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raphene is a single-atom-thick, sp*-
carbon-based material that has at-
tracted significant interest recently

owing to its excellent electrical, optical, and
mechanical properties.' > The extraordin-
ary charge carrier mobility of graphene
holds great promise for nanoscale applica-
tions such as electronic devices, energy
storage, solar cells, display devices, and
chemical/biological sensors.>~'® However,
its applications, particularly in switching
devices, are handicapped by the absence
of a band gap in the intrinsic form."' '3
Various approaches including nanoribbons
and nanomesh have been developed to
open or tune an energy gap in graphene
and improve the semiconducting pro-
perties.'™'®> One of the more feasible ways
to control the semiconducting properties
of graphene is the doping approach, which
is a common method for tailoring the
electronic properties of a semiconductor
material.'® % Theoretical and experimental
studies on graphene doping have demon-
strated the possibility of opening the band
gap and modulating conducting types by
substituting carbon atoms with foreign
atoms, leading to a metal-semiconductor
transition. Recently, a number of appro-
aches such as chemical vapor deposition
(CVD) with heteroatom gases, arc-discharge,
and adsorbate-induced doping have been
proposed to synthesize nitrogen-doped
graphene.”' "3 Nevertheless, most of these
approaches are limited by the use of gaseous
raw materials at a high temperature for a long
time as well as complex pre/post-treatments.
Recently, angiogenesis, the formation of
new blood vessels sprouting from the pre-
existing vasculature, has been studied at the
molecular mechanism level because it is an
important factor related to the metastasis
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ABSTRACT Graphene-based field-effect
transistors (FETs) have been developed rap-
idly and are currently considered as an

alternative for postsilicon electronics. In this - --
study, polypyrrole-converted nitrogen-doped i
few-layer graphene (PPy-NDFLG) was grown w2

on Cu substrate by chemical vapor deposition
combined with vapor deposition polymeriza-
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tion and then transferred onto a flexible substrate. Furthermore, antivascular endothelial

growth factor (VEGF) RNA aptamer conjugated PPy-NDFLG was integrated into a liquid-ion

gated FET geometry to fabricate a high-performance VEGF aptamer-based sensor. Field-

induced high sensitivity was observed for the analyte-binding events, eventually leading to

the recognition of the target molecules at an unprecedentedly low concentration (100 fM).

Additionally, the aptasensor had excellent reusability, mechanical bendability, and durability

in the flexible process. The developed methodology describes, for the first time, the fabrication

of N-doped graphene using conducting polymers including heteroatoms in their structures as

the carbonization precursor and demonstrates its use in a high-performance, flexible FET-type

aptasensor to detect vascular endothelial growth factor as a cancer biomarker.

KEYWORDS: nitrogen-doped graphene - field-effect transistor - conducting
polymer - aptasensor - vascular endothelial growth factor - aptamer

and growth of human tumors.® Although
various proangiogenic factors such as plate-
let-derived growth factor (PDGF) and basic
fibroblast growth factor (bFGF) are demon-
strated, the vascular endothelial growth
factor (VEGF) family is the predominant pro-
angiogenic factor.>**° Vascular endothelial
growth factor potently promotes angiogen-
esis by activating VEGF-receptors and is
indispensable for vascular development,
resulting in this being an attractive target
for controlling the angiogenic factor. There-
fore, vascular endothelial growth factor dis-
crimination in blood is useful for the
early diagnosis, staging, and monitoring of
cancers. From this point of view, a few
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significant techniques for detecting vascular endothe-
lial growth factor levels in blood have been pro-
posed.*'*> However, all of these methods (or recogni-
tion processes) still require rapid detection and high
sensitivity for further improvement.

