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I
n this article, we report a modular ap-
proach to fabricating high-performance
flexible electrodes by structurally inte-

grating 2D-assemblies of electrocatalytic
nanoparticles with freestanding graphene
paper. The development of flexible electro-
des is a topic of considerable current inter-
est because of the ever increasing demand
for modern electronics, portable medical
products, and compact energy devices.1�7

Hybrid electrodes with functional nano-
crystals anchored on carbon substrates are
under intense research for a broad spec-
trum of applications in sensing, energy
conversion and storage, and catalysis.8�12

Among the large family of carbonmaterials,
graphene, consisting of a single-layer of sp2-
hybridized carbon atoms, has emerged as a
new class of supporting scaffolds for nano-
crystals because of a unique collection of
structural and electronic properties such as
large surface areas, chemical inertness, and
superior electrical conductivity.13�16 Nano-
composites of graphene and nanocrystals
have shown enhanced electron transport
and improved activities in catalysis and light
harvesting.17,18 Of particular significance for
uses in flexible electrodes, individual grap-
hene nanosheets recently have been as-
sembled into various forms of freestanding
paper-like structureswith excellentmechan-
ical strength, structural uniformity, and
electrical conductivity.19�24 Increasing evi-
dence has shown that flexible control over
the size, morphology, degree of loading,
and distribution of the nanocrystals on the
substrates is critical for optimizing the per-
formance of the electrodes.25�28 For in-
stance, in electrocatalytic applications, it
is highly desirable to load monodisperse
nanocrystals uniformly and in high density
to achieve large active surface areas.29 To be

anchored on graphene substrates, nano-
crystals currently are either in situ synthe-
sized in the presence of graphene or ad-
sorbed on graphene from their colloidal
dispersions.30�33 The functional groups on
graphene substrates or attached organic me-
diators can facilitate the binding of nanocrys-
tals through noncovalent interactions.34,35
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ABSTRACT

The development of flexible electrodes is of considerable current interest because of the

increasing demand for modern electronics, portable medical products, and compact energy

devices. We report a modular approach to fabricating high-performance flexible electrodes by

structurally integrating 2D-assemblies of nanoparticles with freestanding graphene paper. We

have shown that the 2D array of gold nanoparticles at oil�water interfaces can be transferred

on freestanding graphene oxide paper, leading to a monolayer of densely packed gold

nanoparticles of uniform sizes loaded on graphene oxide paper. One major finding is that the

postassembly electrochemical reduction of graphene oxide paper restores the ordered

structure and electron-transport properties of graphene, and gives rise to robust and

biocompatible freestanding electrodes with outstanding electrocatalytic activities, which

have been manifested by the sensitive and selective detection of two model analytes: glucose

and hydrogen peroxide (H2O2) secreted by live cells. The modular nature of this approach

coupled with recent progress in nanocrystal synthesis and surface engineering opens new

possibilities to systematically study the dependence of catalytic performance on the structural

parameters and chemical compositions of the nanocrystals.

KEYWORDS: flexible electrode . graphene . self-assembly . nanocrystal .
electrocatalysis . biosensors
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However, in situ synthesis of nanocrystals generally
does not allow for tailoring the size andmorphology of
the nanocrystals, and physical adsorption often gives
rise to low loading and aggregation of nanocrystals on
the substrates.
Recent reports by several groups including us have

shown that nanoparticles with rationally designed sur-
face coatings have a tendency to accumulate at the
interface of two immiscible liquids, thermodynamically
driven by the decrease of total free energy.36�39

Promoted by the advances in synthesis and surface
engineering of well-defined nanocrystals, this strategy
has become a widely applicable method to prepare
closely packed 2D arrays of metal and semiconductor
nanocrystals with controlled sizes and morphologies.
In the current proof-of-concept study, we have demon-
strated that the use of 2D array of gold nanoparticles
at oil�water interfaces and freestanding graphene

oxide (GO) paper as the modular building blocks
of hybrid electrodes can effectively address the above-
mentioned problems encountered in existing meth-
ods, leading to a monolayer of densely packed gold
nanoparticles of uniform sizes loaded on graphene
oxide paper. One interesting finding is that the hydro-
philic nature of the GO paper, built-up from exfoliated
GO nanosheets through evaporation-assisted assem-
bly, is critical for the successful transfer of the 2D array
on the substrates by dip-coating. And the noncovalent
interactions between the polymer coating of gold nano-
particles and GO paper also contribute to the robust
linking between the two components. More impor-
tantly, our results have shown that the postassembly
electrochemical reduction of graphene oxide paper
restores the ordered structure and electron-transport
properties of graphene, and gives rise to biocom-
patible freestanding electrodes with outstanding

