
Facilitated Transdermal Drug Delivery Using
Nanocarriers-Embedded Electroconductive
Hydrogel Coupled with Reverse
Electrodialysis-Driven Iontophoresis
Young-Hyeon An, Joon Lee, Dong Uk Son, Dong Hyeon Kang, Mihn Jeong Park, Kyoung Won Cho,
Semin Kim, Su-Hwan Kim, Junghyeon Ko, Myoung-Hoon Jang, Jae Young Lee, Dae-Hyeong Kim,
and Nathaniel S. Hwang*

Cite This: ACS Nano 2020, 14, 4523−4535 Read Online

ACCESS Metrics & More Article Recommendations *sı Supporting Information

ABSTRACT: We herein developed an iontophoretic trans-
dermal drug delivery system for the effective delivery of
electrically mobile drug nanocarriers (DNs). Our 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, an
electroconductive hydrogel composed of polypyrrole-incorpo-
rated poly(vinyl alcohol) (PYP) was used. The PYP hydrogel
facilitated electron transfer from the RED battery and
accelerated the mobility of electrically mobile DNs released
from the PYP hydrogel. In this study, we showed that
fluconazole- or rosiglitazone-loaded DNs could be function-
alized with charge-inducing agents, and DNs with charge modification resulted in facilitated transdermal transport via
repulsive RED-driven iontophoresis. In addition, topical application and RED-driven iontophoresis of rosiglitazone-loaded
DNs resulted in an effective antiobese condition displaying decreased bodyweight, reduced glucose level, and increased
conversion of white adipose tissues to brown adipose tissues in vivo. Consequently, we highlight that this transdermal drug
delivery platform would be extensively utilized for delivering diverse therapeutic agents in a noninvasive way.
KEYWORDS: iontophoresis, electroconductive hydrogel, reverse electrodialysis, nanocarriers, transdermal drug delivery system

The skin is the outermost protective layer of the human
body, and the stratum corneum makes it difficult for
drugs to penetrate the skin.1 In recent years, the field

of transdermal drug delivery has been geared toward the
development of safe and efficacious means of delivering
therapeutically effective medications actively across the skin.2

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 microneedles, electroporation, and thermal ablation.3

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).3 Our laboratory has
recently reported a portable and disposable device for

iontophoresis using reverse electrodialysis (RED) technology.4

We and others have shown that the RED-driven iontophoresis
can effectively deliver molecules greater than 12 000 Da and
overcome the barrier properties of the stratum corneum.5 In
order to apply the RED-driven system for a universal
transdermal drug delivery platform, several factors, such as a
universal formulation for drugs and biocompatible and flexible
drug loading electrode materials, need to be considered in
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determining its feasibility for successful iontophoretic delivery.
Thus, we herein demonstrated that the encapsulation of drugs
in electrically mobile drug nanocarriers (DNs) would allow
RED-driven effective release and transdermal penetration.
Furthermore, development of a biocompatible and electrically
conductive hydrogel may provide a flexible drug loading
reservoir and electrical conduction by the RED system.
A hydrogel is a three-dimensional polymer network that can

imbibe a large amount of water, and a hydrogel can be utilized
as a drug reservoir for transdermal drug delivery.6,7 However,
in the case of utilizing iontophoresis, typical hydrogels have
low electrical conductivity and insufficient responsiveness to
electrical stimuli.8 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 strength may be diminished as the
electrolyte solution leaches out.9 On the other hand,
permanent incorporation of electroconductive polymers into
a hydrogel may provide a prompt and stable response to
electrical stimulation. Several forms of electroconductive
polymers have been utilized not only as biomedical
devices10−12 but also as functional and stimuli-responsive
scaffolds for tissue engineering.13−17 Among them, polypyrrole
(Ppy) is a promising conductive polymer, having biocompat-
ibility and inherent conductivity.18,19 Also, poly(vinyl alcohol)
(PVA) is a hydrophilic synthetic polymer and is easy to
process into the hydrogel form by a simple freeze−thaw (FT)
technique.20,21 PVA has been utilized as a drug reservoir for
mucoadhesive, transdermal, and other drug delivery applica-
tions.22 In this study, we incorporated Ppy into a PVA-based
hydrogel as an 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 a drug reservoir
system.
Nanocarriers have been widely studied for transdermal drug

