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hybrid capacitor. The conductivity of PepA, a bacterial aminopepti-
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dase used as a protein shell (PS), and the platinum nanoparticles

electronic properties of PepA-PtNPs were controlled by varying the size of the PtNPs. The use of two poly(methyl methacrylate) (PMMA)-coated graphene
layers separated by PepA-PtNPs enabled us to build a bionanohybrid capacitor with tunable properties. The combination of bioinorganic nanohybrids with
graphene is regarded as the cornerstone for developing flexible and biocompatible bionanoelectronic devices that can be integrated into bioelectric circuits
for biomedical purposes.
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he combination of biological ma-
Tterials and inorganic materials can

yield multifunctional hybrid materials
with new functional properties. Among
these hybrids, protein-shelled nanoparticles
(PSNPs),'~* inorganic nanoparticles encap-
sulated by oligomeric proteins with a hol-
low center, are highly potent and have
various applications including biomedi-
cines,®~? biocatalysts,'®"" and bioelectronic
devices.'? In this type of integration, protein
shells (PSs) are used as biotemplates for the
synthesis of a variety of inorganic nanopar-
ticles including metals,*® semiconduc-
tors,">'* and magnets.®'> The advantages
of using PSs include not only protecting the
various nanoparticles (NPs) with precise size
control but also increasing the stability of
NPs and reducing their toxicity. For these
reasons, PSNPs are considered good candi-
dates for biomedical applications such as
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nanobiosensors. However, since protein it-
self has poor electric properties, its applica-
tions to bioelectronic devices are relatively
limited even after it is combined with me-
tallic materials.

To date, there have been only a few
reports on the application of PSNPs to the
fabrication of electronic devices, and this
is mainly due to the lack of information
regarding the charge transport properties
of PSNPs. For the fabrication of floating
nanodot gate memory (FNGM) devices,
5Fe,03:9H,0 (ferrihydrite) and Cos0, NPs
encapsulated by apoferritin were used to
construct an array of charge storage nodes,
and the Ip—V; characteristic curves of the
fabricated FNGM were constructed.'*'®
However, in those cases, since the PSs were
eliminated by heat treatment before the
electronic properties of the inorganic NPs
were measured, the contribution of the PSs
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Figure 1. Overall structure of PepA (PDB ID: 3KL9). (A) Surface presentation of a dodecameric PepA. Each subunit is presented
in different colors. Black and red arrows indicate small and large channels, respectively, located at the interface of each
subunit. (B) Interior surface of PepA is presented with surface charge distribution in the same orientation as part A. Red and
blue colors on the surface represent negative and positive charges, respectively. The internal and external diameters of PepA
are 6.0 and 12 nm, respectively. (C) Schematic diagram of the GFET device with PepA-PtNP. PepA-PtNPs were loaded on a
graphene layer connected to drain and source electrodes. Source, drain, and gate are indicated. The distance between the
source and drain is 5 um. (D) Schematic diagram of PepA-PtNPs biocapacitor. PepA-PtNPs were loaded in between graphene
capacitor electrodes insulated with PMMA layers. The area of the biocapacitor was 0.25 cm?.

to the charge transfer characteristics was not investi-
gated. For biomedical applications of PSNPs and the
construction of bioelectronic devices, it is still neces-
sary to elucidate the electronic properties of bionano-
hybrid materials.

Carbon-based nanomaterials such as carbon nano-
tubes (CNTs) and graphene have been intensively
studied due to their nanoscopic and unique electrical
properties. For instance, CNTs used in constructing
field effect transistor (FET) devices'’ were developed
as sensors for the detection of various biomolecules.'®
However, recent studies have proven that graphene,
with its two-dimensional honeycomb structure that is
only one atom thick, has greater potential than CNTs
for applications in electrical devices and biosensors
since it has many advantages in electronic fabrication
such as higher electrical conductivity, physical flexibil-
ity, biocompatibility, and large surface area.'””?* In
particular, it was proven that the graphene-based
FET biosensors detect biomolecules with higher
sensitivity.>> As a result, we expected that the combi-
nation of bioinorganic nanohybrid materials such as
PSNPs and a graphene-based device could result in
functional materials with novel properties that can be
integrated into biodevices or circuits for biomedical
purposes such as implanted biosensors.

