
DNA hydrogel-based supercapacitors
operating in physiological fluids
Jaehyun Hur1, Kyuhyun Im1, Sekyu Hwang2, ByoungLyong Choi1, Sungjee Kim2, Sungwoo Hwang1,
Nokyoung Park1 & Kinam Kim3

1Frontier Research Laboratory, Samsung Advanced Institute of Technology, Samsung Electronics, Yongin, Kyunggi-do 446-712,
South Korea, 2Department of Chemistry, Pohang University of Science & Technology, Pohang, 790-784, South Korea, 3Samsung
Advanced Institute of Technology, Samsung Electronics, Yongin, Kyunggi-do 446-712, South Korea.

DNA nanostructures have been attractive due to their structural properties resulting in many important
breakthroughs especially in controlled assemblies and many biological applications. Here, we report a
unique energy storage device which is a supercapacitor that uses nanostructured DNA hydrogel (Dgel) as a
template and layer-by-layer (LBL)-deposited polyelectrolyte multilayers (PEMs) as conductors. Our device,
named as PEM-Dgel supercapacitor, showed excellent performance in direct contact with physiological
fluids such as artificial urine and phosphate buffered saline without any need of additional electrolytes, and
exhibited almost no cytotoxicity during cycling tests in cell culture medium. Moreover, we demonstrated
that the PEM-Dgel supercapacitor has greater charge-discharge cycling stability in physiological fluids than
highly concentrated acid electrolyte solution which is normally used for supercapacitor operation. These
conceptually new supercapacitors have the potential to be a platform technology for the creation of
implantable energy storage devices for packageless applications directly utilizing biofluids.

D
NAs have been utilized as building blocks for controlled assemblies of complicated molecular nano-
structures1–8. DNA hydrogel (Dgel) is a recently developed biomaterial which has thinly layered porous
structures made by enzymatic crosslinking of branched DNA monomers9. Owing to the dual nature of

Dgel as DNA and hydrogel, it has synergistically combined physical and mechanical properties. In other words,
because branched DNA is used as a building block, the nanostructure of Dgel can be precisely tunable by
engineering the monomer units9. Simultaneously, because of its crosslinked hydrophilic three-dimensional
network structure as a hydrogel, the surface-to-volume ratio is remarkably high10–14. Up until now, although
several different researches using Dgel have mainly focused on biological applications including cell-free protein
production, drug delivery, and live cell encapsulation, none of these have reported the utilization of Dgel as a
component of electrochemical energy storage devices which is expected to have biocompatible properties9,15,16. At
present, most of bio-related devices utilize external power sources or packaged conventional energy storage17–21.
However, there have been no serious efforts to develop energy storage devices that satisfy the non-cytotoxicity and
long-term functionality during the charging/discharging process22.

Electrochemical capacitors (or supercapacitors) are the best candidates for energy storage devices that can be
operated in bio-environments because it is easier to find biocompatible components and to exclude the electro-
chemical reactions for supercapacitors than for batteries or fuel cells23–30. Furthermore, because supercapacitors
can directly utilize physiological fluid as a source of electrolyte, these devices can be potentially implanted inside
fluid rich organs such as blood vessel, eyeball or bladder without cumbersome packages31. However supercapa-
citor which is even close to this aim has yet to be presented. We present herein Dgel based supercapacitors which
can be operative on tissue and in physiological fluids (Fig. 1a). Our Dgel supercapacitor (PEM-Dgel) structure has
been realized by adopting electrostatic interaction driven layer by layer (LBL) deposition. The functionalities of
PEM-Dgel supercapacitors in biofluids such as phosphate-buffered saline (PBS) and artificial urine were assessed.
More importantly, the cytotoxicity of our supercapacitor was evaluated using multiple charge-discharge experi-
ments in cell culture medium.

