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Abstract: Porcine epidemic diarrhea virus (PEDV), a coronavirus that causes highly infectious intesti-
nal diarrhea in piglets, has led to severe economic losses worldwide. Rapid diagnosis and timely
supervision are significant in the prophylaxis of PEDV. Herein, we proposed a gold-nanorod (GNR)
probe-assisted counting method using dark field microscopy (DFM). The antibody-functionalized sili-
con chips were prepared to capture PEDV to form sandwich structures with GNR probes for imaging
under DFM. Results show that our DFM-based assay for PEDV has a sensitivity of 23.80 copies/µL
for simulated real samples, which is very close to that of qPCR in this study. This method of GNR
probes combined with DFM for quantitative detection of PEDV not only has strong specificity, good
repeatability, and a low detection limit, but it also can be implemented for rapid on-site detection of
the pathogens.

Keywords: porcine epidemic diarrhea virus (PEDV); gold-nanorod probe (GNR probe); dark field
microscopy (DFM); low detection limit; on-site detection

1. Introduction

Porcine epidemic diarrhea virus (PEDV), a member of the Alphacoronavirus genus
from the coronaviradae family, is one of the main causes of highly infectious intestinal diar-
rhea in swine. PEDV infection results in the high mortality of piglets [1,2]. PEDV has led to
devastating damage of the swine industry globally [3]. Rapid detection technologies have
been implemented to prevent further spread of PEDV [4]. Currently, fluorescence quanti-
tative PCR (qPCR) remains the gold standard for the diagnosis of PEDV infections [5,6].
Although qPCR provides sensitive, specific, and rapid detection of the viral RNAs in clini-
cal samples, it is tedious to perform RNA extraction and reverse transcription of samples
prior to PCR. In addition, a clean environment is needed to prevent sample contamination,
and the qPCR instrument is expensive and usually not available in poor areas. All these
factors restrict the practical use of qPCR for on-site detection of PEDV.

In recent years, due to the unique properties of nanoparticles, they have been widely
employed in various biological systems [7,8]. Metallic nanoparticles (MNPs) are one of the
most widely used nanomaterials. Among them, gold nanoparticles (GNPs) are widely used
due to their unique optical properties, i.e., localized surface plasmon resonance (LSPR) [9].
The strong light scattering of GNPs at the LSPR frequency makes them very promising
for optical imaging and labeling in biological systems [10]. In addition, due to their
stability, facile preparation, and easy modification, GNPs are widely used to develop novel
detection methods, such as the GNPs-based ELISA assay [11] and the GNP-based DLS
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analytical method [12]. Recently, dark field microscopy (DFM) combined with GNP probes
has been used for the detection of multiple organisms using the rapid readout for color
analysis [13,14]. Most imaging techniques require a sophisticated optical setup, such as a
laser, optical components, detectors, and complex image processing units [15,16]. However,
GNPs-based dark field imaging only requires a dark field concentrator implemented on a
common optical microscope, which can significantly reduce the cost. Moreover, it is simple
to operate and can be applied for on-site detection of pathogens.

We have previously shown many DFM counting strategies for pathogens of various
sizes, such as Cryptosporidium [17], Chlamydia pneumoniae [18], and white spot syndrome
virus [19]. These counting strategies make the best use of the dependence of LSPR on the
proximity of other nanoparticles. Small nanoparticles (<30 nm) that cannot be observed
clearly under a dark field clustered to form bright wreath-like structure due to the presence
of bio-analytes. Yet, GNPs larger than 40 nm in diameter can be easily observed with the
naked eye using a dark field (optical scattering) microscope due to the high scattering
cross-section of large GNPs, and this highly enhanced cross-section provides sensitive and
highly contrasting images [20,21].

The amount of GNPs is related to the content of the target through specific reactions,
which enables rapid, low-cost, highly sensitive, and visible detection of targets, such as
DNA [22], RNA [23], miRNAs [24], and proteins [25]. Herein, we propose a gold nanorod
probe (GNR probe)-assisted antigen-counting strategy to quantify PEDV. The fluorophores
used in qPCR are susceptible to quenching, while plasmonic nanoparticles do not flicker
or bleach, providing a nearly infinite photon budget for observing molecular binding at
long intervals [26]. Notably, owing to its increase in longitudinal LSPR, GNRs (aspect ratio
of 3) are six times more sensitive than nanospheres [27]. Accordingly, GNRs are used in
this study.

Our strategy includes three steps, as illustrated in Figure 1: (1) functionalized GNR
probes; (2) antibody-modified silicon chips prepared by standard chemical modification;
and (3) DFM for counting.
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Figure 1. Scheme of GNR probe-assisted DFM counting chip. (A) Preparation of GNR probes.
(B) Functionalization of the chip with antibodies for capturing PEDV. (C) Procedures for counting
virus particles using GNR probe-assisted DFM counting chip. The capture chip was first function-
alized with the antibody through chemical modification, followed by blocking with bovine serum
albumin (BSA). In the presence of target viruses, the antibodies on the chip recognized the viruses to
form sandwich structures with GNR probes. Each GNR probe of sandwiches presents green halo
under DFM. The number of GNR probes can be counted readily.