delivery since they have excellent penetration ability into the
skin.23,24 Furthermore, lipid-based nanocarriers can be trans-
formed to be electrically mobile by introducing surface charge
onto the nanocarriers to increase the electrical repulsion during
iontophoresis.25 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 transdermal drug
delivery system of an electrically mobile DNs-loaded PYP
electroconductive hydrogel coupled with a RED battery (PYP/
RED) and investigated how the electrical properties 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.26

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 in vitro and ex vivo skin
penetration tests. In addition, the delivery efficacy of Rosi-DNs
was verified with the diet-induced obese mice model. The
PYP/RED system effectively provided the mobility of
electrically mobile DNs for effective transdermal drug delivery.

RESULTS AND DISCUSSION

Fabrication and Characterization of Electrically
Conductive PVA-Ppy Hydrogels. RED-driven iontopho-

Figure 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 poly(vinyl 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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resis is based on the principle that like charges repel, while
opposite charges attract. By applying an electric current, the
positively ionizable and electrically mobile drug nanocarriers
can be transported from the anodal compartment into the skin
(Figure 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 an electrically
conductive hydrogel composed of PVA-Ppy hydrogels. PVA-
Ppy hydrogels were fabricated by sequentially mixing pyrrole
with cross-linking agents and PVA polymeric solutions. Pyrrole
monomer was polymerized by ammonium persulfate (APS)
and cross-linked by phytic acid, respectively (Figure S1). APS
allows activation of pyrrole to form a polymer, and phytic acids
provide an anchoring point for Ppy to be cross-linked into a
network form. It has been reported that the phytic acid is a
dopant and acts as cross-linker by protonating the nitrogens on
the conductive polymers, such as Ppy and polyaniline.27−29

Subsequently, the protonated amine or imine groups in Ppy
and hydrogen phosphate groups in phytic acid interacted by
either electrostatic force or hydrogen bonds.30,31 As the pyrrole
polymerized, the polymeric solution became dark and viscous.
Subsequently, multiple FT cycles of the PVA-Ppy polymeric
solution resulted in a sol−gel transition as the PVA crystalline
regions appeared. Stable PVA-Ppy hydrogel formation was
confirmed by vial-tilting methods (Figure 2A).
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.32,33

Furthermore, as the phytic acids work to cross-link the Ppy,
it would increase the mechanical properties and electrical
conductivity of the hydrogel. The hydrogel groups were
assigned as follows: 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 2B).34 We next
examined the chemical composition of the hydrogel via the
Raman spectroscopic method. Raman data represented distinct
peaks corresponding to PVA, Ppy, and phytic acid, respectively
(Figure 2C). For the PVA, the peaks at 2912 and 1430 cm−1

were attributed to the stretching vibrations of −CH2 and
−CH, respectively.35 The Ppy-related peaks appeared at 1326
and 1550 cm−1, corresponding to the ring stretching and the
stretching of the C−C bond, respectively.36 For the hydrogel
with the existence of phytic acid, broad peaks around 500−650
cm−1 were observed. This indicated that the PYP hydrogel was
successfully fabricated and cross-linked 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 2D, Figure S2, and Table S1). The
PYP hydrogel showed much higher mechanical strength than
the other groups under the whole FT cycle. This suggests that
cross-linked Ppy with phytic acid had a significant effect on the
formation of the IPN structure of the system without altering