Results
Construction of PEM-Dgel supercapacitor. Dgel is composed of layered porous network structure fabricated by
enzymatic crossliking of X-shaped DNAs9,15,16. Specifically, X-shaped DNAs with 6 nm of each branch length
were designed as monomer units and the resulting Dgel matrix has hierarchical pore structure with macropores
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(.1 um between each layered structure, Fig. 1b) and mesopores
(,10 nm on layered area, Fig. 1c)9. In addition, the negative
charges on Dgels provide an ideal substrate for the creation of func-
tional materials when oppositely charged species are subsequently
assembled onto these gels32,33. To build up energy storage layers in
the Dgel, multiple layers of a pair of polyelectrolytes, poly (3,4-
ethylenedioxythiophene):poly(styrenesulfonate) (PEDOT:PSS) and
polydiallydimethyl-ammonium chloride (PDADMAC), were depo-
sited using LBL process (Fig. 1d). The as-prepared dried Dgel
consisted of a number of extremely thin, sheet-like domains that
were assembled on one another (SEM images in Fig. 2a). At the
periphery of the sheet-like structure, relatively thick wrinkle-like
areas were also visible and appeared brighter than the other
regions. The thickness of the sheet-like structure ranged from a few
nanometers to tens of nanometers, whereas the wrinkle-like area
measured tens to hundreds of nanometers thick. On the negatively
charged wet Dgel surface, a single pair of PDADMAC/PEDOT:PSS
was deposited via LBL deposition using electrostatic interactions,
resulting in a conducting layer with almost the same morphology
as the native Dgel (Fig. 2b). The effectiveness of the electrostatic
LBL deposition in creating the polyelectrolyte double-layer coating
was confirmed by the control experiments in which neutral agarose
gel showed a non-uniform coating of PEDOT:PSS (Fig. S1). Special
care was also required during the washing step between the

polyelectrolyte depositions because Dgel is mechanically vulnerable
due to its three dimensional, porous, and layered structure. The
PEM-Dgel structure was well preserved even after the LBL
deposition process was repeated five times on the same gel (Fig. S2).

Optical and electrical characterization of PEM-Dgel. The electrical
and optical properties were measured to confirm the formation of the
PEMs on the Dgel. The sheet resistance of the PEM-Dgel was
inversely proportional to the number of PEMs, which indicates
that all of the PEMs on the Dgel surface participate in conduction
(Fig. 2c). When five PEM bilayers were built up, the sheet resistance
decreased to as low as 66 6 6 ohm/sq. This low sheet resistance was
also due to the unique thin and porous structure of the Dgel. The
Raman spectrum of the PEM-Dgel is presented in Fig. 2d. No Raman
peaks corresponding to Dgel and PDADMAC were observed, but
peaks were present at 1266, 1368, and 1440 cm21; these are the
signature peaks of PEDOT:PSS34. These PEDOT:PSS peaks did not
exhibit any shift, which suggests that no chemical changes occurred
during the deposition process. The uniform distribution of
PEDOT:PSS on the Dgel was revealed by EDS mapping of sulfur
(Fig. 2e). These results confirm that the conductive component
was successfully intercalated into the layered Dgel structure.

Electrochemical performance of PEM-Dgel supercapacitor in
physiological fluids. The electrochemical properties of PEM-Dgel
in biocompatible fluids were evaluated using both cyclic
voltammetry and galvanostatic technique. PBS and artificial urine
were selected as biocompatible fluids to evaluate the device’s
performance under physiological conditions. The cyclic voltammo-
grams measured at different voltage scan rates are shown for PBS
(Fig. 3a) and artificial urine (Fig. 3b) as electrolytes. In both fluids,
symmetric CV curves were maintained for all scan rates applied
(25 mV/s , 2000 mV/s). At 25 mV/s, the specific capacitances of
PEM-Dgel were measured to be 13.4 6 1.2 and 31.9 6 2.4 F/g for
PBS and artificial urine, respectively. The higher capacitance in
artificial urine than in PBS is thought to result from the greater
number of ionic species and their higher concentrations in the
artificial urine. The dependence of specific capacitance (Csp) on the
voltage scan rate was almost identical for both fluids. For all scan rates
applied, the relative capacitance values (Csp, PBS/Csp, artificial urine) were
consistently ,0.4 (Fig. 3c). A commonly observed trend was that the
specific capacitance radically decreased as the voltage scan rate
increased (Fig. 3c). This trend is due to the ineffective ion
accumulation on porous PEM-Dgel electrodes at high scan rates.
Very similar behavior was observed for the galvanostatic measure-
ments, for which the highest Csp of 28.5 6 2.2 F/g at 1 A/g in
artificial urine was ,2.5 times greater than that of 11.5 6 1.1 F/g
in PBS at the same current density (Figs. 3d and 3e). The dramatic
decrease in the specific capacitance as a function of the current
density increase can also be explained by the inefficiency of ion
accumulation.

