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A B S T R A C T   

In this study, we introduced H-terminated diamond solution-gate field-effect transistor (H-diamond SGFET) to 
detect trace SARS-CoV-2 N-protein, which plays an important role in replication and transcription of viral RNA. 
1-Pyrenebutyric acid-N-hydroxy succinimide ester (Pyr-NHS) was modified on H-diamond surface as linker, on 
which the specific antibody of SARS-CoV-2 N-protein was catenated. Fourier transform infrared spectrum, 
scanning electron microscope and energy dispersive spectrum were utilized to demonstrate the modification of 
H-diamond with Pyr-NHS and antibody. Shifts of IDS(max) at VGS = − 500 mV in transfer characteristics of H- 
diamond SGFET was observed to determine N-protein concentration in phosphate buffer solution. Good linear 
relationship between IDS(max) and log10(N-protein) was observed from 10− 14 to 10− 5 g/mL with goodness of fit 
R2 = 0.90 and sensitivity of 1.98 μA/Log10 [concentration of N-protein] at VDS = − 500 mV, VGS = − 500 mV. 
Consequently, this prepared H-diamond SGFET biosensor may provide a new idea for diagnosis of SARS-CoV-2 
due to a wide detection range from 10− 14 to 10− 5 g/mL and low limit of detection 10− 14 g/mL.   

1. Introduction 

Since 2019, the severe acute respiratory syndrome coronavirus 2 
(SARS-CoV-2) has become a major global public health event [1], and it 
still seriously affects the healthy life and daily affairs of human beings. It 
is important to explore effective method for detection of SARS-CoV-2, 
which could reduce virus transmission [2]. Nucleic acid detection is 
the primary standard for diagnosing viral diseases and plays a significant 
role in prevention and control of SARS-CoV-2 [3]. However, it has some 
shortcomings such as long time, high cost, and the waste of manpower 
and physical resources. It is necessary to develop a timely and effective 
method for diagnosis of SARS-CoV-2 to control its spread. Antigen assay 
is another important technology for diagnosis of SARS-CoV-2, and it is 
an effective and trustworthy diagnosis method [4]. As for SARS-CoV-2, it 
consists of four structural proteins: spike protein (S), envelope protein 
(E), membrane glycoprotein (M) and nucleocapsid protein (N) [5]. 
Among them, Nucleocapsid protein (N-protein) is a highly immunogenic 
phosphoprotein and a multifunctional RNA-binding protein, which is 
necessary for viral RNA replication and transcription [6]. It has been 

reported that N-protein is a promising structural protein for antigen 
detection of SARA-Cov-2 [7–9]. Therefore, several methods have been 
developed for antigen assay including N-protein detection. With the 
development of electronic devices, field-effect transistors have been 
widely applied in the area of antigen assay [10–12]. 

As for diamond, wide bandgap (5.5 eV), high carrier mobility (3800 
and 4500 cm2 V− 1 s− 1 for electron and hole), high thermal conductivity 
(2200 W m− 1 K− 1) and high breakdown electric field (>10 MV/cm) [13] 
make it an excellent material for field-effect transistors. What's more, it 
has excellent electrochemical properties including wide electrochemical 
potential window and strong biocompatibility [14]. As a result, diamond 
electronic devices have been extensively developed to apply in bio
sensing [14,15]. For Si-based ion sensitive field effect transistor, a thick 
dielectric layer is needed to passivate the surface from being oxidized, 
resulting a decrease in sensing response and sensitivity [16]. However, 
diamond SGFET surface is directly connected with electrolyte without 
insulated layer, a higher sensitivity was obtained. In addition, it is a 
great challenge for graphene-FET and carbon nanotubes-FET to avoid 
surface contamination in practical application due to their larger 
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specific area [17]. Therefore, diamond SGFET is an excellent alternative 
for biosensor. 

In this study, H-terminated diamond solution-gate field-effect tran
sistor (H-diamond SGFET) was introduced to detect trace SARS-CoV-2 
N-protein. 