Herein, we have developed, for the first time, the
concept that conducting polymers including heteroat-
oms in their structures can be utilized as the carbon
source for fabricating doped graphene. We report the
facile fabrication of polypyrrole-converted nitrogen-
doped few-layer graphene (PPy-NDFLG) and describe
its integration with an anti-VEGF RNA aptamer into a
flexible field-effect transistor (FET) platform suitable for
electronic control. Field-induced high sensitivity was
observed for the analyte-binding events, eventually
leading to the recognition of the target molecules atan
unprecedentedly low concentration. Additionally, the
aptamer-based sensor (aptasensor) showed enhanced
reusability through a recycle assay and also had ex-
cellent mechanical bendability and durability in the
flexible system. To our knowledge, this is the first
demonstration of a flexible FET-type aptasensor using
nitrogen-doped graphene to detect vascular endothe-
lial growth factor as a cancer biomarker.

RESULTS AND DISCUSSION

Fabrication of PPy-NDFLG. Previously, we synthesized
N-doped carbon nanomaterials converted from var-
ious conducting polymer nanomaterial precursors
through a carbonization process.**~* Continuous, few-
layer, N-doped graphene was grown on 25-um-thick
Cu foil by CVD using polypyrrole as the solid pre-
cursor.' > Figure 1 shows a schematic representation
of the experimental process for the fabrication of
PPy-NDFLG. First, 1 wt % CuCl, solution (as an initiator)
was deposited by spin coating (at 7000 rpm for 30 s) on
the Cu substrate. For vapor deposition polymerization
(VDP), the reactor containing the CuCl,/Cu substrate
was evacuated at room temperature until the internal
pressure reached about 1 Torr and was put in the
system under a static vacuum. Then, liquid-phase
pyrrole monomers were introduced into the reactor
by injection and completely vaporized by heating the
reactor to 70 °C. The vaporized pyrrole monomers were
contacted with Cu cations and polymerized via chemi-
cal oxidation polymerization on the Cu substrate. The
thickness of the PPy film was approximately 20 nm.*°
PPy-NDFLG was successfully obtained by optimizing
the CVD experimental parameters (temperature pro-
file, precursor and gas flow rates, and system pressure),
as shown in the inset of Figure 1, and subsequently
transferred onto a flexible and transparent polyethy-
lene naphthalate (PEN) film (see Supporting Informa-
tion Figure S1).

Characterization of PPy-NDFLG. To confirm N-doping
of PPy-NDFLG, X-ray biomarker spectroscopy (XPS)
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Figure 1. Synthetic protocol of PPy-NDFLG on flexible
substrate.
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Figure 2. (a) XPS spectra of the PG and PPy-NDFLG. (b) XPS
N 1s spectrum and (c) XPS C 1s spectrum of PPy-NDFLG. (d)
Raman spectra of PPy-NDFLG and PG composed of two
layers.

studies were carried out. Figure 2 presents the typical
XPS and Raman spectra results of PPy-NDFLG and
pristine graphene (PG) as a control, grown with gases
(as carbon precursors) on the Cu surface (see Support-
ing Information Figures S2 and S3). The survey scan
spectrum from the XPS analysis shows the presence of
the principal C1s, O1s, and N1s core levels, with no
evidence of impurities, whereas the N1s peak is absent
in the PG (Figure 2a). The N1s peak is observed clearly
in the PPy-NDFLG and had three components centered
at 399.1, 401.1, and 402.5 eV, corresponding to pyr-
idinic-N, pyrrolic-N, and graphitic-N, respectively
(Figure 2b). The C1s core level peaks could be resolved
into three components centered at ~284.8, 285.7,
and 286.5 eV, representing sp>C—sp°C, N—sp>C, and
N—sp®C bonds. The C1 peak at 288.5 eV was also
attributed to a CO-type bond (Figure 2c). The O1s peak
was observed in all samples, due to physisorbed oxy-
gen on the graphene surface.'> %

Raman measurements are an effective tool for
demonstrating the doping effect and the layer number
of graphene through the 2D/G height ratio because the
G and 2D peaks have different doping dependences.*®
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Figure 3. (a) High-magnification atomic force microscopy (AFM) image of PPy-NDFLG on a silicon substrate. The black line
indicates a scanning trace of the PPy-NDFLG, which is plotted in (b). (c) Histogram of the average graphene thickness data
collected from 100 PPy-NDFLGs samples. It shows that the majority of the PPy-NDFLG is a few layers. (d and e) HR-TEM images
of PPy-NDFLG. (f) Schematic illustration of reaction steps for the fabrication of aptasensor platforms based on PPy-NDFLG

conjugated with anti-VEGF RNA aptamer.