Biosensors 2022, 12, 1146 3 of 13

2. Materials and Methods
2.1. Chemicals and Instruments

PEDV CV777 strain was stored in our lab. Protein G-conjugated gold nanorods (120 nm
in length and 40 nm in width, ~1.0 × 1012 particles/mL) were purchased from Creative
Diagnostics. (New York, USA). Mouse anti-PEDV polyclonal antibodies were prepared as
described in Section 2.2. BSA was purchased from Sigma-Aldrich (St. Louis, MO, USA). PBS
was supplied by Biyuntian Co. (Shanghai, China). Tween 20 was received from Aladdin
(Los Angeles, CA, USA).

Transmission electron microscopy (TEM) images were obtained using a Tecnai 12 trans-
mission electron microscope (Philips, AMS, The Netherlands). Dark field images were
obtained using a Nikon DFM (Nikon, Tokyo, Japan). SEM images were obtained using
a GeminiSEM 300 (Carl Zeiss, Oberkochen, Germany) with an acceleration voltage of
10.0 kV and 5 k of magnification. The zeta potential was measured using a Malvern Instru-
ment (Zetasizer NanoES90, Worcs, UK). All fluorescence quantitative data were measured
by a LightCycler480 II fluorescence quantitative PCR (qPCR) instrument (Roche, Basel,
Switzerland).

2.2. Preparation of Anti-PEDV Polyclonal Antibody

The strategy for the preparation of anti-PEDV polyclonal antibody was based on the
literature with slight modification [28]. The construction of a pET-His-S1 plasmid was used
to express the antigen protein for immunization. Briefly, the gene S1 of PEDV was amplified
by primers (Forward primer: 5′-TGACAAGCTTACTAACTTTAGGCGGTTCTT-3′; Reverse
primer: 5′-TGACATGGAACATAGCCAATACTGC-3′) and inserted into pET-28a (+). The
pET-His-S1 clones were transformed into E. coli BL21 cells by heat excitation. The individual
colony was picked from the LB plate, which contained 100 µg/mL of kanamycin solution,
followed by the identification of the sequence of the pET-His-S1 plasmid based on colony
PCR and further DNA sequencing. Subsequently, it was transferred to 5 mL of LB medium
for cultivation overnight on a shaking incubator at 37 ◦C and 250 rpm. On the next day,
0.25 mM Isopropyl-β-D-thiogalactopyranoside (IPTG) was used to induce pET-His-S1
plasmid when the cell density reached the absorbance of 0.6–0.8 at OD 600 nm. The cell
pellets were collected by the centrifugation of the induced cell culture suspension at 5000 g
for 5 min, followed by resuspension in PBS. To further retrieve the protein, the standard
ice bath ultrasonication was performed to crush cells, and the solution was centrifuged at
12,000× g rpm for 10 min. Finally, the protein was purified by Ni2+-NTA resin through the
resuspension of precipitation in urea solution, followed by renaturation. The antibody was
produced by mixing the purified protein with Freund’s adjuvant for the immunization of
BALB/c mouses.

2.3. Preparation of the Anti-PEDV Antibodies Modified Capture Chip

The preparation of anti-PEDV antibodies modified capture chip was based on the
literature [29]. In brief, the silicon chips (0.3 cm2) were immersed in a freshly made
piranha solution (volume ratio of 30% H2O2 to 18M H2SO4 is 3:7) for 1 h. (Caution: the
preparation of piranha solution is exothermic and please follow the standard operation procedure).
Afterward, they were washed 6 times with DI water and immediately immersed in a
solution containing 15 mL of anhydrous ethanol and 1 mL of APTES for 2 h at 37 ◦C for
surface functionalization. The immobilized primary amines of APTES were then activated
with 10% of glutaraldehyde for 1 h, followed by immersion in 15 µg/mL of PEDV antibody
solution at 37 ◦C for 4 h. Finally, the chips were blocked with BSA (2 mg/mL) for 1 h
and rinsed with PBST containing 5% of Tween 20 in PBS for 3 times to obtain anti-PEDV-
immobilized chips. The antibody-functionalized chips were stored at 4 ◦C prior to use.

2.4. Preparation of Specific GNR Probes

It is well known that Protein G can bind specifically to the Fc segment of antibody.
The GNR probes were prepared by mixing 100 µL of protein G-conjugated GNRs with
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10 µL of PEDV antibody. It is critical to optimize the ratio of GNR and antibody on the
probe to compromise the binding efficiency and stability of the probe. To determine the
optimal concentration ratio of GNR to antibody, 5 different concentrations (1, 3, 6, 9, and
12 µg/µL) of antibody were selected to interact with GNRs. After incubation for 4 h at
room temperature, the functionalized GNR probes were washed with PBS for 3 times
and centrifuged at 6000× g for 15 min to remove unattached anti-PEDV antibodies. The
successful modification of antibodies on the probe was measured by a Malvern Zetasizer
and SDS-PAGE.

