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ABSTRACT: The concentration-dependent density of states in graphene allows the capacitance in metal−oxide−graphene
structures to be tunable with the carrier concentration. This feature allows graphene to act as a variable capacitor (varactor) that
can be utilized for wireless sensing applications. Surface functionalization can be used to make graphene sensitive to a particular
species. In this manuscript, the effect on the quantum capacitance of noncovalent basal plane functionalization using 1-
pyrenebutanoic acid succimidyl ester and glucose oxidase is reported. It is found that functionalized samples tested in air have (1)
a Dirac point similar to vacuum conditions, (2) increased maximum capacitance compared to vacuum but similar to air, (3) and
quantum capacitance “tuning” that is greater than that in vacuum and ambient atmosphere. These trends are attributed to
reduced surface doping and random potential fluctuations as a result of the surface functionalization due to the displacement of
H2O on the graphene surface and intercalation of a stable H2O layer beneath graphene that increases the overall device
capacitance. The results are important for future application of graphene as a platform for wireless chemical and biological
sensors.
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■ INTRODUCTION

Graphene is an attractive material for sensing applications
because of its large surface-to-volume ratio and high electrical
conductivity.1 For this reason, numerous demonstrations of
graphene sensors have been made in the literature.1−7 Most of
these have been based upon changes in the resistance of
graphene proportional to the analyte concentration. Such
applications typically require signal readout through a wired
configuration, thereby greatly limiting the applicability of these
sensors for long-term in vivo applications. Recently, a novel
sensing mechanism8,9 has been proposed and demonstrated
based on the quantum capacitance effect in graphene.10,11 In
this technique, a molecule adsorbed onto the surface of a
metal−oxide−graphene (MOG) device can change the
graphene quantum capacitance by shifting the Fermi-level
position relative to the Dirac energy. If the oxide thickness is
small enough, the Fermi-level shift can produce a measurable
change in the device capacitance. When the MOG device is
integrated with an inductor, the resonant frequency of the
resulting LC circuit is changed and this shift can be detected

wirelessly. This technique has a compelling advantage over
resistance-based sensing in that the analyte concentration is
encoded as the resonant frequency of the passive oscillator
circuit and thus is immune to many of the noise sources
inherent in amperometric sensing. Such a sensor platform has a
particular potential for in vivo applications because of its small
size and passive, wireless readout capability.8,9

In both capacitive and resistive sensing schemes, effective
surface functionalization must be developed in order to achieve
sensitivity for the analyte along with selectivity over interfering
species.12−14 Such surface functionalization can be achieved by
noncovalently binding a linker molecule to the graphene
surface with π−π interactions. For example, glucose oxidase
(GOx) has previously been attached to the graphene surface in
order to realize resistive glucose sensors.2,15 In those studies,
GOx was attached to the graphene surface using the linker
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molecule 1-pyrenebutanoic acid succimidyl ester (1-PASE;
Figure 1a), and this same functionalization scheme has been
utilized to create carbon nanotube glucose sensors as well.16

The previous results suggest the possibility that wireless
glucose sensors could be achieved if 1-PASE/GOx functional-
ization were combined with graphene varactors. However,
before such devices can be realized, developing an under-
standing of the effect of the functionalization process on the
graphene properties is critical in order to accurately predict the
capacitance and its change in response to external molecules.
There are several factors that affect the capacitance in MOG
varactors. First, the gate voltage at which the Fermi level is at
the Dirac point needs to be known. This can be affected not
only by the work function of the gate metal but also by trapped
and adsorbed charges both above and below graphene. Second,
disorder in graphene induced by grain boundaries and random
charges can lead to the formation of electron−hole “puddles”
that increase the quantum capacitance near the Dirac point.
Finally, the value of the oxide capacitance itself can often have
some uncertainty because of the fact that the gap between
graphene and the adjacent dielectric can potentially be modified
by surface functionalization and various adsorbates.17−19

In this work, we utilize locally back-gated MOG capacitors to
study the effect of 1-PASE/GOx surface functionalization on
the quantum capacitance in graphene. We find that the
functionalization significantly enhances the quantum capaci-
tance signature compared to nonfunctionalized devices
measured under both ambient and vacuum conditions. These
results provide important information regarding the surface
interactions and adsorbate-induced disorder in functionalized
and nonfunctionalized graphene devices.

