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ARTICLE INFO ABSTRACT

Keywords: SARS-CoV-2 variants of concern (VOCs) contain several single-nucleotide variants (SNVs) at key sites in the
SARS-CoV-2 receptor-binding region (RBD) that enhance infectivity and transmission, as well as cause immune escape,
Mutation resulting in an aggravation of the coronavirus disease 2019 (COVID-19) pandemic. Emerging VOCs have sparked
EncoFlable o the need for a diagnostic method capable of simultaneously monitoring these SNVs. To date, no highly sensitive,
Multiplex amplification . L. i | N . .

Variant efficient clinical tool exists to monitor SNVs simultaneously. Here, an encodable multiplex microsphere-phase
amplification (MMPA) sensing platform that combines primer-coded microsphere technology with dual fluo-
rescence decoding strategy to detect SARS-CoV-2 RNA and simultaneously identify 10 key SNVs in the RBD.
MMPA limits the amplification refractory mutation system PCR (ARMS-PCR) reaction for specific target sequence
to the surface of a microsphere with specific fluorescence coding. This effectively solves the problem of non-
specific amplification among primers and probes in multiplex PCR. For signal detection, specific fluorescence
codes inside microspheres are used to determine the corresponding relationship between the microspheres and
the SNV sites, while the report probes hybridized with PCR products are used to detect the microsphere
amplification intensity. The MMPA platform offers a lower SARS-CoV-2 RNA detection limit of 28 copies/re-
action, the ability to detect a respiratory pathogen panel without cross-reactivity, and a SNV analysis accuracy
level comparable to that of sequencing. Moreover, this super-multiple parallel SNVs detection method enables a
timely updating of the panel of detected SNVs that accompanies changing VOCs, and presents a clinical avail-
ability that traditional sequencing methods do not.

1. Introduction exacerbated the COVID-19 pandemic (Grubaugh et al., 2021). Based on
the risk posed to global public health, the World Health Organization

Coronavirus disease 2019 (COVID-19) caused by severe acute res- (WHO) classified SARS-CoV-2 variants as variants of interest (VOIs) and
piratory syndrome coronavirus 2 (SARS-CoV-2) has had a devastating variants of concern (VOCs) (World Health Organization, 2021). VOIs
impact globally on public health and the economy (Dorn et al., 2020). refer to variants that show a rising prevalence in many regions of the
The emergence of new SARS-CoV-2 genetic variants has further world and may cause a pandemic. Based on their compliance with VOIs,
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VOCs are variants with increased transmission and virulence that will
affect the current diagnosis, vaccine, and treatment effects, as well as
seriously threaten public health safety. Therefore, it is critically
important to monitor and track VOCs globally to control the spread of
COVID-19 (World Health Organization, 2021).

At present, several methods of detecting SARS-CoV-2 have been
developed. Some of these methods based on viral gene detection (Zhang
et al., 2020) or viral protein detection (Ahmadivand et al., 2021). Novel
sensors based on the above two methods have been developed as well
(Kaushik, 2021; Mujawar et al., 2020; Sharma et al., 2021). These
methods further enhance SARS-CoV-2 testing sensitivity, specificity or
on-site detection availability. Viral gene detection via real-time fluo-
rescent quantitative polymerase chain reaction (qPCR) is the gold
standard for the detection of SARS-CoV-2 (Ai et al., 2020; Corman et al.,
2020). Although qPCR is currently widely used for mass screening and
testing, it fails to distinguish between the wild-type SARS-CoV-2 and its
new variants (Afzal, 2020). Moreover, emerging variants will subse-
quently affect the sensitivity of qPCR (Osorio and Correia-Neves, 2021;
Tahamtan and Ardebili, 2020; Wang et al., 2020). Whole-genome
sequencing (WGS) is an accurate method to detect, monitor, and track
VOCs (Vandenberg et al., 2021). However, the extensive application of
WGS in large-scale testing programs and resource-poor areas is limited
due to high associated costs, long sample processing time, and low
sample throughput (Esbin et al., 2020; Jayamohan et al., 2021).
Therefore, qPCR and WGS are unsuitable for the large-scale monitoring
and tracking of VOCs. Detection methods suitable for large-scale testing
must be developed to enable public health systems to monitor and
manage VOCs (Kumar et al., 2021).

