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The highly contagious norovirus (NoV) is the most common causative agent of acute gastroenteritis,
resulting in >200,000 deaths worldwide annually. A rapid and sensitive detection method is a prerequi-
site for effective prevention and timely identification of NoV contamination. In the present study, we
developed a photoelectrochemical (PEC) biosensor coupled with a novel custom-made monoclonal anti-
body (mADb) for specific and sensitive NoV detection. Our system could detect levels of recombinant NoV

capsid protein VP1 as low as 2 x 107'° g mL™! (4.9 pM) within 30 min in a concentration-dependent

llfl?c/)‘goerlisc:trochemical biosensor manner. More importantly, the biosensor was versatile in detecting virus isolated from real samples that
Norovirus were as low as 46 copies L. These findings indicate that this system has the potential to serve as a con-
VP1 venient point-of-care system for diagnosing NoV infection and detecting NoV-contaminated food

Monoclonal antibody samples.

QD

© 2020 Elsevier B.V. All rights reserved.

1. Introduction

Norovirus (NoV) is the most common cause of acute gastroen-
teritis in humans. This contagious virus was the first viral agent
linked to gastrointestinal disease [1]. NoV infection is responsible
for ~90% of the epidemic, nonbacterial outbreaks of severe gas-
troenteritis worldwide [2-4]. Due to the extreme culture require-
ments, it was not possible to achieve human NoV replication
in vitro until a method reported by Ettayebi K. and colleagues
became available in 2016. This culture method promoted the
research and development of effective drugs and vaccines against
NoV [3,5].
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NoV is a single-stranded, non-enveloped, positive-sense RNA
virus. Genetically, NoV can be classified into 10 genogroups (GI-
GX) and at least 49 genetic clusters or genotypes [6]. Molecular
epidemiology studies recently demonstrated that the variant geno-
type GIL.4 is responsible for ~70% of NoV-related outbreaks [7-9].
The ~7.5 kb NoV genome is organized into three main open read
frames (ORF) that encode different viral proteins during the NoV
life cycle [1]. In ORF1, a preserved Pol region is often regarded as
a primer target site for the identification of NoV genogroups and
genotypes through RT-PCR [10]. On the other hand, electron micro-
scopy is a classic diagnostic method for detecting NoV or other
small, round-structured viruses with a diameter of 27-30 nm,
but it is impracticable for clinical use due to the requirement for
high-level technical input and expensive equipment [11]. The
immuno-enzymatic method is another alternative for detecting
NoV; here, NoV capsid proteins are regarded as binding targets
for virus antigen recognition [12]. However, commercial detection
kits tend to offer low diagnostic sensitivity, probably due to the
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low binding affinity of the commercially available antibody
[13,14].

To overcome the technical limitations and to develop promising
alternative techniques for ready-to-use and sensitive NoV detec-
tion, biosensors coupled with a range of NoV-specific agents have
been developed. Affinity peptide-guided electrochemical biosen-
sors have been recently developed that can sensitively detect
NoV with a detection limit of 7.8 copies mL~! human NoV,
99.8 nM recombinant noroviral capsid protein (rP2) [15], or 1.78
gc mL~! HuNoV GI.4 and 2.47 gc mL~! NoV for oysters [16]. In
addition, a GII antibody has been coupled with localized surface
plasmon resonance or colorimetric bioassays for sensitive and
specific NoV detection [17,18]. However, further improvement is
needed in the sensitivity and convenience of these newly devel-
oped detection approaches.

The discovery of the semiconductor quantum dot (QD) has
opened a new nanotechnology age, and its use in electronics
and catalysis fields has surged, proving to be an excellent
choice for luminescent probes in NoV detection and various
other applications [19-21]. A photoelectrochemical (PEC)
biosensor is an advanced version of the traditional electrochem-
ically based detection technology; it has the advantages of
being inexpensive, simple-to-use, sensitive and having a low
noise signal. By using light as the excitation source, PEC biosen-
sors can be designed to potentiometrically or amperometrically
detect signal transduction on the surface of inorganic, organic
or hybrid semiconductor photoactive materials [22,23]. In addi-
tion, compared with other electrochemical transducers, indium
tin oxide (ITO) electrodes—which have low surface resistivity
and are chemically stable, feasible for biochemical modification
and inexpensive—are usually applied in PEC-based biosensor
development [24].

