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Abstract

Hydrogel-Based Skin Patch for
Promoting Wound Repair and
Transdermal Drug Delivery
Young-Hyeon An
School of Chemical and Biological Engineering
The Graduate School
Seoul National University

Hydrogel, three-dimensional polymeric networks, can hold lots of
water and continuously provide the concentration gradient of drugs,
it has been widely used as a skin patch for wound repair and
transdermal drug delivery as a drug reservoir. However, when using
hydrogels only, they implement passive roles without external
stimulation. For this reason, a functional substrate can be utilized not
only to facilitate the handling of the hydrogel with fabricating the
hydrogel patch but also to provide some stimulation to the hydrogel
for enhancing drug delivery efficacy. In this thesis, the approaches
for promoting wound repair and transdermal drug delivery using
hydrogel-based skin patches were studied.

i

In chapter one and chapter two, the general introduction and
scientific backgrounds about the strategies were addressed.
In chapter three, a hydrogel-functionalized Janus membrane was
developed for delivering a protein drug, recombinant human vascular
endothelial growth factor (rhVEGF), into the skin wounds. A
hydrophobic fluoropolymer was uniformly coated onto macroporous
polyester membrane through initiated chemical vapor deposition
(iCVD) process, followed by being cleaved, resulting in the
carboxylic acid residue. This carboxylic acid residue was then
further functionalized with gelatin methacrylate (GelMA)-based
photo-cross-linkable hydrogel for moisture retention and growth
factor release. When applied to full-thickness dorsal skin defect
model, functionalized hydrogel allowed moisture retention, and
hydrophobic surface prevented exudate leaks via water repellence.
In chapter four, an iontophoretic hydrogel patch for transdermal
drug delivery was developed. This system consists of a portable and
disposable reverse electrodialysis (RED) battery that generates
electric power for iontophoresis through the ionic exchange. In
addition, in order to provide a drug reservoir to the RED-driven
iontophoretic system, electroconductive hydrogel composed of
polypyrrole-incorporated poly(vinyl alcohol) (PYP) hydrogels were

ii

used.

PYP hydrogel facilitated electron transfer from the RED

battery. For the effective drug delivery, electrically mobile drug
nanocarriers

(DNs)

were

prepared.

Both

the

RED-driven

iontophoresis and PYP hydrogel accelerated the mobility of
electrically mobile DNs. Remarkably, applying the RED-driven
iontophoresis of rosiglitazone loaded DNs resulted in an effective
anti-obese condition displaying decreased bodyweight, reduced
glucose level, and increased conversion of white adipose tissues to
brown adipose tissues in vivo.
In chapter five, the critical analysis of current technologies and
future perspectives on the transdermal drug delivery systems were
discussed.
This thesis described the application of hydrogel-based skin
patch systems. The innovative hydrogel-functionalized Janus
membrane and the PYP/RED system with electrically mobile DNs
may offer a new perspective on the wound repair and transdermal
drug delivery using a hydrogel-based skin patch.

Keywords: hydrogels; skin patch; wound repair; transdermal drug
delivery; iontophoresis;
Student Number: 2015-21072
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CHAPTER ONE
Introduction
1.1 Objective and overview of the thesis
The skin tissue is the primary barrier that protects our body from
external shocks or biochemical hazards; however, it is the most
significant barrier to deliver the drugs. The topical and transdermal
delivery of drugs is a convenient and straightforward approach. The
transdermal drug delivery system (TDDS) has been developed to
enable the drugs to penetrate the skin barrier or to enhance the
delivery efficacy of drugs at the wound sites. It also provides the
drugs through the skin barrier and allows the drugs to act locally or
systemically. This route of administration can deliver the drugs to
the body without fear and pain from the needle.
Hydrogel, three-dimensional polymeric networks, have been
suggested to facilitate the drug administration since it can hold lots
of water and continuously provide the concentration gradient of drugs.
Thus we can make full use of the hydrogel to enhance tissue
regeneration and drug delivery by entrapping the drug molecules.
Moreover, a functional substrate can be utilized not only to facilitate
the handling of the hydrogel with fabricating the hydrogel patch and
１

but also to provide some stimulation to enhance the efficiency of
wound repair and drug delivery of the hydrogel. Some functionalized
substrate materials, including elastomer, fabric, and electrodes, have
been hybridized with the hydrogels.
In this thesis, the hydrogel-based skin patch for wound repair
and transdermal drug delivery was discussed.

1.2 Organization of the thesis
This dissertation demonstrated fascinating approaches for
promoting wound repair and transdermal drug delivery using a
hydrogel-based skin patch. In chapter two, the scientific background
and research progress was addressed. The general introduction to
the hydrogels as both tissue engineering scaffold and drug reservoir
was described; moreover, the substrate-mediated functionalization
strategy of hydrogel was demonstrated. The characteristics of the
skin and the strategy of the TDDS was also introduced, which
contained chemical adjuvants (CAs) and physical penetration
enhancers (PPEs) developed for transdermal drug delivery.
Chapter three and chapter four were composed of the research
on the hydrogel-based skin patch for wound repair and transdermal
drug delivery. In chapter three, the hydrogel with Janus substrate
２

could be used to deliver the protein therapeutic into the wound sites,
suggesting the system would be used as a functional wound dressing
strategy. In chapter four, a conductive hydrogel was used for
delivering drugs into the skin using the iontophoresis. A portable
battery was coupled with the hydrogel through a carbon-printed
fabric as a medium for the construction of a hydrogel patch. By
preparing electrically-mobile drug nanocarriers, the significantly
enhanced transdermal drug delivery efficacy was achieved by the
combinatorial effect of both nanocarriers and iontophoresis.

３

CHAPTER TWO
The Scientific Background
and Research Progress
2.1 Hydrogel-based skin patch
2.1.1 Hydrogels
A hydrogel is a three-dimensional polymeric network, which is
produced by cross-linking of hydrophilic macromolecules or by in
situ polymerizations of monomers and cross-linker. Hydrogels can
be classified According to diverse characteristics, including their
origin, properties, and etc. (Figure 2.1). Many natural polymers
derived

from

extracellular

matrix

(ECM)

components

and

glycosaminoglycans (GAGs), such as gelatin, collagen, alginate,
heparan sulfate, hyaluronic acid, chitosan, and etc., have been widely
used as starting materials for fabricating hydrogels. [1] In addition,
synthetic polymers, such as 2-hydroxyethyl methacrylate (HEMA),
polyurethane, poly(N-vinylpyrrolidone) (PVP), poly(vinyl alcohol)
(PVA) and etc., have also been used to broaden the application of the
hydrogels by enabling the manipulation of its mechanical properties
and biodegradability.[2]

４

2.1.2 Current limitations of hydrogel
Due to the intrinsic high water contents of the hydrogels, they
have been widely used to entrap and deliver the therapeutic agents,
such as drugs and growth factors.[3, 4] The porous structure of
hydrogels can be readily tuned by adjusting its cross-linking density,
which would determine both the loading amount of the drugs and its
release rate. This tunable capacity of the hydrogel permits to control
of

the

diffusion

coefficient

of

both

small

molecular

and

macromolecular drugs.[5, 6] However, the hydrogels have a passive
function when using itself (Figure 2.2).
Recently, the ‘smart hydrogel’ has been developed, which can
be responsive to specific stimuli, i.e., temperature, pH, electric and
magnetic field, and they control the release behavior of drugs
according

to

these

external

stimulations

or

environment.[7]

Therefore, the hydrogels have been used in the field of transdermal
drug delivery, pharmaceuticals, and wound healing applications.[8]

５

Figure 2.1. The various parameters by which hydrogels are classified

Figure 2.2. The current limitation of the hydrogel patch
６

2.1.3 Substrate-mediated functionalization of the hydrogels for
wound repair and transdermal drug delivery
Albeit the hydrogels itself can be modulated in terms of their
stiffness, swelling- and drug-releasing behavior, and stimuliresponsibility, it can be coupled or laminated with substrates and be
further functionalized. A variety of facile approaches have been
demonstrated for developing a substrate-hydrogel hybrid system,
which could result in synergetic effects.
Elastomers have been extensively used as a substrate for the
hydrogel-elastomer hybrid systems. Yuk et al., inspired by human
skin, reported that robust interfaces between hydrogel and elastomer
could be obtained by covalent bonding.[9] They demonstrated the
various applications, including dehydration of hydrogel, stretchable
hydrogel circuit boards, and stretchable and reactive microfluidics.
The versatile elastomer can be used as substrates, such as
poly(dimethylsiloxane)

(PDMS),

polyurethane

(PU),

and

etc.

Moreover, the woven-shaped fabrics can be used for the mechanical
interlocking between the hydrogels with elastomer without physical
and/or chemical bonding.[10]
Initiated chemical vapor deposition (iCVD) enables other
materials in our daily life, such as paper and polyester fabric, to be
７

used as functional substrates to prepare the hydrogel patch. The
iCVD is a solvent-free polymerization process, which occurs in a
vapor state at ambient conditions.[11] The chemically functional
moiety would be readily introduced onto the substrates. Kim et al.
demonstrated that alginate hydrogel was coated onto the Ca 2+releasing paper substrate where poly(styrene-co-maleic anhydride)
was polymerized by iCVD process, and subsequently dip coating with
poly-L-lysine having CaCl2. This paper-based scaffold could be
reformed as origami-based strategy and was successfully applied to
the rabbit trachea defect in vivo.[12]
Functional substrates have been used for an advanced wound
care system (Figure 2.3). Mostafalu et al. developed a smart bandage
system that could monitor the temperature and pH at the wound sites,
followed by releasing the drug from the hydrogel.[13] Kai et al.
demonstrated a portable bioelectric plaster, which is developed by
hybridizing hydrogel and built-in enzymatic biofuel cells.[14] These
substrate-mediated functionalization approaches highlight the active
wound management system, which would overcome the limitations of
conventional hydrogel-based wound healing strategy.

８

Figure 2.3. Applications of substrate-functionalized hydrogel patch
for promoting wound repair.[13, 14]

９

For the transdermal drug delivery system, You et al. introduced
Janus property into the polyester fabric, which had a hydrophobic
surface while the hydrophilic surface on the other side (Figure
2.4).[15] The pregel solution could be laminated onto the fabric due
to the carboxylic acid group of the hydrophilic surface, and this Janus
fabric-mediated hydrogel skin patch exhibited the drug release in a
mono-directional manner.[16] The drug release behavior of the
hydrogel-based skin patch could be tailored by the substrate’s
functionalities, such as inducing diverse stimulation, e.g., electrical,
thermal, and mechanical stimulation. Bagherifard et al. demonstrated
that the thermos-responsive microparticulate system was integrated
with electronic heater control circuitry in the elastomer substrate.[17]
Furthermore, mechanical stimulation also provides spatiotemporally
controlled drug delivery. Di et al. reported a wearable, tensile straintriggered drug delivery device consisting of a stretchable elastomer
and microgel depots containing drug-loaded nanoparticles.[18]
In fact, in terms of applying to the skin, the substrate-mediated
hydrogel patch is highly useful than hydrogel itself. In this thesis, the
hydrogel-based skin patch was strikingly utilized for wound repair
and transdermal drug delivery application, which could be achieved
by substrate-mediated functionalization of hydrogels.

１０

Figure 2.4. Applications of substrate-functionalized hydrogel patch
for promoting transdermal drug delivery. (A) Janus fabric enhances
passive drug delivery by monodirectional diffusibility.[16] (B) An
assembly of organic iontophoresis patch generates electrical current
and allows the iontophoretic administration of drugs into the skin.[19]
(C, D) The electronic heater circuitry is engineered into an elastic
substrate to stimulate the thermo-responsive drug release from the
hydrogels.[17, 20] (E) Drug loaded wearable devices can be attached
conformally to the finger with the microdepots area on the finger joint.
Finger flexion triggers the promoted release to the skin.[18]

１１

2.2 Transdermal drug delivery
As a non-invasive route of administration, the transdermal drug
delivery system (TDDS) has provided a new horizon to deliver drugs
through the skin by a patient-favorable route compared to direct
injection. In particular, effective transdermal delivery strategies of
the biological drugs are needed to maintain both the bioavailability
and target specificity in desired locations.
Even though microneedle-based technology has been clinically
utilized for transporting drugs, it has been believed that the
development of entirely non-invasive strategies would also be
desired by patients. The recent advancements in the development of
novel

chemical

adjuvants

(CAs)

and

physical

penetration

enhancements (PPEs) could provide new insights into the practical
and alternative route of drug administration (Figure 2.5).
In general, drugs contain a wide range of medicines, from small
molecular drugs to the protein-based therapeutics. The small
molecular drugs are commonly lipophilic, while the protein-based
therapeutics are macromolecular polypeptides that are hydrophilic.
Such chemical structural properties are significant obstacles for their
transdermal delivery. Thus it is desirable to develop appropriate
materials and formulations to preserve the functionality and to
１２

improve the delivery efficiency.[21, 22] In order to increase the skin
permeability of these drugs, many CAs and PPEs have been
reported.[23] The CAs used in transdermal drug delivery help
permeation by disrupting the highly elaborated layers in the stratum
corneum (SC), altering interactions with intercellular proteins, or by
controlling the partition of the SC.[24] These include chemical
penetration enhancers (CPEs), hyaluronic acid-based systems,
peptide-based systems, and nano carrier-based adjuvants. On the
other hand, the PPEs directly or indirectly cause disruption of the SC
to improve the skin permeability of the therapeutic agent, and they
include iontophoresis, electroporation, ultrasound, thermal ablation,
and microneedle.

１３

Figure 2.5. Strategies for transdermal drug delivery

１４

Beyond the small molecular drugs, protein-based therapeutics
are currently being widely used in the clinical setting, which has been
developed

through

biotechnology,

genetic

engineering,

and

recombinant DNA technology.[25] Following the development of
recombinant

human

insulin,

protein-based

therapeutics

(also

including peptides) have emerged as a dominant market force.[26]
Since then, protein therapeutics have been classified by their
pharmacological actions (Table 2.1).[27] Currently, there are nearly
380 protein-based therapeutics, with an overall market value in 2016
of $140,109 million USD. By 2023, the protein-based therapeutics
market is estimated to reach $217,591 million USD worldwide,
according

to

Allied

Market

Research

(https://www.alliedmarketresearch.com/protein-therapeuticsmarket, “Protein Therapeutics Market by Product, and Application
– Global Opportunity Analysis and Industry Forecast, 2017-2023”).
In a clinical setting, protein therapeutics are usually administered by
the parenteral route. Furthermore, due to their intrinsic vulnerability
and susceptibility for enzyme targeted degradation, the proteinbased therapeutics often require multiple injections to maintain
therapeutic dynamics. Since the direct injection methods are
inconvenient to patients and may hinder those with needle phobia,
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alternative routes of protein-based therapeutics are currently being
developed, which include transdermal, oral, buccal, and nasal routes,
and inhalation.[28-30]

Table 2.1. Functional classification of protein therapeutics. Adapted
and reproduced with permission from Leader et al.,[27] Copyright
2008, Springer Nature.
Group I: Protein therapeutics with enzymatic or regulatory
activity
Ia: replacing a protein that is deficient or abnormal
Ib: augmenting an existing pathway
Ic: providing a novel function or activity
Group II: Protein therapeutics with special targeting activity
IIa: interfering with a molecule or organism
IIb: delivering other compounds or proteins
Group III: Protein vaccines
IIIa: protecting against a deleterious foreign agent
IIIb: treating autoimmune disease.
IIIc: treating cancer
Group IV: Protein diagnostics
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Advantages of the transdermal drug delivery
Even though oral administration or direct injection has been
regarded as the gold-standard route of administration of drugs, a
non-invasive route may offer unique advantages, including painless
administration and ease of termination, sustained release, and
avoiding first-pass metabolisms. However, the transdermal delivery
of drugs is challenging, owing to the skin barriers, such as physical
and immunological barriers. The skin is structurally well organized,
in order to protect the body from physical, chemical, and biological
(microbial) assaults. The SC consists of dead cells that form an
outermost epidermal layer. These significant barriers make the
delivery of drugs difficult. Moreover, the skin has proteolytic
enzymes that may break down the delivered protein.[25, 31]
Recently, a variety of methods have been investigated for the
effective transdermal delivery of protein-based therapeutic. In this
chapter, barriers for the transdermal drug delivery were discussed,
and the latest strategies to ameliorate the skin barriers were also
elaborated.
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2.3 Barrier functions of the skin
2.3.1 Structure of the stratum corneum (SC): The physical
barrier of the skin
The stratum corneum (SC) is responsible for the physical barrier
function, which is the most significant factor that makes the
transdermal delivery of drugs difficult. The cells forming the SC are
flat-shaped corneocytes, which are surrounded by keratins that are
hydrophobic, insoluble fibrous proteins. The intercellular lipid matrix
within the SC is composed of ceramides, free fatty acids, and
cholesterol to form a lamellar structure.[32] The lipid matrix is
connected in repeatedly stratified structure with these components,
and thus performs the function of an excellent barrier to suppress
the permeation of water or hydrophilic material.[33] This structural
feature prevents the evaporation of skin moisture and effectively
protects the human body from harmful external stimuli, but at the
same time, it prevents the hydrophilic compounds from being easily
absorbed. Thus, increasing the partition of the therapeutics with the
intercellular lipid matrix has been a strategy to enhance the delivery
efficacy, using a variety of permeation enhancers.
Corneocytes and lipid matrix are generally illustrated as bricks
and mortar models, and in particular, the architecture of lipid matrix
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forming the multiple intercellular lipid lamellae has described the
barrier function of the SC (Figure 2.6).[34] Depending on the plane
structure, the arrangement of the lipids has a lateral organization (xy plane) and a lamellar organization (x-z or y-z plane). Specifically,
the lateral organization is divided into three groups, according to the
layout of the head group of the geology: orthorhombic (OR),
hexagonal (HEX), and liquid-crystalline (LIQ) phases.[35] The
orthorhombic phase has the most densely packed arrangement
without both rotational and translational mobility. The hexagonal
phase has some rotational mobility, while translational mobility is
hindered. The liquid-crystalline phase has both rotational and
translational mobility. Among them, the orthorhombic phase supports
the barrier function structurally. In general, the transition between
these phases occurs according to temperature.[35] The transition
between OR and HEX (solid-solid) occurs at around (35-40)℃;
however, the transition from OR or HEX to LIQ (solid-liquid) occurs
at around 70 ℃,[36] which can be caused by the topical application
of chemical enhancers.[37] Meanwhile, the lamellar organization
includes both short periodicity phase (SPP) and long periodicity
phase (LPP), of which the lamellar structure has an interval distance
of (6 and 13) nm, respectively. This organization is highly dependent
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on the type of ceramide; in particular, both the formation of LPP and
skin barrier function require the presence of acylCer.[38, 39] It was
demonstrated that the decreased or altered LPP is presented in some
diseases representing high skin permeability, such as atopic
dermatitis.[40, 41] Consequently, in order to pass through the horny
layer of the SC, altering the arrangement of the lipid matrix with a
liquid–crystalline phase and perturbing LPP can improve the delivery
rate of the drugs.
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Figure 2.6. The molecular structure of stratum corneum as the
physical barrier of the skin. (A) “Bricks and Mortar” model for
stratum corneum indicating the corneocyte (Brick) and the
intercellular lipid (Mortar). (B) A scheme illustrating the threedimensional structure of the intercellular lipid (lipid lamellae). The
ovals indicate the lateral organization of the lamellar organization of
the lipids. (C) Lateral molecular organization of the SC lipids. The
schemes show the lateral chain packing (top row) and the chain
conformation (bottom row) in the orthorhombic (OR), hexagonal
(HEX), and liquid-crystalline (LIQ) phases formed by the lipids. (D)
Schematic drawings of the current models proposed for the lamellar
molecular organization of the SC lipids. Coexisting centrosymmetric
phases of long (LPP) and short (SPP) periodicity with repeat
distances of approximately 13 and 6 nm, respectively.
(B-D) Adapted and reproduced with permission from Boncheva,[35]
Copyright 2014, John Wiley and Sons.
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2.3.2 Immune responses: the immunological barrier of the skin,
and its pros and cons
After overcoming the SC barrier and permeating into the deeper
layers of skin, there is another barrier that consists of the
immunological system, i.e., the immunological barrier, which serves
as the first line of defense against antigens or pathogens (Figure
2.7).[42] Immune responses are executed by immunocompetent
cells, including keratinocytes (KCs) and Langerhans cells (LCs).[43]
KCs mainly make up the viable epidermis, and immune-competent
dendritic cells (i.e., LCs) are found throughout the epidermis. Some
of the proinflammatory cytokines, including interleukin-1 (IL-1) and
tumor necrosis factor-α (TNFα), are secreted from KCs, followed
by promoting the migration of LCs to the regional lymph nodes. LCs
are specialized antigen-presenting cells (APCs) that can engulf and
process the antigens, and they cover an area of almost 20 % through
horizontal orientation and long protrusion, which allows them to
encounter antigens and uptake them.[44, 45] Strid et al. showed that
FITC-labeled protein was immediately taken up by LCs when applied
to disrupted skin, then the LCs migrated to the draining lymph
nodes.[46] In addition to the LCs, dermal dendritic cells (DCs) are
also associated with immune response acting as APCs within the skin,
２２

followed by an invasion of antigens.[47]
Immunogenicity is one of the hurdles in protein-based drugs
since it generates anti-drug antibodies (ADAs). These ADAs
directly impair or abrogate the functions of biological drugs by
integrating it into their binding sites.[48, 49] Since the skin tissue
has a lot of immune cells, which are involved in the immunogenicity
of the drugs that passed not only transdermally, but also
subcutaneously, the possibility of drastically lowering the efficacy of
the drugs is enormous.[50] But researchers have utilized this active
immune response in the skin as a target of immunization. Having the
merit of presenting antigen to DCs effectively, the transdermal
vaccination enables stronger immunization than the intramuscular
injection of soluble antigens.[51]
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Figure 2.7. The immunological barrier of the skin tissue and its
components. FAA, free fatty acids; ILC, innate lymphoid cell; iNKT,
invariant natural killer cell; TRM, tissue-resident memory cell.
Adapted and reproduced with permission from Eyerich et al.,[42]
Copyright 2018, Elsevier
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2.4 Chemical adjuvants (CAs) for the transdermal
drug delivery
2.4.1 Chemical penetration enhancers (CPEs)
CPEs commonly integrate with the SC to provide a perturbed
microenvironment in a temporary and reversible manner to enhance
the transport of drug molecules. A chemical compound that meets
several requirements can be considered for use as a CPE, for
example, i) it should not irritate the skin, and should be non-toxic
and non-allergenic, ii) it should work uni-directionally, i.e., should
allow therapeutic agents into the body, without the loss of
endogenous material form the body, and iii) it should have no
pharmacological activity within the body (should not bind to receptor
sites).[52, 53] CPEs can be classified by various criteria, but they
are mainly classified by their chemical structure.[54] In the case of
chemical structure, the CPEs commonly include Azones, fatty acids,
alcohols,

surfactants,

and

phospholipids.