VOCs contain multiple single-nucleotide variants (SNVs) at key
points of the receptor-binding region (RBD) that enhance infectivity and
transmission, as well as cause immune escape (Harvey et al., 2021).
Therefore, a multiplex detection method is required to detect such SNVs.
Currently, amplification refractory mutation system PCR (ARMS-PCR) is
most widely used to detect SNVs (Little, 2001; Mishra et al., 2017). It
uses the 3’-end of primers to block amplification, thus requiring a set of
dedicated primers and probes for each SNV. The use of numerous sets of
primers and probes in a single multiplex reaction may significantly in-
crease the probability of non-specific amplification, thereby leading to a
decrease in sensitivity and specificity (Elnifro et al., 2000). Furthermore,
when new SNVs appear, the new detection targets need to be added to
the system, and a considerable amount of rescreening work needs to be
carried out to update primer and probe sets. The number of SNVs
detected in one reaction tube will also be limited by the number of
fluorescent channels of the qPCR instrument; usually, instruments only
feature five to six fluorescent detection channels (Khodakov et al.,
2021). A parallel multi-tube detection model was developed for the
multiplex detection of SNVs to avoid these issues (Board et al., 2008).
However, this method could only detect one to two SNV loci in each
reaction tube, resulting in a labor-intensive, expensive, and inefficient
detection system. Therefore, ARMS-PCR is limited in detecting multiple
SNVs of VOCs in large-scale tests, creating an urgent need for an efficient
multiplex detection assay to identify SNVs in VOCs.

Here, we developed a multiplex microsphere phase amplification
(MMPA) sensing platform for the detection of SNVs. This platform
executed super multiple non-interference parallel amplification using
microspheres encoded by AMRS primers and achieved multiple detec-
tion through a strategy involving the fluorescence encoding of micro-
spheres and reporting probes. By coating the microsphere surface with
SNV-specific ARMS primers, MMPA limited the ARMS-PCR to a
defined area on the microsphere. Moreover, the amplifications sepa-
rated in space, avoiding mutual interferences between amplified
primers. Therefore, MMPA could effectively amplify different target
sequences around primers coated on a distinct microsphere surface,
consequently achieving the super-multiplexed parallel amplification of
DNA targets, which would solve the problem of mutual interference
between different target primers in multiple amplification. Furthermore,
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we combined the fluorescence of microspheres with that of reporting
probes to encode the amplified signals of different targets and eliminate
insufficient multiple detection channels as a limitation. Once the re-
actions involving the microspheres were completed, the fluorescence
signals of microspheres and the reporting probes were analyzed via a
dual fluorescence decoding strategy to identify different SNVs. Using the
fluorescent dye coded strategy, up to 500 fluorescence-coded micro-
spheres can be prepared, with primers for different targets labeled on
specific microspheres. As each labeled microsphere can be used to detect
one target, hundreds of targets can be simultaneously detected in theory,
thus effectively solving the problem of insufficient detection channels in
multiplex detection systems. In this study, the programmable, high-
throughput, multiplex detection method to identify 10 key SNVs in
the RBD of VOCs can be used to monitor and track SARS-CoV-2 variants.

2. Materials and methods
2.1. Wild-type and mutant SARS-CoV-2 RNA

The natural wild-type SARS-CoV-2 and Delta variant RNA used in
this study were pre-extracted and kindly donated by Shantou University.
Plasmids containing the RBD gene of mutant SARS-CoV-2 along with a
T7 promoter sequence were synthesized by Sangon (Shanghai, China).
Single-stranded RNA was generated from the T7 promoter using T7 RNA
polymerase (NEB, USA). Next, plasmid DNA was removed from RNA
samples using RNase-free DNase I (Takara, Dalian, China), and the RNA
was utilized in subsequent analyses.

2.2. Nucleic acid extraction

Human coronavirus 229E (2.37 x 107 TCIDso/mL), human corona-
virus 0C43 (5.72 x 107 TCIDso/mL), human coronavirus NL63 (8.24 x
107 TCIDsp/mL), human coronavirus HKU1 (3.32 x 107 TCIDso/mL),
influenza A (H3N2, 1.56 x 107 TCIDso/mL), influenza B (Victoria
Lineage, 4.68 x 107 TCIDso/mL), and respiratory syncytial virus (RSV)
A2 (1.43 x 107 TCIDso/mL) were pre-inactivated. RNA was extracted
from 200 pL of viral cultures, and nasal swab eluent spiked with pseu-
dovirus using a magnetic bead nucleic acid extraction kit (GenMagBio,
Beijing, China) according to the manufacturer’s instructions. RNA was
eluted with 50 pL of DEPC-treated water, and the concentration and
quality were measured using the Multiskan Spectrum spectrophotom-
eter (Thermo Scientific, USA).

