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Abstract
Influenza A, influenza B, severe acute respiratory syndrome coronavirus 2, adenovirus, respiratory syncytial virus, Myco-
plasma pneumoniae, and Chlamydophila pneumoniae are common pathogens that can cause severe pneumonia and other 
symptoms, resulting in acute lower respiratory tract infections. The objective of this study was to design and evaluate a sensi-
tive and specific multiplex one-step reverse transcription PCR (RT-PCR)–dipstick chromatography method for simultaneous 
rapid detection of these seven pathogens. Streptavidin-coated blue latex particles were used to read out a positive signal. 
Based on the DNA–DNA hybridization of oligonucleotide sequences (Tag) for forward primer with the complementary 
oligonucleotide sequence (cTag) on the dipstick and biotin–streptavidin interactions, PCR products were able to be illumi-
nated visually on the dipstick. The specificity and the limit of detection (LOD) were also evaluated. Moreover, the clinical 
performance of this method was compared with Sanger sequencing for 896 samples. No cross reaction with other pathogens 
was found, confirming the high specificity of this method. The LOD was 10 copies/µL for each of the tested pathogens, and 
the whole procedure took less than 40 min. Using 896 samples, the sensitivity and specificity were shown to be no lower 
than 94.5%. The positive predictive value was higher than 82.1%, and the negative predictive value was higher than 99.5%. 
The kappa value between the PCR–dipstick chromatography method and Sanger sequencing ranged from 0.869 to 0.940. 
In summary, our one-step RT-PCR–dipstick chromatography method is a sensitive and specific tool for rapidly detecting 
multiplex respiratory pathogens.

Introduction

Acute lower respiratory tract infections (ALRTIs) such as 
pneumonia, bronchitis, and bronchiolitis are major causes 
of morbidity and mortality worldwide [1, 2]. Respiratory 
viruses and atypical pathogens are important drivers of 
ALRTIs, including adenovirus (ADV), influenza A (IFA), 
influenza B (IFB), respiratory syncytial virus (RSV), Myco-
plasma pneumoniae (MP), and Chlamydophila pneumoniae 
(CP) [3–5]. The current coronavirus disease 2019 (COVID-
19) epidemic caused by severe acute respiratory syndrome 
coronavirus 2 (SARS-CoV-2), also an ALRTI pathogen, 
often leads to severe pneumonia [6, 7]. A large number of 
studies have shown that common respiratory viruses and 
atypical pathogens including SARS-CoV-2, IFA, IFB, RSV, 
ADV, MP, and CP are closely related to severe pneumonia 
[6–9]. Since the clinical symptoms of these pathogens are 
similar, it is often difficult to clinically ascertain the exact 
pathogens causing ALRTIs in patients [10]. Moreover, 
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these pathogens are highly infectious, quickly transmitted 
and often have high mixed infection rates [5]. Therefore, 
accurate and rapid identification is crucial for treating and 
controlling respiratory infectious diseases.

The General Office of the National Health Commis-
sion of China has clearly stated that COVID-19 is mainly 
differentiated from other known viral pneumonia and 
bacterial pneumonia, such as pneumonia caused by IFA, 
ADV, RSV, and MP [11]. To distinguish COVID-19 from 
these respiratory pathogens is meaningful for the treat-
ment and clinical management of the current COVID-2019 
epidemic. Therefore, it is important to establish a sensi-
tive and specific method to rapidly distinguish these seven 
pathogens.