Figure 1. Schematic illustration of the fabrication of freestanding hybrid electrodes from 2D-assembly of gold nanoparticles
and graphene oxide paper.
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electrocatalytic activities, which have been manifested
by the sensitive and selective detection of two model
analytes: glucose and hydrogen peroxide (H2O2) se-
creted by live cells. In comparison with the control
electrodes such as reduced GO (rGO) paper and bare
gold foil (Au-foil), our flexible electrode leads to greatly
enhanced current density and decreased overpotential
toward direct electrochemical oxidation/reduction of
the electroactive molecules of interests. And the elec-
trode shows identical performances in terms of sensi-
tivity, stability, and response rate even when it is
folded, which is of great importance for its utilization
in miniaturized and compact devices.

RESULTS AND DISCUSSION

Preparation and Characterization of the Freestanding Hybrid
Electrode. As illustrated in Figure 1, themodular scheme
toward the hybrid electrodes has three key steps. First,
GO paper and 2D-assembly of gold nanoparticles are
individually optimized. Second, the 2D-assembly is
transferred on the GO paper fixed on a solid sub-
strate through dip-coating. Third, the GO paper coated
with the 2D-assembly (Au-GO paper) is electroche-
mically reduced to yield the hybrid electrode of
rGO carrying the closely packed monolayer of gold
nanoparticles (Au-rGO paper). The freestanding elec-
trode offers ultimate flexibility for device packaging,
and its electrocatalytic activity was tested in three-
electrode system using Au-rGO paper as working
electrode.

To prepare hydrophilic GO paper, the aqueous
dispersion of GO nanosheets, exfoliated from graphite
oxide through extensive ultrasonication, was placed in
a castingmoldmade of polytetrafluoroethylene (PTFE).
After water was completely removed through slow
evaporation at room temperature, freestanding GO

paper can be easily peeled off from the low-surface
energy PTFE substrate. The height profile in atomic
force microscopy (AFM) image (Figure 2A) reveals that
the thickness (∼1.0 nm) of the GO nanosheets is very
close to that of single-layer graphene, suggesting
nearly complete exfoliation of the graphite oxide.40�42

The wrinkled feature of dried graphene nanosheets in
scanning electron microscopy (SEM) image (Figure 2B)
is indicative of the flexibility of the graphene nano-
sheets.42 SEM observation (Figure 2C�F) shows that
the GO paper has smooth surface and uniform thick-
ness (∼8 μm) throughout the entire cross-section, and
the layered structure of stacked graphene nanosheets
is clearly distinguishable. The size of the GO paper can
be freely adjusted by choosing different-sized casting
mold, and the thickness of the paper can also be
tailored in the range of 1�30 μm by using different
volume of GO dispersion. The 2D array of gold nano-
crystals was formed by 14 nmnanocrystals coatedwith
mixed polymer brushes of poly(ethylene glycol) (PEG)
and copolymers of methyl methacrylate and 4-vinyl
pyridine (PMMAVP) (Figure 1B). The mixed polymer
brushes were grafted on the particles through tandem
“grafting to” and “grafting from” reactions that we
developed recently.36,43,44 In the mixture of water
and chloroform, the gold nanoparticles (Au@PEG/
PMMAVP) preferentially stay in the organic phase
because of the favorable solubility of the hydrophobic
PMMAVP brush in chloroform. As we have demon-
strated previously,36 the addition of hexane, which is
a nonsolvent for both PEG and PMMAVP, reduced
the affinity of the nanoparticles with the organic phase,
and triggered their self-assembly at the oil�water
interface to form a close-packed monolayer. The inter-
facial assembly exhibits the golden-color reflectance

Figure 2. (A) AFM and (B) SEM images of GO sheets. Top (C), tilted (D), and cross-sectional (E, F) view of the as-prepared
GO paper.
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(Figure 1B) due to the strong plasmonic coupling of
gold nanoparticles in close proximity.