The

classification,

properties, and future consideration of CPEs were comprehensively
described by Williams and Barry.[53]
The CPEs enhance the transport of drug molecules according to
several mechanisms of action. Dragicevic et al. described the
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mechanisms of action of CPEs: lipid modification, protein modification,
and partitioning promotion.[54] In lipid modification, the CPEs alter
or disrupt the intercellular lipid bilayer, and change the structural
organization of the SC. In protein modification, the CPEs interact with
the intracellular proteins of the SC, mainly by binding with keratin
filaments. This may cause deformation of the proteins, followed by
disruption of the corneocytes organization. Finally, in partitioning
promotion, the chemical properties of the SC are changed with
penetration of the CPEs, followed by increasing the solubility of drugs
within the SC. In addition to the above-mentioned three mechanisms
of action, which directly affect the permeability of the skin, the CPEs
can also improve the transdermal delivery of drugs indirectly, e.g.,
by changing the thermodynamic activity, by dragging the drug into
the skin, or by solubilizing the permeant with forming micelles within
the SC.[52] CPEs are considered to operate using one or more of
these modes of action.
In addition, in an effort to find the CPEs with optimal properties,
Karande et al. developed a high-throughput screening approach to
find the optimized CPE mixtures.[55] They called the system in vitro
skin impedance guided high-throughput (INSIGHT) screening.[56]
Using the system, they discovered a particular mixture of CPEs,
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consisting of sodium laureth sulfate and phenyl piperazine, which
enabled the permeability of therapeutic proteins, including heparin,
luteinizing

hormone-releasing

hormone

(LHRH),

and

oligonucleotides, to be increased, without inducing skin irritation.

2.4.2 Hyaluronic acid (HA)-based adjuvants
Hyaluronic acid (HA) is a linear polysaccharide of N-acetyl
glucosamine and glucuronic acid in an alternating sequence whose
average molecular weight covers (2×105 to 1×107) Da.[57] HA is
present in the intercellular matrix of the skin and controls the
hydration and viscoelasticity of tissues.[58, 59] HA and its
derivatives have been widely investigated as a novel drug carrier for
delivering hydrophilic therapeutics.[60-62] Although the mechanism
of action of HA for delivering the protein-based drugs has not yet
been precisely defined, there have been inspiring studies on HA as
nanocarriers for the transdermal delivery of protein-based drugs.
Martins et al. designed HA-based solid-in-oil (S/O) nanodispersion
with bovine serum albumin (BSA, 66 kDa) as a model protein, which
resulted in the enhanced penetration of BSA/HA to the dermal layer
of porcine skin.[63] Essendoubi et al. also investigated the skin
permeability of HA using a relatively larger MW of ((20–300) and
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(1,000-1,400)) kDa with Raman micro-imaging. The results
showed that HA with (20–300) kDa passed through the SC, while HA
with (1,000–1,400) kDa was impermeable.[64] A study investigated
the effect of the molecular weight of HA on the skin permeability of
protein-based drugs. Witting et al. elucidated the interactions of HA
with the SC and observed the skin absorption of protein (BSA as the
model protein) according to an HA molecular weight of (5 kDa, 100
kDa, and 1 MDa). They demonstrated that HA with 5 kDa enhanced
the penetration of both BSA–HA cotransport and HA itself, attributed
to both skin hydration and keratin interaction.[65] Yang et al.
reported that HA-conjugated human growth hormone (hGH) could
penetrate the dorsal skin of mice, and even into the dermis, with a
receptor-mediated transdermal delivery system.

In addition, the

HA–hGH was effectively delivered into the circulation system and
confirmed via pharmacokinetics analysis.[66]

2.4.3 Skin penetrating peptides
Some peptides possess superior efficacy in skin penetration and
are called skin penetrating peptides (SPPs). These peptide-based
adjuvants can be easily conjugated with protein-based therapeutics
for facile application. Traditionally, there has been much research
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concerning cell membrane-penetrating peptides (CPPs); however,
after the skin penetration effects of the peptides were verified, the
peptides have been applied to the transdermal delivery of drugs.
CPPs are also called protein transduction domains or membrane
transduction peptides.[67] CPPs are amphiphilic peptides that are
water-soluble, positively charged, and relatively short (~30 amino
acids).[68] Due to arginine or lysine, CPPs commonly have a positive
charge at physiological pH, so they electrostatically interact with
membrane components that have a negative charge, such as heparin
sulfate, phospholipidic, sialic acid, or glycoproteins of the cell surface.
CPPs have intrinsic properties to assist in the translocation of agents
across the membrane and to modify the structure to enhance the
delivery of macromolecular agents. The mechanism of CPPs has not
yet been precisely understood. However, two dominant mechanism
models have been referred to, as follows: destabilization of the SC,
and macropinocytosis. The interactions between lipids of the SC and
CPPs may play an essential role in the transport of protein-based
drugs. Several types of research indicated that CPPs destabilize SC,
and increase the permeability of the proteins.[69] Another possible
mechanism is micropinocytosis, in which the CPPs pass through the
mammalian cells. Hou et al. demonstrated that arginine-rich
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intracellular delivery peptides were able to facilitate the transdermal
delivery

of

proteins,

and

the

mechanism

might

involve

macropinocytosis and actin rearrangement.[70]
The phage display has been enabled to find out SPPs with much
smaller sequences (five to six amino acids).[71] Chen et al. identified
the short synthetic peptide, ACSSSPSKHCG, by in vivo phage display.
They

confirmed

that

the

peptide

efficiently

facilitated

the

transdermal delivery of protein-based drugs, including insulin and
human growth hormone; coadministration of the peptide and insulin
to diabetic rats showed suppressed serum glucose levels; significant
bioavailability

of

human

growth

hormone

was

achieved

by

coadministration with the peptide.[72] They suggested that the
peptide enables drugs to be penetrated by creating a transient
opening in the skin barrier.[72] SPPs act as a mediator through
concurrent binding with keratin, and promote the differentiation of
proteins into keratin corneocytes, then help them to pass through the
skin.[73] Hsu and Mitragotri identified a peptide, AC-TGSTQHQCG, by phage display, and referred it as skin permeating and cell
entering (SPACE) peptide.[74] SPACE peptide conjugated to small
molecules or proteins could enhance the permeability through the
transcellular pathway across the SC.[71] It was discovered that
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when conjugated with SPACE, the permeation of siRNA across the
human skin highly increased, and it was revealed that the SPACE
peptide mostly bound to keratin, with no detectable effect on SC lipid,
when investigating the isolated human SC. They assessed the effect
of SPACE by conjugating IL-10 siRNA on the transdermal transport
through mice skin in vivo, which resulted in a significant reduction in
IL-10 levels compared to other groups. Chen et al. developed a
combinatorial system where SPACE was conjugated with a lipid
carrier, ethosome (the ethosome was described in the following
section). They successfully demonstrated that the penetration of HA
(MW: (200–325) kDa) could be increased compared to ethosome
only with using the SPACE-ethosome system (SES), and the SES
enhanced the transport of HA 7.8-fold, compared to PBS in porcine
skin in vitro, and 5-fold, compared to PBS in hairless mouse skin in

vivo.[75]

2.4.4 Nanovesicles
Traditionally,

lipid-based

nanovesicles

are

composed

of

phospholipid form similar to that of the skin and are self-assembled
into a spherical structure. The nanovesicles have been widely used
for drug delivery, due to their hydrophilic substances in the inner
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core, and lipophilic substances in the lipid bilayer. Recently, various
liposomes, which are modified in structure, contents, charge, etc.,
have been developed and extensively used for transdermal drug
delivery.[76]

Figure 2.8. Decorative liposomes for transdermal drug delivery. (A)
Schematic illustration of lipid-based nanocarriers, indicating the
difference in their components. (B) Schematic representation of the
main permeation mechanisms of lipid-based vesicles.
Adapted and reproduced with permission from Sala et al.,[77]
Copyright 2018, Elsevier.
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Liposomes
Liposomes are the conventional vesicular nanocarriers exhibiting
improved

delivered

efficacy,

as

compared

to

other

topical

enhancements, like creams, gels, and ointments.[78] In 1980, Mezei
and Gulasekharam investigated the applicability of liposomes as a
drug carrier and reported the liposomal drug delivery system
enhanced drug penetration efficacy.[79, 80] Since then, there have
been numerous studies that have demonstrated the mechanisms and
effectiveness of the liposome as nanocarriers not only for small
molecular drugs but also for macromolecular therapeutics. Foldvari

et al. demonstrated that the transcutaneous delivery of IFNα could
be enhanced through liposome encapsulation.[81] The mechanisms
in which the liposomes penetrate the skin are mainly intercellular and
intracellular transport, and follicular transport; however, the skin
permeability of liposomes has been controversial, and it was reported
that liposomes play the role of the localizer, rather than the
transporter.[78, 82-84]

Transfersomes and ethosomes
Innovative designs of the liposome, which are termed
‘decorative liposomes’ have been developed. Transfersomes and
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ethosomes are representative decorative liposomes whose transport
mechanisms are different from the conventional liposomes (Figure
2.8).[77] Transfersomes, as described by Gregor Cevc, are
composed

of

surfactants

like

Spans,

Tweens,

and

sodium

deoxycholate, as well as phospholipids.[85-87] Thus transfersomes
are morphologically similar to liposomes but functionally distinct from
liposomes. They have a quasi-metastable shape, which makes the
membrane of the vesicle ultra-flexible and deformable, providing the
ability to pass through pores whose size is much smaller than
theirs.[88] These ultra-deformable vesicles have been used
particularly in transcutaneous immunization (TCI) since the 1990s.
Paul et al. introduced that gap junction protein (GJP) incorporated
transfersome, which resulted in marginally higher antibody titers
than

subcutaneous

injections

of

GJP.

Furthermore,

GJP

in

transfersome also appeared to increase the serum concentration of
anti-GJP IgA, whereas GJP either in mixed lipid micelles or in
liposomes, gave no significant biological response.[89] Recently,
Tyagi et al. reported that transcutaneous immunization was improved
using the elastic liposome, compared to other formulation. They
improved the immunogenicity of carboxyl-terminal 19 kDa fragment
of

merozoite

surface

protein-1
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(PfMSP-119)

compared

to

conventional liposomes, followed by an enhanced cell-mediated
immune

response

against

asexual

blood-stage

infection

of

Plasmodium falciparum, and robust IgG-specific antibody response
was induced.[90] A variety of research efforts have been conducted,
which demonstrated transfersomes allow the transport of large
macromolecules like proteins and insulin, as well as drugs.[91-94]
Ethosome is referred to as soft and malleable vesicle carriers.
Ethosomes are based on the high content of ethanol, acting as a
penetration enhancer. Touitou et al. first discovered the ethosomal
drug encapsulating system and verified the highly effective skin
permeability of the drugs.[95, 96] Ainbinder and Touitou reported
that testosterone could be delivered transdermally using ethosomal
formulation, and its systemic absorption was enhanced in rats
compared with a commercial gel (AndroGel®).[97] Furthermore,
Meng et al. also demonstrated that testosterone propionate (TP)entrapping surfactant-modified ethosomes could penetrate the skin
with an enhanced flux and lower lag time than the hydroethanolic
solution system and liposomal system in vivo and in vitro.[98] In the
other studies on the ethosomal delivery, the hepatitis B surface
antigen (HBsAg) were used as model therapeutics for TCI. For
example, Mishra et al. evaluated the immunization efficiency against
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HBsAg loaded into ethosome. The transcutaneous delivery potential
was much higher compared to conventional liposomes using human
cadaver skin in vitro, and IgG titer values in HBsAg-loaded
ethosomes showed comparable IgG levels to that in intramuscular
HBsAg injection up to 90 days in mice serum.[99] Mishra compared
both HBsAg-loaded ethosomal and liposomal systems for the in vitro
uptake by human dendritic cells (DCs), followed by stimulating T
lymphocytes. It was found that ethosomes had improved the ability
to

internalize

and

immunogenicity

compared

to

the

elastic

liposome.[100]

Niosomes and vesosomes
Moreover, there are several types of decorative liposomes.
Niosomes are lipid nanovesicles incorporated with a non-ionic
surfactant as an excipient. Gupta et al. previously compared the
potential of topical immunization using transfersome, noisome, and
liposome, indicating that transfersomes revealed the highest level of
the immune response, followed by niosomes and liposomes.[101]
Meanwhile, vesosome is a decorative and fusogenic liposome, which
potentially facilitates the intracellular delivery by use with target
cells.[102] By fusing with plasma- and endosomal membranes,
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vesosomes have been significantly attractive as a delivery system
for the membrane-impermeable gene and oligonucleotides, as well
as therapeutic proteins. Mishra et al. studied vesosomal TCI using
tetanus toxoid (TTx) as a model antigen. They designed fusogenic
vesosomes where cationic liposomes were entrapped within the outer
vesicular system, and successfully stimulated immune response via
topical administration of the vesosomal system.[102]

Biphasic vesicles
Biphasic vesicles are a multicompartmental lipid vesicle
system comprised of submicron emulsion and phospholipid bilayers.
The lipophilic, micellar, and aqueous sub-unit compartments are
entrapped into multiple, concentric mixed-lipid bilayers.[103, 104]
Interestingly, the transdermal delivery capacity of this component
was diminished as a simply mixed form. Thus the structurally
organized form as biphasic vesicles is essential to transport the
encapsulated therapeutics, such as insulin.[105, 106] King et al.
developed insulin-loaded lipid biphasic vesicle system (Biphasix™),
and evaluated the pharmacological effect on a diabetic rat model,
which resulted in a decrease in blood glucose of 43.7 %, compared to
initial blood glucose levels.[105] Also, King et al. demonstrated that
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the level of insulin in the lymph nodes increased with applying
insulin-containing biphasic vesicles to the abdominal skin of STZinduced diabetic rats.[107] Other studies have shown evidence of the
biphasic vesicles that are capable of transcutaneous delivery of
vaccines. Babiuk et al. used biphasic lipid vesicles for delivering
plasmid DNA through the skin. A plasmid encoding for the bovine
herpesvirus type-1 glycoprotein D (gD) was encapsulated in
Biphasix™, and topically administered to mice skin, which resulted in
gD-specific antibody response and a Th2-type cellular response; in
contrast, the intradermal immunization elicited the stimulation of a
Th1-type response.[103] Flodvari et al. developed a topical biphasic
vesicle delivery system encapsulating IFNα as a model protein and
estimated its therapeutic effect on human papillomavirus (HPV)
infections in human volunteers. The topical application of the biphasic
vesicle twice daily for two weeks exhibited a decrease in lesion size
and elicited marked therapeutic effect in the patient.[108] Moreover,
Flodvari et al. demonstrated the interaction of biphasic vesicles with
human skin using analytic tools. They concluded that the interaction
of biphasic vesicles with the SC resulted in the molecular
rearrangement of the lipid matrix, causing the formation of a threedimensional cubic Pn3m polymorphic phase, which could be an
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intercellular permeation nano pathway.[109]
Nanovesicles have exhibited excellent delivery efficacy and
the practical therapeutic effects of drugs. However, it should be
further elucidated how the nanovesicles transport the SC layer, and
whether the deformable vesicles virtually retain their structures
while passing the skin layers.
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2.4.5 Microemulsion
The microemulsion isotropic liquids consist of oil, water,
surfactant, and possibly co-surfactant. With transparent and
thermodynamically stable properties, it has been generally used for
encapsulating drugs into sub-micron-sized droplets of (10–100)
nm.[110-113] Compared to other emulsion systems, like macroand nanoemulsions that require energy input to be fabricated, the
microemulsions have a smaller size, and do not require energy, but
form spontaneously, due to a significantly low level of interfacial
tension at the oil and water interface.[114] Depending on the
lipophilicity (hydrophilic or hydrophobic) of the encapsulated drugs,
the phase of the microemulsion could be designed by adjusting each
component as a formulation of water-in-oil (W/O), or oil-in-water
(O/W).[115] In particular, W/O microemulsions are suitable for
entrapping the hydrophilic protein-based drugs, and have advantages
for delivery through the skin, because the lipophilic surrounding is
similar to the environment in the upper layer of skin.[78, 116]
In the case of the protein-based drugs, studies on the
mechanisms and preparation of the microemulsion have been
conducted since the 1990s.[117, 118] Recently, studies on
transdermal protein delivery using microemulsion have still been
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continuing. Himes et al. examined the penetration through the skin
of high molecular weight proteins of ~150,000 kDa, the anti-TNF
monoclonal antibodies (RemicadeTM and HumiraTM), and a TNFreceptor

Fc-fusion

protein

(ALSTII),

using

the

W/O

microemulsion.[119] Malakar et al. reported the transdermal
delivery of insulin via microemulsion formulation. They used
isopropyl myristate and oleic acid as the oil phase, Tween 80 as the
surfactant, and isopropyl alcohol as the cosurfactant. The oleic acid
showed a higher permeation flux of insulin compared to isopropyl
myristate when applied to excised mouse skin and goatskin; in
addition, the flux had a maximum value of (4.93 ± 0.12) µg/cm2/h
when fabricating the microemulsion with 10 % oleic acid, 38 %
aqueous phase, and 50 % surfactant phase, with 2 % dimethyl
sulfoxide (DMSO) as permeation enhancer.[120] Kiselmann et al.
used microemulsion for allergen-specific immunotherapy with the
bee-venom phospholipase A2 (Api m 1) as the model allergen. The
physicochemical properties were determined, showing that Api m 1loaded microemulsion had excellent resistance to dermal proteasesmediated degradation. Both its penetrating efficacy and in vivo
availability were confirmed.[121]
Understating the microemulsion based on its principles, such as
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phase behavior, protein incorporation, and its formulation approach,
characterization methods, etc., would be required for the transdermal
delivery of drugs via a microemulsion system.

