
Citation: Ho, K.-L.; Ding, J.; Fan, J.-S.;

Tsui, W.N.T.; Bai, J.; Fan, S.-K. Digital

Microfluidic Multiplex RT-qPCR for

SARS-CoV-2 Detection and Variants

Discrimination. Micromachines 2023,

14, 1627. https://doi.org/10.3390/

mi14081627

Academic Editors: Bharath

Babu Nunna and Eon Soo Lee

Received: 4 July 2023

Revised: 5 August 2023

Accepted: 11 August 2023

Published: 17 August 2023

Copyright: © 2023 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

micromachines

Article

Digital Microfluidic Multiplex RT-qPCR for SARS-CoV-2
Detection and Variants Discrimination
Kuan-Lun Ho 1 , Jing Ding 1, Jia-Shao Fan 2, Wai Ning Tiffany Tsui 3, Jianfa Bai 3,4 and Shih-Kang Fan 1,*

1 Department of Mechanical and Nuclear Engineering, Kansas State University, Manhattan, KS 66506, USA;
kuanlun@ksu.edu (K.-L.H.); jingd@ksu.edu (J.D.)

2 Department of Electrical and Computer Engineering, Kansas State University, Manhattan, KS 66506, USA;
joshuafan@ksu.edu

3 Kansas State Veterinary Diagnostic Laboratory, Kansas State University, Manhattan, KS 66506, USA;
wntsui@vet.ksu.edu (W.N.T.T.); jbai@vet.ksu.edu (J.B.)

4 Department of Diagnostic Medicine/Pathobiology, Kansas State University, Manhattan, KS 66506, USA
* Correspondence: skfan@ksu.edu

Abstract: Continuous mutations have occurred in the genome of the SARS-CoV-2 virus since the onset
of the COVID-19 pandemic. The increased transmissibility of the mutated viruses has not only imposed
medical burdens but also prolonged the duration of the pandemic. A point-of-care (POC) platform that
provides multitarget detection will help to track and reduce disease transmissions. Here we detected
and discriminated three genotypes of SARS-CoV-2, including the wildtype and two variants of concern
(VOCs), the Delta variant and Omicron variant, through reverse transcription quantitative polymerase
chain reaction (RT-qPCR) on a digital microfluidics (DMF)-based cartridge. Upon evaluating with the
RNA samples of Omicron variant, the DMF RT-qPCR presented a sensitivity of 10 copies/µL and an
amplification efficiency of 96.1%, capable for clinical diagnosis. When spiking with SARS-CoV-2 RNA
(wildtype, Delta variant, or Omicron variant) and 18S rDNA, the clinical analog samples demonstrated
accurate detection and discrimination of different SARS-CoV-2 strains in 49 min.

Keywords: SARS-CoV-2; COVID-19; Delta variant; Omicron variant; RT-qPCR; digital microfluidics;
electrowetting

1. Introduction

Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2), a respiratory infectious
agent, is responsible for the COVID-19 pandemic. As of 30 June 2023, there have been more
than 767.5 million confirmed human cases of COVID-19 worldwide, including over 6.94
million deaths [1]. Despite the fact that more than 13.4 billion doses of vaccines have been
administered and the additional boosters have been available [2], the infection rates were
high due to the emergence of different variants of SARS-CoV-2, characterized by numerous
mutations in the spike protein and across the genome [3,4]. Of all the different variants, the
Delta variant, represented by lineage 1.617.2, was identified in late 2020 and quickly spread
around the world, becoming the most virulent and dominant version of the coronavirus [5]. In
November 2021, the Omicron variant (lineage B.1.1.529) was detected and the reported cases
soon began to surge and multiply in other countries [6]. A subvariants of Omicron (XBB.1.5)
then became the dominant variant globally due to its high transmissibility and potential
immune evasion compared to earlier variants [7,8]. However, the full impact of the Omicron
variant on disease severity and vaccine effectiveness is still under investigation [9,10].

