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A B S T R A C T   

The current outbreaking of the coronavirus SARS-CoV-2 pandemic threatens global health and has caused serious 
concern. Currently there is no specific drug against SARS-CoV-2, therefore, a fast and accurate diagnosis method 
is an urgent need for the diagnosis, timely treatment and infection control of COVID-19 pandemic. In this work, 
we developed a field effect transistor (FET) biosensor based on graphene oxide-graphene (GO/Gr) van der Waals 
heterostructure for selective and ultrasensitive SARS-CoV-2 proteins detection. The GO/Gr van der Waals het-
erostructure was in-situ formed in the microfluidic channel through π-π stacking. The developed biosensor is 
capable of SARS-CoV-2 proteins detection within 20 min in the large dynamic range from 10 fg/mL to 100 pg/mL 
with the limit of detection of as low as ~8 fg/mL, which shows ~3 × sensitivity enhancement compared with Gr- 
FET biosensor. The performance enhancement mechanism was studied based on the transistor-based biosensing 
theory and experimental results, which is mainly attributed to the enhanced SARS-CoV-2 capture antibody 
immobilization density due to the introduction of the GO layer on the graphene surface. The spiked SARS-CoV-2 
protein samples in throat swab buffer solution were tested to confirm the practical application of the biosensor 
for SARS-CoV-2 proteins detection. The results indicated that the developed GO/Gr van der Waals hetero-
structure FET biosensor has strong selectivity and high sensitivity, providing a potential method for SARS-CoV-2 
fast and accurate detection.   

1. Introduction 

COVID-19 is a newly emerged infectious disease associated with 
severe respiratory distress. Currently, there is no specific medicine for 
COVID-19 treatment. Early diagnosis and treatment are essential to 
control the epidemic. Diagnosing COVID-19 based on clinical symptoms 
is very difficult, especially in the early stages of the COVID-19, because 
there is no characteristic initial manifestation of COVID-19 [1–4]. 
Reliable laboratory diagnosis has become one of the primary tasks of 
epidemic prevention and control. In the detection of SARS-CoV-2 in-
fections, reverse transcription-polymerase chain reaction (RT-PCR) is a 
commonly used method to specifically and sensitively detect virus RNA, 
which relies on complex instruments, skilled personnel and long-time 

detection [5–8]. In particular, some areas with COVID-19 outbreaks 
usually do not have sufficient infrastructure to provide good RT-PCR 
diagnostic services. Therefore, it is essentially necessary to screen sus-
picious patients through another reliable diagnostic system. To diag-
nosis the COVID-19 rapidly and accurately, a few approaches were 
developed for detection of the RNA [9,10], Protein [11–13] and virus 
particles [14,15], including CRISPR-systems [16,17], surface enhanced 
Raman spectroscopy [18–20], microfluidic integrated biochip [21,22], 
electrochemical biosensors [23,24], and field-effect transistor (FET) 
based biosensors [25]. Among the existing diagnostic methods, the FET 
based biosensor delivers several obvious advantages for virus detection, 
including high selectivity through modified with target receptors, high 
sensitivity with label free process, real time electrical signal in-situ 
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amplification and recording, cost-effective mass production with mi-
croelectronics manufacturing processes, and small size for portable 
point-of-care test [26–28]. Graphene, a one atom-thick large area 2D 
carbon material, has excellent chemical and physical properties in bio-
sensing, such as good biocompatibility, strong interaction with bio-
molecules through π-π stacking and high intrinsic carrier mobility 
[29–31]. Many efforts have recently been devoted to the Gr-FET bio-
sensors for highly sensitive and label-free cancer and virus protein 
detection [25,32,33]. The key is to improve the sensitivity and stability 
of the Gr-FET biosensors for the practical applications widely, as well as 
the understanding of sensing mechanisms. The channel surface modifi-
cation or functionalization, such as graphene patterning [34], surface 
plasma pretreatment [35], Au nanoparticles [36], 1-pyrenebutyric acid 
succinimidyl ester (PBASE) [37], lipid membrane [38], PEG [39] and 
aptamers [40] etc., was studied to improve the sensitivity and stability 
of Gr-FET based biosensors for different biomarkers detection. The 
molybdenum disulfide/graphene nanostructure-based field-effect tran-
sistor biosensor was constructed and studied for sensitive RNA detection 
with donor effect dominated mechanism [41]. However, there is no any 
reports using graphene oxide/graphene van der Waals heterostructure 
FET biosensor for SARS-CoV-2 protein detection. 

