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ABSTRACT

Adenosine triphosphate (ATP) is closely related to the pathogenesis of
certain diseases, so the detection of trace ATP is of great significance to
disease diagnosis and drug development. Graphene field-effect transistors
(GFETSs) have been proven to be a promising platform for the rapid and
accurate detection of small molecules, while the Debye shielding limits the
sensitive detection in real samples. Here, a three-dimensional wrinkled
graphene field-effect transistor (3D WG-FET) biosensor for ultra-sensitive
detection of ATP is demonstrated. The lowest detection limit of 3D WG-
FET for analyzing ATP is down to 3.01 aM, which is much lower than the
reported results. In addition, the 3D WG-FET biosensor shows a good
linear electrical response to ATP concentrations in a broad range of detec-
tion from 10 aM to 10 pM. Meanwhile, we achieved ultra-sensitive (LOD:
10 aM) and quantitative (range from 10 aM to 100 fM) measurements of
ATP in human serum. The 3D WG-FET also exhibits high specificity. This
work may provide a novel approach to improve the sensitivity for the
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detection of ATP in complex biological matrix, showing a broad application
value for early clinical diagnosis and food health monitoring.
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graphene, field effect transistor, Debye shielding, ultra-sensitive

1 Introduction can reflect the energy charge state of the cell [3], which
is closely related to the development mechanism of
certain diseases, such as therioma, alzheimer, and acute
S ) ) ) kidney injury [4-8]. At present, the detection methods of
compound, exists in all life stages of higher animals and ATP mainly include electrochemical method, high
performance liquid chromatography, isotope tracer
normal function of organisms [1, 2]. Meanwhile, the method, and so on [9-11]. These above detection methods
continuous fluctuation of the ATP concentration level offer considerable assistance for all-electrical detection of

Adenosine triphosphate (ATP), as a kind of high-energy

plants, and plays an important role in maintaining the
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ATP, but they still suffer from insurmountable disad-
vantages such as high costs, the complexity of the
synthesis process, the need for label probes, and the
influence of common interfering substances. Therefore,
simple, rapid, sensitive and accurate detection of ATP
has important practical significance.

Biological sensors based on field-effect transistors
(FETSs) convert biological signals into measurable electrical
signals, which are applied in various fields with their
miniaturization, label-free, low cost and can be readily
integrated with other electronic components [12]. Among
all kinds of FETSs, graphene field-based effect transistors
(G-FETSs) have been widely used in biosensing, environ-
mental monitoring and disease diagnosis [13-18] because
of graphene’s superior structural properties and physical
chemical properties, such as large surface-to-volume
ratio, high electrical conductivity and carrier mobility,
excellent biological compatibility and flexibility [19-22].
By now, ATP sensors have been developed somewhat.
For example, Souvik et al. [23] reported an FET-like
electrochemical nano-biosensor employing monolayer
graphene as the conducting channel to detect ATP,
achieving a detection limit as low as 10 pM. Earlier, our
group integrated multilayer large-area graphene with
FETs, and selected ATP as a detection electrolyte,
showing a good correlation with ATP concentration
from 10 pM to 10 pM [24]. Despite the impressive
achievements of flat graphene FET sensors, most G-
FETs struggle to achieve ultra-sensitive detection in
complex environments [25-29]. One reason is the impact
of the Debye limitations. The Debye shielding is a
phenomenon of counterions shielding in solution on the
molecular charge. The extent of shielding is characterized
by the Debye length, which is < 1 nm in physiological
fluids [30, 31]. Beyond the Debye length limitations, the
interactions between the charges are electrically screened,
while most biomolecules are larger than 1 nm in size [30].
Thus, an important method to further improve the
detection sensitivity of biomolecules can be achieved by
overcoming Debye length limitations.