The rapid and accurate diagnosis of SARS-CoV-2 and its important variants is pivotal
to monitoring the spread, assessing the effectiveness of vaccines and therapy, and adjusting
interventions during the pandemic [11]. Common diagnostic methods include serological
tests that detect the presence of antibodies, IgM and IgG, in blood samples produced by
the immune system in response to viral infection, and antigen tests that detect specific viral
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proteins in nasopharyngeal or oropharyngeal specimens [12–14]. However, serological tests
are generally not used for the early diagnosis of active infection, but only to help assess
whether an individual has been exposed to the virus [15]. While antigen testing is a rapid and
less costly method, it is typically less sensitive and prone to false negatives in the early stages
of infection when viral loads are low or when variant-specific antibodies are not available [16].
In contrast, reverse transcription quantitative polymerase chain reaction (RT-qPCR) has high
sensitivity and specificity for the accurate detection of the viral RNA, and hence is the “gold
standard” for the clinical diagnosis of SARS-CoV-2 [17,18]. By detecting multiple target
genes in a single reaction, multiplex RT-qPCR offers high throughput with reduced reagents
and fewer pipetting steps [19]. With proper primer–probe sets targeting unique deletions
of SARS-CoV-2 variants, multiplex RT-qPCR has been proven to be a powerful tool for the
identification and discrimination of wildtype, Delta variant, and Omicron variant [20,21].

RT-qPCR has been widely adapted for the point-of-care (POC) testing of SARS-CoV-2
outside of laboratory settings with a reduced sample consumption and short turnaround
time [22–26]. Although multiplex RT-qPCR using multiple fluorescence-specific probes
can improve the assay accuracy [27], the demand of POC’s portability could possibly com-
promise its optical functionalities and multiplexity. In addition, the potential temperature
fluctuation and operation error in the scenario of on-site POC testing could cause undesired
amplification products and PCR bias due to the complicated primer–probe sets [28–30].
Therefore, detecting multiple target genes of SARS-CoV-2 on a POC device is rare, not to
mention discriminating its circulating variants.

Here, we demonstrate a digital microfluidic (DMF) RT-qPCR cartridge for detecting
and discriminating multiple SARS-CoV-2 strains, including wildtype, Delta variant, and
Omicron variant. The study was built on our experiences on assay developments with
proper primer–probe sets [20,21] and droplet manipulations on a DMF cartridge [31–35].
Different from typical multiplex PCR using different primer–probe sets in a single reaction,
our multiplex scheme relies on concurrent singleplex reactions in multiple droplets each
having its own primer–probe set. In other words, different primer–probe sets for wildtype,
Delta variant, and Omicron variant, are mixed with the sample in separate droplets for
RT-qPCR on the same DMF cartridge at the same time. This paradigm would minimize
PCR bias that results from the competition among different primer–probe sets and eliminate
the requirement of multiple fluorescence filters, which provides accurate and sensitive
diagnostic results with a simple and compact system for RT-qPCR testing. The amplification
efficiency and limit of detection (LoD) of the DMF RT-qPCR cartridge were evaluated using
the Omicron variant RNA and compared with off-chip results from a benchtop qPCR
instrument. The capability of detection and discrimination of SARS-CoV-2 variants was
demonstrated using clinical analog samples.

2. Materials and Methods
2.1. DMF Cartridge

RT-qPCR was performed in assembled DMF cartridges (6 cm × 4 cm, Figure 1a) for
SARS-CoV-2 variants diagnosis. Each cartridge was composed of a transparent top plate
made of polycarbonate (PC) and a printed circuit board (PCB)-based bottom plate following
the fabrication [35]. Briefly, the inner surface of the PC top plate was coated with a conductive
polymer and a fluorinated hydrophobic layer. Five independent inlets and reservoirs (A to
E) were designed for loading RT-qPCR reaction mix solutions, whereas an oil inlet was for
the environmental fluid hexadecane. The PCB bottom plate held patterned copper electrodes
that were covered with a polyimide film and a fluorinated hydrophobic layer. The reservoir
electrodes were used for droplet generation, and a total of 274 square driving electrodes
(1.5 mm × 1.5 mm) were used for droplet actuation. With proper generating procedures, the
volume of the droplets, covering two driving electrodes (1.5 mm × 3 mm) between top and
bottom plates with a gap height of 340 µm, was approximately 1.5 µL in this study.