2. Experimental 

Fig. 1 showed the schematic diagram of H-diamond SGFET for 
detecting SARS-CoV-2 N-protein. Firstly, high temperature high pres
sure diamond substrate was cleaned by a mixture of sulfuric acid and 
nitric acid with ratio of 1:3. Then, 500 nm diamond epitaxial layer was 
grown by microwave plasma chemical vapor deposition and treated by 
hydrogen-rich microwave plasma, resulting a H-terminated diamond 
surface. The detailed information can be found in our previous work 
[18]. Next, 200 nm Au film was deposited on H-diamond as source and 
drain electrodes to form ohmic contact by electron beam evaporation 
system. After that, ultraviolet radiation was utilized to isolate electronic 
connections for FET with channel area covered by photoresist. Then, 
source and drain electrodes were packaged by epoxy resin to protecting 
them from electrolyte solution. Next is the modification of H-diamond 
surface. Linker 1-pyrenebutyric acid-N-hydroxy succinimide ester (Pyr- 
NHS) was dissolved in methanol and dropped in the sensing area in 
conductive channel, followed by standing for 2 h at room temperature. 
After that, the specific antibody of N-protein dissolved in phosphate 
buffer solution (PBS) was dropped in the sensing area and incubated at 
4 ◦C for 2 h, then dried by nitrogen flow. 

The morphology of modified diamond was characterized by scanning 
electron microscopy (SEM) using a model Quanta 250 FEG (FEI Com
pany), and the molecular groups modified on diamond surface were 
measured by fourier transform infrared spectrometer (FT-IR) using a 

diffuse reflection model (Thermo Nicolet IS 50). The electrical charac
teristics of the prepared diamond SGFET were measured by a power 
device analyzer (Agilent Technologies B1505A). 

In order to investigate the performance of H-diamond SGFET for 
detecting trace SARS-CoV-2 N-protein, SARS-CoV-2 N-protein was 
diluted into different concentrations from 10− 14 to 10− 5 g/mL by PBS 
solution, and then dripped into the sensing area. I-V characteristics were 
measured in a beaker with PBS solution by immersing biosensor and 
reference electrode in solution. After the detection of each concentration 
of N-protein, glycine was utilized to dissociate the binding of SARS-CoV- 
2 N-protein and specific antibody, then the biosensor was rinsed with 
PBS solution and dried by nitrogen gas flow. Next, another concentra
tion of N-protein was dropped on sensing area in this biosensor for 
concentration detecting. 

3. Results and discussion 

Fourier transform infrared spectrum (FT-IR) of functionalized H- 
diamond was exhibited in Fig. 2, which provided evidence for the 
presence of Pyr-NHS and antibody on H-diamond surface. The broad IR 
peak in 3200–3500 cm− 1 was observed assigned to the stretching modes 
of H2O [19]. The sharp peak at 847 cm− 1 was attributed to the vibration 
of C–H in pyrene ring in Pyr-NHS [20], and the two peaks near 2035 
and 2157 cm− 1 was due to benzene ring and its derivative in Pyr-NHS. 
The peak in 1630 and 1305 cm− 1 could be observed due to amide I 
bond and amide III bond in N-protein antibody [21], and exhibited 
α-helical characteristic structure [22]. Moreover, the linker Pyr-NHS 
and antibodies were bound by this amide bond. Two weak peaks near 
2500 cm− 1 were due to the hydroxyl stretches arising from the carboxyl 
group in specific antibody [19]. Therefore, these results indicated that 
the H-diamond surface was modified with Pyr-NHS and antibody. 

Fig. 1. Schematic diagram of H-diamond SGFET for detecting SARS-CoV-2 N-protein.  
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Fig. 3 showed the SEM images of modification process of H-diamond. 
Fig. 3(a) exhibited a flat surface of H-diamond. After modified by Pyr- 
NHS, a few thin film textures were observed in Fig. 3(b). After the 
modification of antibody, some massive tissues appeared on diamond 
surface due to the combination of antibody and Pyr-NHS. In addition, 
the measurement environment of SEM was room temperature, which 
was higher than the storage temperature of protein, some antibodies 
may aggregate on H-diamond surface to form floccules and lumps [23], 
as shown in Fig. 3(c). 

