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Abstract

Around the world, food-borne virus is one of the main pathogenic microorganisms in the aspect of causing people
and animals with acute diarrhoea and poses a serious threat to human health. Therefore, the rapid detection of food-
borne virus is very important to guarantee food safety and human health. Here, we reported that we developed a
specific, convenient and fast detected method to detect rotavirus (RV) and hepatitis A virus (HAV) by using F F -ATPase
molecular motor biosensor. Specific RNA probes were encompassed the conservative region of food-borne virus,
and a molecular motor detect device was constructed by connecting probes to F F -ATPase molecular motor through
biotin-streptavidin system. Extracted virus RNA was conjugated with the biosensor separately and meanwhile ATP
was synthesized. By comparing their fluorescence intensity, virus RNA level was detected. Our results demonstrated
that this biosensor’s sensitivity was the concentrations of 0.005 ng/mL and 0.01 ng/mL for RV and HAV respectively.
Furthermore, this method possessed specificity for RV and HAV and none cross-reaction between them. What's more,
this method could be accomplished within 1h. We detected 15 samples by using this method and the results were
consistent with RT-PCR results. Overall, this new-typed method based on FF,-ATPase molecular motor biosensor for

L

RV and HAV detection is sensitive and specific and can be used in the rapid detection of food-borne virus.
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Introduction

Food-borne virus, such as human calicivirus, rotavirus, astrovirus,
the enteric adenovirus, hepatitis A virus, norovirus, is mainly
transmitted through the route of contaminated food, water, and life,
and poses a serious threat to human health [1-7]. For the reason of
food safety, the rapid detection for food-borne virus is very important
for food safety and human health. The traditional method of food-
borne virus detection mainly includes electron technology, cultivation,
immune detection and gene detection technology [8-11]. But, with
the requirements of rapid detection of clinical research and import-
export trade, the conventional detection methods have been unable to
meet. Therefore, it is necessary to develop a more sensitive and specific
detection methods for rapid detection of food-borne virus. Molecular
motor biological sensing technology is a new kind of technology
developed in the recent years and it has intuitive, high sensitivity, high
speed, easy operation and less pollution properties. But up to now, the
reports of molecular motor biosensor have been still limited in the
application of food-borne virus detection.

F F -ATPase, one of important molecular motor, is a rotating
biological molecular motor and is responsible for the biological
energy conversion in vivo [12,13]. FOFI—ATPase consists of two parts,
F (ab2cn) and F (a3p3yde), and they are embedded in the membrane
and prominent in membrane respectively [14-16]. ATP synthase can
synthesize ATP through using trans membrane proton and can also
transport protons through the hydrolysis of ATP. In the process of
synthase of ATP, protons can be pumped from inside membrane to
outside membrane of Chromatophore. This progress could make the
change of H* concentration in the endometrial microenvironment
solution [17,18]. If FF-ATPase molecular motor is design into
a nano device and this nano device can transform the chemical
energy into mechanical energy, then FF -ATPase molecular motor
biosensor will be a newly detected platform for detection of pathogenic
microorganisms. In present, the existing F F, - ATPase molecular motor
biosensor is mainly constructed by conjugating specific molecular

probes through biotin-avidin system and has been used to detect many
of pathogens and viruses such as bird flu virus, mouse hepatitis virus,
salmonella spp., vibrio cholera- [19-22]. But, the applications of FF -
ATPase molecular motor biosensor in the field of virus detection are
still limited.

Presently, in order to improve the technological level to detection
and strengthen the prevention and control of food-borne virus, we
have developed a novel FF-ATPase molecular motor biosensor
detection method for RV and HAV detection and it exhibits excellent
performance [23,24]. We propose this research might provide better
solutions in the application of rapid detection of food borne virus.

Material and Methods

Chemicals, materials and instruments

All chemicals that used in the experiments were reagent grade
and were used as received following; glycerol, Magnesium chloride
hexahydrate (MgCl,+6H,0), Tricine, Potassium phosphate monobasic
(KH,PO,), Sodium chloride (NaCl), Potassium chloride (KCI) and
Potassium phosphate dibasic (K,HPO,) were purchased from Sigma-
Aldrich Chemical (St. Louis, MO, USA).

Freeze-dried live attenuated hepatitis a vaccine was purchased from
Zhejiang Pukang biotechnology co., LTD; rotavirus was provided by
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National Institute for Viral Disease Control and Prevention, Chinese
Center for Disease Control and Prevention; Biotin-AC5-Sulfo-Osu
was purchased from Dojindo Laboratories (Kumamoto, Japan).
Streptavidin and adenosine diphosphate (ADP) were purchased
from Sigma (St. Louis, MO, USA). N-(fluorescein-5-thiocarbamoyl)-
1,2-dihexadecanoyl-sn-glycero-3-phosphoethanolamine,
triethylammonium salt (F-DHPE) was purchased from invitrogen
(Carlsbad, CA, USA).

