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for the patches. The open circuit voltage of the BFC patch on 
the skin (0.75 V) is consistent with that found for a conven-
tional cell constructed using a beaker (Figure S1, Supporting 
Information). On the other hand, the maximum current den-
sity for the BFC patch on the skin (≈300 µA cm −2 , Figure  2 c) 
was notably smaller than that found for the conventional case 
(≈2 mA cm −2 , Figure S1c, Supporting Information) because 
of the presence of the skin, of which resistance was ≈700 Ω 
as evaluated by AC impedance at 10 kHz. As a reference, the 
resistance of human skin on the arms and the back of hands 
of three men was 270–360 Ω. Therefore, to regulate the trans-
dermal current, regardless of the skin condition, the resistance 
of the built-in resistor needs to be suffi ciently larger than that 
of skin. Such a resistor with a resistance >1 kΩ can be prepared 
using a fl exible composite of poly(3,4-ethylenedioxythiophene) 
(PEDOT) and polyurethane (PU), [ 28,29 ]  as discussed below. 

  BFC patches, placed on pigskin and under a variety of resist-
ance conditions, maintained their activity for 6 h (Figure  2 d), 
indicating that the patches could possibly be used overnight. 
When the external resistance was 5.6 kΩ, the initial current 
(90 µA cm −2 ) gradually decreased, whereas at 10 kΩ and 100 kΩ, 
the initial currents of 55 µA cm −2  and 7 µA cm −2 , respectively, 
were constant. The observed decrease in performance at 5.6 kΩ 
could be a consequence of the limited volume of the patch, i.e., 
the volumes of the hydrogel sheets, because the BFC was per-
fectly stable for a conventional cell even at a higher current den-
sity (Figure S1d, Supporting Information). An increase in the 
fructose concentration in the anode gel sheet (from 200 × 10 −3  
to 400 × 10 −3   M ) made no signifi cant difference in the chrono-
logical performance of the patch (data not shown), indicating 
that depletion of the fructose, i.e., the fuel, was not the main 
reason for the decreased current. On the other hand, a change 
in the pH of the cathode caused by reduction of O 2  was found 
to decrease the cell performance. In fact, the patch recovered 
its original performance by the replacement of the cathode gel 
sheet to a new one (data not shown). Therefore, the concentra-
tion of the McIlvaine buffer in the gel sheet has been increased 
as much as possible, i.e., 100 × 10 −3   M ; a greater buffer concen-
tration caused inactivation of BOD. 

 A stand-alone patch was prepared by integrating a resistor 
made of a PEDOT/PU composite, [ 28,29 ]  which is stretchable 
and, therefore, allows the patch to be fl exible ( Figure    3  ). The 
sheet resistance of 3-µm-thick PEDOT/PU (15 wt% PEDOT) 
is ≈900 Ω sq −1  and can be made into resistors of 1–100 kΩ 
depending on how it is patterned (Figure  3 a). A patch con-
taining a PEDOT/PU resistor was mounted on a man’s wrist, 
and the cell voltage was monitored as the man repeatedly 
fl exed and straightened his wrist by a 40° (Figure  3 b,c). The 
cell voltages of the patches with the 100 kΩ resistor (red line) 

  Skin patches, [ 1,2 ]  e.g., pain and nicotine patches, are useful for 
transdermal dosing, and have usually relied on passive diffu-
sion to achieve their effects. To improve delivery effi ciency, 
some patches have incorporated a chemical enhancer, [ 3 ]  a 
microneedle, [ 4 ]  thermal ablation, [ 5 ]  or an electric current. [ 6–10 ]  In 
particular, the iontophoresis induced by mild electric current 
(below 500 µA cm −2 ) [ 11 ]  has been used to control dose admin-
istration during treatment for pain relief, chronic edema, and 
even cosmetic applications. [ 8,9 ]  However, such electrically con-
trolled patches need to be wired to an external power source 
that is usually heavy, rigid, and hazardous. The integration of 
a lightweight and safe power source would produce a more 
patient-compliant iontophoresis patch. 

 Enzymatic biofuel cells (BFCs) utilize enzymes as electro-
catalysts, which oxidize biochemical fuels like sugars and alco-
hols, and reduce atmospheric O 2  under mild conditions, i.e., 
ambient temperature and at approximately neutral pH. [ 12–27 ]  
The extremely great reaction selectivity of enzymes eliminates 
the need for fuel purifi cation. In addition, it should be possible 
to make BFCs out of organic and biologically safe materials. 

