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A B S T R A C T   

In the field of in vitro diagnostics, detection of nucleic acids and proteins from biological samples is typically 
performed with independent platforms; however, co-detection remains a major technical challenge. Specifically, 
during the coronavirus disease 2019 (COVID-19) pandemic, the ability to simultaneously detect viral RNA and 
human antibodies would prove highly useful for efficient diagnosis and disease course management. Herein, we 
present a multiplex one-pot pre-coated interface proximity extension (OPIPE) assay that facilitates the simul-
taneous recognition of antibodies using a pre-coated antigen interface and a pair of anti-antibodies labeled with 
oligonucleotides. Following anti-antibody-bound nucleic acid chain extension to form templates in proximity, 
antibody signals can be amplified, together with that of targeted RNA, via a reverse transcription-polymerase 
chain reaction. Using four-color fluorescent TaqMan probes, we demonstrate the co-detection of severe acute 
respiratory syndrome coronavirus 2 (SARS-CoV-2)-specific antibodies and viral nucleic acids in a single bio- 
complex sample, including nucleocapsid protein-specific IgG and IgM, and the RNA fragments of RdRp and E 
genes. The serum detection limit for this platform is 100 fg/mL (0.67 fM) for the anti-SARS-CoV-2 antibody and 
10 copies/μL for viral RNA. The OPIPE assay offers a practical and affordable solution for ultrasensitive co- 
detection of nucleic acids and antibodies from the same trace biological sample without the additional 
requirement of complicated equipment.   

1. Introduction 

The coronavirus disease 2019 (COVID-19) pandemic, caused by se-
vere acute respiratory syndrome coronavirus 2 (SARS-CoV-2), has 
spread rapidly and poses a serious threat to human health (Zhou et al., 
2020). In a retrospective single-center study, 249 COVID-19 cases 
diagnosed at Shanghai Public Health Clinical Center between January 
20 and February 6, 2020, were evaluated. The median age was 51 years, 
126 (50.6%) were men, and 22 (8.8%) were critically severe patients 
requiring intensive care unit admission. This report showed that nearly 
10% of COVID-19 cases in Shanghai, China were severe and critical, 
highlighting the need for the development of more effective diagnostic 
and monitoring approaches (Chen et al., 2020). 

Reverse transcription-polymerase chain reaction (RT-PCR) analysis 
of RNA from nasopharyngeal swabs or lung fluid is considered the gold 
standard to detect and confirm SARS-CoV-2 infection (Ai et al., 2020; 
Chan et al., 2020). Several highly sensitive and specific systems for 

SARS-CoV-2 RNA detection have been developed (Ma et al., 2020; Park 
et al., 2021). Moreover, serum testing for SARS-CoV-2 RNA can be used 
as an additional detection method, especially for patients with 
false-negative swab results as well as patients exhibiting severe infection 
(Zhang et al., 2020b). Additionally, conventional enzyme-linked 
immunosorbent assay (ELISA) for SARS-CoV-2-specific IgG and IgM 
can be used to detect infection and monitor recovery progress. Indeed, a 
combinatorial approach comprising nucleic acid and antibody quanti-
fication has been shown to increase the positive detection rate of sus-
pected patients from 51.9% to 98.6% (Guo et al., 2020). 

In addition to ELISA, alternative methods for qualitative/semi- 
quantitative analysis of SARS-CoV-2-specific antibodies include 
colloidal gold immunochromatographic analysis and lateral flow 
immunochromatographic analysis. Although these methods are simple, 
rapid, and cost-effective, they exhibit limited sensitivity and quantita-
tive analysis capacity (Huang et al., 2020; Van Elslande et al., 2020). 
Currently, fluorescent microsphere immunochromatographic test strips 
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for SARS-CoV-2 report the lowest limit of detection (LOD) for IgM (1 
ng/mL) and IgG (30 ng/mL) antibodies, whereas microfluidic chemi-
luminescent ELISA can achieve an LOD of 10 pg/mL using spiked serum 
samples (Tan et al., 2020). According to quantitative test results, the 
average IgM concentrations in a weak positive sample and a strong 
positive sample are 20 ng/mL and 110 ng/mL, respectively, whereas the 
average IgG concentrations are 0.27 μg/mL and 1.88 μg/mL, respec-
tively (Zhang et al., 2020a). 