The combination of QDs with PEC immunoassays has gained
substantial attention, and now constitutes a new branch of bio-
analysis [25]. In brief, the principle of a QD-coupled PEC system
is that before modification of the platform and upon activation
by external energy (hv), electrons (e~) (in the form of a photocur-
rent) can be smoothly transferred from the valence band (VB,
lower energy band) to the conduction band (CB, higher energy
band). After modification, the photocurrent would be decreased
by the steric hindrance arising from immobilized reactants [26].
PEC and QD-based biosensors have been integrated into
immunoassays for the cardiac marker troponin T (cTnT) [27], and
for pcDNA3-HBV detection [28]. Moreover, a CdSe-ZnO-based pho-
toelectrochemical biosensor was developed to detect NoV RNA
with a detection limit of 0.50 nM [29].

In the present study, we aimed to further improve on PEC-based
NoV detection. We combined a PEC and QD-based biosensor with
our novel custom-made monoclonal antibody specific to the capsid
protein VP1 of NoV. The developed sensitive PEC-based biosensor
platform enabled us to develop a specific, rapid and sensitive
method for NoV detection.

2. Materials and methods
2.1. Materials

ITO glass (ITO coating 180 = 20 nm, 8.1 + 0.6 Q@ cm2) was pur-
chased from Southern Glass Holding Co. LTD (Shenzhen, China).
CdCl,-2.5H,0 was purchased from Jinshan Tingxin Chemical Plant
(Shanghai, China); Na,S-9H,O0 was purchased from Lingfeng
Chemical Reagent Co. LTD (Shanghai, China); 20 wt% Poly (dial-
lyldimethylammonium chloride) (PDDA) solution, 1-Ethyl-3-
(3-dimethylaminopropyl) carbodiimide (EDC) and bovine serum
albumin (BSA) were purchased from Sigma-Aldrich (St. Louis,

MO, USA); and N-Hydroxysuccinimide (NHS), ascorbic acid (AA),
thioglycolic acid (TGA) and monoethanolamine (MEA) were
purchased from Sinopharm Chemical Reagent Co., Ltd. (Shanghai,
China). Phosphate-buffered saline (PBS) and all other reagents or
buffers were prepared using water from an ultra-pure Milli-Q
Water System. Virus samples were isolated and concentrated from
patients with permission, inactivated at 98 °C for 20 min, diluted
with 0.1 M PBS and stored at —80 °C. ELISA Accessory Packs were
purchased from Abcam (UK).

2.2. Preparation of mAb specifically targeting VP1 of NoV

A 37 aa peptide (VQAPNGEFTVSPRNSPGEVLLNLELGPELNPYLAHLC)
from the NoV GIL.12 capsid protein VP1 (YP_009237898.1) was
synthesized and used as an antigen to prepare the mAb by Beijing
Protein Innovation (Beijing, China). Ascites were produced by
injecting hybridoma cells (5 x 10°-9 x 10° cells mL~!) that specif-
ically produced anti-VP1-mAb in the peritoneal cavities of paraffin
oil-pretreated BALB/c mice. The mAb generated was purified using
the Protein G Sepharose 4 Fast Flow System (GE Healthcare, Swe-
den) and analyzed by SDS-PAGE with BSA as the standard. All ani-
mal experiments were performed according to a protocol approved
by the Research Animal Care and Use Committee of Hong Kong
Polytechnic University. Purified antibodies were stored in 0.1 M
PBS and —80 °C for future use.

