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Abstract
The authors describe a field effect transistor (FET) based immunoassay for the detection of inactivated ebola virus (EBOV). An
equine antibody against the EBOV glycoprotein was immobilized on the surface of the FET that was previously modified with
reduced graphene oxide (RGO). The antibody against EBOVwas immobilized on the modified FET, and the response to EBOV
was measured as a function of the shift of Dirac voltage. The method can detect the EBOVover the concentration range from
2.4 × 10−12 g·mL−1 to 1.2 × 10−7 g·mL−1 and with a limit of detection as low as 2.4 pg·mL−1. The assay has satisfactory specificity
and was applied to the quantitation of inactivated EBOV in spiked serum.
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Introduction

Ebola virus (EBOV) is a highly pathogenic virus that invades
most major organs and causes multisystem failure in humans.
The mortality rate of diseases caused by EBOV infection can
reach up to 90% [1–5]. Due to its high fatality rate and general,
non-specific symptoms early in disease, rapid, selective, and
sensitive detection has important implications in the field of
early diagnosis.

The traditional diagnostic methods for Ebola virus disease
(EVD) are the enzyme-linked immunosorbent assays [6, 7],
immunofluorescence [8], and reverse-transcription polymer-
ase chain reactions [9]. However, these methods are limited by
the need for large sample amounts, complex pre-processing,
time-consuming and low sensitivity. Additionally, these
methods are only effective in detecting viral RNA or antigen
in suspected patients with advanced disease and cannot direct-
ly detect EBOVat early stages [10–12]. An early diagnosis of
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EBOV is essential to prevent the spread of the disease, en-
abling more effective treatments when there is an outbreak
without warning. Although many sensitive assays, such as
electroluminescence [13], luminescence resonance energy
transfer strategy [14], and fluorescence counting strategies
[15], etc., provide useful tools to directly measure EBOVwith
high sensitivity, the disadvantages to these methods are the
cumbersome pre-treatment process. As an advanced method,
biosensors based on reduced graphene oxide field effect tran-
sistors (RGO-FET) have obtained more and more attention in
clinical diagnostics due to their attractive features. These pure-
ly electronic devices modified with specific receptor mole-
cules are able to detect specific targets with capabilities of
sensitive, selective sensing and rapid response. Better yet,
FET biosensor is one of the most promising candidates in
point-of-care (POC) diagnostics because it can be mass-
produced using microfabrication technology [16–20]. Since
EVD cases typically occur in rural areas, portability of testing
is obviously necessary for the purposes of effective disease
management. In such a case, POC testing devices for highly
sensitive, smart and rapid detection of EBOV are highly de-
sired. In our previous work, we have utilized the advantage of
RGO-FET biosensors for detection of various analytes includ-
ing nucleic acids, proteins, and cells, etc., with high sensitivity
and selectivity [21–26].

So far, several works have been reported regarding virus
detection based on FET biosensors. Guo and coworkers fab-
ricated an ITO-based thin-film transistor biosensor in detect-
ing avian influenza virus H5N1 with a sensitivity of 0.8 ×
10−10 g·mL−1 [27]. Lieber and coworkers constructed a silicon
nanowire field-effect transistor to capture single influenza A
virus with rapid identification [28]. Liu and coworkers report-
ed a MRGO-FET device to detect rotavirus in real fecal sam-
ples [29]. These works indicate that FET biosensors are effec-
tive tools for virus detection. However, the detection of virus
in serum samples is difficult due to many other confounding
factors in the sera negatively impacting sensitivity. On the
other hand, the identification of EBOV is still challenging,
such a filovirus as EBOV has yet been detected by FET
biosensors.

Here, we present an effective way for directly electrical
detecting EBOV using semiconducting RGO configured
FETs, as illustrated in Fig. 1. After EBOV-specific antibod-
ies are immobilized onto the RGO-based FETchip surfaces,
conductance change occurs upon binding of the charged
EBOV to the antibody. However, negligible conductance
change appears when other non-specific viruses are applied
onto the FET sensor. This work, for the first time, investi-
gates EBOV detection with the RGO-FET biosensor in a
sensitive and direct manner. The FET biosensor shows po-
tential applications as POC in clinical medicine with its
advantages including sensitive detection, high specificity
and low cost.