PepA, a dodecameric bacterial aminopeptidase from
Streptococcus pneumonia, has been used as a PS for
PSNP construction.?® PepA assembles into a hollow
tetrahedral shape with 6 and 12 nm interior and
exterior diameters, respectively, and with four 3.0 nm
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diameter channels and four 1.0 nm diameter channels
at the interfaces between each pair of subunits (Figure
1A and B).* The advantage of using PepA for the
synthesis of NPs is the precise control of the size of
NPs inside the PepA, ranging from 0.9 to 3.2 nm, by
varying the conditions for NP synthesis.” The applica-
tion of PepA-NPs in various fields has been demon-
strated, including use of PepA-PtNPs as a multi-
functional nanobiocatalyst® and biocompatible ROS
(reactive oxygen species) quencher®® and the use of
PepA-CoPt as a MRI contrasting agent.?® PtNPs are
considered to be more advantageous for constructing
electronic devices than other semiconductors or metal
NP-based capacitors.'®? It is due to the high work
function (5.65 eV) and chemical stability, which are
necessary for enhancing the retention characteristics
without forfeiting injection efficiency.?®>° Therefore, it
is expected that PepA-PtNPs can be possibly applied
for fabricating a new bioelectronic device. In addition,
their integration with graphene will provide a new
opportunity to build a novel bionanocapacitor, since
the dielectric PS combines PtNP and graphene.

To investigate the possible application of PepA-
PtNPs in combination with graphene to electronic
fabrication, we examined the charge transport beha-
viors of PepA-PtNPs with and without graphene by
fabricating FET devices in an ambient atmosphere at
room temperature (RT) in the solution phase. Then,
frequency-modulated capacitor devices were as-
sembled by sandwiching PepA-PtNPs with graphene
layers, and their electrical conductivity was further
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Figure 2. Liquid phase AFM images for the surface morphology of PepA-PtNP deposited on mica surface (A). (B) AFM image
representing a magnified image of the corresponding box in A. The scale bars are 1000 and 100 nm for A and B, respectively.
The height profiles along the dotted lines in A and B are also displayed.

analyzed. These devices showed tremendously en-
hanced charge trap and charge transport behaviors,
proving that PepA-PtNPs are suitable for the fabrica-
tion of bionanoelectronic devices, which will be the
first step in building bionanoelectronic circuits.

RESULTS AND DISCUSSION

PtNPs, synthesized and stabilized using bacterial
peptidase PepA, were mostly spherical and monodis-
perse without aggregation (see Supporting Figure S1).
The synthesis efficiency was estimated to be 100%
based on an examination of 250 individual PepA-PtNPs
in electron microscopy images, indicating that they are
suitable for building electronic devices with high
homogeneity. By manipulating the initial molar ratio
between the precursor Pt ions and PepA, 0.9, 2.1,
and 2.9 nm PtNPs encapsulated by PepA were synthe-
sized with narrow size distributions (see Supporting
Figure S1). To characterize the electronic properties of
the PepA-PtNPs, 2.1 nm PepA-PtNPs were used in the
current study unless otherwise stated.

Atomic force microscopy (AFM) was employed to
analyze the morphology of PepA-PtNPs deposited
on substrates (Figure 2 and see Supporting Figure S2)
and verified that proteins are evenly and individually
dispersed. The average height and diameter of
PepA-PtNPs on a flat surface were 8 and 22 nm,
respectively (Figure 2), which are close to the overall
dimensions of PepA measured by crystallographic and
TEM analyses®?” considering that the size of proteins
cannot be precisely determined due to the squeezing
effect in AFM measurements. In the case of AFM mea-
surement of ferritin, a 24-subunit PS with a diameter of
12 nm, a heights as low as 4 nm, and diameters up to
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30 nm was reported.?’ The AFM images of PepA-PtNPs
deposited on the graphene surface at two different
concentrations also revealed that they are well dis-
persed as a monolayer with similar height profile,
although some protein aggregates or graphene wrin-
kles were observed on the surface (see Supporting
Figure S2C—F). When the concentration of PepA-PtNPs
deposited on the graphene surface varied from 0.1 to
0.5 uM, the surface coverage of PepA-PtNP on the
graphene surface increased proportionally (see
Supporting Figure S2 and Supporting Table S1). The
AFM image of graphene without protein loading re-
vealed that the graphene surface is flat with some
wrinkles and roughness 1.0 nm thick (see Supporting
Figure S2A,B).

