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1. Introduction

Flexible electronics that can accommodate 
dramatic shape deformations while main-
taining their intrinsic performance are of 
increasing interest for a new generation of 
wearable devices.[1–3] As a type of flexible 
electronics, implantable flexible biosen-
sors that provide continuous and real-time 
measurement of biomarkers have gained 
much recent attention.[4–8] Because of 
their extraordinary electronic character-
istics, particularly the ultrahigh carrier 
mobility and highly tunable electronic 
properties,[9–13] graphene-based materials 
hold great promise for constructing highly 
sensitive biosensors. By incorporating 
functional groups with specific chemical 
or biological recognition ability, graphene-
based biosensors can be utilized to detect 
multiple biomolecules, such as DNA,[14] 
protein,[15–17] glucose,[18] dopamine,[19] 
etc. For example, Knoll and co-workers 
demonstrated an olfactory biosensor 
based on a reduced graphene oxide (rGO) 
field-effect transistor (FET) functional-

ized by the odorant-binding protein 14 for the in situ and real-
time monitoring of a broad spectrum of odorants in aqueous 
solutions.[20] Haghiri-Gosnet and co-workers recently reported 
an electrochemical biosensor based on graphene nanomesh 
with 260 nm wide nanoholes for the ultrasensitive detection of 
DNA.[21] Furthermore, with a single-atom-thick 2D honeycomb 
lattice of covalently bonded carbon atoms, graphene exhibits 
exceptional mechanical strength and flexibility and is ideally 
for flexible biosensor applications.[22–25] Hong and co-workers 
prepared a flexible paraoxon electrochemical biosensor using 
self-assembled rGO and nafion hybrids.[26] Jang and co-workers 
fabricated a liquid-ion gated FET flexible fluidic HIV immu-
nosensor based on arranged graphene micropattern nanobio-
hybrids.[27] However, the zero bandgap and semimetallic nature 
of graphene have limited the on/off ratio of graphene-based 
transistors and the sensitivity of such transistor-based sensors, 
making them ill-suited for practical applications in monitoring 
biomarkers that are typically in the nanomolar regime.

The creation of graphene nanostructures with lateral 
quantum confinement has been broadly explored to introduce 
finite bandgap and thus improve the on/off ratio. Thus far, 
methods including lithography,[28–31] chemistry,[32,33] surface 
modification,[34,35] and unzipping carbon nanotubes[36] have 
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been developed to open the bandgap in graphene.[37] However, 
since it requires complicated and precise techniques to control 
the sample preparation conditions, those processes suffered 
from low throughput and high production cost. Additionally, 
the low surface area of the as-grown graphene limits the effec-
tive interaction between receptors and ligands. To date, the 
development of a simple, low cost, and scalable production 
technique to large area graphene with a finite bandgap and 
large surface area remains a great challenge.

Graphene nanomesh (GNM), a continuous 2D graphene 
nanostructure with a high density of holes punched in the 
basal plane, has been created to introduce lateral confinement 
and enable improved on/off ratio.[38–42] However, the GNMs 
produced to date typically have a relatively large dimension 
(constriction neck width >5 nm) and low on/off ratio (≈100) lim-
ited by the resolution of the lithography processes used. Here, 
we report the exploration of a directly grown mesoporous silica 
(meso-SiO2) template for the preparation of ultrafine GNMs 
with considerably narrower neck width (<3 nm) and strong 
quantum confinement to enable flexible FETs with greatly 
improved on/off ratio (up to 1000). With excellent electronic 
properties and high surface area for the functionalization of 
specific receptors, we demonstrate, for the first time, that GNM-
FETs can be used to construct highly sensitive biosensors for 
selective detection of key biomarkers and cells for breast cancer. 
To our best knowledge, this is the first demonstration of the 
large area uniform GNMs with ultranarrow neck width (<3 nm), 
and the first application of GNMs for high-performance flexible 
biosensors. It is anticipated that our demonstration of ultrafine 
GNMs not only represents a method for opening bandgap in 
graphene but also for fabricating high-performance flexible bio-
sensors in cost-effective and time efficient ways.