2.4.6 Nanoparticles
Polymeric or metallic nanoparticles have also been attractive to
be used to encapsulate the protein-based drugs, and to enhance the
transdermal delivery efficacy. While the nanoparticles have been
reported to possess higher stability compared to the vesicular
systems, it is considered challenging to transport nanoparticles
through human skin.[122]
Chitosan-based nanoparticles have been investigated for the
transdermal delivery of drugs. Özbas-Turan et al. loaded a reporter
gene pSV-β-Gal on the various particle size of (200–287) nm of
Chitosan/TPP (tripolyphosphate) nanoparticle and subsequently
found out that sustained gene expression was obtained with the
application on the skin.[123] In another study, they also used
Chitosan/TPP nanoparticle with a size of 220 nm to load antisense
oligonucleotides (AsODNs), in order to overcome several limitations
of AsODNs, such as instability against nucleases, short half-life, and
insufficient cellular uptake. The antisense effect of AsODN-loaded
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nanoparticle in baby skin was studied by measuring β-Gal
suppression, and no significant differences between the doses were
shown.[124]

Şenyiğit

et

al.

studied

that

lecithin/chitosan

nanoparticles could load Clobetasol-17-propionate (CP) with a
particle size of 250 nm, and showed significant accumulation of CP
into the skin, without nonsignificant permeation.[125] As a result of
the aforementioned studies, it can be noted that the nanoparticles
with a size above 200 nm are virtually limited from penetrating the
skin layer. On the other hand, Choi et al. reported that chitosanconjugated Pluronic (F127) nanocarriers (<100 nm in size) delivered
proteins of BSA and insulin across the human cadaver skin;
furthermore, they confirmed the bioactivity of the delivered proteins
by delivering ß-galactosidase.[126]
Metallic compound-based rigid nanoparticles, consisting of gold,
silver, and metallic oxides, commonly exhibit distinct properties due
to their smaller sizes, and non-deformable shape, compared to
polymeric particles. Niu et al. used gold nanoparticles (AuNPs)
conjugated with cationic poly(ethyleneimine) as vehicles for
plasmid-DNA. The nanoparticle system showed the effect of
protecting the DNA from degradation.[127] Huang et al. reported a
delivery system by coadministration of protein-based drugs and
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AuNPs, whose size was about 5 nm. They used horseradish
peroxidase and b-galactosidase as model drugs, and the system
exhibited the ability to penetrate the proteins into the skin layer, and
they further migrated into the deep layers.[128] Zheng et al.
fabricated siRNA-immobilized AuNPs with a core-shell structure
and confirmed the complex penetrated the human epidermis. It can
be highly tailorable and serve as a scaffold targeting antibodies and
peptides transdermally.[129]
While the nanoparticle-mediated transdermal drug delivery was
somewhat useful, most of them have been believed to be delivered

via the follicular route, with the exception of nanoparticles with tiny
size,

as

mentioned

above.

Since

the

transport

pathway

of

nanoparticles is mostly limited to the follicular route,[130-132]
Palmer and DeLouise announced that the nanoparticle-based route
might be ideal for treating diseases such as psoriasis and atopic
dermatitis, whose skin was characterized by barrier-disrupted skin,
and they thoroughly reviewed the relevant research efforts.[122]
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2.5 Noninvasive physical penetration enhancers (PPEs)
for the transdermal drug delivery
PPEs are an alternative way to deliver drugs through the skin
with temporary physical disruption or bypass of the SC barrier
(Figure 2.9). PPEs have been developed where the transdermal
delivery of CAs has reached its limit, and these technologies have
made full use of external devices that input dynamic force to deliver
the therapeutics into the dermis or transdermal regions. Studies
using a combinatorial strategy of CAs and PPEs have also been
extensively

reported.

PPEs

produce

a

synergetic

effect

in

conjunction with CAs to help drugs pass through the SC.
PPEs have their own working principles, and these should be
considered when designing CAs in combination with the PPEs.
Protein drugs are less stable than small molecules,[133] and there is
the concern that aggregation may occur, or that they might lose their
functionality under physical stimulation. Thus a fundamental principle
of each PPE and studies on the transdermal delivery of proteinbased drugs using the combinatorial strategy of PPEs and CAs were
introduced, and considerations to design the CAs for combining with
PPEs were discussed in this section. Table 2 summarizes the
mechanisms of action behind the PPEs, their features, and relevant
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research.

Figure 2.9. Electrically assisted physical penetration enhancers
(PPEs). Iontophoresis facilitates the transdermal delivery of
therapeutic molecules without altering the SC, while electroporation
and sonophoresis cause the localized transport regions (LTRs),
which are transient and reversible pores, within the SC.
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2.5.1 Iontophoresis
Iontophoresis facilitates the transport of ionized drugs by
applying slight electrical stimulation (usually 0.5 mA/cm2).

By

applying the electricity to the anode or the cathode, the positively or
negatively charged drugs are transferred across the skin by electrical
repulsion. In addition to electro-repulsion, other factors are also
involved. Mainly, the presence of electrical flow was reported to
increase the permeability of the SC, and the electro-osmosis effect
was believed to enhance the skin permeability of uncharged
molecules.[134, 135] Iontophoresis makes it possible to control the
dosage of administration by adjusting the current intensity and period,
which allows the dosage amount to be controlled according to each
step of the treatment and the progress of the disease.
In general, it had been considered that iontophoresis might be
useful for peptides or proteins with a relatively small size of less than
(10–15) kDa.[25] However, in 2011, Dubey et al. reported that
biologically active human basic fibroblast growth factor (hbFGF, 17.4
kDa) could be delivered into the skin with noninvasive iontophoresis
using both porcine and human skin. The biological activity of hbFGF
was maintained after delivery, and the amount of delivered hbFGF
was in the therapeutic range for treating several diseases in
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accordance with the amount of clinical trial and animal studies.[136]
To the best of our knowledge, at present, hbFGF is the largest protein
that can be delivered using iontophoresis.

Factors affecting iontophoresis
A variety of parameters are involved in the delivery efficacy
of iontophoresis when delivering drugs. The efficacy is influenced
not only by electrical factors, such as electrode polarity, current
density, applied time, and current type (DC, AC, or pulsed) but also
by various physicochemical factors of therapeutics, such as
molecular weight and the amount of charge of protein drugs.
Moreover, formulation factors, like pH, drug concentration, ionic
strength, presence of co-ion, and chemical enhancer, also affect the
delivery efficiency of iontophoresis.
Since the skin has a positive charge at neutral pH, anodal
iontophoresis (the anode repels positively charged drugs) is more
effective than cathodal iontophoresis. Moreover, proteins or protein
formulations with high pI value, which will be a positive charge at
physiological pH, are suitable for iontophoresis.[137, 138] The
higher the number of drugs in the formulation, the higher the amount
of permeation; however, the general tendency of the flux-
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concentration profile showed a curvilinear shape and began to plateau
as the concentration of drugs increased.[139] In the case of current
intensity, Medi and Singh demonstrated that the transcutaneous
delivery of human parathyroid hormone (hPTH) was significantly
enhanced when the current density was 0.5 mA cm-2; however,
there was little difference between passive diffusion and lower
current density (from (0.2 to 0.4) mA cm-2).[140] Schuetz et al.
reported the linear correlations between current density and flux of
triptorelin.[141] In other words, linear correlations do not always
occur, since molecular transport is not only dependent on electrorepulsion, but also on electroosmosis that is not directly affected by
current density.[142] Furthermore, Dubey and Kalia investigated
why lysozyme had poor iontophoretic transport, compared to
cytochrome c (Cyt c) and ribonuclease A (RNase A), although
lysozyme had a higher positive charge and electrophoretic mobility.
The high surface hydrophobicity of lysozyme might cause interaction
with the transport pathway, resulting in aggregation in the skin. It
was demonstrated that the complex three-dimensional structures of
proteins should be considered for iontophoretic delivery, as well as
both their charge and electrophoretic mobility.[143] The effects of
the

other

elements

have

been
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described

in

detail

in

the

literature.[144]

Iontophoretic transdermal delivery of drugs in conjunction with CAs
Peptides or proteins with low molecular weight have attracted
interest for iontophoretic delivery. Rastogi et al. investigated the
iontophoretic delivery of insulin using various chemical enhancers
and different current durations in vitro with applying anodal
iontophoresis (0.5 mA cm-2). As a result, the flux was significantly
increased in iontophoresis compared to the passive group.

The

longer the current duration, the higher the degree of insulin
release.[145]

Furthermore, a combinatorial system of liposomes

and iontophoresis has been developed. Kajimoto et al. utilized
charged liposomes as carriers for insulin (INS-lipo), which had a size
of 243.4 nm and zeta potential of 63.1 mV, and applied anodal
iontophoresis. The optimized liposome condition was identified as
the ratios of DOTAP/EPC/Chol of 2:2:1. With a current density of
0.45 mA/cm2, the pharmacological

effects of INS-lipo with

iontophoresis were exhibited on a diabetes rat model comparable to
i.p. injection of insulin solution and blood glucose level was observed
to be about 20 % of the initial level after 18 h.[146] Bernardi et al.
reported

the

iontophoretic

immunization
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associated

with

a

formulation of OVA-loaded liposomes and silver nanoparticles
(AgNPs). When applying cathodal iontophoresis in vitro, the amount
of OVA delivered by liposomes coupled with AgNPs was enhanced
92-fold, compared to passive delivery. In vivo transcutaneous
immunization and differentiation of immune-competent cells were
successfully induced by this liposome and iontophoresis system.[147]

2.5.2 Electroporation
Electroporation was initially used for DNA transfection. Using the
electric pulses, it transiently permeabilized the cell membranes.[148,
149] While iontophoresis utilizes a low-voltage electric current,
electroporation operates a high-voltage electric current that is
higher than 50 V.[150, 151] Furthermore, while iontophoresis acts
on the molecules to be delivered by directly repelling them,
electroporation mainly alters the skin’s permeability by forming
pathways to enhance the drug delivery. Prausnitz et al. indicated that
the elevated transdermal transport of molecules was attributed to
structural changes in the skin resulting from the high voltage of
electric pulses.[152] Pliquett studied the molecular mechanism of
transdermal transport with electroporation and demonstrated that
electroporation alters lipid bilayers, and causes the formation of a
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pore with non-lamellar lipid phases, which have been called localized
transport regions (LTRs) (Figure 2.9).[153] In other words, the
applied electric field from electroporation induces a metastable
pathway for macromolecular entry.[154, 155] Furthermore, the skin
resistance could be lowered by electrical pulses, which gives rise to
an increase in permeability of the skin.[156]

Factors affecting electroporation
Several parameters influence the delivery behavior of drugs
using electroporation. These include electrical factors and the
physicochemical properties of the drugs. The effects of pulse length,
amplitude, and the interval between each pulse on electroporation
have been investigated. For example, Medi and Singh et al. reported
that the electroporation flux of hPTH increased linearly with
increasing the pulse amplitude from (100 to 300) V.[157] For
macromolecules, the molecular weight of the therapeutics critically
affects the flux of electroporation. Lombry et al. examined the effect
of the molecular weight on the efficacy of electroporation by using
FTIC-dextran, ranging (4.4 to 38) kDa, indicating that the transport
amount was decreasing with increasing molecular weight.[155]
Moreover, the pH of the drug formulation also affects electroporation.
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Murthy et al. estimated the influences of pH on the post-pulse
permeability state of the skin. Under electroporation, the rate of
recovery of the porcine epidermis was rapid below pH 5 but slowed
above pH 7.5, which indicated that a medium pH above 7.5 had the
advantage of maintaining the post-pulse permeability state of the
skin.[158]

Electrophoretic transdermal delivery of drugs in conjunction with CAs
Electroporation enables the transport of high molecular
weight drugs (up to 40 kDa), including protein therapeutics, such as
heparin, LHRH, and FITC-dextran, which were also penetrated
transdermally through the usage of electroporation.[155, 159, 160]
A variety of studies have reported the validated electroporation for
transdermal drug delivery. For example, Prausnitz et al. utilized
electroporation to enhance the delivery of heparin, and it was shown
that the amount of delivered heparin reached the equivalent of
therapeutic levels of (100–500) µg/cm2/h.[161] Zhao et al. reported
that skin immunization was enhanced by electroporation by inducing
cytotoxic T-lymphocytes, and showed that the delivery of OVApeptide SIINFEKL was enabled to therapeutic levels, and was
comparable to intradermal injection.[162] Combinatorial strategies of
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both CAs and electroporation have been widely investigated.
Rastogi et al. compared the efficacy of electroporation of delivering
insulin as a solution, or loaded into poly(ε-caprolactone) (PCL) and
polyethylene glycol (PEG) nanoparticles. The amount of deposited
insulin was four-fold higher in nanoparticles with electroporation
than a solution with electroporation, and the maximum reduction in
blood glucose levels exhibited (77.5 and 85.8) %, respectively.[163]

2.5.3 Sonophoresis
Sonophoresis indicates the transport of drug molecules under
electrically driven ultrasound energy. It has been assumed that
sonophoresis induces air pocket by applying low-frequency (20 kHz)
ultrasound waves, which is known as cavitation, allowing the SC to
be disrupted, and enhancing the skin permeability.[164, 165] Similar
to electroporation, the regions of the high permeability of the skin
resulting from the sonophoresis have been referred to as LTRs.
Morimoto

et al. elucidated that sonophoresis increased the

transdermal transport of hydrophilic solutes (FITC-dextran in this
study, MW of (4.4 to 38) kDa) by inducing convective solvent flow

via newly developed routes, in addition to via both corneocytes and
SC lipids.[166] Sonophoresis has been reported to enable the
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transdermal delivery of various macromolecules, such as low
molecular

weight

heparin,[167]

insulin,

erythropoietin,[168] and cyclosporine.[169]
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interferon-gamma,

Table 2.2. Physical penetration enhancement (PPE) techniques for
transdermal drug delivery
PPEs

Mechanisms of

Energy

action

source

Electrorepulsion for
Ionto

charged
molecules and

Current
density

-phoresis

electro-

(~0.5

osmosis for
uncharged

2

mA/cm )

Advantages
Negligible pain
and damage to
skin tissue
Controllable

Limited size
of transport

administration/
discontinuation

molecules
Altering lipid

Electro
-poration

Limitations

Potential

bilayers and

High-

Enhanced

causing the
formation of

voltage
electric

transport of
drugs

localized
transport

pulse
(~ 50 V)

regions (LTRs)

Controllable
administration/

damage

to

skin tissue
Requirement
of complicate
equipment

discontinuation

Sono
-phoresis

Altering lipid
bilayers and

Low-

causing the

frequency

Enhanced

formation of
localized

ultrasound
waves

transport of
drugs

transport

(~20 kHz)

regions (LTRs)

Potential
damage to
skin tissue
Requirement
of complicate
equipment
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CHAPTER THREE
Hydrogel-Based Janus Patch
for Wound Repair
3.1 Introduction
Traditionally manufactured wound dressing, such as gauze,
often fails to protect wounds against bacterial infection in wet
conditions. Moreover, gauze-based dressings often attach and clot
with wound tissues in a dehydrated condition, which may cause
serious pain during dressing changes.[170] Many functionalized
wound dressings have been commercially developed, such as
TegadermTM thin film (3M), which can prevent moisture from drying
and repel water from outside.[171-173] Even though the moist
condition favors the wound healing process, the over-hydrated
condition may hinder skin tissue regeneration. In particular, overhydration in the form of an excess amount of exudate accumulation
may cause a greater risk of infection and requires frequent dressing
changed.[174] Therefore, excess exudate removal that complements
the optimized hydrated microenvironment should be considered when
designing wound dressing biomaterials.[170, 175] In addition,
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preventing bacterial infection is as important as controlling the
hydrated microenvironment in a wound dressing biomaterial.
Previously, antibacterial and superhydrophobic environments have
been applied via the sol-gel coating method.[176, 177] In spite of
providing a homogeneous coating, this sol-gel coating method
requires the time-consuming dipping and drying procedures.[178]
Therefore, a simple method to introduce antibacterial property onto
dressing substrate is desirable.
Membrane-based biomaterials have been utilized in a variety
of biomedical applications, including skin regeneration, artificial blood
vessel construction, and cranial bone regeneration.[179-181] In
terms of skin regeneration, novel technologies that incorporate both
antibacterial

property

and

therapeutic

properties

have

been

demonstrated. Chong et al. fabricated the membrane for skin
regeneration based on the electrospinning technique.[182] The
electrospinning process produces non-woven membranes with
varying fiber diameter ranging from a few nanometers to hundreds of
nanometer. These functional electrospun fibers, which enhanced cell
migration, were sprayed on polyurethane membranes for improved
wound healing. Another strategy can be taken by functionalizing
commercially used bandages. Recently, Castleberry et al. fabricated
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a nanometer-scale coating of small interfering RNA (siRNA) via the
layer-by-layer (LBL) technique onto a commercially available nylon
bandage as a substrate.[183] These dual functional properties can
be achieved by Janus based approaches. Janus property describes a
material with two sides with each unique characteristic.[184, 185] In
particular, devices with Janus property have been applied to several
interface regions in our body, including skin, mucosae, and
gastrointestinal tract.[16, 186] In terms of skin application, the Janus
dressing materials should display dual-functional property that
allows the maintenance of therapeutic and moist conditions on the
wound facing surface, and simultaneously protect the wound from
harmful external environments such as mechanical, chemical, and
biological factors.[187]
In this study, we demonstrate a facile method for the
preparation of multifunctional membranes for skin regeneration.
Through initiated chemical vapor deposition (iCVD) technique, which
is a solventless and low-temperature process, a thin film of
fluoropolymer was evenly coated onto polyester fabric, and Janus
property was introduced with exposure of hydrophilic carboxylic acid
on one side.[15] Fluoropolymers have been abundantly used in
medical products owing to their hydro- and oleophobicity [188].
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Superhydrophobicity induced by fluoropolymer subsequently lowers
surface energy that inhibits bacterial adhesion.[189] Tomšič et al.
demonstrated that the low surface energy prevents and hinders
bacterial adhesion, which is called ‘passive antimicrobial activity’,
and it is distinct from the antibacterial property from various chemical
agents.[190] We tried to overcome the limitation of traditional wound
dressing

material

by

rendering

fluoropolymer,

poly(3,3,4,4,5,5,6,6,7,7,8,8,9,9,10,10,10-heptadecafluorodecyl
methacrylate) (PHFDMA), onto commercially available polyester
fabric. The antibacterial property of the finished membrane with the
fluoropolymer was examined. Moreover, in order to provide
therapeutic functions to the Janus membrane, we applied the
hydrogel-based approach. Gelatin is biocompatible, non-toxic, and
relatively low-cost biomaterial. Gelatin-based materials have shown
to accelerate wound closure and promote the quality of regenerated
skin tissue [173, 191]. In this study, photo-cross-linkable gelatin
methacrylate (GelMA) hydrogel was immobilized onto the hydrophilic
surface of the Janus membrane. In addition, we introduced
recombinant human vascular endothelial growth factor (rhVEGF) into
GelMA hydrogel, which has been demonstrated to play a significant
role in skin regeneration by promoting angiogenic response.[192]
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The therapeutic effects of hydrogel functionalized Janus membrane
were verified in full-thickness skin defected model. Finally, this allin-one system suggests an innovative strategy for hydrogel
incorporated wound dressing biomaterial.
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Figure 3.1. Fabrication scheme for hydrogel functionalized Janus
membrane for a wound dressing biomaterial.
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3.2 Materials and methods
3.2.1 Janus membrane preparation
Commercially used polyester fabric (PRT 1091, Puritech Co,
Ltd., Pyeongtaek, Korea) was used as a substrate for fabricating
Janus substrate. The polyester fabric was functionalized with
poly(3,3,4,4,5,5,6,6,7,7,8,8,9,9,10,10,10-heptadecafluorodecyl
methacrylate) (PHFDMA) using initiated chemical vapor deposition
(iCVD) process as previously described.[15] The HFDMA monomer
(97%, Sigma Aldrich) was heated to 75℃, and tert-butyl peroxide
(TBPO; Sigma Aldrich) (98%) initiator was kept at room temperature
without any purification. Both monomer and initiator flow into the
iCVD chamber (Daeki Hi-Tech., Korea) with a flow rate of 1 sccm
each. The substrate temperature was kept at 37℃ for monomer
adsorption, and the chamber pressure was kept at 80 mTorr. The
filament temperature was heated to 210℃ for initiation. PHFDMA
film with 100 nm thickness was conformally deposited onto the
substrates at the rate of 25 nm/min. For making one side of the fabric
hydrophilic, the coated fabric was placed on a 1 M KOH (aq) solution
for 3 h after the deposition of PHFDMA. The hydrophilic surface
could be obtained by inducing the cleavage of the ester bond, which
resulted in the exposure of the carboxylic acid group.
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3.2.2 Physical properties of Janus membrane
Porous structure and water-repellent property of the Janus
membrane were characterized. For observing water-repellent
property, the water droplet was pipetted to the uncoated membrane
and hydrophobic surface of the Janus membrane. The images were
captured using a digital microscope (Dino-Lite).