SEM image of the scanning field of view of EDS spectrum was shown 
in Fig. 4(a). And EDS spectrum of N element mapping, O element 
mapping, C element mapping were exhibited in Fig. 4(b)–(d). The four 
vertices of the square in Fig. 4 corresponded to the aggregates in SEM 
image, and its corresponding positions in N mapping, O mapping, and C 
mapping in the EDS spectrum. In the corresponding area in Fig. 4(b)–(d), 
C elements were seriously missing, O elements were most densely 
distributed, and N elements were sparsely distributed. This could be 
attributed to the appearance of specific antibody on diamond surface. 
Compared with H-diamond, the content of N element and O element 
increased greatly in modified diamond. And this was demonstrated in 
EDX spectrum for H-diamond, Pyr-NHS/diamond, antibody/Pyr-NHS/ 
diamond and the comparation of XPS spectrum in supplementary ma
terial. Therefore, SEM image, EDS mapping and XPS spectrum could 
confirm the modification of H-diamond surface. 

The electronic characterization of H-diamond SGFET was exhibited 

in Fig. 5. The output curves of H-diamond SGFET was shown in Fig. 5(a), 
with gate-source voltage (VGS) varying from 200 to − 800 mV in steps of 
− 200 mV. The width (WG) and length (LG) of conductive channel were 
2020 μm and 220 μm, respectively. Drain-source current (IDS) negatively 
increased as VGS negatively increased, which was consistent with p-type 
conductive channels of H-diamond. The maximum IDS (IDS(max)) was 
− 267.6 μA, obtained as VGS = − 800 mV, VDS = − 800 mV. The transfer 
characteristics of H-diamond SGFET after each modification process 
were investigated in Fig. 5(b). A significant reduction in current IDS was 
observed due to the decrease of hole carrier density. This could be 
attributed to the reduction of the conductive channel area of H-diamond 
because of the attachment of Pyr-NHS layer on surface. The absorption 
on H-diamond surface could significantly influence the electron emis
sion properties [24], resulting an effect on transconductance and current 
of device. However, IDS in transfer characteristics increased after the 
specific antibody linked on Pyr-NHS. This indicated that the antibody 
was negatively charged, which decreased the holes carrier density and 
led to the reduction of transconductance. Therefore, the value of IDS 
changed after each modification process due to the change of holes 
carrier density. These results confirmed the modification of H-diamond 
SGFET surface. 

Fig. 6(a) exhibited the transfer characteristics of device with various 
concentrations (10− 14–10− 5 mg/mL) of N-protein at VDS = − 500 mV, 
VGS = 400 to − 500 mV. The gate current density at open state was 
10− 5–10− 4 mA/mm, which is almost the same order of magnitude as 
other H-diamond FETs [25,26]. A consecutive decrease of maximum 
source-drain current (IDS(max)) was observed from − 44.69 to − 23.69 μA, 
with N-protein concentration increasing from 10− 14–10− 5 g/mL. This 
decrease in current was attributed to the reduction of hole carrier den
sity in p-type conductive channels, which made the transconductance of 
H-diamond SGFET decrease. According to the literature [27], SARS- 
CoV-2 N-protein is composed of 419 amino acids with a molecular for
mula of C1971H3137N607O627S7, and the isoelectric point is 10.07, 
resulting that N-protein is positively charged in PBS solution (pH = 7.4). 
The specific binding between N-protein and antibody provided extra 
positive charge in the interface of diamond and electrolyte, which 
influenced the carrier density in channels. When the concentration of N- 
protein increased, the holes carrier density in p-type conductive chan
nels reduced, and then the transconductance of H-diamond decreased. 
Therefore, the IDS(max) decreased with the increase of N-protein con
centration. The values of IDS(max) were investigated in Fig. 6(b) and 
linearly fitted corresponding to Log10 [concentration of N-protein]. The 
values of IDS(max) was dependent on N-protein concentration and linearly 
reduced as N-protein increasing with a goodness of fit R2 = 0.90. The 
sensitivity of N-protein detection could be obtained as 1.98 μA/Log10 
[concentration of N-protein] by the slope of linear fitting curve. 
Consequently, the concentration of N-protein could be obtained from 

Fig. 2. FT-IR spectrum of modified H-diamond SGFET.  

