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ABSTRACT: This study demonstrates the capability of gra-
phene as a spacer to form electrochemically functionalized
multilayered nanostructures onto electrodes in a controllable
manner through layer-by-layer (LBL) chemistry. Methylene
green (MG) and positively charged methylimidazolium-
functionalized multiwalled carbon nanotubes (MWNTSs) were
used as examples of electroactive species and electrochemically
useful components for the assembly, respectively. By using
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graphene as the spacer, the multilayered nanostructures of graphene/MG and graphene/MWNT could be readily formed onto
electrodes with the LBL method on the basis of the electrostatic and/or 77— interaction(s) between graphene and the
electrochemically useful components. Scanning electron microscopy (SEM), ultraviolet—visible spectroscopy (UV—vis), and cyclic
voltammetry (CV) were used to characterize the assembly processes, and the results revealed that nanostructure assembly was
uniform and effective with graphene as the spacer. Electrochemical studies demonstrate that the assembled nanostructures possess
excellent electrochemical properties and electrocatalytic activity toward the oxidation of NADH and could thus be used as electronic
transducers for bioelectronic devices. This potential was further demonstrated by using an alcohol dehydrogenase-based
electrochemical biosensor and glucose dehydrogenase-based glucose/O, biofuel cell as typical examples. This study offers a simple
route to the controllable formation of graphene-based electrochemically functionalized nanostructures that can be used for the
development of molecular bioelectronic devices such as biosensors and biofuel cells.

B INTRODUCTION

Molecular bioelectronic devices such as biosensors and biofuel
cells generally consist of electronic transducers and biorecognition
elements." This kind of device has long been one of the central
research areas in molecular electronics.” Unlike molecular bioe-
lectronics based on the optical coupling of biorecognition
elements, the electronic coupling of biorecognition elements
with electronic devices requires the efficient transduction of
chemical signals generated by the surface-immobilized biorecog-
nition elements into electronic signals. For this purpose, electro-
nic transducers for efficiently transducing biorecognition events
into readable electronic signals are generally necessitated in
bioelectronic devices. In addition to the requirement for high
efficiency and conductivity for electronic transducing, the elec-
tronic transducers are often required to have functional struc-
tures that can be easily confined to a conducting substrate in a
controllable and easily reproducible manner. The latter require-
ment is of great importance in the fabrication of bioelectronic
devices with less device-to-device deviation, which remains very
critical when the devices are used for practical applications.
Because of their critical importance in molecular bioelectronics,
the development of electronic transducers has drawn ever
increasing interest, and as a consequence, efficient electronic
transducers have been developed.’
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As one new kind of nanostructure in the carbon family,
graphene has unique electronic properties and rich surface
chemistry, which are different from those of other kinds of
carbon structures such as diamond, fullerene, and carbon nano-
tubes in the carbon family.* The distinct properties of graphene
have substantially evoked great interest both in fundamental
studies on graphene and in the practical development of many
kinds of graphene-based electronic and optical devices such as
field-effect transistors,® single-electron-transistor  circuitry,®
capacitors,” and photovoltaic devices.® In addition, the excellent
properties of graphene make it very promising in electro-
chemistry.” For example, the high conductivity (i.e., 550 S+cm ™)™
and a large number of electrochemically favorable edge carbons per
mass of graphene facilitate electron transfer between molecules to an
electrode substrate with a low overpotential.ll Besides, graphene has
a higher specific surface area (i.e., 2630 m?- g ") than grafhite (ie,
~10m?+g ") and carbon nanotubes (i, 1315 m*-g~ *)*”" and is
envisaged to be useful in the surface immobilization of biomolecules
to form functionalized electrode/electrolyte interface for biosens-
ing” "8 Moreover, graphene bears advantages in terms of its easy
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preparation from inexpensive graphite and its good solubility in
aqueous media."