A FET device was fabricated using a SiO,/Si substrate
containing gold microgap electrodes, which acted
as a source and a drain (Figure 1C; see Supporting
Figure S3). Detailed procedures for the device fabrica-
tion are provided in the Methods section. An aqueous
solution containing PepA or PepA-PtNPs in various
concentrations was harbored within the electrode
gap, and the electron transport behaviors were subse-
quently analyzed (Figure 3A and B). The concentration
dependence of the PepA-PtNPs conductivity was ana-
lyzed by monitoring the drain-to-source current (ly4s) as
the drain-to-source voltage (Vy;) varied from —4 V to
+4V at a zero gate voltage (Figure 3A). The concentra-
tion dependency of Iys was clearly revealed in the range
of 0.0 to 1.0 Vg, (Figure 3A inset). When the concentra-
tion of PepA-PtNPs increased from 0.1 uM to 1.0 uM,
conductivity increased from 16.8 uS/m to 26.3 uS/m.
Thus, the conductivity of the PepA-PtNP-loaded FET was
proportional to the concentration of PepA-PtNPs.
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Figure 3. Electron transport behavior of PepA and PepA-PtNP in the FET and GFET devices. (A) I4s— Vg5 characteristic curves of
PepA-PtNP at various concentrations and PepA in FET at zero V. The abruptincrease in the currentin the high-voltage region
was caused by the increase in free electrons. The current (/45) change in response to V4 in the voltage range from 0.0 to 1.0 Vis
shown in the inset. (B) Conductivity responses of 1 uM PepA and 1 xM PepA-PtNP in FET as a function of gate voltage (V). (C)
las—Vqs characteristic curves of PepA-PtNP at various concentrations and PepA in GFET at zero V. The current (/4;) change in
response to Vg, is shown in the inset to display the linearity between /4 and V4, in the voltage range from 0.0 to 1.0 V. (D)
Conductivity responses of 1-uM PepA and 1-uM PepA-PtNP in GFET as a function of V. The concentrations of PepA and PepA-

PtNP refer to the protein concentration.

The mechanism of charge transport in biological
molecules such as proteins and DNA has been inten-
sively investigated, but is still controversial.>>~>° It has
been proposed that electrical conduction through the
protein is caused by electron transfer through direct
quantum tunneling (superexchange) or sequential
hopping.3273> In the same way, the electric current
through PepA or PepA-PtNPs can also be explained
by the electron transfer between adjacent PepA mole-
cules in the aqueous solution. The detailed mechanism
needs to be evaluated by further studies. Interestingly,
at a given concentration, it was observed that the
drain-to-source current of PepA-PtNPs was lower than
that of PepA alone (Figure 3A), suggesting that the
charge transport through PepA is likely to be trapped
and hindered by PtNPs mineralized within PepA. It has
been reported that smaller PtNPs can act as electron
acceptors due to the lower density of d-electrons near
the Fermi level than those of the large PtNPs or bulk Pt.3¢
This interpretation might justify the lower charge trans-
port in PepA-PtNPs. As it is, electrical conduction de-
creased due to the charge trapping by PtNPs. From this
perspective, both the charge transport and trapping
must be considered to understand the detailed mechan-
ism underlying the electronic transport in PepA-PtNPs.

Further evaluations were conducted by applying
back gate voltages (V) from —30 to 0 V (Figure 3B).

SAN ET AL.

As in the earlier discussion, PepA showed higher con-
ductivity than PepA-PtNPs, and the conductivity dif-
ference was about 16 uS/m through the whole gate
voltage range (Figure 3B). Interestingly, when the
2.4 nm PtNPs stabilized by citrate®” were mixed with
PepA instead of being encapsulated by PepA, their
conductance was similar to that of the PtNPs and about
3-fold higher than that of the PtNPs encapsulated by
PepA (Figure 3B and see Supporting Figure S4A). These
data strongly suggest that the metallic properties of
PtNPs are significantly modified when the particles are
encapsulated in a PepA shell.

