, it is to be noted
that skin properties can be altered at such high voltages which
may result in nonlinear dependence of flux on voltage in
some cases. In most cases, these changes are reversible but
the time taken to recover may vary significantly (58-61).
Chang et al. (57) also reported that changing the pattern of
pulsing, keeping the total number of pulses constant, did not
have an effect on calcitonin delivery.

Combination of this technique with other enhancement
methods such as iontophoresis has been reported to deliver
significantly high levels of several proteins and peptides. This
has been discussed later in the paper. Therefore, electro-
poration has the potential to deliver peptides and proteins.
However, it still remains to be seen if this technology makes it
to the market as the voltages used are generally very high for
skin tolerability. This technique may have more applications
for electrochemotherapy, which is outside the scope of this
review.

THERMAL AND RADIOFREQUENCY ABLATION

Thermal ablation enhances drug delivery by ablation of
the stratum corneum upon application of high temperature
for short periods of time (fractions of a second). Altea
therapeutics (Atlanta, GA) has developed a patented tech-
nology, the PassPort® patch, which consists of metallic
filaments. When an electric pulse is applied on the
filaments, it is converted to thermal energy, thereby causing
localized high temperature on the stratum corneum surface
which vaporizes the region (62) (Fig. 3b). This process creates
microchannels through which a wide range of drug molecules
can pass into the deeper layers of the skin. The created
microchannels have been reported to be about 50-200 um in
width and 30-50 um in depth. Therefore, the ablation process
does not cause any damage to the deeper layers of the skin
(63). After ablation, skin starts its healing process and the
stratum corneum layer regenerates over a period of time.
However, the time taken for this has not yet been reported in
the literature. Altea therapeutics has reported preclinical data
for several molecules including parathyroid hormone,
interferon-a and hepatitis B antigen. Currently, clinical trials
are also underway for the delivery of insulin and some other
drug moieties (63). This technology has the potential for
delivering biopharmaceuticals.

Radiofrequency ablation also involves creation of aque-
ous micropathways in the skin. This technology is being
developed by TransPharma Medical™ Ltd (Lod, Israel). The
handheld applicator device, ViaDor™, consists of closely
spaced microelectrodes (1 cm? array) and a drug-loaded
patch. Upon application, radiofrequency waves (100-
500 kHz) cause the microelectrodes to vibrate on the skin
surface, resulting in localized heating and ablation of the
stratum corneum in those regions. It has been reported that
this process creates about 102 micropathways/cm® of skin
which are ~50 pm deep and ~30-50 pm wide (63). Human
studies have indicated the safety of this device with minimal
or no irritation (64). Radiofrequency ablation has been
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reported to enhance delivery of human growth hormone in
rats and guinea pigs with bioavailabilities of 75% and 33%,
respectively (65). TransPharma is currently developing a
patch for human growth hormone with Teva
Pharmaceuticals (Israel) (63). It is also co-developing a
product for delivering hPTH (1-34) for treatment of
osteoporosis in postmenopausal women, in collaboration
with Eli Lilly. TransPharma has recently reported the
successful completion of Phase II clinical trials for this
product and has also indicated that they are currently in
Phase I clinical trials for delivering two additional peptide
drugs via the ViaDor™ system (64).

SONOPHORESIS/PHONOPHORESIS

Sonophoresis involves the application of low-frequency
(20 kHz) ultrasound waves which induces the air pockets
present in the stratum corneum layer to grow and oscillate,
thereby disrupting the lipid bilayers and creating cavities
which then increase permeability of skin (Fig. 3c). This
process is known as cavitation. However, these structural
changes are limited to only the superficial layers of the skin
(66) and barrier properties of skin are restored after a period
of time. Sonophoresis has been used for a while in physical
therapy clinics for the localized treatment of pain and other
indications. Several research articles have also indicated the
effectiveness of this technique to deliver peptides and
proteins such as insulin (67-71), heparin (72), y-interferon
and erythropoietin (70) along with other hormones (73) and
oligoneucleotides (74). However, the degree of enhancement
in drug delivery is highly dependent on the physicochemical
properties of the drug (75). This technique has also been
shown to have applications in noninvasive sampling of
biological fluids such as glucose.

Echo therapeutics (formerly Sontra Medical Corpora-
tion) developed the SonoPrep® system which emits
ultrasound waves of 55 kHz. This device uses short bursts of
waves for short periods of time which causes cavitation in the
skin. Application of sonophoresis using the SonoPrep®
system increased insulin delivery in a porcine model
resulting in low blood glucose levels (76). Marketing of this
device is currently discontinued.

Even though this method enhanced delivery of a wide
range of therapeutic compounds, the practicality of its
administration for self use is limited at this time.