2.5. Sandwich Immunoassay on the Capture Chip

10 µL of PEDV at various concentrations (3.07× 101, 1.53× 102, 7.67× 102, 3.83 × 103,
and 1.92 × 104 copies/µL in PBS buffer) or real samples were dropped on the capture
chips. The chips were placed in a 96-well plate and incubated at 37 ◦C for 30 min. The
chips were thoroughly washed with PBST for 5 times. Subsequently, GNR probes (100 µL,
1 nM) were incubated with the anti-PEDV chips to capture PEDV particles to form the
sandwich immunoassay at 37 ◦C for 10 min. Before DFM counting, PBS was used to wash
off unattached GNR probes from the chips, and ammonium acetate solution was used to
remove sodium salts in PBS to reduce the background signal in DFM.

2.6. GNR Probe-Assisted DFM Counting Strategy for Detection of PEDV Samples

Through the GNR probe-assisted DFM counting strategy, the relative ratio of the
number of green halos versus the concentration of PEDV can be measured quantitatively.
The number of green halos should increase accordingly with the increased amount of
antigen in the sample solution, and this correlation will lay the analytical foundation of a
DFM counting strategy. Notably, 10 µL of sample covers the entire area of the chip (9 mm2),
which is about 400 times the size of a single field of view (0.0225 mm2). The number of
green halos from 20 random field of views on each chip was averaged. Then, we can
determine the number of green halos in a 10 µL of PEDV sample (namely, 400 fields of
view). Finally, the virus concentration (copies per microliter) can be calculated from the
standard curve of the number of green halos on a chip in relation to the virus concentration.

To accurately quantify the number of GNRs, we developed a counting software for
accurately identifying and counting green halos formed by GNR in dark field images
(Figure 2A). In addition, the image processing software can remove impurities that look
similar but are different in color and size from the green halos formed by GNR. First, we
investigated the RGB value of GNR luminescence under the DFM and found that the RGB
value ranges from (20, 20, 20) to (77, 255, 255). We extracted GNR features such as color,
size, and shape by analyzing the connected domain within this value range, and converted
the image into grayscale to highlight the outline of the target, namely GNR. Then, after
binarization, the image was expanded and corroded several times to eliminate the noise
in the image as much as possible. At this time, the target suspected to be GNR was found
through the area of the connected domain (greater than 45 pixels and less than 800 pixels).
If the RGB value of the center point of the suspected target is between (0, 0, 0) and (20,
20, 20), the target is identified as a hollow ring of green halo generated by a GNR. For
example, the RGB value of the center of the circle is green with a RGB value of (68, 201,
75) (Figure 2B), which is obviously out of the RGB range of expected GNR. Thus, it is
determined a non-target. The RGB value of the center point of the green circle is black with
a RGB value of (10, 8, 4) (Figure 2C); thus, it is considered a true halo generated by a GNR.
In addition, Figure S1 in supporting information materials shows three representative
images: an original dark field image, the image sorted by our counting software, and a
local enlargement in the counting image.



Biosensors 2022, 12, 1146 5 of 13
Biosensors 2022, 12, x FOR PEER REVIEW 5 of 14 
 

 
Figure 2. Identification of green halo generated by GNR. (A) A DFM image of the captured PEDVs 
labeling with GNR probes assayed by our counting software. (B) The enlargement of the selected 
area in the blue square of (A) and the RGB value of the center point of the green point is (68, 201, 
75) by our counting software. (C) The enlargement of the selected area in the red square of (A) and 
the RGB value of the center point of the green halo is (10, 8, 4) by our counting software. Scale bar: 
20 μm. 

2.7. Sensitivity of GNR Probe-Assisted DFM Counting Strategy 
Samples were prepared by diluting the purified PEDV into a series of concentrations 

at a 5-fold gradient. These samples were used to determine the limit of detection (LOD) 
of the GNR probe-assisted DFM counting strategy. According to our previously work [30], 

Figure 2. Identification of green halo generated by GNR. (A) A DFM image of the captured PEDVs
labeling with GNR probes assayed by our counting software. (B) The enlargement of the selected
area in the blue square of (A) and the RGB value of the center point of the green point is (68, 201,
75) by our counting software. (C) The enlargement of the selected area in the red square of (A) and
the RGB value of the center point of the green halo is (10, 8, 4) by our counting software. Scale bar:
20 µm.

2.7. Sensitivity of GNR Probe-Assisted DFM Counting Strategy

Samples were prepared by diluting the purified PEDV into a series of concentrations
at a 5-fold gradient. These samples were used to determine the limit of detection (LOD) of
the GNR probe-assisted DFM counting strategy. According to our previously work [30],
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the LOD of the DFM counting method was determined to be the sample concentration
corresponding to a signal-to-noise ratio greater than or equal to 3.

2.8. Preparation of Simulated Real Samples for DFM Counting

To validate the feasibility of our DFM counting method for real samples, 5 simulated virus
samples with different theoretical concentrations (1.92 × 104 copies/µL, 1.92 × 103 copies/µL,
1.92× 102 copies/µL, 9.6× 101 copies/µL, and 2.4× 101 copies/µL) were obtained by mixing
pure PEDV samples with SPF mouse serum. The LOD of our DFM counting method for these
spiked samples was compared with that of PCR detection at the same time.

