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Droplet digital recombinase polymerase amplification for
multiplexed detection of human coronavirus

The multiplexed droplet digital recombinase polymerase
amplification (MddRPA) assay offers rapid, precise, and
accurate molecular diagnosis of viral infections through

a droplet-based microfluidic chip. The chip facilitates the
rapid mixing of master mix and initiator within well-confined
droplets, enabling precise initiation of the isothermal
amplification. With high specificity and sensitivity, three
types of human coronavirus are simultaneously quantified
within 30 minutes. The MddRPA assay demonstrates its
potential as a reliable tool, paving the way for advancements
in molecular diagnostics.
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1. Introduction

Droplet digital recombinase polymerase
amplification for multiplexed detection of human
coronavirust

Ji Wook Choi, @ 2 Won Ho Seo, @ 1° Taejoon Kang,*®
Taewook Kang @ ©" and Bong Geun Chung @ **f

Since the outbreak of coronavirus 2019 (COVID-19), detection technologies have been attracting a great
deal of attention in molecular diagnosis applications. In particular, the droplet digital PCR (ddPCR) has
become a promising tool as it offers absolute quantification of target nucleic acids with high specificity and
sensitivity. In recent years, the combination of the isothermal amplification strategies has made ddPCR a
popular method for on-site testing by enabling amplification at a constant temperature. However, the
current isothermal ddPCR assays are still challenging due to inherent non-specific amplification. In this
paper, we present a multiplexed droplet digital recombinase polymerase amplification (MddRPA) with
precise initiation of the reaction. First, the reaction temperature and dynamic range of reverse transcription
(RT) and RPA were characterized by real-time monitoring of fluorescence intensities. Using a droplet-
based microfluidic chip, the master mix and the initiator were fractionated and rapidly mixed within well-
confined droplets. Due to the high heat transfer and mass transfer of the droplets, the precise initiation of
the amplification was enabled and the entire assay could be conducted within 30 min. The concentrations
of target RNA in the range from 5 copies per puL to 2500 copies per pL could be detected with high
linearity (R> > 0.999). Furthermore, the multiplexed detection of three types of human coronaviruses was
successfully demonstrated with high specificity (>96%). Finally, we compared the performance of the assay
with a commercial RT-gPCR system using COVID-19 clinical samples. The MddRPA assay showed a 100%
concordance with the RT-gPCR results, indicating its reliability and accuracy in detecting SARS-CoV-2
nucleic acids in clinical samples. Therefore, our MddRPA assay with rapid detection, precise quantification,
and multiplexing capability would be an interesting method for molecular diagnosis of viral infections.

single-molecule detection.>* In particular, the reverse-
transcript real-time polymerase chain reaction (RT-qPCR),

Early detection of infectious diseases is of paramount
importance, as evidenced by the current outbreak of the
coronavirus 2019 (COVID-19) pandemic.”? Nucleic acid
amplification tests (NAATs) have shown a remarkable
advancement over the past decades due to their capability of
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used as a predominant method for COVID-19 diagnosis,
provides highly sensitive and specific detection.” Despite these
advantages, the RT-qPCR still poses a risk of false-positive and
quantification bias as the assay relies on calibration curves.®
In particular, these problems are difficult to handle when the
concentration of target RNA sequences is low.”

The digital PCR (dPCR) can be an alternative method to
resolve these limitations. Since the DNA amplification
procedure is conducted after dividing the samples into tens of
thousands of partitions, the dPCR features better inhibitor
tolerance than the qPCR.*™® In addition, the dPCR enables
absolute quantification of target nucleic acids without any
references by using end-point fluorescence detection and
Poisson statistics.”" Droplet microfluidic technologies have
widely been utilized as the compartmentalization strategy of
dPCR due to their automation, high throughput, and mono-
dispersity properties.’> However, the droplet-based digital PCR
(ddPCR) still suffers from droplet merging, which can be
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generated during thermal cycling steps. To address this
problem, isothermal amplification strategies, such as nucleic
acid sequence-based amplification (NASBA),">'* loop-mediated
isothermal  amplification ~ (LAMP),">'®  rolling  circle
amplification ~ (RCA),"”” and recombinase  polymerase
amplification (RPA),'® have previously been employed. As the
amplification process is performed at a constant temperature,
these methods make the ddPCR assay suitable for on-site
testing applications. Among them, the RPA has attracted more
attention in the molecular diagnosis field due to its rapid
reaction, design simplicity, and the ability of multiplexing.™
The RPA reaction is immediately triggered by the addition of
magnesium acetate (MgOAc) and activated near room
temperature. However, the non-specific amplification can occur
during the RPA reaction and cause difficulties in the
quantification of target molecules.*®* To overcome these
limitations, a digital reaction unlocking approach has been
presented.”’ By coupling pico-injection with a droplet-based
microfluidic chip, the RPA reaction was accurately initiated.
Nonetheless, the droplet digital RPA (ddRPA) strategy has rarely
been explored, unlike other isothermal amplification methods.
In addition, there is an urgent need for multiplexed detection to
counter the rapidly emerging COVID-19 variants (e.g., alpha,
beta, gamma, and omicron).>* However, the ddRPA assay with
multiplexing capability has not yet been reported.