3.2.3 Antibacterial analysis
The antibacterial ability of the hydrophobic surface was
analyzed by modifying the Transfer Method (EN ISO 20743;
2007).[176] For confirming the bacterial growth reduction effects of
the PHFDMA-coated membrane, the test samples were cut into 10
mm x 10 mm and sterilized with exposed to UV for 30 min and
attached to the agar plate right after bacteria inoculation. After 6 h
and 24 h, the test samples were detached and put into LB broth,
followed by vigorous vortex for 1 min to detach the bacteria. The
absorbance of the suspension was measured at 600 nm for estimating
the number of bacterial cells from optical density with normalized to
pure LB media (Eppendorf Biospectrometer®). The value was
normalized to that of the uncoated membrane after incubated for 24
h and bacterial growth reduction rate was calculated as follows;
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𝑂𝐷𝑐 − 𝑂𝐷𝑠⁄
𝑂𝐷𝑐 𝑋 100 (%)

Equation (3.1)

, where ODc and ODs represent the absorbance values resulted from
uncoated and PHFDMA-coated samples, respectively.
For estimating bacterial attachment, the agar plates were
prepared, and both bacterial species were inoculated enough to
compactly cover the agar plates. The test samples were placed on
the bacterial plate and pressed down for 60 s using 50 g cylindrical
mass.

The test samples were soaked into LB broth, followed by

vigorous vortex for 1 min to detach the bacteria. The absorbance of
the suspension was measured at 600 nm.

3.2.4 In vitro cell culture
NIH-3T3 mouse fibroblasts were maintained in growth medium
(Dulbecco’s modified Eagle’s medium; DEME) that contained 10%
fetal bovine serum (FBS), 1% L-glutamine and 1% penicillinstreptomycin, and these reagents were purchased from Gibco®.
Human umbilical vein endothelial cells (HUVECs; Lonza) were
maintained with endothelial cell basal medium-2 (EBM-2; Lonza,
Walkersville, MD) supplemented with EGMTM-2 singleQuots®. The
medium was exchanged every day. Human outgrowth endothelial cell
cells (OECs) were isolated from human umbilical cord blood, as
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described in the previous report.[193] OECs were maintained in the
above-mentioned EBM-2 medium except for hydrocortisone.
HUVECs and OECs were cultured on the gelatin-coated tissue
culture plate (Millipore, Embryomax®, Ultrapure water with 0.1%
gelatin), and the medium was changed every day.

3.2.5 Synthesis of methacrylate-incorporated gelatin (GelMA)
hydrogel
The methacrylated gelatin (GelMA) was synthesized, as
previously described.[194] The gelatin from porcine skin (Type A,
Sigma-Aldrich) was dissolved in phosphate-buffered saline (PBS;
Gibco) with 10 w/v % at 60℃. Methacrylic anhydride (MA, SigmaAldrich) was pipetted into a gelatin solution with a rate of 0.5 mL/min,
and the final concentration of MA to gelatin was 8 v/v %. After 3
hours of reaction, a five-fold PBS was added to stop the reaction,
and the solution was transferred into the 12-14 kDa cutoff dialysis
membrane. The mixture was dialyzed against D.I. water for one week
at 50℃. GelMA solution was frozen at -80℃, followed by lyophilized
for one week. The incorporation of MA into gelatin was confirmed via
1

H NMR analysis with dissolved in D2O to detect the peaks

corresponding to vinyl protons of incorporated methacrylate. The
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synthesized GelMA was stored at -20℃ until used.

3.2.6 Characterization of the hydrogel
The

mechanical

properties

of

GelMA

hydrogel

were

investigated with a compressive test. The concentration (5, 10, and
15 w/v %) and UV irradiation time (2.5 and 5 min) were adjusted as
variables. The polymeric solution containing photoinitiator (Irgacure
2959, 0.5 w/v %) was pipetted into a plastic mold, followed by UV
polymerization at different time points. The fabricated hydrogel had
a diameter of 6 mm and a height of 4 mm. After swollen in PBS for a
day, the stress-strain curve was obtained by compressing the
hydrogels using Instron (Instron 5966, Instron Corporation), and the
compressive modulus was calculated from a linear region of the
curves.

For

enzymatic

degradation

test,

collagenase

typeⅡ

(Worthington Biochemical Corp., 0.5 U/mL) was used. The hydrogel
was prepared as aforementioned and put it into a 24-well plate.
After swollen until equilibrium, 0.5 mL of the collagenase solution
was applied to the hydrogel and incubated at 37℃. Mass of hydrogel
was measured in swollen states. The solution was changed every 23 days.
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3.2.7 Janus membrane functionalization with GelMA hydrogel
The absorbed state of the GelMA solution into the Janus
membrane was observed with reacting to a fluorescent GelMA
hydrogel with a hydrophilic surface. The rhodamine B isothiocyanate
(RITC)-conjugated

GelMA

was

synthesized

as

previously

described.[195] Janus membrane was cut into 48 well plate size, and
RITC-GelMA polymeric solution was pipetted into the hydrophilic
surface and allowed to be reacted for 3 h at 37℃. After blotting
residual solution, a cross-section image was taken as well as both
hydrophilic and hydrophobic surfaces under a fluorescent microscope.
For immobilizing the hydrogel into the hydrophilic surface, 30
mm x 10 mm Janus membrane was prepared and reacted with N(3-Dimethylaminopropyl)-N′-ethyl carbodiimide hydrochloride
(EDC;

Sigma-Aldrich)

and

Hydroxy-2,5-dioxopyrrolidine-3-

sulfonic acid sodium salt (Sulfo-NHS; Sigma-Aldrich) (EDC/NHS
coupling) with a molar ratio of EDC (50 mM) to Sulfo-NHS of 2:1 in
MES buffer (pH=5) for 1 h at RT. After washing with PBS for 1
min, GelMA polymeric solution was reacted with membrane for 1 h
at 37℃. Already prepared GelMA hydrogel (10 mm x 10 mm x 2 mm),
which had been slightly UV-polymerized for 30 s, laid between Janus
membrane that was absorbing polymeric solution and further
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polymerized under UV irradiation for 3 min.

Effect of EDC/NHS

coupling on immobilization of hydrogel was estimated by measuring
adhesive strength obtained from pulling it toward the opposite
direction, followed by calculated as follows;
Hydrogel adhesive strength = F/A

Equation (3.2)

, where F and A represents applied load and adhesive surface area,
respectively.

3.2.8 In vitro biocompatibility
Uncoated and Janus membrane was cut into a square shape with
10 mm x 10 mm and sterilized by UV light for a day. The samples
were fixed to the bottom of the 24 well plate using carbon tapes with
the hydrophilic surface facing upward direction, and the uncoated
membrane was also used as the control. After UV-sterilized, NIH3T3 mouse fibroblast cells (5 x 104 per each sample) were seeded
and maintained. Biocompatibility of GelMA hydrogel with and without
rhVEGF (290-VS/CF; R&D system, 0.1 µg/mL) were also analyzed.
HUVECs and OECs were encapsulated in 10 w/v % GelMA hydrogel
with a cellular density of 4 x 106 cells/mL, and the hydrogel were
polymerized by UV irradiation for 3 min.

Cytotoxicity was

confirmed using the Live/Dead assay kit (Invitrogen), which contains
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calcein-AM (live cells, green) and ethidium homodimer-1 (Eth-1)
(dead cells, red).

The fluorescence image was obtained by using a

fluorescence microscope (AMF4300, EVOS, Life Technology) or
laser scanning confocal microscope (Olympus FluoView FV1000),
and the cell viability was calculated as the number of live cells per
the number of total cells.

3.2.9 In vitro cell proliferation
Cell proliferative behavior was analyzed via alamarBlue®
(Invitrogen) cell proliferation assay. For estimating cell seeding
efficiency on the uncoated membrane and hydrophilic surface of the
Janus membrane, the samples were cut into 10 mm x 10 mm size and
placed in 24-well plates each, followed by soaking the samples with
NIH-3T3 mouse fibroblasts (2.5 x 104 cells per 500 µL). 1.0 x 104
cells were also seeded onto the well plate as a control. After
maintained for 4 h, the membranes were transferred into a fresh 24well. According to manufacturer’s protocol, the samples were
incubated culture medium with an alamarBlue® reagent for 4 h, and
the relative fluorescence intensity was measured using fluorescence
spectroscopy (Infinite® 200 PRO TECAN Ltd.) at λex=560 nm
and λem=590 nm.
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For evaluating proliferation rate NIH-3T3 cells on different
concentrations of GelMA hydrogel, 60 µL of hydrogel solution (5, 10,
15 w/v %) was pipetted into a 96-well plate and UV irradiation for 5
min.

Cells were seeded on the hydrogel with the number of 5 x 10 3

cells each, and the proliferative rate compared to day 0 was estimated.

3.2.10 Release kinetic analysis
For characterizing protein release profile from GelMA hydrogel,
FITC-conjugated bovine serum albumin (FITC-BSA; SigmaAldrich) was incorporated into the GelMA solution with 0.01 w/v %.
The hydrogels were exposed to collagenase typeⅡ (0.5 U/mL). The
released amount of FITC-BSA was calculated from the fluorescence
intensity at λex=490 nm and λem=525 nm.

3.2.11

HUVECs

adhesion

on

GelMA

hydrogel

and

biofunctionality of rhVEGF
GelMA hydrogels with and without rhVEGF were fabricated by
pipetting the polymeric solution into rubber mold that had an 8 mm
diameter and 1 mm depth, followed by UV irradiation for 3 min. 20
µL of HUVECs suspension containing 1 x 104 cells were put on the
surface of GelMA hydrogels and incubated for 3-4 h to allow cell
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adhesion on the hydrogel surface. The cells were maintained with
HUVECs culture medium without containing rhVEGF components.
After 48 h, cells were fixed, permeabilized, and blocked, followed by
staining with Alexa Fluor® 488 azides and DAPI for visualizing Factin filament and cell nuclei, respectively. The images were taken
by a fluorescence microscope (EVOS), and cell density, percent area,
and the number of ring formation was quantified from at least 5
pictures using ImageJ.

3.2.12 In vivo wound healing analysis
All the in vivo experimental procedures were maintained in
accordance with the Guide for the Care and Use of Laboratory
Animals by the Seoul National University. 8 weeks old female balb/cnude mice (OrientBio Co., Republic of Korea) were used for wound
healing experiments. Anesthesia was performed with Zoletil 50®
(Virbac) and Rompun® (Bayer), and full-thickness wound on dorsal
skin was made using a biopsy punch with a diameter of 8 mm. For
limiting contractile effects on healing, peripheral regions of the injury
were anchored with subcutaneous tissue. The hydrogel constructs of
100 µL were once inserted into wound sites during healing (rhVEGF
concentration as 0.1 µg/mL, 10 ng per constructs). All of the wound
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coverages, TegadermTM, and Janus membrane, were changed every
6 days. The reduction in wound size was measured based on the size
of the rubber ring.

3.2.13 Histological analysis and vessel formation in vivo
Mice were sacrificed by excess CO2 exposure after 15 days,
and dorsal skin was collected for histological analysis. After fixed
with

4%

paraformaldehyde-PBS

solution,

the

tissues

were

embedded in paraffin and sectioned into 5 µm-thickness, followed by
hematoxylin and eosin (H&E) staining.

Vessel formation was

quantified from a high power field (HPF) 40X magnified images. At
least 9 images of HPF were randomly taken, and the number of vessel
formation per HPF was quantified.

3.2.14 Statistical analysis
Experiments were carried out at least three times of statistical
analysis. Quantitative data were expressed as means ± standard
deviations. The paired student’s t-test was used to estimate
statistical significance.
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3.3 Results and discussion
3.3.1 Preparation of Janus membrane and characterization
For wound dressing applications, antibacterial property along
with water-repellent and air permeability properties should be
considered. Using a commercially available polyester membrane with
a macroporous structure, we fabricated hydrogel immobilized and
functional Janus membranes and evaluated them for wound dressing
material. In order to functionalize antibacterial property onto medical
devices,

various

techniques

have

been

attempted,

such

as

incorporating antibacterial chemical moiety/agents and dip-coating
methods.[196, 197] In this study, we have utilized the iCVD
technique for fluoropolymer functionalization of the polyester
membrane. A schematic illustration of the experimental procedure is
shown

in

Figure

3.1.

poly(3,3,4,4,5,5,6,6,7,7,8,8,9,9,

A

hydrophobic

fluoropolymer,

-10,10,10-heptadecafluorodecyl

methacrylate) (PHFDMA), was coated onto polyester membrane via
iCVD process. Floating the PHFDMA-coated membrane on 1 M KOH
aqueous solution, hydrophilic carboxylic acid groups became exposed
to endow the membrane Janus property. The growth factor
incorporated GelMA hydrogel was immobilized onto the hydrophilic
surface

of

the

Janus

membrane
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via carboxylic acid-amine

conjugation reaction, which substantially improves the mechanical
stability of hydrogel.
The membrane used in this work is comprised of woven
polyester micro-fibers fabric with macroporous structure, thus
highly permeable to air and/or moisture. The materials detail of
polyester fabric were characterized (Figure 3.2A and B, and Table
3.1). In terms of water-repellency, uncoated membrane absorbed
water immediately and allowed penetration of water. On the other
hand, despite its macroporous structure, the PHFDMA-coated
surface repelled water droplet, and no water penetration into the
inner surface occurred (Figure 3.2C and D). In fact, the iCVD
modification method is preferred on macroporous and ununiformed
surfaces because it allows uniform vapor-phase polymerization
without surface deformation at a microscopic level.[15] PHFDMA
was applied onto the macroporous polyester membrane since a
porous feature of wound healing dressing is desirable for air
exchange to promote wound healing for oxygen exchange vital for
fibroblast proliferation, collagen synthesis, and poly-morphonuclear
cell functions.[198] The air permeability of the membrane was
measured using High precision film flow meter (SF-1U, HORIBA,
Kyoto, Japan); however, the air permeability of the membrane was
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over the limitation (1000 mL/min). Although this data was not shown,
we could ensure that this membrane would play as a breathable
wound dressing. We also demonstrated that fabrication of Janus
membrane was reproduced onto other materials for medical purposes,
3M CobanTM self-adherent wrap (3M Co. Minnesota, USA) and
commercially available pressure bondage (Daehan Medical, Seoul,
Korea) (Figure 3.3), indicating that we can readily prepare
hydrogel-immobilized Janus membrane with diverse substrate
materials.
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Table 3.1. Physical properties of polyester fabric
Fiber width

Mesh width

Thickness

Porosity

16.63 ±
1.82 µm

188.67 ±
33.97 µm

398 ± 40 µm

14.76±1.92 %

Figure 3.2. Physical properties and blocking of water penetration of
the Janus fabric. (A) The polyester fabric has a macroporous
structure that allowed permit the gas and water vapor transition
(Scale bar=1mm). (B) SEM image shows the microstructure of fiber
mesh of fabric and indicates the mesh size and distance between each
meshes. (C) As bare polyester fabric is innately water absorbable,
water could penetrate through it when excess of water is added
(dotted circle), however, (D) hydrophobic surface of Janus fabric has
water repellent property, despite its macroporous structure.
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Figure 3.3. Fabrication of Janus membrane using commonly used
materials for medical purposes. The Janus properties could be
introduced on 3M CobanTM self-adherent wrap (3M Co. Minnesota,
USA) and commercially available pressure bondage (Daehan Medical,
Seoul, Korea), as well as filter paper (Cat No. 1003 110, Whatman®,
GE Healthcare Life Sciences, Germany). Hydrophobic top layer
represented excellent water repellency with the water contact angle
of 143.27o on the filter paper, 132.38o on the 3M CobanTM selfadherent wrap and 141.96o on the pressure bandage, while
hydrophilic bottom layer had good wettability (black dye was used to
visualize the water droplet).
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3.3.2 Antibacterial ability and biocompatibility of Janus
membrane
The fluoropolymers-derived superhydrophobic fabrics have
been developed;[199] however, we demonstrated its antibacterial
activity for the first time using PHFDMA. The antibacterial ability of
the PHFDM-coated membrane was assessed with Escherichia coli
(E. coli) (DH5α) and Staphylococcus aureus (S. aureus) by checking
the growth rate (Figure 3.4A). Bacterial cells were adhered to on the
PHFDM-coated membrane and uncoated membranes by incubating
them on bacteria-inoculated agar plates for 6 and 24 h (Figure 2AE). Adhered E. coli and S. aureus were detached from membranes by
vigorous shaking, and the absorbance at 600 nm (OD600) was
measured. The bacterial suspension from the uncoated membrane
was more opaque than suspension from the PHFDMA-coated
membrane (Figure 3.4B and D). In addition, quantified values from
optimal density showed a significant decrease (Figure 3.4C and E).
Growth

reduction

was

calculated

from

Equation

(3.1)

and

summarized in Table 3.1. It suggests that hydrophobic PHFDMAcoating effectively reduced bacterial growth. Furthermore, we
carried out bacterial adhesion tests by placing PHFDMA-coated and
uncoated membranes onto the colonized agar plate. Membranes were
７９

pressed down for 60 seconds, and the attached bacterial cells were
measured at OD600 after detachment (Figure 3.4F). The uncoated
membrane allowed bacterial cell adhesion that resulted in significant
bacterial

colony

transfer.

In

contrast,

the

PHFDMA-coated

membrane displayed highly reduced bacterial colony transfer (Figure
3.4G, black arrow, and white dotted square indicated region where
uncoated and PHFDMA-coated membrane had been attached,
respectively). The relative amount of attached bacterial cells on the
PHFDMA-coated membrane is about 26.30 % against E. coli and
17.15 % against S. aureus compared to the uncoated membrane
(Figure 3.4H). An important factor in evaluating the antibacterial
property of wound dressing materials is the longevity of the
bactericidal activity either in preservation or on the wound site. A
previous study by Yoo and colleagues has demonstrated the longterm stability of PHFDMA coating via the iCVD process.[199] Our
study demonstrated that the PHFDMA fluoropolymer coating on a
macroporous membrane was a very effective method to prolong the
antibacterial activity in vitro. Additionally, despite its macroporosity
of the membrane utilized in our study, the PHFDMA modification
displayed water-repellent property that can inhibit the watermediated microbial penetration. Thus, we concluded that PFHFDMA
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coating displayed antibacterial property by inhibiting the growth and
attachment.