We further investigated the charge transport prop-
erties of PepA-PtNPs using a graphene-based FET
(GFET). A graphene monolayer prepared by chemical
vapor deposition (CVD; see Supporting Figure S5) was
transferred onto a FET device for the fabrication of the
GFET (Figure 1C). Measurements of the charge trans-
port properties of PepA and PepA-PtNPs were carried
out in the GFET device in a manner similar to that used
with the FET device (Figure 3C and D; see Supporting
Figure S6). The most interesting feature of the charge
transport properties in GFET compared to that in FET is
the presence of an ohmic junction, which is repre-
sented by a straight /—V curve passing through the
origin in the lys—Vys graph (Figure 3C). The ohmic
junction is considered to be achieved by improved
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Figure 4. Electron transport behavior of different size PepA-PtNPs. (A) /—V characteristics of the PepA-PtNP in the GFET device
with 0.9, 2.1, and 2.9 nm PtNPs at zero gate voltage. The conductance of the PepA-PtNPs was directly proportional to the size
of the PtNPs encapsulated in the PepA. The current response to the voltage is shown in the inset to display the linearity
between current and voltage in the voltage range from 0.0 to 1.0 V. (B) Conductivity responses of different size PepA-PtNPs

in GFET as a function of a V.

contact between the gold electrode and graphene
(Figure 1GC; see Supporting Figure S6).

Since graphene presents P-type conducting behavior®®
by exhibiting a drain current change in response to the
negative gate bias, the conductivity of the PepA-PtNPs
on the GFET was measured by applying a negative gate
voltage (see Supporting Figure S6). While the conduc-
tivities of PepA and PepA-PtNPs in the FET device were
on the uS/m scale, those in the GFET device were on
the sub-mS/m scale. For example, the conductivities of
PepA-PtNPs were 26.3 uS/m and 0.49 S/m in the FET
and GFET devices, respectively, at zero gate voltage
(V) (Figure 3B and D), indicating that the conductivity
in the GFET device was about 4 orders of magnitude
higher than that in the FET device. The enhanced
conductance of the PepA/GFET was expected, since it
was reported that protein adsorption to graphene
enhances the conductance of GFET.*®

Similar to the observation in the FET devices, the
conductivity of PepA-PtNPs was lower than that of
PepA in the GFET device (Figure 3C); specifically, the
conductivities were 0.49 S/m for PepA-PtNPs and
0.69 S/m for PepA at a 1.0 uM concentration. The
reduced conductance of the PepA-PtNP/GFET is likely
to be caused by charge trapping from graphene to the
PtNPs through the PSs, which is similar to the case of
the FET device (Figure 3A). The calculated electron
mobility of PepA (1.0 uM) and PepA-PtNP (1.0 uM) was
3190 and 2002 cm?/V.s, respectively. These data also
support that the decrease in conductivity is due to the
electron trapping of PtNPs. However, the conductivity
of PtNPs alone is similar to that of PtNPs mixed with
PepA in GFET, demonstrating that PepA alone did not
have any significant effect on the PtNPs when it is
simply mixed (see Supporting Figure $4B).

Interestingly, while Iy and the concentration of
PepA-PtNPs were directly correlated when they were
integrated in the FET device (Figure 3A), they were
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inversely correlated in the GFET device. That is, the
conductivity of PepA-PtNPs in the GFET device de-
creased from 0.66 S/m to 0.49 S/m when the concen-
tration of PepA-PtNPs was increased from 0.1 uM to
1.0 uM (Figure 3C). These results suggest that the
charge-trapping effect of PtNPs is more significant in
GFET than in FET. It is noticeable that the surface
coverage of PepA-PtNP increases in proportion to the
concentration of PepA-PtNP (see Supporting Table S1).
The enhanced charge trapping effect of PtNPs in GFET
than in FET may be explained by the effect of physical
adsorption of PepA-PtNPs on the graphene surface.
Electrons may flow from graphene into PtNPs due
to the difference of the work function: 4.5 eV for
graphene®®*! vs 565 eV for PtNP.3° Therefore, the
charge redistribution at the interface between gra-
phene and PepA-PtNPs can possibly cause the drain
current decrement in the GFET device response.*®
Therefore, both the positive effect of PepA and gra-
phene and the negative effect of PtNPs on electron
transport should be considered simultaneously in
order to understand the concentration dependency
of the PepA-PtNP conductivity in the FET and GFET
devices.