In this paper, we newly developed a graphene oxide-graphene van 
der Waals heterostructure FET biosensor integrated with microfluidic 
chip for label-free detection of SARS-CoV-2 protein with high sensitivity 
and specificity. The construction and performances of the Graphene 
oxide-graphene van der Waals heterostructure FET biosensor were 
studied comprehensively. The sensing performances enhancement 
mechanism was discussed based on the transistor-based biosensing 
theory and experimental results. Finally, the spiked SARS-CoV-2 protein 
samples in throat swab buffer solution were tested to confirm the 
practical application for COVID-19 protein detection. The ultrasensitive 
graphene oxide-graphene van der Waals heterostructure FET based 
biosensor will provide an alternative, portable strategy in diseases 
diagnosis and human health monitoring applications. 

2. Experimental procedure 

2.1. Materials 

BSA, spike protein and nucleoprotein of SARS-CoV-2 were purchased 
from Sangon Biotech Company. Ethanolamine, Acetone, ferric chloride 
and isopropyl alcohol were purchased from Sinopharm. PBS was or-
dered from Corning. Polymethyl methacrylate (PMMA) was purchased 
from ALLRESIST, Germany. GO was prepared through a modified 
Hummers’ method [42] Monolayer graphene film was grown using CVD 
on copper foil sheets (25 μm 99.8% purity) [43,44]. 

2.2. GO/Gr FET biosensor construction 

The fabrication schematic of the biosensor is shown in Figure S1. 
Briefly, a single layer of graphene copper foil was protected with a thin 
PMMA layer; the copper foil sheet was etched away by 0.1 M FeCl3 
solution. The graphene was transferred onto a Si/SiO2 substrate fol-
lowed by PMMA removing using acetone. The 10 nm/50 nm Ti/Au 
source and drain electrodes were processed via the conventional 
microfabrication technology and electron beam evaporation deposition. 
A microfluidic chip was designed and fabricated using PDMS as the GO/ 
Gr FET solution gate. A drop of GO solution was loaded into microfluidic 
channel and reacted with graphene for 1 h at room temperature to fully 
combine GO and graphene by π-π stacking interaction to form van der 
Waals heterostructure. An Ag/AgCl reference electrode and PBS solution 
were used as a gate electrode and gate solution, respectively. Fig. 1a 
shows the schematic structure of the biosensor. 

2.3. Capture antibody immobilization and protein sensing 

100 μg/mL capture antibody was injected into the microfluidic 
channel and interacted for 1 h through π-π interaction with graphene 
oxide [22], followed by 1 × PBS and DI water rinsing to remove the extra 
capture antibodies. Then the channel of the biosensor was blocked using 

Fig. 1. (a) Schematic structure and (b) Spike protein 
detection illustration of the GO/Gr heterostructure 
FET biosensor. (c) Optical photo of the GO/Gr FET. 
(d) Raman spectra of the graphene (black) and gra-
phene oxide/graphene (red). Inset shows spatial 
mapping of the Raman spectrum component analysis 
with graphene oxide/graphene over an area larger 
than 20 μm × 20 μm. (e) The SEM images of the 
transferred monolayer graphene and GO/Gr. Density 
of states from (f) monolayer graphene and (g) GO/Gr 
van der Waals heterostructure. (h) Schematic diagram 
of energy band structure for Gr and GO/Gr. (For 
interpretation of the references to colour in this figure 
legend, the reader is referred to the Web version of 
this article.)   
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BSA solution (100 mM, pH 9.0) for 30 min to eliminate possible 
nonspecific biomolecules adsorption followed by rinsing with 1 × PBS. 
The capture antibody–protein reaction was performed by adding certain 
protein concentration solution into the device microfluidic channel and 
fully reacted with the immobilized capture antibody for 20 min. Finally, 
the biosensor microfluidic channel was flushed with 1 × PBS. Fig. 1b 
illustrated the GO/Gr FET biosensor basic working mechanism for 
miRNA detection. The reaction of specific protein with capture antibody 
causes n-doping of the biosensor channel graphene [45,46]. 