Experimental section

Materials

Sodium dodecyl sulfate (SDS) was purchased from Generay
Biotech Co. Ltd. (Shanghai, China, http://www.generay.com.
cn/). 98% hydrazine was purchased from Aladdin Co. Ltd.
(Shanghai, China, http://www.aladdin-e.com/). Graphite
powder (99.99995%, 325 mesh) was purchased from Alfa
Aesar Co. Ltd. (Tianjin, China, https://www.alfa.com/zh-
cn/). Cy5 NHS ester was purchased from Nanjing bioorth
biotech Co. Ltd. (Nanjing, China, https://shop151509095.
taobao.com/). 1-Pyrenebutanoic acid succinimidyl ester
(PASE) was purchased from Sigma-Aldrich (Shanghai,
China, https://www.sigmaaldrich.com/). Bull serum albumin
(BSA) was purchased from Thalys Co. Ltd. (Wuhan, China,
http://www.thalys.net.cn/index.html). Streptavidin (SA) and
glutaraldehyde were purchased from Solarbio Science &
Technology Co. Ltd. (Beijing, China, http://www.solarbio.
bioon.com.cn/). Anti-EpCAM antibody and Anti-CD9 anti-
body were purchased from Abcam Co. Ltd. (Shanghai,
China, https://www.abcam.cn/). Inactivated EBOV whole
virion and equine-origin antibody against the EBOV glyco-
protein were supplied by Wuhan Institute of Virology, China.
Healthy human serum samples were supplied by the Wuhan
No. 1 Hospital, China, which was approved by the Ethics
Committee of Wuhan No. 1 Hospital. Ultrapure water was
gained from a Millipore water purification system (18.
2 MΩ·cm resistivity, Milli-Q Direct 8). All the chemicals used
in this research were of analytical level. All other chemicals,
only if specified as reagent grade, are used without further
purification.

Fabrication of the RGO-modified FET

RGO homogeneous solution was prepared by chemical reduc-
tion method, which was mentioned in our previous work
[21–25]. The diluted RGO (0.2 mg·mL−1) suspension was
drop-casted onto the sensing channel region of the FET chip,
and thermally annealed at 80 °C in a vacuum oven for 2 h so as
to remove all hydrazine and improve the touch between the
RGO and the electrodes. In order to obtain few-layer RGO,
the chip was sonicated with Piranha solution (7:3 v/v concd
H2SO4/35% H2O2) for 5 s, the RGO-FET devices were used
for next modification.

Immobilization of equine-origin antibody
against the EBOV glycoprotein on the FET devices

A three-step procedure was used to covalently attach the
equine-origin antibody against the EBOV glycoprotein
onto the surface of the RGO-FET biosensor. First,
5 mM PASE, as a cross-linker molecule, in dimethyl-
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sulfoxide (DMSO) was dropped on the RGO channel.
After incubation for 1 h, the chip was subsequently
washed with pure DMSO, ethanol, and then DI water.
Second, equine-origin antibody against the EBOV glyco-
protein was immobilized on the chip surface for 2 h at
room temperature. Third, the chip was subsequently pas-
sivated by reaction with BSA (1 mg·mL−1) for 1 h to
avoid possible non-specific adsorption, rinsed by DI wa-
ter and blown dry with N2.

The detection of EBOV by the FET device

10μL of EBOVin phosphate buffer saline (PBS) was dropped
onto the equine-origin antibody modified channel and incu-
bated for 30 min at 37 °C for immunoreactions. The chip was
then rinsed with DI water to remove the unbound EBOVand
dried with N2. Finally, the chip was immersed with PBS for
electrical measurement.