2.3. Primer and probe design

We downloaded the RBD sequence of wild-type and different SARS-
CoV-2 variants from GISAID (https://www.gisaid.org/). Sequences were
aligned using ClustalW. A pair of universal outer flanking primers was
designed, and the produced resulting amplicon contained all the 10
SNVs explored in this study. The 3’ end nucleotide of the inner forward
primers were designed to correspond to the variation sites, and the 5’
end was modified with amine-C36. The probes were modified with 6-
carboxytetramethylrhodamine (TAMRA) at both the 5 end and 3’
ends to enhance the signal-to-noise ratio. All primers and probes se-
quences (Table S1, Supplementary Material) were purchased from
Sangon, China.

2.4. The conjugation of primers to microspheres

Primers modified with amine-C0, C12, C24, or C36 at the 5’ end were
covalently linked to carboxylated MicroPlex® microspheres (Luminex,
USA) according to the manufacturer’s instructions. To detect the 10 RBD
SNVs, we chose 20 fluorescence-coded microspheres that were distin-
guished by two distinct luciferin ratios, each of the microspheres emits a
unique wavelength of excitation light when illuminated by a red laser;
20 forward primers, including primers specific to wild-type and mutant
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SARS-CoV-2, were separately coupled to 20 different microspheres.
2.5. Detection of multiple SARS-CoV-2 SNVs

Liquid phase PCR was performed using a pair of universal outer
flanking primers to pre-enrich the target sequence. Each 25 pL reaction
tube contained 1 x PCR buffer (Takara, Dalian, China), 200 pM dNTPs, 2
U TaKaRa Taq™ Hot Start DNA polymerase (HS Taq) (Takara, Dalian,
China), 4 U TransScript Reverse Transcriptase (TransGen Biotech, Bei-
jing, China), 0.04 pM of forward primer, 0.4 pM of reverse primer, and 5
pL of template. Thermal cycling involved a reverse transcription step at
50 °C for 10 min, an enzyme activation step at 95 °C for 5 min, followed
by 40 cycles at 95 °C for 15 s and 55 °C for 45 s. PCR was performed
using a T100 thermal cycler (Bio-Rad, USA).

MMPA was performed in a volume of 25 pL containing 1 x PCR
buffer (Takara, Dalian, China), 200 pM dNTPs, 10 U HS Taq (Takara,
Dalian, China), 1 U SpeedSTAR™ HS DNA polymerase (SS Taq) (Takara,
Dalian, China), 20 fluorescence-coded microspheres (each coupled with
a specific forward primer; approximately 4.688 x 102 microspheres for
each primer), 0.4 uM of a universal reverse primer, and 5 pL of pre-
enriched single-stranded DNA. PCR was carried out as follows: re-
actions were denatured at 95 °C for 5 min followed by 60 cycles of 95 °C
for 20's, 55 °C for 30 s, and 72 °C for 30 s, and finally followed by a 5 min
extension step at 72 °C.

Universal double-ended TAMRA-modified probe (0.04 pM) was
added to the products. Hybridization procedures consisted of an initial
step at 95 °C for 5 min, followed by 55 °C for 5 min. Next, 125 pL of 1 x
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PCR buffer (Takara, Dalian, China) was added, and the microspheres
were analyzed for their internal color and external TAMRA reporter
fluorescence using a Luminex 200 (Luminex Corp., TX, USA). The me-
dian reporter fluorescence intensity (MFI) of each microsphere was
computed, and the cutoff value for a positive result was set as twice the
MEFI value of the negative control. We recast the formulas presented in
the reference (Chuenkova and PereiraPerrin, 2009; Ju et al., 2015); the
standardized formula used for the relative difference in fluorescence
between the wild-type and mutants was as follows: logy |(MFI mytant —
MFI background)/ (MFI wiiq — MFI background)|-