Figure 2d displays the Raman spectra of PPy-NDFLG
and PG (bilayer) samples. The most characteristic
feature of PPy-NDFLG was the presence of the D-band
in the Raman spectra. As shown in Figure 2d, the D
peak (~1356 cm ') in PPy-NDFLG was clearly visible,
indicative of the presence of significant defects com-
pared to PG: such defects are usually generated during
heteroatom doping.’®~>? These defects may be induced
by the disordered structures and vacancies in the gra-
phene lattice by nitrogen doping. As nitrogen atoms
become doped into the graphene layers, the D peak
intensity increases rapidly and the 2D (~2697 cm ™)
decreases monotonically. More importantly, the 2D to
G intensity ratio in PPy-NDFLG (/,p/lg = 0.832) is lower
than thatin PG (l,p/lg = 0.926). The widths of the D, G, and
2D peaks in PPy-NDFLG are broader than those of PG,
which can also be ascribed to various bonding structures
and defects after doping.2**° Therefore, as compared
with PG, the intensities of the D, G (~1587 cm™ '), and 2D
bands in PPy-NDFLG indicate that most of them consist
of N-doped graphene> The few-layer characteristic
was confirmed by high-magnification AFM analysis
(Figure 3a), where the cross-sectional analysis showed a
vertical distance of ca. 1.5 nm (Figure 3b). The average
thickness of PPy-NDFLG at 100 randomly chosen samples
was found to be ca. 2 nm (Figure 3c). In addition, the
HR-TEM images also reveal two- to three-layer graphene
(Figure 3d and e), which is consistent with the results of
AFM analysis.

Fabrication of the Aptasensor. To utilize PPy-NDFLG as a
signal transducer in the electronic aptamer-based
sensor system, we introduced an aptamer that can
bind to a wide variety of entities with high selectivity,
specificity, and affinity. A small aptamer also allows
innovative recognition of binding-induced label-free
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detection between transducers and analytes in
FET-type aptasensors.’> >’ Therefore, anti-VEGF RNA
aptamer immobilization was performed by modifying
the side plane of PPy-NDFLG with glutaraldehyde-
conjugated 1,5-diaminonaphthalene (DAN) through a
Schiff-base reaction in pure environments (Figure 3f).
The DAN component was bound to the PPy-NDFLG
through 7— stacking between the pyrenyl group and
the plane of graphene®® The Schiff-base reaction
proceeded through chemical attachment between
the amine group of the aptamer and the aldehyde
group of glutaraldehyde connected at the DAN/PPy-
NDFLG/PEN film.>® To evaluate the quality of the
electrical contact after introduction of the anti-VEGF
RNA aptamer, the current—voltage (/—V) characteris-
tics were measured at each process stage. Figure 4a
exhibits /—V curves of DAN/PPy-NDFLG without apta-
mer and PPy-NDFLG-aptamer on the flexible substrate.
The difference of the di/dV values is presumably due to
the difference in the resistance, and the -V curves
show linear behaviors. This result demonstrates that
the immobilization of the aptamer on the PPy-NDFLG
resulted in a reliable electrical contact. Moreover, as
shown in the AFM image of Figure S4 in the Supporting
Information, the length of the anti-VEGF RNA aptamer
was ca. 2 nm, which might induce the recognition
binding events within the Debye length of the double
layer.>>~*7 Accordingly, when the PPy-NDFLG-aptamer
is assembled between source and drain electrodes, the
binding of vascular endothelial growth factor to the
aptamer can be demonstrated by observing a change
in current output through the FET devices.

