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ABSTRACT: Exhibiting a combination of exceptional struc-
tural and electronic properties, graphene has a great potential
for the development of highly sensitive sensors. To date, many
challenging chemical, biochemical, and biologic sensing tasks
have been realized based on graphene. However, many of
these sensors are rather unspecific. To overcome this problem,
for instance, the sensor surface can be modified with analyte-
specific transducers such as enzymes. One problem associated
with the covalent attachment of such biomolecular systems is
the introduction of crystal defects that have a deleterious
impact on the electronic properties of the sensor. In this work, we present a versatile platform for biosensing applications based
on polymer-modified CVD-grown graphene transistors. The functionalization method of graphene presented here allows one to
integrate several functional groups within surface-bound polymer brushes without the introduction of additional defects. To
demonstrate the potential of this polymer brush functionalization scaffold, we modified solution-gated graphene field-effect
transistors with the enzyme acetylcholinesterase and a transducing group, allowing the detection of the neurotransmitter
acetylcholine. Taking advantage of the transducing capability of graphene transistors and the versatility of polymer chemistry and
enzyme biochemistry, this study presents a novel route for the fabrication of highly sensitive, multipurpose transistor sensors that
can find application for a multitude of biologically relevant analytes.
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■ INTRODUCTION

Since the isolation of graphene in 2004,1 it has been recognized
that the outstanding properties of this material could provide
game-changing benefits in the development of highly sensitive
sensors for advanced applications like biosensing or the
detection of single molecules.2,3 Currently, graphene devices
have been successfully used in several demanding biosensing
applications, such as the detection of cell action potentials,4,5

protein adsorption,6 as well as the amperometric detection of
different substances.7,8 Furthermore, the possibility to fabricate
microfluidic systems based on graphene transistors facilitates
the use of graphene based sensors for practical applications.9

To improve the sensitivity and specificity of the sensors, it is
of great relevance to modify the rather unspecific sensor’s
surface with biomolecular systems, in particular enzymes. To
obtain stable devices, though, the enzymes should be bound
covalently to the sensor surface. However, the covalent
attachment of functionalities can induce damage to the
graphene lattice10 and degrade its electronic properties, thus

strongly diminishing the unique competitive advantages of
graphene for highly sensitive electronic devices. Recently, a
method was presented to graft functional polymers to existing
defects in graphene without a negative impact on the crystal
quality and a consequent electronic degradation.11,12 In this
way, suitable monomers can be selected to design polymer
brushes providing a grafting scaffold for the enzymes doing the
biomolecular transduction and, at the same time, introducing
additional functional groups that facilitate the detection of the
enzyme activity with a transistor.
In this work, we report on a versatile concept for graphene

biosensors based on graphene solution-gated field-effect
transistors (G-SGFETs) functionalized with multifunctional
polymer brushes. The functionalization method reported in this
work enables the integration of different functionalities, in our
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case the enzyme acetylcholinesterase (AChE) and a transducing
pH sensitive group in the polymer brushes, allowing the
detection of the neurotransmitter acetylcholine. This neuro-
transmitter is a very important component of the nervous
system of many organisms, including humans, and its detection
might provide a better understanding of such systems.
Following the transistor fabrication with large-area graphene
grown by chemical vapor deposition (CVD) on copper foil,13,14

functional polymer brushes were grown on the transistors’
active area. The functional groups of the polymer brushes
allowed both the covalent grafting of the sensing enzyme and
the detection of the enzyme’s activity. In our case, this
detection was done indirectly by using a functional group in the
polymer to measure one of the enzymatic reaction products,
hydronium, which induces a local change in pH. The pH
response of the modified transistors and the activity of the
grafted enzyme have been further investigated to gain a better
understanding of the sensing experiments.

■ EXPERIMENTAL SECTION
Transistor Fabrication. The graphene layers were grown by

chemical vapor deposition on copper and transferred with a
poly(methyl 2-methylpropenoate) (PMMA) film and an iron
trichloride etch as described previously.14 The films were deposited
on sapphire substrates prepatterned with Ti/Au leads. By standard
photolithographical methods, the graphene was selectively etched by
oxygen plasma and a second gold layer was applied. The metal
contacts and leads were subsequently covered with chemically stable
SU8 photoresist to insulate them from the electrolyte. An optical

micrograph of a G-SGFET (10 × 20 μm2) is shown in Figure 1d. The
transistors were fabricated in arrays of 8 × 8 transistors per sample.

