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e A highly sensitive GO-multiplex qPCR
method for SARS-CoV-2 detection.

o Adjust the GO oxidative degree to an
appropriate sp? to sp> ratio. . b -~

e Construct the GO-forward primer com- i i ] ’
posites to enhance assay sensitivity.

o GO-multiplex gPCR reduces the limit of
detection to 10 copies/reaction.
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ARTICLE INFO ABSTRACT
Keywords: The emerging pandemic of severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) critically challenges
SARS-CoV-2 early and accurate virus diagnoses. However, the current gold standard for SARS-CoV-2 detection, reverse

Graphene oxide
Multiplex qPCR
Detection

High sensitivity

transcription-quantitative polymerase chain reaction (RT-qPCR), has reportedly failed to detect low-viral loads.
One compound, graphene oxide (GO), which adsorbs single-stranded DNA (ssDNA), has been widely applied in
molecular pathogen detection. This study presents a highly sensitive GO-multiplex qPCR method for simulta-
neous detection of two SARS-CoV-2 genes (RdRP and E) and one reference gene (RNase P). In a GO-multiplex
qPCR system, GO pre-absorbs each forward primer to form specific GO-forward primer composites before
entering the amplification system. Target gene amplification is confined within the primer-enriched composites,
thus, improving the sensitivity of the assay. Compared to conventional multiplex qPCR, GO-multiplex qPCR
reduces the limit of detection by 10-fold to 10 copies/reaction. Hence, the GO-multiplex qPCR assay can be
effectively used for SARS-CoV-2 detection.
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1. Introduction

The coronavirus disease 2019 (COVID-19) worldwide epidemic,
caused by the highly infectious severe acute respiratory syndrome
coronavirus 2 (SARS-CoV-2), has caused a critical global public health
and economic crisis [1-3]. As of August 2022, over 600 million
COVID-19 cases have been confirmed, more than 6 million deaths [4].
Pathogen SARS-CoV-2 is mainly transmitted through the respiratory
tract, with extremely easy spread among populations, thus, causing
aggregated infection [5]. Accurate detection is one of the basic re-
quirements for screening SARS-CoV-2 infections.

Currently, reverse transcription-quantitative polymerase chain re-
action (RT-qPCR) is considered the gold standard for SARS-CoV-2
detection [6]. Since the COVID-19 outbreak, the RT-qPCR testing ca-
pacity has dramatically increased worldwide, as millions of tests are
performed daily. However, conventional RT-qPCR detects only 71% of
SARS-CoV-2 infections, probably due to insufficient assay sensitivity and
low sample concentrations caused by low-viral-load in vivo or improper
clinical sampling [7,8]. Therefore, conventional RT-qPCR insufficiently
supplies the clinical demand for screening SARS-CoV-2 infections and
increases the potential risk of transmission. Multiplex qPCR is the
commonly adopted assay for gene expression and single nucleotide
polymorphism (SNP) analysis [9,10]. Multiplex qPCR detects different
target genes simultaneously, although its application in clinical diag-
nosis is low due to the complexity of the system and possible interfer-
ence between different amplification reactions. Consequently, a novel or
improved high sensitivity multiplex qPCR system is necessary to
enhance the accuracy of SARS-CoV-2 detection. Graphene oxide (GO)
enhances the sensitivity of conventional PCR and single qPCR for
detecting tuberculosis and ovarian cancer [11,12]. However, the
application of GO to multiplex qPCR has not been reported. Since
multiplex qPCR contains multiple pairs of primers, primer dimerization
or mismatch hybridization are easily generated during the amplification
process, resulting in lower amplification efficiency of the target product.
In GO multiplex qPCR, the forward primers are pre-immobilized on the
GO surface, and the forward primers will be released only when the
target fragment is correctly paired with the primers, which will reduce
the chance of primer mismatch and thus improve the sensitivity of
GO-multiplex qPCR.