Figure 2. Fabrication and characterization of the PVA-Ppy electroconductive hydrogels. (A) Fabrication procedure of the hydrogel and
confirmation of gelation through the vial-tilting 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 third FT, indicating the formation of the PVA-Ppy 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 significantly enhanced the mechanical property compared to the PVA hydrogel (#,$p < 0.05,
**,##p < 0.01, and ***,###p < 0.001. # and $ represent the statistical significance versus the first and second FT hydrogels, respectively).
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the highly porous structure of the PVA hydrogel (Figure S3),
consequently strengthening the network density, as previously
reported.11 Moreover, the thermal properties of the hydrogels
were investigated by TGA and DTA analysis. A slight weight
loss occurred between 250 and 300 °C for both the PY and
PYP hydrogel, and rapid weight loss occurred over 300 °C for
the PVA hydrogel (Figure S4 and Table S2). This thermal
stability of the PYP hydrogel may have been attributed to
added interactions between amine groups and/or hydrogen
atoms from polypyrrole and hydroxyl groups from PVA.37

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 condition.
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 3A and Table S3). In addition, we
calculated the conductivity of the hydrogels, which was derived
from the I−V curve of the four-point probe method (Figure
S5). The PYP hydrogel with repeated FT cycles displayed a
more than 800% increase in conductivity compared to the PVA
hydrogel (Figure 3B). The electrical conductivity of the PYP
hydrogel was increased as a result of FT cycles, which may
have been due to the densification of the PVA macromolecular
structure that promoted additional closer contact between Ppy
chains.38,39 The electrochemical impedance spectra also
indicated that the PYP hydrogel exhibited the lowest
impedance at a wide range of frequencies (Figure S6).
Moreover, when an external voltage was applied, the PYP
hydrogel displayed intense brightness compared to that of the

Figure 3. Electrical properties of the hydrogels and construction of hydrogel patches. (A) Bulk resistance of the hydrogels was simply
measured by a multimeter depending on the FT. (B) In the third FT, the conductivity of the hydrogels was calculated from the I−V curve by
the four-point probe method. (C) Photographs showing the difference in conductivity between PVA and PYP, which could be observed from
the bulb-light intensity. (D) Changes in resistance as the bending angle increased with using PYP. (E) Procedure for fabricating the hydrogel
patch. The pregel solution was coated onto carbon-printed cotton fabric, followed by gelation through FT. (F) Construction of the PYP/
RED iontophoretic patch in which the carbon-coated fabric of the hydrogel patch was directly connected to the RED. (G) Illustration of
measuring the voltage profile of the iontophoretic patch using two RED batteries as a power source and its voltage profile, and RED group
represents the measurement using batteries only (**,##p < 0.01 and ***,###,$$$p < 0.001; # and $ represent the statistical significance versus
first and second FT hydrogels, respectively).
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PVA hydrogel, indicating the low resistance of electric current
in the PYP hydrogel system (Figure 3C). 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. When we increased the hydrogel bending angle,
the resistance decreased down to 40% of unbent hydrogel
control (Figure 3D). 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.
Construction of PYP Hydrogel and Coupling with the

RED Battery System. To provide a strong conductive
medium from the RED battery to the PYP hydrogel, we
applied a highly conductive carbon paste onto the nonwoven
fabric that is designed to hold the PYP hydrogel (Figure 3E).40

The carbon-printed fabric displayed a less porous structure
than the naiv̈e fabric surface and had excellent electrical
conductivity comparable to Au-coated glass (Figure S7). By
immobilizing the hydrogels on the fabric mesh, we could
confirm they could be tightly bound to each other via physical
bonding. We also investigated the adhesive property of the
hydrogel patches to skin tissues; however, the hydrogel patch
exhibited insufficient adhesive force (Figure S8). For further
consideration, the incorporation of adhesive properties to the
conductive hydrogel would be very useful in the clinical
application. The PYP/RED patches could be constructed by
directly connecting the fabrics with RED in the epoxy mold
(Figure 3F). The voltage profiles of both PVA and PYP
hydrogel patches connected to the RED battery are displayed
in Figure 3G. 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. The maximum voltage of a RED
was recorded as about 2.3 V (Figure S9). 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.
Preparation of Electrically Mobile Drug Nanocarrier