Surface Functionalization. The finished transistor structures
were functionalized by self-initiated photografting and photopolyme-
rization (SIPGP).12,11 The samples were carefully heated to 200 °C
under vacuum to remove water from the sample surface. Subsequently,
they were immersed in freshly distilled and degassed monomer and
irradiated with a UV fluorescent lamp. To obtain the desired
functionalities, different monomers were used for the preparation of
polymers. N,N-Dimethylaminoethyl methacrylate (DMAEMA) can
provide a well-defined pH sensitivity, whereas tert-butyl methacrylate
(tBMA) incorporates the necessary carboxyl groups for the enzyme
immobilization. These monomers were used at a ratio of 1:1.

Enzyme Immobilization. The tert-butyl protection group of the
tBMA groups was removed by hydrolyzation with methanesulfonic
acid in dichloromethane (1:100). Subsequently, the samples were
immersed into a mixture of N-hydroxysulfosuccinimide (sulfo-NHS,
100 mM) and 1-ethyl-3-(3-(dimethylamino)propyl)carbodiimide
(EDC, 400 mM) in a 2-(N-morpholino)ethanesulfonic acid (MES,
100 mM) buffer to activate the carboxyl groups in the polymer brushes
for further reaction and peptide bond formation with primary
amines.15 After rinsing with buffer, a solution of acetylcholinesterase
from Electrophorus electricus (type V-S, 0.2 mg/mL) was applied to the
sample surfaces overnight at 4 °C. To prevent competitive grafting of
the 2-amino-2-hydroxymethylpropane-1,3-diol (TRIS) buffer con-
tained in the stock enzyme solution, centrifugal filtration was applied.
After the enzyme grafting, the remaining activated sites were
passivated by a TRIS solution.

Transistor Measurements. The transistors were wire-bonded to
chip carriers and connected to a system of current−voltage converters
and amplifiers as well as a data acquisition setup. This system also
provided the biasing voltages applied between the sample contacts and

Figure 1. (a) Schematic view of an enzyme-functionalized graphene transistor. The graphene sheet is contacted by insulated gold contacts from two
sides. The graphene active area is modified with copolymers containing acetylcholinesterase and pH sensitive DMAEMA (orange pentagons) groups.
(b) Sensing principle of the transistors. Acetylcholine is hydrolyzed to acetate, choline, and a proton with the help of the enzyme. This proton can
react with the dimethylamino groups in the polymer, inducing a fixed charge close to the transistor’s surface that results in a charge doping effect. (c)
Schematic of the functionalization reactions. DMAEMA and tBMA are attached to the surface as copolymer brushes by SIPGP. The tert-butyl group
is removed by hydrolyzation to expose the carboxyl group, which is then activated by EDC and sulfo-NHS. Finally, the AChE is bound to the
activated carboxyl group. (d) Micrograph of a graphene solution-gated transistor.
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a Ag/AgCl reference electrode in the electrolyte, which consisted of 5
mM PBS buffer with a background concentration of 250 mM NaCl for
the pH characterization. For probing the acetylcholinesterase’s activity,
the buffer was changed to 1 mM PBS with 100 mM NaCl and 20 mM
MgCl2. Small amounts of a highly concentrated acetylcholine solution
were added to adjust the desired acetylcholine concentrations.

■ RESULTS AND DISCUSSION

Figure 1a shows a schematic of the working principle of the
enzyme-functionalized solution-gated graphene transistor em-
ployed in this work. A graphene sheet is connected on two
sides with gold contacts to apply the biasing voltages to the
transistor. To prevent leakage currents, the metal contacts are
covered by an insulating, chemically stable resin. On the surface
of the transistor, polymer brushes with covalently attached
acetylcholinesterase provide specific sensitivity to the neuro-
transmitter acetylcholine. To detect the activity of the AChE, it
is necessary to regard its enzymatic reaction: At the active site
of AChE, acetylcholine is hydrolyzed to acetate, choline, and a
proton (Figure 1b), which is of crucial importance for this type
of sensor. In a next step, the local change in pH due to the
released proton changes the charge state of a pH-sensitive
functional group of the polymer brush. This charge variation in
the vicinity of the graphene induces a small shift of the Fermi
level, resulting in a conductivity change that can be detected
electrically as discussed below.
Figure 1c shows a schematic depiction of the functionaliza-

tion processes. First, polymer brushes are grown by self-
in i t i a ted photogra f t ing and photopolymer iza t ion
(SIPGP)16,12,11 of methacrylate monomers. In this process,
methacrylate monomers are activated by UV illumination and
abstract hydrogen atoms from sp3 carbon defects in the
graphene lattice, generating surface radicals on the graphene
surface. These activated sites can then start radical polymer-
ization from the surface.12