3. Results and Discussion
3.1. Specificity of Anti-PEDV Polyclonal Antibody

The specificity of the self-made antibody was determined by indirect fluorescent assay
(IFA). The self-made anti-PEDV antibody that could be conjugated with goat anti-mouse
IgG (Alexa Fluor® 647) was used as the primary antibody, and the serum of unimmunized
mice was used as the negative control. As shown in Figure 3, only the PEDV-positive
and antibody-positive group (Figure 3A–C) shows obvious red fluorescence, while nei-
ther PEDV-negative and antibody-positive group (Figure 3D–F) nor PEDV-positive and
antibody-negative group (Figure 3G–I) show obvious red fluorescence. This suggests that
the self-made mouse anti-PEDV antibody could react specifically with PEDV.
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Figure 3. Cell immunofluorescence analysis of anti-PEDV antibody. (A–C): PEDV-positive and
antibody-positive group: PEDV-infected Vero cells were incubated with anti-PEDV antibodies;
(D–F): PEDV-negative and antibody-positive group: uninfected Vero cells were incubated with anti-
PEDV antibodies; (G–I): PEDV-positive and antibody-negative group: PEDV-infected Vero cells were
incubated with negative serum of unimmunized mice. Subsequently, all three groups were incubated
with goat anti-mouse IgG (Alexa Fluor® 647). Microscopic images showing that goat anti-mouse
IgG (Alexa Fluor® 647) only had reactions with PEDV-positive and antibody-positive group. Blue:
DAPI-stained DNA; red: Goat anti-mouse IgG.
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3.2. Characterization and Optimization of GNR Probes

To demonstrate the successful conjugation of anti-PEDV antibodies on nanoparticles,
the hydrodynamic dimensions and zeta potentials of the probes were characterized using a
Malvern Zetasizer. As illustrated in Figure 4A, the hydrodynamic size distribution shows
that the size of the GNR probes was larger than GNR without antibody modification, which
is in good agreement with the principle that surface modification of nanoparticles will
increase the hydrodynamic size. In addition, with the same particle number, the zeta
potential (Figure 4B) of probes was obviously higher than that of the unmodified GNRs
due to the negative nature of the antibody.
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Figure 4. Characterization of GNR probes. (A) Hydrodynamic sizes of GNR@protein G and
GNR@protein G@Ab. (B) Zeta potentials of GNR@protein G and GNR@protein G@Ab. (C) SDS-
PAGE assay: M, marker; 1, 5.0 µg antibodies; 2, GNR; 3, 1 µg/µL; 4, 3 µg/µL; 5, 6 µg/µL; 6, 9 µg/µL;
7, 12 µg/µL. (D) TEM image of GNR probes. (E) TEM image of GNRs.

To optimize the binding ratio of antibodies to GNR probes and determine the binding
efficiency of antibodies to GNRs, SDS-PAGE gel analysis (Figure 4C) was performed to
measure the optimal antibody concentration. Electrophoresis results show the presence of
2 bands (a ~55 kDa band of antibody heavy chain and a ~20 kDa band of antibody light
chain) in the GNR probes, and the optimal antibody concentration is 6 µg/µL, confirming
the successful conjugation of the antibody and GNR. Regarding the stability of the GNR
probe, TEM images show that the monochromatic dispersion of GNR probe (Figure 4D) is
comparable to that of GNR (Figure 4E).
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3.3. Specificity of GNR Probes

To demonstrate that our GNR probe-assisted counting strategy can be used to detect
target viruses in samples, various virus particles—including PEDV, PRRSV (porcine re-
productive and respiratory syndrome virus), H9N2 (a subtype of avian influenza virus),
and NDV (Newcastle disease virus)—were used to investigate the specificity of the probe.
As shown in the TEM images, there was specific binding of probes to PEDV particles
(Figure 5A), but the probes were unable to recognize the other three virus particles
(Figure 5B–D).
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3.4. Characterization of the Capture Chips

We next investigated the feasibility of the GNR probe-assisted counting strategy
with SEM. Compared with the antibody-modified chip without PEDV incubation as a
control (Figure 6A), the chip incubated with PEDV could be labeled by GNRs, as shown in
SEM imaging (Figure 6B). The images proved that the chips can capture PEDV and form
sandwich structures.
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PEDV labeling with GNR probes. The upper right corner of the image shows the enlargement of the
selected area. Scale bar: 1 µm (A,B) and 100 nm (the upper right corner in (B)).
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3.5. GNR Probe-Assisted DFM Counting of PEDV in PBS