In this paper, we present a novel multiplexed droplet
digital RPA (MddRPA) assay for the quantitative detection of
infectious diseases. First, the reaction conditions and
dynamic range of RPA are characterized by real-time
monitoring of the fluorescence. The droplet-based
microfluidic chip facilitates the compartmentalization of the
RPA samples into uniform-sized droplets, ensuring accurate
quantification and reducing the risk of non-specific
amplification. Furthermore, we introduce a rapid and precise
method for initiating the RPA reaction by using the
microfluidic chip to mix MgOAc with the master mix. After
the droplets are collected, the RT-RPA assay is conducted at a
constant temperature for 20 min. The multiplexing capability
of our assay is demonstrated using three types of human
coronaviruses (e.g., 229E, OC43, and NL63). Finally, we apply
our assay in diagnosing clinical COVID-19 samples and
compare its analytical sensitivity with a commercial RT-qPCR
system. Therefore, our MddRPA assay can be considered an
effective and innovative method for molecular diagnosis of
pandemic variants.

2. Materials and methods
2.1. Materials

DNA oligonucleotides were synthesized and purified by Bioneer
(Daejeon, Korea). The base sequences are listed in Table S1.7
RNA samples of Human coronavirus 229E, OC43, and NL63
(KBPV-VR-76D, KBPV-VR-32D, KBPV-VR-34D, KBPV-VR-29D,
KBPV-VR-30D, KBPV-VR-31D, KBPV-VR-9D, KBPV-VR-8D, KBPV-
VR-88D, respectively) were purchased from Korea Bank for
Pathogenic Viruses (Seoul, Korea). All the oligonucleotides were
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dissolved in Tris-EDTA buffer (pH 8.0), measuring their
concentration using a Nanodrop 2000 from Thermo Scientific
(MA, USA), and stored at —20 °C before use. A 25/100 bp DNA
Ladder Marker was purchased from Bioneer (Daejeon, Korea). A
TwistAmp basic kit (TwistDx, Cambridge, UK) was used for gel
electrophoresis reaction. For RPA and RT-RPA reaction, a
TwistAmp exo kit (TwistDx, Cambridge, UK) was used in
combination with lyophilized CycleScript reverse transcriptase
(Daejeon, Korea). Ultrapure water with 18.2 MQ-cm was used
throughout the study. All reagents were used as received without
further purification.

2.2. Fabrication of a droplet-based microfluidic chip

A droplet-based microfluidic chip was fabricated by a
photolithography method as previously reported.”® Briefly,
the mask film was designed using 2D CAD software
(AutoCAD, Autodesk, USA). A silicon wafer was cleaned with
isopropanol (IPA, Sigma Aldrich, USA) and dried with
nitrogen gas. The wafer was spin-coated using a negative
photoresist (SU8-50, MicroChem, USA) for 30 s at 1000 rpm
and baked at 65 °C and 95 °C for 10 min and 30 min,
respectively. The mask and wafer were aligned and exposed
to UV for 15 s. The wafer was further baked at 65 °C for 1
min, at 95 °C for 10 min, and developed by the SU8
developer. The resulting wafer was cleaned with deionized
(DI) water and dried with nitrogen gas. Polydimethylsiloxane
(PDMS) (Sylgard 184, Sigma Aldrich, USA) was mixed at a
ratio of 10:1 (monomer: curing agent) and poured onto the
wafer after degassing. The PDMS mold was peeled off and
attached to a glass slide after oxygen plasma treatment
(Femto Scientific, Korea). The fabricated chip was coated with
immiscible oil (KEM-1720, Kemis, Korea), cleaned with DI
water, and stored at room temperature before use.