Table 3.2. Comparison of E. coli and S. aureus growth reduction rate
on both uncoated and PHFDMA-coated polyester membranes
Bacterial growth reduction (%)
Species

Samples

6h

24 h

E. coli

Uncoated
PHFDMA

82.74 ± 1.65

86.77 ± 1.48

S. aureus

Uncoated
PHFDMA

81.51 ± 9.74

93.21 ± 5.33
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Figure 3.4. Assessment of antibacterial property of the Janus
membrane. (A) Bacterial plates are prepared, and the membranes
were challenged to the bacterial exposure for 6 h and 24 h at 37ºC.
Bacteria attached to membranes were detached into Luria broth with
vigorous vortexing, and the absorbance of suspension was measured.
Gross image of Luria broth showing inhibition of bacterial attachment
against (B, C) E. coli and (D, E) S. aureus on PHFDMA coated
membrane. (F) The inhibition of bacterial attachment was analyzed
by pressing down the membranes on the agar plate where bacterial
colonies exist compactly. (G) Images of agar plate after detaching
the membrane. Uncoated membrane absorbed the most amount of
bacterial colony at contact region (black arrow), while the colonies
were left as its original state even after contact with the PHFDMAcoated membrane (white dotted square). (H) Quantitative analysis
based on absorbance at 600 nm (OD600) of the bacteria-attached
samples, showing a significant reduction in the bacterial attachment
in the PHFDMA-coated membrane. (***p<0.001).
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We further examined the biocompatibility of the hydrophilic
surface of the Janus membrane as it is in contact with the wound site.
NIH-3T3 mouse fibroblasts (2.5 x 104 cells per 500 µL) were
seeded onto the uncoated membrane and hydrophilic surface of the
Janus membrane (10 mm x 10 mm size). After 4 h, the seeding
efficiency was evaluated. Seeding efficiency was 31.53% for the
uncoated membrane and 24.54% for hydrophilic surface, respectively
(Figure 3.5A). In addition, cellular proliferation was assessed by the
alamarBlue®

assay

kit,

where

the

uncoated

membrane

and

hydrophilic membrane supported cell growth (Figure 3.5B). Finally,
the biocompatibility of the membrane was assessed by Live/dead
analysis (Figure 3.5C). Quantitative analysis of live/dead cells
demonstrated that the hydrophilic surface of the Janus membrane
could support over 95 % of viable cells after 3 days (Figure 3.5D).
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Figure 3.5. Assessment of antibacterial property of Janus membrane.
(A) Cell seeding efficiency on uncoated and hydrophilic surface of
Janus membrane. (B) Relative fluorescence intensity derived from
NIH-3T3 mouse fibroblast cells adhered on TCP, uncoated
membrane and hydrophilic surface of Janus membrane. The cells
were well alive and metabolized on the membranes. (C, D) The
biocompatibility of the membrane was supported by Live/Dead
analysis after 3 days (live; green, dead; red, arrows indicated dead
cells) (Scale bar=1 mm in upper, and 400 µm in below images), which
represented high viability (>95%).
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3.3.3 Hydrogel characterization for optimal growth factor
release
In the wound healing process, cell proliferation is a very
important factor, especially for re-epithelialization.[200] For skin
regeneration, mainly three types of cells exist keratinocytes,
fibroblasts, and endothelial cells for vascularization, and each cell
represents a unique response to scaffold characteristics. Previous
studies demonstrated that higher stiffness could support cell growth
of keratinocytes and fibroblasts better than ones with lower
stiffness.[201, 202] Thus, prior to applying to the skin wounds,
GelMA hydrogel was evaluated on the basis of its mechanical
properties, degradability, and cell proliferative ability by varying the
GelMA concentration and UV irradiation time.
Initially, the synthesis of GelMA was confirmed via 1H-NMR by
detecting peaks corresponding to vinyl protons at 5.3 and 5.6 ppm in
the 1H-NMR spectrum, as previously reported (Figure 3.6A).[194,
203] Compressive modulus of hydrogels according to the UV
irradiation time was obtained from the linear region in the stressstrain curve (Figure 3.6B). The compressive stress became higher
with increasing polymeric concentration and UV irradiation time. The
enzymatic degradation profile of GelMA hydrogel was also analyzed.
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Hydrogels in 5 w/v % were fully degraded within 4 days. On the other
hand, hydrogels remained after 9 days with samples above 10 w/v %.
(Figure 3.6C). These mechanical characteristics of GelMA hydrogels
utilized in our study were comparable to the previously reported
result.[204] In order to evaluate the growth factor release profile
from 10 w/v % GelMA hydrogel, fluorescein isothiocyanateconjugated bovine serum albumin (FITC-BSA) was encapsulated
and monitored for their release kinetic. In order to recapitulate the
enzyme-mediated in vivo degradation, GelMA hydrogels were
immersed in a 0.5 U/mL collagenase solution (Figure 3.6D). There
was an initial burst of FITC-BSA release, and the GelMA hydrogel
exhibited a sustained release profile of up to 16 days. Cell
proliferation rate on hydrogel was determined using alamarBlue® cell
proliferation assay kit with NIH-3T3 mouse fibroblast (Figure 3.6E).
GelMA hydrogel with a concentration of 10 and 15 w/v % effectively
supported cell proliferation during 7 days. Thereafter, we selected
10 w/v % with polymerized for 5 min for further in vitro and in vivo
analysis.

８６

Figure 3.6. Characterization of GelMA hydrogel. (A) GelMA was
synthesized successfully, which could be analyzed using 1H NMR. (B)
The stress-strain curve of GelMA polymerized for both 2.5 min and
5 min was showing the compressive stress increased with increasing
GelMA concentration and UV irradiation time. (C) The degradation
profile showed that the degradative rate would be adjusted by
controlling the concentration and UV irradiation time. (D) On
hydrogel with 10 w/v % and 5 min-UV irradiation, a protein-release
test was carried out using FTIC-BSA by soaking the hydrogels in
PBS and collagenase (0.5 U/mL) in order to predict the release
kinetics of rhVEGF. (E) NIH-3T3 mouse fibroblast was seeded on
the GelMA with only 5 min gelation, and a higher cell proliferative
rate was represented in 10 and 15 w/v % GelMA.
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3.3.4 In vitro biocompatibility and biofunctionality of
rhVEGF-incorporated GelMA hydrogel
We evaluated the biocompatibility of the rhVEGF-GelMA
hydrogel using two endothelial cells: human umbilical vein endothelial
cells (HUVECs) and human blood outgrowth endothelial progenitor
cells (OECs) (Figure 3.7A and B). The cells (2x104 cells per 50 µl
hydrogel

construct) were

encapsulated

in

GelMA hydrogels.

Through the Live/Dead analysis after 24 h, encapsulated cells in
GelMA showed a little cytotoxic effect. In addition, rhVEGF (0.1
µg/mL) incorporation into GelMA hydrogel did not significantly alter
cell viability.
In previous reports, it was demonstrated that GelMA hydrogel
could support the aggregation, proliferation, and lumen-like ring
structure of endothelial cells on its surface.[205, 206] It was also
described that VEGF-laden hydrogel could increase the mean
percent area of endothelial cells and the formation of capillary lumen
networks.[207] To further confirm the biofunctionality of rhVEGF
within GelMA hydrogel, we evaluated the effect of released rhVEGF
on HUVECs adhered to the surface of the hydrogel by visualizing the
morphological difference from GelMA hydrogel with and without
rhVEGF after 48 h. From the F-actin/DAPI stained images, we
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quantified cell density, percent area of the cell, and the number of
lumen-like ring structures (Figure 3.7C). Enhanced cell aggregation
and formation of lumen-like ring structures were shown in rhVEGFincorporated GelMA hydrogel (Figure 3.7D-F). These in vitro
results would display functional features of in vivo vascular formation
during the wound healing procedure.
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Figure 3.7. Biological properties of the rhVEGF-GelMA hydrogel. (A)
Biocompatibility of GelMA without and with rhVEGF was assessed
through Live/Dead assay by 3D encapsulating HUVEC and OEC cells
within the hydrogel after 24 h (Scale bar=200 µm). (B) The
calculated viability indicated most of the cells were alive in all groups.
(C) Biofunctionality of rhVEGF was analyzed by F-actin/DAPI
staining of HUVECs on GelMA hydrogel (Scale bar=400 µm). (D)
Cell density, (E) % area and (F) the number of ring structures based
on the images were quantified using ImageJ (*p<0.05, ***p<0.001).
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3.3.5 GelMA hydrogel immobilization onto Janus membrane
In our study, GelMA hydrogel was immobilized on to the Janus
membrane for therapeutic delivery and moisture retention. Prior to
the immobilization, simple base-catalyzed hydrolysis of PHFDMA
converted the fluoropolymer surface into a carboxylic acidcontaining hydrophilic surface, therefore exhibiting the Janus nature
of the membrane. This carboxylic acid group was reacted with excess
GelMA solution with EDC/NHS coupling. Furthermore, GelMA
hydrogel was immobilized onto the hydrophilic surface of the Janus
membrane

via

carbodiimide

hydrochloride

N-(3-Dimethylaminopropyl)-N′-ethyl

dioxopyrrolidine-3-sulfonic

(EDC)
acid

sodium

and
salt

hydroxy-2,5(Sulfo-NHS)

(EDC/NHS coupling) induced GelMA coupling followed by UVinduced crosslinking (Figure 3.8A). This allowed a firm and stable
amide bonds formation of GelMA onto the hydrophilic side. In order
to assess the directional incorporation of GelMA, the Janus
membrane was dipping into Rhodamine B isothiocyanate (RITC)conjugated GelMA solution (Figure 3.8B). Hydrophobic surface
hardly displayed GelMA adsorption, while the GelMA solution was
specifically adsorbed and incorporated onto the hydrophilic side.
Furthermore, a cross-sectional view of the Janus membrane
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displayed a clear boundary in the middle that separates the
hydrophobic and hydrophilic interface, and RITC-conjugated GelMA
was located only in the hydrophilic region. In addition, hydrogel
binding force via EDC/NHS coupling on to hydrophilic surface was
evaluated via tensile test by pulling membrane from opposite
directions (ASTM F2255-05) as a previously reported method
(Figure 3.8C),[208] then hydrogel adhesive strength was calculated
from Equation (3.2). It revealed limited hydrogel adhesion on the
hydrophilic surface can be achieved due to the macroporous and
internetwork structure of the membrane; however, EDC/NHS
coupling displayed an additive strength that allowed higher adhesion
strength. After tensile strength measurement, hydrogels did not
remain on the Janus membrane, indicating that the breaking occurred
on the interfacial surface of immobilization.
We

further

evaluated

the

interfacial

characteristic

of

immobilized GelMA hydrogel on the Janus membrane by SEM
analysis (Figure 3.8D). The immobilized GelMA hydrogel (dotted
arrow) was well integrated into the fiber network (solid arrow). In
addition, the strength of the hydrogel adhesion on to the hydrophilic
surface was confirmed as the GelMA hydrogel had a sufficient binding
force against bending, which allowed hydrogel to be easily
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manipulated. This feature would allow the uniform hydrogel covering
the concave and/or convex region on the skin. Similarly, we have
applied hydrogel-laden paper substrates for origami-based shape
manipulation.[209] This approach of the membrane-immobilized
hydrogel may allow complex shape deformation of post-crosslinked
hydrogel to adapt to complex contours of skin tissues.
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Figure 3.8. Hydrogel immobilization on the hydrophilic surface of the
Janus membrane. (A) Reaction scheme of the immobilization process
of GelMA hydrogel. Amide bonds are formed via EDC/NHS coupling,
followed by UV polymerization. (B) (i) RITC-conjugated GelMA (red)
polymeric solution was not absorbed on a hydrophobic surface (red
color in the hydrophobic surface was attributed to auto-fluorescence
of the polyester membrane), (ii) but retained within the hydrophilic
surface. (iii) It could be clearly observed that the polymeric solution
was placed from the hydrophilic surface to midline between both
surfaces. (C) Hydrogel adhesion strength was measured by pulling
GelMA hydrogel immobilized with and without EDC/NHS coupling in
the opposite direction and Quantitative analysis of hydrogel adhesive
strength in a wet and dry state. (D) SEM image of immobilized
hydrogel penetrated in the intervals of membrane’s fibrous structure
(solid: fibrous membrane structure; dotted: GelMA hydrogel; Scale
bar=200 µm) and flexibility of GelMA-immobilized Janus membrane
indicated that it could be applied to any convex and/or concave region
of wounds (GelMA hydrogel was mixed with red dye for visibility).
(*p<0.05, **p<0.01).
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3.3.6 In vivo wound healing application
Would dressing is commonly required to be properly designed
to establish and maintain an optimal wound healing environment. In
particular, dehydration of wound sites has been shown to delay skin
regeneration, which usually resulted from using traditional wound
dressing, such as cotton wool and gauze-like the polyester
membrane.[170] Hydrogels are capable of swelling in water and
retain a large volume of liquid in a swollen state. The moisture
provided to the wound may simplify the wound healing phases, such
as granulation, epidermis repair, and removal of excess dead
tissues.[210] In addition to aiding the wound treatment stages, the
cool sensation provided by the hydrogel to the wound may offer pain
relief.[211, 212]
Janus membrane immobilized with GelMA hydrogels with or
without rhVEGF were transplanted into mice with full-thickness
dorsal skin defect models.

We also applied GelMA hydrogel with

commercially available film dressing (TegadermTM) (Figure 3.9A).
During the period of skin regeneration, a typical scab from fibrin clot
was formed in the empty group (no treatment after incision), but no
scab was seen in other groups. Unlike the Janus membrane that
allowed sufficient air permeation through macropores, TegadermTM
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film maintained moisture conditions at wounds with allowing the
accumulation of exudate.
The wound reduction profile showed that hydrogel-treated
groups represented accelerated regeneration compared to the Empty
group (Figure 3.9B). In the overall period, rhVEGF-incorporated
hydrogel showed the highest wound reduction rate. After 6 days,
accumulated exudate was observed in TegadermTM covered group,
while the Janus membrane did not display any exudate leak (Figure
3.9C).
We observed that optimized GelMA hydrogel alone improved
overall wound healing. We speculate that the immobilized GelMA
hydrogel may have improved wound healing via promoting migration
and proliferation of keratinocytes and fibroblasts in the defect site
providing cell adhesion sites. Furthermore, growth factor releasing
hydrogel may potentially result in hair development as Ozeki et al.
demonstrated that the controlled release of growth factors, including
rhVEGF, could act on the hair growth cycle.[213]
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Figure 3.9. Application of hydrogel immobilized Janus membrane in
the skin defect model. (A) GelMA hydrogel was applied to a fullthickness skin defect model covered by the Janus membrane and
TegadermTM thin film. (B) The diagram indicates four assigned
groups in vivo experiments. (C) The macroscopic wound reduction
was observed. Covered by TegadermTM, the wound retained its moist
environment during regeneration; in contrast, the dried states were
observed when covered by the Janus membrane. (D) Wound size was
measured on days 6 and 9, which revealed the effective wound
healing ability of GelMA hydrogel compared to the Empty group. (E)
In both groups, blood and/or exudate was not penetrated outwardly
during treatment, but the exudate was continuously accumulated
when covered by TegadermTM; however, when covered by Janus
membrane, the exudate accumulation was not observed at day 6, and
it appeared clear wound environment (wound sites in dotted circles).
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Histological analysis was performed to evaluate the quality of
regenerated tissues and blood vessel formation. Tissues were
collected after 15 days and visualized with H&E staining (Figure
3.10A). Compared to native tissue, the Empty group showed an
overgrowth of dermal cells. Staining from other groups showed
regenerated tissue that had a similar structure to the native tissue;
in particular, the Janus membrane with GelMA hydrogel displayed a
well-structured

regeneration

appearance.

For

evaluating

the

biofunctionality of rhVEGF within GelMA hydrogel in vivo, the
number of blood vessels per image was counted using a high power
field (HPF, 40X) (Figure 3.10B).
incorporated

GelMA

hydrogel

Janus membrane with rhVEGF

(G+V+J)

showed

the

highest

capability of vessel formation that the regenerated skin contained
nearly three times the number of vessels as an Empty group. Both
Tegaderm with GelMA group (G+T) and Janus membrane with
GelMA group (G+J) had a similar number of newly formed vessels
with supporting its formation more than the Empty group (Figure
3.10C).
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Figure 3.10. Hisological analysis of the regenerated skin. (A) H&E
staining was carried out after 15 days when the wound beds were
closed. The regenerated tissue had a similar structure of dermal
layers with native tissue in Janus membrane-applied groups (Scale
bar=500 µm in upper and 200 µm in below images). (B, C) High
power field (HPF) images showed that rhVEGF-incorporated GelMA
hydrogel enhanced the vessel formation in vivo (*p<0.05 and
**p<0.01).
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In our results, the hydrogel was immobilized onto a
macroporous membrane, which would induce complete dehydration
over an extended ectopic application of the membrane. However,
closer observation of GelMA hydrogel immobilized with Janus
membrane showed that the hydrogel in contact with skin tissue acted
as a barrier to retain moisture and maintained hydrated status (Figure
3.11).

Furthermore,

hydrogel

immobilized

Janus

membrane

accelerated healing rate that is comparable to Tegaderm TM thin film.
Additionally, an increased dermal cell population was evident in the
Empty group, where it has shown to induce scar formation via excess
extracellular matrix secretion (Figure 3.10A).[214]
We hypothesize that the air-liquid interface created by
combined macroporous membrane and hydrogel may have provided
an optimal microenvironment for re-epithelization. Furthermore, due
to the Janus property of our membrane, rhVEGF was released from
the hydrogel in a monodirectional manner, as previously reported.[16]
The hydrogel immobilization on the Janus membrane with a sustained
drug delivery system may well find additional applications in
monodirectional delivery and tissue regeneration.
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Figure 3.11. Moisture environment of inner/outer tissue surface of
wounds after 6 days. The inner surface of all groups maintained a
wet environment similarly. The outer surface of the wound in the
empty group and hydrogel covered with the Janus membrane was
dried, while hydrogel was relatively hydrated when covered with
TegadermTM.
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3.4 Summary
In summary, we have presented a facile method for the
preparation of hydrogel immobilized Janus membrane with controlled
growth factor release profile that should be useful in wound healing
applications. The PHFDMA was functionalized on macroporous
polyester membrane via the iCVD process for antibacterial and
waterproof ability. A hydrophilic surface was obtained via PHFDMA
hydrolysis on one side and chemically modified with GelMA
hydrogels. We have also optimized the crosslinking density of the
hydrogel for controlled growth factor release and enzyme-mediated
degradation. We demonstrated that hydrogel immobilized Janus
membrane can be applied to an in vivo cutaneous excisional mouse
wound model for enhanced air exchange and wound healing.
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CHAPTER FOUR
Hydrogel-Based Iontophoretic Patch for
Transdermal Drug Delivery
4.1 Introduction
The skin is the outermost protective layer of the human body,
and the stratum corneum makes it difficult for drugs to penetrate the
skin.[34] In recent years, the field of transdermal drug delivery
system has been geared toward the development of safe and
efficacious means of delivering therapeutically effective medications
actively across the skin.[215] Among the active methods to deliver
drugs into the skin, iontophoresis has an advantage of minimizing
irritation to the skin compared to other active transdermal delivery
strategies, such as microneedle, electroporation, and thermal
ablation.[216] Iontophoresis has a minor effect on skin structure
over short treatment periods due to the low-voltage nature of the
applied electric current. Iontophoresis typically uses electrostatically
repulsive force for delivering drugs by applying a constant external
current (typically, 0.5 mA cm-2).[216] Our laboratory has recently
reported a portable and disposable device for iontophoresis using
reverse electrodialysis (RED) technology.[217] We and others have
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shown that the RED-driven iontophoresis can effectively deliver
molecules greater than 12,000 Da and overcome the barrier
properties of the stratum corneum.[218] In order to apply the REDdriven system for a universal transdermal drug delivery platform,
several

factors,

such

as

universal

formulation

for

drugs,

biocompatible and flexible drug loading electrode materials, need to
be

considered

in

determining

its

feasibility

for

successful

iontophoretic delivery. Thus, we herein demonstrated that the
encapsulation of drugs in electrically mobile drug nanocarriers (DNs)
would

allow

penetration.

RED-driven
Furthermore,

effective

release

development

of

and

transdermal

biocompatible

and

electrically conductive hydrogel may provide flexible drug loading
reservoir and electrical conduction by RED system.
A hydrogel is a three-dimensional polymer network that can
imbibe a large amount of water, and hydrogel can be utilized as a drug
reservoir for transdermal drug delivery.[219, 220] However, in the
case of utilizing the iontophoresis, typical hydrogels have low
electrical conductivity and insufficient responsiveness to electrical
stimuli.[221] Even though electrical conductivity can be introduced
into the hydrogels by swelling them in the ionic medium, electrolyte
solutes may affect the drug solubility, and electroconductivity
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strength may be diminished as the electrolyte solution leach out.[222]
On the other hand, permanent incorporation of electroconductive
polymers onto hydrogel may provide a prompt and stable response
to

electrical

stimulation.