Cytotoxicity test of PEM-Dgel supercapacitor. The cytotoxicity test
of our supercapacitor (Au/PEM-Dgel/separator/PEM-Dgel/Au,
Fig. 1a) was performed by electrochemical charge-discharge cycl-
ing on mouse embryonic fibroblast cells (NIH3T3 cells) immersed
in cell culture medium (Minimum Essential Medium with Earle’s
Balanced Salts, MEM/EBSS) (Figs. 4a–4c). After the first 100 cycles,
the cells remained intact maintaining their original shapes and
density on the culture plate (Fig. 4a). However, cell death was
observed in the proximity of the device after 500 charge-discharge
cycles in Fig. 4b center image and rightmost image where the blue
dots (stained with trypan blue) above the white dashed line indicate
the dead cells. This result indicates that for the current density of
2 A/g, 100 cycles (762 seconds) has a negligible cytotoxic effect on
the cells, but an extended cycling time (3723 seconds for 500 cycles)
has toxic effects on the cells in the vicinity of the device. We suspect

Figure 1 | PEM-Dgel supercapacitors. Schematic representation of,

(a), PEM-Dgel supercapacitor operation in physiological environment

(stacked features underneath the device display the cells). (b), Enlarged

detailed structure of PEM-Dgel where porous layered Dgel (grey) is

covered by conductive PEM (indigo), (c), Magnified view of Dgel where

X-shaped double stranded DNAs are crosslinked by enzymatic reaction,

(d), Construction of PEM-Dgel electrodes by coating the Dgel with the

polyelectrolyte pair (PDADMAC/PEDOT:PSS) using LBL deposition.
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that the osmotic pressure changes induced by the locally elevated
concentration of salts diffusing out of both the Dgel and the PEMs
cause this damage to the cells. Another reason might be that the
PEDOT:PSS leaked out of the PEMs during the cycling,
contaminating the environment around the cells. However, as
shown in Fig. 4c, the subsequent 500 cycles (for a device that had
already been submitted to 500 cycles) had no negative effect on cell
viability, indicating the initial 500 cycles acted as a precleaning
process for the device by removing the concentrated salt or loosely
bound PEDOT:PSS, thus resolving the cytotoxicity problems with
our supercapacitor. This non-cytotoxicity of our device is also
confirmed with other cell culture media (Dulbecco’s Modified
Eagle Medium with HDF Human dermal fibroblast cells and
Roswell Park Memorial Institute medium with COS7 Monkey
kidney fibroblast cells) where precleaning applied devices did not
cause the cell death at 1,000 charge-discharge cycles for both case
(Fig. S3). In addition to the cytotoxicity, the supercapacitor
performance of our device was also studied by cyclic voltammetry
in the same cell culture medium. The specific capacitance of PEM-
Dgel at 25 mV/s in cell culture medium was measured to be 25.5 6