and DNs-Loaded Hydrogels. It has been reported that the
drug delivery efficacy of iontophoresis can be enhanced by
ionizable nanocarriers.41 In particular, when applying the RED-
based delivery system, various physicochemical factors of the
drug formulation, such as pH, surface charge, molecular
weight, etc., affect the transporting rate of drugs.42 Initially, we
prepared DNs through a combination of several ingredients,
including Transcutol P, Labrasol, propylene glycol, and water
(Table 1), where propylene glycol as cosurfactant has a role of

diminishing the particular size in the submicron range (10−
100 nm). We utilized Flu as a model drug, and 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 a typical
microemulsion. We could confirmed that drug nanoparticles
were successfully formed within the solution through TEM
(Figure S10). The composition, size, and zeta potential of the
prepared fluconazole-loaded DNs are shown in Table 2, where
the fabricated Flu-DNs had an average diameter of 10 nm. The
size of nanocarriers was slightly reduced, and their zeta
potential increased from 1.35 mV to 6.85 mV as a result of OA
addition. Finally, we loaded the Flu-DNs into the hydrogels by
soaking the dried hydrogel patch in a Flu-DNs solution. The
swelling ratio of DNs-loaded hydrogels was about 6 in PVA
and about 4 in PYP, which was lower than that of water-
containing hydrogels (about 12 in PVA and about 8 in PYP),
as shown in Figure S11. This might be attributed to the partial
lipophilicity of the Flu-DNs.

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 (Figure 4A and Table S4). When the
PVA and PYP hydrogel patches were loaded with BODIPY-
DNs and the electrical flow was applied, we observed the active
release of DNs (Figure S12). 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 S13).
Next, we tried to validate the transdermal delivery efficacy

by applying the hydrogel patches to porcine skin with the RED
system (Figure 4B). As the electron repulsion is the main
driving force to deliver DNs, we applied a 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 were collected at different time points (i.e.,
10 min, 30 min, and 1 h), cryosectioned, and examined for
BODIPY delivery (Figure 4C). 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 h 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

Table 1. Components for Preparing the Positively Charged
Fluc-DNs

oil phase Transcutol P
surfactant Labrasol
cosurfactant propylene glycol
water phase distilled water
charge-inducing agent oleylamine

Table 2. Composition and Physical Characteristics of Fluc-DNs

weight %

Transcutol P Labrasol propyleneglycol D.W. oleylamine (OA) Fluc size (d, nm) Z-potential (mV)

w/o OA 5.0 6.67 3.33 84.5 0.5 12.92 ± 0.13 1.35 ± 0.34
w/OA 4.7 0.3 10.14 ± 0.58 6.85 ± 0.16
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compared the permeability 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
among all groups (Figure 4D and E). Interestingly, electrical
attraction applied to DNs with the cathodic 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 the
anode to cathode direction may have resulted in a driving force
behind the increased permeability of the cathodic current
compared to the passive diffusion.43−45 Furthermore, the
iontophoresis-induced current flow may have altered the skin
barrier function by increasing the permeability.46,47

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 as a model drug. Above all, the
ex vivo drug permeation test through porcine skin was
examined (Figure 5A and B). We applied iontophoresis to ex
vivo porcine skin for 2 h, the deposited drug was extracted from
the stratum corneum and epidermal/dermal regions, respec-
tively, 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 are

delivered by PYP hydrogel patch with the RED system (PYP/
RED system). Flu-DNs delivered by PVA hydrogel patch with
the RED system (PVA/RED system) showed a reduced
amount of fluconazole within the stratum corneum (Figure
5A). When we examined the drug deposition within
epidermal/dermal layers of skin, RED-driven iontophoresis
significantly elevated the drug delivery into the deep tissue
layers, as significant amounts were deposited within the
epidermal/dermal layer (Figure 5B).
Additionally, we compared the skin penetration ability of