Recently, graphene-conductive channels in the FET
biosensors have been innovatively fabricated as a macro-
scopic three-dimensional framework based on flexible
and stretchable substrates (polystyrene, polyimide) or
holey structures (foam Ni, gels, Cu) [32-37]. Based on
the inherent properties of two-dimensional graphene, 3D
graphene not only provides higher number of active
adsorption sites, but also overcomes Debye length limi-
tations, which provides an opportunity to realize ultra-
sensitive detection of charged biomolecules.

Here, we fabricated a three-dimensional wrinkled
graphene FET sensor, achieving ultra-sensitive and high-
specific detection of ATP molecules. The wrinkled
graphene is achieved by the shrinkage of 2D layer plastic
substrate, while allowing facile fabrication. The novel
device with unique graphene morphology enables ultra-

sensitive detection of ATP by overcoming Debye length
limitations. The limit of detection (LOD) of the sensor
for analyzing ATP is as low as 3.01 aM in buffer and 10
aM in human serum, far lower than traditional detection
methods. Meanwhile, the 3D WG-FET sensor shows a
good linear electrical response to logarithm of ATP
concentrations in both buffer and complex biological
matrix. The successful measurements of the trace ATP
in human serum indicate the promising development
potential for ATP sensors in real samples. The sensor
has almost no response to ATP analogs, indicating the
high specificity of 3D WG-FET. Based on 3D WG-FET,
we have achieved ultra-sensitive detection of ATP in a
complex environment, which probably has broad appli-
cation prospects in the field of point-of-care testing.

2 Materials and methods

2.1  Materials

Polystyrene (PS, 50 nm thick) was purchased from
Tianzheng JD.COM as a substrate for 3D WG-FET
fabrication. The Cu foil (99.999%, 200 mm thick) was
purchased from Alfa Aesar (China). ATP, guanosine-5'-
triphosphate (GTP), cytidine-5'-triphosphate (CTP),
and uridine-5'-triphosphate (UTP) were purchased from
Solarbio as test samples. ATP aptamer (5'-N.H-AAC
CTG GGG GAG TAT TGC GGA GGA AGG T-3')
was purchased from Sangon Biotech. 1-pyrenebutanoic
acid succinimidyl ester (PBASE) and ethanolamine were
purchased from Sigma-Aldrich. Simethyl sulfoxide was
purchased from Macklin. Normal human serum was
purchased from Solarbio. All salts were purchased from
Sigma-Aldrich and dissolved in deionized water.

2.2 Fabrication of the 3D WG-FET biosensor

The single-crystal graphene was grown by chemical
vapor deposition (CVD). A piece of Cu foil (10 cm X
10 em x 200 mm) was ultrasonicated in acetone,
methanol, and deionized water (with each solvent
successively for 10 min) to remove impurities. The Cu
foil was then placed into the CVD quartz reaction cham-
ber. After that, the quartz reaction chamber was evacuated
to 2.5 x 10 Pa, and Hs (99.999%) was introduced at a
50 sccm flow rate to clean the Cu foil surface for
graphene nucleation. After 100 minutes, CHy (99.999%,
40 sccm) was mixed into Hs in the chamber and
graphene was grown at 1000 °C for half an hour.

We designed a 3D WG-FET sensor to detect ATP,
and the main step was to create a 3D WG sensing chan-
nel. The schematic diagram of the 3D WG-FET experi-
mental fabrication is shown in Fig. 1(a). First, the Cu
foil with single-crystal graphene was cut into small
pieces of 2 cm X 2 cm with scissors. The Cu foil was
then etched by floating on 0.1 M FeCls aqueous. The
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Fig. 1 Fabrication of 3D WG-FET. (a) Schematic diagram of the 3D WG-FET experimental fabrication. (b) The photo

of 3D WG-FET and flat graphene.

graphene was rinsed by moving from FeCls aqueous to
deionized water three times and then transferred onto
the polystyrene substrate. Through a simple annealing
process (120 °C, 1 h), the graphene/polystyrene
substrate [Fig. 1(b2)] shrank to about a quarter of its
original size [38]. Gold was sputtered to prepare source
and drain electrodes of 3D WG-FET sensor by magnetic
sputtering (100 W, 45 s). The device was then encapsulated
in PMMA (8 mm x 8 mm X 8 mm), leaving an open
cavity over the graphene conducting channel for biological
sample placement. The Ag/AgCl electrode was placed
above the WG channel and was used as a gate electrode
of the 3D WG-FET device for gate voltage scan. The
photo of the fabricated 3D WG-FET device with a
PMMA sample pool is shown in Fig. 1(bl).