In order to investigate the size effect of the PtNPs on
the charge transfer activity of the PepA-PtNPs in the
GFET device, we synthesized PepA-PtNPs with sizes of
0.9,2.1,and 2.9 nm (see Supporting Figure S1). For each
measurement, the same number of PtNPs encapsu-
lated by PepA was used in order to monitor only the
effect of the size on the transport property by applying
the same concentration of PepA. The drain current or
conductivity was directly proportional to the size of the
PtNPs, and the differences were maximized at high Vg
(Figure 4). It is known that the work function of metal
NPs is inversely proportional to the size of the NPs.***3
Hence, the charge trapping capability of smaller PtNPs
is expected to be higher than that of bigger PtNPs.3®
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Figure 5. (A) Capacitance—frequency (C—f) curves of the PepA and PepA-PtNPs bionanohybrid capacitor display specific
capacitances that vary according to the applied perturbing frequencies for various sizes of PepA-PtNP capacitors at —5 V gate
voltage. High capacitance was observed at low frequency, and the capacitance decreased as the size of the PtNP increased
possibly due to the polarizability effects. The insets indicate the structure of the bionanohybrid capacitor with different sizes
of PtNP encapsulated inside PepA. The capacitance of the PepA-PtNPs bionanohybrid capacitor was measured using a
semiconductor characterization system (SCS) in the strong accumulation region, which is the range in which the voltage-
independent insulator capacitance appears. (B) Capacitance—voltage (C—V) curves of the PepA-PtNPs bionanohybrid
capacitor. Specific capacitance measured as a function of gate voltage (V4 —2.0 to 2.0 V) at low frequency, 2 kHz, showed

a highly symmetric profile.

Consequently, the 2.9 nm PepA-PtNPs showed the
maximum conductivity, possibly due to the lower
trapping activity of PtNPs (Figure 4). These results
strongly suggest that the electronic transport proper-
ties can be precisely manipulated by controlling the
size of the PtNPs. Therefore, it is advantageous to use
PepA-PtNPs rather than to use PepA alone for the
fabrication of electronic devices.

The current investigation reveals that the electron
transport properties of PepA-PtNPs can be measured
using FET and GFET devices. In addition, it was also
observed that their electronic properties can be ma-
nipulated by PepA-PtNPs as a function of the concen-
tration and the size of the NPs. From these observa-
tions, we hypothesized that PtNPs encapsulated by PSs
combined with graphene can be used for fabricating a
bionanohybrid capacitor, in which the PepA-PtNPs can
trap electrons and enhance the capacitance.

To examine this hypothesis, we fabricated a sym-
metric multilayered bionanocapacitor by putting
PepA-PtNPs of various sizes between the bottom and
upper graphene layers coated with poly(methyl
methacrylate) (PMMA) (Figure 1D). This forms a struc-
ture similar to the metal—insulator—semiconductor—
insulator—metal (MISIM). The gate voltage (V) and ac
voltages were applied to the graphene layers via a gold
electrode and silver paste for the bottom and upper
layers, respectively.

Then, the capacitance between the two electrodes
contacting the graphene layers was measured as a
function of frequency (C—f) for Vy = —5.0 V, which is
within the strong accumulation region of the mea-
sured capacitance (Figure 5). The C—f curves of the
fabricated bionanocapacitor showed a clear trend of
decreasing specific capacitance when the frequency
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increases from 2 kHz to 2000 kHz (Figure 5A). Ideally,
the MISIM specific capacitance is constant for the
change in frequency.** However, it is known that
capacitance with charge polarization can vary in re-
sponse to the frequency due to the change in relaxa-
tion time of charge polarization.** At higher frequency,
the charging effect does not respond well to ac signals,
and the polarizability of the capacitor decreases. Con-
sequently, at higher frequency the capacitance de-
creased. Since the current bionanocapacitor has a
lower capacitance in the higher frequency range and
the specific capacitance was inversely proportional to
the frequency (Figure 5A), the polarizability of PepA-
PtNP seems to contribute to the capacitance. Most
importantly, the current bionanocapacitors clearly
showed a decreasing trend of capacitance with in-
creasing sizes of PtNPs in both C—f and C—V graphs
(Figure 5). Accordingly, the bionanocapacitor with
PepA showed a higher capacitance than only those
harboring the PtNPs inside (Figure 5). These results are
possibly due to the fact that the polarizability of the
PepA-PtNP layer is largely dependent upon the size of
PtNPs encapsulated inside PepA (Figure 5).