Different from the applications mentioned above, this study
describes the capability of graphene as a spacer to layer-by-layer
assemble electrochemically functionalized nanostructures onto
electrodes in a controllable and easily reproducible manner. The
assembled functional nanostructures can be used as electronic
transducers for molecular bioelectronic devices including elec-
trochemical biosensors and biofuel cells. This capability of
graphene is essentially derived from its large conjugative 7-
electron structure with rich surface chemistry. These properties
essentially enable the interactions between graphene and elec-
trochemically active molecules or electrochemically favorable
nanostructures and eventually pave a simple route to the con-
trollable formation of electrochemically functionalized nanos-
tructures onto electrodes through layer-by-layer chemistry.
Although the interaction of graphene with an electroactive
dye, methylene green,” and the LBL assembly of graphene with
other kinds of nanostructures have been reported,%fd’13 to the
best of our knowledge the capability of graphene as a spacer to
form electrochemically functional nanostructures that can be
used as electronic transducers for bioelectronic devices has not
been reported. This study offers an effective approach to the
controllable formation of well-ordered functional nanostructures
that can be used to transduce biorecognition events efficiently
into electronic signals in molecular bioelectronic devices such as
biosensors and biofuel cells.

B EXPERIMENTAL SECTION

Chemicals and Materials. An aqueous dispersion of graphene
was prepared according to previous reports."* Briefly, graphite oxide
synthesized from graphite by a modified Hummers method was first
suspended in water, and the suspension was then subjected to dialysis to
remove residual salts and acids. The resulting suspension was again
dispersed in water to make a 0.05 wt % dispersion of graphene oxide. The
resulting dispersion was subjected to 30 min of centrifugation at 3000 rpm
to remove any unexfoliated graphite oxide. After that, 10.0 mL of the
aqueous dispersion of exfoliated graphene oxide nanosheets (0.5 mg/mL)
was mixed with 10.0 mL of water, 10.0 uL of an aqueous solution
of hydrazine (35 wt %), and 70.0 L of an aqueous solution of ammonia
(28 wt %) in a vial, and the resulting mixture was then vigorously stirred for
S min. The vial was finally put in a water bath (95 °C) for 1 h to produce a
stable aqueous dispersion of graphene.

Multiwalled carbon nanotubes (MWNTs, diameter 20—30 nm,
length >1 um) functionalized with positively charged methylimidazo-
lium (MIM) were prepared via procedures reported in our earlier
work."®  Poly(diallydimethylammonium chloride) (PDDA, M, =
200 000—350 000, 20% aqueous solution) was purchased from Aldrich
and used as received. Methylene green (MG) was purchased from
Beijing Chemical Company (Beijing, China). Alcohol dehydrogenase
(ADH, EC 1.1.1.1, from Saccharomyces cerevisiae), glucose dehydrogen-
ase (GDH, EC 1.1.1.47, from Pseudomonas sp.), laccase (EC 1.10.3.2,
from Trametes versicolor), and D-(+)-glucose were all obtained from
Sigma. Laccase was purified via a method reported in our early work."®
Bovine serum albumin (BSA) was obtained from Proliant. Reduced and
oxidized forms of nicotinamide adenine dinucleotide (NADH and
NAD") were purchased from Aldrich. Both multiwalled and single-
walled carbon nanotubes (SWNTs, <2 nm in diameter) were purchased
from Shenzhen Nanotech Port Co., Ltd. (Shenzhen, China) and purified
prior to use. All other chemicals were at least of analytical reagent grade
and used as received. Aqueous solutions were prepared with Milli-
Q water.

Layer-by-Layer Assembly of Nanostructures with Gra-
phene as a Spacer. Glassy carbon electrodes (GC, 3 mm diameter,
Bioanalytical Systems Inc.) were used as the substrate to layer-by-layer
assemble the graphene/MG and graphene/MWNT nanostructures.
The electrodes were polished first with emery paper and then with
aqueous slurries of fine alumina powders (0.3 and 0.05 #m) on a
polishing cloth and were finally cleaned with ethanol and Milli-Q water
under an ultrasonic bath, each for 5 min. Multilayered nanostructures
were assembled on a GC substrate by first immersing the substrate into
positively charged PDDA (1 wt % aqueous solution containing 0.5 M
NaCl)" for 30 min and then cyclically immersing the PDDA-treated
substrate into the aqueous dispersion of the negatively charged graphene
nanosheets (0.25 mg/mL) and an aqueous solution of the positively
charged MG (0.1 mg/mL) or MWNT dispersion for 60 or 30 min,
respectively. After each immersion step, the substrate was first carefully
rinsed with Milli-Q water to remove the unstably adsorbed materials and
then dried with nitrogen gas. For a typical demonstration, the substrate
modified with five layers of graphene and MG or MWNTs (hereafter
designated as (graphene/MG)s- and (graphene/MWNT);s-modified
GC electrodes) are used for the electrochemical measurements and
for the fabrication of dehydrogenases-based biosensors and biofuel cells
because we found that five layers of graphene and MG have the best
electrocatalytic activity toward NADH in terms of the peak current for
the electrocatalytic NADH oxidation (Figure S1).