2.3 Functionalization of the 3D WG-FET biosensor

To immobilize the ATP aptamers onto the 3D WG
surface without introducing defects, the PBASE linkers
were introduced to fix aptamers onto the whole surface
of WG. 100 mM PBASE solution dissolved in dimethyl
sulfoxide (DMSO) was introduced into the sample pool
to modify WG for 10 h at room temperature. The
pyrenyl group of PBASE was closely linked to the basal
plane of pristine graphene via 7 stacking. The WG
was then sequentially rinsed with DMSO, ethanol, and
1 x PBS to wash away any excess reagents. Then,
10 uM 5'-amine-modified ATP aptamer dissolved in 1 X
PBS buffer was injected into the sample pool to modify
the PBASE/WG for 12 h at room temperature. The
amino group at the end of the 5' end of the ATP
aptamer reacted strongly with the succinimide part of
PBASE to form a stable amide bond. Later, the sample
was washed thoroughly with buffer to remove the non-
bound aptamer. 100 mM ethanolamine solution was
soaked into the sample pool for 1 h to deactivate and
block the unreacted groups on the WG surface.

2.4 Detection of ATP

After functionalization, 1 x PBS buffer solution was
introduced instead of ethanolamine, and then ATP solu-
tions with different concentrations were injected onto
the 3D WG-FET channel to conduct electrical measure-
ments. After exposure to the ATP solutions for 40
minutes, the transfer curves were recorded, and the
device was thoroughly washed for the next measurement.
The volume of all treated chemicals and samples was
35 uL. To measure the transfer characteristics of the 3D
WG-FET sensor, the drain voltage (Vi) was set to
100 mV. The gate voltage (V) varied from -1 to 1 V
with a scanning step of 30 mV. The charge neutrality
point voltage (Venp) is at the minimum conductance
point of the transfer characteristic curve. The measure-
ments were repeated at least three times to ensure the
stability of Ve, during the measurement process.

2.5

Characterizations and electronic measurements

The morphologies of 3D WG were characterized by
scanning electron microscopy (SEM, ZEISS Merlin
compact) and Atomic Force Microscope (AFM, Multimode
8-HR). The graphene and PS were characterized using a
Raman spectrometer (Horiba HR Evolution) with laser
excitation at 532 nm. All electrical measurements were
performed using a PDA FS360 analyzer coupled with
the probe station PEH-4.

3 Results and discussion

3.1  Characterization of 3D WG-FET device

A scanning electron microscope (SEM) was used to char-
acterize the 3D WG formed by the shrinkage of PS
substrate. Figure 2(a) shows a large number of continuous
and disordered structures in large-scale SEM, indicating
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Fig. 2 Characterization of 3D WG-FET. (a) Low and (b) High-magnification SEM images of WG. (c) Raman spectra of
Cu/graphene, PS/wrinkled graphene and PS substrate. (d) Charge transfer characteristics of 3D WG-FET. (e) Transfer
output curves of 3D WG-FET. (f) The gate current of 3D WG-FET.