2.4. Electrical characterization of GO/Gr FET 

The SARS-CoV-2 proteins concentration dependent electrical 
response was characterized by recording the I–V curves on the probe 
station with a source meter Keithley 2636 B. Figure S1h shows the 
measurement circuit connection detail of the device. For the Ids-Vds 
curves, the sweep range of Vds was set from − 50 mV to 50 mV with 
increments of 0.1 V. For the Ids-Vgs curves, the sweep range of Vgs was set 
from − 200 mV to 300 mV at a fixed Vds of 50 mV. 

3. Results and discussion 

3.1. The GO/Gr heterostructure characterization 

Fig. 1c shows the optical image of the manufactured GO/Gr FET, 
where the GO/Gr sheet passes fully cross the source and drain form 
channel (the red dotted rectangle). The GO nanosheets were stacked on 
the graphene surface through π-π stacking to form a GO/Gr hetero-
structure. To confirm the GO/Gr heterostructure, Raman spectra of 
monolayer graphene with and without GO stacking are characterized. 
The 2D peak to G peak ratio is 2.8 for the graphene (Fig. 1d), indicating 
the transferred graphene is the monolayer graphene. After the formation 
of the GO/Gr heterostructure, it can be clearly observed the character-
istic peaks of GO (1343, 1580 cm− 1) with decreased 2D peak to G peak 
ratio (~1), as shown in Fig. 1d (red line). The heating mapping shows 
that the graphene oxide nanosheets are uniformly distributed on the 
graphene (inset of Fig. 1d). Fig. 1e shows the graphene scanning electron 
microscopy (SEM) images with and without of GO. The transferred 
monolayer graphene is relative flat without wrinkles, GO/Gr shows a 
little bit rough surface due to the GO nanosheets. 

In order to further confirm the GO/Gr heterostructure, density 
functional theory (DFT) calculations were performed with Materials 
studio using the Castep simulation package to investigate the Density of 
State (DOS) of the graphene and GO/Gr heterostructure (Fig. 1f–g). The 
simulation results show that the band gap of graphene is opened and the 
carrier mobility of the GO/Gr is improved due to the interaction of 
graphene and GO after the formation of the GO/Gr van der Waals het-
erojunction. GO can form covalent bonds with carbon atoms in gra-
phene, which results in the transformation of hybridization from sp2 to 
sp3, causing to bandgap opening [47]. The GO with abundant –OH 
groups can transfer charge to graphene. The strong electronic coupling 
between GO as an electron donor and graphene as an electron acceptor 
leads to charges in the van der Waals heterojunction redistribution at the 
interface resulting in the p-doping of the graphene (Fig. 1h). DFT cal-
culations further confirmed the formation of a GO/Gr heterojunction, 
and thereby gave hint to increase the sensitivity of biomolecules 
detection. 

3.2. The GO/Gr FET biosensor electrical performances 

Under a constant Vgs, the output curves of the Gr FET and GO/Gr FET 
show linear properties (Fig. 2a). After the formation of GO/Gr hetero-
junction, the device resistance increases due to the interaction between 
nonconductive GO and graphene. In Figure S2, the ambipolar behaviors 
of both GO/Gr and Gr FETs are obtained, and Dirac point VDirac of the 
GO/Gr FET shifts right to ~119 mV from ~75 mV of the Gr FET, which is 
consistent with the simulation results shown in Fig. 1f–g. The VDirac right 
shift indicates that the graphene is p-doped after GO stack on the gra-
phene through π-π stacking [48,49]. The mobility of GO/Gr hetero-
junction FET is increased by about 1.5 times comparing to the Gr FET, 
which greatly improves the performance of the device due to the 
effective patch of the graphene detects and suppression of surface ions 
absorption [50,51]. GO forms a uniform protective layer on the surface 
of graphene, which can prevent the direct contact of external ions with 
the surface of graphene, plays the role of protective layer and prevents 
the influence of external ions on the mobility of graphene. At the same 
time, due to the formation of heterojunction, the electron exchange ef-
ficiency is improved through interface coupling, and the mobility of the 
device is further improved [52]. After capture protein antibody immo-
bilization, the VDirac of both Gr FET and GO/Gr FET biosensor shifted to 