2. Results and Discussion

The fabrication route toward ultrafine GNMs is schematically 
illustrated in Figure 1a. First, large area graphene grown by 
chemical vapor deposition (CVD) (see the Experimental Section 
in the Supporting Information) was transferred onto a mechan-
ically flexible polyethylene terephthalate (PET) substrate, which 
served as the starting material. A uniform and continuous 
meso-SiO2 film with perpendicular mesoporous channels was 
next coated onto the graphene surface by a simple Stöber-
solution growth method, which involves a micelle assembly 
process and simultaneous hydrolysis and condensation of pre-
cursors.[43] O2 plasma etching was then used to punch holes 
into the graphene layer and a subsequent hydrofluoric acid dip 
was used to remove the meso-SiO2 layer and produce GNM 
with uniformly arranged pores. The optical image in Figure 1a 
shows that the resulting GNM retains its original integrity and 
transparency.

To unambiguously determine the GNM structure, we carried 
out extensive scanning electron microscopy and transmission 
electron microscopy (TEM) studies. The single-layer GNM 
shows a large and smooth surface (Figure 1b; Figure S1, 
Supporting Information) without discontinuous domains, dem-
onstrating that our approach is effective for the fabrication of a 
large area uniform GNM. Additionally, the typical periodically 
arranged pores are clearly seen (Figure 1b), which is consistent 
with the structure of meso-SiO2 film (Figure S3, Supporting 
Information). Scanning tunneling microscopy (STM) charac-
terization of the pristine graphene clearly shows the single-
layer structure with honeycomb lattice of carbon atoms 
arranged in six-membered rings (Figure 1c). However, the STM 
topographic image of the GNM exhibits two distinct contrast 
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Figure 1. a) Illustration of the fabrication process of GNM. b) TEM image of GNM. Insets of (b): Structural model of GNM. c) STM images of the 
pristine graphene and GNM, respectively. The dashed circles highlight pores present in the GNM.
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areas with different heights arranged in a nearly close-packed 
structure similar to the meso-SiO2 pattern and the neck width 
is about 3 nm. The hexagonally arranged pores can be distin-
guished from the dark contrast regions that are highlighted by 
the dashed blue circles. This observation further confirmed the 
periodic patterned porous structure of the GNM sheet.

As shown in Figure 2a, the D and G bands in the Raman 
spectra of the graphene correspond to the disordered struc-
ture and CC sp2 bonding (E2g) in graphitic sheets.[44] The 
intensity of ID/IG and I2D/IG illustrates the defect degree and 
layer numbers of graphene, respectively.[44] For the pristine 
graphene, the I2D/IG has a high value of 4.3 and there is no 
D peak observed in the curve, indicating the high quality of 
graphene with single-layer structure. As the O2 plasma etching 
proceeds, the D peak gradually appears, revealing the formation 
of sp3 defects. A prominent D band arises when the O2 plasma 
etching time is 30 s or even longer, indicating the presence 
of a large number of oxidized graphene edges.[44] In addi-
tion, the double-resonance 2D peak is strongly weakened. The 

decreased sp2-hybridized carbon and increased CO and CO, 
as shown in the high-resolution X-ray photoelectron spectra 
(XPS) (Figure S5, Supporting Information), demonstrate the 
increased oxygen defects in the GNM. The Raman and XPS 
observations suggest the presence of a large number of oxygen 
defects, which originate from the O2 plasma etching process. 
The UV–vis–NIR spectra indicate that the GNM has a transmit-
tance of 98.05% (Figure 2b), which is slightly higher than that 
of pristine single-layer graphene with a 97.7% transmittance. 
The optical images in the inset of Figure 2b illustrate that the 
GNM retains the structure integrity of the pristine graphene. 
The resulting GNM with high optical transmittance and struc-
tural integrity is very suitable for use in flexible and transparent 
electronic devices.