■ RESULTS AND DISCUSSION

Functionalization Evaluation. The 1-PASE/GOx surface
functionalization procedure was first evaluated on blanket
graphene samples in order to independently confirm that the
surface functionalization could indeed be realized. For this
purpose, GOx serves as an ideal test vehicle to verify
attachment of the linker molecule because the presence of
GOx on the graphene surface can readily be detected using
physical and chemical characterization.2,15 In this work,
functionalization was performed according to a previously
reported procedure.2,15 Briefly, single-layer graphene grown by
chemical vapor deposition (CVD) on copper foil was
transferred onto a Si/SiO2 substrate using poly(methyl
methacrylate) as a mechanical support.20 The functionalization
was then carried out in a three-step process: (1) physisorption
of the 1-PASE linker molecule from N,N-dimethylformamide,
(2) covalent attachment of GOx to the surface by aminolysis of
the succinimidyl ester, and (3) deactivation of the remaining
unreacted linker with ethanolamine. The molecule 1-PASE was
chosen as the linker because the π−π bonds have been shown
to provide a stable bond to graphene and also react readily with
GOx to form a covalent link to immobilize GOx on
graphene.21,22 The presence of GOx on graphene was
determined by alternating-current (tapping) mode atomic
force microscopy (AFM) in a desiccated atmosphere. A
representative AFM image, shown in Figure 1b, shows rounded
features with an average height of ∼5.0 nm, which is consistent
with the known radius (6.2 nm) of GOx; however, as shown in
Figure 1c, the lateral diameter of the features is significantly
larger (∼100 nm) than expected.23 This lateral distortion of the
GOx molecules is likely a result of globulation of GOx during

Figure 1. (a) Schematic diagram of graphene functionalization of a varactor using GOx. (b) AFM image of functionalized single-layer graphene. (c)
Linescan AFM image from the sample in part b, indicating a mean height variance of 5.0 nm, consistent with the expected value of 6.2 nm for GOx.
(d) Chemiluminescence spectra confirming H2O2 production from GOx-functionalized graphene as well as a positive control of GOx in solution.
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the immobilization and subsequent desiccation of GOx on the
graphene surface. To further confirm that GOx had indeed
been immobilized on graphene, the viability of GOx was
confirmed by verifying the production of H2O2 in the presence
of glucose. As shown in Figure 1d, the functionalized graphene
produced a luminescence signature similar to that of the
positive control solution, confirming both the presence and
viability of GOx on the graphene surface.24

Effect of Surface Functionalization on the Capaci-
tance. In order to test the effect of functionalization on the
quantum capacitance, MOG capacitors were fabricated utilizing
an inverted (graphene-on-top) geometry. The device structure
has been described previously17 and consists of a buried
titanium/palladium gate electrode, a HfO2 gate dielectric, and
titanium/palladium/gold ohmic contacts to graphene. Several
devices with both single-gate-finger and multifinger layouts
were fabricated, and an optical micrograph and cross-sectional
diagram of one such device are shown in parts a and b of Figure
2, respectively. In this geometry, the variable density of states in
graphene leads to a capacitance that varies with the applied
voltage between the gate and ohmic contacts. Because of the
fact that the yield of the CVD graphene-transfer process is not

always ideal, spatially resolved Raman spectroscopy was
performed on a subset of the completed devices to provide
an estimate of the active area of the devices. The Raman maps
obtained for both the G and 2D peaks of a portion of a
representative device are shown in parts c and d of Figure 2,
respectively.
After fabrication, all devices were subjected to an extended