All fluorescence test experiments were performed using Synergy™
4 multi-detection microplate reader (BioTek UK, Potton, UK).

RNA extraction

The total mRNA of RV and HAV was extracted by using the
RNA extraction kit (Qiangen, Valencia, CA, USA) according to the
manufacturer's instructions and RNA sample was used as the target of
the molecular motor biosensor.

Synthesizing and labeling of probes

Based on bioinformatics analysis, we designed the probes
respectively for RV and HAV, and sequences are following
as: RV, 5- AAGCGGATTATGCAGAAGCACTG -3 HAV,
5-AGCGGCGGATATTGGTGAGTTGTTAAGAC-3’. The probe’s
location of RV is in the highly conserved region of VP7 gene. The
sequence of HAV’s probe is a consensus region and highly conserved
in all gene phenotypes of hepatitis A virus. All probes were labeled by
biotin in the 5’ end and purchased from Takara (Kyoto, Japan).

Preparation of chromatophore and labeling F-DHPE

Chromatophores were prepared from the cells of Thermomicrobium
roseum (T. roseum) according to the Refs. [12,25]. F-DHPE, a
fluorescence probe, could belabeled onto the surface of Chromatophores
[12]. In our study, 10 pL aliquots of F-DHPE (200 mg/mL, dissolved in
ethanol) were mixed with 200 uL of Chromatophores, and incubated
for 15 min in dark with gentle shaking at room temperature. After
incubation, labeled Chromatophores were harvested by centrifugation
at 30, 000 r/min (4°C for 15 min) and free F-DHPE was washed away
with 10 mM PBS by centrifugation at 10, 000 r/min at 4°C for 15 min
three times. The resulting pellets were re-suspended with 200 uL of PBS.
The labeled Chromatophores are called fluorescent Chromatophores in
the following text.

Construction of FOF1-ATPase molecular motor biosensor

Firstly, 2 uL of biotin (biotin-AC5-Sulfo-Osu, 2 pM) was added
into 20 uL of e-subunit antibody and the mixture was incubated 30
min at room temperature. In this step, the N terminal of antibody
was marked. Next, the F F -ATPase molecular motor biosensor was
constructed as follows: 40 pg aliquots of biotin-labeled e-subunit
antibody were added into 200 pL of fluorescent Chromatophores and
PBS was added to a final volume of 1 mL. After incubating at 37°C for 1
h, PBS was added to a final volume of 1.4 mL. The pellets were harvested
by centrifugation at 30,000 g at 4°C for 10 min and resuspended with
500 pL of PBS. 2 uL of avidin (2 mg/mL) and PBS were added into a
final volume of 1 mL. The mixture was shaken at 50~100 rpm at room
temperature for 10 min. PBS was added to a final volume of 1.4 mL.
The pellets were harvested by centrifugation at 30,000 g at 4°C for 10
min and resuspended with 500 pL of PBS. Subsequently, a volume of
2 uL (2 uM) of biotin-labeled probe and PBS were added to a final
volume of 1 mL. The mixture was shaken at 50~100 rpm at room
temperature for 10 min, PBS was added to a final volume of 1.4 mL.,
The pellets were harvested by centrifugation at 30,000g at 4°C for 10

min and Chromatophores were resuspended with 150 pL of glycerol
(30%, V/V). The prepared F F -ATPase molecular motor biosensors
were called ChroRV and ChroHAV, and stored at —20°C following test.

Construction of molecular motor detection method

ChroRV and ChroHAV were diluted to a certain ratio by
using synthetic buffer (glycerol 20%, MgCl, 5 mM, Tricine 50
mM, KH,PO, 5 mM). 10 pL of samples was added to this mixes
and blended through vortex shocking. Water and/or synthetic
buffer were used as the blank. After adding 30 uL of start buffer
(start buffer was prepared with 1.6 M ADP and synthetic buffer
(1:3, v/v) before use), the reaction system was incubated 10 min at
room temperature. Add 200 pL of PBS, and detect the fluorescence
signal by using 96 well plates by microplate reader. The results were
calculated from fluorescence value by the formula of

B-Bp,0
B-B

x 100

(B: sample fluorescence, B,: background values, B0 fluorescence
of water).