GO is an oxidation derivative of graphene, having a sp® region with a
hexagonal honeycomb structure and the sp® carbon matrix region linked
to oxygen-containing functional groups [13,14]. The sp? structural
domain gives GO an affinity for aromatic rings and a fluorescence
quenching ability. Moreover, the hydrophilic group attached to the sp®
region stabilizes GO in aqueous solutions [15,16]. The large surface
area, outstanding chemical functional groups, and unique interfacial
properties give GO a strong ability to adsorb single-stranded DNA
(ssDNA) [17]. Previous studies showed that GO adsorbs ssDNA through
n-n stacking and hydrogen bonding [18,19]. Based on this property,
more studies have demonstrated the excellent detection performance of
GO-single PCR in disease diagnosis [20-22].

This study presents the first, highly sensitive GO-multiplex qPCR
method for SARS-CoV-2 detection. The system employed the modified
Hummers’ method to prepare GO. The synthesis involved adjusting the
GO oxidative degree to an appropriate sp2 to sp3 ratio. Then, the forward
primers of the target genes were adsorbed by GO to construct the GO-
forward primer composites. Fluorescence quenching and the shift in
the UV absorption peak confirmed the formation of GO-forward primer
composites. Besides, GO-forward primer composites significantly
improved the sensitivity of multiplex QRT-PCR. Compared to conven-
tional multiplex qRT-PCR, GO-multiplex qRT-PCR reduces the limit of
SARS-CoV-2 detection by 10-fold.
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2. Material and methods
2.1. Materials

Graphite (crystalline powder, 100 mesh) was purchased from Qing-
dao Laixi Colloidal Graphite Factory (Shandong, China). Potassium
permanganate (KMnOy4), potassium nitrate (KNOs), sulfuric acid
(H2S04), and 30% hydrogen peroxide (HO2) were obtained from
Chengdu Kelong Chemical Reagent Factory (Sichuan, China). The 3500
Da dialysis bag was purchased from Shanghai Yuanye Biological Science
& Technology Company (Shanghai, China). Then, ultrapure water (>18
MQ x cm resistivities at 25 °C) was used to prepare all aqueous solu-
tions. All the reagents used in this study are analytical reagent grade.

2.2. Preparation of graphene oxide

Sulfuric acid (95%-98%) and carbon powder (0.5 g) were added to
the beaker and mixed using a magnetic stirrer. Then, KMnO4 (3 g) and
NaNOs3 (0.5 g) were slowly added to the solution and stirred well to form
dark green MnOJ. After settling under light-proof conditions, Hy0, (2.5
mL or 10 mL) was added to the embedded graphene for oxidation to
form the GO stock solution. The residual acid and low molecular weight
reaction products in the GO solutions were eliminated by dialysis in
deionized water.

2.3. Characterization of graphene oxide

The FEI Tecnai G2 F30 S-TWIN transmission electron microscope
(TEM) (FEI, OR, USA) was used for transmission electron microscopy.
The atomic force microscopy (AFM) was obtained using the Bruker
Dimension Icon Atomic force microscopy (Bruker Corporation, MA,
USA). Raman scattering was performed using the Renishaw inVia mi-
croscope (Renishaw, England, UK). Then, the infrared spectra were
obtained using the Fourier transform infrared spectroscopy (FT-IR)
technique on the NICOLET IS10 FT-IR spectrometer (Thermo Fisher
Scientificc, MA, USA). The ultraviolet-visible (UV-vis) absorption
spectra were measured using the MAPADA UV6300 UV-visible spec-
trophotometer (Mapada, Shanghai, China). The X-ray photoelectron
spectroscopy (XPS) pattern of the samples was measured by a Thermo
ESCALAB 250XI scanning XPS microscope (Thermo Fisher Scientific,
MA, USA).