Several

forms

of

electroconductive

polymers have been utilized not only as biomedical devices,[223225] and also as functional and stimuli-responsive scaffolds for
tissue engineering.[226-230] Among them, polypyrrole (Ppy) is a
promising conductive polymer with having biocompatibility and
inherent conductivity.[231, 232]

In addition, poly (vinyl alcohol)

(PVA) is a hydrophilic synthetic polymer and easy to process in
hydrogel form by simple freeze-thaw (FT) technique.[233, 234]
PVA has been utilized as a drug reservoir for mucoadhesive,
transdermal and other drug delivery applications.[235] In this study,
we incorporated Ppy into PVA-based hydrogel as interpenetrated
polymer network (IPN) structure by sequentially cross-linking Ppy
and PVA, and fabricated polypyrrole-incorporated poly(vinyl alcohol)
(PYP) electroconductive hydrogels that can act as drug reservoir
system.
Nanocarriers have been widely studied for transdermal drug
delivery since they have excellent penetration ability into the
skin.[236, 237] Furthermore, lipid-based nanocarriers can be
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transformed to be electrically mobile by introducing surface charge
onto the nanocarriers to increase the electrical repulsion during
iontophoresis.[238] Therefore, we hypothesize that lipid-based
nanocarriers with charged molecule incorporation may enable the
loading of water-insoluble drugs and facilitate transdermal transport.
In this work, we developed a novel transdermal drug delivery system
of electrically mobile DNs-loaded PYP electroconductive hydrogel
coupled with RED battery (PYP/RED) and investigated how the
electrical property of both the hydrogel reservoir and the DNs affect
the transdermal delivery rate and efficacy. It was anticipated that
electrically mobile DNs permit the lipophilic drug to be dissolved and
permeate the porous PYP hydrogel structure since the drug-loaded
oil phase is dispersed within the aqueous phase.[239] Fluconazole
(Fluc), an antifungal medication, and Rosiglitazone (Rosi), a drug for
the treatment of diabetes as an insulin sensitizer, were used as model
drugs for loading onto the electrically mobile DNs. The penetration
efficacy of Fluc was evaluated by performing both the in vitro and ex
vivo skin penetration tests. In addition, the delivery efficacy of RosiDNs was verified with the diet-induced obese mice model.
PYP/RED system effectively provided the mobility of electrically
mobile DNs for effective transdermal drug delivery.
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Figure 4.1. Schematic of the RED-driven iontophoretic patch and
each component. The RED battery was operated by the transport of
Na+ and Cl- ions from concentrated to diluted layers through the
cation exchange membranes (CEMs) and anion exchange membranes
(AEMs), respectively. The polypyrrole-incorporated polyvinyl
alcohol (PVA-Ppy) electroconductive hydrogel was fabricated and
the hydrogel patches were constructed with the RED system.
Electrically mobile drug nanocarriers (DNs) in this study were
composed of both fluconazole-loaded microemulsion and
rosiglitazone-loaded transfersome. These DNs accelerated drug
transport during the RED-driven iontophoresis by possessing a
positive and negative charge, respectively. The RED-empowered
electrical current would flow through the electroconductive hydrogel
patches, and allow the nanocarriers to penetrate into the skin by
repulsive force. Each component of the system was optimized for
the transdermal drug delivery system.
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4.2 Materials and methods
4.2.1 Materials
Polyvinyl alcohol (PVA, Mw (89,000–98,000), 99+ %
hydrolyzed), pyrrole (reagent grade, 98 %), a phytic acid solution
(50 w/w.% in H2O), and ammonium persulfate (APS) were purchased
from

Sigma-Aldrich.

For

microemulsion,

fluconazole

(Fluc)

(PHR1160, Sigma-Aldrich), propylene glycol (6629-4440, DaeJung
Chem. Metals Co., Ltd.), and oleylamine (O7805, Sigma-Aldrich)
were prepared, and Transcutol® P (diethylene glycol monoethyl ether)
and Labrasol® (caprylocaproyl polyoxyl-8 glycerides) were kindly
supplied by Gattefossé. For transfersome, rosiglitazone (Rosi)
(ab120762, Abcam) was prepared and other components, soybean
phospholipid (11145), Tween 80 (P1754), and sodium deoxycholate
(D6750), were purchased from Sigma-Aldrich.

4.2.2 Preparation and characterization of drug nanocarriers
(DNs)
For preparing Fluc-DNs, the microemulsion was utilized
based on the previous studies,[240-243] the components and their
ratio of the microemulsion were shown in Table 4.4 and Table 4.5.
Oleylamine (OA) was used as the charge-inducing agent. The 0.5
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w/w % of Fluc was dissolved in oil and OA until the drug solution
became homogeneous and transparent. With a ratio of surfactant to
co-surfactant (S/CoS) fixed as 2:1 in weight, the mixture and water
were added into a drug in an oil solution, followed by treating
sonication for 30 min, followed by being filtered through a 0.45 µm
membrane filter before measurement. The prepared Fluc-DNs were
stored at ambient temperature.
For Rosi-DNs was fabricated by utilizing the transfersome
technique. A thin-film dispersion method was used with slightly
modified from previous researches.[244] Briefly, 80 mg of soybean
phospholipid, 10 mg of Tween 80, and 10 mg of sodium deoxycholate
(8:1:1, weight) were dissolved in the mixture of chloroform and
methanol (2:1, volume).

After adding 3.3 mg of Rosi, a thin film was

formed with removing the organic solvent using a rotary evaporator
at 40℃ for 30 min. The film was dried under vacuum overnight and
hydrated by adding 10 mL of DI water. The solution was additionally
dispersed using a probe sonicator in an ice bath. The Rosi-DNs was
finally collected by extrusion through the 0.22 µm syringe filter.
The particle size and zeta potential of the DNs were measured using
a dynamic light scattering (Zetasizer Nano ZS, Malvern) device.
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4.2.3 Preparation of carbon-printed cotton fabric
Carbon paste (TU-10S, Asahi) was coated onto a cotton
Tencel 50 % of non-woven fabric via a screen-printing technique.
The paste was mixed by thinky mixer (THINKY Corp., ARE-310),
and applied onto the substrate, followed by a repeated screenprinting

process

using

a

printing

machine

(SM-S320,

Sun

mechanics). After the cycle was finished, the substrate was released,
and cured in an oven at 120℃ for 15 min. The hydrogel patch, which
is hydrogel-coated fabric, was prepared as follows. Fabrics adhered
to a petri dish with the uncoated side facing upwards. The pre-gel
solution was applied to the fabric and leave it for 1 h, followed by FT.

4.2.4 Fabrication of electrically conductive hydrogels
PVA (12 w/v %) was dissolved in deionized (DI) water and
phytic acid at 92.5℃, as previously described.[245] After the
solution was apparently dissolved, a pyrrole monomer (100 mM) and
APS (142 mM) solution were added and thoroughly reacted for 3 h
at 60℃. The PVA-Ppy hydrogels were assigned to PY, PYP_L, and
PYP according to the amount of phytic acid. PY had no phytic acid,
while PYP_L and PYP contained phytic acid at a ratio of (0.418 and
1.193) to PVA, respectively. For the formation of the hydrogel by
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freeze-thaw cycle (FT), the hydrogels were frozen at -20℃ for 18
h and thawed at room temperature for 6 h. After treating the 3rd FT,
the hydrogels were immersed in 70 % ethanol and DI water,
alternatively, for 24 h to remove excess PVA and unreacted
chemicals.

4.2.5 The mechanical property of the hydrogels
The hydrogels were fabricated with a diameter of 8 mm and
a height of 6 mm, and their mechanical properties were characterized.
After immersion in DI water for 24 h, the mechanical behavior against
compression was recorded using the universal testing machine (EZTest, Doing-il SHIMADZU Crop.), and the compressive modulus was
calculated from the stress-strain curve.

4.2.6 Raman spectroscopy
The chemical structure of hydrogels was analyzed using
RAMAN spectrometer II (DXR2xi, Thermo, USA), with the Raman
shift range (50 to 3,400) cm-1. The hydrogels with the only 3rd FT
were measured in this experiment.
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4.2.7 Thermal properties of the hydrogels
The thermal properties of hydrogels were analyzed by
carrying out thermo-gravimetric analysis (TGA) and differential
thermal analysis (DTA), using simultaneous DTA/TGA analyzer
(SDT, TA instruments). Differential scanning calorimetry (DSC) was
also monitored. Each curve was recorded in the temperature range
(25 to 600)℃ at a heating rate of 10℃/min. The hydrogels with the
only 3rd FT were measured in this experiment.

4.2.8 Electrical properties of the hydrogels
The electrical resistance of hydrogels was measured by a
conventional multimeter. The hydrogels containing DI water were
prepared in identical shape, and Cu electrodes connected to the
multi-meter were contacted at the upper and lower portion of the
hydrogels to measure resistance. Bending resistance of PYP with the
3rd FT was measured by bending the hydrogel with a connection to a
multimeter. While the bending angle was increased at every 45
degrees, the resistance (R) was measured, and divided by the initial
resistance (R0). The electroconductivity of the hydrogels was
measured using a 4-point probe method (Modysystems, Republic of
Korea). After placing the hydrogels on a glass slide, linear scan
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voltammetry was applied from (-0.5 to 0.5) V. From the I–V curve,
resistance was obtained, and the conductivity was calculated
according to previous reports.[246] The conductivity was measured
using hydrogels with only the 3rd FT in this experiment.

4.2.9 Electrochemical impedance spectroscopy (EIS)
The electrochemical impedance spectra of the hydrogels
were monitored using a VersaSTAT3 electrochemical working
station. The hydrogels were prepared in a cylindrical shape with a
diameter of 8 mm and a height of 2 mm. After swelling in DI water,
the hydrogels were sandwiched between two glass slides that have a
Cu electrode, and an alternative sinusoidal potential (10 mV) and a
DC potential (0 V vs. SCE) were applied in the range (1 to 105) Hz.
The impedance was measured using hydrogels with only the 3rd FT
in this experiment.

4.2.10 Scanning electron microscopy (SEM)
The microstructures of the hydrogels, carbon-coated fabric,
and constructs of hydrogel patches were observed by Field Emission
Scanning Electron Microscopy (FE-SEM; JSM6701F, JEOL, Japan).
For the hydrogels, after swelling in DI water for 24 h, the samples
１１３

were lyophilized, and coated with platinum sputtering, followed by
observation of the porous structure.

4.2.11 Swelling behavior of the hydrogels
The swelling behavior of hydrogel was investigated from the
change of weight. Initially, the samples were weighed at equilibriumswollen state with DI water, and subsequently, dry weight was
measured after being lyophilized. After that, by soaking the hydrogel
in the microemulsion, the swollen weight of hydrogels was measured
at each time, until the weight became an equilibrium state, and no
further change was observed. The hydrogels with the 3rd FT were
used in this experiment. Swelling ratio (Q) was calculated as follows:

Q=

𝑤𝑒𝑖𝑔ℎ𝑡 𝑜𝑓 𝑡ℎ𝑒 𝑒𝑞𝑢𝑖𝑙𝑖𝑏𝑟𝑎𝑡𝑒𝑑 ℎ𝑦𝑑𝑟𝑜𝑔𝑒𝑙 𝑖𝑛 𝑠𝑜𝑙𝑢𝑡𝑖𝑜𝑛
𝑤𝑒𝑖𝑔h𝑡 𝑜𝑓 𝑡ℎ𝑒 𝑑𝑟𝑖𝑒𝑑 ℎ𝑦𝑑𝑟𝑜𝑔𝑒𝑙

4.2.12 Preparation of the RED system
The RED system was prepared as per previous data. [247,
248] Briefly, the RED battery mainly consists of cation exchange
membranes (CEMs) and anion exchange membranes (AEMs) in eight
repeated layers. Homogeneous SelemionTM CMV and AMV (Asahi
Glass Co. Ltd., Tokyo, Japan) were used for CEMs and AEM.
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Concentrated and diluted layers of the RED were prepared by a nonwoven fabric (SP60, NamYang Nonwoven Fabric Co. Ltd., Ansan,
Republic of Korea). The material was soaked in sodium chloride
(NaCl) solution and dried to prepare concentrated layers. Through
an electroplating method, Ag/AgCl electrode was fabricated and
adhered to the lateral side of the RED stacks. The RED was sealed
into the epoxy frame to supply a diluted solution. One RED battery
consisted of 8 cell pairs and was (2.4 cm × 0.6 cm) in size.

4.2.13 Hydrogel adhesive properties
The adhesiveness of both the hydrogel and fabric substrate
was analyzed by the universal testing machine (EZ-Test, Doing-il
SHIMADZU Crop.) with the tensile test. Firstly, the adhesion
strength between hydrogel and fabric substrate was analyzed by
allowing gelation of the hydrogels between two fabric substrates, as
previously performed.[249] However, in this study, the adhesive
strength between the hydrogels and the substrate was more robust
than the tensile strength of the hydrogels. Secondly, the skinadhesive property of the hydrogel patches was measured by pulling
the hydrogel patches parallel to the skin (shear adhesion).[250] The
pulling velocity was 10 mm/min, and the area of both the patches and
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porcine skin was (2 cm x 2 cm) in size.

4.2.14 Preparation and voltage profile measurement of the
RED-coupled hydrogel patches
The hydrogel patches were prepared by coating the
hydrogels of the 3rd FT on the carbon-coated fabric. The hydrogel
patches were connected to the anode of RED, and Cu foil was used
as the cathode. Voltage profiles of both PVA and PYP hydrogel
patches, when coupled with RED, were recorded using a GPIB-USB
controller (GPIB-USB-HS, National Instruments) controlled with
LabVIEW 9.0 (National Instruments).

4.2.15 Preparation of DNs-loaded hydrogels
For embedding the DNs into the hydrogels, the hydrogels
were fully dried under the vacuum chamber and subsequently soaked
in the DNs solution for 24 h. Based on the swelling behavior of the
hydrogels (Supporting Information), the DNs-loaded hydrogels were
used after the swollen weight became the equilibrium state.

4.2.16 Release behavior of the DNs
For analyzing the in vitro release behavior of the system
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under electrical flow, BODIPY-DNs was used. Two membrane filters
with 0.45 µm pore size were placed on each receptor chamber of
Franz diffusion cell apparatus (Lab Fine Instruments, Republic of
Korea), followed by putting the hydrogel patches on the membrane
filters. The drug release was initiated by connecting the RED to the
patches. Furthermore, the maximum release duration of the patches
was monitored. The hydrogels were placed in 40 µm cell strainers
(Corning® cell strainer, Sigma-Aldrich), and put them into the 6well plate filled with 10% Labrasol®/PBS solution to the bottom.
The cumulative amount of the DNs was measured by the fluorescent
intensity and determined until the releasing behavior became a
plateau.

4.2.17 Transdermal delivery of electrically mobile DNs
The skin permeability of DNs depending on both electrical
conductivity of hydrogels and RED-driven iontophoresis was
investigated via the ex vivo skin penetration test using porcine skin.
BODIPY™ FL C12 (25 nM, 4,4-difluoro-5,7-dimethyl-4-bora3a,4a-diaza-s-indacene-3-dodecanoic acid, Invitrogen), which is
a hydrophobic fluorescent dye, was used for visualization. The
samples containing oleylamine or not were prepared in order to
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confirm the effect of the charge-inducing agent. PVA and PYP
hydrogel patches were immersed in DNs for 48 h. The porcine skin,
obtained from a slaughterhouse, was washed, and the hair was
removed using a clipper, followed by applying the hydrogel, and
subsequently RED-derived electrical flow up to 1 h. The PYP
hydrogel patch was used for the passive diffusion group.

4.2.18 Cryo-section of the tissue and quantification of
fluorescence
The BODIPY-DNs-treated porcine skin was fixed and cryosectioned in 10 µm thickness. A fluorescence image was obtained by
using fluorescence microscopy (AMF4300, EVOS, Life Technology).
The amount of penetrated BODIPY-DNs was quantified by the
fluorescent intensity of the images by calculating the corrected total
cryosection fluorescence (CTCF) as per previous reports,[251] and
this CTCF is a corrected value with considering the background
fluorescent intensity. The 2D fluorescence images were converted
to 3D reconstructed images by the fluorescent intensity-based
surface plotting using ImageJ (ImageJ Software).
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4.2.19 Transdermal delivery of Fluc-DNs
For the penetration test of Fluc-DNs, three groups were
assigned, PYP-passive diffusion, PVA/RED, and PYP/RED. As the
identical procedure of the above-mentioned ex vivo test, hydrogel
patches loading Fluc-DNs were placed on the porcine skin, and
RED-driven iontophoresis was applied. After 2 h of treatment, the
patches were removed, and excess Fluc-DNs on the skin was wiped
out. Through the tape-stripping method, the stratum corneum was
isolated from the dermis. The tissues were cut into small pieces, and
the drug deposited in the stratum corneum and epi-/dermis regions
was extracted by soaking them into methanol for 48 h. After
centrifugation, the supernatant was collected, and the amount of drug
was determined using High-Performance Liquid Chromatography
(HPLC, HP1100, USA).
In addition to the ex vivo test, Franz diffusion cell apparatus
was used to verify drug permeation ability across the hairless mouse
skin. 8-week old female balb/c hairless mice (OrientBio Co., Republic
of Korea) were sacrificed by excess CO2 exposure, and skin tissues
were collected. Receptor cells were filled with a mixture of phosphate
buffer saline (PBS) and Labrasol® with a volume ratio of 9:1 to
dissolve the penetrated Fluc-DNs. The hydrogels were placed over
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the skin tissue on the donor cells. In the case of RED groups, the
hydrogel patch was connected to RED cells by Ag/AgCl (anode)
wires, while cathode wires were dipped into receptor cells.

Fluc-

DNs-loaded PYP hydrogel patch without RED was assigned the
passive group. Commercially available FUCONAL cream ® (0.5 %
fluconazole, BORYUNG Pharmaceutical Co., Ltd., Republic of Korea)
and PYP hydrogel patch containing Fluc dissolved in 10% ethanol
were used as a positive and negative control, respectively.

The

amount of drug-loaded within the patch and cream was about 3 mg,
which was roughly calculated based on the swelling ratio and
specified drug concentration (0.5%). The amount of drug that
permeated the skin tissue was collected from the receptor cells at
each time point, and determined by High-Performance Liquid
Chromatography (HPLC, HP1100, USA).

4.2.20 Preparation of diet-induced obese mice
All the animal tests and experimental procedures were
approved by the Institutional Animal Care and Use Committee at
Seoul

National

University

(#SNU-190211-5).

Diet-induced

obesity mice were prepared by feeding C57BL/6 mice on a high-fat
diet (HFD) (60% kcal from fat) for 8 weeks.
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4.2.21 Topical delivery of Rosi-DNs with RED-driven
iontophoresis
For

treating

the

diet-induced

obese

mice,

PYP/RED

containing Rosi-DNs was applied to one side of the inguinal regions
through the topical application under isoflurane anesthesia. The
passive group was treated with PYP containing Rosi-DNs, and REDdriven iontophoresis was applied to the PYP hydrogel patch in the
RED group. The patches were changed every 3 days for 4 weeks.
The body weight was monitored during the period. At 4 weeks after
treatment, glucose levels were measured after fasting the mice for
16 h.

4.2.22 Histological analysis
The animals were euthanized by excess CO2, and the inguinal
white adipose tissues (iWATs) at each side were collected. The
iWAT were paraffin-embedded and processed through hematoxylin
& eosin (H&E) staining.

