Microchimica Acta (2022) 189: 342
https://doi.org/10.1007/500604-022-05390-7

ORIGINAL PAPER

=

Check for
updates

Carbon nanodots combined with loop-mediated isothermal
amplification (LAMP) for detection of African swine fever virus (ASFV)

Gaihua Cao' - Yue Qiu' - Keyi Long’ - Yifan Xiong' - MeimeiShi? - JunYang? - Yingguo Li? - Fuping Nie? -
Danqun Huo'? - Changjun Hou'

Received: 24 February 2022 / Accepted: 19 June 2022 / Published online: 23 August 2022
© The Author(s), under exclusive licence to Springer-Verlag GmbH Austria, part of Springer Nature 2022

Abstract

The spread of African swine fever virus (ASFV) caused huge economic costs, so early detection is particularly important.
Here, we established a fluorescence biosensor based on carbon nanodots (CNDs) and loop-mediated isothermal amplification
(LAMP) to ultra-sensitively detect ASFV. LAMP with high efficiency produced a large amount of pyro phosphoric acid and
caused pH change in a short time. CNDs with strong light stability had a large fluorescence response at the emission wave-
length of 585.5 nm to small pH change by the excitation wavelength of 550 nm. The biosensor realized “turn-off—on” mode
for ASFV detection with the detection limit as low as 15.21 copies pL~". In addition, the biosensor had high accuracy in the
actual sample assay. Therefore, the biosensor achieved rapid, sensitive, low-cost, and simple detection for ASFV. Moreover,
the biosensor broadened the detection pathway of LAMP as a tool with great development prospect.
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Introduction

African swine fever (ASF) has been listed as a notifiable dis-
ease by the World Organization for Animal Health [1]. ASF
is caused by the African swine fever virus (ASFV), which
is a highly stable, lethal, and contagious double-stranded
DNA virus [2]. According to the different susceptibility of
virus strains and hosts, clinical symptoms of ASFV can be
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ing 100% [5, 6]. It causes great harm to the pig industry with
no sign of slowing down and destroys the stability of the
global economic market [7]. Therefore, early detections and
rapid diagnosis are essential for the prevention and monitor-
ing of animal infection with ASFV.

The detection methods of ASFV can be divided into
immunological detection methods and molecular biologi-
cal detection methods. Immunological detection methods
include blood adsorption test (HAD) [8], enzyme-linked
immunosorbent assay (ELISA) [9], fluorescent antibody test
(FAT) [10], and lateral flow assay (LFA) [11]. However,
these methods are not suitable for early diagnosis because
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they are time-consuming and have low sensitivity and hys-
teresis. Therefore, nucleic acid detection plays an important
role in the early diagnosis of ASFV. As the common nucleic
acid detection methods, conventional polymerase chain reac-
tion (PCR) and quantitative PCR (qPCR) [12] require pro-
ficiency in personnel operation and expensive instruments.
In contrast, isothermal amplification is easier to operate and
costs less time, such as recombinant polymerase amplifi-
cation (RPA) [13], loop-mediated isothermal amplification
(LAMP) [14], and hybrid chain reaction (HCR) [15], rolling
circle amplification (RCA) [16], and strand displacement
amplification (SDA) [17]. Among them, LAMP relies on Bst
DNA polymerase and four primers to detect nucleic acid at
a constant temperature of 60-65 C with high specificity and
sensitivity. It is more suitable for non-professional or mobile
laboratories. Moreover, LAMP has more terminal detection
methods, such as turbidimetry and colorimetry [18]. During
DNA synthesis, a large amount of pyrophosphoric acid (PP1)
is produced, forming white precipitates with Mg+ and being
detected by turbidimetry [19]. However, the turbidity caused
by low concentration targets is difficult to be detected. In
addition, PPi produced by LAMP can cause pH changes in
the solution. Some acid—base indicators, such as neutral red
[1], hydroxy naphthol blue (HNB) [20], calcein [21], and
SYBR green [22], can be used to distinguish positive about
the negative, but these indicators require a wide range of
pH. However, the reaction system of LAMP is only 25 pl.
Especially for the target with a small concentration, the pH
change generated by LAMP is small, so a more sensitive
indicator for pH is urgently needed.