2.2 F/g. The dependence of the scan rate on the specific capacitance
in the cell medium was also measured. When the scan rate increased
from 25 mV/s to 500 mV/s, the specific capacitance was maintained

up to 84% in the cell culture medium (Fig. 4e), whereas for PBS and
artificial urine, the capacitance decreased to 14% (Fig. 3c).
Additionally, the shapes of the CV curves in the cell culture
medium were much closer to the ideal rectangle (if we define the

fill factor parameter g, where g~
Closed area of CV curve

ImaxVmax
, Imax

and Vmax denote the maximum current density measured and the
maximum applied voltage, respectively, then gcell medium 5 0.76 and
gPBS 5 0.39). This result indicates that certain electrolytes present in
the cell culture medium readily diffuse into the PEM-Dgel at
significantly faster rate than the electrolytes in PBS and artificial
urine. The galvanostatic measurements revealed similar behavior:
the reduction in the specific capacitance as a function of the
current density markedly decreased until 4 A/g. This is remarkably
different from the trends observed for PBS and artificial urine
(Fig. S4). Although more research is needed to determine the
detailed mechanisms, these electrochemical studies demonstrate
that our supercapacitor functions well in biological environments.

Discussion
Finally, the electrochemical performance of our PEM-Dgel superca-
pacitor was evaluated with different number of PEM in a conventional

Figure 2 | Morphological, electrical and optical properties. (a), (b), SEM images of Dgel and PEM-Dgel (insets are the digital camera images),

(c), Sheet resistance of the PEMn-Dgel (n 5 1.0–5.0); Error bars represent standard deviations from three replicates, (d), Raman spectra of the PEM1.0-Dgel

and its constituent components (Dgel, PDADMAC, and PEDOT:PSS) for comparison (top), (e), EDS map of PEM1.0-Dgel with carbon, oxygen, and sulfur

atoms. The scale bar indicates 20 mm. A uniform coating of conductive PEDOT:PSS on the Dgel surface was confirmed by the EDS analysis based on S

atoms.
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optimized electrolyte, in this case H2SO4, to make a comparison of
performances between bioenvironments and fully optimized non-
bioenvironments. The specific capacitance of the PEM-Dgel was
improved by the formation of multiple polyelectrolyte double layers
on the Dgel (PEMn-Dgel, n 5 1.0–5.0) with repeated LBL deposition
steps. As shown in Fig. 5a, the specific capacitance increased almost
linearly as the number of PEMs increased to three. When five PEMs
were deposited onto the Dgel, the specific capacitance of the PEM-
Dgel approached the saturated value of approximately 57.4 6 4.2 F/g
at 25 mV/s (Fig. 5b, inset). The increase in the specific capacitance due
to the increased number of polyelectrolyte layers was the result of
decreased electrochemical resistance (Fig. S5), which may compensate
for the mass increase that resulted from the deposition of additional
polymer layers. This positive effect was observed for up to three PEMs,
but when additional layers were deposited, the capacitance gain was
almost equivalent to the mass increase, and the specific capacitance
reached a saturated value after the deposition of three layers. We
observed similar electrochemical behavior during our galvanostatic
charge–discharge experiments, in which the saturation of the dis-
charge time was observed when the number of PEMs was greater than
three (Fig. S6). In this case, for reasons similar to those for the changes
in the CV data for different numbers of PEMs, the effective contri-
bution of the buildup of conductive material for higher numbers of
PEMs was almost negligible. As shown in the Ragone plot for the
PEM-Dgel with 1–5 layers (Fig. S7), the power density and the energy
density simultaneously and linearly increased as the number of PEMs
increased. The electrochemical performance of PEM-Dgel could be
further improved by employing a pseudocapacitance material. We
coated manganese oxide onto the PEM5.0 layer using an electroless
plating method in which the KMnO4 precursor was reduced to man-
ganese oxide particles on the outer layer of PEM-Dgel (details of
the characterization of manganese oxide are presented in Fig. S8).
As a result, the specific capacitance of PEM5.0/Mn3O4-Dgel was 99.5
6 7.8 F/g with 2.2 mg/cm2 of active material, which is 1.7 times
higher than that of PEM5.0-Dgel at 25 mV/s due to a synergetic

charge-transfer redox reaction involving Mn3O4. This maximum spe-
cific capacitance obtained by full optimization of our device in a harsh
environment is only 3.2 fold difference (when compared with specific
capacitance in artificial urine at the same operation conditions), which
reflects the acceptable performances of our device even in a bioenvir-
onments. The relatively low energy density of supercapacitors is not a
critical issue in bioenvironments because the energy demands of
devices implanted in the human body are typically low.