prebake in vacuum to eliminate adsorbed H2O. Immediately
after the prebake, capacitance versus voltage (C−V) measure-
ments were carried out on the devices in vacuum. A typical C−
V curve measured at a frequency f = 500 kHz is shown in
Figure 3a. It is important to note that this plot shows some
degree of hysteresis in the forward and reverse scans (see the
Supporting Information for additional C−V characteristics),
which is characteristic of all devices and is mainly attributed to
charge trapping in the HfO2 dielectric.25 We note that the
average gate voltage at the Dirac point occurs near 0 V in
vacuum, despite the fact that the work function difference
between palladium (5.1 eV) and pristine graphene (4.5 eV) is
∼0.6 V. We attribute this shift from the anticipated Dirac
voltage to donorlike defects in amorphous HfO2 that have been
shown to slightly n-type-dope graphene26 and therefore

Figure 2. (a) Top-view optical micrograph of a multifinger MOG varactor. (b) Cross-sectional diagram of the device structure in (a). (c and d)
Raman spectroscopic map of a portion of the graphene varactor in part a. Part c shows the G peak, while part d shows the 2D peak intensity map.

Figure 3. (a) C−V curve for a typical graphene varactor measured in vacuum (before functionalization). The measurement frequency is 500 kHz,
and the plots show both the up and down voltage sweeps. (b) Sequence of C−V characteristics for the same device as that in part a under the
following conditions: blue, vacuum before functionalization; black, ambient atmosphere before functionalization; green, ambient atmosphere after 1-
PASE attachment; magenta, ambient atmosphere after GOx attachment; red, ambient atmosphere after final linker deactivation.
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counteract the high work function gate metal in our samples.
After measurement in vacuum, the devices were removed from
the vacuum chamber, and C−V measurements were repeated at
each stage of surface functionalization.
The C−V measurements after each stage of functionalization

for a representative device are shown in Figure 3b. In these
measurements, while hysteresis similar to Figure 3a was
observed in all samples, only the reverse scan (Vgs decreasing)
is shown in Figure 3b for clarity. In this figure, the C−V curve
measured in vacuum is shown by the blue curve, while the black
curve shows the device characteristic obtained after testing
immediately after removal from the vacuum chamber. Here,
several features are immediately evident. First, the Dirac point
shifts to a more positive voltage, indicating p-type doping
relative to that of vacuum. Next, the maximum capacitance is
observed to increase compared to the vacuum case. Finally, the
ratio of the maximum-to-minimum capacitance, Cmax/Cmin

(within a given gate voltage window), dramatically decreases
compared to that of vacuum. The evolution of the C−V
characteristics after each step in the functionalization process is
also shown in Figure 3b. Here, the C−V characteristics were
measured after attachment of the linker molecule (green),
bonding of GOx to the linker molecule (magenta), and finally
deactivation of the remaining unreacted linker (red). Several
trends emerge throughout this sequence. First, the maximum
capacitance of the fully functionalized device, while decreased
slightly compared to air, remains higher than that in vacuum.
Second, the Dirac point shifts back toward zero, approaching
the value in vacuum. Finally, and perhaps most surprisingly, the

minimum capacitance actually decreases, leading to a Cmax/Cmin

value that exceeds the ratio in vacuum.
To confirm and quantify the trends described above, the

same sequence of C−V measurements was repeated for a total
of seven MOG capacitors fabricated on the same wafer,
including MOG capacitors of both multifinger and single-finger
geometries. The average Dirac point, tuning range (Cmax/Cmin),
maximum capacitance, and hysteresis for each step in the
functionalization process are shown in Figure 4 along with error
bars corresponding to the standard deviation of the measured
parameters obtained over the seven measured devices. Both the
forward and reverse sweeps were averaged together when
extracting the tuning range, maximum capacitance, and
hysteresis, while the up and down sweeps were considered
independently when calculating the average Dirac point.
The plots shown in Figure 4 clearly show that the general