Hence, the ultrasensitive co-detection of nucleic acid and protein 
biomarkers in a single bio-complex sample would not only reduce the 
false-positive and -negative rates but would also provide insights into 
clinical progression. However, the current methods capable of achieving 
such a feat require the implementation of complex and expensive in-
struments as well as highly skilled technicians proficient in operating 
multiple platforms (Amanat et al., 2020; Stadlbauer et al., 2020). 

Therefore, to address these limitations, we aimed to develop a 
multiplex one-pot pre-coated interface proximity extension (OPIPE) 
assay for the ultrasensitive co-detection of nucleic acids and proteins to 
reduce the burden on medical facilities, particularly in resource-limited 
settings. This assay is based on the recognition of antibodies using a pre- 
coated antigen interface and anti-antibodies labeled with oligonucleo-
tides, which extend to double-stranded DNA templates in proximity. 
After adding fluorescent TaqMan probes and virus RNA template, the 
protein signal in the solid-phase and that of the nucleic acid in the liquid 
phase are simultaneously amplified via RT-PCR. In collaboration with 
the Shanghai Public Health Clinical Center, the sensitivity of the OPIPE 
assay was assessed using clinical serum samples from SARS-CoV-2- 
positive patients and healthy controls. 

2. Material and methods 

2.1. Subjects and procedures 

In compliance with biosafety protocols approved by the Institutional 
Review Board of Shanghai Jiao Tong University, Shanghai, China 
(Approval No. 202003048), the performance of OPIPE assay for 
detecting SARS-CoV-2-specific antibody was evaluated in human serum 
samples. Pooled and inactive serum samples from patients with COVID- 
19 (age range 24–77 years) and healthy subjects (age range 28–65 years) 
were purchased from Elabscience Company, Ltd. (Wuhan, Hubei, 
China). Each participant provided written consent to participate in the 
study, which was approved by the regional investigational review board 
and performed according to the Declaration of Helsinki. The severity 
information for the purchased samples was provided by the phleboto-
mists at Elabscience during sample collection. The serum samples are 
from patients who were diagnosed as positive infections and later-on 
released from hospital after in-house treatment to ensure their serum 
viral RNA turned into negative. All serum samples were confirmed by 
RT-PCR to be free of viral nucleic acids before releasing to subsequent 
laboratory research use.The serum was purified by filtration through a 
0.22-μm filter membrane to remove possible pathogens and impurities. 
The antibody concentration of both nucleocapsid protein-specific IgG 
and IgM (N-IgG and IgM) in thus purified serum was quantified to be 10 
μg/mL based on ELISA measurement comparing with standard sub-
stance from the National Sharing Platform for Reference Materials 
(Beijing, China) (Fig. S1). 

2.2. Oligonucleotides, reagents, and instruments 

The modified oligonucleotide sequences, probes, and primers 
(Table S1) were sourced from Sangon Biotech Company, Ltd. (Shanghai, 
China). The viral sequences, primers, and probes were published by 
World Health Organization (https://www.who.int/docs/default-sour 
ce/coronaviruse/protocol-v21.pdf?sfvrsn=a9ef618c_2). Human IgG 
and IgM were also purchased from Sangon Biotech. Anti-IgM polyclonal 
antibody (pAb) and two anti-IgG monoclonal antibodies (mAbs) with 

different IgG epitope targets were purchased from Kitgen Biotech 
(Hangzhou, Zhejiang, China). SARS-CoV-2 nucleocapsid protein and 
SARS-CoV-2 nucleocapsid protein-IgM and -IgG ELISA kits were pur-
chased from Elabscience (Wuhan, Hubei, China). Sulfosuccinimidyl 4- 
(N-maleimidomethyl) cyclohexane-1-carboxylate (Sulfo-SMCC) and 
Tris-(2-carboxyethyl)-phosphine hydrochloride (TCEP⋅HCl) were 
sourced from Meilunbio (Dalian, Liaoning, China). The target sequence 
and primers for in vitro transcription of two RNA fragments of SARS- 
COV-2 virus and Hepatitis B virus strain 56 are provided in Tables S2 
and S3. In vitro transcription, extension, and real-time fluorescent 
quantitative PCR were performed on a quantitative fluorescence thermal 
cycler (Roche LightCycler 96, Basel, Switzerland). 