The nanostructure assembly with graphene as a spacer was char-
acterized by scanning electron microscopy (SEM; Hitachi $4800-F
microscope, Hitachi Inc., Tokyo, Japan), ultraviolet—visible spectros-
copy (UV—vis; UV-1601, Shimadzu, Japan), and cyclic voltammetry
(CV; CHI660B, Chenhua, Shanghai, China). (Graphene/MG), and
(graphene/MWCNT),, multilayers used for SEM and UV —vis spectro-
scopic measurements were prepared on an indium tin oxide (ITO)-
coated glass plate and a quartz slide, respectively. The ITO-coated glass
plate and quartz slide were first cleaned with acetone and then
thoroughly rinsed with Milli-Q water. The assembly procedures on
the ITO-coated glass plate and quartz slide were performed with the
same procedures as those for the GC substrate.

Preparation of the Biosensor and Biofuel Cell. For the
preparation of the dehydrogenase-based (graphene/MG)s-modified
biosensor and bioanode in the glucose/O, biofuel cell with alcohol
dehydrogenase (ADH) and glucose dehydrogenase (GDH) as biore-
cognition elements, respectively, 2 #L of an aqueous solution of ADH or
GDH (10 mg/mL) was first mixed with 1 uL of an aqueous solution of
BSA (1wt %) and 1.5 uL of an aqueous solution of glutaraldehyde (1wt
%). The mixture of ADH was then dip-coated onto the (graphene/
MG);-modified GC electrode, and the electrode was allowed to dry at
ambient temperature. To prepare the GDH-based bioanode with the
(graphene/MWNT) nanostructure assembled on the GC electrode,
methylene green (MG) used as the electrocatalyst for NADH oxidation
was first adsorbed onto the (graphene/MWNT)s GC electrodes by
immersing the electrodes into the aqueous solution of MG (0.01 M) for
30 min and then rinsing the electrodes with water to remove the loosely
adsorbed MG. After that, GDH was immobilized onto the MG/
(graphene/MWNT)s-modified electrodes to form the bioanode for
glucose oxidation using the same procedures described above. To
prepare the laccase-based biocathode, 2 uL of the SWNT dispersion
in N,N-dimethylformamide (1 mg/mL) was dip coated onto the GC
electrode and the electrode was dried at ambient temperature. The
biocathode was then prepared by cross-linking laccase (2 uL) with BSA
(1 4L, 1 wt %) and glutaraldehyde (1.5 uL, 1 wt %) on the SWNT-
modified electrode. The electrode was dried at ambient temperature.

Electrochemical Measurements. Electrochemical measure-
ments were carried out in a conventional electrochemical cell with
modified GC electrodes as the working electrodes, a platinum wire as the
counter electrode, and an Ag/AgCl electrode (KCl-saturated) as the
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Scheme 1. Schematic Illustration of the Strategies for the Controllable Formation of Electrochemically Functional Nanostruc-

tures on Electrodes with Graphene as the Spacer
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reference electrode. Chronoamperometry used for the study of the
properties of the alcohol biosensor was carried out in 0.10 M
phosphate buffer (pH 7.0) containing 10 mM NAD" with ADH/
(graphene/MG);-modified GC electrodes as the working electrodes
under magnetic stirring . The glucose/O, biofuel cell (BFC) was
assembled by immersing the prepared GDH/MG/(graphene/
MWNTs)s-based bioanodes and the laccase-based biocathode into
0.10 M phosphate buffer (pH 6.0) containing 40 mM glucose and
10 mM NAD?, and the cell performance was evaluated at ambient
temperature.