Electrical Properties and Real-Time Responses of the FET-Type
Aptasensor. To investigate the electrical characteristics
of the aptasensor, we fabricated liquid-ion gated FETs
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with phosphate-buffered solution (PBS, pH 7.5).58%3
Figure 4b outlines the experimental setup used to
evaluate the performance of the aptasensor into a
liquid-ion gated FET in pure environments. The apta-
sensor fabricated was assessed using more than 10
devices under ambient conditions to show distinguish-
ing features in comparison with PG. Figure 4c demon-
strates the output characteristics of the aptasensor,
which operates at room temperature, under various
gate voltages (V). For PG devices, the drain-to-source
current (lgs) became more negative with negatively
increasing Vg, indicating p-type (hole-transporting)
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Figure 4. (a) Current—voltage curves of PPy-NDFLG on the
PEN film before and after aptamer immobilization in air
(Vgs = —0.5 V to +0.5 V and scan rate was 10 mV s ). (b)
Schematic diagram of a liquid-ion gated FET using aptamer-
conjugated PPy-NDFLG (Ag/AgCl reference electrode, R;
platinum counter electrode, C; source and drain electrodes,
S and D). (c) I4s—Vys output characteristics of PPy-NDFLG-
aptamer at different V; from —0.1to 0.5 Vin a step of 0.1V
in phosphate-buffered solution (V4 0 to 0.5 V in a step of
50 mV). (d) Real-time responses and a calibration curve
(S in the inset indicates Al/l,) of aptasensor with various
vascular endothelial growth factor concentrations.

1
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behavior due to the absorption of oxygen or water in
air (see Supporting Information Figure S5), 8 whereas
for PPy-NDFLG-aptamer, Iys could be positively en-
hanced with positively increasing V; meaning that
the stable n-type (electron-transporting) behavior took
place after nitrogen doping.® The vascular endothelial
growth factor biomolecule is bound to the specific
anti-VEGF RNA aptamer, which in turn transduces a
signal in the FET-type aptasensor. Such aptamer/VEGF
interactions can affect the charge-carrier density on
the surface of PPy-NDFLG, and thus it may allow label-
free recognition of target molecules on the FET con-
figuration. To identify the sensing performance of the
aptasensor, the Iys was monitored in real time at
constant Vg = 50 mV (V4 = 0.05 V, a low operating
voltage), upon the addition of various vascular en-
dothelial growth factor concentrations. Figure 4d dis-
plays the real-time responses of PG, PPy-NDFLG
without aptamer, and PPy-NDFLG-aptamer. The apta-
sensor showed a concentration-dependent increase in
I4s when it was exposed to the target molecules (VEGF),
while no significant changes in the signals were ob-
served for the PG and PPy-NDFLG without aptamer.
This is presumably due to the Debye shielding effect of
vascular endothelial growth factor or the surface of
PPy-NDFLG in the electrolyte.*=® The current in-
crease is due to the accumulation of negative charge
carriers elicited by the aptamer—VEGF binding event.
Specifically, the isoelectric point (p/) of vascular en-
dothelial growth factor is 8.5, so the vascular endothe-
lial growth factor will be positively charged under the
experimental condition of pH 7.5. These positively
charged vascular endothelial growth factor molecules
can effectively screen the negative charges in the
aptamer by deriving a structure deformation of apta-
mer, and then the VEGF—aptamer binding event can
induce positive point charges in the liquid-ion gate

Immobilization of anti-VEGF RNA aptamer
on the PPy-NDFLG

Addition of target molecules in PBS buffer
l —
|

The electrical measurement of sensitivity
in FET-type aptasensor

Washing with dilute sodium chloride solution,
rinsing with distilled water and air drying