Fig. 3. SEM images of modification process: (a) H-diamond; (b) H-diamond modified with Pyr-NHS; (c) H-diamond modified with Pyr-NHS and antibody.  
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Fig. 4. (a) The scanning field of view of EDS; EDS spectrum of (b) N element mapping (c) O element mapping and (d) C element mapping on modified H-dia
mond surface. 

Fig. 5. Performance of H-diamond SGFET: (a) output characteristics of device; (b) transfer characteristics of device in each modification process.  
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the linear relationship between values of IDS(max) and Log10 [concen
tration of N-protein]. Noting that the sensitivity of biosensor could be 
improved by optimizing surface density of antibody, as reported in 
previous papers [28,29]. Also, an appropriate surface antibody density 
is required to ensure the conductivity and sensitivity of H-diamond 
biosensor due to the surface absorption of H-diamond [30]. Similarly, 
Fig. 6(c) depicted the transfer characteristics of device with different 
concentrations of N-protein at another voltage condition: VDS = − 800 
mV, VGS = 300 to − 500 mV. When the concentration of N-protein 
increasing from 10− 14 to 10− 5 g/mL, values of IDS(max) decreased from 
− 50.51 to − 35.39 μA in transfer characteristics. The values of IDS(max) 
and Log10[N-protein concentration] exhibited linear relationship with 
goodness of fit R2 = 0.86, sensitivity of 1.45 μA/Log10 [concentration of 
N-protein]. This was also due to the reduction of holes in conductive 
channels, which effected by the charge density at solid-liquid interface. 

The reduced hole carrier density (ΔQi) can be determined by formula 
(1). ΔQh is the extra charge appears at solid-liquid interface, Ci is the 
channel surface capacitance of solid side and Cdl is the electric double- 
layer capacitance of electrolyte [16]. Here, Ci and Cdl are constant due 
to a fixed semiconductor materials and PBS solution. Therefore, the 
decrease of hole carrier density (ΔQi) could be transformed by the in
crease of charge density at solid-liquid interface based on formula (1). 

ΔQi =
ΔQh Ci

Ci + Cdl
(1) 

Consequently, the charge of SARS-CoV-2 N-protein could be char
acterized by the decrease in holes carrier density and source-drain 
current. These results confirmed that IDS(max) in transfer characteristics 

was fairly dependent on the concentration of N-protein in sensing area, 
which was beneficial for detecting N-protein by H-diamond SGFET 
biosensor. Furthermore, this prepared H-diamond biosensor had a wide 
detection range from 10− 14 to 10− 5 g/mL with a low limit of detection 
10− 14 g/mL, which is critical for the trace detection of SARS-CoV-2 N- 
protein. 

4. Conclusions 

In this study, H-diamond SGFET was developed to detect SARS-CoV- 
2 N-protein. The characteristic peaks of N-protein antibody and Pyr-NHS 
in FT-IR spectrum confirmed the modification of H-diamond, EDS 
spectrum expressed the increase of N and C element on surface. And SEM 
images intuitively indicated the uniformly distributed Pyr-NHS and 
antibody on H-diamond surface. The concentration of SARS-CoV-2 N- 
protein was determined by the changes of transfer characteristics of 
prepared H-diamond biosensor. A linear relationship between shifts of 
IDS(max) and Log10(N-protein) was observed with goodness of fit R2 =

0.90 and sensitivity of 1.98 μA/Log10 [concentration of N-protein] at 
VDS = − 500 mV, VGS = − 500 mV. In addition, this biosensor had a wide 
detection range for SARS-CoV-2 N-protein from 10− 14 to 10− 5 g/mL and 
a low limit of detection 10− 14 g/mL. Therefore, this H-diamond SGFET 
biosensor could provide potential application for the trace detection of 
SARS-CoV-2 N-protein. 
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