trends described in Figure 3b are indeed systematic within
experimental error. Figure 4a shows the trends in the maximum
capacitance (defined as the average capacitance at Vgs − VDirac =
±1.3 V) after each step in the functionalization process. The
devices measured in air had 0.05 μF/cm2 higher capacitance
compared to vacuum. After attachment of the 1-PASE linker,
the capacitance reverted back to its vacuum value, only to
increase upon complete functionalization. Figure 4b shows the
capacitance tuning range (Cmax/Cmin) trend. After functional-
ization, the devices (measured in air) have Cmax/Cmin = 1.46 ±
0.05, which is larger than that obtained in vacuum before
functionalization (1.36 ± 0.04), confirming the surprising result
hinted at in Figure 3b. Finally, the average value of VDirac

Figure 4. Plot of measured parameters compiled from seven graphene varactors as a function of the functionalization step. In this plot, the
functionalization steps are numbered as follows: step 1, vacuum before functionalization; step 2, ambient atmosphere before functionalization; step 3,
ambient atmosphere after 1-PASE attachment; step 4, ambient atmosphere after GOx attachment; step 5, ambient atmosphere after final linker
deactivation. The measured parameters are (a) Cmax, (b) Tuning range (Cmax/Cmin), (c) Dirac voltage for up (open symbols) and down (solid
symbols) sweeps, as well as the average between the two (dashed line), and (d) hysteresis determined as the difference in the Dirac voltages between
the up and down sweeps. The error bars indicate the standard deviation obtained over seven devices.
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(indicated by the dashed line in Figure 4c) is −0.07 V in
vacuum, with a hysteresis between the up and down sweeps of
0.23 V. Upon testing in air, the average value increased to +0.29
V with a dramatic increase in hysteresis to 0.63 V. Finally, after
the successive functionalization steps, the average Dirac voltage
is 0.02 V, nearly the same as its original value in vacuum. In fact,
the Dirac voltage of the up sweep after functionalization is
nearly identical with that in vacuum. However, even after
complete functionalization, a larger hysteresis (>0.4 V) remains.
Theoretical Modeling and Parameter Extraction. In

order to gain further insight into the origin of the trends
observed in Figure 4, theoretical fitting of the C−V character-
istics was performed by treating the MOG capacitor as a series
circuit combination of a fixed oxide capacitance, Cox, and the
quantum capacitance, CQ. In this model, the total capacitance of
the circuit, Ctotal, is determined as

= + −C A C C[1/ 1/ ]total ox Q
1

(1)

where A is the total active area of graphene, which is
determined using the Raman mapping shown in Figure 2.
The oxide and quantum capacitance can then be calculated as
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respectively. In eq 2, EOT is the equivalent oxide thickness of
the gate dielectric, and in eq 3, q is the electronic charge, kB is
Boltzmann’s constant, ℏ is the reduced Planck constant, vf = 1.1
× 106 cm/s is the Fermi velocity in graphene, and EF is the
Fermi energy relative to the Dirac point energy. In addition, we
have introduced an effective temperature, Teff, which is defined
as

= +T T Teff 0
2 2

(4)

where T is the measurement temperature and T0 is a parameter
that represents the magnitude of random potential fluctuations
in graphene. This method of representing the potential
fluctuations in graphene is equivalent to previous descriptions
in the literature17,27 (see the Supporting Information). It is
important to note that the parameter EOT not only represents
the actual thickness of HfO2 but also includes the thin
interfacial layer that separates graphene and HfO2. After
normalization of the capacitance to the active area, T0 and EOT
were fit by sum-of-squares optimization in MATLAB, and only
the C−V curves collected at a measurement frequency of f =
500 kHz were used for fitting purposes. An example of the fit is
shown in Figure 5, where values of EOT = 4.42 nm and T0 =
292 K were extracted for a varactor measured in an ambient
atmosphere after complete functionalization.
The values for EOT and T0 extracted from the fitting