The beneficial effect of the higher number of PEMs was also con-
firmed by the charge-discharge cycling measurements for the
PEM1.0-, PEM3.0-, and PEM5.0-Dgels (Fig. 5c). When the number
of cycles reached 1000, the capacitance decreased to 70.8, 84.4, and
88.9% of the original capacitance for PEM1.0-, PEM3.0-, and PEM5.0-
Dgel, respectively. After 500 cycles, a difference in stability was pre-
sent between the PEM3.0- and PEM5.0-Dgel, and this difference
increased during further cycling. Because the capacitance difference
between the PEM-Dgels with three layers and those with five layers is
trivial, the improved mechanical stability of the PEM5.0-Dgel, which
provides more PEM protection to the Dgel, might be the main factor
that contributes to the cycling stability. Fig. 5d compares the cycling
stabilities of PEM5.0-Dgel in PBS, artificial urine, cell culture med-
ium, and H2SO4. In all of the biofluids, the cycling stability of PEM-
Dgel device shows the markedly superior behavior to that operated in
a non-biofluid. At 1000 cycles, the capacitance retention drops only
5.0, 5.8, and 6.1% for PBS, artificial urine, and cell culture medium,
respectively, whereas it increases up to 11.1% for H2SO4. These
results suggest that our device maintains a great performance level
in most biological environments without sacrificing much specific
capacitance. Considering the difficulty of multiple implantations in
in vivo applications, this excellent cycling stability in most biofluids is
pivotal advantage of our device as an energy storage device in bioen-
vironments.

In summary, we developed the supercapacitors which can be
directly dipped in physiological fluids in a packageless form and be
operated with a great performance. In cell culture medium, PEM-

Figure 3 | Electrochemical performance for PEM-Dgel in PBS and artificial urine. (a), (b), Cyclic voltammograms of PEM-Dgel at different voltage

scan rates (25 mV/s , 2000 mV/s) in PBS and artificial urine, respectively; (d), (e), galvanostatic charge-discharge curves of PEM-Dgel at different

current densities (1 A/g , 20 A/g) in PBS and artificial urine, respectively; (c), (f), Specific capacitances as a function of the voltage scan rates obtained

from the CV data and the current densities obtained from the charge–discharge data, respectively. The insets in d, e present magnified portions of the

curves for 10 A/g and 20 A/g in each plot. Error bars represent standard deviations from three replicates.
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Dgel supercapacitors functioned well without exhibiting any cyto-
toxic effects after an initial cleaning process was applied. The intro-
duction of nonbiological fluids and Mn3O4 does not significantly
enhance the performances of our supercapacitors. Rather, the spe-
cific capacitance retention is significantly improved when our device
is operated in biofluids. Thus, in the near future, we envision that the
Dgel-based supercapacitor can be potentially used as a packageless
and implantable energy storage device which can be operated in
bioenvironments.

Methods
Preparation of the Dgels. The Dgels were synthesized according to previously
reported methods9,15,16. The X-shaped DNA monomers were fabricated by annealing
four single-stranded oligonucleotides that are partially complementary to each other.
The Dgel was fabricated by ligating 10 nmol of the X-DNA monomers using 6 units
of T4 DNA ligase (Promega) at 16uC for 12 hr.