We first verified the feasibility of the probe to bind with PEDV particles in PBS under
TEM, and then verified the feasibility of the chip-based sandwich immunoassay using
SEM. Prior to this, we verified that GNRs on silicon wafer surfaces presented in the form
of a green halo under the dark field imaging (Figure S2). As shown in Figure 7A–F,
the number of GNR particles on the silicon chip was significantly correlated with the
increased concentrations of PEDV, suggesting the good consistency of the GNR probe-
assisted sandwich assay. In addition, we also established a qPCR method (the standard
quantification curve was shown in Figure S3 and the primers were shown in Table S1)
to detect PEDV samples. Of note, compared to our dark field counting method, qPCR is
more time-consuming. Usually, it takes approximate 2.5 h to analyze a sample with qPCR,
including the extraction of the genome and reverse transcription (1 h), and the whole PCR
program (1.5 h). The counting GNR numbers and qPCR concentrations were plotted as
a function of PEDV concentration, respectively, in Figure 7G. The GNR numbers were
calculated by multiplying the mean number of green halos in 20 randomly selected DFM
field of views from 3 independent experiments by 400 (the surface area of each chip is
approximately up to 400 times that of a single field of view). Results (Figure 7G) show the
same trend for these two methods. LODs of these two methods are determined by their
calibration curves. The theoretical LOD of the GNR probe-assisted DFM counting method
is determined by extrapolating the linear curve corresponding to three times of blank noise.
The sample without PEDV is used as a control to determine the noise level. The GNRs
value averaged from 3 independent experiments is 2 of green halos in 20 fields of view.
Therefore, the noise is determined to be 120 of GNR particles. Consequently, the LOD is
22.2 copies/µL according to the equation Y = 10.4X − 111.0 (Figure 7G). Meanwhile, the
LOD by PCR for the detection of PEDV is the virus concentration value corresponding to
the CT value of 35, which can determine the copy number of the virus gene according to
the concentration-CT linear equation (Figure S3, Y = −3.408X + 38.53). The calculated LOD
value is 14.4 copies/µL based on the equation of Y = 1.0545X − 4.3 (Figure 7G). Therefore,
the GNR probe-assisted DFM counting method shows comparable sensing performance as
qPCR, allowing for the detection of virus at low concentrations.
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Figure 7. GNR probe-assisted DFM counting of PEDV samples. (A) Dark field image of sample
without PEDV. (B) Dark field image of sample with PEDV of 3.07 × 101 copies/µL. (C) Dark field
image of sample with PEDV of 1.53 × 102 copies/µL. (D) Dark field image of sample with PEDV
of 7.67 × 102 copies/µL. The red squares are the green halos generated by a GNR recognized by
counting software in B-D. (E) Dark field image of sample with PEDV of 3.83 × 103 copies/µL.
(F) Dark field image of sample with PEDV of 1.92 × 104 copies/µL. (G) Calibration curves of DFM
counting and qPCR. Each counting GNR number on the GNR probe-assisted counting method
curve was obtained by multiplying the mean number of GNR particles from 20 DFM images of the
corresponding PEDV sample on the chip by 400. The calibration curve of qPCR was plotted by the
quantitative value (theoretical concentration) of RNA extracted from these PEDV samples versus
the measured concentration values by the standard curve of the copy number corresponding to the
concentration of the standard plasmid-CV777 (a specific gene fragment of PEDV). The pentagram is
the intersection of the calibration curve with three times signal-to-noise ratio. Scale bar: 20 µm.

3.6. GNR Probe-Assisted DFM Counting of PEDV in Simulated Real Samples

Simulated samples containing different concentrations of PEDV in the complex bio-
logical matrix were prepared to validate our GNR probe-assisted DFM counting strategy.
Various concentrations of PEDV used in the dark field counting method were also deter-
mined by qPCR to compare the consistency and sensing performance of these two methods
(Figure 8A). The calculated LOD value of two methods in simulated real samples is 23.80
and 15.5 copies/µL, based on the equation of Figure 8A. According to the histogram statis-
tics (Figure 8B), the data obtained based on our counting method are highly consistent
with those from the qPCR method. Taken together, our GNR probe-assisted DFM count-
ing method has good feasibility, validity, and applicability for samples containing a low
concentration of virus in the complex biological matrix.
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Figure 8. GNR probe-assisted counting of PEDV in simulated real samples. Representative DFM
image of PEDV antibody-immobilized chip incubated with GNR probe at different concentrations of
PEDV present in mouse serum. (A) Calibration curves of DFM counting and qPCR. The pentagram is
the intersection of the calibration curve with three times signal-to-noise ratio. (B) Comparison of the
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results of GNR probe-assisted counting method with those of qPCR method. The concentrations of
sample 1–5 are 2.4× 101 copies/µL, 9.6× 101 copies/µL, 1.92× 102 copies/µL, 1.92× 103 copies/µL
and 1.92 × 104 copies/µL, respectively. The values of GNR probe-assisted counting method are
calculated from the standard curve in Figure 7G.

4. Conclusions

Our study demonstrated a reliable, rapid, and low-cost GNR probe-assisted dark
field counting strategy for quantification of PEDV with a limit of detection (LOD) of
23.80 copies/µL for simulated real samples, which is comparable to the sensitivity (LOD of
15.53 copies/µL) of qPCR in this work. The results of the GNR probe-assisted dark field
counting strategy were reliable and highly consistent with the results acquired by qPCR,
which demonstrated that the method could be applied for practical use in the clinic. In
addition, our counting strategy can exclude the preprocessing of RNA virus detection in
qPCR, that is, the extraction of viral RNA and reverse transcription, in turn making our
method applicable to on-site detection without any sophisticated process and technicians.
For the detection of a single sample, the time cost of our GNR probe-assisted DFM count
method is 1h, which is less than that (2.5 h) of qPCR. Taken together, the proposed GNR
probe-assisted dark field counting chip platform has the potential to be used as a general
tool for pathogen quantification in the field.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/bios12121146/s1, Figure S1: Number of GNRs in each field of
view is counted by the software that we developed. The software is available by sending a request
email to the corresponding authors if readers want to use this software to repeat our experimental
data; Figure S2: Characterization of GNRs on silicon wafer under the dark field; Figure S3: Standard
quantification curve of PEDV qPCR assay for detected samples in different biological matrices, Table
S1: The primers for qPCR to amplify 108 bp fragment of PEDV CV777 strain genome (GenBank:
AF353511.1).