Fig. 2. (a) The output curves of the GO/Gr heterostructure FET and Gr-FET at Vgs = 0. The time dependent transfer curves of (b) the Gr FET and (c) the GO/Gr 
heterostructure FET at Vds = 50 mV (d) Hysteresis curve of the GO/Gr heterostructure FET and Gr-FET at Vds = 50 mV. (e) The GO concentrations dependent ΔVDirac 
of the GO/Gr heterostructure FET biosensor. (f) Capture antibody concentrations dependent ΔVDirac of the GO/Gr heterostructure FET biosensor. 
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left due to capture antibody and protein induced graphene channel 
n-doping (Figure S2b-c). To evaluate the stability of the devices in so-
lution, we tested the time dependent electrical properties of the devices 
in 1 × PBS solution. As shown in Fig. 2b–c, the Vdaric shift of GO/Gr FET 
is only less than 5 mV comparing to the Gr-FET of 12–19 mV after 12 h 
storage in PBS solution, which shows the improved stability after the 
formation of heterojunction due to making up for the lattice defects of 
graphene and effective protection layer of GO in the solution. The 
possible reason of the VDirac shift is due to the interaction between the 
device and the ions in PBS solution, and the Dirac point shifts of the 
GO/Gr FET and Gr FET are comparable with the previous reports and 
acceptable in real applications [53]. To further confirm the stability of 
the GO/Gr and Gr FETs, we performed the hysteresis test since the Gr 
FET normally exhibits hysteresis due to water absorption on the channel 
surface when it works as biosensors [54]. As shown in Fig. 2d, the GO/Gr 
FET presents ~3 times smaller VDirac shift of ~11 mV comparing to Gr 
FET with ~29 mV VDirac shift. It further confirms that the formation of 
GO/Gr heterojunction increases the stability of the GO/Gr FET. The 
resistance increases due to the adsorption of ions in the liquid gate 
dielectric layer on the surface of graphene, and causes the increase of 
charge impurity scattering [55]. 

To construct the best GO/Gr heterostructure, we optimized the GO 
concentrations by adding 0.5 mg/mL, 1 mg/mL, and 2 mg/mL GO on the 
surface of graphene and incubating at room temperature for 1 h. After 
the GO/Gr van der Waals heterostructure formed, The 100 μg/mL 
antibody was fixed on the GO/Gr FET channel surface, and the 100 pg/ 
mL antigen was added to detect the sensor response. As shown in the 
Fig. 2e, the VDirac shift of the GO/Gr van der Waals heterostructure 
biosensor formed by 1 mg/mL GO reached the maximum. Here, the 
absolute value of Dirac point shift was represented by ΔVDirac. Therefore, 
1 mg/mL was chosen as the optimal GO concentration for the GO/Gr van 
der Waals heterostructure biosensor construction. In order to capture 
the antigen, the antibody is required to achieve saturated adsorption on 
the surface of the biosensors. We incubate 100 μg/mL, 200 μg/mL and 
2000 μg/mL antibodies on the graphene surface for 1 h at room tem-
perature. Then, 100 pg/mL antigen was added to detect the sensor 
response. When the antibody concentration increased from 100 to 2000 
μg/mL, the Dirac point shift of the biosensor just showed slightly 

increase, indicating that the 100 μg/mL antibody could be fully immo-
bilized on the GO/Gr FET biosensor channel surface. Therefore, 100 μg/ 
mL antibody is preferred as the optimal antibody incubation 
concentration. 