Based on the H&E images, the number of

adipocytes and their cellularity were quantified using ImageJ (ImageJ
Software).
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4.2.23 Dermal toxicity test
For evaluating the dermal toxicity of the drug delivery system,
a spectrophotometer (CR-400, Konica Minolta Inc., Tokyo, Japan)
was utilized to derive erythema index (E) from skin irritation, as
previously reported.[217, 252] Eight-week-old female balb/c mice
(OrientBio Co., Republic of Korea) were shaved at the dorsal region
using a clipper. The groups were assigned as follows: saline-soaked
gauze with RED (RED), PVA hydrogel with RED (PVA/RED), PYP
hydrogel without RED (PYP), and PYP hydrogel with RED
(PYP/RED). All of the hydrogels contained Fluc-DNs. The L*, a*, and
b* value were collected after (1 and 24) h from the skin and converted
into the RGB color system. The E was calculated from the following
equation:
𝐸𝑟𝑦𝑡ℎ𝑚𝑎 𝑖𝑛𝑑𝑒𝑥 (𝐸) = 100 x 𝑙𝑜𝑔

𝑅
𝐺

, where R and G represented the intensity of red and green,
respectively.
After 24 h, the mice were sacrificed by excess CO2; the
histological analysis was carried out by collecting the skin tissues
and paraffin-embedding. From the H&E staining, the epidermal
region was observed to assess whether the tissue damages existed.
To further investigate the skin inflammatory response, the tissues
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were

also

stained

with

anti-Monocyte+Macrophage

antibody

[MOMA-2] (ab33451, Abcam) using immunofluorescent staining.

4.2.24 Statistical Analysis
Experiments were carried out at least triplicated for
statistical analysis. Quantitative data were expressed as means ±
standard deviations, and the paired student’s t-test was conducted
to estimate statistical significance.
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4.3 Results and discussion
4.3.1

Fabrication

and

characterization

of

electrically

conductive PVA-Ppy hydrogels.
RED-driven iontophoresis is based on the principle that like
charges repel, while opposite charges attract. By applying electric
current, the positively ionizable and electrically mobile drug
nanocarriers can be transported from the anodal compartment into
the skin (Figure 4.1). Furthermore, a cathodal compartment can be
utilized to release negatively ionizable drug carriers. In order to
conduct electric current directly onto the skin and carry drug-loaded
ionizable drug nanocarriers, we fabricated electrically conductive
hydrogel composed PVA-Ppy hydrogels. PVA-Ppy hydrogels were
fabricated by sequentially mixing pyrrole with crosslinking agents
and PVA polymeric solutions. Pyrrole monomer was polymerized by
ammonium persulfate (APS) and crosslinked by phytic acid,
respectively (Figure 4.2). APS allows activation of pyrrole to form a
polymer, and phytic acids provide an anchoring point for Ppy to be
crosslinked into a network form. It has been reported that phytic acid
is a dopant and acts as a crosslinker by protonating the nitrogens on
the conductive polymers, such as Ppy and polyaniline.[253-255]
Subsequently, the protonated amine or imine groups in Ppy and
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hydrogen phosphate groups in phytic acid were interacted by either
electrostatic force or hydrogen bonds.[256, 257] As the pyrrole
polymerized, the polymeric solution became dark and viscous.
Subsequently, multiple FT cycles of PVA-Ppy polymeric solution
resulted in the sol-gel transition as the PVA crystalline regions
appeared.

Stable PVA-Ppy hydrogel formation was confirmed by

vial-tilting methods (Figure 4.3A).
We prepared hydrogels with or without phytic acid, followed
by multiple FT cycle conditions. Dissolved PVA that was frozen and
thawed repeatedly has been shown to undergo a sol-gel transition to
form a thermoreversible gel.[258, 259] Furthermore, as the phytic
acids work to crosslink the Ppy, it would increase the mechanical
properties and electrical conductivity of the hydrogel. The hydrogel
groups were assigned: PVA alone (PVA), PVA-Ppy without phytic
acid (PY), and PVA-Ppy with phytic acid (PYP). These hydrogels
were also exposed to multiple FTs. Initially, we observed that the
higher the FT cycle, the lower the transparency of the PVA hydrogel,
which is attributed to increasing hydrogel crystallinity (Figure
4.3B).[260] Next examined the chemical composition of hydrogel via
Raman spectroscopic method. Raman data represented distinct peaks
corresponding to PVA, Ppy, and phytic acid, respectively (Figure
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4.3C). For the PVA, the peaks at 2,912 and 1,430 cm-1 were
attributed

to

the

stretching

vibrations

of

–CH2

and

–CH,

respectively.[261] The Ppy-related peaks appeared at 1,326 and
1,550 cm-1, corresponding to the ring stretching and the stretching
of the C–C bond, respectively.[262] For the hydrogel with the
existence of phytic acid, broad peaks around 500–650 cm-1 were
observed. This indicated that PYP hydrogel was successfully
fabricated and crosslinked by phytic acid.
Furthermore, there is a possibility that an external shock or
pressure may be applied to the patch during the drug administration.
Thus the compressive modulus of the hydrogels increased with
increasing FT cycles and was also enhanced with the existence of
phytic acid in a concentration-dependent manner (Figure 4.3D and
Table 4.1). PYP hydrogel showed much higher mechanical strength
than the other groups under the whole FT cycle. This suggests that
crosslinked Ppy with phytic acid had a significant effect on the
formation of the interpenetrated polymer network (IPN) structure of
the system without altering the highly porous structure of PVA
hydrogel (Figure 4.4), consequently strengthening the network
density, as previously reported.[224] In consideration of the
practical application, the physical properties according to the storage
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temperature should be taken into account; therefore, the thermal
properties of the hydrogels were investigated by TGA and DTA
analysis. A slight weight loss occurred between 250℃ and 300℃ for
both PY and PYP hydrogel, and rapid weight loss occurred over 300℃
for PVA hydrogel (Figure 4.5 and Table 4.2). This thermal stability
of PYP hydrogel may have been attributed by added interactions
between amine groups and/or hydrogen atoms from polypyrrole and
hydroxyl groups from PVA.[263] Even though there was a difference
in the thermal response among the hydrogels, it is noteworthy that
all the hydrogels were thermally stable in ambient temperature
conditions.
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Figure 4.2. Polymerization and crosslinking mechanism of
polypyrrole (Ppy). Pyrrole monomer was polymerized by adding
ammonium persulfate (APS), and the polypyrrole chains were crosslinked simultaneously by protonating the nitrogen groups on the Ppy.
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Figure 4.3. Fabrication and characterization of the PVA-Ppy
electroconductive hydrogels. (A) Fabrication procedure of the
hydrogel and confirmation of gelation through the vial-tiling method.
(B) Photographs of the fabricated hydrogels (PY: PVA-Ppy without
phytic acid; PYP: PVA-Ppy with phytic acid). (C) Raman spectra of
the hydrogels under the 3rd FT, indicating the formation of PVAPpy hydrogel was successfully achieved. (D) The compressive
modulus of the hydrogels was measured according to FT. The
compressive modulus was increased as an increasing FT in all groups.
PYP had significantly enhanced the mechanical property compared to
PVA hydrogel (#,$p<0.05, **,##p<0.01, and ***,###p<0.001. # and
$ represent the statistical significance verses 1st and 2nd FT
hydrogels, respectively).
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Table 4.1. The compressive modulus of the hydrogels depending on
FT
Compressive modulus (kPa)
1st cycle

2nd cycle

3rd cycle

PVA

-

-

36.87 ± 3.72

PY

8.14 ± 2.07

33.25 ± 2.76

41.41 ± 22.75

PYP_L

22.06 ± 4.56

44.39 ± 8.72

63.50 ± 6.51

PYP

35.49 ± 2.87

98.65 ± 5.25

121.54 ± 17.20

Figure 4.4. SEM images of PVA and PVA-Ppy hydrogels. All of the
hydrogels had a highly porous structure, which may allow DNs to be
transported easily (Scale bar=10 μm).
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Figure 4.5. Thermogravimetric analysis (TGA), Differential thermal
analysis (DTA), and differential scanning calorimetry (DSC) of the
hydrogels under 3rd FT. The dotted boxes represent regions of
temperature that with the most severe change in weight of hydrogels
in DTA, and the temperature of melting (Tm) and the degradation (Td)
of hydrogels in DSC.

Table 4.2. Melting and the degradation temperature of the hydrogels
according to DTA and DSC analysis
DTA analysis
Peak 1

Peak 2
Tmax (℃)

DSC analysis
Peak 3

a)

Tm (℃) b)

Td (℃) c)

PVA

60.7

372.7

450.2

235.5

367.3

PY

143.8

285.2

443.8

234.6

441.8

PYP_L

139.5

273.6

434.5

231.1

436.6

PYP

116.2

244.0

444.7

217.8

433.5

a)

The temperature of the maximum rate of weight loss from DTA; b)
melting temperature of PYs from DSC; c) degradation temperature
of PYs from DSC.
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4.3.2 Modulation of electrical properties of PVA-Ppy hydrogels
Next, we examined the electrical properties of the hydrogel.
As a result of measuring the resistance of the hydrogels by
multimeter, the resistance was lower as we added phytic acids.
Furthermore, the resistance decreased as we increased FT cycles
(Figure 4.6A and Table 4.3). In addition, we calculated the
conductivity of the hydrogels, which was derived from the I-V curve
of the 4-point probe method. The PYP hydrogel with repeated FT
cycles displayed a more than an 800% increase in conductivity
compared to PVA hydrogel (Figure 4.6B). The electrical conductivity
of PYP hydrogel was increased as a result of FT cycles, which may
have been attributed by the densification of the PVA macromolecular
structure that promoted additional closer contact between Ppy
chains.[264, 265] Moreover, when an external voltage was applied,
PYP hydrogel displayed intense brightness compared to that of PVA
hydrogel, indicating the low resistance of electric current in the PYP
hydrogel system. The electrochemical impedance spectra also
indicated that the PYP hydrogel exhibited the lowest impedance at a
wide range of frequencies (Figure 4.6C). As the conductive hydrogel
would be applied to the skin with various contours, we further
investigated the change of resistance if the hydrogels are deformed.
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When we increased the hydrogel bending angle, the resistance
decreased down to 40 % of unbent hydrogel control (Figure 4.6D).
This is probably due to an increase in contact probability between
Ppy chains as the hydrogel was bent, and these properties would
allow the PYP hydrogels to be applied to the skin even in the bent
regions.
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Figure 4.6. Electrical properties of the PVA-Ppy hydrogels. (A) Bulk
resistance of the hydrogels was simply measured by multimeter
depending on the FT. (B) In the 3rd FT, the conductivity of the
hydrogels was calculated from the I–V curve by the 4-point probe
method. Photographs are showing the difference in conductivity
between PVA and PYP, which could be observed from the bulb-light
intensity. (C) Electrochemical impedance spectra of the hydrogels.
(D) Changes in resistance as the bending angle increased with using
PYP (**,##p<0.01 and ***,###,$$$p<0.001. # and $ represent the
statistical significance verses 1st and 2nd FT hydrogels, respectively).
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Table 4.3. The electrical resistance of hydrogels depending on FT.
Resistance (kΩ)
1st cycle

2nd cycle

3rd cycle

PVA

-

-

64.97 ± 10.23

PY

15.47 ± 2.57

4.97 ± 0.78

3.53 ± 0.88

PYP_L

10.70 ± 1.83

3.09 ± 0.31

2.25 ± 0.82

PYP

8.50 ± 0.64

2.72 ± 0.26

0.87 ± 0.09
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4.3.3 Construction of PYP hydrogel and coupling with the
RED battery system
In order to provide a strong conductive medium from RED
battery to the PYP hydrogel, we applied a highly conductive carbon
paste onto the non-woven fabric that is designed to hold PYP
hydrogel (Figure 4.8A).[266] The carbon-printed fabric displayed
excellent electrical conductivity comparable to Au-coated glass
(Figure 4.7). We could construct the PYP/RED patches by making the
carbon-coated side of the patch directly contacted with RED in the
epoxy mold (Figure 4.8B). The voltage profiles of both PVA and PYP
hydrogel patches connected to the RED battery are displayed in
Figure 4.8C. As referred to the electrical performance of RED (Figure
4.9), two RED-only peaked over 4.0 V, while the maximum voltage
for the PYP patch was 2.7 V and about 1.9 V for the PVA hydrogel
patch. This showed that the electrical current flowed from the
carbon-coated fabric through the hydrogel, and the conductivity of
the hydrogel may affect current and voltage strength in the
iontophoretic system.
By immobilizing the hydrogels on the fabric mesh, we could
confirm they could be tightly bound to each other via physical bonding
(Figure 4.10). We also checked the skin adhesive property of
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hydrogel patches, but the adhesive force was not much strong since
there were no adhesive components and/or moiety. It should be
further considered that skin adhesiveness will be introduced for use
in the clinical application.
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Figure 4.7. Preparation of carbon-printed fabric. (A) (i) Photograph
of uncoated (left) and coated (right), the surface of the carboncoated fabric. The microstructure of uncoated (ii), and coated (iii),
surface, and their boundary (iv) observed by SEM. (B) The
calculated porosity of fabric (uncoated), and C-fabric (coated),
based on the SEM images. (C) Electrochemical impedance
spectroscopy (EIS) measurement of the fabric with soaking in PBS
buffer (C-fabric: fabric with carbon-coated on one side; Au: Glass
with Au-coated on both sides).
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Figure 4.8. Construction of the hydrogel patches and its electrical
property. (A) The procedure for fabricating the hydrogel patch. The
pre-gel solution was coated onto carbon-printed cotton fabric,
followed by gelation through FT. (B) The construction of the
PYP/RED iontophoretic patch in which the carbon-coated fabric of
the hydrogel patch was directly connected to the RED. (C)
Illustration of measuring the voltage profile of the iontophoretic patch
using 2 RED batteries as a power source, and its voltage profile, and
RED group represents the measurement using batteries only

Figure 4.9. Performance of RED. (A) Voltage profile and (B) current
profile in (i) early time and (ii) later time point of the RED battery.
The current in μA-scale was maintained for 1 h.
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Figure 4.10. Confirmation of the adhesion properties of the hydrogels.
(A-C) with the carbon-coated fabrics and (D-F) with the porcine
skin. (A) SEM images of the patch that combined the fabric and
hydrogels. (B) Photographs of pulling the hydrogel-bound fabrics in
opposite directions (ASTM F2255-05). (C) Adhesive strength
calculated from the yield point on the tensile stress-strain curve. (D)
The shear adhesive test between the hydrogels and porcine skin was
carried out, and (E) the adhesive force was monitored. (F) The
adhesive works of the hydrogel patches were obtained from the area
under the curves.
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4.3.4 Preparation of electrically mobile drug nanocarrier (DNs)
and DNs-loaded hydrogels
It has been reported that the drug delivery efficacy of
iontophoresis can be enhanced by ionizable nanocarriers.[146] In
particular, when applying the RED-based delivery system, various
physicochemical factors of the drug formulation, such as pH, surface
charge, molecular weight, and etc. affect the transporting rate of
drugs.[138] Initially, we prepared DNs through a combination of
several ingredients, including Transcutol P®, Labrasol®, propylene
glycol, and water (Table 4.4), where propylene glycol as cosurfactant has a role of diminishing the particular size in submicron
(10-100 nm). Through using Flu as a model drug, an electrically
charged Fluc-DNs was prepared by introducing a charge-inducing
agent, oleylamine (OA), during the microemulsion technique. There
was no phase separation while adding OA, and a transparent solution
could be obtained as typical microemulsion (Figure 4.11). The
composition, size, and zeta potential of the prepared fluconazoleloaded DNs are shown in Table 4.5, where the fabricated Flu-DNs
had an average diameter of 10 nm. The size of nanocarriers was
slightly reduced, and its zeta potential was increased from 1.35 mV
to 6.85 mV as a result of OA addition. Finally, we embedded the Flu１４１

DNs into the hydrogels by a soaking method after drying the patches.
The swelling ratio of DNs-loaded hydrogels was about half of that of
water-containing hydrogels, which might be attributed to the partial
lipophilicity of the Flu-DNs (Figure 4.12).

Table 4.4. Component for preparing the positively-charged FlucDNs
Transcutol P ®
Labrasol ®
Propylene glycol
Distilled water
Oleylamine (OA)

Oil phase
Surfactant
Co-surfactant
Water phase
Charge-inducing agent

Table 4.5. Composition and physical characteristics of Fluc-DNs
Weight %
Oil
Ctrl

S

D.W.

5.0

OA

Fluc

6.67

OA

CoS

3.33

84.5

4.7

0.5
0.3

１４２

Size
(d. nm)
12.92±
0.13
10.14±
0.58

Zpotential
(mV)
1.35
±0.34
6.85
±0.16

Figure 4.11. Preparation and observation of Flu-DNs. (A)
Photographs of the fluconazole microemulsion while adding the
oleylamine in various concentrations. The prepared microemulsion
was transparent, and it was no significant change in transparency
when oleylamine was added. (B) The TEM image showed that FlucDNs were formed much smaller than 100 nm.

Figure 4.12. The swelling behavior of the hydrogels when immersed
in the Fluc-DNs.
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4.3.5 Validation of the transdermal delivery efficacy of the
system
In order to visualize the penetration aspect of DNs,
BODIPY™ FL C12 (BODIPY), which is a hydrophobic dye, was used.
The surface charge of BODIPY-DNs exhibited a negative charge, and
when we added OA, the surface charge shifted to a positive value
(Table 4.6). When the PVA and PYP hydrogels patches loaded with
BODIPY-DNs and the electrical flow was applied, we observed the
active release of DNs (Figure 4.13A). In particular, the release rate
was accelerated in the PYP hydrogel patch compared to the PVA
hydrogel patch, which confirmed that both the surface charge of DNs
and the hydrogel’s conductivity have a direct influence over the
transport rate. Moreover, the release duration of the DNs from the
hydrogel was also investigated, and its maximum release duration
was about 80 h in both PVA and PYP hydrogels (Figure 4.13B).
Next, we tried to validate the transdermal delivery efficacy
by applying the hydrogel patches to porcine skin with the RED
system (Figure 4.14A and B). As the electron repulsion is the main
driving force to deliver DNs, we applied cathodic current (─) or
anodic current (+) for ionically positive DNs. Furthermore, a passive
application of DNs on the skin was utilized as a control. Skin tissues
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were collected at different time points (i.e., 10 min, 30 min, and 1
hour), cryosectioned, and examined for BODIPY delivery (Figure
4.14C). In the case of a passive group (without RED), DNs remained
mostly in the stratum corneum (SC) and epidermis layer after 30 min
of application. However, passive applications of DNs were able to
deliver BODIPY to the dermis layer after 1 hour of application. This
shows that oil-based DNs alone can be passively delivered across
skin barriers. Finally, when we applied RED-driven iontophoresis,
DNs penetrated the SC and actively translocated to the dermal area.
When we compared cathodic current versus anodic current, the
permeation efficacy of the anodic current was higher in both the PVA
and PYP hydrogel patches. When we compared the permeability of
between the PVA and PYP patches, the anodic current with PYP
hydrogel patches showed rapid facilitated transdermal translocation
compared to that of the PVA hydrogel patch as evident by the
fluorescence image analysis. Further analysis of the sectioned
images via corrected total cryosection fluorescence intensity (CTCF)
in both dermal and epidermal layers of skin tissues confirmed that
anodic current with PYP had the highest delivery efficacy amongst all
groups (Figure 4.14D and E). Interestingly, electrical attraction
applied

to

DNs

with

the

cathodic
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current

displayed

higher

permeability compared to that of the passive DNs group. Although
the reasons should be elucidated precisely, electro-osmosis that
allowed the solvent to flow from anode to cathode direction may have
resulted in the driving force behind the increased permeability of the
cathodic current compared to the passive diffusion.[267-269]
Furthermore, the iontophoresis induced current flow may have
altered the skin barrier function by increasing the permeability.[270,
271]
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Table 4.6. Size and zeta potential of BODIPY-DNs depends on the
existence of oleylamine (OA)

BODIPY-DNs

Size (d. nm)

Zeta-potential
(mV)

w/o OA

14.45 ± 0.29

-7.80 ± 1.04

w/ OA

10.07 ± 0.52

4.42 ± 0.73

Figure 4.13. The release behavior of BODIPY-DNs from the
hydrogels. (A) The in vitro release profile of the drug against
membrane filter depending on RED-derived iontophoresis. (B) The
long-term release behavior of DNs from the hydrogels. In both
groups, the maximum release duration was about 80 h.
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Figure 4.14. Skin permeability of electrically mobile nanocarriers
using the ex vivo porcine skin with RED-driven iontophoresis.
BODIPY™ FL C12 (BODIPY) was used instead of Fluc for
visualization of the skin permeability of DNs. (A) Zeta potential of
the BODIPY-DNs according to the existence of oleylamine (0.3 wt%)
(B) Photograph of applying the PYP patch with RED on the porcine
skin where two RED batteries were used. (C) Fluorescent images of
the cryo-sectioned porcine skin. The fluorescent intensity was
converted to a 3D stack using surface-plotting from ImageJ software
(Scale bar=200 μm). (D, E) The amount of penetrated BODIPY-DNs
in the epidermis and dermis regions was calculated from the
fluorescent intensity, which was quantified by using the corrected
total cryosection fluorescence (CTCF) (*p<0.05, **p<0.01, and
***
p<0.001, and NS represents non-significant).