Polyelectrolyte multilayer deposition. PDADMAC (MW 100,000–200,000 g/mol,
Sigma-Aldrich) and PEDOT:PSS (PH 1000, Heraeus) were used as the positive and

negative polyelectrolytes, respectively. A 20 mM solution of PDADMAC in
deionized sterile water (Bioneer) was used, and PEDOT:PSS was used with the
addition of 5 wt% DMSO to achieve a high conductivity35. The negatively charged
Dgel was immersed in a positively charged PDADMAC solution for 30 min to ensure
the complete adsorption of the positive PE. A 200 mL aliquot of water was carefully
and repeatedly pipetted into the centrifuge tube (Eppendorf, 1.5 mL) to remove the
excess loosely bound PDADMAC. The thoroughly cleaned PDADMAC-coated Dgel
was frozen at 220uC for 6 hr and then freeze-dried at 280uC overnight using an
ultra-low-temperature freezer (Operon). The completely dried PDADMAC-coated
Dgel was immersed in a PEDOT:PSS solution for 30 min. Subsequently, the same
sequence of dipping, washing, and freeze-drying of {PDADMAC/PEDOT:PSS} was
repeated to deposit the desired number of PEMs.

Fabrication of the electrochemical cell. Without the use of additional binder
materials, two PEM-Dgels were cast on gold or copper foil (thickness of 0.127 mm,
Alfa Aesar) with an active area of 0.25 cm2. PEM-Dgel was cast by means of freeze-
drying to minimize the morphological change. Whatman filter paper (Advantec 131)
was used as a separator between two PEM-Dgels. The device was wrapped in a
paraffin film or a 3 M tape to allow good contact. For dipping in PBS (Gibco, pH 7.4)
and artificial urine (composed of 1.1 mM lactic acid, 2.0 mM citric acid, 25 mM
sodium bicarbonate, 2.5 mM calcium chloride, 90 mM sodium chloride, 2.0 mM
magnesium sulfate, 10 mM sodium sulfate, 7.0 mM potassium dihydrogen

Figure 4 | Cytotoxicity and electrochemical performances of PEM-Dgel in cell culture medium. (a), (b), (c), Optical microscopy images of NIH3T3

cells taken before (1st column) after (2nd column) 100, 500, and 500 cycles with an initial 500 cycles for PEM-Dgel, respectively. The images in the 3rd

column are the stained cells with trypan blue for better discrimination of dead cells (above the white dashed line of B). (d), Cyclic voltammograms of

PEM-Dgel at different voltage scan rates (25 mV/s , 2000 mV/s) in cell culture medium (MEM/EBSS), (e), Specific capacitance variation as a function of

the scan rate. Scale bar: 100 mm for all images except that for staining after 500 cycles in panel b. Error bars represent standard deviations from three

replicates.
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phosphate, 7.0 mM dipotassium hydrogen phosphate, 25 mM ammonium chloride,
and 170 mM urea), the devices were sealed in a poly bag (Sigma-Aldrich). For dipping
in cell culture medium (MEM/EBSS, 10% fetal bovine serum 1 1% penicillin), the
device was directly immersed in the cell culture medium without sealing. The device
was carefully placed on mouse embryonic fibroblast cells (NIH3T3 cells) to avoid
causing mechanical damage to the cells.

Electrochemical performance measurements. Cyclic voltammograms (CVs) and
galvanostatic charge–discharge curves were measured using a BioLogic HCP803
potentiostat/galvanostat. During the CV measurements, a potential range of 0.0 to
0.8 V was applied under a voltage sweep rate of 25–2000 mV/s. The specific
capacitance was calculated from both the CV curve and the discharge curve of the
galvanostatic charge–discharge data using the following equation:

Csp~

ðV2

V1

I Vð Þ
2 V2�V1ð ÞnM

dV ð1Þ

where V1, V2, n, and M are the starting voltage, the ending voltage, the voltage scan
rate, and the total mass of the active materials, respectively, and

Csp~�
I

DV=Dtð ÞM ð2Þ

where I, DV, Dt, and M are the applied current, the voltage, the time, and the total
mass of the active electrode materials (PEM-Dgel), respectively.

The internal resistance was calculated from the initial voltage drop in the discharge
curve using the equation

R~
DVIR

2I
ð3Þ

where DVIR is the IR drop and I is the applied current.
The power and energy densities were determined using the following equations:

P~
V2

4RM
ð4Þ

E~
1

2M
CV2 ð5Þ

where V, R, M, and C are the applied potential, the internal resistance, the total
mass of the active electrode materials, and the measured capacitance of the cell,
respectively. The cycling test was performed at 2 A/g with a cutoff potential of 0.8 V.