3.3. The SARS-CoV-2 protein detection of the GO/Gr FET biosensor 

To test the sensitivity of the GO/Gr FET biosensor for the SARS-CoV- 
2 protein detection, SARS-CoV-2 spike protein was diluted into different 
concentrations from 10 fg/mL to 100 pg/mL and applied to the GO/Gr 
FET biosensor channel. In Fig. 3a, the VDirac of the GO/Gr FET biosensor 
shifted toward left with increased concentrations of the specific spike 
protein from 10 fg/mL to 100 pg/mL. As a comparison, we also tested 
the sensitivity of Gr FET biosensor for the SARS-CoV-2 spike protein 
from 10 fg/mL to 100 pg/mL. VDirac shows similar response to specific 
spike protein concentration but smaller shift values, as shown in Fig. 3b. 
Fig. 3c shows a linear relationship between spike protein concentrations 
and changes of the Dirac point for both biosensors. The GO/Gr FET 
biosensor presents a sensitivity of 12.8 mV/decade with correlation 
coefficient R2 = 0.98249, while the sensitivity of Gr-FET degraded to 
4.76 mV/decade. The blue dash line represents the noise level, which 
was the Dirac point shift value obtained by completely fixing the anti-
body protein on the surface of graphene, blocking it with BSA buffer and 
adding PBS buffer for transfer characteristic curves. We have also done 
two repeatability experiments of SARS-CoV-2 Spike protein detection by 
using different batches of GO/Gr FET biosensors. The average sensitivity 
is 11.68 mV/decade (Figure S3). We also used GO/Gr heterostructure 
biosensor to detect SARS-CoV-2 nucleoprotein. The similar results were 
obtained with the sensitivity of 11.19 mV/decade (Figure S4). All the 
results showed that the GO/Gr heterostructure FET biosensor improved 
the SARS-CoV-2 protein detection sensitivity by a factor of ~3. The 
slight difference in detection sensitivity is due to the quality and process 
variation of the graphene in different devices. 

To study the specificity of the GO/Gr FET biosensor, the same con-
centration of the proteins (AFP, SARS-CoV-2 spike protein and SARS- 
CoV-2 nucleoprotein) was interacted with the SARS-CoV-2 spike pro-
tein capture antibody and the SARS-CoV-2 nucleoprotein capture anti-
body in the channel of GO/Gr FET biosensor, respectively. Another two 

Fig. 3. The SARS-CoV-2 spike protein concentrations dependent transfer curves of (a) GO/Gr FET biosensor and (b) Gr FET biosensor. (c) The SARS-CoV-2 spike 
protein concentrations dependent ΔVDirac shifts for both GO/Gr FET (red line) and Gr FET (green line) biosensors. The ΔVDirac shift of the GO/Gr FET biosensor with 
(d) SARS-CoV-2 spike protein capture antibody and (e) SARS-CoV-2 nucleoprotein capture antibody for 100 pg/mL AFP, SARS-CoV-2 nucleoprotein and SARS-CoV-2 
spike protein detection. (f) The sensitivity from the different batches of GO/Gr FET biosensors. (For interpretation of the references to colour in this figure legend, the 
reader is referred to the Web version of this article.) 
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proteins are used as non-target proteins. The VDirac of the GO/Gr FET 
biosensor shifts to the left 49 mV after adding 100 pg/mL spike protein. 
The VDirac just shows slightly shift after loading non-target proteins, 
which are 4 and 9 mV shift to the left for AFP and nucleoprotein, 
respectively, as shown in Fig. 3d. At the same time, we also tested the 
specificity of the GO/Gr FET biosensor to the SARS-CoV-2 nucleopro-
tein, and the results showed that it also has a very good specificity for the 
nucleoprotein, as shown in Fig. 3e. Therefore, we could conclude that 
the GO/Gr van der Waals heterostructure FET biosensor shows good 
selectivity for SARS-CoV-2 protein detection. To evaluate the detection 
stability, the SARS-CoV-2 protein detection was performed by using 
different batches of GO/Gr FET biosensors. The sensitivity of different 
GO/Gr FET biosensors are shown in Fig. 3f. The average sensitivity value 
of the GO/Gr FET biosensors is 11.69 mV/decade with the standard 
deviation of 10.25%, which proves the relatively stable detection per-
formance from different batches of GO/Gr FET biosensors. 