For further characterization of the electronic pro-
perties of the current device, the gate voltage depend-
ences of the PepA-PtNP and PepA-only bionanocapa-
citors were examined at a low frequency, 2 kHz, where
the carriers follow the ac signal. Interestingly, they
showed very distinctive C—V characteristics (Figure 5B).
In general, a MIS capacitor does not show symmetric
switching responses, but does show asymmetric
U-shaped and step-like responses for lower and higher
frequency, respectively. In addition, the dynamic states
of the capacitor (ie, accumulation, depletion, and
inversion) can also be detected when various gate
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voltages were applied.*® However, the PepA-PtNP
bionanocapacitors showed a U-shaped symmetric
response centered at zero gate voltage (V4 = 0 V)
(Figure 5B).

Then, the conductance of the PepA-PtNP and PepA-
only bionanocapacitors were investigated in terms of
frequency and gate voltage dependence (Figure 6).
For the frequency-dependent conductance (G—f) plot,
a log—log scale is commonly adopted, as shown in
Figure 6A. At the lower frange, the G value was insensi-
tive to frequency, but it slightly increased at frequen-
cies higher than 200 kHz (Figure 6A). Although the G—f
relationships of disordered solids such as organic,
amorphous, and doped semiconductors have been
extensively studied,*” ~>* those of biomolecular sys-
tems have not been intensively studied yet. To inter-
pret the time-dependent behaviors of the PepA-PtNP
bionanocapacitor, it is of interest to consider the
tunneling and hopping mechanism of charge trans-
port. For the biomolecules, the time required for elec-
tron tunneling is considered to be within the millise-
cond to microsecond range because their charge
transport is originally based on the redox reaction.>®
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Therefore, under the conditions of electron tunneling,
it is expected that the specific conductance decreases
with respect to the frequency increase in the kHz to
MHz range. In contrast, time-dependent hopping con-
ductivity is known to be insensitive to the varying fin
the log—log scale.”® Therefore, based on the G—f curve
of the PepA-PtNP bionanocapacitor (Figure 6A), the
time-dependent charge transport behavior of the bio-
nanocapacitor can be partially explained by the hop-
ping conduction mechanism. Under this situation, the
increase in G in the higher f region is assumed to be
caused by the delocalized electrons due to the higher
vibrational energy. We further measured the conduc-
tance-applied voltage (G—V) responses of the device
(Figure 6B). Similar to the C—V curves (Figure 5B), the
conductance is high in the far-negative V, region and
minimum in the near-zero V, region in the G—V curve.
However, the width of the U-shape region in each
G—V curve is broader than those of the C—V curves
(Figure 6B vs Figure 5B). The conductance in PepA-
PtNP bionanocapacitors was at least 5 times higher
than that of PepA, and this increase was solely due to
the integration of PtNPs inside PepA (Figure 6B). Taken
together, it seems to be possible to choose a gate
voltage where the bionanocapacitor shows a high
capacitance but low conductance, which enables
maximizing the bionanocapacitor's charge storage
characteristics.