Different monomers were used to obtain the desired
functionalities. tert-Butyl methacrylate (tBMA) was used to
create binding sites for the enzymes after saponification to
methacrylic acid (MAA). MAA cannot be used directly for the
polymerization as it would react with the N,N-dimethylami-
noethyl methacrylate (DMAEMA) to form ionically cross-
linked, nonfunctional polyelectrolyte brushes. As discussed in
detail below, the use of DMAEMA enables the introduction of
pH-sensitive groups in the working range of the enzyme that
allow the detection of the enzyme activity by measuring a
byproduct of the enzymatic reaction. In a second step, the
carboxyl group of MAA was activated by a standard
bioconjugate technique.15 This activated group then readily
binds to primary amines which are present at the enzymes
surface. The successful grafting of polymer brushes was
confirmed by high resolution X-ray photoelectron spectroscopy
of the nitrogen 1s core level. The functionalized samples exhibit
a clear presence of nitrogen due to the dimethylamino group in
the polymer (Figure 2a). As the dimethyl amino group can be
protonated to a positively charged dimethylammonium group,
two different peaks are typically observed. The larger peak at
400 eV corresponds to the amino group and the smaller peak at
403 eV to the protonated group.17

In summary, the resulting polymer brushes contain both the
covalently attached enzyme as well as a transducing element to
detect the changes in the local pH induced by the activity of the
enzyme.
In Figure 2c, a typical plot of a transistor’s drain-source

current IDS versus the applied gate voltage VGS is shown for a
bare and a functionalized device. As described previously,18 the
Fermi level EF in graphene can be shifted by applying a gate
voltage across the graphene-electrolyte interface, in this case via
a Ag/AgCl reference electrode. The shift in EF modulates the
density of charge carriers in graphene, and eventually their
mobility, and therefore results in a change in the conductivity.
It can be seen from Figure 2c that the drain-source current of

Figure 2. (a) High resolution X-ray photoelectron spectra showing the nitrogen 1s core level. After polymerization, the presence of nitrogen from
the DMAEMA group can be seen. (b) Raman spectrum of a functionalized sample. The absence of the D peak indicates that no additional defects
were induced by the polymerization. (c) IDS versus VGS for a pristine graphene transistor and a device modified with polymers containing DMAEMA
groups. Both transistors exhibit the typical behavior for graphene with an ambipolar charge transport and a minimum conductivity at the Dirac point
VD. The position of this point differs for pristine and functionalized transistors. (d) Shift of VD with pH for a pristine graphene and a DMAEMA-
modified transistor. The pristine graphene transistor saturates at high pH, whereas the functionalized device shows a good sensitivity for pH > 6. The
solid lines correspond to the model discussed in the text. Each of the shown data points was obtained by averaging VD of several transistors. The
observed statistical errors are ∼10 mV.
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the graphene transistor reaches a minimum value at a certain
gate voltage, called the Dirac point, VD. This feature is due to
the special band structure of graphene where the valence band
and the conductance band meet at the Dirac point; at this bias,
the type of majority charge carriers is changed from holes (VGS
< VD) to electrons (VGS > VD). Furthermore, a significant shift
of the Dirac point is observed for functionalized transistors
compared to bare devices, which can be explained by doping
due to charges in the polymer brushes. From this shift, a charge
density of 5 × 1012 charges/cm2 can be estimated assuming
monovalent charges directly at the surface. The slope of the I−
V curve remains largely unchanged, confirming that the
polymerization does not increase the density of defects, in
accordance with Raman spectroscopy (Figure 2b) and
literature.11 Over 2 days of experiments, no changes in the
I−V characteristics of the devices could be observed, revealing
the stability of the polymer-modified transistors (see Figure S1
in the Supporting Information).
As this type of enzyme-sensing transistor relies on the