VEGF 100fM  VEGF 1 pM

VEGF 10 pM VEGF 100 pM

Figure 5. Reusability of aptasensor three times through a recycle process, which consists of three steps: washing with dilute
10% NadCl, rinsing with diethylpyrocarbonate-treated water, and air-drying (5/So, where S, is the initial sensitivity change
and S is the measured sensitivity change after a reusable process).
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Figure 6. (a) Variation in resistance of a flexible aptasensor
based on PPy-NDFLG-aptamer for different bending radii,
which was adjusted by changing the distances in the
holding direction: the left inset shows the anisotropy
(Ry/R,) in resistances measured perpendicular (R,) and
paraIIeI (Ry) to the bending direction, y. The right inset
displays the bending process. (b) Sensing behavior of the
aptasensor toward 1 pM vascular endothelial growth factor
after 20 cycles of bending/relaxing. The inset indicates a
fatigue test toward various VEGF concentrations.

dielectric near the PPy-NDFLG, leading to the accumu-
lation of negative charge carriers in the PPy-NDFLG
channel. The increased positive gate voltage by the
vascular endothelial growth factor binding event results
in the increase of the I4s of n-type PPy-NDFLG. This
is similar to an n-type doping effect acting indirectly
on the liquid-ion gate dielectric, rather than affecting
directly the semiconducting layer.5” =% The aptasensor
showed a rapid response time of less than 1 s. The
sensitivity change (S) was observed with the linear curve
(Figure 4d, inset). Importantly, the minimum detection
level was found to be ca. 100 fM (signal-to-noise: 3.1),
approximately 1—3 orders of magnitude lower than that
of conventional VEGF sensors.>>~3867~59 Moreover, the
aptasensor showed excellent selectivity toward bovine
serum albumin solution (Figure S6).

Reusability of the Aptasensor. The aptasensor can be
repeatedly utilized with various concentrations of the
target molecules under a reusable recycle process.
Figure 5 displays the schematic recycle process, and
the sensitivity changes were calculated three times
at various concentrations of VEGF (100 fM, 1 pM, 10 pM,
and 100 pM). The recycle process is composed of three

MATERIALS AND METHODS

Materials. Pyrrole (98%), copper(ll) chloride (97%), 1,5-diami-
nonaphthalene, and glutaraldehyde were purchased from Aldrich.

Vascular endotherlial growth factor (VEGF;¢s; MW = 38.2 kDa,
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steps: (i) immobilization of the aptamer on FET sub-
strate, (i) injection of VEGF molecule into the aptasen-
sor, (iii) washing with dilute sodium chloride solution
and air drying. The aptasensor showed an efficient
reusability with various VEGF concentrations by regen-
erating the aptamer in 10% NaCl solution. Although
the sensitivity decreased slightly due to aptamer de-
gradation (~5%), this result indicates that the aptasen-
sor is highly reproducible and reusable.

Mechanical Properties of the Aptasensor. There has been
a great deal of interest in the interaction of ultrasensi-
tive semiconductors on plastic substrates owing to
their excellent physical properties such as biocompat-
ibility, flexibility, and light weight.”®”" This is also a
challenging area in chemical and biological sensors,
especially for portable, wearable, or even implantable
sensors. In this system, the FET-type aptasensor
showed bendable flexibility on the PEN films. To
manifest the mechanical flexibility of the aptasensor,
the foldability of the flexible aptasensor substrate was
examined by measuring resistances with respect to
bending radii (Figure 6a). The resistances showed little
variation up to a bending radius of ca. 9 mm, and the
original resistance could be restored even for a bend-
ing radius of ca. 3 mm, demonstrating mechanical
stability compared to conventional materials. Lastly, a
fatigue test was conducted for the above aptasensor
device. Figure 6b displays the typical change in re-
sponse intensity after repeated bending/relaxing. The
sensing behavior decreased slightly (<5%) in sensitivity
after 20 bending cycles (Figure 6b, inset). These results
clearly indicate that the aptasensor has excellent me-
chanical bending ability and durability, opening up the
possibility of fabricating reliable flexible biosensors
after further optimization.