2.3. Preparation of CdS QDs and ITO electrodes

TGA-stabilized CdS QDs were synthesized as previously
described, with modifications [27]. In brief, 250 pL TGA was
mixed with 50 mL 0.01 M CdCl, solution in the presence of N,
for 30 min; the pH of the mixture was adjusted to 11 with freshly
prepared 1.0 M NaOH. Then, 5.5 mL 0.1 M Na,S was injected and
refluxed under N, for 4 h. The TGA-stabilized CdS QDs were
diluted with deionized (DI) water and stored at 4 °C. ITO elec-
trodes with a working area of 0.25 cm? were soaked in 0.6 mL
2% PDDA (0.5 M NaCl solution) for 10 min, followed by another
four rounds in 0.6 mL CdS solution for a further 10 min. The
fabricated ITO electrodes (ITO/CdS) were stabilized at RT over-
night in a dark environment. The ITO electrodes were activated
in 1 mL EDC/NHS (20 mg mL~'/10 mg mL™!) at RT for 1 h and
washed with DI water three times. The activated ITO electrodes
were treated with 25 pL mAb for another 1 h at RT followed
by washing three times in 0.01 M PBS. The mAb-conjugated
ITO/CdS electrodes (ITO/CdS/mAb) were further treated with
25 uL of VP1 protein at different concentrations at 37 °C for the
indicated time and washed in 0.01 M PBS to produce the
ITO/CdS/mAb/VP1 electrodes. To test the inactivated virus samples,
the VP1 protein was replaced by different concentrations of a
virus sample solution in preparation of the ITO/CdS/mAb/NoV
electrodes.

2.4. Electrode characterization

An electrochemical impedance spectroscopy (EIS) analysis of
the electrodes was performed using a VMP-300 instrument (Bio-
Logic Science Instruments, France). In brief, a fabricated ITO elec-
trode as the working electrode, a Pt wire as the counter electrode
and a saturated Ag/AgCl electrode as the reference electrode were
partially soaked in an assay buffer comprising 5.0 mM KsFe(CN)g/
K4Fe(CN)s (1:1), 0.1 M KCl. The electrodes were connected to a
VMP-300 in the single sine mode; the parameters were set with
E ranging from —10 to 10 V, Va as 5.0 mV, pw as 0.1, the bandwidth
as 8, fi as 100 kHz, and ff as 100 mHz.
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2.5. PEC for VP1 or NoV detection

The gene encoding the NoV GIl.12 capsid protein VP1
(1-350aa, YP_009237898.1) was synthesized by Tech Dragon
Ltd. (Hong Kong, China), subcloned into a pET-15b expression
vector, and expressed and purified from the Escherichia coli
system (BL21, DE3). Viruses from real samples were prepared
by GDCIQ (Guangdong Entry-Exit Inspection and Quarantine
Bureau) and quantified by RT-qPCR. Based on the specific
interaction between the mAb, the recombinant VP1 and the
inactivated NoV via the natural VP1 on the surface of NoV, the
corresponding changes in current were monitored. In this study,
the PEC measurement was conducted by a homemade system
connected to an irradiation source of a 500 W Xe lamp
(LSH-X500) coupled to a monochromator. The photocurrent
was measured using an electrochemical workstation (CHIG60E,
China). The assay electrolyte of 0.1 M PBS containing 0.1 M
ascorbic acid was freshly prepared. All measurements were
performed at least three times to ensure consistency.

2.6. VP1 or NoV detection by conventional ELISA

The recombinant VP1 or inactivated-NoV was detected by
conventional ELISA method. The experimental procedure was
performed by following the instructions of the supplier (abcam,
USA). In brief, a high-binding 96-well microplate was first incu-
bated with serially diluted VP1 or NoV for 2 h at RT and rinsed
with 1X Wash Buffer three times; next, the microplate was
blocked with 1X Blocking Buffer to reduce nonspecific binding
for 2 h at RT. Then, 50 pL mAb (2 pug mL™') was added, and the
microplate was incubated for a further 2 h at RT. After rinsing
three times, an HRP-labeled anti-mouse IgG (Abcam, UK) was
added, and the microplate was incubated for 1 h at RT, followed
by TMB substrate incubation for 20 min in the dark. Finally, a
solution was added to stop the reactions. The absorbance at
450 nm was measured using a microplate reader (Epoch 2, Bio
Tek, USA).