Carbon nanodots (CNDs) are spherical fluorescent mate-
rial less than 10 nm in diameters, which has a good solubility
in water, adjustable photoluminescence (fluorescent), low
toxicity, good biocompatibility, and stable chemical proper-
ties [23]. Due to their unique photoelectric properties, CNDs
have shown great application prospects in photocatalysis,
detection of heavy metal ions and organic molecules, bio-
logical imaging, and other fields [23-25]. More importantly,
some CNDs respond significantly to pH changes, and CNDs
have great potential as pH indicators [26].

To solve the current methods with low sensitivity by
pH changes of LAMP reaction, here, we constructed a
biosensor based on the CNDs and LAMP to detect the
small concentration of ASFV. Since the synthesized CNDs
had a large response to small pH changes from 8.3 to 8.9,
the biosensor constructed a turn-off-on mode to amplify
signals through the fluorescence response of CNDs before
and after LAMP reaction. And the biosensor realized the
ultra-sensitive detection of ASFV with a detection limit as
low as 15.21 copies pL!. In addition, CND synthesis was
low-cost and stable, and LAMP reaction can be completed
in a short time under constant temperature, which realized
simple, rapid, and low-cost nucleic acid detection and was
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beneficial to point-of-care test (POCT). Furthermore, this
method expanded the detection pathway of LAMP and also
improved the sensitivity of LAMP by the signal amplifica-
tion of CNDs.

Material and methods
Reagents and instruments

All nucleic acids used in this study were offered by Sangon
Biotech (Shanghai, China) and the sequences are showed
in Table S1. Classical swine fever virus (CSFV) and por-
cine circovirus (PCV) were offered by Chongqing cus-
toms technology center. The nucleic acids of pseudorabies
virus (PRV) and Peste des petits ruminant virus (PPRV)
were gifted by Dr. Ai from Kunming Customs Technol-
ogy Center. Citric acid and 5-aminosalicylic acid were
purchased from Macklin (Shanghai, China). QIAamp
DNA Mini Kit was purchased from QIAGEN, Germany.
Bst DNA polymerase, 10 X isothermal amplification buffer
(20 mM Tris—HCI, 10 mM (NH,),SO,, 50 mM KCI,
2 mM MgSO,, 0.1% Tween 20, pH=28.8), and 100 mM
MgSO, were purchased from Eiken Chemical, Japan.
DL500 and DL2000 DNA Marker and 2 X Premix Ex Taq
(Probe qPCR) were purchased from TaKaRa. ABI 7500
Fast fluorescence quantitative PCR instrument was pur-
chased from life technology TM, USA. Gel imager bought
from Bio Rad Co., Ltd. X-ray photoelectron spectroscopy
(XPS, XRD-7000) was purchased from JEOL (Japan) for
characterizing the elements and their chemical states of
CNDs. Transmission electron microscopy (TEM, JEOL
Ltd., Japan) was used in morphology characterization. The
zeta potential data was obtained by using a Zetasizer nano
(Malvern, England).

Synthesis of CNDs

The hydrothermal method is the preferred method for the
green synthesis of CNDs according to the previous studies
[27]. And the detailed steps of CNDs synthesis are described
in Section S1.

Characterization performance of CNDs

The micromorphology of the CND was characterized by
TEM. Its chemical composition and crystal structure were
characterized by X-ray photoelectron spectroscopy (XPS, Al
Ka excitation light source). The zeta potential was used to
detect the potential of CNDs in the buffer with different pH.
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ASFV assay by the biosensor

The P72 gene of ASFV was used as the target. The 25-uL
LAMP reaction system consisted of 1 pL of 5 pM F3 and
B3 primers, 1 uL of 20 uM FIP and BIP primers, 1.5 uL of
10 mM MgSO,, 8 U Bst DNA polymerase, 2 L sample,
3.5 uL 10 mM dNTP and 13 pL buffer (10 mM (NH,),SO,,
50 mM KCl, 2 mM MgSO,). It was incubated at 62 °C for
30 min. After then, 75 uL. CNDs diluted 30 times was added
into the LAMP system at room temperature for 2 min to
measure fluorescence by LS-55 spectrophotofluorometer (P.
E. USA) with the exciting spectrum of 550 nm.

qPCR for detecting ASFV

As a standard method, qPCR verified the accuracy of the
method-based CNDs and LAMP by testing actual samples.
Sequences of primers and probes are presented in Table S1
(Supporting information). The nucleic acids of samples were
extracted according to the instruction of QIAamp DNA Mini
Kit. The qPCR system contained 1 uL of 10 uM SN/T-F and
SN/T-R primers, 1 pL of 10 uM SN/T-probe, 12.5 uL of 2 X Pre-
mix Ex Taq (Probe gPCR), 4.5 uL. ddH, O, and 5 pL of sample
nucleic acid. The system was programmed: 95 °C for 5 min, fol-
lowed by 40 cycles, including 95 °C for 10 s and 58 °C for 34 s.