2.6. Reverse transcription quantitative PCR

Reverse transcription quantitative PCR (RT-qPCR) was carried out
using a master mix reagent consisting of 50 mM Tris-HCI (pH 8.5), 2 mM
MgS0O4, 70 mM CH3COOK, 200 pM dNTPs, 2 U TaKaRa Taq™ HS DNA
polymerase (Takara, Dalian, China), 8 U TransScript Reverse Tran-
scriptase (TransGen Biotech, Beijing, China), 0.4 pM of each primer, and
a TaqMan probe for SARS-CoV-2 (Table S1). The thermal cycling pro-
gram included a reverse transcription step at 50 °C for 10 min, an
enzyme activation step at 95 °C for 5 min, followed by 40 cycles at 95 °C
for 15 s and 55 °C for 45 s. PCR reactions were performed on a CFX96TM
system (Bio-Rad, USA). For EvaGreen® RT-qPCR, all parameters were
identical to TagMan RT-qPCR except for substituting 0.4 pM probe for
0.8 x EvaGreen® dye (Biotium, USA).
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Fig. 1. Ten SNVs of SARS-CoV-2 variants. For each SNV, one wild-type and one mutant forward primer were designed and coated on separate microspheres. SNV
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2.7. Sanger sequencing

SARS-CoV-2 RNA was amplified using universal primers, and the
products were subjected to agarose gel electrophoresis (2.5% agarose
gel). DNA fragments were recovered from the agarose gel using a DNA
Recovery Kit (Tiangen, Beijing, China), and DNA sequencing was per-
formed by Sangon (Shanghai, China).

3. Results
3.1. SNVs selection and establishment of ARMS-PCR

To develop the diagnostic assay, we selected 10 key RBD SNVs
(Fig. 1) that involved all the VOCs (Table S2) reported by the WHO.
Several studies have reported that these SNVs enhance the virus’ binding
affinity to the host angiotensin-converting enzyme 2 receptor, as well as
increase transmissibility and immune evasion (Faria et al., 2021; Harvey
et al., 2021; Liu et al., 2021; McCallum et al., 2021; Motozono et al.,
2021; Thomson et al., 2021; Wang et al., 2021; Yang et al., 2021; Yuan
et al., 2021; Zhou et al., 2021; Zhu et al., 2021).

We designed 20 ARMS-PCR forward primers based on the selected
SNVs. Two sets of primers were designed for each SNV locus, consisting
of a wild-type forward primer and a mutant forward primer, as well as a
universal reverse primer. ARMS-PCR systems were developed for the 10
SNVs loci, and the detection capacity of the wild-type and mutant
primers were considerably different depending on whether wild-type
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(Fig. Sla) or mutant SARS-CoV-2 (Fig. S1b) was used as template.
Moreover, we found that even if an amplification block was present to
identify primer-template mismatches, it could not entirely prevent
amplification but instead produced an increase in quantification cycle
(Cq) values. These findings indicated that the amplification of wild-type
and mutant primers should be considered when identifying SNV loci
during microsphere phase amplification (MPA). Consequently, the wild-
type and mutant forward primer for each SNV locus were coated on
distinct microspheres (Fig. 1).

The amino-modified oligonucleotides selected for this study were
coated to commercial fluorescent carboxylate microspheres via strong
and high temperature-resistant covalent amide bonds (Dua et al., 2011;
Ismail et al., 2021; Tan et al., 2021). We exploited the powerful multiple
capabilities of the fluorescence-coded microspheres (Dobano et al.,
2021) to detect multiple SNVs of SARS-CoV-2 VOCs.

3.2. Designing the multiplex MPA platform

The principle of multiplex MPA (MMPA) is schematically illustrated
in Fig. 2. First, the RNA of wild-type SARS-CoV-2 or its variants was
acquired, and asymmetric reverse transcription PCR (RT-PCR) was
performed using a universal primer set targeting the RBD gene to enrich
single-stranded DNA as a template for MMPA (Fig. 2a). MMPA was
carried out in a single tube containing 20 types of primer-encoding
microspheres, one wild-type primer coated and one mutant primer
coated microspheres correspond to each SNV, and these microspheres
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Fig. 2. Schematic representation of using MMPA to detect SARS-CoV-2 mutations. Taking the N501Y mutation as an example, the RNA of a SARS-CoV-2 variant
strain with an N501Y mutation was isolated and transcribed into cDNA using reverse transcriptase. Following asymmetric PCR amplification, a large amount of
single-stranded DNA was generated (a) and used in the MMPA assay with 20 primer-coated distinct microspheres in one reaction tube (b). Following MMPA, mutant-
coated microspheres produced more amplification products than wild-type (WT)-coated microspheres (c). The amplified products were hybridized with dual-labeled
fluorescent reporter probes (d) and detected using a Luminex 200 (e). The fluorescence levels on the surface of wild-type- and mutant-coated microspheres were