3. Results and discussion
3.1. Principle of PEC biosensor

In the present study, we conjugated isopropanol-pretreated
ITO electrodes with PDDA/CdS via electrostatic interactions in
the present NoV detection system to form successive layers on
the surface of the ITO electrode. We then immobilized the
custom-made NoV capsid protein VP1-specific mAb onto CdS
QDs with the help of EDC/NHS. By this approach, the VP1 protein,
if present, would be captured by the mAb (Schematic 1A). The
detection mechanism of the PEC biosensor is based on detecting
the steric hindrance changes due to the specific recognition of
the conjugated mAb by the VP1 protein of NoV (Schematic 1B).
Prior to modification, the CdS QDs could be activated by external
energy (hv), resulting in electrons moving from VB to CB, forming
electron-hole pairs. Electrons in the CB of the CdS QDs would be
further transferred to the band of ITO electrodes in the form of a
photocurrent. Meanwhile, the concomitant hole in the VB of CdS
QDs would be neutralized by electron donors in the electrolyte
(AA solution in the present case). Effective coupling of the proce-
dures at each stage was necessary for continuous photocurrent
generation (Schematic 1B upper panel). Upon modification, the
insulating features of the proteins and steric hindrance intro-
duced would interfere with or prevent electron-hole neutraliza-
tion and decrease or diminish photocurrent generation
(Schematic 1B lower panel) [26].

3.2. PEC biosensor for recombinant VP1 detection

The VP1 encoded by the second ORF in the NoV genome is a
structural protein involved in the formation of the NoV icosahedral
capsid [1,30]. In this study, we purified the VP1 protein as a recom-
binant protein; the corresponding mAb was prepared as described
previously and then immobilized onto the surface of ITO/CdS elec-
trodes via EDC/NHS.

To investigate an appropriate concentration ratio between the
mAb and the recombinant VP1 protein, we modified activated
ITO/CdS electrodes by various concentrations of mAb (0.2, 1 and
5 mg mL™!), followed by incubation with different concentrations
of VP1 (0.2 and 2 mg mL™!) at 37 °C for 30 min. Unexpectedly,
5 mg mL~' mAb could not further improve the photocurrent
change when compared with that of 1 mg mL~! mAb (Fig. 1A). This
finding lead to the questions as to whether the photocurrent
change is time-dependent. We thus tested the effects of incubation
time on photocurrent change. Our data indicated that the pho-
tocurrent change positively correlated with incubation time in
the first 30 min, but an incubation time >30 min could not further
enhance the photocurrent change (Fig. 1B). A possible explanation
for this phenomenom is that the limited working area (0.25 cm?) in
the ITO/CdS electrode could be saturated by 1 mg mL~! mAb and
could be recognized and saturated by 0.2 mg mL~' VP1 recombi-
nant protein in 30 min incubation.

Based on our optimization data, we conclude that the optimal
concentration for the present sensor was 1 mg mL™! mAb. This
concentration was sufficient to saturate the electrode, which
would be further saturated by 0.2 mg mL~! VP1 recombinant pro-
tein in 30 min.

3.3. EIS analysis of the fabricated ITO electrodes

In principle, impedance is simply the opposition force to electri-
cal current, and the impedance spectrum is often analyzed in an
equivalent circuit [31,32]. The EIS method is a powerful tool for
investigating the mechanisms of electrochemical research, in
which a small-amplitude voltage perturbation is introduced and
the impedance Z at different frequencies of the corresponding sys-
tem is determined (Fig. 2A). A Nyquist plot, which plots the real
part impedance Z’ and the imaginary part impedance -Z”, is one
way to illustrate an impedance measurement [33]. Recently, an
increasing number of label-free detection tools for biosensors
based on selective interaction between the electrode and target
analytes have been developed by harnessing the EIS technique
[34].

To verify the modifications of the ITO electrodes at each stage,
we used EIS technology for electrode characterization. As expected,
the ITO/CdS electrode displayed the lowest impedance in the form
of the smallest semicircle diameter; after mAb (1 mg mL™~!) or VP1
(2 x 107* g mL™!) modification, the impedance of the correspond-
ing electrodes increased due to the surface blocking by nonconduc-
tive proteins (Fig. 2B). Overall, the results of our EIS analysis
indicated that the ITO electrodes were successfully modified, caus-
ing a change in the steric hindrance on the surface of electrodes
that was detectable in the form of photocurrent attenuation.