The DMF cartridge was controlled by the electric, thermal, and optical modules re-
ported previously [35]. Briefly, the electric module provided driving signals for droplet
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actuation; the thermal module adjusted and maintained the temperature of the two temper-
ature zones of the cartridge (Figure 1b) for RT and PCR; the optical module obtained the
fluorescent images for qPCR. To perform multiplex RT-qPCR on the DMF cartridge, the
five droplets A to E were designed for detecting different target genes using corresponding
primer–probe sets: SARS-CoV-2 wildtype (droplet A), Delta variant (droplet B), Omicron
variant (droplet C), human 18S ribosomal RNA (rRNA, droplet D) genes, and all the above
genes for no template control (NTC, droplet E), as shown in Figure 1b.
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Figure 1. Digital microfluidic (DMF) cartridge for SARS-CoV-2 variants detection by RT-qPCR. (a) The
top PC plate had five inlets for reaction mix solutions and an inlet for oil; the bottom PCB plate contained
electrodes. (b) The five droplets generated from the reservoirs (indicated with rightwards arrows)
underwent RT at 48 ◦C and then qPCR by shuttling between the 95 ◦C and 60 ◦C temperature zones
(indicated with left right arrows) for the detection of SARS-CoV-2 wildtype (droplet A), Delta variant
(droplet B), Omicron variant (droplet C), human 18S rRNA (droplet D) genes, and NTC (droplet E).

2.2. Reagents and Chemicals

Synthetic SARS-CoV-2 RNA controls (wildtype, part number: 103512; Delta, part number:
104539; Omicron, part number: 105857) with the concentration of 1,000,000 copies/µL were
from Twist Bioscience (South San Francisco, CA, USA) and used as stock solutions. The human
18S ribosomal rDNA template was generously provided by our collaborator in the Veterinary
Diagnostic Laboratory at Kansas State University (Manhattan, KS, USA). The 18S rDNA
internal control template was extracted from transformed E. coli cells carrying the plasmid
with target sequence to prepare the stock solution at the concentration of 3.72 ng/µL. The
IDTE pH 7.5 (1× TE buffer) from Integrated DNA Technologies (IDT, Coralville, IA, USA) was
used for RNA controls and 18S rDNA dilutions. The primer–probe sets used in this study are
listed in Table S1. The RT-qPCR primer–probe set for N1 (2019-nCoV_N1-F, 2019-nCoV_N1-R,
2019-nCoV_N1-P) followed the panel reported by the U.S. Centers for Disease Control and
Prevention (CDC) [36]; the primer–probe sets for Delta (SARS2-dF, SARS2-dR, SARS2-dPr,
SARS2-wPr) and Omicron (OmN-F, OmN-R, OmNm-Pr, OmNw-Pr) variants were designed
from a collection of 660,035 SARS-CoV-2 full- or near-full genomes, including 169,454 Delta
variant and 24,202 Omicron variant strains [21]; the primer–probe set for the rDNA that
codes for human 18S rRNA gene (18S-F, 18S-R, 18S-Pr), a conserved housekeeping gene, was
referred to in a previous study [37]. All the primer–probe sets were synthesized from IDT. The
4× TaqPathTM 1-Step Multiplex Master Mix for RT-qPCR in gene expression and quantitative
analysis was produced by Applied Biosystems/ThermoFisher Scientific (Waltham, MA, USA).
The surfactant, Tween-20 from Sigma-Aldrich (St. Louis, MO, USA), was supplemented in all
solutions for droplet actuation [35,38,39]. The environmental fluid, hexadecane (99%), was
from ThermoFisher Scientific [35,38].