procedure are shown in Figure 6. Figure 6a shows the extracted
EOT values, and in vacuum, the average value obtained is 4.70
± 0.05 nm. Initially, upon attachment of the linker, EOT
increases again but then decreases throughout the functional-
ization process, returning to a value (4.28 ± 0.11 nm) nearly
identical with that measured in air before functionalization. In
Figure 6b, the trends in the disorder parameter, T0, are shown.
In vacuum, T0 = 479 ± 50 K, a value that corresponds to

random potential fluctuations with magnitude on the order of
72 ± 15 meV, a value similar to our previous results.17 The T0
value increases substantially to 711 ± 70 K for unfunctionalized
devices in an ambient atmosphere but decreases again upon
initial attachment with 1-PASE and then remains fairly constant
through the GOx attachment and deactivation steps, finally
reaching T0 = 406 ± 63 K, a value that is lower than that in
vacuum. The uncertainty values for the parameters listed above
represent the standard deviation of the extracted parameters
obtained over the seven measured devices, where the device
shown in Figure 5 had the lowest extracted value of T0 = 292 K
for any device and condition characterized in this study.

Physical Interpretation. The decrease in EOT (and the
associated increase in Cmax) in ambient atmosphere compared
to vacuum is believed to be the result of a continuous film of
H2O that slowly intercalates under graphene when the device is
exposed to a humid atmosphere,28 in contrast to the situation
in vacuum, where H2O has been completely desorbed because
of the long bake that was performed prior to measurement. The
van der Waals interaction between graphene and HfO2 is
known to result in a gap on the order of 0.33 nm,26 and the
presence of this gap is likely one of the reasons why we have
found EOT in MOG capacitors to be substantially higher than
that in metal−insulator−metal capacitors.29 In fact, because this
gap region has εr ∼ 1, it can increase EOT by an additional 1.3
nm compared to the situation when it was not present.
However, it is expected that intercalation of H2O into this
region should substantially reduce EOT because of the very
large dielectric constant (∼80) of liquid H2O. The observed
decrease of EOT by 0.4 nm is consistent with this trend,
although less than the expected value of >1 nm. This could be
due to an increase in the gap thickness due to the physical size
of the H2O molecule as well as the fact that the dielectric
constant of monolayer H2O may not be the same as that of
“bulk” liquid H2O. Further evidence of H2O intercalation was
provided by collecting AFM images of an exfoliated graphene
flake at each step of the functionalization process, which reveal
a substantial decrease in the graphene−HfO2 step height upon
vacuum baking (see the Supporting Information). The AFM
data from each stage of functionalization also suggest that the
separation of graphene and HfO2 decreases throughout the
functionalization process. Thus, the observed decrease in EOT
through functionalization, along with the relatively large

Figure 5. Plot showing a comparison of fit versus experimental C−V
characteristics (where the x axis has been normalized to the Dirac
voltage) for one device measured after completion of the surface
functionalization. The open symbols represent the experimental data,
and solid line shows the theoretical result using fitting parameters of
EOT = 4.42 nm and T0 = 292 K. The R2 value for this fit is 0.9962.
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hysteresis (compared to vacuum), suggests a combination of
the effect of H2O intercalation below graphene along with a
change in the graphene−HfO2 step height throughout
functionalization.
The trends in the disorder parameter, T0, are equally

revealing regarding the effect of H2O on the quantum
capacitance properties. In vacuum, the T0 parameter appears
to be small because of the lack of H2O vapor in the system.
However, in an ambient atmosphere, H2O is expected to not
only intercalate underneath graphene but also adsorb onto the
top surface of graphene. Unlike intercalated H2O, H2O on the
top surface is expected to be randomly distributed with surface
position and orientation because it maintains a steady-state
condition relative to the atmosphere. Moreover, H2O has been
shown to preferentially adsorb onto oxygen-containing defect
sites on graphene, as well as polymeric residues on the
graphene surface left over from the transfer process.30−33