2.4. Establishing GO-forward primer composites

Primers and probes for RdRP, E, and RNase P genes were designed
based on the methods of the World Health Organization (WHO) and the
Centers for Disease Control and Prevention (CDC) [23,24]. For the
multiplex test, the specific probes for RdRP, E, and RNase P genes were
labeled with 4’,5'-dichloro-2',7'-dimethoxy-6-carboxyfluorescein (JOE),
carboxyrhodamine (ROX), and hexachlorofluorescein (HEX), respec-
tively. Sangon Biotech (Shanghai, China) synthesized all the primers and
probes (Table 1).

The GO stock solution was pre-sonicated for 20 min to make uniform

Table 1

Primers and probes used in this study.
Name Oligonucleotide Sequence (5°>3") Lable
RARP_SARSr-F2 GTGARATGGTCATGTGTGGCGG None
RARP_SARSr-R1 CARATGTTAAASACACTATTAGCATA None
RARP_SARSr-P2 CAGGTGGAACCTCATCAGGAGATGC 5'JOE , 3'BHQ-1
E_Sarbeco_F1 ACAGGTACGTTAATAGTTAATAGCGT None
E_Sarbeco_R2 ATATTGCAGCAGTACGCACACA None
E_Sarbeco_P1 ACACTAGCCATCCTTACTGCGCTTCG 5'ROX , 3'BHQ-2
RNase P-F AGATTTGGACCTGCGAGCG None
RNase P -R GAGCGGCTGTCTCCACAAGT None
RNase P -P TTCTGACCTGAAGGCTCTGCGCG 5'HEX , 3'BHQ-1
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GO dilutions. Then, a one-to-one ratio of the GO dilution was mixed with
10 puM forward primers of RdRP, E, and RNase P. Next, the mixture was
sonicated for 20 min and incubated on the thermostatic heater for 30
min to maximize primer adsorption on the GO surface. The effect of
temperature on GO the adsorption capacity was investigated at 35 °C,
50 °C, 65 °C, and 80 °C, respectively. Finally, the mixture was centri-
fuged at 13,800 g for 1 h to remove the upper unbound GO layer. Instead
of GO, RNase-free ddH>0 was used as a control group after processing at
room temperature (25 °C) according to the above steps. The concen-
tration of the forward primer in all three GO-forward primer composites
was 5 pM.

2.5. Establishment of the GO-multiplex gPCR method

For GO-multiplex qPCR, the 25 puL reactions contained 12.5 pL Per-
fect Start™ II probe qPCR SuperMix (TransGen Biotech, Beijing, China),
0.5 pL each 10 pM probe, 1 pL each GO-forward primer composites, 0.5
pL each 10 pM reverse primer, 1 pL each DNA template, and 3.5 pL
RNase-free ddH,0. The conventional multiplex qPCR involved 25 pL
reactions containing 12.5 pL Perfect Start™ II probe qPCR SuperMix
(TransGen Biotech, Beijing, China), 0.5 pL each 10 pM probe, 0.5 pL
each 10 pM forward primer, 0.5 pL each 10 pM reverse primer, 1 pL each
DNA template, and 5 pL RNase-free ddH30. The concentration of the
forward primers in the conventional multiplex qPCR and GO-multiplex
gPCR systems are the same, both at 0.2 pM.

The GO-multiplex and conventional multiplex qPCRs were per-
formed for 40 cycles on the qTOWER 2.2 fluorescent quantitative
gradient thermocycler (Analytik Jena AG, Jena, Germany). Each cycle
involved 94 °C of denaturation (30 s) followed by 40 cycles of 94 °C (5 s)
and 60 °C (30 s). The reporter dyes were JOE (for RdRP), ROX (for E),
and HEX (for RNase P). The negative control was RNase-free ddH,0
instead of the DNA template. Result with <37 Ct values were considered
positive.