CONCLUSIONS

We have investigated the charge transport phenom-
ena of PepA-PtNP, a bioinorganic nanohybrid material,
using FET devices with and without graphene in an
ambient atmosphere and at RT. The PtNPs affected the
electronic properties of PepA and graphene by captur-
ing electrons, and thus the electronic properties of
PepA-PtNPs in the GFET were modulated by varying
the size and concentration of the PtNPs encapsulated
by the PepA. PepA-PtNP/GFET showed higher electron
mobility than other well-known FET devices (see Sup-
porting Table S2). On the basis of these findings, we
have successfully fabricated a bionanohybrid MISIM
capacitor by combining graphene and PepA-PtNPs
and demonstrated that the bionanohybrid capacitor
could operate in a stable manner with ambipolar
characteristics. This novel bionanocapacitor displayed
relatively enhanced charge trap and charge transport
behaviors, compared with other biomolecule-based
electronic devices (see Supporting Table S3), thus
proving that PepA-PtNPs are suitable for further devel-
opment of fast and efficient bionanoelectronic devices.
Moreover, we also showed the capacitance can be
controlled by varying the size of the PtNPs. Since it has
already been proven that graphene has many useful
characteristics such as high sensitivity, fast responsive-
ness, physical flexibility, and biocompatibility, it is
expected that PepA-PtNP bionanohybrid capacitors
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made with a graphene will have these useful charac-
teristics. Thus, these capacitors should be suitable for
various biotechnological applications such as biosen-
sors or therapeutics embedded into a human body.

METHODS

Sample Preparation. The preparation of PepA and the synthe-
sis of the platinum nanoparticles (PtNPs) using PepA were
described previously.>?” In brief, the in situ synthesis of the
PtNPs was performed in solution by precipitating Pt** in PepA
at RT. The purified recombinant PepA was mixed with K,PtCl,
in 10 mL of buffer A [50 mM HEPES, 4-(2-hydroxyethyl)-1-
piperazineethanesulfonic acid, pH 8.0] at various molar ratios
and was incubated for 1 h with constant stirring. For the
synthesis of the 1:1000 PepA:PtNPs, 1 uM and 1 mM of PepA
and K,PtCl,, respectively, were mixed in the reaction solution.
After the addition of 0.5 mL of a 100 mM ice-cold NaBH,
solution, the reaction mixture was incubated at RT for 5 h with
stirring. The reaction mixture was concentrated using a Cen-
tricon with a 30 kDa cutoff (Sartorius, Gottingen, Germany) and
was centrifuged at 16 100 rcf for 30 min at 4 °C. Finally, the
sample was further purified using a Superdex 200 gel filtration
column (GE Healthcare, Princeton, NJ, USA) in distilled water
(DW). In this study, DW was prepared using a Millipore Milli-Q
system with a resistivity of 18.2 MQ-cm at 25 °C (EMD Millipore,
Billerica, MA, USA). The final product in DW was used for the
measurement of the current—voltage characteristics. The con-
centration of PepA was determined by the Bradford assay.>’

Characterization of PepA-PtNPs and Graphene. PepA-PtNPs were
characterized in a manner similar to that described in a previous
report.5 Transmission electron microscopy (TEM) images were
obtained using JEOL JEM-3010 and JEOL JEM-2100 microscopes
(JEOL, Tokyo, Japan) operated at 200 kV. TEM samples were
prepared by applying the PepA-PtNP solution onto a copper
grid covered with a thin carbon film (JEOL, Tokyo, Japan) for
overnight dehydration at RT. For preparation of the negatively
stained PepA-PtNP samples, the sample in the copper grid was
stained with 2% uranyl acetate for 30 s. The sizes of the PtNPs
were estimated by averaging 200 enlarged images that were
measured using Gatan Digital Micrograph software (Gatan,
Pleasanton, CA, USA).

The topology of the graphene surface and the thickness of
the graphene layer were measured using an atomic force
microscope (AFM) (Innova; Veeco, Plainview, NY, USA) on the
200 nm SiO,/Si substrate. The AFM was operated in tapping
mode at a frequency of 282.5 kHz using an aluminum-coated
silicon cantilever (NanoWorld AG, Switzerland) with a pyramidal
tip having a radius of 8 nm. For each graphene film, three
independent areas with dimensions of 2 um x 2 um were
analyzed by scanning them at a resolution of 512 x 512 scan
lines. Raman spectra of the graphene monolayer on a 200 nm
SiO,/Si substrate were measured at 532 nm using a confocal
Raman microscope (alpha-300R; WITec, Maryville, TN, USA) at RT.