PYP/RED and PVA/RED via the Franz diffusion cell test
across hairless mouse skin in vitro (Figure 5C). 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 systems, and passive application of Flu-
DNs, significantly increased the delivery efficacy when
compared to the fluconazole with Fuconal cream or 10%
EtOH (Figure 5D). Both the PYP/RED and PVA/RED
system displayed a similar penetration profile at early times
(i.e., first 1−2 h) (Figure 5E); however, an increased amount
of fluconazole penetration was observed with the PYP/RED
system (Figure 5D). Therefore, the PYP/RED system
represented the effective drug-penetrating 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

Figure 4. 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) 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 nonsignificant).
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DNs-coupled PYP/RED system is an effective combination of
skin penetration and systemic delivery of drugs via the
transdermal route.
Therapeutic Efficacy of Drug-Loaded Nanocarrier

with the 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 exhibit
adipose tissue browning and improved type-2 diabetes in
vivo.48 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,49 we prepared Rosi-DNs as
transfersome, which is one of the decorative liposomes by
containing a surfactant. It has an ultraflexible and deformable
characteristic, allowing itself to penetrate the stratum corneum
while maintaining its intact structure.50 Prepared Rosi-DNs
displayed a nanoparticular range with an average diameter of
124.8 nm (Figure 6A). Transfersome-based DNs had a highly
negative charge over −40 mV regardless of the existence of
Rosi (Figure 6B). Therefore, we applied cathodal iontopho-
resis for transdermal penetration of Rosi-DNs. A Rosi-DNs-
containing PYP/RED system was applied to the right inguinal
region of an obese mouse (Figure 6C). Gross images of mice
after 4 weeks of administration demonstrated that the PYP/
RED system effectively inhibited weight gain compared to the
passive delivery group and control group (Figure 6D). The
weight of the mice was effectively reduced with the active
transdermal delivery of Rosi-DNs. The passive application of
Rosi-DNs also reduced weight at 3 weeks, and weights in the
passive group exhibited 96.7% of the initial weight (Figure 6E).

After 4 weeks of administration, the weight in the PYP/RED
group was 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.51

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 control obese mouse had 238 ± 25.3 mg/dL,
and Rosi-DNs delivery via the PYP/RED system significantly
reduced 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 6F). Rosi-DNs
effectively reduced body weight and reduced the blood glucose
level of diet-induced obese mice, and this data analysis suggests
that the PYP/RED system effectively allowed systemic delivery
of Rosi-DNs via the transdermal route in a completely
noninvasive manner.
In addition, Rosi has been known to transform white adipose

tissue (WAT) to brown adipose tissue (BAT).52,53 We
examined whether the browning of the inguinal white adipose
tissue (iWAT) occurred via Rosi-DNs. The PYP/RED system
was 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 the tissue qualities.
Active delivery of Rosi-DNs significantly reduced the adipose
tissue size (Figure 6G). 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.54 Histological