3.4. The sensing mechanisms of the GO/Gr FET biosensor 

GO with abundant functional groups (OH-, COOH-, CO-) has an 
improved adsorption force for target molecules than graphene [56,57]. 
Firstly, we studied the SARS-CoV-2 capture antibody adsorption density 
of the GO/Gr FET and Gr-FET biosensors based on indirect 
manner-fluorescence detection (Elisa principle [22,58]), and direct 
manner-Raman detection. The schematic diagram of fluorescence 
detection is shown in Figure S4a and S5, and the Raman detection is 
shown in Figure S6. The SARS-CoV-2 capture antibody of the 100 μg/mL 
was firstly immobilized on the GO/Gr FET and Gr-FET biosensor channel 
surface through the microfluidic. Then the SARS-CoV-2 spike protein of 
100 pg/mL was incubated in the GO/Gr FET and Gr-FET biosensors 
channel for 20 min, respectively. After that the 
Cy5-streptavidin-biotinylated SARS-CoV-2 detection antibody was 
added to react with protein for 20 min. The scanned fluorescence signals 
were obtained by Genepix 4400 after rinse and dry. Fig. 4b shows the 
detection fluorescence results. The fluorescence intensity on the surface 
of the GO/Gr FET biosensor is ~3.6 times higher than that of the Gr-FET 
biosensor, meaning that more capture antibody immobilization and 
higher SARS-CoV-2 antibody and protein reaction efficiency on the 
GO/Gr FET biosensor. The Raman signal in Figure S6 also shows higher 

representative peak intensity on GO/Gr device than that on Gr device, 
indicating more capture antibody immobilization on GO/Gr device. We 
reasoned that the abundant functional groups of GO nanosheets reacted 
strongly with SARS-CoV-2 capture antibodies via both π–π stacking and 
hydrogen bonding [59] resulting in the improved detection sensitivity of 
the GO/Gr FET biosensors. 

For the electrical FET biosensor, applying a gate voltage Vgs in the 
gate solution will results in the formation of an electric double layer 
(EDL) at the polarizable electrode/electrolyte interface. As shown in 
Fig. 4c. When the SARS-CoV-2 spike protein reaction with the capture 
antibody, the charge (Δq) changed at the solution-graphene interface, 
which results in changing the electrostatic potential in the channel and 
causes the Dirac point to shift followed by the equation [37]: 

ΔVDirac =
Δq
C

(2)  

Where c is the total gate capacitance (C) of the GO/Gr FET biosensor. As 
we can see that there are more charged SARS-CoV-2 spike proteins 
capture antibody on the surface of the GO/Gr heterojunction, it would 
enhance the protein and capture antibody reaction efficiency, thus, 
causing a more obvious Dirac point shift for the GO/Gr FET biosensor 
compared to the Gr-FET biosensor. 

The Debye length, typically less than 1 nm in physiological condi-
tions [60,61], is also particularly important for the FET biosensor due to 
the charge screening effect. Generally, the antibody (~5–20 nm in size) 
and protein (~5–10 nm in size) molecules are larger than the nucleic 
acid molecules, which results in lower sensitivity due to the strong 
charge screening [62]. Therefore, breaking or beyond the Debye 
screening limit to obtain high performance field effect based biosensor is 
a major challenge [61]. In this work, GO nanosheets were functionalized 
on the Gr FET, and the SARS-CoV-2 spike antibody and protein reaction 
occurred over the GO, and the sensing performance of the GO/Gr FET 
biosensor was improved. Does the GO functionalization on the Gr FET 
influence the Debye length? To answer the question, we studied the 
Vdirac shift behaviors of the GO/Gr FET and Gr FET biosensors with the 
same SARS-CoV-2 spike protein concentration (100 pg/mL) under 
different ionic strengths. Fig. 4d shows the detected results of 100 
pg/mL SARS-CoV-2 spike protein using the GO/Gr FET and Gr FET 
biosensors and theoretical Debye length under 0.1 × , 0.5 × , 1 × , 5 × , 