Fig. 1 arepresents TEM image
of CNDs, the enlarged TEM
image, and the size distribu-
tion diagram of CNDs. b

shows the TEM image of the
distribution of CNDs in the
buffer (pH=28.50). ¢ manifested
the zeta potential CNDs in

the buffer with different pH.

d indicates the fluorescence
spectrum of CNDs at different
excitation wavelengths from 500
to 560 nm

(c) o v QD 8.3 s.;

Agarose gel electrophoresis

Gel electrophoresis was used to verify the feasibility of the
method. The amplified product was mixed with 6 X loading
buffer for 2% agarose gel at 130 V for 20 min.

Real samples analysis by the biosensor

The nucleic acid was extracted and purified from blood or
tissue according to the instruction of the QIAamp DNA
Mini Kit. And 2 pL of nucleic acid was added into the
LAMP system at 62 °C for 30 min. Next, 75 uL of diluted
30 times CNDs was added and placed at room temperature
for 2 min for measuring fluorescence intensity by LS-55
spectrophotofluorometer with the exciting spectrum of
550 nm.

Results and discussion

Characterization of the CNDs

TEM was used to characterize the morphology of CNDs.
Figure la showed that the CNDs were spherical and
evenly distributed in the aqueous solution without obvious
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aggregation. Their sizes ranged from 2.01 to 4.40 nm, with
an average diameter of 3.41 +0.5 nm. In addition, the high-
resolution TEM image revealed that the CNDs had obvious
lattice fringes of 0.204 nm. This indicated that the synthe-
sized CNDs had uniform size and good dispersion. How-
ever, when the CNDs were added into the buffer with a pH
of 8.50, an obvious aggregation phenomenon was shown
in Fig. 1b. Their diameters were distributed from 21.37 to
23.45 nm, and the mean diameter was 23.286 nm. It illus-
trated that the CNDs had an obvious response to the change
of pH. Moreover, when CNDs with the negative electricity
were added to buffers with different pH, their potential was
different in Fig. 1c. With the increase of pH, the potential
decreased continuously, indicating that the CNDs had a
significant response to pH. Furthermore, different excita-
tion wavelengths were used to verify the best excitation
wavelength of the CNDs. As shown in Fig. 1d, the fluo-
rescence intensity increased with the increase of excitation
wavelength from 500 to 560 nm. And the emission wave-
lengths of the CNDs were all at 585.5 nm without devia-
tion. However, the emission wavelength was too close to the
excitation wavelength at 560 nm, which could cause inter-
ference. Therefore, 550 nm was selected as the best excita-
tion wavelength. Furthermore, XPS was used to verify the
composition of the elements of the CNDs. In Fig. 2a, there
were three distinct peaks 528.51, 396.82, and 282.16, cor-
responding to Ols, N1s, and Cls. This indicated that the
main components of CNDs were C, N, and O. As shown in

Fig. 2b, C1s XPS spectrogram exhibited the obvious peaks
at 284.70, 285.98, and 288.34, representing C—C/C=C,
C-N, and C=0 respectively. The N1s XPS spectrogram
(Fig. 2¢) was fitted with three functional groups including
C=N-C, C-N, N-H, which correspond respectively with
398.90, 399.70, and 400.70 eV. Figure 2d displayed that Ols
XPS spectrogram can be divided into six peaks at 531.22,
531.50, 531.68, 532.10, 532.60, and 533.40, representing
C=0, COOH, C-N-O, C-OH, O-C-0, and C-O. The
above results proved that the CNDs contained abundant
hydroxyl and carboxyl active groups on the surfaces, which
are sensitive to pH.