compared to determine the N501Y mutation (f).
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were divided into wild-type and mutant groups according to the primer
type used (Fig. 2b). We noted that VOC RNA as the test template
generated a higher number of amplification products than the wild-type
RNA on the surface of their corresponding microspheres (Fig. 2¢). Next,
the amplified products were hybridized with the dual-labeled fluores-
cent reporter probe (Fig. 2d). The 20 types of differently coated micro-
spheres were then mixed with sheath solution and passed through the
micron pipeline one at a time (Fig. 2e). Primer coded microspheres were
decoded by the red laser based sensor and the report hybridization probe
was detected by green laser based sensor (Fig. 2e). Analysis was per-
formed by comparing the fluorescence intensity on the surfaces of wild-
type- and mutant-coated microspheres to differentiate among the SARS-
CoV-2 variants (Fig. 2f).

3.3. Development and optimization of the MMPA platform

Several key factors, including primer density, carbon spacer length,
annealing temperature, and reaction volume (Adessi et al., 2000; Chin
et al., 2017; Drobyshev et al., 2009), were optimized to improve the
amplification efficiency of MPA. An intensity that was too high
(Fig. S2a) or too low (Fig. S2b) was unfavorable and inhibited the
template from binding to the primer during MPA. We first determined
the optimal primer density. The median reporter fluorescence intensity
(MFTI) at various primer labeling concentrations was monitored using the
method shown in Fig. S2c. The results revealed that MFI was highest ata
primer labeling concentration of 0.5 pmol (Fig. S2d). Secondly, carbon
spacer lengths ranging from CO to C36 at the 5 end of the forward
primer (Fig. S2e) were evaluated, as steric hindrance between immo-
bilized primers and DNA polymerase is one of the major factors affecting
MPA efficiency. As shown in Fig. S2e, the proportion of positive mi-
crospheres (PPM) increased. The highest PPM was obtained with a
carbon spacer length of C36, suggesting a decrease in steric hindrance
and gradual improvement in MPA efficiency. Thirdly, we examined the
effect of annealing temperatures ranging from 47.3 °C to 69.5 °C. As
shown in Fig. S2f, the highest AMFI (positive MFI minus negative MFI)
was obtained at 55 °C. Finally, the reaction volume was evaluated, as
this parameter can affect the probability of contact between DNA po-
lymerase and the template-primer complex, which would influence the
amplification efficiency of MPA. The data obtained showed that AMFI
increased in reaction volumes up to 25 pL (Fig. S2g), confirming that a
smaller reaction volume enhanced amplification efficiency.

Next, we established a singleplex MPA system based on the opti-
mized parameters above and ARMS-PCR. Singleplex MPA was per-
formed independently for each of the 10 SNV loci. The MEFI
corresponding to the wild-type primer-coated microsphere was higher
than that of the mutant primer-coated microsphere when using wild-
type SARS-CoV-2 as template but lower when using mutant SARS-
CoV-2 as template (Fig. S3). As a result, these primers were able to
identify a single site that allowed the mutant SARS-CoV-2 to be precisely
differentiated from the wild-type SARS-CoV-2. These primers were
consequently chosen for MMPA assembly.

MMPA was performed using 20 primer-coated microspheres in a
single reaction tube under optimized reaction conditions. We discovered
that including an addtional 0.4 uM of reverse primers in the reaction
system considerably improved the fluorescence signal of positive
amplification during MMPA (Fig. S4a). Furthermore, the highest MFI
was obtained using 5 pL of pre-enriched template; this value subse-
quently decreased in higher input volumes (Fig. S4b). Enzyme concen-
trations of 1 U SS Taq and 10 U HS Taq DNA polymerase were
determined to be optimal during MMPA (Fig. S4c). We also examined
the effect of using several reporter probes instead of one universal dual-
labeled fluorescent reporter probe on the signal intensity. The results
indicated that using several reporter probes that target different RBD
segments considerably improved the positive fluorescence signal
(Fig. S4d), consistent with previously published literature (Fozouni
et al., 2021). The optimized reaction conditions above ensured the
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excellent amplification efficiency and robustness of the MMPA platform,
and were employed in subsequent experiments.