 Here, we describe the development of the fi rst completely 
organic iontophoresis patch with a built-in BFC that consists of 
enzyme-modifi ed carbon fabrics (CFs), a conducting polymer-
based internal resistor, hydrogel fi lms containing the biofuel 
and the chemical to be delivered, a polydimethylsiloxane frame, 
and O 2  permeable medical tape ( Figure    1  ). We used fructose 
as the fuel for current generation because the enzyme for oxi-
dation of fructose (fructose dehydrogenese, FDH) can work 
without the presence of electron mediators for electrocatal-
ysis, [ 12 ]  resulting in a simple confi guration of the patch. The 
patch, when mounted on the skin, generates a transdermal 
ionic current with the osmotic fl ow from anode to cathode, 
thereby administrating the chemical into the skin. 

  A BFC patch was constructed with an FDH-modifi ed CF 
anode and a bilirubin oxidase (BOD)-modifi ed O 2 -diffusion CF 
cathode and mounted on a piece of pigskin. Its performance 
was monitored using an externally connected voltmeter with 
an analog-type variable resistor ( Figure    2  ). Plots of the current 
density as a function of the cell voltage and external resist-
ance (Figure  2 b,c, respectively) for three independent patches 
were almost identical, ensuring reproducible performance 
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and the 10 kΩ resistor (blue line) were approximately 0.7 and 
0.55 V, respectively, indicating that the patches were generating 
transdermal currents of ≈10 and ≈50 µA cm −2 , as expected 

according to the relationships shown in Figure  2 . The cell volt-
ages showed only slight, reversible decreases when a hand was 
fl exed, as a consequence of minor change in performance of 
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 Figure 1.    a) Schematic of the transdermal iontophoresis patch that is an assembly of enzyme-modifi ed CFs that serve as the electrodes, hydrogel 
fi lms containing a biofuel and a chemical to be delivered, a conducting polymer-based stretchable resistor, a poly(dimethylsiloxane) (PDMS) frame, 
and O 2 -permeable medical tape. b) Photograph of the patch mounted on a human arm, and a schematic of the iontophoresis-assisted drug delivery 
mechanism. The fructose /O 2  biofuel cell generates a transdermal ionic current that is accompanied by an osmotic fl ow from the anode to the cathode, 
thereby assisting the electrophoretic movement of small molecules into the skin.

 Figure 2.    a) Photograph of the BCF-containing patch on pigskin that was externally connected to a variable resistor. The size of the FDH-modifi ed 
anode and the BOD-modifi ed cathode was 1 cm 2 . The hydrogel sheets were prepared with a solution of 100 × 10 −3   M  McIlvaine buffer (pH 5.0), 
200 × 10 −3   M  fructose. b) Performance of patches on pigskin at 36 °C. The current and power were calculated from the measured cell voltage found for 
each resistance value from 22 Ω to 2 MΩ. The results for three independent patch trials are shown. c) Plots of current density versus external resistance. 
d) Time courses for the transdermal current during 6 h of patch use. External loads: 5.6 kΩ (solid line), 10 kΩ (dashed line), and 100 kΩ (dotted line).
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BFC under the fl exed condition. The patch’s stability during the 
wrist motion can be attributed to the fl exibility of the PEDOT/
PU resistor, while a patch with a resistor made of rigid PEDOT 
(without PU) showed an irreversible voltage increase (current 
decrease) owing to the cracks in the resistor formed during the 
fi rst fl exing (Figure  3 c, black line). 

  The transdermal ionic current is known to be accompanied 
by a water fl ow from the anode to the cathode, which is gener-
ated by the preferential movement of mobile cation instead of a 
fi xed anion, e.g., keratin, in the stratum corneum of the skin. [ 30 ]  
This osmotic water fl ow can assist the electrophoretic move-
ment of small molecules into the skin. To examine this effect, 
we preliminarily studied the BFC-driven delivery of the skin-
care compound, ascorbyl glucoside (AG), which is used in whit-
ening skin and as an anti-aging treatment, [ 31 ]  using a commer-
cial diffusion cell (Figure S2, Supporting Information). A 1 h 
application of ≈200 µA cm −2  enhanced penetration of AG into 
the skin. Another experiment used BFC patches containing 
the fl uorescent molecule rhodamine B (RB, 479 Da molec-
ular weight;  Figure    4  ). The patches were constructed with the 
enzyme electrodes, a PEDOT/PU resistor (5 kΩ or 10 kΩ), and 
hydrogel sheets containing 100 × 10 −3   M  McIlvaine buffer (pH 5) 
and 1 × 10 −3   M  RB. Figure  4 b–e shows optical and fl uorescent 
images of pigskin cross-sections (left, under the cathode; 
right, under the anode) taken after the treatments. Even in the 
absence of an applied current (Figure  4 b), the stratum corneum 
was somewhat dyed by RB owing to its passive penetration, 
and the extent of penetration in the anode and cathode areas 