detection of small changes in pH, the response of the graphene
transistors to the solution pH will be discussed in the following.
Figure S2 (Supporting Information) shows the I−V character-
istics of a nonfunctionalized graphene solution-gated field-effect
transistor while the pH was varied between 3 and 10. While the
general shape and the slope of the curve remains almost
unchanged, a clear shift of the Dirac point is observed for
varying pH. Figure 2d shows the shift of the Dirac point as a
function of the pH for bare and functionalized graphene. This
will be discussed in terms of charge doping induced by surface
groups that can be protonated or deprotonated depending on
their acid dissociation constant Ka and the pH of the
electrolyte. At low pH, these groups are mostly protonated;
that is, they carry a more positive charge resulting in an increase
of the Fermi level with respect to the band structure. As a
result, the Dirac point VD is expected to shift toward less
positive gate voltages, as observed in the experimental data
shown in Figure S2. The magnitude of this shift with the pH
can be quantified most easily by the determination of the Dirac
point VD, as shown in Figure 2d. The observed pH dependence
of VD can be described using the following model. Based on the
definition of the acid dissociation constant Ka and the local pH
at the surface, the surface charge σsurf associated with the surface
groups is given by19

σ φ= + − −eN e k T(1 10 exp( / ))K
surf

pH p
B

1a

where N is the total number of surface groups, e is the
elementary charge, φ is the surface potential, kB is the
Boltzmann constant, and T is the temperature. Further details
can be found in the Supporting Information. The diffuse
countercharge in the electrolyte σdif is given by
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where ε is the dielectric constant of the electrolyte, ε0 is the
vacuum permittivity, and ci

0 is the concentration and zi is the
valence of the ions i in the electrolyte. Assuming charge
neutrality at the Dirac point, that is, σsurf = σdif, these equations
can be solved self-consistently. The result of this model is
shown in Figure 2d (solid lines) using a surface group with pKa
= 4.5 and a density of 2 × 1014 cm−2 in the case of the
nonfunctionalized, pristine graphene SGFETs. The exact nature

of these groups remains still unclear. We have investigated
different substrates as well as a different copper etchant (see
Supporting Information, Figure S3), but no conclusive results
could be obtained. Possibly, OH defects on the graphene
surface are responsible for this pH sensitivity as the pKa of OH
groups on several surfaces typically lies around 4.5.20,21 The
measured sensitivity is in good agreement with the values
obtained for exfoliated and CVD grown graphene measured on
various substrates.22,19,23 However, another group observed a
significantly lower sensitivity for high-quality CVD and
exfoliated graphene, which could even be completely sup-
pressed by a passivation of the surface.24 This indicates that the
sensitivity is related to defects and contaminations from the
transfer. For epitaxial graphene, higher values were reported
indicating a different mechanism for the pH sensitivity.25

Besides this lack in reliability, it can be seen from Figure 2d
that the pH sensitivity of G-SGFETs at physiological pH is
rather low (10 mV/pH), whereas the optimum operational pH
of AChE lies between 7.5 and 8.26 The reason for the low
sensitivity at neutral pH is directly linked to the pKa of the pH-
sensitive surface groups. When the pH is sufficiently higher
than the pKa, all surface groups are already deprotonated and
any further increase in pH cannot be detected by the transistor.
For the unmodified transistor shown in Figure 2d, this range
ends around pH 8. Therefore, unmodified G-SGFETs cannot
provide a reliable pH sensitivity and do not offer a high
sensitivity for the enzyme’s activity in the relevant pH range. To
overcome these problems, polymer brushes with DMAEMA
groups were grown on the graphene transistors. The dimethyl
amino groups of these polymers can be protonated with a
reaction pKa around 8,27 thus enabling a high pH sensitivity in
the pH range of interest. Figure 2d shows the pH response of a
DMAEMA functionalized transistor, confirming an enhanced
pH sensitivity starting around pH 6. Furthermore, the original
sensitivity with an unclear origin is suppressed. From the fitting
of the pH model to this data set, one can infer the presence of
pH sensitive groups with a pKa of 7.5 and a density of 6 × 1014