Figure 3 displays the SEM images of the 2D-assem-
bly of Au@PEG/PMMAVP transferred on the GO paper.
It is clear that the gold nanoparticles formed a closely
packedmonolayer on the surface of GO paper, and the
nanoparticle coating is very uniform throughout the
entire paper. We have found that the interfacial 2D
assembly can only be transferred to substrates that are
hydrophilic and wettable by its subphase (water). GO
nanosheets have polar functional groups such as
hydroxyl, epoxide, and carboxylic acid on the basal
plane and edges, which are mostly removed in rGO.
Therefore, it is necessary to use hydrophilic GO paper
instead of hydrophobic rGO paper as the transferring
substrate. We also notice that the 2D assembly of
Au@PEG/PMMAVP containing 20% 4-vinyl pyridine
(4VP) monomer in the PMMAVP grafts led to better
transfer to the GO paper than that formed by the gold
nanoparticle coated with polymer brushes containing
no 4VP moiety. Presumably, the pyridine groups can
form hydrogen bonding with the hydroxyl and car-
boxylic acids on the GO nanosheets, resulting in
stronger affinity between the gold nanoparticles and
the GO surfaces. The obtained hybrid electrode exhib-
its excellent long-term stability, which is confirmed
by the chronoamperometric experiments discussed
below. Notably, the smooth and uniform surface of
graphene paper appears essential for the successful
structure integration of the flexible carbon substrate

and 2D-assembly of gold nanoparticles. In contrast,
loading of the 2D-assembly on buckypaper made of
carbon nanotubes led to the discontinued and partially
aggregated coating of gold nanoparticles presumably
due to the disordered network structure of the bucky-
paper (see Supporting Information Figure S1).

X-ray photoelectron spectroscopy (XPS) is further
employed to quantitatively analyze the degree of the
reduction of the GO paper. As shown in Figure 4 A, the
C 1s peak of GO shows the presence of four types of
carbon bonds: C�C (284.5 eV), C�O (286.6 eV), CdO
(288.1 eV), and O�CdO (289.3 eV). Among them, the
peak associated with C�O is predominant and the
atomic percentage of C/O is 2/1. After the electrochem-
ical reduction, the intensity of the peak associated
with C�O greatly reduces, and the C�C peak becomes
the predominant peak. The rGOpaper exhibits a higher
atomic ratio of C/O (7/1), demonstrating that the GO
paper was successfully reduced to rGO paper. The
stress�strain curve (Figure 4B) of a typical GO paper
specimen starts with a straightening stage followed by
an elastic deformation. GO paper has a tensile strength
of 80MPa and an ultimate tensile strain of 2.69%,which
are further improved to 112.8 MPa and 6.35% in rGO
paper. The improved tensile strength and ductility of
rGO paper should arise from the stronger interlayer
interaction of rGO nanosheets after the oxygen-
containing groups are removed in the electrochemical
reduction. Our results are also in line with previous
reports, showing that GO and rGO paper outperform

Figure 3. SEM images of 2D-assembly of gold nanoparticles coated on GO paper at different magnifications.
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conventional flexible carbon substrates such as graph-
ite foils and bucky paper in mechanical strength.19�21

The typical X-ray diffraction (XRD) patterns of the
GO paper and Au-rGO paper are shown in Figure 4B. A
narrow diffraction peak (2θ = 10.4�) is present for
GO paper, corresponding to a layer-to-layer distance
(d-spacing) of about 0.85 nm. The increased interlayer
spacing (>0.6 nm) of GO is due to the intercalated
water molecules between neighboring GO layers.21