１４８

4.3.6 Transdermal delivery of therapeutic Flu-DNs
In

order

to

assess

whether

our

DNs-embedded

electroconductive hydrogel with the RED system is effective in
therapeutic drug delivery, we utilized fluconazole (Fluc) as a model
drug. Above all, the ex vivo drug permeation test through porcine
skin was examined (Figure 4.15A and B). We applied iontophoresis
to ex vivo porcine skin for 2 hours, and the deposited drug was
extracted from the stratum corneum and epidermal/dermal regions,
respectively, and the amount of fluconazole was determined with
HPLC. The drug deposition in the stratum corneum revealed the
highest accumulation of fluconazole when Flu-DNs is delivered by
PYP hydrogel patch with the RED system (PYP/RED system). FluDN delivered by PVA hydrogel patch with the RED system (PVA/RED
system) showed a reduced amount of fluconazole within stratum
corneum (Figure 4.15A). When we examined the drug deposition
within epidermal/dermal layers of skins, RED-driven iontophoresis
significantly elevated the drug delivery into the deep tissue layers,
as the significant amounts were deposited within epidermal/dermal
layer (Figure 4.15B).
Additionally, we compared the skin penetration ability of
PYP/RED and PVA/RED via Franz diffusion cell test across hairless
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mouse skin in vitro (Figure 4.15C). Passive diffusion of fluconazole
with 10% EtOH and with a commercially available FUCONAL cream
were also compared. Above all, all the groups using Flu-DNs,
including both PYP/RED and PVA/RED system, and passive
application of Flu-DNs, significantly increased the delivery efficacy
when compared to the fluconazole with FUCONAL cream or 10%
EtOH (Figure 4.15D). Both PYP/RED and PVA/RED system displayed
a similar penetration profile in the early time (i.e., first 1~2 hours)
(Figure

4.15E);

however,

an

increased

amount

fluconazole

penetration was observed with PYP/RED system Figure 5D.
Therefore, the PYP/RED system represented the effective drugpenetrating capacity among all groups. When the fluconazole was
dissolved in 10% EtOH, the skin barrier completely blocked the
penetration. Interestingly, the passive application of fluconazole in
our DNs displayed enhanced skin permeability compared to the
passive application with FUCONAL cream. In short, we show that
the DNs-coupled PYP/RED system is an effective combination of
skin penetration and systemic delivery of drugs via the transdermal
route.
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Figure 4.15. Therapeutic transdermal delivery of Fluc-DNs. (A, B)
The deposited amount of Fluc within the stratum corneum and the
epi-/dermis were analyzed after 2 h of application to the porcine skin.
It suggests that RED-driven iontophoresis accelerated the drug
permeation into the skin, and the higher amount of deposited drug in
PYP/RED revealed the penetration of the drug during iontophoresis
was strongly affected by the hydrogel's conductivity. (*p<0.05,
***p<0.001, and NS represents non-significant). (C-E) The In vitro
drug permeation test through hairless mouse skin using Franz
diffusion cell. (C) Schematic of Franz diffusion cell test where the
PVA or PYP hydrogel was applied on the upper layer of the skin,
followed by applying the RED-driven iontophoresis. (D) The
cumulated amount of drug collected from the receptor chamber, and
(E) the drug penetration profiles at initial times. It was shown that
both active (RED applied) and passive (without RED) delivery using
Fluc-DNs had a higher penetration ability compared to commercially
used ointment (FUCONAL cream ® ). Passive (10% EtOH) indicates
PYP hydrogel that entrapped Fluc dissolved in 10% ethanol, which
exhibited drug penetration with a negligible quantity. (*p<0.05,
**p<0.01, and ***p<0.001, and NS represents non-significant)

１５１

4.3.7 Therapeutic efficacy of Rosi-DNs with PYP/RED system
Additionally, we explored the therapeutic efficacy of our
system by transdermal delivery of Rosiglitazone (Rosi) to treat a
diet-induced type-2 diabetic and obese mouse. Rosi has been shown
to effectively exhibited adipose tissue browning and improved type2 diabetes in vivo.[272] We created a diet-induced obesity mouse
model and examined the therapeutic efficacy of Rosi-loaded DNs
(Rosi-DNs) delivery with the PYP/RED system. Due to the lipophilic
nature of Rosi,[273] we prepared Rosi-DNs as transfersome, which
is one of the decorative liposomes by containing a surfactant. It has
an ultra-flexible and deformable characteristic, allowing itself to
penetrate

the

stratum

corneum

while

maintaining

its

intact

structure.[88] Prepared Rosi-DNs displayed nanoparticular range
with an average diameter of 124.8 nm (Figure 4.16A). Transfersome
based DNs had a highly negative charge over -40 mV regardless of
the existence of Rosi (Figure 4.16B). Therefore, we applied cathodal
iontophoresis for transdermal penetration of Rosi-DNs.

Rosi-

DNs-containing PYP/RED system was applied to the right inguinal
region of an obese mouse (Figure 4.16C). Gross images of mice after
4 weeks of administration demonstrated that the PYP/RED system
effectively inhibited weight gain compared to the passive delivery
１５２

group and control group (Figure 4.16D). The weight of the mice was
effectively reduced with the active transdermal delivery of RosiDNS. Even though the passive application of Rosi-DNs also reduced
weight at 3 weeks, and weights in the passive group exhibited 96.7 %
of initial weight (Figure 4.16E). After 4 weeks of administration, the
weight in the PYP/RED group had 88.4 % of the initial weight. The
bodyweight of Rosi-DNs-treated groups was slightly increased at
around 4 weeks, which might be attributed to the undesirable effect
of Rosi that may cause weight gain as reported.[274]
In addition, we quantified the blood glucose level in order to
confirm the systemic delivery of Rosi as it can act as an insulin
sensitizer. The obese control mouse had 238 ± 25.3 mg/dL, and
Rosi-DNs delivery via PYP/RED system significantly resued the
glucose level to 158±39.2 mg/dL. In the meantime, the passive
application of Rosi-DNs showed 209±12.6 mg/dL of blood glucose
level (Figure 4.16F). Rosi-DNs effectively reduced body weight and
reduced the blood glucose level of diet-induced obese mice, and
these data analysis suggests that PYP/RED system effectively
allowed systemic delivery of Rosi-DNs via the transdermal route in
a completely non-invasive manner.
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In addition, Rosi has been known to transform white adipose
tissue (WAT) to brown adipose tissue (BAT).[275, 276] We
examined whether the browning of the inguinal white adipose tissue
(iWAT) occurred via Rosi-DNs. The PYP/RED system applied to the
right side of a mouse (R), and we did not place the PYP/Red system
on the left side (L). At 4-weeks post-treatment, we collected
iWATs from both the left and right side of all the mice and examined
for tissue qualities. Active delivery of Rosi-DNs significantly
reduced the adipose tissue size (Figure 4.16G). Interestingly, the
size of iWAT was also decreased in the passive Rosi-DNs group.
BAT exhibits multilocular and/or paucilocular morphology with
smaller cell morphology, whereas the WAT has a morphology of a
scant ring with a large lipid droplet within the cells.[277] Histological
analysis of collected adipose tissues demonstrated that the active
Rosi-DNs delivery via PYP/RED system resulted in adipose tissues
with paucilocular morphology, indicating the iWAT transformation
into the BAT (Figure 4.16H). We further analyzed cell density and
cell size (Figure 4.16I and J). The control group had the lowest cell
density and the largest cell diameter. Passive Rosi-DNs delivery
system resulted in increased cellular density along with smaller
adipose cell size. In addition, active Rosi-DNs delivery via PYP/RED
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system resulted in the highest cellularize with the smallest cell size.
Interestingly, since we have applied PYP/RED system onto the right
side,

adipose

tissue

isolated

from

the

right

side

displayed

significantly higher cellularity and smaller adipose cell size compared
to the adipose tissues isolated from the left side in both RED and
passive groups. With taking the results together, these quantitative
analysis confirms that the PYP/RED-mediated topical delivery of
Rosi-DNs could significantly enhance the adipose tissue browning.
Further analysis of Rosi-DNs distributions within the skin and
systemic circulation would enable efficient treatment strategies for
obese mice using the PYP/RED system.
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Figure 4.16. Preparation of Rosi-DNs and the in vivo antiobesity
effects with PYP/RED patch in diet-induced obese mice. (A) The
intensity-based size distribution of Rosi-DNs showed an average
size of about 124.8 nm. (B) The zeta potential of the DNs indicated a
profoundly negative charge of about -44.2 mV regardless of loading
Rosi. (C) Photograph of applying Rosi-DNs-embedded PYP patch to
the inguinal region of the mice and the RED-driven iontophoresis. (D)
The photo of the mice at 4-weeks post-treatment (Scale bar=50
mm). (E) Normalized bodyweight of the mice was monitored for 4
weeks (Ctrl: without treatment; Passive: Rosi-DNs/PYP; RED:
Rosi-DNs/PYP/RED) (n=4-5). (F) Blood glucose level after fasting
the mice for 16 h at 4-weeks post-treatment. The RED group
revealed alleviated blood glucose levels compared to the passive and
control group. (G) The photograph of the inguinal white adipose
tissues at each side (Scale bar=10 mm), and (H) their histological
images of hematoxylin & eosin (H&E) staining (Scale bar=200 µm).
(I, J) The number of adipocytes and the diameter of the adipocytes
were quantified based on the H&E images. It demonstrated that
RED-mediated delivery of Rosi-DNs exhibited apparent browning
effects in vivo compared to passive delivery (***,###p<0.001. *
represented the statistical significance of the experimental groups to
control group, and # represent the statistical significance versus
passive_R).
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We finally assessed the dermal toxicity of our system for its
clinical use. The hydrogels with the RED-driven iontophoresis were
applied to the mouse dorsal skin for 24 h (Figure 4.17A), followed by
colorimetric measurement using a spectrophotometer (Figure 4.17B).
There was little evidence of skin irritation and no disruption and/or
lesion of the skin, considering both the erythema index and the
histological analysis (Figure 4.17C and D). Additionally, given that
delivered components might evoke an inflammatory response, we
checked

the

inflammatory

cells

in

the

skin

tissue

with

immunofluorescent staining against monocytes and macrophages
(Figure 4.17E). However, the inflammatory response did not appear
in all of the experimental groups. It suggests that the developed
system consisting of both the PYP/RED system and DNs in this study
can be safely used.
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Figure 4.17. Dermal toxicity test of the RED-driven iontophoretic
patches. The dermal toxicity of the system was estimated via both
colorimetric erythema index (E) evaluation and histological analysis.
(A) Magnified images of dorsal skin at each time post-treatment of
the RED-driven iontophoretic patches (Scale bar=10 mm). (B)
Photographs during the colorimetric test using a spectrophotometer.
(C) The E was calculated from the colorimetric values, where the
value increased slightly after 1 h in all groups but recovered after 24
h. (D) H&E images for histological analysis of the skin tissues after
24 h. No lesion or disruption in the epidermal tissue was observed.
(E) The inflammatory response of the system was estimated by the
immunofluorescent
staining
of
the
skin
with
antimonocyte/macrophage
(MOMA-2)
(red).
There
was
no
inflammatory response evoked in the epidermal layers, suggesting
that the overall systems in this study had little skin toxicity (Scale
bar: 100 μm).
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4.4 Summary
We have developed a novel transdermal drug delivery system
using a portable reverse-electrodialysis (RED) battery, electrically
mobile drug nanocarriers (DNs), and PYP based electroconductive
hydrogels. The iontophoretic patch system was fabricated, and we
highlight the improved transdermal drug delivery efficacy in ex vivo
and in vitro skin penetration analysis. In particular, electrically mobile
DNs with OA was found to have an excellent skin permeability, and
we examined that the drug-loaded DNs transport was further
accelerated by RED-driven iontophoresis due to electric repulsion.
For the therapeutic application, diet-induced obesity was treated by
delivering Rosi-NDs using the PYP/RED system in vivo. The
transdermal drug delivery system, consisting of the PYP/RED system
with electrically mobile DNs, may offer a new perspective on the
systemic delivery of drugs via the transdermal route.
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CHAPTER FIVE
Concluding Remarks
5.1 Critical analysis of the current transdermal drug
delivery system
Unlike small molecular drugs, the design of CAs for the
transdermal delivery of protein therapeutics needs to be fastidious,
because the protein-based drugs are susceptible to both structural
and functional deterioration, and are sensitive to formulation
conditions, such as solubility and pH. At the same time, CAs can be
readily modified, like decorative liposomes. For example, we can
apply a positive charge to the microemulsion surface,[278]
liposomal

layers

can

be

engineered

on

and

nanoparticles.[279]

Therefore, it is necessary to consider these issues for developing
CAs for delivering drugs.
The recent studies using CAs have clearly demonstrated
excellent results in the transdermal drug delivery; however, since
many of them have been conducted through a permeable animal model,
such as mice skin, thorough and additional verification will be
required for clinical entry.
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Through minimal or non-invasive disruption of the formidable
skin barrier, PPEs have dramatically increased the transdermal
delivery efficiency of protein therapeutics that were difficult to
deliver with CAs alone. In particular, the use of microneedle has
become an alternative to conventional intradermal or intramuscular
injection, and the delivery of influenza vaccines and insulin using
microneedle has been established successfully in clinical settings.
However, the stability of protein-based drugs may be affected by
the manufacturing process of the matrix and storage period. These
problems should be solved for market success and commercialization
of the microneedle-based transdermal drug delivery system.
Non-invasive PPEs operates with using external devices, acting
separately from the formulation of protein therapeutics. This allows
the choice of a wide range of CAs, and the delivery strategies through
the combination of PPEs and CAs may have a synergetic effect,
compared with using them individually. However, it is crucial to select
CAs formulation based on the principle of PPEs. For example, for use
in iontophoresis, the electrically charged formulation will be more
effective than formulations with a neutral net charge. Therefore, if
CAs and PPEs are to be used together, the characteristics and
operating mechanisms of each component must be properly
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understood.

5.2 Future perspectives on the clinical implications of
the hydrogel-based skin patch
This thesis presented previous research and a novel approach to
hydrogel-based wound repair using functional substrates. As skin
wounds frequently occur, the development of medical devices for
treating the wounds would be easily progressed and commercialized
easily; however, there are several hurdles. It is required to have a
portable and user-friendly nature of wound dressings that provide
external stimulation.
Some conventional drugs are already commercially available for
transdermal delivery. Beyond the delivery of small molecular drugs,
progress in the transdermal delivery of protein-based drugs is
auspicious. Percutaneous delivery of bioactive peptides is already
practicable and has excellent potential. Growth factors can be used
to

accelerate

wound

healing

by

iontophoretic

delivery

with

penetration enhancers. However, in the clinic, there is still skepticism
about the delivery of protein-based drugs in a non-invasive manner
or the use of penetrating enhancers. Compared to another route of
administration, e.g., intramuscular injection, transdermal delivery of
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protein-based drugs takes longer to transport, thus it requires a
patch for retention at the applied region and also requires complicated
equipment. It is challenging to deliver without the help of experts.
Therefore, in order to popularize and commercialize the transdermal
delivery of protein-based drugs, it is necessary to develop a patch
system that can secure the stability of the drugs and equipment as
PPEs with simplification and miniaturization. More details on general
considerations for the transdermal delivery of protein therapeutics
and strategies using chemical and physical penetration methods have
been kindly provided in other sources.[280]
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국 문 초 록
상처 치료 및 경피 약물전달을 향상시키기 위한
하이드로겔 기반 피부 패치
서울대학교 대학원
공과대학 화학생물공학부
안 영 현

하이드로겔은 다량의 수분을 흡수하고 저장할 수 있는 친수성
고분자의 3차원 구조체로서 세포와 상호작용할 수 있고 지속적으로 약
물의 농도구배를 제공할 수 있다. 이로 인해 하이드로겔은 피부재생 혹
은 경피 약물전달을 위한 피부 패치 제작에 광범위하게 사용되고 있다.
그러나, 하이드로겔 자체만으로는 수동적인 역할에 그치는 문제점이 있
다. 기능적인 기판과 하이드로겔의 하이브리드 형태의 패치는 하이드로
겔의 적용을 용이하게할 뿐 아니라 약물전달 효율을 향상시키기 위한 외
부자극을 제공하기 위한 중간매질로서 사용되어져 왔다. 본 논문은 피부
상처 치료 및 경피 약물전달을 촉진하기 위한 하이드로겔 기반의 능동형
피부 패치 연구에 대한 것이다.
제 1장과 제 2장에서는 일반적인 서론 및 과학적 배경에 대해
서술하였다.
제 3장에서는 상처부위에의 혈관성장인자 전달을 위한 하이드로
１８６

겔로 기능화된 양면성 기판을 개발하였다. 일반적인 드레싱 재료를 손쉽
게 기능화하기 위한 화학기상증착법을 사용하여 소수성 불소고분자인
PHFDMA를 증착 및 중합하고 에스터 기의 가수분해를 통해 카복실기
를 드러나게 함으로써 양면성 드레싱을 제작할 수 있었다. 카복실기는
자외선 광중합이 가능한 젤라틴 메타크릴레이트 (GelMA)와 EDC/NHS
반응을

거쳐

화학적으로

반응하고

하이드로겔로

제작해

고정했다.

GelMA 하이드로겔은 성장인자를 방출할 수 있고 수분을 함유하여 상처
재생을 위해 사용되었다. 이렇게 제작된 GelMA 하이드로겔이 고정화된
양면성 폴리에스터 드레싱을 쥐 피부 전층 창상 모델이 적용하였을 때,
하이드로겔에 의해 상처의 습윤한 환경은 유지되었고 양면성 드레싱에
의해 삼출액이 새어나가는 것을 방지할 수 있었다.
제 4장에서는 경피약물전달을 위한 하이드로겔 기반 이온영동패
치를 개발하였다. 이 시스템은 휴대가능하고 일회성인 역삼투전위(RED)
배터리를 전원장치로 하여 약물 저장 및 전극으로 사용하기 위해 전기전
도성 고분자인 폴리피롤(Ppy)이 폴리비닐알코올(PVA)에 도입된 하이
드로겔 (PYP)을 사용하였다. 또한, 효과적인 약물전달을 위해, 전기유동
성을 갖는 약물 나노입자(drug nanocarriers, DNs)를 제작하였다. RED
에 의한 이온영동과 PYP 하이드로겔은 DNs의 피부전달을 촉진시켰다.
특히, 나노입자의 표면전하를 조정함을 통해 이온영동법에 의한 전기적
반발력을 극대화하였다. PYP/RED 패치는 DNs을 효과적으로 피부 내로
흡수시켰으며 마우스 모델에서 국소적인 적용을 통해 전신적인 비만 치
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료효과를 나타내었다.
제 5장에서는 기술에 대한 비평적 분석과 추구할 방향을 논의했
다. 종합적으로 본 논문은 양면성 드레싱 기반의 하이드로겔 패치를 통
한 피부상처 치료에 대한 새로운 접근법을 제시하였고 전기전도성 재료
를 이용한 이온영동패치를 통해 향후 다양한 치료물질의 비침습적인 경
피 약물전달을 위한 유용한 플랫폼 기술을 제시하였다.

주요어: 하이드로겔; 피부 패치; 상처 치료; 경피 약물전달; 이온영동법
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