cm−2, assuming that the charged groups are located directly at
the graphene’s plane. Due to the high ionic strength of the
electrolyte, which results in a Debye length smaller than 0.6
nm, only groups that are within this distance from the surface
can contribute to signal. From our Raman data, it can be
inferred that the defect density in the graphene is below 3 ×
1011 cm−2.28 As these defects are necessary for the grafting of
the polymer brushes, the rather low density of polymer brushes
along with the short Debye length cannot account for the high
number of pH sensitive groups, in the hypothetical case that the
polymers would be fully stretched. However, due to the high
ionic concentration of the electrolyte and the absence of steric
hindrance effects, the polymer brushes are expected to be in a
collapsed configuration,29 which can explain the high density of
DMAEMA groups at the surface equivalent to a monolayer
coverage.
After this basic characterization, transistors with DMAEMA

and MAA copolymers were further functionalized with
acetylcholinesterase via the formation of a peptide bond
between the carboxylic group of the MAA and amino groups
in the enzyme. The transistors were characterized to confirm
that they are operational after the functionalization procedures
(see Supporting Information, Figure S4 for the I−V curves).
Then, the response of the AChE-modified G-SGFETs to the
neurotransmitter acetylcholine has been investigated. To this
end, the transistors were biased at constant drain-source and
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gate-source voltages and the current was recorded continu-
ously. At certain times, small amounts of an acetylcholine
solution were added to the buffer to obtain previously
calculated concentrations. Figure 3a shows an exemplary
recording. The top scale marks the times at which acetylcholine
was added to the buffer. A change in the current can be seen for
ACh concentrations as low as 0.5 μM and increases for higher
concentrations. After the addition of the ACh, a fast decrease in
the current can be observed followed by a slower increase
which saturates below the original level (see inset in Figure 3b).
The proton that is released during the enzyme activity lowers
the local pH, which shifts VD to more negative values. As the
transistors were biased in the hole regime (VGS < VD), this shift
results in a lower current. The measured time dependence of
the transistor response can be correlated with the fast kinetics
of AChE: At very short times after the addition of ACh, all of
the ACh molecules are quickly hydrolyzed by the enzymes
resulting in a sudden increase in the proton concentration,
given by the concentration of ACh. We will refer to this as
instantaneous signal. Eventually, the overall reaction is
dominated by diffusion, that is, ACh diffusing toward the
transistor and proton diffusing away to the bulk solution. After
some time, an equilibrium is reached with a proton
concentration at the surface slightly higher than before. In
Figure 3b, the averaged signal of five transistors is plotted
versus the ACh concentration. To obtain comparable results,
the transistor current is converted to an equivalent change in
gate voltage by using the transistor transconductance.14 For the
instantaneous signal, a logarithmic sensitivity is obtained
(Figure 3b). Considering that we can assume a proton
concentration proportional to the ACh concentration for the
instantaneous signal, the logarithmic dependence can be
understood by recalling the linear response of the transistors
to the pH (Figure 2d), that is, the logarithm of the proton
concentration.
In summary, we have reported on a versatile platform for

biosensing applications based on polymer-modified graphene
FETs. The reported functionalization method of graphene

transistors with polymers allows the integration of several
functionalities along surface-bound copolymer brushes without
inducing damage to the graphene lattice. To demonstrate the
capabilities of these multifunctional polymer brushes, we
modified solution-gated graphene field-effect transistors with
enzymes and transducing pH sensitive groups enabling the
detection of the neurotransmitter acetylcholine. As the
detection mechanism is based on the local pH change induced
by the enzyme, our work can be extended to the detection of
other biologically relevant analytes involved in enzymatic
reactions resulting in the release of protons. In our experiments,
we confirmed that the pH sensitivity can be controlled via the
introduced pH sensitive groups in the polymer and that the
activity of the enzyme acetylcholinestrase can be monitored
with the functionalized transistor at acetylcholine concen-
trations as low as 0.5 μM. Taking advantage of the transducing
capability of graphene transistors and the versatility of polymer
chemistry and enzyme biochemistry, this study presents a novel
route for the fabrication of highly sensitive, multipurpose
transistor sensors that can find application for a multitude of
biologically relevant analytes.
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Figure 3. (a) Drain-source current of two transistors and pH of the bulk solution are shown versus time. At the marked times, acetylcholine was
added to the solution, which can be seen in the transistor current as a sudden decrease. (b) Averaged instantaneous (black) and equilibrium (red)
sensitivity to ACh for five transistors. The current change was converted to a change in the gate voltage VGS. The line indicates a logarithmic fit of the
instantaneous sensitivity. The inset shows how the instantaneous and equilibrium sensitivity are obtained.
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