The detection of EBOV in serum

The EBOV in serum was prepared with different concentra-
tions (12 pg·mL−1, 120 pg·mL−1, 1.2 ng·mL−1, 12 ng·mL−1)
by spiking the EBOV in 10% normal human serum. Next, the
prepared serum sample was dropped on the sensing surface
where the equine-origin antibody was immobilized, allowing
for incubation for 30 min at 37 °C. Then, the chip underwent
necessary washing and subsequent electrical measurement as
above-mentioned.

Electroanalytical measurements

Electrical measurements of the liquid-gate FET biosensor
were performed at room temperature using a Keithley
4200 semiconductor characterization system coupled with
a probe station (EverBeing BD-6, Taiwan). For electrical
transfer characteristics curve measurements of the FET

biosensor, the gate electrode was a silver wire reference
electrode immersed in PBS with a constant bias of 0.1 V.
Electrical output curves measurement was conducted at a
designated Vg value.

Result and discussion

Characterizations

To characterize EBOV prior to the electrical measurement,
transmission electron microscope (TEM, Hitachi, Japan) was
performed. From the TEM image, it was clearly seen that the
Ebola virus was a filamentous virus, about 900 nm in length
and about 70 nm in diameter (Fig. 2a).

The RGO-FET biosensor was produced as previously
described [21–25]. The anti-EBOV antibody was
immobilized on the RGO surface by PASE. To verify
the modification of anti-EBOV antibody on the RGO sur-
face, the fluorescence characterization experiment was
conducted. Anti-EBOV antibody was applied to the
RGO surface before a silicon chip was treated with
RGO and PASE. Subsequently, the chip was passivated
by BSA, after which the fluorescent dye (Cy5) was ap-
plied to the antibody through the dehydration condensa-
tion reaction. The immobilization of the antibody was
confirmed by fluorescence microscope. As shown in Fig.
2b, an obvious fluorescence was observed when anti-
EBOV antibody was applied to the RGO surface. As a
control in Fig. S1, no fluorescence was seen when only
Cy5 was applied to the RGO surface, on which anti-
EBOV antibody was not immobilized. The fluorescence
experiments confirm that the anti-EBOV antibody has
successfully been immobilized on the RGO surface.

Field emission scanning electron microscope (FE-
SEM, CarlZeiss, Japan) was employed to characterize
whether EBOV is conjugated to the immobilized

Fig. 1 Schematic presentation of
the field effect transistor (FET)
modified with reduced graphene
oxide (RGO) for Ebola Virus
(EBOV) detection
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antibody. As mentioned previously, after the FET chip
was immobilized with anti-EBOV antibody, EBOV was
applied to the antibody-immobilized surface. As shown
in Fig. 2c, filamentous viruses were observed inside the
sens ing channel , indica t ing tha t the RGO-FET
immobilized with monoclonal anti-EBOV antibody suc-
cessfully captured EBOV from specimen as a result of
the specific antigen-antibody reaction. Also, the morphol-
ogy of EBOV in FE-SEM is consistent with that of TEM.

In order to show that the progressive functionalization
process was as successful as expected, the RGO-FET trans-
fer characteristics curve in each step was confirmed.
Figure 2d shows the typical transfer characteristics curve
of the RGO-FET biosensor with an obvious ambipolar char-
acteristic. The Dirac voltage of the pristine RGO-FET was
found to be 0.420 V. After coupling of PASE to RGO, the
Dirac voltage shifted to 0.461 V, suggesting that PASE in-
troduced strong p-doping in RGO [30]. After binding of the
anti-EBOV antibody, Dirac voltage was decreased by
0.095 V to a value of 0.325 V, which is contrasted to that
of the pristine RGO-FET biosensor. The results further
show that the anti-EBOV antibody has been immobilized
on the PASE-RGO surface.

The zeta potential analysis of the EBOV in Fig. S2 shows
that it is negatively charged, with a charge nearly of −26.7mV.
As discussed in our published literatures, the RGO-FET de-
vice is p-type doping. When EBOV (1.2 ng·mL−1) was
trapped on the chip, net carrier density increased, resulting
in n-doping of the RGO-FET. This caused a left shift of the
Dirac voltage from 0.325 V to 0.2 V in transfer curves as
shown in Fig. 2d.