2.3. RT-qPCR Reaction and Protocol

Five RT-qPCR reaction mix solutions are listed in Table S2. Other than the primer–
probe set with its own optimized concentration, the final 20 µL solution also contained
5 µL of 4× TaqPathTM 1-Step Multiplex Master Mix, 5 µL of nuclease-free water with 0.4%
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(v/v) Tween-20, and 5 µL of a sample except the NTC control. Based on the instruction
of TaqPathTM 1-Step Multiplex Master Mix, our RT-qPCR protocol followed a reverse
transcription step at 48 ◦C for 10 min, a polymerase activation step at 95 ◦C for 2 min, and
45 cycles of denaturation at 95 ◦C for 3 s and annealing/extension at 60 ◦C for 20 s. All
the target genes were recognized by the FAM-conjugated probes. It is noteworthy that the
primer–probe set for Delta variant was designed to recognize the unique 6-nt deletion in
the S gene (∆157–158 aa deletion), whereas the primer–probe set for Omicron was designed
to recognize the unique 9-nt deletion in the N gene (∆31–33 aa deletion) [20,21]. To assure
the probe specificity and eliminate false positives, an additional competing sequence of
wildtype probe without fluorescent dye was designed and specifically supplemented in our
Delta or Omicron primer–probe set. As listed in Tables S1 and S2, SARS-w-Pr probe was
added in the Delta primer–probe set as a competing wildtype probe that prevents the Delta
variant probe (SARS2-dPr) from binding to the non-Delta wildtype amplicons and gen-
erating a false-positive fluorescence signal. Similarly, the OmNw-Pr competing wildtype
probe was used to bind to non-Omicron wildtype amplicons, eliminating false positive by
non-specific binding of the Omicron variant probe (OmNm-Pr). The final concentrations of
the variant and wildtype probes in the reaction mix solution were optimized.

Figure 2 shows the expected results of the four valid diagnostic results from the DMF
cartridge. The amplification curves showing the fluorescence intensity against the PCR cycle
number in Figure 2a can be used to confirm the infection of SARS-CoV-2 and discriminate
the infection of wildtype, Delta variant, and Omicron variant strains. The threshold cycle
(Ct) value obtained from the curve can be used to quantify the virus concentration. If
only qualitative detection is required, the end-point fluorescence image will be used to
discriminate the infections from different strains as shown in Figure 2b. Basically, droplet
A determines whether the sample contains SARS-CoV-2 strains; droplet B and C detect and
discriminate Delta and Omicron variants, respectively; droplet D confirms the valid human
sample by 18S rRNA as an internal control to eliminate false negative; droplet E is for NTC
to eliminate false positive from contamination and non-specific amplification.

As listed in Table S2, we prepared different clinical analog samples (5 µL) representing
wildtype, Delta variant, and Omicron variant infection cases by mixing 2.5 µL of SARS-
CoV-2 RNA (80 copies/µL) and 2.5 µL of 18S rDNA (7.44 pg/µL). Hence, for all the clinical
analog samples, including wildtype, Delta variant, and Omicron variant infections, the final
SARS-CoV-2 RNA concentration was 10 copies/µL, and the final 18S rDNA concentration
was 0.93 pg/µL in the 20 µL reaction mix solutions.

2.4. Data Analysis

During thermal cycling, the fluorescence intensity of a specific droplet was recorded
along the cycles by measuring the average grayscale level per pixel within the droplet
region of the corresponding images using ImageJ software (v. 1.51j8, National Institutes
of Health, Bethesda, MD, USA) [40]. The baseline and the threshold signal level were
determined automatically by LinRegPCR (2020.0, Dept. Medical Biology Amsterdam UMC,
Amsterdam, The Netherlands) [41], which is a standalone program for analyzing raw
fluorescence data and estimating the exponential phase by setting the window-of-linearity.
The fluorescence results were expressed as delta fluorescence intensity (∆FI) and plotted
against PCR cycle number. By converting ∆FI to the logarithmic scale, the Ct value was
determined for quantification analysis. The amplification efficiency of the PCR reaction
was evaluated by conducting serial-dilution experiment, where the slope of the standard
curve can be translated into efficiency by the following equation:

Efficiency = 10(−
1

slope ) − 1

The acceptable PCR efficiency is generally considered to be within 90–110%, and 100%
denotes the most optimized efficiency in PCR amplifications [42,43]. Note that the criterion
for a sample to be considered positive is based on whether the measured fluorescence
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data can be analyzed for a reasonable Ct value, some of which show a slight increase in
fluorescence intensity but cannot pass the background signal level and were thus regarded
as background fluctuations.
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Figure 2. Four possible valid diagnostic results, wildtype, Delta, and Omicron positive and negative, from
the DMF RT-qPCR. (a) Demonstrative amplification curves for different infection cases. (b) Representative
end-point fluorescence signals (+/–) and images of the five droplets A–E for different infection cases.