Field-effect responses of the GNM were characterized after 
patterning the material with identical dimensions on the flex-
ible PET substrate (Figure 3a, Figure S6, Supporting Informa-
tion). Figure 3b shows the transfer characteristic of a typical 
GNM transistor with the neck width of 3.7 nm. The obtained 
current on/off ratio is 842 at Vd = −0.01 V, significantly higher 
than the on/off ratio of 2 obtained in the pristine graphene 
(Figure S7, Supporting Information), confirming that the GNM 
exhibits enhanced semiconducting properties. The output 
characteristic recorded from the same device suggests that 
carrier transport is effectively controlled by the top-gate bias 
(Figure 3c). Importantly, the current on/off ratio as well as the 
bandgap of the GNM could be readily tuned by changing the 
plasma etching time during the fabrication process. The GNM 
prepared by 10 s O2 plasma etching time results in a neck 
width of 7 nm, and the resulting current on/off ratio is about 
50 (Figure 3d, Figures S8 and S9, Supporting Information). The 
on/off ratio significantly increases to 3 × 103 for the GNM with 
neck width of 2.7 nm obtained by an etching time of 40 s. In 
the case of graphene nanoribbon, the on/off ratio and bandgap 
are inversely proportional to the nanoribbon width.[38–41] Here, 
the observed improved on/off ratio with decreasing neck width 
is consistent with the characteristics of graphene nanoribbons. 
The semilog of the on/off ratio value versus the inverse of the 
neck width of GNM is plotted in Figure 3d. The Ion/Ioff ratio 
can be fit by Equation S1 (Supporting Information) (solid line 
in Figure 3d). The corresponding bandgap values of GNM can 
reach to 245 meV (inset of Figure 3d; Equation S2, Supporting 
Information). The above electronic characteristics suggest that 
the formation of GNM can effectively enable a semiconducting 
atomic thin film. Importantly, the fabrication process shows 
great versatility in controlling the pore wall width and eventu-
ally tuning the on/off ratio of GNM. The availability of such 
GNM in the deep nanometer regime is of vital importance for 
achieving room temperature FET manipulation and will enable 
promising opportunities in highly sensitive biosensors.

Figure 4a shows a schematic illustration of the large area 
GNM FET arrays on the flexible PET substrate. Here, the flex-
ible characteristics of the GNM transistors were investigated 
by bending the supporting PET substrate to different angles 
(Figure 4b). The on/off ratio shows a slightly decrease as the 
bending angles are increased from 30° to 120° (corresponding 
to the bending radius of 15.2, 7.6, 5.1, and 3.8 mm, respec-
tively), suggesting that the GNM-based FETs exhibit excellent 
bending endurance throughout the entire bending process. The 
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Figure 2. a) Raman spectra of the pristine graphene and GNM obtained 
for different O2 plasma etching times. b) UV–vis–NIR spectra of the 
pristine graphene and GNM. Insets: Optical images and structural 
models of the pristine graphene and GNM.
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Figure 3. a) Schematic and optical microscopy image of a typical GNM FET device. Scale bar is 5 µm. b) Transfer characteristics for the GNM device 
recorded at different source-drain voltages (Vd) with channel length and width of 2 µm. c) Drain current (Id) versus Vd curves for device in panel 
(b) at different gate voltages (Vg). d) Semilog plot of measured Ion/Ioff as a function of the inverse of the neck width (1/w) of GNM. Inset of (d): Energy 
bandgap (Eg) versus the neck width (w) of GNM. The error bars present the standard deviations of three measurements.

Figure 4. a) Structural models of GNM FET device arrays on flexible PET substrate. b) Id as a function of Vg at bending angle of 30°, 60°, 90°, and 
120°, respectively. The Vd is fixed at −0.1 V. Optical images of the transparent and flexible GNM FET device arrays under c) bending, d) curling, and 
e) twisting conditions, respectively. Scale bars are 2 cm.
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decreased on/off ratio can be associated with the cracks forma-
tion in the gate dielectric layer[12] and the enlarged neck width 
of GNM under the large deformation.[45] The optical images 
in Figure 4c–e show the flexible and transparent device arrays 
under bending, curling, and twisting conditions, respectively. 
The superior flexibility and excellent electronic performance 
of GNM device make them well suited for wearable, large area 
electronics and biosensors.