2.3. Gel analysis of RPA

For gel analysis, 29.5 uL of rehydration buffer, 0.5 pL of
Cyclescript reverse transcriptase (200 U upL™"), 2.1 pL of
forward primer (10 pmol pL™), 2.1 uL of reverse primer (10
pmol uL™"), 0.6 pL of exo probe (10 pmol pL™"), 1 uL of
template, 11.7 puL of H,0, and 2.5 pL of 280 mM magnesium
acetate were added into the lid of the reaction tube
containing a freeze-dried pellet. The tube was centrifuged
and incubated at 39 °C for 20 min. Native polyacrylamide gel
electrophoresis (12% PAGE) of the amplified DNA was
conducted on a Mini-Protean system (California, USA) at 110
mV in 1x TBE buffer (90 mM Tris-HCl, 90 mM boric acid, 2
mM EDTA, pH 7.9) for 40 min and imaged with a FAS Nano
gel documentation system (Nippon Genetics, Tokyo, Japan)
under UV light after staining with a GreenStar (Bioneer,
Daejeon, Korea).

2.4. ddRPA assay

Per reaction, 29.5 pL of rehydration buffer, 0.5 pL of
Cyclescript reverse transcriptase (200 U upL™"), 2.1 pL of
forward primer (10 pmol pL™"), 2.1 uL of reverse primer (10
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pmol uL™), 0.6 uL of exo probe (10 pmol uL™), 1 uL of the
template, 11.7 pL of H,0, and 2.5 pL of 280 mM magnesium
acetate were mixed and injected to the droplet-based
microfluidic chip by a syringe pump. The droplets were
collected in a tube and incubated in the dry bath for 20 min.
The droplets were loaded onto a glass slide, and fluorescence
images were taken using a fluorescence microscope (IX73,
Olympus, Japan). Quantification analysis was conducted
using a custom-written algorithm.

2.5. Clinical sample preparation

A total of 18 clinical samples were collected from patients at
Gyeongsang National University College of Medicine, Jinju,
Korea. Flocked nasopharyngeal swabs were utilized to obtain
nasopharyngeal aspirates, which were subsequently placed in
viral transport media (UTM, Copan Diagnostics Inc., USA).
The samples were preserved at -85 °C until further use. The
study protocol was thoroughly reviewed and granted approval
by the Institutional Review Board of Gyeongsang National
University College of Medicine, Jinju, Korea (IRB approval
number: 2022-10-012) prior to the initiation of the study.

2.6. RT-qPCR tests

RNA extraction and purification were performed using a
QIAamp Viral RNA Mini Kit (Qiagen, Germany) according to the
manufacturer's standard protocol. Subsequently, the RT-qPCR
was conducted using a AccuPower® GreenStar RT-qPCR mix
(Bioneer, Korea), following the manufacturer's instructions.
Briefly, the extracted RNA was combined with RT-qPCR
components and an E gene primer/probe set. The reaction
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underwent reverse transcription for 10 min at 55 °C, initial
denaturation for 1 min at 95 °C, and 45 PCR cycles, each
consisting of 5 s denaturation at 95 °C and 30 s annealing/
extension at 55 °C. Fluorescence signals were measured at the
endpoint of each PCR cycle using a 7500 Real-Time PCR System
(Applied Biosystems, USA), and Ct values were obtained with
the integrated software. The sequences for the primer and
probe set targeting the E gene are shown in Table S1.}

2.7. Statistical analysis

All experiments were performed in triplicate, and the results
were expressed as mean + standard deviation (SD). Statistical
analysis was performed using a ¢test, and the significance
levels were indicated by asterisks (*p < 0.05, **p < 0.01). For
quantification, the fluorescence intensities of the no-
template control (NTC) samples were measured three times,
and the upper 95% confidence value was used as the
threshold. The correlation between the MddRPA assay and
the RT-qPCR assay was evaluated using Pearson’s correlation
coefficient (R?).