2.3. Generation of OPIPE probes and pre-coated antibody tubes 

The technique used to produce OPIPE probes and pre-coated anti-
body tubes were adapted from our previous work (Yan et al., 2021). 
Briefly, TCEP⋅HCl reduced oligonucleotides were coupled with 
Sulfo-SMCC-activated anti-human IgG and IgM antibodies to form 
OPIPE probes. The recombinant SARS-CoV-2 N protein was then 
pre-coated on a polypropylene PCR tube to capture the specific 
antibody. 

2.4. OPIPE assay detection 

Positive and negative serum were diluted with a proportional con-
centration gradient. All details pertaining to the incubation, extension, 
and washing processes are described in our previous reports (Yan et al., 
2021). Prior to performing RT-PCR, the SARS-CoV-2 RNA fragments, 
PrimeDirect™ Probe RT-qPCR Mix (Takara, Japan), RNase-free H2O, 
and four sets of probe primers were simultaneously added to the reaction 
tubes. The reaction system is shown in Table S4. All PCR reactions were 
performed in a 25 μL reaction volume on a LightCycler 96 (Roche, 
Switzerland) under the manufacturer’s recommended fast cycling con-
ditions for 40 cycles. The instrument was adjusted to simultaneously 
record signals from all four channels. 

2.5. Statistical analysis 

For each data point, the raw − ΔCt value was normalized by sub-
tracting the Ct value for the extension control reaction from that of the 
corresponding sample, thereby correcting for technical variation. All 
linear regression analyses and curve fitting were performed using Origin 
9.0. Two-tailed Student’s t-tests were performed using Microsoft Excel 
2016 to calculate P-values. A two-sided P-value < 0.05 was considered 
statistically significant.The relative standard deviations (RSD) were also 
calculated for repilcated tests. 

3. Results and discussion 

3.1. Oligonucleotide design, construction, and purification for the OPIPE 
assay 

As a proof of concept, we used OPIPE to simultaneously detect two 
SARS-CoV-2 RNA fragments, which encode from Envelope (E) and RNA- 
dependent RNA polymerase (RdRP) gene of SARS-Cov-2 virus and two 
human antibodies (N-IgM and N-IgG). These dual-RNA assays help to 
reduce false-negative results caused by the degradation of partial frag-
ments and amplification inhibition (Erhu et al., 2020; Kim et al., 2020; 
Trémeaux et al., 2020). Additionally, the dual-antibody assay can pro-
vide information regarding the stage of disease and the immune status of 
the patient. The pipeline for co-detection is illustrated in Fig. 1, while 
the details of the OPIPE assay are presented in Fig. 2A. As shown in 
Fig. 2B, co-detection of viral nucleic acids and specific antibodies can be 
used to evaluate the clinical course of patients with COVID-19. 

The probe oligonucleotide sequences in the OPIPE assay were 
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designed to contain the unique binding sites for the primers and TaqMan 
probes. For the 3′-linked probe, we designed a 57-mer oligonucleotide 
that included 28-bases corresponding to the 5′-linked probe and unique 
binding sites for specific primers used in qPCR. Primers were generated 
using Primer-BLAST (https://www.ncbi.nlm.nih.gov/tools/primer-bl 
ast/). Considering that the TaqMan probe was used in this experiment, 
we optimized the design scheme of the probe based on the following 
logic. The 5′-end of the TaqMan probe must be in close proximity with 
the 3′-end of the forward primer; the length of the probe should be 
approximately 25 bp, its GC content should be 50–70%, and guanine 
should be avoided as the first base at the 5′-end. Importantly, alignment 
of the sequences for the synthetic oligonucleotide, human genome, and 
other coronavirus genomes revealed no homology. Oligonucleotide se-
quences, primers, and TaqMan probes for the detection of N-IgM and N- 
IgG are shown in Fig. 2C and Table S1. The probes used in the OPIPE 

assay were generated through Sulfo-SMCC-driven conjugation of 5′- 
thiol-modified oligonucleotides to a pair of monoclonal mouse anti- 
human IgG antibodies (anti-IgG mAb) or polyclonal rabbit anti-human 
IgM antibodies (anti-IgM pAb) following amino activation. Successful 
probe synthesis was confirmed via nucleic acid and protein detection 
using sodium dodecyl sulfate polyacrylamide gel electrophoresis, fol-
lowed by staining with GelRed and Coomassie Brilliant Blue, respec-
tively (Fig. 2D and E). Subsequently, the probes were purified using 
centrifugal filtration membranes with a 100-kDa cut-off and stored at 
− 20 ◦C until use. 