Molecular detection, as a rapid, sensitive, and specific 
assay, has been developed in the laboratory and in clin-
ics, and is beneficial for promoting the early diagnosis of 
diseases, improving prognosis and reducing unnecessary 
treatments [12, 13]. In just a few short decades, molecular 
detection has undergone a dramatic change from single 
to multiple detection, making it a highly efficient tool. 
Multiple PCR detection strategies for respiratory patho-
gens, such as nucleic acid sequence-based amplification 
(NASBA), transcription-mediated amplification (TMA), 
strand displacement amplification (SDA), loop-mediated 
isothermal amplification (LAMP), and rolling circle ampli-
fication (RCA), have all been demonstrated for pathogen 
detection in recent years [14]. Currently, many PCR meth-
ods for detecting respiratory viruses or atypical pathogens, 
including dual priming oligonucleotide system (DPO), 
multiplex ligation-dependent probe amplification (MLPA) 
[15], and a multiplex PCR based on advanced fragment 
analysis, have all been used to identify respiratory patho-
gens [16]. Multiple enriched real-time fluorescent quan-
titative PCR [17], target-specific extension (TSE) [18], 
and target-enriched multiplex PCR (TEM-PCR) [18] are 
also currently being used in clinical or scientific research 
on respiratory pathogens. However, most of these mul-
tiplex PCR technologies rely on expensive basic labora-
tory equipment such as fluorescence PCR instruments and 
skilled technicians that are required to perform a sequence 
of cumbersome operations, or require lengthy follow-up 
results analysis programs [16]. The PCR–dipstick chro-
matography method, however, has been developed and 
applied to several fields, making it a good candidate for 
such multiplex assays [19–21].

In this study, we intended to develop a rapid, highly sen-
sitive, and specific multiplex detection method for SARS-
CoV-2, IFA, IFB, RSV, ADV, MP, and CP. Our method was 
based on DNA–DNA hybridization between the oligonu-
cleotide (Tag) from PCR amplicons and complementary 
oligonucleotide (cTag) on a dipstick strip [19, 22, 23], with 
PCR products being able to be illuminated visually within 

5–10 min. Neither did it require tedious operations nor did 
it use complex or expensive instruments. Ours is the first 
PCR–dipstick chromatography method to achieve the simul-
taneous analysis of seven respiratory pathogens.

Materials and Methods

Pathogen Strains and Plasmids

Human respiratory syncytial virus (ATCC® VR-1580) was 
cultured on Hep-2 cells in culture solution incubated at 
37 °C for 7 days in 5%  CO2. Human adenovirus (ATCC® 
VR-847) was cultured on Hep-2 cells in culture  solu-
tion incubated at 37 °C for 6 days in 5%  CO2. Influenza 
A virus (ATCC® VR-1469) was cultured on MDCK cells 
in culture solution incubated at 37 °C for 5 days in 5% 
 CO2. The culture solution was Dulbecco’s modified eagle 
medium (DMEM, Gibco, Guangzhou, China) contain-
ing 4% fetal bovine serum (Invitrogen, Beijing, China). 
Mycoplasma pneumoniae (ATCC® 29,342) were cultured 
on broth (Solarbio, Guangzhou, China) incubated at 37 
℃ for 6 days in 5%  CO2. Influenza B virus genomic RNA 
(ATCC® VR1735D) was isolated from a preparation of cell 
lysate and supernatant from MDCK cells (ATCC® CCL3) 
infected with influenza B virus, which was suitable for use 
in RT-PCR or other molecular procedures. Human respira-
tory syncytial virus (ATCC® VR-1580), human adenovirus 
(ATCC® VR-847), influenza A virus (ATCC® VR-1469), 
and influenza B virus genomic RNA (ATCC® VR1735D) 
were acquired from the American Type Culture Collection 
(Manassas, VA, USA). SARS-CoV-2 and Chlamydophila 
pneumoniae were acquired from clinical residual samples in 
Guangdong Provincial Hospital of Chinese Medicine based 
on the results of Sanger sequencing performed by The Bei-
jing Genomics Institute (BGI, Beijing, China). DNA/RNA 
was extracted from these pathogen strains using a virus 
RNA/DNA rapid extraction kit following the manufacturer’s 
protocol. Plasmids for SARS-CoV-2, IFA, IFB, RSV, ADV, 
MP, and CP were acquired from Sangon Biotech Co., Ltd. 
(Shanghai, China).