The GNM FET with high on/off ratio as well as large 
surface-to-volume ratio can be used to construct highly sensi-
tive biosensors since a small variation in the local charges will 
lead to a significant conductance change. Additionally, the rich 
edge sites around the pores facilitate the functionalization of 
specific receptors for the creation of highly specific biosensors 
that only respond to a certain targeting ligands.[21,46] Also, the 
pores present in the GNMs can reduce the density of receptor 

molecules and decrease the steric hindrance when the receptor 
molecules were interacted with targeting ligands.[47] To this end, 
we have functionalized the GNM with HER2-specific aptamer 
for the highly specific detection of HER2, a transmembrane 
protein that is overexpressed by 100-fold or more on the sur-
face of breast cancer cells.[16,48] Figure 5a shows the schematic 
illustration of the aptamer modification and subsequent protein 
binding process. The 1-pyrenebutanoic acid succinimidyl ester 
linker conjugated with the amino modified HER2-specific 
aptamer through the formation of an amide bond. Figure 5b 
shows the designed transparent, flexible integrated device inti-
mately attached onto the human skin, demonstrating the supe-
rior mechanical flexibility of the polydimethylsiloxane (PDMS) 
substrate and its integrated GNM electronic components. The 
device can be bended and released continuously by the folding 
and unfolding motion of the wrist (Figure S15, Supporting 
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Figure 5. GNM FET biosensor. a) Schematic illustration of the fabrication of GNM FET biosensor. b) GNM FET biosensor integrated on the PDMS film 
and attached on the human skin. Enlarged views: Corresponding schematic structure of the flexible biosensor. c) Transfer characteristics of solution-
gated GNM FET biosensor in response to HER2 protein concentrations ranging from 0.0001 to 200 ng mL−1. The Vd is set at a fixed value of −0.1 V. 
d) Magnified curve of (c) in the Vg range of −0.2–0.1 V. e) Current change (ΔId, HER2) versus HER2 concentration (CHER2). The error bars present the 
standard deviations of three measurements.
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Information), demonstrating that the designed flexible bio-
sensor holds great promise to serve as implantable electronics.

The aptamer-modified GNM sensors are operated by meas-
uring the drain current versus gate voltage when subjected 
to HER2 solutions (Figure 5c,d). The HER2 proteins interact 
with the aptamers attached on the GNM surface, which in 
turn induce the electrical signal change in the GNM-based 
biosensor.[17,49] The interactions between the aptamer and 
HER2 protein can affect the charge-carrier density on the 
surface of the GNMs and allow label-free detection using the 
FET biosensor. As shown in Figure 5c,d, the drain current 
has a significant increase (120 nA) after the immobilization of 
negatively charged HER2 aptamer, indicating that the modifica-
tion of aptamers induces the accumulation of negative charge 
carriers in the GNM channel. Since the carriers in the GNM 
channel are holes,[38,49] this increased current indicates that the 
negatively charged HER2 aptamer acts as a negative gate to 
increase hole density. The aptamer functionalized GNM device 
exhibits a current decrease of 3 nA upon recognizing the HER2 
with a concentration of 0.0001 ng mL−1 and then shows a con-
sistent decrease in current as the HER2 concentration increases 
from 0.0001 to 200 ng mL−1. This observed decrease in channel 
current can be explained by the decrease of hole charge density 
in p-type GNM upon the binding of positively charged HER2[16] 
onto the negatively charged aptamer. Specifically, the positively 
charged HER2 molecules can effectively screen the negative 
charges in the aptamer. The increased binding of HER2 pro-
tein molecules induces the gradually decrease of negatively 
charged carriers on the aptamer conjugated GNMs and thus 
the current of the GNM biosensor. Therefore, the binding of 
positively charged HER2 to aptamer is equivalent to positive 
gating aptamer functionalized GNM, which reduces hole den-
sity and the current. The leakage current through the solution 
gate (<0.4 nA) (Figure S18, Supporting Information) is neg-
ligible compared with the source-drain current of the GNM 
biosensors (≈1 µA). Figure 5e plots the relationship between 
the drain current (ΔId, HER2) and the HER2 concentration 
(CHER2). It is shown that ΔId, HER2 exhibits a sharply increase as 
the CHER2 increases from 0.0001 to 10 ng mL−1 and then gradu-
ally becomes saturated above 10 ng mL−1. The specific binding 
between aptamer and HER2 in the GNM channel follows 
the Langmuir adsorption isotherm (Equation S3, Supporting 
Information). From the fitted curve of CHER2/ΔId, HER2 versus 
CHER2 (Figure S19, Supporting Information), the calculated dis-
sociation constant (Kd) of the aptamer-HER2 complex is esti-
mated to be 13 × 10−12 m, indicating a high affinity between 
the HER2 aptamer and HER2 protein. The sensitivity change 
(S) gradually increased linearly up to a HER2 concentration of 
10 ng mL‒1 (Figure S19, Supporting Information). The linear 
working range of the GNM-FET biosensor for HER2 protein 
detection is in the range of 0.0001 to 10 ng mL‒1 (Figure S19, 
Supporting Information).