3.1.1. Detection of IgG and IgM at the femtomolar level using OPIPE assay 
To optimize the assay pipeline, polypropylene tubes used for con-

ventional PCR were treated with an 8% glutaraldehyde solution and pre- 
coated with either mouse anti-human IgG or rabbit anti-human IgM (Yin 

Fig. 1. Schematic of OPIPE assay, a one-pot reaction cascade for co-detection of N protein-specific antibodies and viral nucleic acids in one bio-complex sample.  
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et al., 2013). The tubes were then incubated with 10% and 100% human 
serum spiked with a 100-fold dilution series of IgG or IgM at concen-
trations ranging from 100 fg/mL to 10 μg/mL. After washing away un-
bound substances that were not captured by the tube-coated 
anti-antibody, the probes were incubated with target IgG or IgM. When 
tube-coated anti-antibodies and probes simultaneously recognized IgG 
or IgM, the oligonucleotides of the probes in close proximity were sub-
jected to an extension reaction with T4 polymerase. RT-PCR was then 
performed following addition of the TaqMan probes and primers to the 
tubes; signals were subsequently recorded. The estimated LOD in 10% 
serum was 100 fg/mL, and the correlation coefficients (R2) calculated by 
regression of measured − ΔCt values (Ct value of sample minus that of 
the control) on logarithmic concentrations of IgG or IgM were 0.990 and 
0.994, respectively, in the linear range between 100 fg/mL and 10 
μg/mL. Moreover, although the − ΔCt values in 100% serum are lower 
than in 10% serum, the estimated LOD and linear fit are almost the same 
(Fig. S2). 

3.2. Ultra-high sensitivity of OPIPE assay in donor serum 

After confirming the effectiveness of the probe for N-IgG and -IgM, 
the polypropylene tubes were immobilized with SARS-CoV-2-specific N 
protein following the aforementioned protocol. To improve the effi-
ciency of capturing specific antibodies in COVID-19-positive donor 
serum, we optimized the N protein concentration at the solid–liquid 
phase interface in the tubes. Different concentrations of N protein (2, 4, 
and 8 μg/mL) were added to the glutaraldehyde-treated tubes at 4 ◦C 
overnight. After washing, the tube interface was blocked with 1% BSA 
and washed three times. 

COVID-19 positive or negative donor serum samples used in this 
study were inactivated and purified. The concentration of antibodies in 
the undiluted positive donor serum was 10 μg/mL. Diluted COVID-19 

positive serum containing 10 pg/mL and 1 ng/mL N-IgG were incu-
bated in pre-coated tubes with different concentrations of antibodies. 
OPIPE probes were subsequently added, extended, and amplified ac-
cording to the steps in the section 2.1 describing the detection of IgG and 
IgM by the OPIPE assay. Analysis of qPCR results revealed significantly 
higher –ΔCt values in tubes pre-coated with 8 μg/mL N protein 
compared to those coated with a lower concentration (P-value<0.05). 
Notably, for a diluted serum containing 10 pg/mL N-IgG, the mean − ΔCt 
values increased from 0.35 (in 2 μg/mL N protein pre-coated tubes) to 
1.12 (in 8 μg/mL N protein pre-coated tubes), corresponding to a more 
than 3-fold increase (Fig. S3). Therefore, 8 μg/mL was used as the 
coating concentration for the tube interface in all subsequent 
experiments. 

Next, COVID-19 positive or negative sera were subjected to 100-fold 
serial dilution and incubated in the 8 μg/mL N protein pre-coated tubes. 
Probe incubation and extension were performed as described above. The 
N-IgG and -IgM signals were obtained after PCR amplification using 
primers and specific TaqMan probes carrying the fluorescent reporters 
FAM and HEX, respectively (Table S1). The estimated LOD in COVID-19 
positive serum was 100 fg/mL, and the R2 of the measured − ΔCt value 
using logarithmic concentrations of N-IgG or -IgM were 0.995 and 
0.991, respectively, in the linear range between 10 pg/mL and 10 μg/ 
mL. The RSD was 2.99% and 4.22% for IgG and IgM at the highest 
concentration (10 μg/mL).In the linear range, the RSD for the detection 
of IgM and IgG in positive serum was 10.76% ± 3.85% and 9.82% ±
4.17%, respectively. Due to the relatively weak signal, the RSD for the 
lowest concentrations was around 15%. Significant differences (P <
0.05) were observed in − ΔCt values between the positive and negative 
serum samples at each dilution, indicating that definitive diagnosis 
could be made using serum samples diluted up to 10,000,000-times, and 
clinical samples could be adequately preserved (Fig. 3A–F). We also 
compared the abilities of the OPIPE assay to detect N-IgM and N-IgG 