3. Results and discussion

3.1. Development of ddRPA assay

We developed the MddRPA assay for the quantitative
detection of the human coronavirus. The overall process of
the MddRPA assay was shown in Fig. 1. The RPA reaction is
commonly conducted at near room temperature and initiated
immediately by injection of the initiator (MgOAc).>* Non-

specific RPA reactions can cause DNA amplification before

Digitation & Reaction initiation RT-RPA Multiplexed detection
Primers 2 Q
s, Q@SOS
.dNTP RNA .
= NS
RNA
l RPA N
&) ©
(s} 5

Droplet-based microfluidic chip

L -
o P %5 1
A

Channel 1

Fig. 1 Schematics of the ddRPA assay. The master mix was mixed with the initiator (MgOAc), and the mixture was generated in the form of
droplets. The collected droplets were incubated at 39 °C for 20 min, and RT and RPA were conducted simultaneously. The droplets containing
target RNA generated distinct fluorescence signals, and the fluorescence intensities were analysed by 2 factors (channel 1 and channel 2). Finally,

the concentrations of the RNA were quantified using Poisson's distribution.
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sample fractionation, making absolute quantification
difficult.>® To address this problem, we configured the
droplet-based microfluidic chip with the RPA reaction. Using
this chip, the initiator and the RPA sample were mixed and
fractionated simultaneously. The generated droplets were
collected through the tube and incubated at 39 °C for 20 min
for reverse transcription (RT) and continuous amplification.
After the RT-RPA was conducted, the droplets containing
target RNA generated distinct fluorescence signals. Here,
each RNA group was tagged with different TagMan probes
(e.g., FAM, TAMRA, and Cy5) for multiplexed end-point
detection. The resulting droplets were pipetted onto a slide
glass, and fluorescence images were taken by three channels
of fluorescence microscopy. The images were analyzed using
a custom-written algorithm, and the fluorescence intensity
was divided based on two factors (e.g., channel FAM and
channel Cy5) (ESIT Material S1). Briefly, the location of the
droplets in the fluorescence images was detected, and the
fluorescence intensities of 2 channels were measured. The
intensities were plotted on the histogram, and a threshold
was designated using an auto-thresholding algorithm,
previously developed in our research group.”® Finally, the
ratio of positive droplets was calculated, and the initial
concentrations of three target RNAs were quantified by
Poisson statistics.

3.2. Optimization of reaction conditions for RPA and RT-RPA

Prior to the ddRPA experiment, the reaction conditions of
RPA and RT-RPA were characterized. In general, the RPA

View Article Online
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reaction is conducted at a constant temperature between 37
°C and 42 °C, and the reaction temperature varies depending
on the composition of the target RNA and primers.>” As the
RPA reaction is suitable for short amplicons (100-200 bp),
the primers and probes were designed to amplify a 178 bp
target of human coronavirus (e.g., 229E).>® To explore the
optimal reaction temperature, independent reactions were
performed at different temperatures, and fluorescence
intensities were observed in a real-time manner (Fig. 2). First,
the RPA reaction was conducted using DNA samples
including fluorescence probes (Fig. 2A). The fluorescence
intensities increased with the reaction time. However, the
intensities remained constant above 40 °C. To investigate the
compatibility of RT and RPA, we conducted the experiments
using RNA templates under identical conditions (Fig. 2B).
The intensities were gradually increased and the highest
intensity was observed at 39 ©°C. To validate the
reproducibility, the intensities were measured three times
after 20 min (Fig. 2C). The results were consistent,
demonstrating the reproducibility of our assay under the
optimized conditions. Based on these results, we selected 39
°C as the optimum reaction temperature for further
experiments. We validated the reaction time of RPA and RT-
RPA using various concentrations ranging from 10 to 10*
copies per uL (Fig. 2D and E). As the concentration increased,
the difference in the intensity also increased, and distinct
intensities were observed as compared to the NTC sample in
all conditions. Additionally, the difference in the intensities
could be observed after 20 min. The intensities were
measured three times after 20 min, and the results confirmed
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Fig. 2 Optimization of the RPA and RT-RPA reactions. Graph of fluorescence intensities during the RPA (A) and RT-RPA (B) reactions at different
temperatures (37-42 °C). Graph of fluorescence intensities showing the reproducibility of the RT-RPA reaction (C). Graph representing the dynamic
range of the RPA (D) and RT-RPA (E) reactions. Bar graph of fluorescence intensities of the RT-RPA reaction (F). The fluorescence intensities were
measured three times under identical conditions (*p < 0.05, **p < 0.01).
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Fig. 3 Characterization of the droplet-based microfluidic chip. Fluorescence images showing the mixing efficiency of the droplet-based
microfluidic chip (A and B). Fluorescence image of the collected droplets (C). Histogram plot of the distribution of fluorescence intensity (D).
Microscopy images of the generated droplets using different oil flow rates (E). Histogram plot representing the size distribution of the droplets (F).
Graph of the droplet diameter as a function of oil flow rate (G). The scale bars are 300 um.

the reliability of our assay for various sample concentrations
(Fig. 2F). These results indicated that the primers were
successfully designed, and the reaction conditions of RPA
were well characterized.