The weak and broad peak at 26.6� in Au-rGO paper
corresponds to a d-spacing of 0.34 nm, which suggests
the elimination of the structural water on the rGO
sheets.45 The four peaks at 38.5�, 43.9�, 64.7�, and
78.6� are related to (111), (200), (220), and (311) planes
of face-centered-cubic (fcc) Au (JCPDS 04-0784). The
peak corresponding to the (111) plane is more intense
than the others, indicating that the (111) plane is the
dominatingorientation. Ramanmeasurements (Figure4C)
were also performed to determine the microstructure
of as-prepared paper-like GO, rGO, Au-GO, and Au-rGO
samples. GO paper displays two prominent peaks
at 1355 and 1595 cm�1, corresponding to the well-
documented D and G bands, respectively. In rGO paper,
these two peaks remain at the same position. How-
ever, the intensity ratio of the two peaks (ID/IG) in-
creases in comparison with that of the GO paper, con-
firming that ordered structure is partially restored in
rGO after the electrochemical reduction.41,42 One inter-
esting finding is that the coating of the 2D assembly of

gold nanoparticles leads to about 3-fold enhancement
of the Raman signal from GO and rGO. Surface-en-
hanced Raman scattering (SERS) of small molecules on
the surface of colloidal gold nanoparticles and gold
substrate is well-documented, and the SERS of graphene
by gold nanostructures has also been reported.45,46

The enhanced electromagnetic field surrounding the
2D assembly is expected to only enhance the Raman
signal of a few layer of graphene next to the assembly.
Considering that the paper consists of thousand layers
of graphene sheets, the actual enhancement factor
should bemuch greater than 3-fold, detected from the
entire paper. Taken together, the Au-rGO paper elec-
trode with superior structural integrity has been suc-
cessfully fabricated in the modular approach.

Electrocatalytic Activities of the Hybrid Electrode. [Fe(CN)6]
3‑/4‑

redox probewas first employed to investigate the intrinsic
electrochemical behavior ofAu-rGOpaper electrodealong
with control electrodes including GO paper, rGO paper,
and bare Au-foil with the same dimension and similar
thickness. The results of electrochemical impedance spec-
troscopy (EIS) of different electrodes are summarized in
Figure 5A. Insulating GO paper exhibits huge Faradic
charge transfer resistance (Rct), which reduces to 197 Ω
in rGO paper because of the restoration of a graphitic
network of sp2 bonds. Interestingly, introducing the 2D
assembly of gold nanoparticles on the rGO paper led to a
further decrease of Rct to 95Ω, which is only slightly larger
than that (72 Ω) of the Au foil. Cyclic voltammetry (CV)

Figure 4. (A) XPS curves fit of C 1s spectra of GO and rGO papers. (B) Stress�strain curves of GO and rGO paper. (C) XRD
patterns of GO and Au-rGO papers. (D) Raman spectra of GO, rGO, Au-GO, and Au-rGO papers.
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measurements (Figure 5B) show that no redox peaks are
found on the GO paper electrode, indicating that the
insulating GO greatly inhibits the heterogeneous electron
transfer between the electrode and the redox species in
solution.Apair ofquasi-reversibleone-electron redoxpeak
is observed on bare Au-foil, rGO, and Au-rGO paper elec-
trodes. However, the Au-rGO electrode exhibits dramati-
cally enhanced peak current (ip) and reduced peak poten-
tial separation (ΔEp) in comparisonwithother control elec-
trodes, indicative of enhanced electrochemical activities.
The active surface areas of the electrodes are estimated
according to the slope of the ip versus v

1/2 plot, based on
the Randles-Sevcik equation, ip = 269n3/2AD1/2v1/2c, the
results are 0.85, 1.89, and 3.05 cm2 (average of six
measurements) for Au foil, rGO, and Au-rGO paper elec-
trodes, respectively. According to the following equation:
Rct = (RT/(n2F2Ak0)) (1/(CO