Principle of ASFV detection by CNDs combined
with LAMP

Scheme 1 showed the principle of CNDs combined with
LAMP for ASFV detection. LAMP is a sensitive and spe-
cific amplification method that rapidly generates a large
amount of DNA under isothermal conditions. Under the
action of four primers for calibrating the target with high
specificity, ASFV is amplified by Bst DNA polymerase to
produce DNA. In this process, dNTP is broken down into
deoxynucleotide (ANMP) and pyrophosphoric acid (PPi),
where dNMP is involved in DNA synthesis, and PPi is
released into the buffer. The PPi could change the pH of
the buffer.
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On the other hand, the CNDs synthesized in this paper
will aggregate with the increase of pH. That is, when exci-
tation wavelength hits the CNDs, they absorb photons,
making an electronic transition and fluorescing as it trav-
els back to the valence electrons. When pH increases, the
hydroxyl and carboxyl groups on the surface of the CNDs
are deprotonated and the electron supply capacity of oxy-
gen is improved. This enhances the hydrogen bond interac-
tion between CNDs to aggregate and thickens the electron
trap, which enables photons to be emitted in a non-radiative
form, thereby quenching fluorescence. Therefore, the CND
realizes the “turn-off” mode as the pH increases. When the
CNDs are added to the alkaline buffer, the fluorescence will
be quenched.

LAMP can reduce pH due to generating a large amount
of PPi, causing CNDs in the buffer to disperse. Therefore,
the fluorescence is enhanced, and it realizes the “turn-on”
mode as the target increases. In other words, the biosensor
constructed by LAMP and CNDs achieves highly sensitive
detection of ASFV through the turn-off-on mode.

The turn-off mode of response of CNDs to pH

In theory, with the increase of pH, active groups on the sur-
face of CNDs were deprotonated, resulting in aggregation
and decreasing fluorescence intensity. In fact, Tris—HCI
at different pH was employed to verify the performance
of CNDs. The fluorescence intensity decreased with pH
increasing from 8.32 to 9.01 in Fig. 3a. Moreover, the lin-
ear fitting of the fluorescence intensity and pH value ranged
from 8.32 to 9.01 showed a good linear relationship in

Scheme 1 a Principle of CNDs
synthesis. b Principle of the
CNDs combined with LAMP
for ASFV assay.

g

turn off
Buffer

Fig. 3b, F= — 813.76 pH + 7725.41, R*=0.9725. Since
Bst DNA polymerase of LAMP reaction has the high activ-
ity in a weak alkaline environment, the buffers (10 mM
(NH,),SO,4, 50 mM KCI, and 2 mM MgSO,) of different pH
values were prepared. As shown in Fig. 3c, as the pH value
of the buffer increased, the fluorescence intensity decreased,
which had the same trend as that of Tris—HCI. The pH value
from 8.3 to 8.9 and fluorescence intensity was linearly fit-
ted in Fig. 3d, and a good linear relationship was obtained,
F=—1401.23 pH + 12,620.04, R>=0.9756. Although the
response range of CNDs to pH was small, a small pH change
in an alkaline environment can cause a large change in flu-
orescence intensity. This was an important feature for the
LAMP reaction. In other words, the volume of the LAMP
reaction system was small, and the pH change caused by
the reaction was small. More importantly, the fluorescence
intensity of CNDs was not affected by temperature (in Sec-
tion S2). So the biosensor can ultra-sensitively detect ASFV
in small concentrations by LAMP and the CNDs.

Characterization of the biosensor for ASFV
detection

The biosensor was used to detect small concentrations
of ASFV under optimal conditions (in Section S3). In
Fig. 4a, as the concentrations of ASFV increased from 50
to 250 copies pL~!, the fluorescence intensity increased.
This manifested more targets caused LAMP reactions,
resulting in large pH changes. The CNDs were more dis-
persed and produced more fluorescence. There was a
good linear relationship between 50 and 250 copies pL~!,

%_o 200c

turn on
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Fig.3 a, c represented the fluo-
rescent response of the CNDs
to Tris—HCI and the buffer; b, d
indicated the linear relationship
between the fluorescence inten-
sity at the emission wavelength
of 585.5 nm and pH of Tris—
HCI from 8.32 to0 9.01 and the
buffer from 8.3 to 8.9

AF=0.669-C+51.612, R*=0.9725 in Fig. 4b. The detec-
tion limit was as low as 15.21 copies pL ™! according to the
3o rule. In addition, agarose gel electrophoresis was used to
verify LAMP amplification products of targets with different

Fig.4 a showed the fluores-
cence intensity of different
concentrations of ASFV. b
exhibited the linear relationship
between the AF at the emission
wavelength of 585.5 nm and
concentration from 50 to 250
copies pL~!. ¢ demonstrated the
agarose gel results of products
with different concentrations

of ASFV. d indicated the
specificity of the biosensor with
the ASFV of 250 copies pL™!
at the emission wavelength of
585.5 nm

@ Springer
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concentrations. It was found that the brightness of the bands
decreased significantly with the decrease of concentration
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were no visible bands. By contrast, the biosensor based on
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CNDs had higher sensitivity to detect ASFV. Compared with
other methods, the biosensor had higher sensitivity to detect
ASFV (Table S2).