The GO stock solutions for GO-multiplex qPCR were diluted to 5.21,
7.45, 10.11, 13.44, 15.58, 19.12, 21.75, and 23.46 pg/mL. Different
concentrations of GO dilutions were prepared as GO-forward primer
composites of RdRP, E, and RNase P genes, respectively. Subsequently,
the GO-forward primer composites of different genes were applied to the
GO-multiplex qPCR. The optimum GO concentration was determined by
comparing the Ct values of each gene with the conventional multiplex
qPCR.

2.6. The specificity and sensitivity of GO-multiplex gPCR

The GO-multiplex qPCR specificity was evaluated using nine com-
mon respiratory viruses, including two RNA and seven DNA viruses. The
two RNA viruses (coronavirus HKU1 and human parainfluenza virus)
and seven DNA viruses (enterovirus, adenovirus, rhinovirus, human
cytomegalovirus, varicella-zoster, mumps, and measles viruses) were
obtained from Maccura Biotechnology (Sichuan, China). SARS-CoV-2
and the nine viruses were tested simultaneously using GO-multiplex
and multiplex qPCR.

The sensitivity of the GO-multiplex QPCR method was determined
using three plasmids containing RdRP, E, and RNase P target sequences.
All plasmids were purchased from Sangon Biotech (Shanghai, China).
Each plasmid template was serially diluted from 107 to 10 copies/jiL.
Thus, each plasmid concentration was simultaneously tested using the
two methods to compare the sensitivities of GO-multiplex and conven-
tional multiplex qPCR for SARS-CoV-2 detection.

2.7. Evaluation of the assay using SARS-CoV-2 pseudovirus

SARS-CoV-2 pseudoviruses containing RdRP and E target sequences
were obtained from Maccura Biotechnology (Sichuan, China). SARS-
CoV-2 RNA was extracted using the MagicPure® Simple Viral DNA/
RNA Kit (TransGen Biotech, Beijing, China). Next, the RNA samples
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were diluted into five different concentrations (10°, 104, 102, 102, 10!
copies/pL) and reverse transcribed using the TransScript® First-Strand
cDNA Synthesis SuperMix Kit (TransGen Biotech, Beijing, China).
Also, these samples were tested simultaneously to compare the perfor-
mances of the GO-multiplex and multiplex qPCR techniques.

2.8. Adsorption efficiency of GO on ssDNA

The RdRP, E, and RNase P forward primers were labeled with JOE,
ROX, and HEX fluorescent reporter dyes at the 5' end, respectively
(Sangon Biotech, Shanghai, China). These labeled primers were mixed
separately with the optimized GO solution and water as the control.
Then, the mixtures were divided into four portions and incubated at 35,
50, 65, and 80 °C for 30 min, respectively. The mixtures were covered
with tin foil during incubation to avoid fluorescence decay. The fluo-
rescence intensity of these mixtures was measured by using Spec-
traMax® iD5 (SelectScience, Bath, UK).

2.9. Validation of GO-forward primer composites

The GO-forward primer composites for RARP gene were prepared as
described above, with 5 pM of primer concentration. In addition, the
forward primer for RdRP gene was diluted to 5 pM. The UV absorption
peaks of the forward primer, GO-forward primer composites and GO
dilution solution were obtained by Nano-500 (Allsheng, Hangzhou,
China).