Reproducibility, stability, and reversibility

Firstly, in order to study the reproducibility of the RGO-FET
biosensor, the transfer characteristics curves of 24 biosensors
were recorded. As shown in the Fig. S3a, all 24 sensors had
very similar current-gate voltage characteristics. The Dirac
voltage of all biosensors was very close to a narrow range of
about 0.425 ± 0.01 V (Fig. S3b), indicating that the biosensor
achieved good reproducibility during the production process.

Secondly, the stability of the RGO-FET biosensor was ex-
plored by storing the anti-EBOV antibody functionalized de-
vice in a vacuum oven for several days. As shown in Fig. S3c,
d, it can be seen that the Dirac voltage was slightly changed
after the chip was stored at room temperature for 15 days.
After 7 days and 15 days, the Dirac voltage retainedmore than
93.62 and 86.45% of its original value, respectively. The shift
was likely caused by the nonspecific surface adsorption by air
and water in the environment. The result means that the con-
structed biosensor has satisfactory stability.

Thirdly, reversibility experiments were performed by
employing the anti-EBOV immobilized FET biosensor for
EBOV detection over 3 cycles. After high ionic solution
(NaCl, 1 M) was incubated with the chip for 5 min to disso-
ciate the combination of EBOVand antibody, EBOV (12 ng·
mL−1) was applied again to the anti-EBOV immobilized FET
biosensor to achieve reversibility [22, 31]. The transfer char-
acteristic curves were measured repeatedly in 3 cycles. The
shift of Dirac voltage was observed between 90 and 120 mV
during 3 cycles of association and dissociation, indicating that
the FET biosensor had the capability of reversibility. These
potential oscillations of Dirac voltage were caused by 3 cycles,

Fig. 2 a Transmission electron
microscope (TEM) image of
EBOV. b Fluorescence micro-
scope image of the RGO-
modified silicon chip observed
after immobilization with anti-
EBOVantibody and conjugation
with Cy5 fluorescent dye. c Field
emission scanning electron mi-
croscope (FE-SEM) image of
EBOVinside the sensing channel.
Inset: HR-FESEM image of the
EBOV. d Plots of typical transfer
curves at Vd = 0.1 V for the FET
biosensor in the process of RGO
formation, 1-Pyrenebutanoic acid
succinimidyl ester (PASE) modi-
fication, anti-EBOVantibody im-
mobilization, and EBOV binding
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as shown in Fig. S4. The results indicate that the anti-EBOV
immobilized FET biosensor is reversible.

Specificity of the biosensor

Specificity is the ability to distinguish specific virus and other
viruses, which is essential for practical medical and biological
applications. To investigate the specificity of the biosensor
towards EBOV, other viruses, such as H1N1, H3N2, H9N2,
were used as negative control samples. Avian influenza virus
(H1N1, H3N2, H9N2) can also cause fever symptoms similar
to EBOV [32]. Therefore, they were selected as negative con-
trol (the concentration of 1 μg·mL−1). Figure 3a reflects the
response of the anti-EBOVantibody-modified RGO-FET bio-
sensor to 3 different viruses. It’s a negligible response when
high concentrations of non-target viruses were applied to the
FET biosensor. The negligible signal changes were caused
probably by the nonspecific binding. In contrast, when the
biosensor was interacted with a lower concentration of
EBOV, an obvious left shift of Dirac voltage appeared in
Fig. 3a (blue dashed line). As demonstrated in Fig. 3b, the
changes of Dirac voltage shift in EBOV (1.2 ng·mL−1) sample
were significantly higher than those in negative controls. The
Dirac voltage changes of H1N1, H3N2, H9N2, EBOV were
about 12 mV, 8 mV, 11 mV and 87 mV, respectively.
Therefore, it can be concluded that the RGO-FET biosensors

showed a significant conductance change for EBOV, but the
conductance change of other viruses is negligible. The results
show that the prepared biosensor has high specificity to spe-
cific targets.