Figure 5. Therapeutic transdermal delivery of Fluc-DNs. The transdermal delivery of Fluc-DNs depending on the electroconductivity of
hydrogels was confirmed via both the ex vivo and the in vitro penetration test. The deposited amount of Fluc within (A) the stratum corneum
and (B) the epi-/dermis was 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 nonsignificant). The in vitro
drug permeation test through hairless mouse skin using a Franz diffusion cell. (C) Schematic of the Franz diffusion cell test where the PVA
or PYP hydrogel was applied on the upper layer of the skin, followed by applying RED-driven iontophoresis. (D) 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 nonsignificant).
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analysis of collected adipose tissues demonstrated that the
active Rosi-DNs delivery via the PYP/RED system resulted in
adipose tissues with paucilocular morphology, indicating the
iWAT transformation into the BAT (Figure 6H). We further
analyzed cell density and cell size (Figure 6I and J). The
control group had the lowest cell density and the largest cell
diameter. The passive Rosi-DNs delivery system resulted in
increased cellular density along with smaller adipose cell size.
In addition, active Rosi-DNs delivery via the PYP/RED system
resulted in the highest cellularity with the smallest cell size.
Interestingly, since we have applied the 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 the RED and passive groups. Taken together,
these quantitative analyses confirm 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.
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 7A),
followed by colorimetric measurement using a spectropho-
tometer (Figure 7B). There was little evidence of skin irritation
considering both the erythema index and the histological
analysis, where no disruption and/or lesions of the skin were
observed (Figure 7C and D). Additionally, we checked the
inflammatory response of the skin tissue via immunofluor-
escent staining using anti-monocytes and macrophages anti-

body (MOMA-2), indicating that the inflammatory response
did not appear in any experimental group (Figure 7E). Overall,
our iontophoretic system developed in this study showed little
toxicity and adverse effects on the skin tissue, suggesting that it
possesses the potential to be used in clinical applications.

CONCLUSION
We have developed a transdermal drug delivery system using a
portable reverse-electrodialysis battery, electrically mobile drug
nanocarriers, 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, an electrically
mobile DNs with OA was found to have an excellent skin
permeability, and we showed that the drug-loaded DNs
transport was further accelerated by RED-driven iontophoresis
due to electric repulsion. For 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 progressive perspective on the
systemic delivery of drugs via the transdermal route.

EXPERIMENTAL SECTION
Materials. Poly(vinyl alcohol) (Mw (89 000−98 000), 99+%

hydrolyzed), pyrrole (reagent grade, 98%), a phytic acid solution
(50 w/w % in H2O), and ammonium persulfate were purchased from
Sigma-Aldrich. For microemulsion, fluconazole (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

Figure 6. Preparation of Rosi-DNs and the in vivo antiobesity effects with the PYP/RED patch in diet-induced obese mice. (A) Intensity-
based size distribution of Rosi-DNs showed an average size of about 124.8 nm. (B) Zeta potential of the DNs indicated a profoundly
negative charge of about −44.2 mV regardless of loading Rosi. (C) Photograph of applying a Rosi-DNs-embedded PYP patch to the inguinal
region of the mice and the RED-driven iontophoresis. (D) 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) Photograph of the inguinal white adipose tissues at each side (scale bar: 10 mm) and (H)
their histological images of hematoxylin and eosin (H&E) staining (scale bar: 200 μm). (I, J) 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; * represents the statistical significance of the experimental groups to
control group, and # represents the statistical significance versus passive_R).
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(caprylocaproyl polyoxyl-8 glycerides) were kindly supplied by
Gattefosse.́ 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.
Preparation and Characterization of Drug Nanocarriers. For

preparing Fluc-DNs, the microemulsion was utilized based on the
previous studies,55−58 the components and their ratio of the
microemulsion are shown in Table 1 and Table 2. Oleylamine was
used as the charge-inducing agent. The 0.5 w/w % of Fluc was
dissolved in oil and OA until the drug solution became homogeneous
and transparent. With a ratio of surfactant to cosurfactant (S/CoS)
fixed as 2:1 in weight, the mixture and water were added into a drug in
an oil solution, followed by treating with sonication for 30 min and
then by filtering through a 0.45 μm membrane filter before
measurement. The prepared Fluc-DNs were stored at ambient
temperature.
Rosi-DNs were fabricated by utilizing the transfersome technique.

A thin-film dispersion method was used with slight modifications from
previous research.59 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 °C 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 were 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.