3. Results
3.1. Characterization of GO

A TEM was used to reveal the structural form of GO in 2.5 mL and 10
mL Hy0, (Fig. 1a and b). The GO prepared in 2.5 mL Hy0, contained an
abundant and homogeneous sp? lattice. However, the GO prepared in
10 mL Hy02 had numerous disordered regions with few typical sp2
lattices. Fig. 1c and d shows the morphology of GO samples visualized by
AFM imaging. The average lateral GO size in 2.5 mL HyO0y was
approximately 2 pm. Increasing the volume of H2O, to 10 mL reduced
the GO lateral size. The GO Raman spectra exhibited two prominent
bands, 1374 cm’l, and 1598 cm’l, corresponding to D (sp3-hybridized
C) and G (spz—hybridized C) bands, respectively (Fig. le). FT-IR are
illustrated in Fig. 1f, the GO spectrum in 2.5 mL H»O3 revealed char-
acteristic absorption bands at 3419, 1734, 1626, 1279, and 1099 crn_l,
caused by O-H stretching vibration, C=0 stretching vibration, C=C
stretching vibration, epoxy C-O-C bending vibration, and C-O stretch-
ing vibration, respectively. Fig. 1g illustrated the XPS findings of GO, the
deconvoluted Cls peak from each functional group were C=C (284.6
eV), C-C (285.7 eV), C-0O (287.0 eV), C=0 (288.0 eV), and O-C=0
(289.0 eV). The carbon and oxygen contents were 63.36% and 33.57%,
with a 1.89 carbon-oxygen ratio. The approximate sp-sp° ratio of GO
prepared in 2.5 mL Hy0, was determined from the peak areas of
different functional groups as 1:1 (Table S1). The UV-Vis spectroscopy
of GO revealed that GO exhibited characteristic absorption peaks
ascribed to the n-n* transition of C=C at 230 nm and n-t* transition of
C=O0 at 295 nm (Fig. 1h).

3.2. Optimization of GO solutions

The ratio of sp? and sp® regions and the size of the GO-specific sur-
face area affects its adsorption capacity. Therefore, the HoO, volume
(2.5 and 10 mL) was varied during GO preparation to adjust the ratio of
sp? and sp° regions and the size of the specific surface area, facilitating
the synthesis of GO with a high adsorption capacity. The characteriza-
tion results of TEM, AFM, FT-IR, and Raman have confirmed that the GO
prepared using 2.5 mL Hy0, has a larger specific surface area and a
higher ratio of sp? region than GO prepared using 10 mL HyOs.
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Fig. 1. Characterization of GO. TEM image of the GO prepared by 2.5 mL H,0- (a) and by 10 mL H,0, (b). AFM image of the GO prepared by 2.5 mL H,0 (c) and by
10 mL H,0; (d). (e) Raman spectra of the GO prepared by 2.5 and 10 mL H;0,_ (f) FT-IR spectra of the GO prepared by 2.5 and 10 mL H,0,. (g) High-resolution XPS

Cls spectra of the GO. (h) UV-vis absorption spectrum of the GO.

Therefore, GO prepared using 2.5 mL H30; has great primer adsorption
ability. In addition, GO prepared using 2.5 mL Hy05 had significantly
reduced Ct values. Unlike conventional multiplex qPCR, GO prepared by
2.5 mL H0; decreased the Ct values of RdRP, E, and RNase P by 1.02,
0.59, and 0.89, respectively. Nevertheless, amplification using GO pre-
pared by 10 mL Hy0 increased the Ct values of the E gene by 0.17 while
decreasing the Ct values of RdRP and RNase P by 0.64 and 0.33,
respectively. (Fig. 2a). Hence, the specific surface area and sp? ratio
positively affect the ability of GO to adsorb primers. Thus, the GO pre-
pared using 2.5 mL HyO, was used for subsequent experiments.

High GO concentration degrades dispersion and causes aggregation
and adhesion of numerous sp? regions. Hence, the GO concentration was
optimized by diluting to different concentrations and constructing GO-
forward primer composites for RdRP, E, and RNase P genes. Next, GO-
multiplex qPCR was performed to establish the optimum GO concen-
tration. GO concentrations of 10.11 and 13.44 pg/mL resulted in
significantly low Ct values across the three genes compared to the

conventional multiplex QPCR. The most significant decrease in Ct values
was observed at 13.44 pg/mL. The Ct values of RdRP, E, and RNase P
genes decreased by 2.13, 2.44, and 2.07, respectively (Fig. 2b). How-
ever, the Ct values of all three genes increased at other GO concentra-
tions compared to 13.44 pg/mL. Therefore, 13.44 pg/mL was the
optimal GO concentration for GO-multiplex qPCR.