At the same time, different antibodies were also chosen
to replace the EBOV-specific antibody to verify the spec-
ificity between anti-EBOV antibody and EBOV. As men-
tioned above, the chosen antibodies were immobilized on
the RGO-FET biosensor to capture the EBOV. Anti-
EpCAM antibody (EpCAM), anti-CD9 antibody (CD9),
and streptavidin (SA) were selected as non-specific anti-
bodies. As shown in Fig. 3c, after 1.2 ng·mL−1 of EBOV
was incubated with nonspecific antibodies modified FET
biosensor, slight changes of Dirac voltage appeared (dash
line). However, when EBOV was incubated with its spe-
cific antibody, an obvious Dirac voltage change occurred
as can be seen in Fig. 2d. Figure 3d summarizes the shift
of Dirac voltage caused by 3 different antibodies
immobilized FET biosensor interacted with EBOV. The
Dirac voltage changes of the FET biosensor immobilized
with nonspecific antibodies were 14 mV, 13 mV, 10 mV,
respectively, whereas Dirac voltage change of the FET
biosensor immobilized with equine-origin antibody
against the EBOV glycoprotein was 125 mV. These re-
sults indicate that the RGO-FET biosensor was of high
specificity.

Fig. 3 a Transfer characteristics
curves of the anti-EBOVantibody
functionalized RGO-FET biosen-
sor incubated with 1 μg·mL−1

H1N1, 1 μg·mL−1 H3N2,
1 μg·mL−1 H9N2, and
1.2 ng·mL−1 EBOV, respectively.
b Summary of Dirac voltage shift
of the RGO-FET biosensor:
1 μg·mL−1 H1N1, 1 μg·mL−1

H3N2, 1 μg·mL−1 H9N2, and
1.2 ng·mL−1 EBOV. c Transfer
characteristics curves of the
RGO-FET biosensor
immobilized with 3 different an-
tibodies: anti-EpCAM antibody
(EpCAM) (blue solid line), or
anti-CD9 antibody (CD9) (green
solid line), or streptavidin (SA)
(yellow solid line) to capture the
EBOV. d Histograms of Dirac
voltage change caused by the
RGO-FET biosensors
immobilized with 3 different an-
tibodies and anti-EBOVantibody
to capture EBOV (1.2 ng·mL−1).
Error bars correspond to standard
deviation (n = 3)
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Sensitivity of the biosensor

The sensitivity of the RGO-FET biosensor was evaluated by
applying the EBOV at a concentration of 1.2 pg·mL−1-12 μg·
mL−1 to the antibody-immobilized RGO-FET biosensor. As
shown in Fig. 4a, the Dirac voltage of the transfer characteristics
curves gradually shifted to the left along with the increased
concentrations from 2.4 to 120 ng·mL−1. As mentioned above,
the EBOVis negatively charged in PBS, resulting in n-doping of
the RGO-FETafter the EBOVwas bound to the chip.Moreover,
the change of Dirac voltage increased along with an increase in
concentration. The sensor response to EBOV was quantified
using the normalized Dirac voltage changes (ΔV/V0 = (V-V0)/
V0), where V0 is the initial Dirac voltage and V is the stabilized
Dirac voltage after changing the concentration of EBOV.
Figure 4b indicates theΔV/V0% versus different concentrations
of EBOV, which clearly shows that the left shift of Dirac point
occurred along with the increase of EBOV concentrations. The
method is semi-quantitative, and the detection range of EBOVin
PBS is from 2.4 × 10−12 g·mL−1 to 1.2 × 10−7 g·mL−1. The rel-
evant calibration curve is |ΔV|/V0(%) = 6.9lgC + 9.87215 (the
logarithmic value of EBOV concentration is defined as lgC).
The dashed line in Fig. 4b denotes the triple noise level from

the blank control test. The limit of detection (LOD) of 2.4 pg·
mL−1 was gained based on the signal/noise ratio ≥ 3.