CONCLUSION

In summary, we developed a new methodology for
synthesizing PPy-NDFLG through VDP/CVD methods,
and it was utilized as a signal transducer in a liquid-ion
gated FET-type aptasensor to detect vascular en-
dothelial growth factor, which plays a pivotal role in
tumor growth and metastasis. The aptasensor dis-
played a rapid response time, ultrasensitivity, and
efficient reusability. Moreover, the aptasensor also
exhibited outstanding mechanical flexibility. From
the viewpoint of its unprecedented sensing perfor-
mance, PPy-NDFLG may offer a wide range of applica-
tions in biomedical diagnostics and environmental
monitoring.

pl = 8.5) was purchased from Cell Signal Technology, Inc. Anti-
VEGF RNA aptamer was purchased from Bioneer Co. (Deajeon,
Korea). The aptamer was modified at the 5'-terminus with an
amino group, and its sequence was as follows: 5'-NH,-AUG CAG
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UUU GAG AAG UCG CGC AU-3'. The aptamer stock solution was
diluted with diethylpyrocarbonate-treated water and stored in the
freezer before use (—20 °C).

Fabrication of PPy-NDFLG. Polypyrrole thin film was formed by
the VDP of pyrrole monomer on a CuCl,-coated Cu foil and
subsequently used as the solid carbon source. The 1 wt % CuCl,
solution (500 uL) was first coated by a spin-coating method
(7000 rpm for 30 s) on 25 um thick Cu foils. The CuCl,/Cu
substrate was placed in a reactor. The internal pressure reached
1 Torr for the vaporization of monomer, and 0.18 mmol of
pyrrole monomer was injected into the reactor. The VDP
proceeded at 70 °C for 60 min. Subsequently, PPy-NDFLG was
grown on a Cu substrate in a hot wall furnace. A typical growth
process flow is as follows: (1) The PPy thin film/Cu substrate was
loaded, hydrogen was added, the temperature was raised to
900 °C, and H; and Ar gas pressure at 300 mTorr under 10 and
50 sccm flows was maintained; (2) the PPy-NDFLG was grown
for a desired period of time (ca. 1 min) when the temperature
reached 900 °C; (3) after the growth of PPy-NDFLG, the furnace
was cooled to room temperature. The Cu substrate was re-
moved by immersing in copper etchant. Finally, the PPy-NDFLG
was transferred to the flexible PEN film.

Fabrication of the Aptasensor Platform. To construct the liquid-ion
gated FET-type aptasensor platform, in the first stage the gold
electrode (W/L =20; L = 100 um channel length) was deposited on
the PPy-NDFLG/PEN film by thermal evaporation. This FET sub-
strate was treated with 10 M 1,5-diaminonaphthalene in metha-
nol (40 uL) for 1 h and then washed with distilled water. Sub-
sequently, the immobilization of anti-VEGF RNA aptamer (1 pM,
40 uL) was carried out through the Schiff-base method after using
2% glutaraldehyde (20 L) in PBS for 2 h and then rinsing with PBS
solution.

Instrumentation. All electrical measurements were conducted
with a Keithley 2400 sourcemeter and a Wonatech WBCS 3000
potentiostat. A solution chamber (200 uL volume) was designed
and used for solution-based measurements. The current change
was normalized as Al/ly = (I — lo)/lo, where Iy is the initial current
and / is the measured value in real time, respectively. Raman
spectra were collected with a LabRam Aramis (Horiba Jobin
Yvon). The 514.5 nm line of an Ar ion laser was used as the
excitation source, and a low power (<0.5 mW) was used to avoid
unintentional heating.

Supporting Information Available: Additional information
about sample preparation, characterization, and physicochem-
ical properties, measurements of sensor performances, TEM,
and AFM. This material is available free of charge via the Internet
at http://pubs.acs.org.
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