Electroless deposition of Mn3O4. PEM-Dgel was immersed in a 6 mM aqueous
KMnO4 solution for 30 min to allow the thorough infiltration of the Mn3O4

precursor ions. The reducing agent, 12 mM NH2OH?HCl solution, was added for
30 min to produce Mn3O4 particles. The initially purple solution became brown as
the reduction reaction proceeded. The Mn3O4 particles deposited within the PEM-
Dgel were gently washed with DI water to remove Mn3O4 aggregates from the bulk
solution. The PEM/Mn3O4-Dgel was then freeze-dried as described in the PEM
deposition procedure.

Characterization of the sample morphologies by SEM. The Dgel, PEM-Dgel, and
PEM/Mn3O4-Dgel were analyzed using a field-emission scanning electron
microscope (SEM, Hitachi S-4700, operation voltage of 15 keV). Platinum was
sputtered onto the Dgel as a conductive coating for imaging purposes, and the PEM-
Dgel and PEM/Mn3O4-Dgel samples were imaged without a conductive coating.
Elemental maps using EDS were obtained based on C, O, and S atoms to identify the
PEDOT:PSS distribution on the Dgel.

Cytotoxicity of the PEM-Dgel supercapacitor. NIH3T3 mouse embryonic fibroblast
cells, HDF Human dermal fibroblast cells and COS7 Monkey kidney fibroblast cells
were purchased from the Korean Cell Line Bank. NIH3T3 cells were maintained in
Minimum Essential Medium with Earle’s Balanced Salts (Hyclone), HDF cells were
maintained in Dulbecco’s Modified Eagle Medium (Hyclone), and COS7 cells were
maintained in Roswell Park Memorial Institute medium (Hyclone), all supplemented
with 10% fetal bovine serum (Hyclone) and 1% penicillin streptomycyin (Hyclone).
Cells were grown in a 6-well plate at a density of 1 3 105 cells/well at 37uC under 5%
CO2. After 2 days, cells were exposed to a number of charging-discharging cycles via
direct contact with the electrode. Then they were stained with 0.4% trypan blue
(GIBCO) for 5 min to reveal the cell mortality with blue staining. Cellular images
were taken before and after trypan blue treatments using Zeiss Axiovert 40 CFL with
103 objective lens.

Raman spectroscopy and X-ray diffraction. Raman scattering spectra with a
resolution of approximately 1 cm21 were collected in a backscattering configuration
at room temperature using a Renishaw inVia Raman microscope. The samples were
illuminated with a 514 nm He–Ne laser (power: 4 mW) on a Leica microscope with a
203 objective. Powder X-ray diffraction (XRD) patterns were collected to analyze the

Figure 5 | Optimization of the PEM-Dgel device performance. (a), Cyclic voltammograms of PEMn-Dgel (n 5 1–5) at 25 mV/s, (b), Specific

capacitances as a function of the voltage scan rate obtained from the CV data. Loading of active material is 0.4, 0.8, 1.2, 1.6, and 2.0 mg/cm2 for PEMn-Dgel

(n 5 1–5), respectively. Inset indicates the variation in the specific capacitance values with the number of PEMs estimated from each curve, (c), (d), Cyclic

stabilities for PEMn-Dgel (n 5 1, 3, and 5) in H2SO4 and for PEM5.0-Dgel in PBS, artificial urine, cell culture medium, and H2SO4, respectively. Error bars

represent standard deviations from three replicates.
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phases of the samples using an X-ray diffractometer (Philips) equipped with a Cu Ka
radiation source (lo 5 1.5418 Å).

Measurement of the sheet resistance. The sheet resistances of the PEM-Dgel and the
PEM/Mn3O4-Dgel were measured using the four-point probe method (Hall
Measurement System, Nanometrics) with an HL5500WIN Hall System, ver 2.23.
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