3.4. Sensitivity and specificity analysis of PEC biosensor for GII NoV
detection

The sensitivity of the PEC biosensor was determined using var-
ious concentrations of VP1 protein (ranging from 2 x 107 to
2 x 1071° g mL~"). Here, we found that the electrode photocurrent
changed according to the variation in the concentrations of VP1
protein (Fig. 3). For clarity, the following equation would be
applied to determine the photocurrent change ratio.
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Where I2, . and %, represents the maximum (light on) and mini-
mum (light off) photocurrents of the ITO/CdS/mAb electrode,

respectively. After incubation with different concentrations of
VP1, I and ['  representing the maximum and minimum pho-

max min’
tocurrents of the corresponding ITO/CdS/mAb/VP1 electrode,
respectively, were measured.

On average, a 24% photocurrent change ratio was determined in
the present of 2 x 10~* g mL~! VP1 protein (Fig. 3A, D); the ratios
for2 x 10°gmL'and 2 x 10" g mL~! VP1 were ~13% and ~5%,
respectively (Fig. 3B-D). The molecular weight of the recombinant
VP1 protein was ~41,000 g mol~! (371 residues including His tag).
Thus, the limit of detection (LOD) of the biosensor was 4.9 pM (the
lowest concentration of VP1 protein divided by the molar of VP1
protein, or 2 x 107 g mL"'/41,000 g mol~'). This LOD was
~2 x 10%fold higher in sensitivity than that of an affinity
peptide-based electrochemical biosensor in NoV detection
(99.8 nM) [15] and 20-fold higher than that of a graphene-gold
nanocomposite aptasensor (100 pM) [35]. Taken together, our
PEC biosensor could rapidly and ultra-sensitively detect levels as
low as 2 x 1071 g mL™', or 4.9 pM NoV VP1 protein in 30 min
incubation.

Next, we analyzed the specificity of the developed PEC biosen-
sor for detecting the NoV capsid protein VP1. We used PBS, BSA and
SNAP25 (soluble NSF attachment protein of 25 kDa) [36] as the
controls. We found that 0.1 M PBS, 2 mg mL ™' BSA or 4 mg mL™!
SNAP25 exerted negligible effects on the photocurrent (Fig. 4A).
However, we detected an ~24% photocurrent change ratio with
2 x 1074 g mL~' VP1, indicating a high specificity of the biosensor
towards the VP1 protein. Then we checked the feasibility of the
PEC biosensor in detecting NoV particles using different NoV geno-
types and rotavirus A. We determined the virus concentrations by
RT-gqPCR (data not shown). As expected, the PEC sensor could
specifically detect different NoV genotypes with similar detection
efficiencies, but it could not detect rotavirus A. These data support
the specificity of the developed PEC towards NoV (Fig. 4B).

Next, we serially diluted samples of the NoV GII.12 genotype to
test the sensitivity of the PEC sensor. Here we found an ~35% pho-
tocurrent change ratio could be detected from 4688 copies pL™!
NoV GII.12; 468 copies puL~! NoV gave rise to a slightly higher pho-
tocurrent change ratio than that of 2 x 10~ g mL™~! VP1 protein.
Furthermore, the 10-fold diluted NoV sample (46 copies uL~") also
caused an ~18% change in photocurrent (Fig. 4B). These data sug-
gest that the PEC biosensor can feasibly and specifically detect
NoV particles in a concentration-dependent manner.

We next compared the sensitivity of conventional ELISA tech-
nology in detecting VP1 or NoV with that of the developed PEC
biosensor. We found that the conventional ELISA method could
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were performed to ensure consistency.

detect recombinant VP1 levels as low as 2 x 10~ g mL~! (Fig. 5A, B
upper panel), with ~100-fold lower sensitivity than the PEC biosen-
sor. Interestingly, the conventional ELISA method displayed a sim-
ilar level of sensitivity in detecting NoV GII.12 compared with the
biosensor (Fig. 5A, B lower panel). We thus conclude that our
developed PEC biosensor might serve as a promising alternative

for detecting NoV with the advantages of high sensitivity and
speed, low cost and capacity for point-of-care diagnosis.