Fig. 2. The co-analytical determination of nucleic acid and antibody detection to evaluate SARS-CoV-2 infection and clinical course. (A) Details of one-pot pre-coated 
interface proximity extension assay. (B)Table of co-analytical test results and clinical diagnoses. (C)Oligonucleotides and primers are designed for the detection of 
IgM and IgG. (D) and (E) Representative gel images of antibody and probe components. Lane information: (1) IgM polyclonal antibody, (2) IgG monoclonal antibody 
1, (3) IgG monoclonal antibody 2, (4) IgM probe 1, (5) IgM probe 2, (6) IgG probe 1, (7) IgG probe 2. 
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with standard ELISA (Table S5). Furthermore, we did experiments with 
narrower dilutions (10-fold) of serum for both N-IgM and N-IgG 
(Fig. S4). Our results indicate that the linearity is not significantly 
shifted between different dilution factors. To verify the repeatability of 
the method, we also performed the experiments at different times 
(Table S6). 

3.3. Co-detection of SARS-CoV-2 RNA fragments in parallel tubes 

Due to the strict prevention requirements of COVID-19 in China, we 
could not obtain viral RNA or serum containing RNA from patients. As 
an alternative, we added in vitro synthesized RNA fragments to the 

positive donor serum. To co-detect nucleic acids and specific antibodies 
in the same bio-complex-containing sample, we added 105 copies RNA 
transcripts of the E and RdRP genes to the donor serum and then diluted 
them in 10-fold series dilution. A commercially available one-step RT- 
qPCR mix included in the same setup was used for antibody detection. 
The primer and probe with ROX and Cy5 fluorescent reporters are listed 
in Table S1. Primers and probes were specific to the SARS-CoV-2 genome 
sequence and were cross-validated to ensure no homology in sequence 
alignment with human SARS-CoV and bat-SARS-related CoV genomes 
(Fig. S5). The PCR amplification signal of RNA is exhibited with Ct 
values, which are inversely proportional to the concentration of the 
nucleic acid fragments. The Ct values of a non-complementary sequence 

Fig. 3. OPIPE assays were performed for human IgG and IgM in 10% COVID-19 positive donor serum and negative serum. (A–F) The complete standard curves (100 
fg to 10 μg mL) and linear regression analysis (10 pg–10 μg mL) for a series dilution of N-IgG and N-IgM. Significant differences in -ΔCt values between positive and 
negative serum samples at each dilution concentration (100 fg to 10 μg/mL) of N-IgG and N-IgM. A two-sided P-value < of 0.05 was considered statistically sig-
nificant. (G–I) Linear fitted lines or bars show the Ct values obtained by PCR amplification of the RdRP and E gene fragments with a non-complementary sequence of 
the H1N1 virus and diluted to different concentrations (10 to 105 copies/μL) in parallel tubes. The Ct values of a non-complementary sequence of H1N1 virus is 
significantly higher than that of the RdRP and E gene fragments at all concentration. All data are presented as the mean ± standard deviation. Each experiment had 
five technical replicates. 
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of H1N1 virus is significantly higher than that of the RdRP and E gene 
fragments at all concentration(Fig. 3G–I). Results from three different 
time points are presented in Table S7. 

3.4. OPIPE enables ultrasensitive RNA and antibody co-detection in one 
pot 

The above experiments were carried out in parallel tubes using the 
same equipment. To achieve true co-detection in one pot,105 copies of 
RNA transcripts of the E and RdRP genes were spiked into the positive 
serum. Then we added the positive serum in 10-fold series dilution in the 
same tube before RT-PCR. All four sets of TaqMan probes and primers 
required for the one-pot reaction were then added and co-detected using 

the one-step RT-qPCR Probe Kit. The reaction conditions used for the 
simultaneous one-pot co-detection of SARS-CoV-2 RNA as well as minor 
adjustments required for patient antibodies based on separate assays, 
are detailed in Table S4. 