Fig. 4. (a) Mechanism verification schematic of the GO/Gr and Gr FET biosensors by ELISA fluorescence method. (b) Fluorescence signal of APC after 100 pg/mL 
SARS-CoV-2 antigen on Gr and GO/Gr. Inset: the scanned fluorescence mapping patterns on Gr and GO/Gr. (c) Schematic diagram of electric double layer model of 
biosensor. (d) Comparison of Dirac point change of GO/Gr FET and Gr FET biosensors in different PBS concentrations. 
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and 10 × PBS buffer solutions. The VDirac shifts of both the GO/Gr FET 
biosensor are larger than that of the Gr-FET biosensor at all PBS con-
centrations. The Dirac point shifts of both the GO/Gr FET and Gr-FET 
biosensors increase with the decrease of PBS concentration at high 
PBS concentrations (1 × ~10 × ) due to the correlation between the 
ionic strength and the EDL capacitance in the electrolyte-gating system 
[38]. However, The Dirac point shift gets saturation with further 
decrease PBS concentration to 0.1 × and 0.5 × for both the GO/Gr FET 
and Gr-FET biosensors. It means that the target analytes get into the 
domain of Debye length and the charge effect on the biosensor reaches 
maximum at the PBS concentration below 0.5 × for both GO/Gr FET and 
Gr FET biosensors. The electrification of protein is caused by its 
carboxyl, hydroxyl and other charged groups. These groups are on the 
surface of the protein. Although Debye shielding will shield the charges 
outside the Debye radius, signal can also be detected [63]. It’s obviously 
that the Gr FET biosensor without any functionalization cannot change 
the Debye length of the detection system. Therefore, the performance 
enhancement of the GO/Gr FET biosensor could not be attributed to the 
Debye length increase, which mainly benefits from the improved cap-
ture antibody immobilization density. 

3.5. The practical application of the GO/Gr FET biosensor 

To verify the practical application ability of the GO/Gr FET biosensor 
in actual samples, we took throat swabs from healthy people and spiked 
the SARS-CoV-2 spike protein and nucleoprotein in it since the actual 
SARS-CoV-2 test is performed using those method. Firstly, we took 1 μL 
100 pg/mL spike protein and 1 μL 100 pg/mL nucleoprotein to mix with 
8 μL healthy human throat swab buffer solution. Then the mixture 
samples and healthy human throat swab solution were tested at the 
same time to prove the actual sample detection capability of the GO/Gr 
FET biosensor. In Fig. 5, the GO/Gr FET biosensor VDirac shifts for spiked 
actual samples detection is much larger than that for healthy human 
samples detection, indicating that the GO/Gr FET biosensor can distin-
guish the protein levels in the throat swab solutions. The results proved 
that the GO/Gr FET biosensor could be as a label-free, fast, and sensitive 
tool for SARS-CoV-2 protein analysis. 

4. Conclusion 

In summary, we have developed the GO/Gr van der Waals hetero-
structure FET biosensor capable of achieving ultrasensitive, label-free, 
specific and fast detection of SARS-CoV-2 proteins. The GO/Gr van der 
Waals heterostructure was formed by stacking GO nanosheets on the 
monolayer graphene via π-π stacking. Compared to Gr FET biosensor, 
the 3 × sensitivity enhancement of the GO/Gr heterostructure FET 
biosensor was achieved for SARS-CoV-2 protein detection. The sensing 
mechanisms of the developed GO/Gr heterostructure biosensor were 
studied simulatively and experimentally, which is attributed to the 
enhanced capture antibody immobilization density due to abundant 
functional groups on the GO. The detection of the spiked SARS-CoV-2 
spike protein in healthy human throat swab solution proved the prac-
tical application potential for real COVID-19 protein analyzation. 
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