Because adsorbed H2O is not uniformly distributed upon the
graphene surface, some areas are expected to be heavily doped
by adsorbed H2O while other areas are expected to exhibit very
little doping. This hypothesis is supported by the fact that, after
functionalization, T0 is dramatically reduced. This result
strongly suggests that functionalization displaces the disorder-
inducing H2O on the top surface of graphene while still
allowing more ordered H2O to remain beneath. However, it is
still unclear as to why the disorder is actually lower than that
measured in vacuum. One possibility is that the higher
dielectric constant of the adjacent H2O intercalated layer
modifies the Fermi velocity in graphene, similar to previous
studies on graphene with few-layer ice deposited on top.34

Other works studying the effect of fluorinated polymers
deposited on graphene have shown similar effects.35 However,
the origin of such effects is unclear in our samples, particularly
because Raman spectroscopy on our functionalized graphene
samples did not show any systematic modification as a result of
the functionalization process. Therefore, further studies of the
atomic-level interactions between graphene, HfO2, and the
linker molecules are needed.
Finally, the results provide additional insights into the effect

of H2O and surface functionalization on doping in graphene.
First of all, the results in vacuum indicate that a “background”
n-type doping exists because the expected Dirac voltage in
pristine graphene is expected to be ∼0.6 V based upon the

work function differences between graphene and palladium.
This n-type shift is attributed to oxygen vacancies in HfO2 that
have previously been shown to shift the charge neutrality point
in graphene on α-HfO2. The trend toward more positive Dirac
voltages in an ambient atmosphere is consistent with previous
results that have reported a p-type doping effect associated with
physisorption of H2O. The trend toward decreasing Dirac
voltage is consistent with displacement of H2O on the graphene
surface by the linker molecule. Moreover, the hydrophobicity of
the local environment at the graphene surface is expected to
increase as functionalization progresses, consistent with the
gradually decreasing Dirac voltage. Last, the Dirac point does
not completely return to the neutral point observed in vacuum,
even upon full functionalization. This is consistent with
intercalation of H2O under graphene because this H2O is
expected to occupy the oxygen vacancies in HfO2 and thus
make them unavailable for doping graphene.

■ CONCLUSION
In conclusion, the effect of noncovalent basal plane
functionalization using 1-PASE and GOx on the properties of
metal−HfO2−graphene capacitors has been studied. Three
major conclusions are obtained from these experiments. The
first is that the “oxide” capacitance in functionalized devices is
substantially higher than that of devices measured in vacuum
and comparable to devices measured in an ambient
atmosphere. This is attributed to H2O intercalation at the
graphene−HfO2 interface, which increases the dielectric
constant of this interfacial region. Density functional theory
and molecular dynamics simulations are currently underway to
help further understand the physical nature of the HfO2−
graphene interface as well as the nature of the interaction
between graphene and the linker molecules. Specifically, the
cause of the observed decrease in the graphene−HfO2
separation through the functionalization process is being
investigated. Second, functionalization reduces the disorder
parameter, T0, compared to ambient atmosphere, a fact that is
attributed to displacement of H2O by the linker molecule, but
the further reduction of T0 below the value for vacuum remains
unexplained. Surface functionalization does not, however,
appear to otherwise alter the sp2 nature of graphene. Finally,
surface functionalization creates a Dirac voltage similar to the
value obtained in vacuum, a behavior attributed to displacement

Figure 6. Plot of extracted parameters compiled from seven graphene varactors as a function of the functionalization step, where the
functionalization steps are ordered the same as those in Figure 4. The extracted parameters are (a) EOT and (b) T0. The error bars indicate the
standard deviation of the extracted values obtained over seven devices.
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of H2O on the graphene top surface (Figure 7). Further
experiments are needed, however, to understand the effect of
intercalated H2O at the graphene−HfO2 interface. For instance,
AFM measurements under careful humidity control may help
elucidate the change in the HfO2−graphene spacing upon
exposure to the atmosphere. The results are important for a
basic understanding of surface functionalization groups for a
wide range of sensor application but particularly for
capacitance-based graphene sensors, and the results indicate
that reproducible and stable characteristics can be obtained.