Materials for PCR–Dipstick Chromatography 
Method

RT enzyme mixture (Luna Universal Probe One-Step RT-
qPCR Kit) was bought from New England Biolabs (Guang-
zhou, China). A 10 × PCR buffer, dU plus dNTP mixture, 
uracil-N-glycosylase (UNG), and Taq  HS polymerase 
were bought from Takara (Beijing, China). (NH4)2SO4 
(200 mM) and MgSO4 (100 mM) were bought from Sigma-
Aldrich (Shanghai, China). Dipstick strips, eluent reagents 
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(containing detergents, blocking agents, PBS, and salt solu-
tion), and streptavidin-coated blue latex particles suspension 
were purchased from Tohoku Bio-Array, Co., Ltd. (TBA, 
Sendai, Japan). A viral RNA/DNA rapid extraction kit was 
acquired from Guangzhou Biotron Technology Co., Ltd., 
China.

Clinical Samples

To evaluate the clinical performance of our assay, a total 
of 896 residual samples were collected from March 2019 
to April 2020, including nose or pharynx swabs and spu-
tum samples in Guangdong Provincial Hospital of Chinese 
Medicine.

Patients were enrolled in the study based on the following 
criteria: patients with respiratory symptoms such as cough, 
wheezing, acute fever with temperature above 37.5 °C, and 
normal or low leukocyte count. This consisted of 513 male 
cases and 383 female cases, with 293 being were under 
5 years old, 232 cases between 5 and 18 years old, 151 cases 
from 19 to 60 years old, and 220 cases over 60 years of 
age. The detection rates of pathogens were compared and 
analyzed by gender and age using these clinical samples. 
The samples were taken in a tube containing 2 mL viral 
transport medium (Yocon biotechnology Co., Ltd., Beijing, 
China). DNA/RNA was extracted from these samples using 
a virus RNA/DNA rapid extraction kit following the manu-
facturer’s protocol. RNA/DNA extractions were stored at 
− 80 °C before use.

Primers and Probes

For each pathogen, primers for conserved sequences were 
designed using Primer Premier 5 and further tested using 
NCBI blast to ensure the specificity of these primers. The 
primers included those targeting the SARS-CoV-2 N and 
ORF1ab genes, IFA, IFB, RSV, ADV, MP, and CP. Prim-
ers for the N and ORF1ab genes were designed together to 
confirm an accurate result for SARS-CoV-2. Moreover, an 
internal control (internal control, IC) was indispensable to 
ensure the reliability of the results and to prevent the influ-
ence of samples, instruments, reagents, operations, etc. IC 
was a segment of the synthetic sequence (CAG AGC ACA 
GAG ACA CCA CTG ACG TGC CTG AGA TGC CTC ACT CCA 
AGG GCC AGG GAG AGA GCG ATC CTC TGG ACC ATG 
AGC CTG CCG TGT CTC CAT TGC TCC CTC GAA AAG AGC 
GAG GTC CCC CGG AGG GCG GCC TGA ATG AAG ATG 
AGC GCC). The homology of IC with the target genes was 
extremely low, meaning this would not trigger cross reac-
tions. A pair of primers were also designed for IC. The IC, 
primers (Supplemental Table 1), and probes (Supplemental 
Table 2) used here were synthesized by TBA.

One‑Step Reverse Transcription PCR (RT‑ PCR)

One-step RT-PCR was performed in a total volume of 
25 μL, which included 2.5 μL of 10 × PCR buffer, 2.5 μL 
of DNA template, 0.4 μL of (10 μM) forward primer, and 
0.4 μL of (10 μM) reverse primer for SARS-CoV-2 N and 
ORF1ab gene, ADV, RSV, and CP, respectively; 0.35 μL 
of (10 μM) forward primer and 0.35 μL of (10 μM) reverse 
primer for IFA, IFB, and MP; 0.3 μL of (2 μM) IC forward 
primer and 0.3 μL of (2 μM) IC reverse primer, 1 μL of 
(1 nM) IC DNA, 1.2 μL of RT enzyme mixture, 1 μL of 
dU plus dNTP mixture, 0.02 μL of uracil-N-glycosylase 
(UNG), 0.3 μL of Taq HS polymerase, 0.2 μL of 100 mM 
MgSO4, and 1 μL of 200 mM (NH4)2SO4; and deionized 
water was added to make a total volume of 25 μL. PCR 
amplifications were carried out using the Veriti 96-Well 
Thermal Cycler system. The cycling condition included 
reverse transcription at 55 °C for 5 min and preincubation 
at 95 °C for 1 min, followed by an amplification program 
for a total of 35 cycles comprising denaturation, 95 °C for 
5 s; annealing and extension, 60 °C for 20 s. The total run 
time was approximately 30 min.