3.3. Optimization of temperature for GO-forward primer composites

Since GO quenches the fluorescence via fluorescence resonance en-
ergy transfer, this study proposed attenuating the quenching effect using
pre-constructed GO-forward primer composites. High temperatures
abate the GO adsorption ability to ssDNA. Accordingly, this study
optimized the incubation temperature of GO-forward primer composites
for sufficient binding. At 35 °C, the GO-forward primer composites did
not promote the three target genes amplification in the multiplex qPCR
system. Subsequently, increasing the temperature to 50 °C promoted the
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multiplex qPCR assays, respectively.

amplification of all target genes in multiplex qPCR. The Ct values of

RdRP, E, and RNase P were reduced by 1.71, 2.64, and 1.34, respectively.

Increasing the incubation temperature to 65 °C and 80 °C (or higher
than 50 °C), increased the Ct values of RdRP and RNase P genes.
Therefore, 50 °C was considered the optimum temperature for con-

structing GO-forward primer composites.
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Subsequently, GO-multiplex and conventional multiplex qPCR sen-
sitivities were compared using 10-fold serial dilutions of the synthesized
SARS-CoV-2 plasmids. Standard curves for RdRP (Fig. 3a), E (Fig. 3b),
and RNase P (Fig. 3c) were obtained from GO-multiplex and conven-
tional multiplex qPCR, respectively. The slopes of the GO-multiplex
standard curves for the three genes were —3.532, —3.413, and
—3.458, and their amplification efficiencies were 91.92, 96.33, and
94.62%, respectively. However, the slopes of conventional multiplex
standard curves were —3.773, —3.530, and —3.772, and the amplifica-
tion efficiencies were 84.09, 91.99, and 84.12%, respectively. A linear
regression analysis of the standard curves showed that R? > 0.99.
Furthermore, the Ct values from GO-multiplex qPCR were lower than
conventional multiplex qPCR for the different concentrations. At 10
copies/pL, the probe signal was undetectable by conventional multiplex
qPCR, while GO-multiplex qPCR detected RdRP (Fig. 3d), E (Fig. 3e),
and RNase P (Fig. 3f) genes. Therefore, the limit of detection of GO-
multiplex qPCR was 10 copies/reaction, which is 10-fold lower than
conventional multiplex qPCR. These results indicate that GO-multiplex
is more sensitive than conventional multiplex qPCR.

3.5. Evaluation of the assay using SARS-CoV-2 pseudovirus

The performance of GO-multiplex qPCR on real-life samples was
evaluated by detecting pseudoviruses containing the SARS-CoV-2 partial
genes. The viral RNA was extracted from the pseudoviruses and diluted
to different viral loads for GO-multiplex qPCR analysis. Also, all the
pseudovirus RNA samples were detected by conventional multiplex
qPCR simultaneously to compare the GO-multiplex and conventional
multiplex qPCR performances. As shown in Table 2, GO-multiplex gPCR
correctly identified all the samples with different viral loads, and the Ct
values were within the acceptable range (Ct < 37). In contrast, con-
ventional multiplex qPCR did not effectively detect pseudoviruses in
samples with low viral load. When GO-multiplex qPCR detected 10
copies/pL RNA, the Ct values of RdRP and E were undetectable and >37
in conventional multiplex qPCR, implying that conventional multiplex
qPCR failed to detect low viral load (<10 copies/uL RNA). Moreover, the
Ct values of GO-multiplex qPCR profiled samples decreased compared to
Ct values from conventional multiplex qPCR assays. Notably, the
sensitivity of GO-multiplex qPCR for SARS-CoV-2 RNA was higher than
conventional multiplex qPCR. These results demonstrate the potential of
GO-multiplex qPCR for detecting low viral load in real-life samples.