that the graphene/PS structure is tightly bound and is
not destroyed after heating to shrink into a 3D structure.
Further amplification of the scale allows more tiny wrinkles
to be observed in Fig. 2(b). The bright stripes like gyrus
and sulcus prove that the graphene is successfully trans-
ferred to the PS substrate, and also prove that the
graphene is not damaged during the heating and wrinkling
process, which ensure the high quality of graphene and
lay the foundation for the subsequent high-sensitivity
detection of 3D WG-FET. The formation of the WG
was also verified by atomic force microscopy (AFM),
showing the hierarchical wrinkles (Supplementary Fig.
S1). Additionally, 3D WG-FET will overcome the Debye
limitations, possibly due to these 3D wrinkles. Raman
spectra of Cu/graphene, PS/wrinkled graphene and PS
are shown in Fig. 2(c). The Raman spectrum collected
from flat graphene on a Cu foil [Green curve in Fig. 2(c)]
shows typical features of monolayer graphene with the
intensity ratio Lp/Ig > 2 and the D band defect-related
is invisible, showing the high quality of graphene [39]. In
addition, the red curve in Fig. 2(c) presents the Raman
spectrum of the polystyrene substrate. Typical peaks of
the PS at 1155, 1450 and 1602 cm ' are observed, corre-
sponding to wvy5 mode, vig, or (CHg), and v C-C
stretching mode, respectively [40, 41]. After graphene
was wet-transferred on PS and then heated for shrinking,
there clearly exists the 2D band in the Raman spectrum
of PS/wrinkled graphene [Blue curve in Fig. 2(c)]
contrast to that of PS, indicating the successful transfer

of monolayer graphene from Cu to the PS substrate.
Meanwhile, according to the Raman spectrum analysis,
the D peak is not observed, indicating the high quality
of WG, which is consistent with the results observed by
SEM and the Raman spectrum of Cu/graphene. The
transfer characteristic curves (drain current versus gate
voltage) of 3D WG-FET show a typical ambipolar field
effect characteristic, as shown in Fig. 2(d). The Dirac
points varies with Vjs, which is mainly the work function
difference of the graphene and Ag/AgCl gate electrode
[39]. Figure 2(e) presents the linear relationship between
the drain-source current (Ijs) and drain-source voltage
(Vas), indicating good ohmic contact between WG and
the electrodes. Moreover, the gate-source current (L),
also known as leakage current, is measured as low as
0.689 pA, further ensuring ultra-sensitive detection of
the 3D WG-FET [Fig. 2(f)]. Therefore, the sensor shows
typical and excellent field effect characteristics where
the electron transport can be modulated by gate voltage

(Ves)-

3.2 Sensing mechanism of 3D WG-FET device

Figure 3(a) presents the schematic diagram of PBASE,
aptemer, ethanolamine and ATP incubation process on
WG/PS substrate. To obtain a functional 3D WG-FET
sensor, the PBASE and ATP aptamer were successively
modified on the surface of graphene, and then
hybridized with ATP. The sequences of ATP aptamer
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Fig. 3 Functionalization of 3D WG-FET sensor. (a) Schematic diagram of PBASE, aptamer, ATP and ethanolamine incubation
process on WG/PS, and (b) the corresponding transfer characteristics of 3D WG-FET for the above each step. (c) The
transfer characteristics curve of the probe functionalized sensor in PBS at the given time in the legend.

and the structures of the molecules used in the experiments
are shown in Supplementary Fig. S2. Figure 3(b)
presents the transfer curves of PBASE, aptamer, ATP
and ethanolamine incubation process, accordingly. The
intrinsic p-type behavior of the transfer curve [Red
curve in Fig. 3(b)] is due to the negatively charged
impurities trapped by graphene during the transfer
process [42]. Through the stacking force between the
pyrene group and the graphene, the linker molecules
(PBASE) can bond to the six-membered ring structures
of 3D WG [43]. The transfer curve [Blue curve in Fig.
3(b)] is positively shifted after modifying PBASE, which
is due to the p-doping effect between graphene and the
pyrene group of PBASE [44, 45]. Aptamer can be covalently
bonded with PBASE through amide bonds that are
generated by combination of the amino group on the
aptamer and the succinimide moiety on PBASE [46].
The transfer curve [Green curve in Fig. 3(b)] moves
further to the positive gate voltage direction after
aptamer modification, which can be explained by the
negative electrostatic gating effect [47, 48]. The addition
of ethanolamine shifted the Dirac point towards the
lower voltage due to eliminating the non-bonded and
weakly bonded aptamer and the consequent removal of
negative charge [Purple curve in Fig. 3(b)]. ATP can
assemble with the aptamer into a stable hairpin structure
[49]. ATP containing negatively charged triphosphates
regulates the Fermi level through a negative electrostatic

gating effect to induce charge migration [50, 51]. The
measurements were repeated over time after functional-
ization and confirmed that the Dirac voltage values were
stable in PBS buffer before detecting the ATP solutions.