B RESULTS AND DISCUSSION

Layer-by-Layer Assembly of Nanostructures with Gra-
phene as a Spacer. To demonstrate the capability of graphene
as the spacer to form electrochemically functionalized nanos-
tructures on electrodes through layer-by-layer chemistry, methy-
lene green and carbon nanotubes (CNTs) were employed as
typical examples of electrochemically useful components that can
be assembled into multilayered nanostructures in a controllable
manner, as typically demonstrated in Scheme 1. As one kind of
redox dye, MG has been widely used as the electrocatalyst or
mediator in electrochemistry and electroanalytical chemistry.'®
In addition, the unique electronic structures and excellent surface
chemistry of carbon nanotubes have enabled them to be very
promising both in the fundamental electrochemical studies and
in the electroanalytical applications.'” The good electrochemical
properties of MG and CNTs have made them particularly
attractive in the development of molecular bioelectronic devices
such as biosensors and biofuel cells, in which each of them has
to be confined to an electrode surface to meet the requirement
of the development of integrated bioelectronic devices.
Although some methods such as physical adsorption'® and
electropoly-
merization® have been reported for the surface confinement
of MG and dip coating has often been employed for the surface
immobilization of CNTs,'** a method that can assemble these
electrochemically useful components into nanostructures
onto an electrode surface in a controllable and easily repro-
ducible manner is highly desired for the development of
practically applicable molecular bioelectronic devices.

The use of graphene as the spacer to assemble MG molecules
onto an electrode surface through layer-by-layer chemistry was
essentially based on the electrostatic and/or w—s stacking
interaction(s) between MG and graphene, according to previous
reports.ga’17b In separate experiments on the UV—vis spectra of

MG, graphene, and one layer of MG/graphene on a quartz slide
(Figure S2), we found that MG exhibits a strong absorbance at
611 nm and a shoulder at 664 nm, characteristic of the adsorption
of the dimer and monomer of MG, respectively.” Graphene
nanosheets exhibit a strong absorption at 270 nm, which was
attributed to the m—ur* transition of aromatic C=C bonds,
indicative of a large 77-conjugation network within the reduced
graphene nanosheets.*?! The interaction between MG mol-
ecules and graphene was presumably evident from the spectrum
of the one layer of MG/graphene in which the peak at 611 nm of
the MG dimer was red shifted to 638 nm in the graphene/MG
layer. This large bathochromic shift (27 nm) suggests that
electrostatic and/or 7—7 stacking interaction(s) may exist
between MG and graphene nanosheets.”> Such interactions
eventually enable graphene as the spacer for the LBL assembly
of MG to form a well-structured graphene/MG multilayered
nanostructure, as was evident from the changes in the SEM
image, UV—vis spectra, and voltammograms obtained for the
assembled (graphene/MG),, multilayers, as depicted in Figure 1.
The SEM profiles of the as-assembled (graphene/MG),, nano-
structures demonstrate that an obvious increase in graphene
coverage was observed upon repeating the assembly procedures.
These demonstrations reveal that through the use of graphene as
the spacer a structurally uniform graphene/MG multilayer was
readily obtained by the LBL method. As typically shown in
Figure 1A, upon assembly for five bilayers of graphene/MG, the
crumpled graphene spacers were well interconnected to each
other at the edges with small detectable gaps over a microsized range,
forming a well-structured conducting graphene/MG network.