Author Contributions: Conceptualization, X.Z. and C.-T.Y.; methodology, X.Q. and Y.S.; software
development, Y.S.; validation, X.Q. and Y.S.; data curation, X.Q., Y.S. and J.Y.; writing—original draft
preparation, X.Q. and J.Y.; writing—review and editing, X.Z. and C.-T.Y.; supervision, X.Z. and C.-T.Y.;
project administration, X.Z. and C.-T.Y.; funding acquisition, X.Z. All authors have read and agreed
to the published version of the manuscript.

Funding: This study was supported by the National Natural Science Foundation of China (Grant
No: 31870989), Shanghai Science and Technology Innovation Action Plan in 2022 (Grant number:
22N31900800), and Priority Academic Program Development of Jiangsu Higher Education Institutions
(PAPD). Chih-Tsung Yang is an EMCR Fellow funded by The Hospital Research Foundation Group.

Institutional Review Board Statement: The study was conducted according to the guidelines of the
Declaration of Helsinki and approved by the Animal Welfare and Research Ethics Committee of
Yangzhou University (protocol code: 202110003 and date of approval: 13 September 2021).

Informed Consent Statement: Not applicable.

Data Availability Statement: The data that support the findings of this study are available from the
corresponding author upon reasonable request.

Conflicts of Interest: The authors declare no competing financial interest.

References
1. Gimenez-Lirola, L.G.; Zhang, J.; Carrillo-Avila, J.A.; Chen, Q.; Magtoto, R.; Poonsuk, K.; Baum, D.H.; Piñeyro, P.; Zimmerman, J.

Reactivity of Porcine Epidemic Diarrhea Virus Structural Proteins to Antibodies against Porcine Enteric Coronaviruses: Diagnostic
Implications. J. Clin. Microbiol. 2017, 55, 1426–1436. [CrossRef] [PubMed]

2. Yang, W.; Chen, W.; Huang, J.; Jin, L.; Zhou, Y.; Chen, J.; Zhang, N.; Wu, D.; Sun, E.; Liu, G. Generation, identification, and
functional analysis of monoclonal antibodies against porcine epidemic diarrhea virus nucleocapsid. Appl. Microbiol. Biotechnol.
2019, 103, 3705–3714. [CrossRef] [PubMed]

3. Fu, Y.; Li, B.; Liu, G. Rapid and efficient detection methods of pathogenic swine enteric coronaviruses. Appl. Microbiol. Biotechnol.
2020, 104, 6091–6100. [CrossRef] [PubMed]

https://www.mdpi.com/article/10.3390/bios12121146/s1
https://www.mdpi.com/article/10.3390/bios12121146/s1
http://doi.org/10.1128/JCM.02507-16
http://www.ncbi.nlm.nih.gov/pubmed/28202790
http://doi.org/10.1007/s00253-019-09702-5
http://www.ncbi.nlm.nih.gov/pubmed/30877355
http://doi.org/10.1007/s00253-020-10645-5
http://www.ncbi.nlm.nih.gov/pubmed/32430534


Biosensors 2022, 12, 1146 12 of 13

4. Yu, X.; Shimin, Z.; Lv, X.; Yao, W.; Cao, M.; Yu, H.; Wang, X.; Zheng, S. Development of a real-time reverse transcription
loop-mediated isothermal amplification method for the rapid detection of porcine epidemic diarrhea virus. Virol. J. 2015, 12, 76.
[CrossRef] [PubMed]

5. Diel, D.; Lawson, S.; Okda, F.; Singrey, A.; Clement, T.; Fernandes, M.; Christopher-Hennings, J.; Nelson, E. Porcine epidemic
diarrhea virus: An overview of current virological and serological diagnostic methods. Virus Res. 2016, 226, 60–70. [CrossRef]

6. Wang, K.; Xie, C.; Zhang, J.; Zhang, W.; Yang, D.; Yu, L.; Jiang, Y.; Yang, S.; Gao, F.; Yang, Z.; et al. The Identification and
Characterization of Two Novel Epitopes on the Nucleocapsid Protein of the Porcine Epidemic Diarrhea Virus. Sci. Rep. 2016,
6, 39010. [CrossRef]

7. Eom, G.; Hwang, A.; Lee, D.K.; Guk, K.; Moon, J.; Jeong, J.; Jung, J.; Kim, B.; Lim, E.-K.; Kang, T. Superb Specific, Ultrasensitive,
and Rapid Identification of the Oseltamivir-Resistant H1N1 Virus: Naked-Eye and SERS Dual-Mode Assay Using Functional
Gold Nanoparticles. ACS Appl. Bio Mater. 2019, 2, 1233–1240. [CrossRef]

8. Zhang, H.Z.; Li, R.S.; Gao, P.F.; Wang, N.; Lei, G.; Huang, C.Z.; Wang, J. Real-time dark-field light scattering imaging to monitor
the coupling reaction with gold nanorods as an optical probe. Nanoscale 2017, 9, 3568–3575. [CrossRef]