3.4. MMPA assay is highly sensitive in detecting SARS-CoV-2 RNA

The threshold of the MMPA assay for SARS-CoV-2 detection was
evaluated using a 10-fold serial dilution of RNA samples from the nat-
ural wild-type and artificially constructed 10 SNV loci mutation SARS-
CoV-2. The N1, N2, and N3 reverse transcription polymerase chain re-
action (RT-PCR) primers and probes reported by the CDC (USA) were
used as references (Lu et al., 2020). Our results revealed a lower limit of
detection (LLOD) of 28 copies/reaction for wild-type SARS-CoV-2 RNA
using both the CDC RT-PCR (Fig. 3a, b, ¢) and MMPA (Fig. 3d) assays.
Similarly, the LLOD of the MMPA assay reached 28 copies/reaction for
mutant SARS-CoV-2 RNA (Fig. 3e). The LLOD of sequencing was also
consistent with MMPA (Table S3). These findings suggest that the
sensitivity of the MMPA assay is equivalent to that of conventional
RT-PCR and sequencing.

3.5. MMPA assay can successfully discriminate between wild-type and
mutant SARS-CoV-2

We verified the ability of the MMPA assay to discriminate among the
10 SNVs of SARS-CoV-2. The results indicated that the standardized
values of the 10 SNV loci were all negative when using natural wild-type
SARS-CoV-2 RNA (Fig. 4a), suggesting a poor amplification efficiency of
mutant primers in identifying wild-type SARS-CoV-2 RNA. However,
when all 10 SNV loci of SARS-CoV-2 mutants, the amplification effi-
ciency of wild-type primers was poor, and the standardized values of
these SNVs were positive (Fig. 4b). Furthermore, we evaluated the
ability of the MMPA assay to identify a single-site mutation in the 10
SNVs. The results revealed that the mutant SNV loci produced positive
standardized values, whereas the wild-type SNV loci presented negative
standardized values (Fig. 4c-1). The sequencing data were also consis-
tent with the results of the MMPA assay (Fig. S5).

3.6. Detecting SARS-CoV-2 VOC pseudoviruses in simulated clinical
samples

Performance testing of the MMPA assay in simulated clinical samples
was carried out to verify its detection efficiency. We created pseudovi-
ruses carrying the SARS-CoV-2 variant RNA sequence using techniques
described in earlier papers (Wang et al., 2016). RNA samples extracted
from SARS-CoV-2 VOC pseudoviruses or a control pseudovirus that were
all spiked initially with nasal swabs eluent from healthy adults (Fig. 5a)
were tested. The MMPA assay correctly identified the six VOCs, and the
data were consistent with the sequencing results (Fig. 5b-g, S6). Both
the negative and positive coincidence rates were at 100% (Table S4),
highlighting the accurate discriminating qualities of the MMPA assay
and its potential applications in the testing of actual clinical samples.

3.7. MMPA assay has good mutation discrimination and specificity for
natural virus RNA detection

To assess the ability of MMPA assay to detect natural virus, RNA from
the Delta variant (B.1.617.2), wild-type SARS-CoV-2 and a panel of
other respiratory pathogens were analyzed via MMPA. The outcome was
the inversion of the fluorescence signal in L452R, T478K and D614G
sites of the Delta variant when compared with wild-type SARS-CoV-2
(Fig. 6a). This suggests a possible single-base mutation in these sites. The
accuracy of the MMPA results was further validated via sequencing
(Fig. 6b). All of the virus strains from a respiratory pathogen panel tested
negative via MMPA (Fig. 6a). This analysis suggests that the MMPA
assay provides excellent specificity.
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Fig. 3. Sensitivity analysis of the SARS-CoV-2 RNA detection system. The quantification cycle (Cq) values derived from the N1 (a), N2 (b), and N3 (c) reverse
transcription polymerase chain reaction (RT-PCR) detection systems are shown. MMPA was performed to detect wild-type (d) or mutant (e) SARS-CoV-2 RNA, and
the MFI from 20 primer-coated microspheres was measured using a Luminex 200. The experiments were repeated three times. Error bars represent the means +