(1�R)CR
R)),47 where the electron

transfer coefficient (R) is 0.5 for the heterogeneous pro-
cess, and A is the active surface area of the electrodes, the
standard electron transfer constants (k0) of rGO and
Au-rGO papers electrodes are 0.98 � 10�3 and 1.30 �
10�3 cm s�1, respectively. Collectively, these results sug-
gest that Au-rGO paper exhibits more effective electron
transfer and superior electrochemical activity, which
should originate from both of the improved electrical
conductivity of Au-rGOpaper and the substantially greater
active surface area of the 2D-assembly of 14 nm gold

nanoparticles than the bulky Au-foil electrode. Our results
demonstrate that the amphiphilic polymer coating of the
gold nanoparticles do not inhibit the electron transfer
between the nanoparticles and the rGO paper substrate.
Similar electron transferbetweensurface-passivatednano-
particles and the electrode surfaces has been reported
previously in self-assembled monolayer capped nano-
particles,48,49 or by incorporating polyelectrolyte multiple
layers between nanoparticles and the substrate.50 It is
believed that electron tunneling shouldbe themain factor
leading to the observed electron transfer, although a layer
of insulating coating is present between the nanoparticles
and the electrode substrate. The closely packed gold
nanoparticles with a large specific surface area can serve
as tiny conduction centers to facilitate theelectron transfer
between the [Fe(CN)6]

3�/4� probe and the rGO substrate.
Next, we investigated the impact of physical defor-

mation and mechanical stress on the electrochem-
ical performance of Au-rGO paper. Our results have
demonstrated that 500 times of repetitive inward
180� bending did not affect the resistance behavior
of Au-rGO paper measured in the redox reaction
of Fe(CN)6]

3�/4� (Figure 5C). The influence of the
bending-inducedmechanical stress on the CV response
of the Au-rGO paper was also examined (see Support-
ing Information Figure S2). The results show that
the change in the CV response is less than 5% after

Figure 5. Nyquist plots (A) andCV curves (B) of Au-rGOpaper, rGOpaper, Au foil andGOpaper electrodes in 1.0mMK3Fe(CN)6þ
1.0 mM K4Fe(CN)6. The insets are the CV curve and Nyquist plots of the GO paper. (C) EIS curves of Au-rGO paper electrode
after repetitive bending. Supporting electrolyte, 0.1 M KCl; scan rate, 10 mV s�1 (for CV); frequency range, 0.1 Hz�105 Hz
(for EIS). (D) CV curves of Au-rGO paper and Au foil electrodes. Supporting electrolyte, 0.5 M H2SO4 saturated with nitrogen
gas; scan rate, 10 mV s�1.
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the Au-rGOpaper is maintained at inward 180� bending
for 196 h or bent for 500 times, suggesting the remark-
able mechanical stability of the flexible paper electrode.

The CV curves (Figure 5C) of Au-rGO paper and bare
Au-foil electrodes in 0.5 M H2SO4 display the character-
istic feature of the redox reaction of gold, and Au-rGO
paper electrode shows much higher current density
associated with gold oxide formation/reduction events
than that of Au-foil electrode. This evidence further
confirms that the surface of the gold nanoparticles is
electrochemically active. The active surface areas of
Au-rGO paper and Au-foil are estimated by integrating
the gold reduction peak corrected for the baseline. The
charge required for a monolayer of gold oxides is
390 μC cm�2.49 The calculated surface area of Au-rGO
paper is 3.79 cm2 (average of sixmeasurements), which
is over six times of that (0.60 cm2) of Au-foil. The Au-rGO
paper has a roughness factor (RF) of 7.8, which is defined
as the ratio of the active surface area over the geometrical
area. The large RF of Au-rGO paper is indicative of its
excellent catalytic activity in selectively enhancing the
faradic current of kinetically controlled sluggish reactions.

To assess the electrocatalytic activity of the Au-rGO
paper electrode, we tested its performance toward the

oxidation of glucose, which is a marker for the diag-
nosis of diabetes. Figure 6A depicts the CVs of Au-rGO
paper electrode and different control electrodes in
the absence and presence of 10 mM glucose in N2-
saturated PBS (pH 7.4). The absence of oxidation
currents of glucose on both rGO and GO papers (see
Supporting Information, Figure S3) indicates that the
graphene-based paper electrodes alone have negligi-
ble electrocatalytic activity toward glucose oxidation.
Multiple peaks associated with the oxidation of glu-
cose and the resultant intermediates as well as the
redox of Au/AuOH are found in the positive and
negative scans on Au-rGO paper and Au-foil. In con-
trast to Au-foil electrode, the hybrid paper electrode
shows remarkably higher current densities at lower
onset potentials for glucose oxidation, which are
highly desirable characters for the use of this flexible
platform in electrochemical biosensing. Particularly,
in amperometric detection, the relative negative
potential (0.08 V) of glucose oxidation onAu-rGOpaper
can effectively eliminate the interference of the com-
mon electroactive species such as ascorbic acid (AA),
dopamine (DA), and uric acid (UA) that normally coexist
with glucose in biological systems and food samples,