Fabrication of Electrically Conductive Hydrogels. PVA (12
w/v %) was dissolved in deionized (DI) water and phytic acid at 92.5
°C as previously described.60 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 °C. 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 the freeze−thaw
cycle (FT), the hydrogels were frozen at −20 °C for 18 h and thawed
at room temperature for 6 h. After treating the third FT, the hydrogels
were immersed in 70% ethanol and DI water, alternatively, for 24 h to
remove excess PVA and unreacted chemicals.

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 (EZ-Test, Doing-il
SHIMADZU Crop.), and the compressive modulus was calculated
from the stress−strain curve.

Raman Spectroscopy. The chemical structure of hydrogels was
analyzed using a Raman spectrometer II (DXR2xi, Thermo, USA),
with the Raman shift range 50 to 3400 cm−1. The hydrogels with only
the third FT were measured in this experiment.

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 multimeter were contacted at the
upper and lower portion of the hydrogels to measure resistance.
Bending resistance of PYP with the third FT was measured by

Figure 7. 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) 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) 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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bending the hydrogel with a connection to a multimeter. While the
bending angle was increased at every 45 deg, the resistance (R) was
measured and divided by the initial resistance (R0). The electro-
conductivity of the hydrogels was measured using a four-point probe
method (Modysystems, Republic of Korea). After placing the
hydrogels on a glass slide, linear scan 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.61 The
conductivity was measured using hydrogels with only the third FT in
this experiment.
Preparation and Voltage Profile Measurement of the RED-

Coupled Hydrogel Patches. The hydrogel patches were prepared
by coating the hydrogels of the third 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) con-
trolled with LabVIEW 9.0 (National Instruments).
Preparation of DNs-Loaded Hydrogels. For embedding the

DNs into the hydrogels, the hydrogels were thoroughly dried in 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.
Transdermal Delivery of Electrically Mobile DNs. The skin

permeability of DNs depending on both electrical conductivity of the
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-bora-3a,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 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.
Cryo-section of the Tissue and Quantification of Fluo-

rescence. The BODIPY-DNs-treated porcine skin was fixed and
cryo-sectioned in 10 μm thickness. A fluorescence image was obtained
by using fluorescence microscopy (AMF4300, EVOS, Life Technol-
ogy). The amount of penetrated BODIPY-DNs was quantified by the
fluorescent intensity of the images by calculating the corrected total
cryosection fluorescence as per previous reports,62 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).
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 loaded with 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, a Franz diffusion cell apparatus was

used to verify drug permeation ability across the hairless mouse skin.
Eight-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 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 the 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 HPLC (HP1100, USA).

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 obese mice were prepared by
feeding C57BL/6 mice on a high-fat diet (60% kcal from fat) for 8
weeks.

Topical Delivery of Rosi-DNs with RED-Driven Iontopho-
resis. To treat the diet-induced obese mice with topical delivery of
Rosi-DNs, PYP/RED containing Rosi-DNs was applied to one side of
the inguinal regions of the mice under isoflurane anesthesia. The
passive group was treated with PYP containing Rosi-DNs, and RED-
driven 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.

Histological Analysis. The animals were euthanized by excess
CO2, and the inguinal white adipose tissues at each side were
collected. The iWATs were paraffin-embedded and processed through
hematoxylin and eosin (H&E) staining. Based on the H&E images,
the number of adipocytes and their cellularity were quantified using
ImageJ (ImageJ Software).

Dermal Toxicity Test. To evaluate the dermal toxicity of the drug
delivery system, a spectrophotometer (CR-400, Konica Minolta Inc.,
Tokyo, Japan) was utilized to derive the erythema index (E) from skin
irritation, as previously reported.4,63 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:

E
R
G

Erythema index ( ) 100 log= × i
k
jjj

y
{
zzz (1)

, where R and G represent 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 H&E staining, the epidermal region was observed
to assess whether tissue damage existed. To further investigate the
skin inflammatory response, the tissues were also stained with
MOMA-2 (ab33451, Abcam) using immunofluorescent staining.

Statistical Analysis. Experiments were carried out at least in
triplicate 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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