standard deviations. N/A: not detected, Neg: negative control.
4. Discussion

The COVID-19 epidemic, caused by SARS-CoV-2, has continued to
spread worldwide since the existence of the virus was reported in
December 2019. However, as an RNA virus, SARS-CoV-2 is prone to
errors in its genetic code during replication (Duffy, 2018), accumulating
one to two nucleotide mutations every month (Li et al., 2020). When
mutations occur in important segments such as the RBD, they may in-
crease the virulence or transmissibility of the virus and become VOCs,
resulting in the sudden aggravation of the situation (Becerra-Flores and
Cardozo, 2020; Duchene et al., 2020; Tian et al., 2021). Therefore, it is
crucial to monitor VOCs for several reasons, including promoting
epidemic warning and epidemiological research, adjusting vaccine
strategies, and optimizing diagnostic reagents.

In the present study, we established a method that can simulta-
neously detect SARS-CoV-2 RNA and distinguish important SNVs in the
RBD of VOCs. Several innovative features of our design address the
problem of mutual interference in multiplex PCR that seriously affects
its sensitivity and specificity. We propose a new SNV detection strategy
to deal with the inability of traditional ARMS-PCR to achieve 100%
block in mutation detection.

Firstly, faced with the need for a multiplex detection system, we first
established MMPA technology on the surface of microspheres. Primers
for a specific SNV were coated on corresponding microspheres, i.e., only
this SNV would be distinguished by these microspheres. This one-to-one
(i.e., SNV-to-microspheres) matched amplification approach established
a foundation for achieving multiple parallel amplification reactions.
Because of a low probability of collision between microspheres, the
probability of nonspecific amplification among numerous primers
limited in microspheres would be significantly reduced. Therefore, even
if dozens of distinct microspheres were co-amplified in a single reaction,
they would not interfere with one another.

Secondly, as the ARMS-PCR method used to detect mutations failed
to achieve a 100% block, we adopted the double primer-coded

microsphere strategy to improve detection accuracy. That is, two mi-
crospheres were used as a group, targeted at the mutant and wild-type
SARS-CoV-2 detection sites. Regardless of the blocking efficiency,
more robust amplification must occur on the surface of microspheres
without amplification blocking. Therefore, the presence of mutations
can be determined by comparing the amplification intensity of micro-
spheres corresponding to the wild-type and mutant templates. As the
microspheres used in the study contained up to 500, the number of
microspheres used can meet the detection needs of most multiple SNVs
even when adopting a dual strategy.

This innovative approach gives MMPA several critical advantages
over other sensing technologies and gold standard sequencing with re-
gard to SARS-CoV-2 SNV detection. More SNV loci can be detected in
parallel, better sensitivity and specificity are provided, a simpler and
more streamlined workflow is used, the technology is more suitable for
clinical applications, and the SNV locus detection panel can be updated
quickly to account for newly emerged strains.

Currently reported SARS-CoV-2 detection sensors include immune-
and nucleic acid based sensors. The advantage of immunoassay sensor is
that the suitable for POCT application. However, it cannot be used to
distinguish mutant strains at present. A few sensors based on nucleic
acid testing can be used for SNV detection, but they can only distinguish
a single mutation site and cannot meet the needs of the current situation
in which multiple mutants are prevalent. In addition, most of these
sensors perform single-channel detection and are not suitable for large
scale analysis (Table S5). The method described herein offers the
advantage that the theoretical maximum number of SNVs analyzed
using one MMPA test can reach 250, and each round can include up to
95 tests.

The method developed here differs from the xXMAP mutation detec-
tion method. The latter only removes the limit of “number of detection
channels” during the product detection process through hybridization
between the different microspheres and amplification products (Hu
et al., 2012). xMAP does not provide an effective way to avoid
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Fig. 4. Evaluation of the discriminative performance of the MMPA assay. The wild-type SARS-CoV-2 (a) or 10 SNV loci of mutated SARS-CoV-2 RNA (b) were
detected using the MMPA assay. In addition, mutations of SARS-CoV-2 at a single site were identified through the MMPA assay (c-1). Data are expressed as mean =+
standard deviation (n = 3). Statistical analysis was performed by one-way analysis of variance (ANOVA) using GraphPad Prism 8 software (*P < 0.05, **P < 0.01,

*#*¥P < 0.001, ****P < 0.0001).