Control experiments (with nonspecific proteins) verified 
that our designed GNM exhibits high specificity and selec-
tivity due to aptamer immobilization (Figure S20, Supporting 
Information). The real-time electrical responses of GNM 
device to HER2 indicating that the time dependent ΔId, HER2 
exhibits a stepwise current increase upon the binding of HER2 
with increasing concentration (Figure 6a). The HER2 protein 

solution with a concentration of 0.1 pg mL−1 causes a signifi-
cant current change of 3 nA. The lowest detection limit of the 
GNM biosensor is observed to be as low as 0.6 × 10−15 m (corre-
sponding to a concentration of 0.1 pg mL−1), significantly lower 
than the pristine graphene-based biosensor (Figure 6a). In this 
case, the amount of HER2 molecules absorbed on aptamer 
conjugated GNM is quantified to be nearly 3600-HER2 mole-
cules. To our best knowledge, this is the lowest detection limit 
toward HER2 protein on the cancer cell surface.[16,50] In com-
parison, the device based on the pristine graphene modified 
with aptamer shows a much lower response of 1 nA even with 
a large HER2 concentration of 60 × 10−15 m (0.01 ng mL−1) 
(Figure 6a; Figure S21, Supporting Information). Also, the 
GNM-based biosensor exhibits a higher sensitivity than that of 
graphene. The improved sensitivity of the GNM biosensor can 
be associated with the increased on/off ratio, which reduces 
the current leakages in an off state and induces a large cur-
rent change even under a small environmental variation.[17,49] 
In addition, the large surface area of GNMs optimizes the den-
sity of aptamer on the device surface to obtain the maximum 
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Figure 6. a) Real-time electrical measurement of different concentrations 
of HER2 based on the GNM and graphene, respectively. b) Real-time 
sensor response to the successive injection of different concentrations 
of HER2 and subsequent PB buffer washing.
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number of protein or cells without causing significant steric 
repulsion.[21,47] To confirm the enhanced recognition effect, 
we performed the atomic force microscopy characterizations 
(Figure S23, Supporting Information). It can be seen that the 
biosensor device based on GNM was considerably roughened 
after recognizing the protein molecules. More importantly, 
the GNM exhibits a higher protein binding amount than that 
of graphene due to the increased edge sites around the pores 
and enlarged surface area. Furthermore, the functionalized 
GNM device exhibits rapid response speed (Figure 6a). The 
average response time of GNM biosensor is less than 10 s, 
which is limited by the diffusion at the interface of different 
HER2 concentrations.[13] Figure 6b shows the real time current 
trace recorded during the addition of phosphate-buffer (PB), 
then the incorporation of HER2 solution, and finally rinsing 
with PB. The current level exhibits a fast decrease and then 
gradually recovers to the original level, demonstrating the fast 
recovery and excellent reusability of the GNM device. The 
sensing measurements clearly demonstrate that the fabricated 
GNM-based device with high on/off ratio can be used as highly 
sensitive biosensors for the detection of cancer biomarkers. 
In this well-designed nanodevice system, the specific aptamer 
enables the highly selective recognition of HER2, and mean-
while, the large surface area facilitates efficient analyte binding 
and at the same time offers easy patternability and device fab-
rication. Additionally, the excellent flexibility of the integrated 
devices promises its application to high-performance wearable 
biosensor.