Our results showed that the signal generated by the one-pot reaction 
differed slightly from those obtained for the individual separate re-
actions; however, the sensitivity was not significantly affected. More-
over, compared with the results of the separate detection methods, IgG 
and IgM showed a slightly lower − ΔCt value at a relatively higher RNA 
concentration, and a higher − ΔCt value at lower RNA concentrations. 
Additionally, the estimated LOD for N-IgG and -IgM in 10% COVID-19- 
positive serum was 100 fg/mL, with R2 values (of measured Ct values on 
a logarithmic scale) of 0.995 and 0.991, respectively, in the linear range 

Fig. 4. Antibody and nucleic acid co-detection in 10% COVID-19 positive and negative donor serum through the one-pot assay. (A-F) The complete standard curves 
(100 fg to 10 μg/mL) and linear regression analysis (10 pg–10 μg/mL) for solutions of N-IgG and N-IgM. C and F, There were significant differences in -ΔCt values 
between positive and negative serum samples at each dilution concentration of N-IgG and N-IgM. (G-I) Linear fitted lines or bars show the Ct values obtained by PCR 
amplification of the RdRP and E gene fragments with a non-complementary sequence of the H1N1 virus and diluted to different concentrations in one-pot (10 to 105 

copies/μL). The Ct values of RNA fragments of H1N1 virus is significantly higher than that of the RdRP and E gene fragments at all concentration. All data are 
presented as the mean ± standard deviation. Each experiment had five technical replicates. 
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between 10 pg and 10 μg/mL. Within the linear range, the RSD of OPIPE 
assay for IgG and IgM detection in positive serum was 9.41 ± 2.47 and 
9.20 ± 2.95, respectively. Significant differences (P < 0.05) were 
observed in the − ΔCt values between positive and negative serum 
samples at each dilution (Fig. 4A–F). The nucleic acid results showed no 
change in sensitivity down to 10 copies/μL, with a robust linear rela-
tionship observed between RdRP (R2 = 0.995) and E gene detection (R2 

= 0.998). In the one-pot OPIPE assay, the Ct values of a non- 
complementary sequence is significantly higher than that of the RdRP 
and E gene fragments at all concentration Fig. 4G-I). 

3.5. Low cross-reactivity of the OPIPE assay 

In addition to sensitivity, we further examined the cross-reactivity of 
the OPIPE assay. Cross-reactivity refers to an extraneous signal caused 
by the binding of a non-target protein similar to the expected target 
protein. In this experiment, we added non-SARS-CoV N protein-specific 
human IgG and IgM to 10% human serum diluted with PBS. In a 100-fold 
dilution series of IgG or IgM at concentrations ranging from 100 fg/mL 
to 10 μg/mL, the OPIPE assay showed no significant cross-reactive sig-
nals. The − ΔCt values at the highest concentration of 100 ng/mL were 
still lower than at the lowest concentration of 100 fg/mL in COVID-19- 
positive donor serum (Fig. 5A). Moreover, we evaluated the cross- 
reactivity of TaqMan probe and primer sets by adding two interfering 
RNAs, namely RNA fragments of hepatitis B virus (HBV) and the com-
plete RNA of influenza A virus (H1N1), to the SARS-CoV-2 RdRP and E 
gene fragments. Addition of the two interfering RNAs had no significant 
effect on the detection signal of RdRP and E genes. As a negative control, 
the amplification of two non-SARS-CoV-2 sequences, HBV and H1N1 
viral fragments, exhibited no significant difference compared with the 
background containing no viral fragment (Fig. 5B). 

We compare the LOD of our OPIPE with the existing commercial 
ELISA assay (approved for emergency-use-administration by Food and 
Drug Administration), the LOD of which ranges 1.6–13,500 ng/mL by 
using real patient samples. Although both OPIPE and ELISA take about 2 
h, OPIPE reduces the detection limit from pM to fM concentration range. 
Moreover, the OPIPE assay exhibited enhanced sensitivity for antibody 
detection compared to previously reported methods (Table 1) and two 
protein signal amplification strategies, the solid-phase proximity liga-
tion assay (LOD: 0.01 pM) and homogeneous proximity extension assay 
(LOD:0.05 pM) (Jiang et al., 2014; Nong et al., 2013). The OPIPE assay 
also facilitates the detection of specific antibodies and nucleic acids in 
ultra-low volume blood samples, including those obtained via finger 
prick, with a throughput of up to 96 assays using only PCR instrument, 

thus satisfying the requirements for simultaneous detection of specific 
antibodies and nucleic acids from patients and demonstrating its 
application for healthcare facilities within resource-limited regions. For 
practical clinical application, we were also able to convert our mea-
surement results into N-IgG and IgM concentration using the standard 
curve in Figs. 3 and 4. 