Figure 6. (A) CV curves of Au-rGO paper electrode (top) and Au foil electrode (bottom) in 0.1 M PBS (pH 7.4) saturated with
nitrogen gas in the absence (dashed line) and in the presence of 10 mM glucose (solid line). Scan rate: 10 mV s�1.
(B) Amperometric responses of Au-rGOpaper andAu foil electrodes to the analytes of interest at different detectionpotential.
(C) Typical amperometric response of Au-rGO paper electrode and Au foil electrode to the successive addition of 0.1, 0.5, 1.0,
2.0, and 4.0 mM glucose in PBS buffer (pH 7.4) under magnetic stirring; insets show the amperometric response of Au-rGO
paper and Au foil electrodes at a lower concentration detected. (D) Corresponding calibration curves. Applied potential: 0.08
V for Au-rGO paper electrode, 0.3 V for Au foil electrode.
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since the oxidation of these species usually happens
in the potential more than 0.3 V in the PBS buffer
(pH 7.4). Figure 6B compares the amperometric response
of glucose and all the potential interfering substances
at the Au-rGO paper and Au foil electrodes. Common
saccharides such as sucrose and fructose are not
electroactive and do not cause any interference for
the detection of glucose. Obviously, when the applied
detection potential shifts below 0.1 V, the electrochem-
ical response of AA, DA, and UA on the Au-rGO paper
electrode decreases dramatically, and their interfer-
ence becomes negligible. In contrast, the interference
from AA, DA, and UA is a serious problem for the Au
foil electrode, as its maximum current response oc-
curs at about 0.3 V. Figure 6C shows the typical
amperometric responses of the Au-rGO paper and
Au foil upon the successive injection of glucose into
the PBS solution (pH 7.4). Upon each addition of
glucose, the response of the Au-rGO paper electrode
based-sensor rapidly reaches 95% of the steady-state
value within 3 s. A good linear dependence on the
glucose concentration in the range of 0.01�46 mM
was achieved, with a sensitivity of 52.36 μA cm�2 mM�1

and a detection limit down to 5 μM at a signal-to-noise
(S/N) ratio of 3 (Figure 6D). For the Au foil electrode,
the linear range is only from 0.1 to 11 mM with a
sensitivity of 9.01 μA cm�2mM�1 and a detection limit
of 50 μM. Reproducibility and stability of the elec-
trode are also important parameters to evaluate the
performance of an electrochemical biosensor. We have
found that the results of 10 individual measurements

of 10.0 mM glucose using Au-rGO paper have a relative
standard deviation of 2.36%. The paper electrode also
exhibits excellent short-term and long-term stability: the
peak current for glucose oxidation retains 96.8% of its ini-
tial value after 200 successive cycles; the catalytic poten-
tial is almostunchanged, and thecatalytic currentwas still
over 90% of the initial value at 60 days postpreparation.

To further examine the biocompatibility and per-
formance of the Au-rGO paper electrode in living
systems, we have used it for real-time tracking the
secretion of H2O2 by live cells. H2O2 is the most stable
reactive oxygen species, which are known to serve as
messengers in a number of regular cellular functions,
and also play important roles in undesired oxidative
stress, aging and pathological process such as cancer,
cardiovascular disease and neurological disorder.51

Figure 7A shows the CV curves of Au-rGO paper,
Au-foil and rGO paper electrodes in PBS (pH 7.4) to-
ward H2O2 reduction. In contrast to the poor response
of Au-foil and rGO paper electrodes, Au-rGO paper
electrode leads to much larger current density and
lower overpotential in the direct redox of H2O2. There-
fore, it can be expected that gold nanoparticles rather
than the rGO paper play a major role in the elec-
trocatalytic activity observed in the Au-rGO electrode.
The amperometric responses (Figure 7B and C) of
the Au-rGO paper electrode to the successive addi-
tions to H2O2 show that the rapidly equilibrated
current is proportional to the concentration of H2O2

in the range of 0.005�8.6 mM, with a sensitivity of
236.8 μA cm�2 mM�1. And the detection limit is down