9. Jain, P.K.; Huang, X.; El-Sayed, I.H.; El-Sayed, M.A. Noble Metals on the Nanoscale: Optical and Photothermal Properties and
Some Applications in Imaging, Sensing, Biology, and Medicine. Accounts Chem. Res. 2008, 41, 1578–1586. [CrossRef]

10. Wu, Y.; Ali, M.R.; Chen, K.; Fang, N.; El-Sayed, M.A. Gold nanoparticles in biological optical imaging. Nano Today 2019, 24,
120–140. [CrossRef]

11. Kaewwonglom, N.; Oliver, M.; Cocovi-Solberg, D.J.; Zirngibl, K.; Knopp, D.; Jakmunee, J.; Miró, M. Reliable Sensing Platform
for Plasmonic Enzyme-Linked Immunosorbent Assays Based on Automatic Flow-Based Methodology. Anal. Chem. 2019, 91,
13260–13267. [CrossRef] [PubMed]

12. Liu, X.; Dai, Q.; Austin, L.; Coutts, J.; Knowles, G.; Zou, J.; Chen, A.H.; Huo, Q. A One-Step Homogeneous Immunoassay for
Cancer Biomarker Detection Using Gold Nanoparticle Probes Coupled with Dynamic Light Scattering. J. Am. Chem. Soc. 2008,
130, 2780–2782. [CrossRef] [PubMed]

13. Boby, N.; Ali, S.A.; Preena, P.; Kaur, G.; Kumar, S.; Chaudhuri, P. Detection of multiple organisms based on the distance-dependent
optical properties of gold nanoparticle and dark-field microscopy. Talanta 2018, 188, 325–331. [CrossRef] [PubMed]

14. Sriram, M.; Markhali, B.P.; Nicovich, P.R.; Bennett, D.T.; Reece, P.J.; Hibbert, D.B.; Tilley, R.D.; Gaus, K.; Vivekchand, S.; Gooding,
J.J. A rapid readout for many single plasmonic nanoparticles using dark-field microscopy and digital color analysis. Biosens.
Bioelectron. 2018, 117, 530–536. [CrossRef] [PubMed]

15. Wee, Y.T.F.; Alkaff, S.M.F.; Lim, J.C.T.; Loh, J.J.H.; Hilmy, M.H.; Ong, C.; Nei, W.L.; Jain, A.; Lim, A.; Takano, A.; et al. An
integrated automated multispectral imaging technique that simultaneously detects and quantitates viral RNA and immune cell
protein markers in fixed sections from Epstein-Barr virus-related tumours. Ann. Diagn. Pathol. 2018, 37, 12–19. [CrossRef]

16. Chen, H.; Park, S.-G.; Choi, N.; Moon, J.-I.; Dang, H.; Das, A.; Lee, S.; Kim, D.-G.; Chen, L.; Choo, J. SERS imaging-based
aptasensor for ultrasensitive and reproducible detection of influenza virus A. Biosens. Bioelectron. 2020, 167, 112496. [CrossRef]

17. Chen, F.; Tang, F.; Yang, C.T.; Zhao, X.; Wang, J.; Thierry, B.; Bansal, V.; Dai, J.; Zhou, X. Fast and Highly Sensitive Detection of
Pathogens Wreathed with Magnetic Nanoparticles Using Dark-Field Microscope. ACS Sens. 2018, 3, 2175–2181. [CrossRef]

18. Chen, F.; Di, T.; Yang, C.-T.; Zhang, T.; Thierry, B.; Zhou, X. Naked-Eye Enumeration of Single Chlamydia pneumoniae Based on
Light Scattering of Gold Nanoparticle Probe. ACS Sens. 2020, 5, 1140–1148. [CrossRef]

19. Bai, Y.; He, L.; Sun, M.; Zhou, X.; Xu, Z. Dark-field visual counting of white spot syndrome virus using gold nanoparticle probe.
Aquaculture 2023, 562, 738797. [CrossRef]

20. Jin, T.; Zhang, J.; Zhao, Y.; Huang, X.; Tan, C.; Sun, S.; Tan, Y. Magnetic bead-gold nanoparticle hybrids probe based on optically
countable gold nanoparticles with dark-field microscope for T4 polynucleotide kinase activity assay. Biosens. Bioelectron. 2019,
150, 111936. [CrossRef]

21. Schultz, S.; Smith, D.R.; Mock, J.J.; Schultz, D.A. Single-target molecule detection with nonbleaching multicolor optical immunola-
bels. Proc. Natl. Acad. Sci. USA 2000, 97, 996–1001. [CrossRef] [PubMed]

22. Gao, T.; Xing, S.; Xu, M.; Fu, P.; Yao, J.; Zhang, X.; Zhao, Y.; Zhao, C. A peptide nucleic acid–regulated fluorescence resonance
energy transfer DNA assay based on the use of carbon dots and gold nanoparticles. Mikrochim. Acta 2020, 187, 375. [CrossRef]

23. Shawky, S.M.; Awad, A.M.; Abugable, A.A.; El-Khamisy, S.F. Gold nanoparticles—An optical biosensor for RNA quantification
for cancer and neurologic disorders diagnosis. Int. J. Nanomed. 2018, 13, 8137–8151. [CrossRef] [PubMed]