[Fig. 3(c)].

3.3 Sensitivity and specificity of the ATP sensor

After characterizing and functionalizing the 3D WG-
FET, the device was then used for ATP sensing. Figure
4(a) shows the transfer characteristic curves of ATP
solutions in the concentration range from 10 aM to
10 pM. Meanwhile, each concentration was measured
three times to ensure the reliability of the measurement.
We can observe that Ve, continuously shifts towards
the positive direction as the ATP concentration
increases, which can be explained by the negative elec-
trostatic gating effect [51, 52]. Not surprisingly, good
linearity (range from 10 aM to 10 pM) between the Ve,
changes and the logarithm of ATP concentrations is
found, as exhibited in Figure 4b, and the average regression
coefficient (R?) is 0.993, proving the potential for fine
quantification. However, the detected signals below 1
aM do not show signal levels which exceed the background
threefold, so the relevant data are not valid. The LOD
corresponding to a signal-to-noise ratio (S/N) of 3 is
calculated to be 3.01 aM. Table 1 compares our

Yue Ding, et al., Front. Phys. 18(5), 53301 (2023)
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Fig. 4 ATP hybridization detection in PBS buffer using 3D WG-FET. (a) Shift of transfer curves of the functionalized 3D
WG-FET induced by ATP solution in PBS buffer. (b) Linear plot characteristics of Vg, increase versus logarithm of ATP
concentrations. (c) Specificity of ATP detection comparing with 100 nM ATP analogs (GTP, CTP and UTP).

Table 1 Parameters of different types of ATP sensors.

Sensor type Limit of detection (LOD) Sensitive region Ref. (Year)
Fluorescence 53 nM 0-100 pM [57] (2022)
Fluorescence 35 nM 0.1-10 pM (58] (2020)
Colorimetry 8.2 nM 25-600 nM [59] (2018)
Colorimetry 90 nM 0.5-100 pM [60] (2019)
Electrochemistry 0.3 nM 5.0-1000 nM [61] (2022)
Electrochemistry 0.6 nM 1.0-3000 uM (62] (2017)
Graphene capacitive type biosensor 200 nM 200-800 nM (53] (2013)
Graphene field-effect transistor 1uM 1 pM-1 mM [63] (2022)
Graphene field-effect transistor 10 pM 10 pM-10 pM [24] (2014)
Graphene field-effect transistor 0.002 mM 0.002-5 mM [54] (2014)
Graphene foam field-effect transistor 0.5 pM 0.5 pM—50 uM [51] (2018)
3D wrinkled graphene field-effect transistor 3.01 aM 10 aM-10 pM This work

proposed 3D WG-FET with other sensors for detecting
ATP reported previously, and the result turns out to be
that the LOD of 3D WG-FET is far lower than those
reported results. Our group has also done a lot of experi-
ments about flat graphene sensor for ATP detection.
Yue et al. [53] fabricated a capacitive type biosensor
based on large-area multilayer graphene produced by
chemical vapor deposition, achieving ATP detection
with concentration from 200 nM to 800 nM. After that,
we fabricated an integrated field effect transistor integrated
with graphene field-effect transistors (FETs) and
achieved high sensitivity to detect ATP as low as 10 pM
[24]. Xu et al. [54] directly synthesized continuous,
uniform graphene films on quartz substrates using a two-
temperature-zone chemical vapor deposition system, and
their layers can be controlled by adjusting the precursor
partial pressure, showing a fast and high-sensitive to
ATP molecules over a very wide range from 0.002 to 5
mM. Our group also fabricated a sensitive and selective
graphene foam field-effect transistor to detect ATP,
achieving reproducible and low detection limit as low as
0.5 pM [51]. The surface structure of 3D materials could