3.3. Characterization of the droplet-based microfluidic chip

In an RPA assay, the precise initiation is of critical importance
to prevent non-specific amplification.”® To address this issue,
we designed a droplet-based microfluidic chip comprising
sample mixing and fractionation (Fig. 3). The chip consisted of
2 inlets for the RPA sample and initiator, a cross-junction for
droplet generation, and an outlet for collecting droplets (Fig.
S17). To evaluate the mixing efficiency of the chip, the droplets
were generated using fluorescein isothiocyanate (FITC) and DI-
water (Fig. 3A). As shown in the fluorescence images, the mixing
of the solutions was simultaneously initiated with the
generation of droplets. The optical density (OD) across the
droplets was evaluated to validate the uniformity of the
fluorescence intensity (Fig. 3B). Due to the small volume and
rapid mass transfer of the droplets, the standard deviation of
OD rapidly decreased in milliseconds, while the average was
constant. The generated droplets were collected, and the
fluorescence images were taken immediately (Fig. 3C). All
droplets exhibited the uniform fluorescence, and the narrow
distribution of the intensity was observed (CV < 1.57%)
(Fig. 3D). Overall, these results represented the excellent mixing
performance of the microfluidic chip. The volume of the droplet
is another key parameter for the quantitative analysis of
ddRPA.* Therefore, the generation of uniform-sized droplets is
important to obtain highly reproducible results. To assess the
feasibility of our chip, we generated droplets in various sizes by
adjusting oil flow rates from 20 to 100 uL min~* (Fig. 3E). Here,
the flow rate of the aqueous sample was fixed with 20 uL min™".
As expected, the diameter of the droplets decreased from 267.99

This journal is © The Royal Society of Chemistry 2023

to 180.03 um with the increase of oil flow rates (Fig. 3F).
Additionally, the narrow size distribution (CV < 5%) was
observed in all ranges, and the uniformity of the droplet
diameter was highest at the fastest flow rates (Fig. 3G). Based
on the results, we selected 100 uL min~* as an oil flow rate for
further experiments. Under the optimized flow rates, 20000
droplets could be generated in 3 min (6550 droplets per min).
In conventional ddPCR, droplet merging can occur during the
thermal cycling steps, and this problem can cause fatal errors
in quantitative analysis.”® Meanwhile, the ddRPA can ensure the
stability of the droplets due to the low reaction temperature and
short turnaround time.*' To demonstrate this issue, we
incubated the collected droplets at 39 °C for 20 min (Fig. S27).
As shown in the images, the size of droplets remained constant,
and no droplet merging was observed. These results indicate
the robustness of our ddRPA assay.

3.4. Dynamic range of the ddRPA assay

To evaluate the quantification capability of our droplet assay,
we conducted ddRPA analysis using serially diluted RNA
samples. In theory, the effective dynamic range can be
determined by the number of partitions and the volume of the
droplets.® In the case of the characterized conditions with the
droplet diameter of 180 um (=3 nL) and 20000 partitions, the
concentrations ranging from 5 to 2500 copies per pL could be
measured using our chip (Fig. 4, ESIT Material S2). In practical
experiments, the initiator (MgOAc) and the master mix were
separately injected into each inlet. The generated droplets were
collected for 4 min and reacted for 20 min at 39 °C. In this
process, the RT and RPA reactions were conducted
simultaneously. The droplets were finally pipetted onto the slide
glass, and the images were taken via fluorescence microscopy.
The entire process of the assay was finished within 30 min. All
experiments were repeated 3 times under identical conditions.