were identical. When an iontophoretic current was applied 
(≈50 µA cm −2 ) using the patch containing the 10 kΩ PEDOT/
PU resistor for 1 h (Figure  4 c), the penetration of RB under the 
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 Figure 3.    a) A photograph of PEDOT/PU resistors. b) Photographs of the 
resistor-containing patch mounted on a man’s wrist. The wires are the 
terminals for measuring the voltage between the anode and the cathode 
during each successive 40 o  fl exing of the wrist. c) Time courses of the 
cell voltages of patches with resistors of 100 kΩ PEDOT/PU (red), 10 kΩ 
PEDOT/PU (blue), or 13 kΩ virgin PEDOT (without PU, black).

 Figure 4.    a) Schematic of the experimental setup for the transdermal 
delivery of RB using the resistor-containing patch with hydrogel sheets 
containing 100 × 10 −3   M  McIlvaine buffer (pH 5), 1 × 10 −3   M  RB. b–e) 
The optical and fl uorescent images of cross-sectional specimens of the 
pigskin (left, cathode region; right, anode region), taken after a 1 h or 6 h 
treatment with the patch that did not or did contain a PEDOT/PU resistor 
of 10 kΩ or 5 kΩ.
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anode (right) was obviously enhanced as compared to the pen-
etration under the cathode (left). The amount of RB penetration 
was increased by longer treatment for 6 h (Figure  4 d), or by 
applying a larger current (≈80 µA cm −2 ) for 1 h with the use of a 
5 kΩ resistor (Figure  4 e). 

  In conclusion, the development of and proof-of-concept for 
a novel transdermal iontophoresis patch driven by a built-in 
BFC have been reported. The patch is composed of only dispos-
able organic components, i.e., enzyme electrodes, a PEDOT/
PU resistor, and hydrogel sheets containing fuels and chem-
ical to be delivered. The transdermal current that is generated 
can be tuned to a desired value by the shape (pattern) of the 
PEDOT/PU resistor, and can be maintained overnight (for at 
least 6 h). We demonstrated the current-assisted penetration 
of ascorbyl glucoside and rhodamine B, which are both small 
enough molecules to penetrate the dermal barrier. An attractive 
modifi cation of the patch would be the addition of a painless 
microneedle array [ 4,10,27 ]  that would enable the iontophoretic 
transdermal delivery of larger molecules, e.g., vaccines. Also, 
the energy harvesting directly from body fl uids using the 
microneedle-modifi ed patch would be an attractive topic to be 
studied.  

  Experimental Section 
  Preparation of CF Anodes and Cathodes : The preparation of the 

anode and the cathode was as reported previously. [ 25,26 ]  Briefl y, for the 
anode, a 10 mm × 10 mm strip of CF (TCC-3250, Toho Tenax Co.) was 
fi rst covered with multi-walled CNTs (Baytubes, Bayer Material Science 
Co.) by dropping a 50 µL aliquot of a 10 mg CNT dispersion containing 
0.5 wt% Triton X-100 per mL and then drying the CF. This procedure 
was repeated four times. The CNT-modifi ed CF strip was immersed in 
a stirred solution of FDH (EC1.1.99.11, 169.9 U mg −1 , Toyobo Enzyme 
Co.) for 1 h. For cathode preparation, the CNT-modifi ed CF strip was 
further modifi ed with 1 mL of 10 mg BOD (EC 1.3.3.5, 2.5 U mg −1 , 
Myrothecium) per mL and dried in vacuo (0.09 MPa) at 35 °C. Finally, 
one face of the strip was recoated with the CNT solution to ensure a 
hydrophobic surface that would effectively absorb atmospheric O 2 . [ 25,26 ]  
The performances of the anode and the cathode are shown in Figure S1 
(Supporting Information). At the fructose concentration of 200 × 10 −3   M , 
the maximum anodic current (ca. 20 mA cm −2 ) was large compared to 
the cathodic O 2  reduction current (ca. −2 mA cm −2 ), and therefore the 
cell performance was determined by that of the cathode. 

  Preparation of Hydrogel Sheets : The polyacrylamide prepolymer 
solution was composed of 5 wt% acrylamide, 0.24 wt%  N,N -methylene-
bis-acrylamide, 1 mg Irgacure 2959 (BASF Japan Ltd.) per mL. The 
prepolymer solution was poured into a 10 mm × 10 mm × 0.5 mm 
(w × l × h) silicone-rubber chamber on a glass substrate and then UV 
irradiated (LC8, HAMAMATSU) until polymerized. Each hydrogel sheet 
was immersed overnight in 100 × 10 −3   M  McIlvaine buffer (pH 5.0), 
200 × 10 −3   M  fructose, 1 × 10 −3   M  RB before use in a patch. 