Dipstick Chromatography

The structure of the dipstick strip (2 mm × 60 mm) (Sup-
plemental Fig. 1) was as follows. The supporting substrate 
was polyvinyl chloride (PVC) membrane, and the main 
functional structure was an absorbent area and a sample 
application area. The absorbent area was made of absor-
bent filter paper, which facilitated the capillary action for 
chromatography. The sample application area was made 
of nitrocellulose (NC) membrane, with 4 red position 
lines, and 9 test lines on it. The cTag were immobilized 
on the test line. The multiplexing cTags on a dipstick strip 
ensured that multiplex detection on one dipstick strip 
simultaneously was feasible.

For each target, Tag was uniquely labeled at the 5′ ter-
minus of forward primer with a phosphoramide spacer C3 
[three-carbon spacer, (CH2)3]. This insertion was signifi-
cant for the PCR amplification terminated at the insertion 
site, so that the Tag was isolated during the PCR reac-
tion [24]. Reverse primers were all labeled with biotin. 
The cTag was complementary to the respective probe 
Tag immobilized on the dipstick strip for hybridization. 
Streptavidin-coated blue latex particles were set as the 
signal reporter to emit visible signal of the target through 
streptavidin–biotin interaction. After PCR, 10 μL of PCR 
amplicons, 1 μL of streptavidin-coated blue latex particles 
suspension, and 9 μL of eluent were mixed together to 
make a mixture (Fig. 1a). As the strip was inserted into 
the mixture, target DNA would be attached to the test line 
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on the strip through the sequence complementarity of Tag 
and cTag (Fig. 1b). Meanwhile, the streptavidin-coated 
blue latex particles would attach to the test line through 
streptavidin–biotin interaction. As the blue latex particles 
accumulated, a blue test line appeared when there were 
target PCR amplicons present in the mixture (Fig. 1c). The 
run time was within 10 min. 

Specificity of the PCR–Dipstick Chromatography 
Method

To confirm the specificity of the PCR–dipstick DNA chroma-
tography method, 11 viruses that may cause similar symptoms 
or which were highly homologous with these seven pathogens 
were included in the verification of specificity. These consisted 
of Parainfluenza virus 1, 2, 3, 4, Coronavirus 229E, Coro-
navirus NL63, Coronavirus OC43 and Coronavirus HKU1, 
Metapneumovirus, Boca virus, and Rhinovirus.

Additionally, 12 organisms that may cause similar symp-
toms as these seven pathogens were included in the veri-
fication of specificity, including Escherichia coli, Staphy-
lococcus aureus, Pseudomonas aeruginosa, Acinetobacter 
baumannii, Streptococcus pneumoniae, Streptococcus pyo-
genes, Staphylococcus epidermidis, Haemophilus, Klebsiella 
pneumoniae, Candida albicans, Legionella pneumophila, 

and Bordetella pertussis. All assays were performed in 
triplicate.

Limit of Detection (LOD) of the PCR–Dipstick 
Chromatography Method

To determine the LOD of the PCR–dipstick chromatogra-
phy method, single detection of SARS-CoV-2, IFA, IFB, 
RSV, ADV, MP, and CP was carried out with mixed prim-
ers. Plasmids for SARS-CoV-2, IFA, IFB, RSV, ADV, MP, 
and CP were diluted with Tris–EDTA buffer (TE, Beyotime, 
Shanghai, China) to  105,  104,  103, 100, 10, 5 copies/µL, and 
then, the LOD of the dipstick strips were determined using 
visual inspection. All assays were performed in triplicate.