We finally searched the available literature for other NoV detec-
tion approaches other than ELISA, to see how our new system
comapres (Table 1). Takemura et al. used GII antibody-guided
localized surface plasmon resonance-amplified magnetofluoroim-
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Schematic 1. The design and mechanism of the PEC biosensor for NoV detection. (A) Isopropanol-treated (2 M KOH included) and dried ITO electrodes were alternatively
soaked in PDDA and CdS solutions for three cycles, followed by activation by EDC/NHS. An antibody was then conjugated onto the ITO/CdS electrodes. Finally, the VP1 or
virus-treated electrodes would be measured under a monochromatic light for the change in photocurrent. (B) Before modification of the platform and upon activation by
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electrode. After modification, the photocurrent would be decreased by the steric hindrance arising from immobilized antibodies, VP1 or inactivated viruses.

munoassay for NoV detection, and the developed method dis- CdSe-ZnO-based photoelectrochemical biosensor exhibited a dis-
played high specificity toward NoV and a relative high detection appointing performance in NoV detection [29]. Other technologies,
limit for NoV VLPs [17]. Meanwhile, Han et al. reported that a such as aptasensors, immune electron microscopy and RT-PCR,
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Table 1
Literature search of NoV detection by various methods.

Detection Method Linear Range Detection Limit Specificity Reference

GII Ab-guided localized surface plasmon 1 pgmL~! to 5 ng mL~! NoV VLPs; 10 ~ 107 0.48 pg mL~! NoV VLPs in feces; High [17]
resonance-amplified copies mL™! clinical HuNoV RNA 84 ~ 934 copies mL~' GII HuNoV
magnetofluoroimmunoassay

GII Ab-guided colorimetric immunoassay 10 ~10° pg mL~! NoV VLP; 10 ~ 10* (GI.3) and  10.8 pg mL~! NoV VLP; 13.2 ~ 16.3 gc  High [18]

102 ~ 10° (GIL.4) copies mL™" mL~! fecal NoV GIL3 and GIL4
Colorimetric NanoZyme aptasensor 200-10,000 viruses mL™"!, or 1320-19,800 200 viruses mL™" High [38]
viruses mL~", or 3300-33,000 viruses mL™!

Specific binding peptide guided-impedance 0 to 10* copies mL~! HuNoV GIL.4; 10 to 10° 1.78 gc mL~! HuNoV GIl.4 and 2.47 gc  High [16]
electrochemical biosensor copies mL~! mL ' NoV from oysters

CdSe-ZnO-based photoelectrochemical biosensor 0 ~5.10 nM NoV RNA 0.50 nM N/A [29]

Molecular beacon-AuNR@CdSeTe-based 2 ~ 18 copies mL™! 1.2 copies mL™! High [39]
biosensor

Surface plasmon resonance-assisted 0.01 ~1ng mL™" 0.01 ng mL™! N/A [19]
fluoroimmunosensor

Surface-enhanced Raman scattering-based 1.0 x 108 ~ 2.5 x 10® viruses mL™" 1 x 10° viruses mL™" N/A [40]
immunoassay

Anti-VP1 antibody guided photoelectrochemical 2 x 10™#to 2 x 107'° g mL™! 2 x 1079 g mL™" (4.9 pM) VP1; 46 High This work
biosensor copies pL~! GIL12

have been described for detecting NoV, but the data indicate that
the immune-coupled biosensor elicits the most satisfactory perfor-
mance, even for real sample detection [18,37].

4. Conclusions

Based on their specific antigen-antibody recognition and photo-
electric effects, newly developed PEC immunoassays have
attracted great attention. Here, we designed and prepared a novel
monoclonal antibody that specifically recognizes norovirus VP1,
and inactivated NoV virus. By combining the novel antibody with
CdS QDs and ITO electrodes, we successfully developed a new
PEC biosensor that enables rapid and ultrasensitive NoV detection.
After just 30 min treatment, our system can specifically detect NoV
VP1 protein levels as low as 2 x 1071° ¢ mL™! or 4.9 pM. More
importantly, our biosensor is versatile in specifically detecting dif-
ferent norovirus genotypes, suggesting that our detection system
has the potential to serve as an alternative, ready-to-use and
point-of-care tool for clinical diagnosis in the future.
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