LASER-ASSISTED DELIVERY OF PROTEINS

This technique involves abrasion of the stratum corneum
layer by the application of a laser beam which heats the skin
surface causing the water molecules to evaporate rapidly
thereby creating microchannels in the epidermis (Fig. 3a).
Pantech Biosolutions AG (Ruggell, Liechtenstein) has devel-
oped Painless Laser Epidermal System technology. It is a
handheld device equipped with an erbium-doped yttrium
aluminum garnet (Er/YAG) laser which emits light at a
wavelength of 2,940 nm (63) that results in the creation of
microchannels with a diameter of ~200 um. The depth of
microchannels can be controlled over a range of 20-150 um
and the number of microchannels created can also be
controlled by varying the application parameters (77). A
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human study with 12 volunteers was conducted to test the
safety of this device. It was reported that >90% of the
subjects reported no or minimal discomfort. Slight redness
was observed which disappeared within a few hours per day.
Skin biopsies and histological examination confirmed that the
procedure did not damage the surrounding tissue (77).
Norwood Abbey (Melbourne, Australia) uses a laser-
assisted drug delivery technology named Epiture Easy-
touch™ which has an Er/YAG laser. Clinical studies are
currently underway for delivering lidocaine for local anes-
thesia (63,78,79). This procedure has also been reported to be
safe with low incidence of adverse effects of minor nature
(78). A few subjects reported hyperpignmentation at the
application site which resolved within a few weeks (79). This
device has the potential for delivering peptides and proteins.

JET INJECTORS

Jet injection uses the principle of application of high
velocities such that the drug formulation is propelled from the
reservoir at a high speed, bombarding the skin surface and
abrading it simultaneously thereby creating superficial micro-
pathways in the skin. This breach of stratum corneum layer
aids in delivery of powder and liquid formulations (80-83).

PowderJect® technology, developed by PowderJect®
pharmaceuticals and now owned by other companies, uses
helium gas for the ballistic delivery of powder formulations
coated onto gold particles or embedded in particles (82).
Osorio et al. (83) used the PowderJect® NDI system to
deliver powder vaccines into the epidermis. They reported
that the response achieved via this jet system approach was
comparable to the intramuscular injection, if not better. Dean
et al. (81) have also reported the efficacy of this approach to
delivery protein vaccines and DNA into the epidermis.
Kendall et al. (84) further reported that the relative humidity
and temperature of the environment have a significant effect
on delivery. An increase in these parameters resulted in a
corresponding increase in particulate delivery by 1.8- and 2-
fold, respectively. Needle-free liquid jet injectors have also
been used to deliver macromolecules such as insulin, human
growth hormone and vaccines along with several other small
molecules (80).

This needle-free approach seems promising and has been
used extensively for delivering vaccines in the past. However,
its practical application for treatment of diseases which
require repeated administrations (such as diabetes) may not
be as promising as compared to some other emerging
technologies due to compliance issues involving pain and
redness (80).

COMBINATION STRATEGIES

Enhancement techniques can be combined in order to
achieve a synergistic effect on drug delivery. The enhancement
techniques discussed in this review have been investigated in
different combinations such as iontophoresis and microneedles,
iontophoresis and chemical enhancers, iontophoresis and elec-
troporation, microneedles, and sonophoresis and so on. Some of
these studies are briefly discussed in this section. Pretreatment
with chemical enhancers compromises the barrier properties of
the skin and further application of iontophoresis enhances the
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movement of peptides into the skin. This combination treatment
has been investigated by Pillai ez al. (85). Rat skin was pretreated
with two different chemical enhancers, menthone or linoleic
acid, followed by iontophoretic treatment. Both combinations
results in the highest delivery of insulin as compared with their
respective controls.

Poration of skin followed by application of iontoporesis
is another effective combination approach. Following pre-
treatment with microneedles, the diffusion path of the drug
molecules is significantly reduced as the microchannels reach
into the upper layers of the dermis in most cases. Application
of iontophoresis on pretreated skin further pushes the
charged molecules down these pathways and into the deeper
layers of the skin. This combination approach has been
reported to increase drug delivery by several fold (29,86-88).
For example, Daniplestim, a peptide with a molecular weight
of 13 kDa was shown to have higher delivery levels after the
combination treatment as compared with iontophoresis alone
(87). In another study by Vemulapalli ez al. (88), combination
treatment resulted in a 25-fold increase in methotrexate
delivery, in vivo.

Pretreatment with electroporation, followed by ionto-
phoresis also results in an enhancement. This combination
approach has been reported to be more effective than either
enhancement method alone (15,57,89,90). As mentioned
earlier, Chang et al. (57) have reported that combination
therapy resulted in a 17-fold increase in the delivery of PTH
as compared with iontophoresis alone. In another study,
combination treatment gave a 5- to 10-fold increase in LHRH
flux through human skin (89).

Combination of sonophoresis with chemical enhancers
(91), electroporation (92), and iontophoresis (93) has also
been reported to enhance drug delivery.

CONCLUSIONS

Transdermal route for delivering protein therapeutics is
actively being pursued with several new emerging technolo-
gies that can now enable delivery of hydrophilic macro-
molecules across the skin. Some active/physical enhancement
products are currently available in the market and more
products are in clinical trials/developmental stages.
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