Specificity of biosensor for ASFV detection

To verify the specificity of the biosensor, viruses commonly
occurring in pigs were selected as templates with the same
concentration of 250 copies pL~!, for example, CSFV, PRV,
PCV, and PRRSV. As shown in Fig. 4d, the fluorescence
intensity at the emission wavelength of 585.5 nm of other
viruses was the same as that of the control group, while
ASFYV displayed obvious strong fluorescence, indicating
that the LAMP reaction had strong specificity. In addition,
agarose gel electrophoresis was used to verify the specificity
of LAMP in Fig. S1. It was found that only ASFV had obvi-
ous gradient bands, while others had no band. The results
were consistent with those of detection by the biosensor,
manifesting that CNDs combined with LAMP was specific
for ASFV assay.

Reproducibility and repeatability of the biosensor
Reproducibility and repeatability were important parameters

of the biosensor. Repeated experiments of the biosensor for
detecting ASFV of 200 copies pL.~! by different researchers

Fig.5 a, b displayed the repro- (a)

showed that RSD was 3.64% in Fig. 5a, demonstrating that
CNDs combined with LAMP had good reproducibility for
ASFV detection. In addition, the experiment for ASFV of
200 copies pL~! was repeated six times in Fig. 5b, and the
RSD was 2.11%, indicating that the biosensor had good
repeatability.

Detection of ASFV in the real samples

Seventeen samples from tissue, blood of pigs, and meat
products were used to verify the performance of the biosen-
sor. It was found that the fluorescence intensity of 3 samples
was similar to that of the negative control (NC), while the
remaining 14 samples had strong fluorescence in Fig. 6a.
That manifested there were 3 negative samples and 14 posi-
tive samples. Moreover, qPCR as the standard method was
used to verify accuracy. As shown in Fig. 6b, Ct values of 14
positive samples were significantly less than 35 cycles, while
3 negative samples had no fluorescence. These results were
consistent with the biosensor, indicating that the biosensor
showed high accuracy in actual samples. Compared with
gPCR, CNDs binding LAMP have better advantages, such as
no dependence on expensive large instruments to accurately
control the temperature, easy synthesis, and cheap. In addi-
tion, agarose gel electrophoresis was used as an auxiliary
tool for verification. The results showed that 14 samples
had obvious bands, and 3 samples had no bands in Fig. S2.

(b)
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These results were consistent with those of the biosensor.
In addition, targets at different concentrations were added
to the serum of pigs diluted 20 times to be detected by the
biosensor. Section S4 showed that the recovery rate was
between 97.57% and 105.42% in Table S3. Those proved
that the CND combined LAMP has a good ability to detect
real samples.

Conclusions

To ultra-sensitively detect ASFV, a fluorescence biosensor
was built based on the LAMP and CNDs. Through the large
response of CNDs to pH before and after LAMP reaction,
the biosensor constructed the “turn-off-on” mode. The bio-
sensor had more advantages in practical applications. First of
all, LAMP had high amplification efficiency under isother-
mal conditions in a short time, which got rid of the depend-
ence of large instruments. In addition, the CNDs were easy
to synthesize, green, and had a large response to pH changes,
which was conducive to the promotion of the biosensor. At
the same time, the biosensor based on pH assay solved the
problem of aerosol pollution compared with method-based
LAMP combined with fluorescent dyes or agarose gel elec-
trophoresis. Taking full advantage of LAMP and CNDs, the
biosensor achieved fast and sensitive detection in 32 min.
More importantly, the biosensor was easier to operate and
cheaper, which was more suitable for POCT. Above all, the
biosensor was a potential tool for ASFV detection. In the
future, more sensitive to pH and more stable fluorescence
materials are expected to apply for the biosensor and lateral
flow dipstick. In addition, we are looking forward to LAMP
reaction system that does not require nucleic acid extraction
and has higher efficiency, which can save a lot of labor and
time.
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