Statistical analyses

All experimental data were shown as the mean + standard
deviation. Statistical significance was evaluated with SPSS software.
Experimental differences of multiple groups (>3 groups) were analyzed
using the two-tailed Student’s t-text. P values<0.05 was considered
statistic significant.

Results and Discussion

The construction of F F -ATPase molecular motor biosensor

F-DHPE is known as a lipid fluorescent probe and can be
embedded into the phospholipid molecules layer [12]. Furthermore,
F-DHPE is a pH indicator and has been used to measure pH changes
of phospholipid layer outside through embedding into lipid bilayer.
In the range of pH 7.0 to 9.0, the fluorescence intensity of F-DHPE
has a positive correlationship with PH [12]. In our study, F-DHPE was
labeled into the phospholipid molecules layer to point out the synthetic
efficiency of ATP. FF-ATPase is a rotary motor. During ATP
synthesis, protons are pumped out of the Chromatophores, resulting
in an increase of concentration of H* out of the Chromatophores. Thus,
the pH out of the Chromatophores will decrease, and the fluorescence
probe F-DHPE is expected to detect the pH decrease [12]. In present, we
successfully connected “e-subunit antibody-streptavidin-biotin-probe”
system to F F-ATPase and constructed the FF -ATPase molecular
motor biosensor (Supplementary Figure S1). Generally, fluorescence
intensity is higher significantly than that of without loads. However,
because of Brownian motion, the fluorescence intensity is often lower
than that of without loads. In other words, the significant differences
in fluorescence intensity compared with negative control suggest the
successful capture of target molecule.

FF -ATPase, a mitochondrial FF-ATP synthase, has a unique
property due to its quickly rotary characteristics [12,13]. As we
know, the F,F, motor has many rotary subunits such as a-subunits,
B-subunits and e-subunits. Some reports showed that the e-subunits
may be more sensitive to the binding load than the other subunits
[26,27]. According to these properties of F F, motor, in our study,
we establish the coupling between the catalytic site (e-subunits)
and proton transferring. Additionally, conventional molecular
experiments have many of operations such as PCR AMPLICATION,
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electrophoresis and hybridization; Due to large reduction of these
usual operations the molecular motor biosensor greatly reduced the
likelihood of contamination [28]. Molecular motor biosensor has
rapid and precise properties and if we can make it subminiature
and portable, or make it directly to detect at the scene of sample,
it could be wildly applied. Predictably, along with the progress
of micromachining technology and nanotechnology [29-32], the
molecular motor biosensor will be largely applied in the various
detection fields.

Establishment of the molecular motor biosensor reaction system

Firstly, ChroRV and ChroHAV were diluted by concentration
gradient. In the different concentration conditions, the fluorescence
value of H O and virus was detected, and the fluorescence differentials
were shown as Figure 1. From the results, we found that the dilution
radio is lower and the fluorescence intensity of final reaction system
is higher. Because along with the concentration of molecular motor
biosensor increasing, the reaction system has more ATPase, and
therefore fluorescence intensity is larger. Based on the principle
of maximum differentials between molecular motor and H,O, we
finally chose the 0.015 mg/mL, 0.0173 mg/mL and 0.0260 mg/mL
as the final concentration of ChroRV and ChroHAV respectively.
Meanwhile, we have explored the optimum reaction concentrations
of all three virus RNA and data was shown as Supplemental Figure
S2. We found that the fluorescence values of different concentration
of RNA were all higher than the control (H,0), especially 0.6 ng/
uL and 0.9 ng/pL of RV and HAYV respectively indicating that the
detection of F F -ATPase molecular motor biosensor is effective
and the optimum concentration of RNA is 0.6 ng/pL and 0.9 ng/uL of
RV and HAV respectively.

The specific test of ChroRV and ChroHAV

Figure 1: Fluorescence values of H,0 and different concentrations of RNA of RV
and HAV. (A) The detection of RV RNA under 0.0260 mg/mL chroRV; (B) The
detection of HAV RNA under 0.0173 mg/mL ChroHAV; Data were expressed
as mean values +SD of three separate experiments. The bars represent SD of
mean values, and the asterisks indicate statistical significance (p<0.05).

In order to detect whether there were cross reactions of FF -
ATPase molecular motor biosensor, we furthermore tested the
specificity of ChroRV and ChroHAV respectively in RV, HAV and
norovirus (NV) detection and data was shown as Figure 2. In RV
detection, the molecular-biosensor fluorescence intensity of RV was
significantly higher than the fluorescence intensity of H20, however,
the fluorescence intensity of HAV and NV was basically unchanged
compared with the control indicating that the molecular motor
biosensor of ChroRV is specific RNA and has none cross reactions

Figure 2: Cross reaction analysis between ChroRV and ChroHAV respectively
in RV, HAV and NV detection. (A) ChroRV detection in three virus strain;
(B) ChroHAV detection; *: Fluorescence values of samples are Significant
difference compared with H20 (p<0.05).