Clinical Performance

A total of 896 clinical samples were assessed to determine 
the efficacy of the PCR–dipstick chromatography method 
for detecting infectious pathogens on clinical nose or phar-
ynx swabs and sputum samples. The sensitivity and speci-
ficity of the PCR–dipstick chromatography method were 
obtained by comparing with the results of Sanger sequenc-
ing. Sanger sequencing was performed as follows: 20 μL of 

Fig. 1  Schematic diagram of the PCR–dipstick chromatography 
method. a Making a mixture. b Inserting a dipstick strip into the mix-
ture. c A blue test line appeared on the dipstick strip. Tag: oligonu-

cleotide; cTag: complementary; C3: C3 Spacer (linker); IC: Internal 
control; Arrow: chromatography direction (Color figure online)
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the sequencing solution consisting of 5 μL of 5 × GoldStar 
PCR Buffer, 0.2 μL of (25 mM) dNTP Mixture, 0.3 μL of 
GoldStar DNA Polymerase, 1 μL of (10 µM) forward primer, 
1 μL of (10 µM) reverse primer, 7.5 μL of RNase free water, 
and 10 μL of the target DNA was mixed together. The 
cycling condition included an initial denaturation at 95 °C 
for 5 min, followed by 32 cycles at 95 °C for 15 s, 55 °C 
for 30 s, 72 °C for 1 min, and a final extension at 72 °C for 
5 min. A negative and a positive control were used for all 
sequencing reactions.

Data Analysis

SPSS 25 software was used to calculate statistics on all 
assay results. The test results for clinical performance were 
evaluated in comparison to Sanger sequencing results by the 
Cohen’s kappa coefficient test. A kappa value from 0.21 to 
0.4 represents fair agreement, while from 0.41 to 0.6 repre-
sent moderate agreement and 0.61 to 0.8 and 0.81 to 0.99 
indicate substantial and perfect agreement, respectively. The 
sensitivity = the number of true positive cases/[true posi-
tives + false negatives], the specificity = the number of true 
negative cases/[true negatives + false positives], positive 
predictive value (PPV) = the number of true positive cases/ 
[true positives + false positives], and negative predictive 
value (NPV) = the number of true negative cases/[true nega-
tives + false negative cases]. Moreover, the detection rate 
of pathogens by gender and age using clinical samples was 
analyzed by the Pearson chi-square test since the total num-
ber of all the cells were above 40, and the expected values of 
each cell were above 5. In all tests, P < 0.01 was considered 
to be statistically significant.

Results

Methodological Validation of the Dipstick 
Chromatography Method

Blue-colored latex particles coated with streptavidin were 
able to be absorbed into the strip through capillary action. 
The IC was placed on the top of the dipstick strip to ensure 
the proper function and the reliability of all results and to 
capture excess latex particles, indicating that the amount of 
blue latex particles was available to all the PCR products 
[19]. The appearance of a blue line at the IC line demon-
strated the validity of the results for this method. As shown 
in Fig. 2, dipstick strips with all seven target DNA were 
readily observed. No cross reactions appeared, indicating 
the reliability of this method. 

Specificity of the PCR–Dipstick Chromatography 
Method

For addressing specificity, DNA templates for these seven 
target pathogens were next separated into two parts. The 
templates of positive control 1 consisted of DNA extrac-
tion mixture from SARS-CoV-2, IFA, and IFB, while the 
templates for positive control 2 consisted of DNA extraction 
mixture from RSV, ADV, MP, and CP.

As the results showed in Fig. 3, the 11 viruses Parain-
fluenza virus 1, 2, 3, 4, Coronavirus 229E, NL63, OC43 
and HKU1, Metapneumovirus, Boca virus, and Rhinovi-
rus were not detected, indicating that no cross reaction 
was observed with the seven target pathogens using the 
PCR–dipstick chromatography method.

Additionally, 12 organisms that may cause similar 
symptoms or have high homology with these seven patho-
gens were also included in the verification of specificity, 
consisting of Escherichia coli, Staphylococcus aureus, 
Pseudomonas aeruginosa, Acinetobacter baumannii, 
Streptococcus pneumoniae, Streptococcus pyogenes, 
Staphylococcus epidermidis, Haemophilus, Klebsiella 
pneumoniae, Candida albicans, Legionella pneumophila, 
and Bordetella pertussis. As the results shown in Fig. 4, no 
cross reaction was observed on the dipstick strips.