Lab Chip, 2023, 23, 2389-2398 | 2393
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As shown in Fig. 4A, the positive signals exponentially increased
with the concentrations, and no fluorescence was observed in
the NTC sample. The fluorescence images were analyzed by an
image recognition-based method as previously developed in our
group.* The measured fluorescence intensities were plotted on
the scatter plot, and the threshold was designated to distinguish
the positive droplets (Fig. 4B). To properly determine the
threshold, we analyzed the fluorescence intensity of the NTC
samples and calculated the mean and standard deviation. The
limit of blank (LoB) was calculated as the mean plus the
standard deviation, and this value was used as a threshold, as
previously reported.> This method provided a conservative
approach to distinguish between positive and negative droplets,
reducing the risk of false-positive results. The initial
concentration (c) was calculated using Poisson statistics with
the probability of positive droplets (p) and volume of the droplet

(V(:lroI)l<e'c)-35

A=-In(1-p)
. A -In(1-p)
Vdroplet Vdroplet

The total volume of the sample was 100 pL, and

approximately 60% of the sample (~60 pL) was used for
absolute quantification. Under the assumption that the

2394 | Lab Chip, 2023, 23, 2389-2398

distribution of the sample is uniform, the concentration
obtained from the 60 pL sample can be considered as a
representative of the entire sample. We performed replicate
measurements of the sample to further validate our results,
demonstrating that the measured concentration was closely
matched to the expected concentration high linearity (R* =
0.99951) (Fig. 4C). Despite the presence of ‘rain’ droplets at
higher concentrations, our assay could accurately quantify
the target concentrations. The results indicated that the non-
specific amplification was prevented from the accurate
initiation of the RPA reaction, and the target RNA was
precisely quantified with high sensitivity. The upper 95%
confidence interval (CI) of the NTC sample was ranged from
0.76 to 2.23 copies per uL. Based on these results, the
theoretical limit of detection (LoD) and limit of
quantification (LoQ) were measured to be 2.23 copies per pL
and 6.17 copies per pL, respectively. Overall, we confirmed
that the droplet-based microfluidic chip could be used for
accurate quantification of target RNA with four orders of
magnitude from 5 copies per pL to 2500 copies per pL. It is
worth mentioning that the dynamic range and LoD of the
assay can be further improved by simply adjusting the
droplet volume and the number of partitions.*® Moreover,
the future optimization of assay conditions (e.g., primer and
probe concentration, reaction time, and temperature) could
enhance the assay performance. Additionally, the
incorporation of an internal control (IC) in future studies

This journal is © The Royal Society of Chemistry 2023


https://doi.org/10.1039/d3lc00025g

Published on 14 April 2023. Downloaded on 5/18/2023 5:33:31 AM.

Lab on a Chip

may help to monitor the amplification process and identify
any issues related to inhibition.?”

3.5. Multiplexed detection of human coronavirus

To demonstrate the multiplexing capability of the MddRPA
assay, we prepared RNA samples with three types of human
coronaviruses (e.g,, 229E, OC43, and NL63). In our assay, we
focused on amplifying and detecting specific target regions
within the viral RNA genome, rather than encapsulating the
entire virus or its complete genome. The primers and probes
were designed to amplify and detect a specific fragment of the
viral RNA genome, serving as an indicator for the presence of
each respective virus (Table S17). Before the experiments, each
RNA was assayed by gel electrophoresis to validate the
specificity of the designed primers (Fig. S31). As shown in the
images, the amplification products could be specifically
detected without any cross-reactivity. We next conducted the
MddRPA assay with the RNA concentration of 1000 copies per
uL (Fig. 5). In our MddRPA assay, we performed simultaneous
detection of the 3 types of human coronaviruses in a single
operation by mixing the primers and probes together and
conducting RT-RPA reaction in a single droplet. As shown in
Fig. 5A, unique fluorescence signals were observed depending
on the type of target RNA. The images were analyzed, and the
fluorescence intensities were distinguished by two factors: FAM
and Cy5 channel amplitudes (Fig. 5B). Most points were clearly
clustered, and the thresholds covered over 95% of the scatters.
These results well corresponded to the gel electrophoresis
analysis. The RNA concentrations were measured using the ratio
of the positive points (Fig. 5C). The measured concentrations
slightly differed from the estimated concentration; however, the
absolute bias did not exceed 15%. We further validated the
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specificity of the MddRPA assay. Fig. 5D represents the
confusion matrix comparing the predicted RNA types with the
true classes. The prediction accuracy was over 96%, and the
maximum value of the misclassified classes was 2.51%. These
results demonstrated that our MddRPA assay could detect the
target RNA with high specificity. Additionally, our assay can
easily be adopted to detect other viral infections with a simple
modification of the primers and probes. We further compared
our MddRPA assay with other droplet digital isothermal
amplification methods to highlight the advantages of our
method (Table S21). We demonstrated that our MddRPA assay
showed better sensitivity, faster turnaround time, and
multiplexing capability, emphasizing its unique contributions
and potential for practical applications.