24. Wang, M.; Chen, W.; Tang, L.; Yan, R.; Miao, P. Duplex-specific nuclease assisted miRNA assay based on gold and silver
nanoparticles co-decorated on electrode interface. Anal. Chim. Acta 2020, 1107, 23–29. [CrossRef] [PubMed]

25. Kim, W.; Bang, A.; Kim, S.; Lee, G.-J.; Kim, Y.-H.; Choi, S. Adiponectin-targeted SERS immunoassay biosensing platform for early
detection of gestational diabetes mellitus. Biosens. Bioelectron. 2022, 213, 114488. [CrossRef] [PubMed]

26. Anker, J.N.; Hall, W.P.; Lyandres, O.; Shah, N.C.; Zhao, J.; van Duyne, R.P. Biosensing with plasmonic nanosensors. Nat. Mater.
2008, 7, 442–453. [CrossRef]

27. Sönnichsen, C.; Franzl, T.; Wilk, T.; von Plessen, G.; Feldmann, J.; Wilson, O.; Mulvaney, P. Drastic Reduction of Plasmon Damping
in Gold Nanorods. Phys. Rev. Lett. 2002, 88, 077402. [CrossRef] [PubMed]

28. Dunbar, B.; Schwoebel, E. Preparation of polyclonal antibodies. Methods Enzymol. 1990, 182, 663–670. [PubMed]

http://doi.org/10.1186/s12985-015-0297-1
http://www.ncbi.nlm.nih.gov/pubmed/25972083
http://doi.org/10.1016/j.virusres.2016.05.013
http://doi.org/10.1038/srep39010
http://doi.org/10.1021/acsabm.8b00807
http://doi.org/10.1039/C6NR09453H
http://doi.org/10.1021/ar7002804
http://doi.org/10.1016/j.nantod.2018.12.006
http://doi.org/10.1021/acs.analchem.9b03855
http://www.ncbi.nlm.nih.gov/pubmed/31498612
http://doi.org/10.1021/ja711298b
http://www.ncbi.nlm.nih.gov/pubmed/18257576
http://doi.org/10.1016/j.talanta.2018.05.074
http://www.ncbi.nlm.nih.gov/pubmed/30029383
http://doi.org/10.1016/j.bios.2018.06.066
http://www.ncbi.nlm.nih.gov/pubmed/29982124
http://doi.org/10.1016/j.anndiagpath.2018.09.002
http://doi.org/10.1016/j.bios.2020.112496
http://doi.org/10.1021/acssensors.8b00785
http://doi.org/10.1021/acssensors.0c00150
http://doi.org/10.1016/j.aquaculture.2022.738797
http://doi.org/10.1016/j.bios.2019.111936
http://doi.org/10.1073/pnas.97.3.996
http://www.ncbi.nlm.nih.gov/pubmed/10655473
http://doi.org/10.1007/s00604-020-04357-w
http://doi.org/10.2147/IJN.S181732
http://www.ncbi.nlm.nih.gov/pubmed/30555231
http://doi.org/10.1016/j.aca.2020.01.041
http://www.ncbi.nlm.nih.gov/pubmed/32200898
http://doi.org/10.1016/j.bios.2022.114488
http://www.ncbi.nlm.nih.gov/pubmed/35738214
http://doi.org/10.1038/nmat2162
http://doi.org/10.1103/PhysRevLett.88.077402
http://www.ncbi.nlm.nih.gov/pubmed/11863939
http://www.ncbi.nlm.nih.gov/pubmed/2314261


Biosensors 2022, 12, 1146 13 of 13

29. Yoshioka, M.; Mukai, Y.; Matsui, T.; Udagawa, A.; Funakubo, H. Immobilization of ultra-thin layer of monoclonal antibody on
glass surface. J. Chromatogr. B Biomed. Sci. Appl. 1991, 566, 361–368. [CrossRef] [PubMed]

30. Hou, J.; Xu, Y.; Sun, S.; Zhong, X.; Yang, C.-T.; Zhou, X. Gold nanoparticles-decorated M13 phage SPR probe for dual detection of
antigen biomarkers in serum. Sens. Actuators B Chem. 2023, 374, 132811. [CrossRef]

http://doi.org/10.1016/0378-4347(91)80252-8
http://www.ncbi.nlm.nih.gov/pubmed/1939449
http://doi.org/10.1016/j.snb.2022.132811

	Introduction 
	Materials and Methods 
	Chemicals and Instruments 
	Preparation of Anti-PEDV Polyclonal Antibody 
	Preparation of the Anti-PEDV Antibodies Modified Capture Chip 
	Preparation of Specific GNR Probes 
	Sandwich Immunoassay on the Capture Chip 
	GNR Probe-Assisted DFM Counting Strategy for Detection of PEDV Samples 
	Sensitivity of GNR Probe-Assisted DFM Counting Strategy 
	Preparation of Simulated Real Samples for DFM Counting 

	Results and Discussion 
	Specificity of Anti-PEDV Polyclonal Antibody 
	Characterization and Optimization of GNR Probes 
	Specificity of GNR Probes 
	Characterization of the Capture Chips 
	GNR Probe-Assisted DFM Counting of PEDV in PBS 
	GNR Probe-Assisted DFM Counting of PEDV in Simulated Real Samples 

	Conclusions 
	References