The nanostructure assembly with graphene as the spacer was
monitored by UV—vis spectroscopy upon assembly of MG with
graphene in each bilayer on the quartz slide, as depicted in
Figure 1B. PDDA does not exhibit an absorbance at the
wavelength employed, whereas the (graphene/MG),, multilayers
show a well-defined peak at 273 nm and two overlapped peaks at
ca. 638 nm. The former peak was ascribed to the absorption of
both graphene nanosheets and MG molecules, and the latter
ones were assigned to the absorption of MG molecules.”® The
absorbance at 638 nm was found to increase linearly with
increasing bilayer numbers (inset in Figure 1B), suggesting the
uniform assembly of MG molecules with the graphene spacer in
the as-formed layered nanostructure with the LBL method
employed in this study. The assembly of MG with graphene as
the spacer onto an electrode surface was also characterized by
cyclic voltammetry, as depicted in Figure 1C. In 0.10 M
phosphate buffer (pH 6.0), two redox waves were observed for
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Figure 1. (A) Typical SEM images, (B) UV—vis spectra, and (C) cyclic voltammograms (CVs) for (graphene/MG), layer-by-layer assembled onto ITO,
quartz slide, and GC electrode, respectively. The scale bar in (A) is 1 #m. Potential scan rate in (C) is100 mV/s. (Inset of B) Plot of the absorbance at
638 nm (Ag3g nm) versus the number (1) of graphene/MG bilayers. (Inset of C) Anodic (M) and cathodic (@) peak currents of the (graphene/MG),,
nanostructures assembled onto GC electrodes at —0.21 and —0.10 V, respectively, vs the bilayer number (1). The dashed curve in B represents the UV—vis
absorbance for the PDDA-modified quartz slide. The dashed curve in (C) represents the CV of graphene-modified GC electrode.
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Figure 2. (A) Typical SEM images and (B) UV—vis spectra for
(graphene/MWNT),, assembled layer-by-layer onto ITO and a quartz
slide, respectively. The scale bar in A is 1 um. (Inset of B) Plot of the
absorbance at about 268 nm (Aseg nm) versus the layer number (1) of
graphene (blue) and MWNTs (red). The dashed curve represents the
UV —vis absorbance for the PDDA-modified quartz slide.

the layered graphene/MG nanostructures at the formal poten-
tials of —0.08 and —0.23 V, which were ascribed to the redox
processes of MG assembled onto graphene nanosheets.'® The
anodic and cathodic peak currents of the redox peaks at —0.21
and —0.10 V increase linearly with increasing bilayer number
(inset, Figure 1C), but the potentials for MG were almost
unchanged. These demonstrations reveal that MG, on one hand,
was assembled with the graphene nanosheets to form the layered
nanostructures and, on the other hand, well maintained its
electrochemical properties in the as-assembled nanostructure.
For controllably assembling MWNTs onto an electrode surface
with graphene as the spacer, the MWNT's were first functionalized
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with methylimidazolium moieties to create positive charges on the
nanotube surface, enabling the electrostatic interaction between
MWNTs and the graphene spacer and, as such, the layer-by-layer
assembly of graphene/MWNT multilayered nanostructure. SEM
images (Figure 2A) obtained for the graphene/MWNT multilayers
reveal an obvious increase in the surface coverage of graphene and
MWNTs upon increasing the amount of layer-by-layer assembly,
indicating that the use of graphene as the spacer to conduct the
stepwise assembly of graphene and MWNT nanostructures essen-
tially produces a homogeneous, porous, 3D graphene/MWNT
multilayered nanostructure. Compared with the methods reported
for the formation of graphene/CNT hybrids,™ the strategy demon-
strated here by using graphene as the spacer to assemble with
positively charged MWNTSs might be more effective because of
more positive charges created on the nanotube surface through the
covalent functionalization of nanotubes with the MIM moiety and
the cation—7 interaction between methylimidazolium moieties and
graphene. As typically shown in the SEM image for (graphene/
MWNT)s, crumpled graphene interconnected with the MWNTSs
and could form an entangled network with a large surface area,
which was favorable to the adsorption of redox dyes and the
immobilization of enzymes. These properties, along with good
conductivity, make the assembled nanostructures very promising for
the development of bioelectronic devices.