A further in vitro test with the aptamer-functionalized bio-
sensors for real-time probing HER2 protein on the surface 
of SK-BR-3 cell was performed. Figure 7a shows the cor-
responding optical microscope image of the SK-BR-3 cells 
seeded on the aptamer-modified GNM device, indicating that 
the cells are conformally attached to the FET device surface. 

The specific binding of the device with SK-BR-3 cells is real-
ized by the specific recognition of HER2 protein on the cell 
surface (Figure 7b). Figure 7c shows the representative 
time-dependent response of the sensor upon the addition of 
SK-BR-3 cells. The confocal fluorescence microscopy images 
of the fluorescent-labeled SK-BR-3 cells were also collected 
to investigate the gradually recognition and binding of cells 
to the GNM device. According to Figure 7c, a 0.2 nA current 
reduction is observed upon the binding of a single cell, and 
the current exhibits a significant and continuous decrease 
with the increase of cells binding on the device surface. The 
decreased current is attributed to the binding of aptamer to 
positively charged HER2 protein on the cell surface. The cur-
rent variation of the control sample remained as the same 
value during the measurement. It is worth mentioning that 
the current variation upon the recognition of cells is lower 
than that of protein molecules. The reasons lie in that the 2D 
planar device can only recognize the cells partly.[51,52] Addition-
ally, the random distribution of protein molecules on the cell 
surface is an important factor that influences the aptamer-cell 
interaction.[48] The measurements for nonspecific CEM cells 
show a negligible current change (Figure S25, Supporting 
Information), suggesting that the HER2 aptamer exhibits low 
binding affinity to nonspecific cells and a high specific recog-
nition ability to target cells. The above results thus demon-
strated that the aptamer-functionalized GNM biosensor can 
be used for highly sensitive and selective detection of cancer 
cells with a detection limit of a single cell. This superior per-
formance is attributed to the high-spatial resolution and rela-
tive low operation potential of our fabricated GNM-based 
biosensor. The extremely high sensitivity in combination with 
the intrinsic flexibility of the GNM device demonstrates the 
exceptional promise for practical applications in complex bio-
logical systems for early disease diagnosis.

Figure 7. a) Optical microscope image of SK-BR-3 cells seeded on the GNM FET biosensor. b) Schematic illustration of the biosensor’s selective 
recognition of SK-BR-3 cells. c) Real-time biosensor measurement of the binding of cells to the device surface. Insets: Corresponding fluorescence 
images of fluorescent-labeled SK-BR-3 cells. Scale bars are 40 µm.
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3. Conclusion

To summarize, a rationally designed GNM-based flexible FET 
biosensor was demonstrated for the first time. The GNMs 
with variable neck widths down to 2.7 nm have been prepared 
using a large-area meso-SiO2 film as etch mask. The FET 
device prepared by using GNM as the semiconducting channel 
material exhibits high room temperature on/off ratio and neck 
width-dependent bandgap. Importantly, the on/off ratio exceeds 
3 orders of magnitude when the neck width is reduced to 
2.7 nm. The high on/off ratio of the GNM-based device enables 
high sensitivity and rich edge sites and large surface-to-volume 
ratio benefits for target analyte attachment. After modification 
with HER2-specific aptamer, the GNM biosensors can allow 
highly sensitive and selective detection of HER2 protein with 
detection limit down to 0.6 × 10−15 m. In addition, the fabricated 
device can serve as a label-free biosensor for in vitro detec-
tion of SK-BK-3 cells at the single-cell level. The development 
of such GNM provides a promising strategy for developing 
high-performance, flexible, and label-free biosensors for next-
generation low cost clinical disease diagnosis.

Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author.
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