In order to further explore the performance of the
biosensor in practical sample detection, the different
concentrations of EBOV spiked in human serum sample
were also applied to the antibody-functionalized FET
biosensor. As shown in Fig. S5a, the Dirac voltage of
the transfer characteristics curves gradually shifted to
the left along with the increased concentrations from
12 pg·mL−1 to 12 ng·mL−1, which is similar with the
above-mentioned results in Fig. 4a. Fig. S5b indicates
the ΔV/V0% versus different concentrations of EBOV,
clearly showing that the left shift of Dirac voltage oc-
curred while EBOV concentrations were increased. The
relevant calibration curve is |ΔV|/V0(%) = 5.7lgC +
12.04867. (The logarithmic value of EBOV concentra-
tion defined as lgC). The dashed line in Fig. S5b de-
notes the triple noise level from the blank control test.
The limit of detection (LOD) of 12 pg·mL−1 was gained
based on the signal/noise ratio ≥ 3.

Furthermore, spike recovery test was performed to
verify the applicability of the biosensor for detecting
EBOV in physiological environment. As listed in

Fig. 4 a Transfer characteristics curves of the anti-EBOVantibody func-
tionalized RGO-FET device to detect the EBOVat a series of concentra-
tions (1.2 pg·mL−1, 2.4 pg·mL−1, 4.8 pg·mL−1, 7.2 pg·mL−1, 9.6 pg·mL−1,
12 pg·mL−1, 120 pg·mL−1, 1.2 ng·mL−1, 12 ng·mL−1, and 120 ng·mL−1,
1.2 μg·mL−1, 12 μg·mL−1). b The working curve of the RGO-FET bio-
sensors for detection of EBOVat a series of concentrations (2.4 pg·mL−1,
4.8 pg·mL−1, 7.2 pg·mL−1, 9.6 pg·mL−1, 12 pg·mL−1, 120 pg·mL−1,

1.2 ng·mL−1, 12 ng·mL−1, and 120 ng·mL−1). Dashed line represents
the triple noise level from the blank control test. Error bars correspond
to standard deviation (n = 3). c Normalized plot of ΔVg,EBOV/ΔVg.EBOV
max (where ΔVg.EBOV max is the saturated ΔVg,EBOV) as a function of
CEBOV is summarized from the data in (Fig. 4a). d The least-squares fit
to the Langmuir adsorption isotherm model, yielding Kd = 3.4 ±
2.6 ng·mL−1 for the anti-EBOVantibody-EBOV complex
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Table S1, the recovery for EBOV was from 93 to
105.6%, and the RSDs were between 4.9 and 6.3%.
These results indicate that the biosensor has potential
applications for detection of virus in clinical sample.

We next determined the binding affinity of anti-EBOV
antibody to EBOV. The data from Fig. 4a were converted
to the calibrated response ΔVg,EBOV/ΔVg.EBOV

max

(where ΔVg,EBOV
max is the saturated ΔVg,EBOV) as a

function of CEBOV in Fig. 4c. As displayed in Fig. 4c,
it can be seen that the linear working range of the RGO-
FET biosensor for EBOV detection spanned from 2.4 ×
10−12 g·mL−1 to 1.2 × 10−7 g·mL−1 and then gradually
became saturated about 1.2 × 10−6 g·mL−1. Figure 4d
plots the CEBOV/ΔVg,EBOV against various EBOV con-
centrations (CEBOV), and the dissociation constant (Kd)
of the anti-EBOV antibody-EBOV complex was calculat-
ed to be 3.4 ± 2.6 ng·mL−1, which was determined from
the least-squares fit to the Langmuir adsorption isotherm
model.(Eqs. 1, 2) [33].

CEBOV

ΔVgEBOV
¼ CEBOV

ΔVmax
gEBOV

þ 1

ΔVmax
g;EBOV

kd ð1Þ

ΔVg;EBOV %ð Þ ¼ ΔVg;EBOV−ΔV0
gEBOV

ΔVmax
gEBOV−ΔV0

gEBOV
� 100 %ð Þ ð2Þ

where theΔVg,EBOV
0 is the calibrated response at CEBOV = 0

that induces no detectable signal, and ΔVg,EBOV
max is the

saturated calibrated response at high CEBOV.
The immunosensors of RGO-FET have been inten-