The graphene/MWNT nanostructure assembly with gra-
phene as the spacer was also monitored by UV —vis spectroscopy
upon assembly of MWNT's with graphene in each bilayer on the
quartz slide, as depicted in Figure 2B. The spectra of carbon
nanostructures exhibit a strong adsorption at around 268 nm,
which was attributed to the 77—* transition of aromatic C=C
bonds, indicative of a large 71-conjugation network within the
reduced graphene and MWNTs.*' The clear increase in the
adsorption at around 268 nm was found upon increasing the
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Figure 3. (A) Cyclic voltammograms (CVs) of (graphene/MG)s multilayer films assembled on a GC electrode in 0.10 M phosphate buffer (pH 6.0)
with different scan rates of (from inner to outer) 10, 20, 50, 80, 100, 200, 300, and 500 mV s~ *. (Inset) Plot of cathodic peak currents at —0.10 V vs the
square root of the potential scan rate. (B) CVs of the (graphene/MG)s-modified GC electrode in 0.10 M phosphate buffer (pH 6.0) in the absence
(black curve) and presence (red curve) of 2 mM NADH. Scan rate, 10 mV s~ . (C) Typical current responses of the ADH/(graphene/MG)s-based
alcohol biosensor in 0.10 M phosphate buffer (pH 7.0) containing 10 mM NAD" under magnetic stirring. The arrows indicate the successive addition of
ethanol to the solution. The electrode was polarized at +0.10 V. (Inset) Linear range for alcohol biosensing. (D) Plot of the current responses vs

concentration of glucose. (Inset) Lineweaver—Burk plot.

number of layers of graphene and MWNTs (inset, Figure 2B),
demonstrating the effective assembly of electrochemically use-
fully MWNT's with graphene as the spacer.

Toward Electronic Transducing for Molecular Bioelectro-
nic Devices. Figure 3A depicts CVs of (graphene/MG)s
assembled onto a GC electrode in phosphate buffer at various
scan rates. The cathodic peak current at —0.13 V varies linearly
with the square root of the potential scan rate in the range from
10 to 500 mV s~ ' (inset), indicating that the redox process of
MG assembled into the nanostructures was diffusion-controlled.
Moreover, the layered graphene/MG nanostructure assembled
onto the GC electrode was relatively stable; the peak currents
obtained at the (graphene/MG)s-modified electrode remain
stable upon continuously cycling the electrode in the phosphate
buffer within a potential range from —0.50 to +0.30 V for at least
50 cycles (Figure S3). In addition, the assembled graphene/MG
multilayered nanostructure possesses excellent electrocatalytic
activity toward the oxidation of NADH, as shown in Figure 3B.
At the (graphene/MG)s-modified electrode, the oxidation of
NADH commences at ca. —0.10 V. This potential was more
negative than those for NADH oxidation at a bare GC electrode
(ie,, +0.70 V under the present conditions)** and was compar-
able to that at an MG/SWNT-modified electrode.'®” The good
electrochemical properties, high stability, and excellent electro-
catalytic activity of the assembled graphene/MG multilayered
nanostructure with graphene as the spacer eventually make it
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competent as the electronic transducer for developing biosensors.
For example, upon cross-linking alcohol dehydrogenase onto the
surface of the graphene/MG multilayered nanostructure assembled
on a GC electrode to prepare an alcohol biosensor, the biosensor
exhibits a well-defined current response toward the successive
addition of alcohol to the solution when the biosensor is polarized
ata constant potential of +0.10 V, suggesting that the biosensor with
the graphene/MG multilayered nanostructure as the transducer is
very responsive. The current response varies linearly with the concen-
tration of alcohol within a concentration range from 0.5 to 11.0 mM
with a correlation coefficient of 0.988 (inset, Figure 3C). The sen-
sitivity of the biosensor, measured as the slope of the linear plot, was
247 nA mM 'cm >, The apparent Michaelis—Menten constant
(K ) was calculated according to the Lineweaver—Burk equation™