Fig. 2  Detection of seven pathogens by the PCR–dipstick chromatog-
raphy method. 1. Severe acute respiratory syndrome coronavirus 2; 2. 
Influenza A; 3. Influenza B; 4. Respiratory syncytial virus; 5. Adeno-
virus; 6. Mycoplasma pneumoniae; 7. Chlamydophila pneumoniae; 
NC: negative control
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Limit of Detection Determination of the PCR–
Dipstick Chromatography Method

The LOD of the PCR–dipstick chromatography method 
was evaluated using plasmids for each pathogen, so as 
to eliminate the impact of the templates of pathogen 
strains or samples, as well as to evaluate the LOD accu-
rately. As shown in Fig. 5, the LOD of the PCR–dipstick 

chromatography method was 10 copies/µL for SARS-
CoV-2, IFA, IFB, RSV, ADV, MP, and CP.

Clinical Performance

Results from the PCR–dipstick chromatography method 
were next compared with Sanger sequencing, as Sanger 
sequencing was the gold standard for many clinical 
research with its high accuracy. Cases of SARS-CoV-2, 

Fig. 3  Specificity of the PCR–dipstick chromatography method. 
PC1: multiplex detection of Severe acute respiratory syndrome coro-
navirus 2, Influenza A, and Influenza B; PC2: multiplex detection of 
Respiratory syncytial virus, Adenovirus, Mycoplasma pneumoniae, 
and Chlamydophila pneumoniae; 1. Parainfluenza virus 1; 2. Parain-

fluenza virus 2; 3. Parainfluenza virus 3; 4. Parainfluenza virus 4; 5. 
Coronavirus 229E; 6. Coronavirus NL63; 7. Coronavirus OC43; 8. 
Coronavirus HKU1; 9. Metapneumovirus; 10. Boca virus; 11. Rhino-
virus; NC: Negative control

Fig. 4  Specificity of the PCR–dipstick chromatography method. PC1: 
multiplex detection of Severe acute respiratory syndrome coronavirus 
2, Influenza A, and Influenza B; PC2: multiplex detection of Res-
piratory syncytial virus, Adenovirus, Mycoplasma pneumoniae, and 
Chlamydophila pneumoniae; 1. Escherichia coli; 2. Staphylococcus 

aureus; 3. Pseudomonas aeruginosa; 4. Acinetobacter baumannii; 5. 
Streptococcus pneumoniae; 6. Streptococcus pyogenes; 7. Staphylo-
coccus epidermidis; 8. Haemophilus; 9. Klebsiella pneumoniae; 10. 
Candida albicans; 11. Legionella pneumophila; 12. Bordetella per-
tussis; NC: Negative control
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IFA, IFB, RSV, ADV, MP, and CP detected using the 
PCR–dipstick chromatography method among the 896 
samples tested are shown in Table 1. Co-infection cases 
included 3 with IFA and IFB, 1 with IFA and ADV, 3 
with IFA and MP, 1 with IFB and ADV, 3 with IFB and 
MP, 1 with IFB and RSV, 6 with RSV and ADV, 1 with 
RSV and MP, 9 with ADV and MP, and 2 with IFB, ADV, 
and MP. The sensitivity and specificity as well as PPV 
and NPV comparing between the PCR–dipstick chroma-
tography method and Sanger sequencing are also shown 
in Table 1. The kappa value between them ranged from 
0.869 to 0.940.

Additionally, differences of detection rate were com-
pared by gender and ages. The results showed that there 
were no statistically significant differences (P > 0.01) in 
gender distribution between male and female for each 
pathogen (Table 2).

As for the differences in detection rate by age (Table 3), 
there were no statistically significant differences (P > 0.01) 
for IFA and CP, but there were statistically significant dif-
ferences (P < 0.01) for SARS-CoV-2, IFB, RSV, ADV, and 
MP. The detection rate was highest in the age group from 
19 to 60 years of age, followed by the age group of over 
60 years for SARS-CoV-2. As for IFB, the detection rate 
was higher in the ≤ 18 years old group than in the ≥ 19 age 
groups. When it came to RSV and ADV, the age group 
under 5 years old had the highest detection rate. The age 
group from 5 to 18 presented the highest detection rate 
for MP.