3.6. Quantification of SARS-CoV-2 nucleic acids from the
clinical samples

To evaluate the performance of our assay, we tested the
clinical SARS-CoV-2 RNA samples for the diagnosis of COVID-
19 (Fig. 6). We analyzed 18 clinical samples and compared
the quantification results with those obtained using the RT-
qPCR assay, a widely accepted gold standard method for
COVID-19 diagnosis. Primer information for the detection of
the E gene is provided in Table S1.f The RT-qPCR was
conducted using a commercial platform (7500 Real-Time PCR
System, Applied Biosystems), and an approved RT-qPCR Kkit.
The amplification curves produced by the RT-qPCR are
shown in Fig. 6A. Based on the automatically determined
threshold, the 8 samples were detected as positive, and 10
samples were detected as negative. The concentrations of the
samples were determined by the Ct-values, and a linear
regression curve was plotted based on the plasmid copy
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number (Fig. 6B and C). The MddRPA assay was conducted
under identical conditions. We observed a 100% concordance
between the MddRPA assay and RT-qPCR results for the
clinical samples (Fig. 6D). This high concordance indicates
that our MddRPA assay is reliable and accurate for detecting
SARS-CoV-2 nucleic acids in clinical samples. A graph
representing quantitative analyses of RT-qPCR and MddRPA
is shown in Fig. 6E, illustrating the strong correlation
between the two methods. A heatmap was generated to
visualize the quantitative results of the assays (Fig. 6F). The
heatmap demonstrates the consistency between the two
assays in terms of the quantification of SARS-CoV-2 RNA.
Notably, the MddRPA assay can be conducted within 30
minutes, while the RT-qPCR assay takes at least 2 hours. To
further validate the capability of our assay, mock samples
containing human coronavirus (e.g., 229E and OC43) were
prepared (Fig. S4t1). The SARS-CoV-2 RNA samples were
serially diluted with the mock samples in a ratio of 1:10 to
1:100. The fraction of positive droplets was increased as the
dilution factor decreased, and the copy number was
quantified with high linearity (R*> = 0.9989 for 229E; R*> =
0.9927 for OC43). Overall, these results demonstrated that
our MddRPA assay could be a promising alternative for
COVID-19 diagnosis, offering a rapid, sensitive, and reliable
method.

4. Conclusions

In this paper, we presented a MddRPA assay for multiplexed
quantitative detection of infectious diseases. The method

2396 | Lab Chip, 2023, 23, 2389-2398

combined the droplet-based microfluidic chip and RT-RPA
assay. First, the reaction conditions of the RPA and RT-RPA
were characterized by real-time monitoring of fluorescence
intensities. With the optimal reaction temperature, the target
RNA and DNA were successfully amplified at a constant
temperature within 20 min. The droplet-based microfluidic
chip was employed for the precise initiation of the RPA
reaction. The sample fractionation and  mixing
simultaneously proceeded in a high-throughput manner
(>6500 droplets per min) and excellent uniformity (Varopiet ~
3 nL, CV = 1.57%). This allowed the assay to measure the
target RNA ranging from 5 copies per uL to 2500 copies per
uL with high linearity (R*> = 0.99951), and the whole process
could be completed in 30 min. The resulting LoD was 2.23
copies per pL, and the LoQ was 6.17 copies per pL.
Furthermore, the multiplexing capability of the MddRPA was
demonstrated using three types of human coronavirus RNAs
(e.g., 229E, OC43, and NL63). Each RNA exhibited the distinct
fluorescence signals and was clearly distinguished by
fluorescence amplitudes with high specificity (>96%). To
validate the performance of our assay, we compared the
quantification results with those of a commercial RT-qPCR
system using COVID-19 clinical samples. The MddRPA assay
exhibited comparable analytical accuracy for quantifying the
SARS-CoV-2 RNA samples. The use of the automated fluidic
device®® or fluorescence imaging set-up®®> would further
enhance the point-of-care testing (POCT) capabilities of the
assay. Our method can also be applied for the quantitative
detection of other viral RNAs through the simple primer and
probe design. Therefore, this rapid, easy-to-use, and accurate
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MddRPA could be a powerful tool for the quantitative
detection of viral variants.
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