3. Results
3.1. DMF RT-qPCR Performance

With the previously confirmed high consistency in droplet volume, temperature
uniformity, linearity of fluorescence intensity, and qPCR efficiency of the DMF car-
tridge [35], we first investigated the RT-qPCR performance with the SARS-CoV-2 Omi-
cron variant RNA sample without 18S rDNA and the OmNw-Pr competing wildtype
probe (Table S3). The stock solution of the Omicron RNA control with the concentration
of 1,000,000 copies/µL from the vendor was serially diluted with TE buffer to obtain
concentrations from 100,000 copies/µL to 10 copies/µL. A volume of 5 µL of Omicron
RNA template solution was mixed into the reaction mix solution (final volume 20 µL,
Table S3), which resulted in the final template concentrations from 25,000 copies/µL to
2.5 copies/µL. A volume of 7 µL of each prepared reaction mix solution (volume 20 µL,
Table S3) was loaded into one of the reservoirs on the DMF cartridge for testing. Five
droplets (each volume 1.5 µL) were simultaneously generated from the reservoirs (each
volume 7 µL), driven onto the right temperature zone (Figure 1b), and kept at 48 ◦C for
10 min to perform RT of the Omicron variant RNA. When the droplets were positioned
on the right temperature zone (48 ◦C) for the RT process, the left temperature zone was
heated and maintained at 95 ◦C. After the RT step, the droplets were driven to the left
temperature zone at 95 ◦C for polymerase activation for 2 min. Meanwhile, the right
temperature zone was heated to 60 ◦C to prepare for the required annealing/extension
temperature. Droplets were then shuttled between the two temperature zones to per-
form thermal cycling for qPCR amplification. At the annealing/extension step of each
thermal cycle, a fluorescence image of all the droplets on the right temperature zone
was captured for analysis. With a temperature ramp rate of 2.7 ◦C/s determined by the
droplet moving velocity and the distance between two temperature zones on the DMF
cartridge, the entire RT-qPCR procedure was completed within 49 min.
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The amplification efficiency and limit of detection (LoD) of the DMF RT-qPCR was
evaluated based on the amplification curves (Figure 3a) and standard curve (Figure 3b)
plotted from the captured fluorescence images. As the amplification proceeded, the higher
concentration of the cDNA template corresponded to an earlier rise in the ∆FI curve
in Figure 3a. The results showed that the DMF cartridge was able to detect Omicron
variant RNA with a concentration of 10 copies/µL, which corresponded to 15 copies of
RNA per reaction in the manipulated droplets (volume 1.5 µL) with the Omicron primer–
probe set. The Ct values were plotted against the logarithm of the Omicron variant RNA
concentration for evaluating the performance of the DMF cartridge, as shown in Figure 3b.
The linear regression of the standard curve showed the slope of –3.4 and the correlation
coefficient (R2) of 0.995. The qPCR efficiency was calculated as 96.1%, which is within
the range of acceptable values (i.e., 90–110%). In Figure 3b, each data point was averaged
from three replicates that showed a 100% positive percent agreement. Hence, the LoD
was 10 copies/µL for DMF RT-qPCR with Omicron variant RNA, which is sufficient for
clinical applications [20,21]. For the samples with a smaller concentration, e.g., 5 copies/µL
and 2.5 copies/µL, we tested 10 replicates but not all the replicates showed significant
amplification and a valid Ct value. The positive percent agreement was 50% (e.g., 5/10) for
the concentration of 5 copies/µL (equivalent 7.5 copies per reaction) and 10% (e.g., 1/10)
for 2.5 copies/µL (equivalent 3.75 copies per reaction).
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Figure 3. RT-qPCR of serially diluted SARS-CoV-2 Omicron variant RNA on the DMF cartridge.
(a) RT-qPCR amplification curves of delta fluorescence intensity (∆FI) against cycle number for
various template concentrations. (b) Standard curve and efficiency on-chip.

In addition to on-chip amplification, we also performed off-chip RT-qPCR using a
benchtop qPCR instrument, LightCycler II (Roche Diagnostics, Indianapolis, IN, USA) for
sample validation and data comparison. Basically, the RT-qPCR reaction mix solutions
were prepared as previously described (Table S3) and the thermal cycling profile was set
the same as that used for on-chip testing except a faster ramp rate at 20 ◦C/s. A volume of
10 µL of the prepared RT-qPCR reaction solutions (volume 20 µL, Table S3) was used for
all off-chip amplifications. The on-chip amplification curves (Figure 3a) were comparable
to those of off-chip ones (Figure S1). On-chip data showed better PCR efficiency, whereas
off-chip ones showed a lower LoD.