Figure 3: The sensitivity analysis of ChroRV and ChroHAV detection respec-
tively under different RV and HAV concentration. (A) Fluorescence intensity of
ChroRV under various concentrations of RV RNA. The same to ChroHAV (B). *:
Fluorescence values of samples are Significant difference compared with H,0O
(p<0.05).
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Samples No.
Virus Methods
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15
RV RT-PCR + + + - — + + + + + + + + + +
Molecular motor + + + - — + + + + + + + + + +
HAV RT-PCR + - + + + + + + - + + + + + +
Molecular motor + - + + + + + + - + + + + + +

Table 1: The comparative results between RT-PCR detection and molecular motor detection.

with HAV and NV. Similarly, we have drawn the same conclusion in
the specific test of HAV detection. Together, above result showed that
FOF1-ATPase molecular motor biosensor (ChroRV and ChroHAV) is
specific to the RV and HAV detection and there is no cross detection.

The sensitive test of F F -ATPase molecular motor

To furthermore detect the sensitivity, we have next designed and
performed the sensitive test. We first carried on the concentration
gradient dilution of virus RNA and the concentration was respectively
diluted to the 0.001 ng/mL, 0.005 ng/mL, 0.01 ng/mL, 0.1 ng/mL, 1 ng/
mL, 10 ng/mL and 100 ng/mL. After dilution, the sensitive test was
carried out and data was shown as Figure 3. In RV detection, we found
that when the concentration is in the range of 0.005~100 ng/mL, the
fluorescence of ChroRYV is significantly higher than the control, but the
concentration of 0.001 ng/mL indicating that the sensitivity of ChroRV
is the concentration of 0.005 ng/mL. Similarly, we next demonstrated
the detected sensitivity of ChroHAV is the concentration of 0.01
ng/mL.

As we know, the concentration of food-borne virus in food is
usually lower and meanwhile the sample amount of tested food has
a large quantity. Additionally, the pathogenic quantity of food-borne
virus infection is lower and especially 10~100 units of virus can cause
infection. Therefore, a new-typed, high effective, rapid, precise and
sensitive detection method is very necessary to the supervision of
import-export detections. In this background, the establishment of our
new detected method has been performed. Here, we just established the
molecular motor detection in RV and HAV, but the usual food-borne
virus has many kinds, such as human calicivirus (HuCV), astrovirus
(AV) and enteric adenovirus (EV). Therefore, based on this study we
next expanded the scope of food-borne virus detection and tried to
simultaneously detect various food-borne viruses.

Applications of F F -ATPase molecular motor in the sample
testing

In the above experiments, we proved that FOF1-ATPase molecular
motors for the detection of RV and HAV were effective and specific,
but the effectivity of biosensor in the applications of actual samples
testes is still unknown. To address this question, we randomly chose
15 known negative/positive samples as the tested samples to perform
molecular motor biosensor detection and the results were compared
with the results of RT-PCR detected method (Table 1 and Supplemental
Figure S3). From the result, we found that the result of molecular
motor detection was absolutely same as the result of RT-PCR detection
in RV and HAV detection respectively indicating that the detection of
ChroRYV and ChroHAYV is completely used for the food-borne viruses
daily inspection. The fluorescence value of molecular motor biosensor
and control was shown as Supplemental Figure S3. Food-borne virus
infection is increasingly becoming a public health problem in the
worldwide [1]. Therefore, the establishment of sensitive and rapid
detected method for food-borne virus detection is of great significance

for protecting human health and preventing the outbreaks. Our result
demonstrated the practical application of F F -ATPase biosensor and
we hope these findings could be helpful to virus prevention and control.

Conclusion

In present, we have successfully used the Chromatophores
extracted from thermophilic bacteria to construct a newly typed
molecular motor biosensor and made it apply to RV and HAV
detection. In our studies, we systematically investigated the
specificity, sensitivity and veracity of FF -ATPase biosensor and
the results revealed that it is an effective detected method for the
detection of food-borne virus. What’s more, the significance of our
study is that a rapid and sensitive detected method is provided for
the food-borne virus detection and the test time can be shortened
within 1 h. Additionally, due to large preparation of F F -ATPase
molecular motors biosensor, the cost of this method is lower than
that of other detection. We propose these findings might provide
better solutions for clinical diagnosis, food detection and disease
prevention of food-borne virus in the future.
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