3.6. Analysis and functionalization principles of the GO-forward primer
composites

The mechanism and working principle of GO-multiplex qPCR is
shown in Fig. 4a. The GO-forward primer composites are constructed
and added directly to the multiplex amplification system. The SARS-

Table 2
Comparative results of SARS-CoV-2 pseudovirus detection using GO-multiplex
qPCR method and conventional multiplex qPCR method.

RNA concentration GO-multiplex qPCR Conventional multiplex

(copies/pL) qPCR
RARP E RdRP E

10 36.52/ 36.43/ ND 37.29/
36.92 36.99 38.65

102 34.27/ 33.03/ 35.75/ 33.85/
34.20 33.29 35.88 33.57

10° 30.49/ 30.29/ 32.43/ 31.74/
30.96 30.40 32.69 31.43

10* 27.22/ 26.07/ 28.36/ 27.64/
27.61 26.52 28.13 27.99

10° 22.95/ 22.71/ 24.21/ 24.09/
23.12 22.52 24.12 23.43

ND: Not Detected.
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CoV-2 nucleic acid fragments are attracted to the composite sheets
and once the target genes are paired with the forward primers on the GO
surface, the forward primers detach from it and carry out nucleic acid
amplification.

To analyze the GO-forward primer composite, we evaluated the
adsorption efficiency of GO on the forward primer by utilizing the
property that GO has fluorescence quenching. Once GO adsorbs ssDNA,
it quenches the fluorescent reporter group at the 5’ end of the ssDNA.
Therefore, the fluorescence quenching efficiency before and after the
coupling with GO reflects the adsorption efficiency of the primer. At
temperatures below 50 °C, the fluorescence quenching efficiency of all
three fluorescent reporter groups was <15%. However, at 50 °C, the GO
surface adsorbed abundant primers with significantly increased fluo-
rescence quenching efficiency for the three fluorescent reporter groups
(JOE: 21.93%, ROX: 28.20%, and HEX: 22.89%) (Table S2). Subse-
quently, increasing the temperature decreased the fluorescence
quenching efficiency. At 80 °C, the fluorescence quenching efficiency of
the three groups was <15%, implying that the primers were not readily
adsorbed to the GO surface (Fig. 4b). In addition, GO-multiplex qPCR
showed that GO-forward primer composites prepared at 50 °C signifi-
cantly reduced the Ct values of multiplex qPCR (Fig. 2c). Therefore,
incubation at 50 °C maximizes the efficiency of GO adsorption to
primers.

In addition, to demonstrate the fact that the forward primer coupled
with GO, we analyzed the UV absorption peaks of the forward primer,
GO and GO-forward primer composites separately. The results are
shown in Fig. 4c, the maximum absorption peak of GO is at 230 nm.
When the GO-forward primer composites were formed, the absorption
peak was red-shifted (24 nm) and the maximum absorption peak
appeared at 254 nm. This shift in wavelength is caused by GO and for-
ward primers linked together by n—r stacking and hydrogen bonding.
Thus, it was further confirmed that GO-forward primer composites were
successfully constructed.

4. Discussion

In conventional multiplex qPCR, multiple pairs of primers and target
genes fragments are mixed together in a PCR tube. Therefore, primer
dimers or mismatch hybridization are more likely to form in conven-
tional multiplex qPCR than single qPCR. However, dimerization and
mismatch hybridization will consume reaction components and produce
impaired rates of annealing and extension causing multiplex qPCR
sensitivity to be decreased [25]. The elimination of dimerization and
mismatch hybridization in nucleic acid amplification reactions using GO
has been reported [26,27]. In addition, GO was proved to inhibit the
formation of mismatched primer-template complexes in each PCR cycle
[28]. However, most of these studies have focused on improving PCR
specificity using GO. Considering that the current challenge for
SARS-CoV-2 detection is mainly to accurately screen out low-viral-load
samples [29,30], this study will focus on how to improve the sensitivity
of multiplex qPCR for SARS-CoV-2 detection.