Fig. 5  Limit of detection determination of the PCR–dipstick chroma-
tography method. a Severe acute respiratory syndrome coronavirus 2; 
b Influenza A, c Influenza B; d Respiratory syncytial virus; e Ade-

novirus; f Mycoplasma pneumoniae; g Chlamydophila pneumoniae. 
The concentration of plasmids 1–6 were  105,  104,  103, 100, 10, 5 cop-
ies/μL, and negative control (NC)
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Discussion

In this study, we designed a multiplex PCR–dipstick chro-
matography method for simultaneously detecting seven 
common respiratory viruses and atypical pathogens. The 
following respiratory viruses and atypical pathogens were 
selected: SARS-CoV-2, IFA, IFB, RSV, ADV, MP, and CP, 
as they can cause severe pneumonia. In addition, distin-
guishing IFA, IFB, RSV, ADV, MP, and CP from SARS-
CoV-2 was of great significance for differential diagno-
sis during the current global outbreak of COVID-19. At 

present, there has been no research on the application of 
this method to the multiplex detection of respiratory path-
ogens, as well as the combined detection of these seven 
pathogens. Early and accurate diagnosis of the causative 
pathogens in respiratory infections is essential for the 
appropriate administration of antiviral or antibacterial 
therapies, initiating effective infection control measures 
and reducing the length of hospital stays, as well as con-
trolling health care costs [25, 26].

No cross reaction was observed with 11 viruses as well 
as 12 respiratory organisms using the PCR–dipstick chro-
matography method. This confirmed the high specificity of 

Table 1  Comparison of the results between the PCR–dipstick chromatography method and Sanger sequencing

PPV Positive predictive value; NPV negative predictive value
*Cohen’s kappa coefficient test

Pathogens The PCR–dipstick chro-
matography method

Sanger sequencing Sensitivity
(%)

Specificity
(%)

PPV
(%)

NPV
(%)

Kappa value*

Positive Negative

SARS-CoV-2
ORF1ab

Positive 16 2 100 99.7 88.9 100 0.940
Negative 0 878

S-CoV-2
N

Positive 16 2 100 99.7 88.9 100 0.940
Negative 0 878

IFA Positive 38 6 95.0 99.3 86.4 99.8 0.900
Negative 2 850

IFB Positive 52 11 94.5 98.7 82.5 99.6 0.873
Negative 3 830

RSV Positive 35 7 95.0 99.2 83.3 99.8 0.881
Negative 2 852

ADV Positive 90 19 96.8 97.6 82.6 99.6 0.877
Negative 3 784

MP Positive 96 21 96 97.4 82.1 99.5 0.869
Negative 4 775

CP Positive 10 2 100 99.8 83.3 100 0.908
Negative 0 884

Table 2  Comparison of the 
detection rate by gender 
using the PCR–dipstick 
chromatography method

# Pearson chi-square test
a P > 0.01

Pathogens Gender

Men (n = 513)
n (%)

Women (n = 383)
n (%)

Χ2# P value

SARS-CoV-2 ORF1ab 6 (1.2) 12 (3.1) 4.295 0.038a

SARS-CoV-2 N 6 (1.2) 12 (3.1) 4.295 0.038a

IFA 26 (5.1) 18 (4.7) 0.064 0.801a

IFB 38 (7.4) 25 (6.5) 0.260 0.610a

RSV 23 (4.5) 19 (5.0) 0.112 0.738a

ADV 66 (12.9) 43 (11.2) 0.551 0.458a

MP 64 (12.5) 53 (13.8) 0.359 0.549a

CP 10 (1.9) 2 (0.5) 3.380 0.066a
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the PCR–dipstick chromatography method. The LOD of the 
PCR–dipstick chromatography method was 10 copies/μL, 
showing that the PCR–dipstick chromatography method was 
highly sensitive and specific. To evaluate the clinical per-
formance of this method, 896 samples were tested, and the 
results were compared with Sanger sequencing. The PPV 
was higher than 82.1%, and the NPV was higher than 99.5%, 
which indicated that the accuracy of our method was high. 
However, as can be seen from the results, the sensitivity and 
specificity of ADV were lower than other pathogens, pos-
sibly because the primer of ADV was slightly less inclusive. 
Further study should optimize the primer of ADV.