affect the electrostatic interaction at the solid-liquid
interface [55]. Using numerical simulations, Shoorideh
et al. [56] showed that the enhanced sensitivity observed
in nanoscale biosensors because electrostatic screening is
weaker in the vicinity of concave curved surfaces and
stronger in the vicinity of convex surfaces. Hwang et al.
[38] applied to texture 2D materials to prepare the FET
sensor. Nanoscale crumples of graphene perturbed EDL
inionic solutions and resulted in higher detection sensitivity
due to reduced Debye screening effect. Meanwhile,
computational simulations also confirmed this. The ultra-
sensitivity of the 3D WG-FET sensor is attributed to
overcoming Debye length limitations, which results in
more exposure of the ATP molecules to the recognition
interface. The Debye length modulation concept before
and after the crumpling process is interpreted in Supple-
mentary Fig. S3. The blue interface represents the
Debye length limitations in solution. Before the crumpling
process, the constraint of counterions is weak and ions
uniformly distribute on the surface of flat graphene,
resulting in a constant Debye length. However, because
of the confined nature of the concave region [35], ions
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Fig. 5 ATP hybridization test in 10% diluted human serum using 3D WG-FET. (a) Shift of transfer curves of the functionalized
3D WG-FET induced by ATP solution in 10% diluted human serum samples. (b) Linear plot characteristics of Vi, increase

versus logarithmic changes in ATP concentration.

are excluded, the screening by ions is farther away from
the concave graphene surface leading to much of the
ATP charges unscreened next to the graphene surface. It
changes the graphene carrier density, overcoming Debye
length limitations and achieving ultra-sensitive detection.
Besides sensitivity, specificity is also a key parameter in
evaluating the performance of FET biosensors. The
specificity was verified by comparing the signals elicited
by ATP as well as its analogues (UTP, GTP, and CTP).
As shown in Fig. 4(c), only the addition of ATP causes
obvious current changes, while the signal responses of
other analogues are relatively small and negligible under
the same concentration. The results confirm that the
ATP sensing of 3D WG-FET is not interfered by GTP,
CTP and UTP.

3.4

ATP analysis in human serum

To evaluate the capability to detect ATP in complex
biological matrices, we tried to apply 3D WG-FET
biosensors in human serum samples. Figure 5(a) presents
the measured transfer characteristic curves of 3D WG-
FET after loading a series of ATP standard solutions
(10 aM to 100 M) containing 10% diluted human serum.
The transfer curves of the functionalized 3D WG-FET
for ATP detection behave similarly to those obtained in
buffer. Figure 5(b) shows a good linear relationship,
which is represented by Ven, = 510.97+15.87lg C (R* =
0.999). The error bars suggest that the device has good
repeatability in 10% diluted human serum. These results
illustrate that our proposed 3D WG-FET has the potential
to realize the detection of trace ATP in other biological
systems in the future.

4 Conclusion

In summary, we fabricated a novel three-dimensional
wrinkled graphene FET formed by the shrinkage of plastic

substrate for ultra-sensitive and high-specific analysis of
the small biomolecule ATP in both matrixes. Benefiting
from the 3D graphene channel, the biosensor overcomes
the Debye length limitations in ionic solution and shows
unprecedented sensitivity to ATP, with LOD as low as
3.01 aM in PBS and 10 aM in human serum. The 3D
WG-FET biosensor also shows a good linear electrical
response to logarithm of ATP concentrations in both
buffer and complex biological matrix, indicating the
application potential of the sensor in the quantitative
detection of ATP. Moreover, the 3D WG-FET biosensor
shows high specificity, which allows the detection of
trace ATP in real samples full of various of matrixes.
The 3D WG-FET sensor could be further developed to
detect trace macromolecules whose size exceeds the
Debye length limitations in living cells and even organ-
isms.
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