In previous studies, GO coupled with primers by simple incubation in
single qPCR was effective in improving sensitivity [12]. This simple
incubation pattern was applied to multiplex qPCR, i.e., the forward and
reverse primers of RdRP, E, RNase P were added to the multiplex qPCR
system for amplification after co-incubation with GO. The results
showed that the GO-primer mixture had a significant inhibitory effect on
the multiplex qPCR, and even the gene was not amplified (Fig. S2). We
speculate that this result is due to the multiplex amplification system
was introduced with excessive GO without primer binding, because free
GO could not be separated from the effective GO-primer composites
after a simple incubation process. When the three GO-primer mixtures
are added to the multiplex amplification system at the same time, it is
imperative that too much unbound GO is introduced. As a result, the free
GO may stick in the system and will affect the release of the target
product. Therefore, we reduced this effect by increasing the steps of
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Fig. 4. The mechanism of GO-forward primer composites to improve the sensitivity for multiplex qPCR. (a) Graphical representation of the working principle of GO-
forward primer composites in multiplex qPCR. (b) Fluorescence intensity of ssDNA after adsorption by GO at different incubation temperatures. (c) UV-vis absorption

spectrum of the GO, GO-forward primer composites and forward primer.

sonication and centrifugation to remove the unbound primers GO, thus
improving the sensitivity of multiplex qPCR for the three target genes of
SARS-CoV-2.

GO have ability to adsorb ssDNA by n—r stacking interaction and
hydrogen bonding. The 5 ends of three forward primers used in the
experiment were labeled by fluorescent groups and then coupled with
GO. Since GO has a fluorescence quenching effect [31], the signal of the
fluorescent group at the 5" end of the primer will be quenched when it is
adsorbed by GO. Thus, we confirmed that all three forward primers were
successfully adsorbed by GO. Furthermore, we investigated the
adsorption capacity of GO at different incubation temperatures. The
results showed that the strongest fluorescence quenching efficiency and
the most significant reduction in the Ct value of GO-multiple qPCR were
observed when the incubation temperature at 50 °C. On the other hand,
the red-shift of the UV absorption peak (24 nm) also confirms that the
forward primers are indeed adsorbed by GO and form the GO-forward
primer composites.

The presence of the GO-forward primer composites in the amplifi-
cation system attracted the free single-stranded templates and reverse
primers to the different composite lamellae. The template had success-
fully paired with the primers to form the double-stranded structure
before annealing. Since GO has a low affinity for double-stranded DNA,
the forward primers on the GO surface are released and confined to the
amplification space between GO sheets. This pattern increases the
chance of primer-template collisions, making it easier to form

amplicons. In addition, GO has excellent thermal conductivity, short-
ening the thermal response time of the reaction components in GO-
multiplex qPCR cycles. The above mechanism shows that GO-forward
primer composites can effectively improve the sensitivity of multiplex
gPCR. The sensitivity of the GO-multiplex qPCR method for detecting
SARS-CoV-2 was evaluated using standard plasmids of RdRP, E, and
RNase P genes. Compared with the conventional method, the GO-
multiplex qPCR method improved the amplification efficiency of the
three target genes simultaneously (RdRP: 7.83%, E: 4.34%, RNase P:
10.50%). In addition, validations using the SARS-CoV-2 pseudovirus
showed that the GO-multiplex exhibits higher sensitivity in detecting
RNA templates than the conventional multiplex qPCR method.

5. Conclusion

In summary, this study developed a GO-multiplex qPCR method for
detecting SARS-CoV-2. In a GO-multiplex qPCR, GO can enrich the
primers on the surface and significantly improve the sensitivity of SARS-
CoV-2 detection. The GO-multiplex qPCR limit of detection is 10 copies/
reaction, 10-fold lower than conventional multiplex qPCR. Besides, GO
has non-specific ssDNA adsorption, a powerful tool for enhancing the
fight against the COVID-19 pandemic and rapid detection of other
pathogens.
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