  Preparation of Stretchable Resistors : PEDOT/PU fi lms were prepared by 
spin-coating (750 rpm, 30 s) a precursor solution, followed by thermal 
polymerization at 100 °C for 10 min. [ 27,28 ]  The precursor solution was a 
mixture of butanol (2 mL), EDOT (0.88 mL of a 1  M  solution), pTSFe(III) 
(6.5 mL of a 0.4  M  solution), and a predefi ned amount of a PU/THF 
solution (10 wt%) so that the solution was 15 wt% in PEDOT.PEDOT/
PU fi lms (≈3 µm thick) were cut out in the desired pattern using a 
cutting plotter (Craft ROBO Pro, Graphtec). The resulting PEDOT/PU 
pattern was washed by distilled water overnight to remove unreacted 
compounds. 

  Electrochemical Measurements : The performance of BFC patches on 
pigskin (Yucatan Micropigskinset, Charles River, ≈5-mm thick) was 

evaluated according to the cell voltage generated after connecting an 
external resistor of resistance between 22 Ω and 2 MΩ. The current 
and power were calculated using the values of the cell voltage and the 
external resistance. The ionic resistance of the skins was measured 
using an AC impedance analyzer at 50 mVp-p between 1 Hz and 10 kHz. 
All electrochemical measurements were carried out at ≈36 °C. 

  On-Body Experiments : In Figure  3 , the fl exibility of the patch was 
studied by sticking it on the wrist of a human subject with careful 
attention for safety. The transdermal current density was suppressed 
to the value (<60 µA cm −2 ) enough lower than the perception threshold 
(500 µA cm −2 ) [ 11 ]  by using the large PEDOT/PU resistors (10 and 
100 kΩ). Careful attention was paid to avoid direct contact of anode 
and cathode to the skin by inserting the sheets of biocompatible 
polyacrylamide gel. The patch was stuck to the skin with a commercially 
available medical-grade tape (3  M , Nexcare, BD25N) containing an 
acrylic adhesive, of which safety has been approved. The measurement 
was limited within 5 min, and can be interrupted immediately when the 
subject felt irritation, by peeling off the patch from his/her wrist. In fact, 
the subject felt no skin irritation during the experiment. 

  Evaluation of Iontophoretic Delivery of AG into Skin Specimen : A 
commercial fl ow-through diffusion cell (Side-by-Side Cell, PermeGear 
Inc.) was used, [ 32 ]  with the donor and accepter chambers containing the 
enzyme anode and enzyme cathode, respectively (Figure S2, Supporting 
Information). A 15 mm × 15 mm human-skin specimen (Dermatomed 
frozen human skin, BIOPREDIC Inc, 300–700 µm thick) was clamped 
between the two chambers so that the top surface of the skin faced the 
donor chamber, which contained 50 × 10 −3   M  McIlvaine buffer (pH 5), 
200 × 10 −3   M  fructose, and 200 × 10 −3   M  AG. The receptor chamber 
contained 50 × 10 −3   M  phosphate-buffered saline (pH 7). After applying 
a current of ≈200 µA cm −2  for 1 h at 36 °C, the skin was heated on a 
hot plate at 65 °C for 60 s to separate the epidermis from the dermis 
by tweezers, and the epidermis was immersed overnight in phosphate-
buffered saline (pH 7) to extract the AG. [ 33 ]  After the fi ltration with 
PTFE fi lter membrane (SLLGH25NS, Millipore), the amount of the 
extracted AG was analyzed by high-performance liquid chromatography 
(HPLC; Agilent 1200) using a SiO 2  column (5020–01732, GL Sciences 
Inc.; 250 × 4.6 mm l. D.). The mobile phase consisted of 80 × 10 −3   M  
acetate buffer (pH 5.0), 2.8 × 10 −3   M  hexylamine, 0.1 × 10 −3   M  disodium 
edentate, and 2% methanol. The fl ow rate was set to 0.8 mL min −1 . The 
extracted AG was detected by ultraviolet absorption spectrometer at 
254 nm. [ 34 ]  

  Evaluation of Delivery of RB into Skin Specimen : Patches with the 
built-in BFC and PEDOT/PU resistor and hydrogel sheets that had 
been immersed in 1 × 10 −3   M  RB, pH 5 were adhered onto a pigskin 
for 1 h. The skins were then embedded in Optimal Cutting Temperature 
compound (O.C.T, Tissue-Tek), frozen in liquid nitrogen and sectioned 
into 10 µm thick specimens, followed by observation with optical and 
fl uorescent microscopes.  

  Supporting Information 
 Supporting Information is available from the Wiley Online Library or 
from the author.  
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