Figure 7. (A) CV curves of Au-rGO paper and Au foil electrodes in 0.1 M PBS (pH 7.4) in the presence of 5 mMH2O2. Scan rate:
50 mV s�1. (B) Typical amperometric response of Au-rGO paper electrode to successive addition of 0.02, 0.1, 0.2, and 1.0 mM
H2O2 in a stirring PBS; the inset shows the amperometric response to successive addition of 5 and 10 μM H2O2. (C) Typical
amperometric response and the comparison of Au-rGO paper electrode to successive addition of 0.1 mM H2O2 in a stirring
PBS under normal test and bending conditions. (D) Corresponding histograms of panel C. (E) Amperometric responses of the
Au-rGO paper electrode in 0.1 M PBS (pH 7.4) with the addition of 0.1 mM PMA and 300 U mL�1 catalase in the absence and
presence of HepG2 cells. (F) Bright-field image of HepG2 cells used in the in vitro tests. (G) Quantitative cell viability results.
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to 2 μM based on S/N = 3 (see Supporting Information
Figure S4 for the calibration curve). This novel type of
flexible biosensor has outstanding analytical perfor-
mance in sensing H2O2, which make it useful in differ-
ent detection systems for in vitro and in vivo H2O2

detection. Our freestanding paper electrode offers the
unique advantage of flexible processing, which is
supported by its identical amperometric responses
(Figure 7D) no matter when it stays upright or folded.
Next, we used the Au-rGO electrode for tracking live-
cell H2O2 secretion. HepG2 cells of 80% confluency
were maintained in 0.1 M PBS (pH 7.4), and were
stimulated to release H2O2 by phorbol 12-myristate-
13-acetate (PMA). As shown in Figure 7E, a consider-
able cathodic current density of 1.75 μA cm�2 is
observed upon the addition of PMA for HepG2, fol-
lowedby a gradual decrease of current, and stays stable
at 0.65 μA cm�2 after 90 s. Interestingly, addition of
catalase, a scavenger of H2O2, results in a sudden drop
of current response, which further decreases down to
the level of background signal afterward. Control wells
containing no HepG2 cells do not generate any signal
response to the addition of PMA or catalase. The cells
incubatedwith the Au-rGO paper electrode for over 4 h
are very healthy (Figure 7F), and maintain over 95%
viability after 4 h incubation with the paper elec-
trode (Figure 7G). The fast and sensitive response of

the Au-rGO paper electrode to low concentrations
of H2O2 secreted by live cells and its biocompati-
bility promise its potential uses to detect oxidative
stress that cancer cells in the hypoxia state often
experience.

CONCLUSIONS

Wehave developed a new type of high-performance
flexible hybrid electrodes by taking advantage of two
modular platforms: freestanding graphene paper and
closely packed 2D-assembly of catalytic nanocrystals
with well-defined surface coating. The freestanding
paper electrode, integrating the structural and electri-
cal properties of graphene papers and the extremely
large active surface areas of the nanocrystals, has
demonstrated extraordinary electrocatalytic activities
in electrochemical sensing of glucose and live-cell-
secreted H2O2. The modular nature of this approach
coupled with recent progress in nanocrystal synthesis
and surface engineering opens new possibilities to
systematically study the dependence of catalytic
performance on the structural parameters and chem-
ical compositions of the nanocrystals. We envision
that the broader application of this strategy will
contribute to the development of the next genera-
tion of flexible bionanoelectronics and energy stor-
age devices.