3.2. Clinical Analog Sample Diagnosis

After evaluating the RT-qPCR performance on the DMF cartridge, we prepared the
clinical analog samples carrying the wildtype, Delta variant, or Omicron variant RNAs of
SARS-CoV-2 with the final RNA concentration of 10 copies/µL (Table S2) for on-chip detection
and discrimination of different SARS-CoV-2 strains. The amplification curves and the initial
(cycle 0) and end-point (cycle 45) fluorescence images of the thermal cycles are shown in
Figures 4 and S2. For the wildtype case (Figure 4a), N1 and 18S curves showed a significant
increase in fluorescence intensity, and the N1 and 18S droplets were brighter after the 45 PCR
cycles. For the Delta case (Figure 4b), in addition to N1 and 18S genes, the Delta gene showed
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a significant increase in fluorescence, while the Omicron gene remained dark. Accordingly,
the N1, Delta, and 18S droplets became bright in the fluorescence images for the Delta case.
In contrast, for the Omicron case (Figure 4c), the Omicron gene showed an elevation in
fluorescence, while the Delta gene did not. As a result, the N1, Omicron, and 18S droplets
turned bright in the Omicron case. For the no infection case (Figure 4d), only the 18S gene
showed an increase in fluorescence intensity, and only the 18S droplet was bright in the
end-point fluorescence image. These results verified that the DMF RT-qPCR system was
capable of detecting SARS-CoV-2 infections and discriminating wildtype, Delta variant, and
Omicron variant. On the other hand, we noticed that the initial fluorescence signal (cycle
0) of the NTC in the droplet E was higher than other droplets because it contained all the
fluorescent probes and the higher total probe concentration led to a stronger background
fluorescence signal. The same situation was also observed in the raw data obtained from the
off-chip experiment using the LightCycler instrument.
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Figure 4. Demonstration of detection and discrimination of SARS-CoV-2 wildtype, Delta variant, and
Omicron variant on the DMF cartridge. Amplification curves and initial (cycle 0) and end-point (cycle
45) fluorescence images of RT-qPCR for clinical analog samples representing (a) wildtype infection,
(b) Delta variant infection, (c) Omicron variant infection, and (d) no infection.



Micromachines 2023, 14, 1627 8 of 11

4. Discussion

Different from our previous work focusing on on-chip qPCR for SARS-CoV-2 N1
and N2 genes detection [35], in this paper, we developed on-chip DMF RT-qPCR for the
detection and discrimination of SARS-CoV-2 variants. Compared to previous work, the
RT step was added to the protocol, which demonstrated the flexibility of droplet and
temperature control of the DMF system. Instead of using probes with different fluorescent
dyes to identify multiple nucleic acid targets (i.e., N1, Delta, Omicron, and 18S genes) in a
single reaction, DMF RT-qPCR cartridge used multiple droplets that contained singleplex
target-specific primer–probe sets to perform multiplex detection. As there was only one
primer–probe set in each droplet, the competition among different primer–probe sets was
minimized to avoid PCR bias. Additionally, as different targets were identified using the
same fluorescent dye (i.e., FAM), multiple fluorescence filters were not required, which
rendered a simple and compact system suitable for POC testing.

We demonstrated the high RT-qPCR efficiency on the DMF cartridge when amplifying
serially diluted SARS-CoV-2 Omicron variant RNA. The LoD was 10 copies/µL using 1.5 µL
droplets, which is sufficient for clinical applications [20,21]. The positive percent agreement
for samples with 5 copies/µL (12.5 copies/droplet) and 2.5 copies/µL (3.75 copies/droplet)
RNA was 50% and 10%, respectively, on the DMF cartridge due to the small droplet
volume. A detection of lower concentrations with a 100% positive percent agreement could
be alternatively achieved by increasing the volume of the reaction droplet.