By combining one-step RT-PCR with the dipstick 
chromatography, this method currently realized multi-
plex detection within 40 min. This was a very time-saving 
method, taking less time than other molecular diagnos-
tic methods, and it cost much less than other molecular 
detection methods such as real-time PCR [21]. During the 
current COVID-19 epidemic, this test can be deployed to 
distinguish between COVID-19 and common pneumonia 
quickly, which is hugely significant. Existing PCR meth-
ods require either analysis of the PCR products using 
agarose gel electrophoresis or high infrastructure require-
ments, meaning it can only be used in large clinical lab-
oratories or those with specialized clinicians, and often 
several hours are needed for the outcomes [27]. In contrast 
to this, our PCR–dipstick chromatography method has a 
minimum requirement for instruments, requiring only a 
thermocycler, which is especially significant in hospitals 
with small-scale clinical laboratories where no advanced 
equipment is available [19]. Thus, the performances of 
detection of the PCR–dipstick chromatography method 
and other multiplex PCR detection methods were com-
pared, shown in supplementary Table 3. The LOD of the 
PCR–dipstick chromatography method is higher than other 

multiplex PCR methods, while the analytical specificity 
was all high. However, the diagnostic specificity was 
higher than MLPA, TSE, and real-time PCR, but lower 
than TEM-PCR, and the diagnostic sensitivity was higher 
than MLPA, TEM-PCR, TSE, and real-time PCR. When 
it came to test turnaround time, the PCR–dipstick chro-
matography method was quicker than any other multiplex 
PCR method mentioned here.

In addition, previous studies have shown that the 
PCR–dipstick chromatography method is more sensitive 
than gel electrophoresis [19, 28].

The major drawback of this study was the limited num-
ber of positive samples for several pathogens, such SARS-
CoV-2 and CP. This affected the evaluation results of clini-
cal performance. Additional positive samples should be 
assessed in future studies to further explore the accuracy of 
detection using this method.

Conclusion

In summary, the PCR–dipstick chromatography method 
is an easy alternative molecular diagnostic method and 
can help to manage infections in remote settings, as it 
decreases the result turnaround time and can be used to 
diagnose and treat positive patients in a timely manner. As 
a rapid detection method with high sensitivity and speci-
ficity, the PCR–dipstick chromatography method has a 
bright application future in PCR post-analysis in many 
additional fields.

Supplementary Information The online version contains supplemen-
tary material available at https:// doi. org/ 10. 1007/ s00284- 021- 02621-7.

Table 3  Comparison of the 
detection rate by age using the 
PCR–dipstick chromatography 
method

# Pearson chi-square test
a P < 0.01
b P > 0.01

Pathogens Age(years old)

Under 5 yr 
(n = 293)
n (%)

5–18 yr 
(n = 232)
n (%)

19–60 yr
(n = 151) n (%)

Over 60 yr 
(n = 220)
n (%)

Χ2# P value

SARS-CoV-2 ORF1ab 1 (0.3) 0 (0.0) 10 (6.8) 7 (3.1) 26.760  <0.0005a

SARS-CoV-2 N 1 (0.3) 0 (0.0) 10 (6.8) 7 (3.1) 26.760  <0.0005a

IFA 13 (3.9) 11 (5.7) 7 (4.8) 13 (5.8) 0.945 0.815b

IFB 33 (9.9) 19 (9.8) 4 (2.7) 7 (3.1) 17.965  <0.0005a

RSV 28 (8.4) 5 (2.6) 2 (1.4) 7 (3.1) 23.815  <0.0005a

ADV 63 (18.9) 18 (9.3) 14 (9.6) 14 (6.3) 27.748  <0.0005a

MP 52 (15.6) 58 (30.1) 2 (1.4) 5 (2.2) 90.246  <0.0005a

CP 4 (1.2) 5 (2.6) 0 (0.0) 3 (1.3) 1.914 0.590b

https://doi.org/10.1007/s00284-021-02621-7
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