4. Conclusion 

Certain limitations were noted in this study. For instance, the OPIPE 
protocol must be conducted in a biosafety laboratory when handling 
infectious pathogens since the washing steps in the current protocol 
require uncapping operations. Furthermore, the incubation and exten-
sion of OPIPE probes as well as the addition of RNA template and 
primers, should be performed in separate areas to maximally avoid 
cross-contamination. Nevertheless, we report that the OPIPE assay, a 
one-pot diagnostic procedure, can simultaneously detect nucleic acids 
and proteins in the same trace clinical sample. This strategy significantly 

Fig. 5. Cross-reactivity of the OPIPE assay with 
non-SARS-CoV-2 specific nucleic acids and anti-
bodies. (A) The signal change from 100 fg to 10 μg/ 
mL for a series solution of non-SARS-CoV nucleo-
capsid protein-specific human IgG and IgM stan-
dards in 10% serum. (B) At two different 
concentrations, 100 and 10 ng/mL, there was no 
significant difference between the amplification 
signal of RdRP gene fragment alone (blue) or that 
with two non-SARS-COV-2 RNA fragment, fragment 
of HBV and H1N1(purplish red). Similarly, there 
was no significant difference between the amplifi-
cation signals (dark blue) of the E gene alone or that 
with two non-SARS-COV-2 RNA fragments, frag-
ments of HBV and H1N1 (light blue). Comparison of 
the amplification signal of the two non-SARS-COV-2 
RNA segments for HBV and H1N1(pink) alone with 
the background containing no viral segments 
(green) revealed no significant differences. (For 
interpretation of the references to color in this 
figure legend, the reader is referred to the Web 
version of this article.)   

Table 1 
The comparison between the OPIPE assay and other methods of detection of 
SARS-CoV-2 specific antibody.  

The detection method of 
SARS-CoV-2 specific 
antibody (IgG or IgM) 

Orders of 
magnitude 

LODa) Ref. 

Fluorescent microsphere 
immune 
chromatographic test 
strips 

4 1 ng/mL 
for IgM 
and 30 ng/ 
mL for IgG 

Zhang et al. (2020a) 

Microfluidic 
chemiluminescent ELISA 
technology 

5 10 pg/mL Tan et al. (2020). 

Nanostructured plasmonic 
gold (pGOLD) assay 

4 1.6 ng/mL Liu et al. (2020) 

Electrochemical 
impedance-based 
sensing (EIS) assay 

3 0.1 μg/mL Rashed et al. (2021) 

Opto-microfluidic sensing 
platform with gold 
nanospikes 

3 0.08 ng/ 
mL 

Funari et al. (2020) 

Laser-engraved graphene 
immunosensors 

4 500 pg/mL Torrente-Rodríguez 
et al. (2020) 

Microfluidic 
nanoimmunoassay 

5 1 nM Swank et al. (2021) 

One-pot PRe-coated 
antibOdy Proximity 
Extension (OPIPE) assay 

5 100 fg/mL This method  

a LOD:limit of detection. 
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enhances the specific binding of the target protein with immunoglobu-
lins present in patient serum. Moreover, our platform possesses a high 
sensitivity of 100 fg/mL (0.67 fM) in serum, representing a minimum 
15-fold enhancement over that of solid-phase proximity ligation assays 
(0.01 pM). Moreover, the OPIPE nucleic acid results exhibited high 
sensitivity (10 copies/mL). Importantly, the OPIPE assay has an ultra-
sensitive detection limit and does not require any additional sophisti-
cated instrumentation, making it accessible to clinical settings in 
resource-limited regions. By changing the antibodies and oligonucleo-
tides, this platform can be readily tailored for the early diagnosis of 
other diseases and basic research in single cells. 
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