Unique deletions in N gene and S gene were used to identify Delta (∆157–158) and
Omicron (∆31–33) variants, respectively, as mentioned above [20,21]. Because the deletion
length is only 6 nt (Delta) or 9 nt (Omicron), without a wildtype probe in the reaction
mix solution, a portion of the variant probe could non-specifically bind to the non-variant
wildtype amplicon and cause a false positive fluorescence signal which was experimentally
confirmed. The wildtype probes did not carry fluorescent dye. With the sequence-specific
variant and wildtype probes (Table S1) designed in the same gene region for competitive
hybridization to the template, high specificity and explicit results for both positive (bright
for variant) and negative (dark for wildtype) samples were obtained. In contrast, although
having been adapted for POC testing, the detection of variants using target failure RT-qPCR
(e.g., S gene ∆69–70 target failure for Omicron variant detection) [27,44] is implicit and
prone to be false-positive.

Compared to DMF RT-qPCR, the off-chip assay with the LightCycler instrument
provided a faster temperature ramp rate at 20 ◦C/s. However, because we did not heat
and cool the entire DMF cartridge, the demonstrated temperature ramp rate (2.7 ◦C/s)
can be increased in the future by decreasing the distance between temperature zones and
increasing the droplet velocity. Hence, the demonstrated total on-chip RT-qPCR time
of approximately 49 min can be reduced. In addition, by optimizing the reaction mix
with higher polymerase and primer concentrations, the required time for denaturation
and annealing/extension can be further reduced, even for achieving extreme PCR in the
future [45].

Using the fluorescence images of all five droplets in each PCR cycle, we noticed a
slight decrease in droplet size after 45 thermal cycles with the tested environmental fluid
hexadecane. The decrease in droplet size resulted in a small increase in fluorescent signal
but did not affect the PCR detection results when analyzed with the LinRegPCR program.
Different environmental fluids can be tested in the future to eliminate evaporation.

Although on-chip viral lysis and RNA extraction were not investigated in this study,
lysis and magnetic-bead-based extraction steps can be integrated on the current DMF
cartridge with some minor adjustment in the control system [33,38,39]. Alternatively, our
current on-chip procedure is ready for the extraction-free SARS-CoV-2 RT-qPCR protocol
developed during the COVID-19 pandemic to cope with the shortages of RNA extraction
kits [46–50]. Briefly, after direct viral inactivation and lysis by heat in the viral transport
media, the sample can be added in the RT-qPCR reaction mix solutions and loaded to the
DMF cartridge for RT-qPCR detection and discrimination.
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5. Conclusions

We presented POC testing for the detection and discrimination of SARS-CoV-2 wild-
type, Delta variant, and Omicron variant infections based on DMF RT-qPCR. Multiple
nucleic acid targets, N1, Delta, Omicron, and 18S genes, were amplified and identified in
different droplets manipulated on individual tracks, which allowed for multiplex detec-
tion with a minimized PCR bias caused by competition among primer–probe sets using
a simple and compact setup. Requiring less sample volume, the amplification efficiency
and sensitivity of the DMF RT-qPCR cartridge were comparable to those obtained from
off-chip RT-qPCR using the LightCycler instrument. The capability of the DMF RT-qPCR
cartridge to detect and discriminate SARS-CoV-2 wildtype, Delta variant, and Omicron
variant strains was demonstrated.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/mi14081627/s1, Table S1: Primers and probes used in this study;
Table S2: RT-qPCR reaction mix solutions for detection and discrimination of SARS-CoV-2 wildtype,
Delta variant, and Omicron variant; Table S3: RT-qPCR reaction mix solutions for detection of
SARS-CoV-2 Omicron variant; Figure S1: Off-chip RT-qPCR of serially diluted SARS-CoV-2 Omicron
variant RNA. (a) RT-qPCR amplification curves for various concentrations. (b) Standard curve and
RT-qPCR efficiency off-chip; Figure S2: The uncropped initial (cycle 0) and end-point (cycle 45)
fluorescence images of RT-qPCR for clinical analog samples representing (a) wildtype infection,
(b) Delta variant infection, (c) Omicron variant infection, and (d) no infection; Figure S3: Off-chip
RT-qPCR verification of SARS-CoV-2 wildtype RNA detection and Delta and Omicron variants
discrimination. Amplification curves for clinical analog samples representing (a) wildtype infection,
(b) Delta variant infection, (c) Omicron variant infection, and (d) no infection.
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