H
T

— = X
ax

+

a | =

1
I max

—
g

where K',,, is the apparent Michaelis—Menten constant, I,,.,
represents the maximum current, c is the substrate concentra-
tion (ie. alcohol), and I is the steady current response
obtained for each concentration of alcohol. From the Line-
weaver—Burk plot (inset, Figure 3D), K',,, was calculated to be
45.8 mM, which was close to the literature value,*® presumably
suggesting that ADH used as a biorecognition element
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Figure 4. (A) CVs obtained at the MG/ (graphene/MWNT );-modified GC electrode in 0.10 M phosphate buffer (pH 6.0) with different scan rates of
(from inner to outer) 10, 50, 100, 200, 300, 400, 500, and 600 mV s~ . (Inset) Plot of cathodic peak currents (@) measured at —0.08 V and anodic peak
currents (M) measured at —0.17 V vs the potential scan rate. (B) CVs of the MG/(graphene/MWNT)s-modified GC electrode in 0.10 M phosphate
buffer (pH 6.0) in the absence (black curve) and presence (red curve) of 2 mM NADH in the buffer. The scan rate is 20 mV's ™. (C) Polarization curve
(@) of the assembled glucose/O, biofuel cell and the dependence of the power output (O) on the current density in the quiescent phosphate buffer
(0.10 M, pH 6.0) containing 10 mM NAD" and 30 mM glucose under ambient air. (D) Schematic depiction of the glucose/O, biofuel cell.

retained its native secondary conformational structure on the
as-assembled graphene/MG electronic transducer.

Figure 4A depicts CVs of the MG/(graphene/MWNT)s-
modified electrode in 0.10 M phosphate buffer (pH 6.0) at
different scan rates. Both the cathodic peak current at —0.08 V
and the anodic peak current at —0.17 V vary linearly with the
potential scan rate in the range employed here (inset), indicating
that the redox process of MG confined to the graphene/MWNT
nanostructures was a surface-controlled process that was differ-
ent from that of MG assembled into the nanostructure with
graphene as the spacer. This difference can be elucidated as
follows. Because the redox process of MG is pH-dependent, the
diffusion of H" in the multilayers of graphene/MG will control
the redox process as the scan rate increases.'* These properties
eventually result in a diffusion-controlled process of MG in
(graphene/MG); (Figure 3A). However, when MG is adsorbed
on the surface of (graphene/MWNT)s multilayers, H' in the
buffer solution can easily participate in the redox process of
MG and, as a result, the redox process of MG confined to
(graphene/MWNT);s becomes surface-controlled (Figure 4A).
Moreover, the MG/ (graphene/MWNTs)s-modified electrode
also possesses excellent electrocatalytic activity toward the
oxidation of NADH (Figure 4B), resulting in a low potential
for NADH oxidation. These properties substantially enabled the
as-assembled graphene/MWNT multilayered nanostructures to
be the electronic transducer for bioelectronic devices upon the
absorption of the MG electrocatalyst. For instance, the prepared
MG/ (graphene/MWNTs); confined to the GC electrode were
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further developed as the bioanode for glucose oxidation after the
immobilization of glucose dehydrogenase on the electrode sur-
face. After being assembled with the laccase-based biocathode
to form a glucose/O, biofuel cell, the cell has an open-circuit
voltage of 0.69 V and a maximum power density of 22.50 4W cm >
at 0.48 V in the quiescent phosphate buffer (0.10 M, pH 6.0)
containing 10 mM NAD" and 30 mM glucose under ambient air
(Figure 4C). These values are comparable to those of the
enzymatic BFCs reported in literature,”* demonstrating that
the use of graphene as the spacer to form the multilayered
nanostructure in a controllable manner offers a new approach to
the development of electrochemically functionalized nanostruc-
tures that can be used as electronic transducers for bioanodes in
enzymatic biofuel cells.

B CONCLUSIONS

We have demonstrated the capability of graphene as the spacer
to assemble electrochemically functionalized nanostructures
onto electrodes with layer-by-layer chemistry in a controllable
and easily reproducible manner. The assembled nanostructures
possess advantages, such as excellent electrocatalytic activity,
high conductivity, and high surface area, benefitting both from
the electroactive or electrochemically useful components and
from the graphene spacer. These properties allow the graphene-
based multilayered nanostructures to serve as electronic trans-
ducers for molecular bioelectronic devices such as biosensors and
biofuel cells. This study essentially allows a simple, controllable
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approach to the development of electrochemically useful nano-
structures with promising applications in the future develop-
ment of molecular bioelectronic devices such as biosensors and
biofuel cells.

B ASSOCIATED CONTENT
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NADH at different (graphene/MG),-modified GC electrodes.
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available free of charge via the Internet at http://pubs.acs.org.
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