interference among sequences on a multiple detection platform, which is
critical to the sensitivity of the system. Once generated, nonspecific
amplification would compete with specific amplification, consequently
decreasing detection sensitivity (Fig. S7). Most previous studies on the
XMAP mutation detection system mainly focused on genetic disease
diagnoses (Schwartz et al., 2009), and SNV-related drug resistance
testing (Carnevale et al., 2007). This type of mutation detection system
is characterized by a high load of the template to be tested and a rela-
tively low demand for the sensitivity of the detection system. The
application of this method in pathogen detection will result in missed

detection of low load samples and inaccurate monitoring of mutation
sites. The analytical sensitivity of MMPA was tested and essentially
displayed the same sensitivity as the SARS-CoV-2 detection system
proposed by the CDC (U.S.A), thereby meeting the requirements for
accurate pathogen detection (Table S6).

Currently, sequencing is the gold standard for detecting SARS-CoV-2
SNVs. Here, we selected sequencing as a reference technique to evaluate
the analytical performance of the MMPA system using spiked RNA
samples. The results of MMPA were consistent with those obtained by
sequencing, regardless of the varying RNA loads or SNV loci. However,
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sequencing equipment is not commonly available in clinical settings.
Only qualified clinical testing units attached to scientific research fa-
cilities would likely be equipped with a sequencer. Therefore, the clin-
ical application of sequencing-dependent SNV detection methods is
limited. Conversely, the detection equipment of microsphere used in this
study has been routinely employed in many clinical units, as well as
widely used in cytokine detection (Montoya et al., 2017), HPV typing
(Pesic et al., 2020; Zhao et al., 2017), and SARS-CoV-2 serosurveillance
(Marien et al., 2021). Therefore, it is easier to promote the MMPA sys-
tem in clinical applications. Moreover, detection processes involving
Sanger sequencing, high-throughput sequencing, and single-molecule
sequencing are complex, costly, and time-consuming. The data gener-
ated through these methods are also difficult to analyze. By contrast,
MMPA can generate results in only 4 h from acquiring the RNA template,
and the operation and data interpretation are relatively simple.
Although the MMPA system cannot be used to discover nascent SNV, it
can complement sequencing technologies. For example, once a new SNV
is identified by sequencing, the MMPA platform could update its
detection panel immediately, without compromising compatibility be-
tween primers. Vice versa, MMPA platform can be used to detect a wide
range of SNVs in multiple runs and preliminarily classify samples ac-
cording to known variants. Only a small number of samples selected
from each class will require further sequencing to obtain the sequence
information of the predominant strain. Therefore, the representation
and pertinence of the samples selected for sequencing will be improved,

and the total number of generated sequences will be considerably
reduced.

Except for sequencing, one limitation of most multiple nucleic acid
detection methods is maintaining high sensitivity in a multiplex
amplification system. This limitation can be overcome by ensuring that
the numerous primers for different targets do not interfere with one
another. The quintessence of MMPA technology is to use microparticles
as carriers to provide relatively independent amplification space for
each target and to achieve multi-parallel amplification and detection
using a 500 x array. Therefore, the MMPA technology has the potential
for further expansion. Future work will include developing the appli-
cations of MMPA in multi-locus SNP detection, syndrome pathogen
identification detection, and genotyping.

5. Conclusion

In the present study, we developed an encodable MMPA sensing
platform to detect SARS-CoV-2 and simultaneously identify 10 key SNVs
in the RBD by combining primer-coded microsphere technology with a
dual fluorescence decoding strategy. This assay harnessed the principle
of the separation of physical space to selectively amplify different SNVs
on distinct microspheres, avoiding the mutual interference between
pairs of primers to achieve multiple amplification within a single reac-
tion. Compared to traditional real-time fluorescent qPCR, the sensitivity
of the assay reached a low detection level of 28 copies/reaction, and its
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detection capability was expanded to offer multiple parallel SNV
detection with a relatively high accuracy level. The positive and nega-
tive concordance rates were all 100% compared to the gold standard of
sequencing. From a theoretical perspective, MMPA can be designed to
detect more SNVs, as long as the mutation sites are known. In other
words, the rapid performance of MMPA can be exploited when
responding to an outbreak of SARS-CoV-2 variants. In summary, MMPA
has a short turn-around time, offers high efficiency, sensitivity, accu-
racy, and throughput, and has the potential to detect different types of
pathogens. Thus, the simple design of MMPA can be quickly modified to
target any emerging infectious diseases.
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