EXPERIMENTAL SECTION
Reagents were obtained from Sigma-Aldrich unless specified

otherwise. Methoxy-poly(ethylene glycol)-thiol (PEG) with a
molecular weight of 5000 Da was purchased from Laysan Bio,
Inc. Chloroauric acid was obtained from Alfa Aesar. For electro-
chemical experiments, the working solutions were prepared by
diluting the stock solution with phosphate buffer solution (PBS)
and water. All other chemicals used were of analytical reagent
grade.
CV, EIS, and chronoamperometric experiments were per-

formed with a CHI 660 D electrochemical workstation
(CH Instrument Company). A conventional three-electrode
system was adopted. The working electrodes were the
graphene paper (1 cm �0.5 cm) and commercial smooth
Au foil with the same dimension. The auxiliary and reference
electrodes were Pt wire and Ag/AgCl, respectively. The
scanning electron microscopy images were obtained on a
FESEM instrument (JSM-6700F, Japan). Atomic force micro-
scopy measurements were conducted on a MFP-3D micro-
scope (Asylum research). X-ray photoelectron spectroscopy
(XPS) measurements were performed on a Kratos-Axis spec-
trometer with monochromatic Al KR (1486.71 eV) X-ray
radiation (15 kV and 10 mA) and hemispherical electron
energy analyzer. X-ray diffraction (XRD) data were recorded
with an X-ray diffractometer Bruker AXS D8 using Cu KR
radiation (40 kV, 200 mA) with a Ni filter. Raman spectra
were acquired with a micro-Raman spectrometer (Reinshaw
Raman Scope RM3000) in the backscattering configuration
using an Ar-ion laser with wavelength 514.5 nm. All measure-
ments were conducted at room temperature.
Gold nanoparticles of 14 nmwere synthesized using standard

citrate reduction. Gold nanoparticles coated with PEG and
PMMAVP were synthesized in two steps: first, PEG and an atom

transfer radical polymerization (ATRP) initiator 2,20-dithio-
bis[1-(2-bromo-2-methyl-propionyloxy)] ethane (DTBE) were
coated on the nanoparticle through ligand exchange; second,
the coated nanoparticles were used to initiate the ATRP of MMA
and 4VP monomers.43 In the two-phase system of chloroform
and water, the nanoparticles stayed in chloroform. Hexane
(hexane/chloroform = 4:1, v/v) was added and the mixture
was gently shaken to induce the interfacial assembly of the
nanoparticles.36

The graphite oxide (GO) was synthesized from synthetic
graphite powder based on a modified Hummers method. Then
the exfoliation of GO was achieved by ultrasonication of the
dispersion for 2 h. GO paper was prepared by evaporation-
assisted self-assembly process. In details, the aqueous disper-
sion of GO nanosheets was placed in a casting mold made of
polytetrafluoroethylene (PTFE). After water was completely
removed through slow evaporation at room temperature, free-
standing GO paper was peeled off from the low-surface energy
PTFE substrate, and thenwas processed for further uses. The 2D-
assembly of amphiphilic gold nanoparticles was prepared
according to our recent work,36,40,44 and then transferred on
the surface of GO paper by dip-coating. Then the papers were
cut into small pieces of specific dimensions as electrodes for
electrochemical reduction.41�43 The electrochemical reduction
of GO paper and Au-GO paper was performed at a constant
potential (�1.5 V vs Ag/AgCl) in 0.1 M PBS (pH = 7.0). A piece of
Au foil was used to connect the GO paper and the clips, and the
temperature of the solution was maintained at 80 �C in order to
accelerate the reaction rate. All the modified electrodes were
washed carefully with redistilled water and then dried at room
temperature.
HepG2 cellswere obtained fromATCC (USA), and the cellswere

maintained in Delbecco's modified minimum essential medium
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at 37 �C (5% CO2) and subcultured every 3 days. To detect the
secretion of H2O2 by live cell, the cells were grown in a 24-well
plate to 80% confluency, and a conventional three-electrode
system with the graphene paper (1 cm� 0.5 cm) as the working
electrode was adopted for the electrochemical experiments
(As shown in Figure1). Cytotoxicity of theAu-rGOpaper electrode
was evaluated using a standard cell counting Kit-8 (CCK-8) assay
in a 96-well plate.52 One piece of Au-rGO paper was added into
every well tested and incubated with the HepG2 cells for 1�4 h.
Afterward, CCK-8 solutions were added to each tested wells, and
the absorbance of every well at 450 nm was measured using a
microplate reader after 4 h incubation. The cell viability was
calculated based on the ratio of the absorbance of the sample
well to that of the control cell and expressed as a percentage.
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