sively investigated. Hao and coworkers studied a real-
time monitoring of insulin using a RGO-FET nanosensor,
in which Kd = 203 ng·mL−1 [30]. Our result (Kd = 3.4 ±
2.6 ng·mL−1) is lower than the reported results, indicat-
ing that there is a high binding affinity between anti-
EBOV antibody and EBOV. The dissociation constant
generally reported for anti-EBOV antibody against
EBOV ranged from 2 to 20 nM [34]. Thus, the RGO-
FET biosensor shows sufficiently high binding affinity,
making it ideal as a sensitive tool for practical EBOV
detection in clinical diagnosis.

A couple of technologies, such as electroluminescent,
fluorescence counting strategies, have been used for in-
active EBOV detection. Compared with other works, an
overview on recently reported determination of EBOV is
summarized in Table S2. For instance, Wu and co-
workers revealed a method for EBOV detection based
on electroluminescent nanospheres coupled with
immunomagnetic separation with a sensitivity of 5.2 pg·
mL−1 [13]. To further challenge high sensitivity, Hong
and coworkers established a cellular beacons-mediated
counting to detect EBOV on an integrated micromagnetic
platform, in which a high sensitivity of 2.6 pg·mL−1 was

achieved [15]. Albeit these methods enable highly sensi-
tive and precise detection of EBOV directly, they fre-
quently fail to satisfy many other desirable features such
as cost-efficiency.

Detection of the EBOV in clinical samples

To survey the applicability of this RGO-FET in clinical sam-
ple, the RGO-FET biosensor was used for detecting EBOV in
serum samples. The inactivated EBOV (12 ng·mL−1) was
spiked to different concentrations of 10%, 30%, 50%, 70%,
100% normal human serum. In the experiment, EBOV (12 ng·
mL−1) in different concentrations of serum for EBOV detec-
tion were chosen for positive control, while the different con-
centrations of serum without target EBOV was used as blank
control. In the absence of EBOV, a slight shift of Dirac voltage
was observed (negative, Fig. 5), as serum is complex and can
cause slight voltage changes due to non-specific adsorption.
On the contrary, the remarkable shift of Dirac voltage was
observed in the presence of EBOV. Simultaneously, the
EBOV can be detected with the increase of serum concentra-
tion, and even in whole serum. To make the comparison clear-
er, the shift of Dirac point for EBOV detection in 10%, 30%,
50%, 70%, 100% serum was about 92 mV, 87 mV, 71 mV,
56 mV, 51 mV, respectively. Therefore, it is proved that the
RGO-FET biosensor has a potential application prospect in
detecting EBOV in real clinical samples.

Conclusion

We have established a highly sensitive RGO-FET biosensor
for EBOV detection in serum. We have shown that direct
detection of EBOV can be realized by immobilizing equine-
origin antibody against the EBOV glycoprotein on the RGO
FET chip surface, and that high binding affinity between
EBOV and the corresponding antibody can be attained. This

Fig. 5 Histogram of Dirac voltage change of the RGO-FET biosensor
capturing inactivated EBOV in different concentrations of 10%, 30%,
50%, 70%, 100% normal human serum. Positive (with 12 ng·mL−1

EBOV). Negative (without EBOV). Error bars represent standard devia-
tions of measurements (n = 3)
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sensing platform is also attractive from the standpoint of high
sensitivity and specificity achieved. In addition, the FET bio-
sensor can directly detect the EBOV in whole serum, making
it possible for practical applications. Nevertheless, the major
limitations of the method lie in the following aspects: 1) The
chip-to-chip variation exists because the fabrication of each
RGO-FET sensor is variable; 2) The real sample detection is
still challenging because the blood is consisted of red cells,
white cells, etc., and these elements can affect the detection; 3)
The surface density of antibody and the binding efficiency
between antibody and virus are tough to control due to inher-
ent issues like steric hindrance and orientation. Even though,
we believe that the sensing strategy can cost-effectively detect
EVD and potentially reduce the spread of EVD and patient
death. This method has great application potential as POCT
tools in remote areas.
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