■ METHODS
Materials. Luminol, sodium carbonate, sodium bicarbonate,

potassium ferricyanide, and glucose oxidase (GOx) type II (from
Aspergillus niger) were purchased from Sigma-Aldrich. Glucose was
purchased from Alfa Aesar. 1-Pyrenebutanoic acid succinimidyl ester
(1-PASE) was purchased from AnaSpec, Inc. Single-layer graphene
grown by CVD on copper foil was purchased from Graphene
Laboratories. All materials were used as purchased without further
purification.
Device Fabrication. The device preparation process followed a

procedure similar to the one described in ref 17. Briefly, fabrication
started by growing thick SiO2 (980 nm) on a silicon wafer to minimize
the parasitic capacitance with the substrate. SiO2 was patterned and
recessed using a buffered oxide etch, followed by evaporation and lift-
off of a titanium/palladium (10/40 nm) gate electrode. Next, 9 nm of
HfO2 was deposited by atomic layer deposition at 300 °C and then
annealed at 400 °C for 5 min. Single-layer graphene grown by CVD
was then transferred onto the wafer using an aqueous transfer process.
Graphene was then patterned and etched using O2 plasma. Finally,
contact electrodes to graphene consisting of titanium/palladium/gold
(1/25/40 nm) were patterned and lifted off. These devices are
arranged in both single-finger and multifinger geometries, with gate
lengths ranging from ∼2 to 15 μm and total gate areas ranging from
155 to 1088 μm2.
After device fabrication was completed but before functionalization,

the device was baked in vacuum (∼10−6 Torr base pressure) at 380 K
for 20 h in order to desorb moisture from the device. C−V
measurements were then performed using an Agilent B1500A
semiconductor parameter analyzer at frequencies f ranging from 5 to
500 kHz, using an root-mean-square oscillator voltage of 50 mV. The
series equivalent circuit mode (Cs−Rs) was utilized for C−V
measurements because minimal gate leakage (<1 pA) was detected
in these devices over the range of gate voltages tested. Finally, the
capacitance associated with the contact pads was measured and found
to be negligible.
Functionalization Procedure. For functionalization, the sample

was fully submerged in 5 mL of a solution of 1.93 mg/mL 1-PASE in
N,N-dimethylformamide (DMF) for approximately 3 h. The sample
was then rinsed by immersion in DMF, washed in deionized H2O, and
dried under a stream of nitrogen. The sample was then measured
immediately after drying. To functionalize with GOx, the sample was
placed in 5 mL of 10 mg/mL GOx in a pH 10 sodium carbonate buffer

and refrigerated at 4 °C for approximately 14 h. The sample was then
rinsed by immersion in deionized H2O, dried under a stream of
nitrogen, and measured. Finally, to deactivate the remaining unreacted
linker, the sample was immersed in 0.5 M ethanolamine in a pH 10
sodium carbonate buffer solution for approximately 40 min, rinsed by
immersion in deionized H2O, dried under a stream of nitrogen, and
again measured.

Determination of GOx Viability Using Luminol. In this
experiment, ∼1 cm2 pieces of graphene were transferred to an Si/
SiO2 substrate using the same method as that for the electronic devices
and functionalized according to the above procedure. The function-
alized graphene surface was then incubated in an approximately 2.5
mL aliquot of 5 mM glucose in 1X phosphate-buffered saline (PBS)
for 1 h under static conditions. As controls, approximately 5 mg of
GOx was dissolved directly in a 5 mL aliquot of a 5 mM glucose
solution in PBS as a positive control and GOx was omitted from the
glucose sample as a negative control. The remainder of the procedure
was identical. A 1 mL aliquot of the sample fluid was then mixed with
an equal volume of a 50 mM pH 10 carbonate buffer containing 2 mM
luminol and 5 mM potassium ferricyanide. The emission spectrum of
this solution was then immediately measured on a Jasco FP-6200
spectrofluorometer with the excitation shutter closed.
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