Synthesis and Transfer of Graphene on a Si0, Substrate. The experi-
mental procedure for the growth of the graphene layer was
similar to that described in our previous reports°®>° with a
deposition temperature ranging from 950 to 1000 °C. The
graphene layers were grown using the chemical vapor deposi-
tion (CVD) method with methane (CH,4) and hydrogen (H,) gas
in a vacuum system. In the first step of synthesis, a copper foil
was inserted into an 8-in. tube and then heated to 1050 °C with
a flow of H, at 10 sccm and a pressure of 180 mTorr. Then, the
sample was annealed at 1050 °C for 60 min at the same flow rate
and pressure. The copper foils were heat-treated to increase the
grain size from a few micrometers to ~100 um; as reported
previously,* copper foils with larger grain sizes yielded higher-
quality graphene films. The CH, and H, gases were then flowed
at 1.6 Torr with rates of 28 and 10 sccm, respectively, for 30 min.
Finally, the sample was rapidly cooled to RT (~10 °C/s) with a
flow of H, at 10 sccm and a pressure of 180 mTorr.
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Therefore, the current study opens the door for future
fabrication of biodevices and biocircuits by demon-
strating the possibility of developing bioinorganic
materials as a capacitor.

AFM Analysis. For AFM imaging of PepA-PtNP on a graphene/
200 nm SiO,/Si layer, 10 uL of analytes was dropped on the
graphene surface and 5 uL of deionized water was mounted
onto the AFM tip [an NP-S oxide-sharpened silicon nitride tip
(Veeco). AFM images were obtained using Multimode Nano-
scope (Veeco) in fluid tapping mode.

Fabrication and /—V Measurements of PepA-PtNPs FET and GFET. The
CVD-grown graphene samples were spin-coated with PMMA,
with the spinning speed ranging from 300 to 4000 rpm, de-
pending on the size of the sample. After the PMMA coating, the
graphene layer on the Cu foil was placed in an aqueous solution
containing 0.1 M ammonium persulfate to etch off the Cu
substrate. Afterward, the PMMA-coated graphene was scooped
out of the solution by the microgap FET device. The graphene-
deposited microgap FET device was rinsed several times with
DW after the PMMA was removed using acetone.

In the microgap FET device, seven source-and-drain elec-
trodes with 5 um gaps were loaded onto a 500 um Si layer that
served as a back gate. The electrode and Si layer were insulated
by a 200 nm SiO; layer. The electrodes were composed of 5 nm
titanium cores covered by 25 nm of gold. The /—V characteristics
of the FET and GFET were investigated using a semiconductor
characterization system (4200 SCS; Keithley Instruments, Inc.,
Cleveland, OH, USA). An aqueous solution containing PepA or
PepA-PtNP of various concentrations was harbored within the
electrode gap, and the electron transport behavior was subse-
quently analyzed. All measurements were recorded in the first three
scans and averaged in order to avoid any protein damage possibly
caused by the heat generated from repeated measurements. The
I—V curve was measured by sweeping the drain-to-source voltage
from —4 to +4 V at a zero gate voltage. The conductivity was
calculated from the value of resistivity at a 7—V drain voltage.

Calculation of the Electron Mobility. The electron motility was
estimated using the following formula for the linear region of
FET devices:

m L 1

“ ImW Vds Cox

where the my;, is the slope of Is—V at the fixed Vs, L and W are
the length and width of the channel, and C,, is the capacitance
of the SiO, layer. The measured my;, of PepA only and PepA-
PtNPs were 55.08 uA/V and 34.56 uA/V, respectively. The L and
W are both 5 um, and C, for the 200 nm thick SiO, layer is
172.65 uF/m?.

Fabrication of a Capacitor and the Capacitance Measurement. For the
measurement of capacitance, graphene was transferred onto a
single gold electrode deposited 200 nm SiO,/Si substrate 5 x
7 mm in size. The spin-coated PMMA layers were placed as the
insulator in between the graphene layers. Next, 20 uL of 1 uM
PepA-PtNPs in DW was deposited on the PMMA/graphene
surface and was air-dried at RT for 24 h. The bottom PMMA/
graphene electrode (on which the PepA-PtNPs had been
deposited) was covered by another graphene/PMMA layer with
silver paste contacts. In this setting, a symmetric sandwiched
structure was formed, which can be interpreted as a metal—
insulator—(semi)conductor—insulator—metal capacitor. The ac
frequency and gate voltage dependent capacitance and con-
ductance measurements were carried out using a semiconduc-
tor characterization system (4200 SCS; Keithley Instruments).
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