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A syndromic diagnostic assay on a macrochannel-
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The worldwide COVID-19 pandemic has changed people’s lives and the diagnostic landscape. The nucleic
acid amplification test (NAT) as the gold standard for SARS-CoV-2 detection has been applied in containing
its transmission. However, there remains a lack of an affordable on-site detection system at resource-
limited areas. In this study, a low cost “sample-in-answer-out” system incorporating nucleic acid
extraction, purification, and amplification was developed on a single macrochannel-to-digital microfluidic
chip. The macrochannel fluidic subsystem worked as a world-to-chip interface receiving 500-1000 pL raw
samples, which then underwent bead-based extraction and purification processes before being delivered
to DMF. Electrodes actuate an eluent dispensed to eight independent droplets for reverse transcription
quantitative polymerase chain reaction (RT-gPCR). By reading with 4 florescence channels, the system can
accommodate a maximum of 32 detection targets. To evaluate the proposed platform, a comprehensive
assessment was conducted on the microfluidic chip as well as its functional components (i.e., extraction
and amplification). The platform demonstrated a superior performance. In particular, using clinical
specimens, the chip targeting SARS-CoV-2 and Flu A/B exhibited 100% agreement with off-chip diagnoses.
Furthermore, the fabrication of chips is ready for scaled-up manufacturing and they are cost-effective for
disposable use since they are assembled using a printed circuit board (PCB) and prefabricated blocks.
Overall, the macrochannel-to-digital microfluidic platform coincides with the requirements of point-of-
care testing (POCT) because of its advantages: low-cost, ease of use, comparable sensitivity and specificity,
and availability for mass production.

Introduction

The nucleic acid amplification test (NAT) is a technology that
detects a particular deoxyribonucleic acid (DNA) or
ribonucleic acid (RNA) sequence. It thus could sensitively and
specifically' detect a few copies of a given nuclei acid with a
small sample size. Various NAT technologies have long been
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used in many fields such as molecular research, genetic
testing, forensics, agriculture and clinical medicine.> Among
them, reverse transcription-quantitative PCR (RT-qPCR) has
been widely accepted as the gold standard in many clinical
diagnostics, such as detecting various pathogens in the
respiratory tract, intestinal tract, and reproductive systems.>*
This is attributed to its well-recognized properties of
quantification, sensitivity, and specificity.

The worldwide pandemic caused by severe acute
respiratory syndrome coronavirus 2 (SARS-CoV-2) has
significantly changed the daily lives of billions and deeply
impacted global development in economic, political, and
social domains. As an infectious respiratory virus, its main
clinical manifestations were reported similar to influenza A/B
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viruses and other common cold-induced bacteria/viruses,
resulting in complicating the diagnosis of COVID-19 from
symptoms.® Unfortunately, SARS-CoV-2 is potentially pre- or
oligosymptomatically transmitted® and elicits relatively high
community transmission (674 million cases) and mortality
(6.8 million deaths).” Rapid diagnostic assays, therefore, are
of urgent need for containing the spread of COVID-19 and/or
other infectious diseases. Previous research reported that
NAT could timely and easily detect pathogens from
specimens such as nasopharyngeal and oropharyngeal swabs
upon symptom onset.® However, several drawbacks still exist.
It requires complex equipment in a centralized laboratory
and highly skilled technicians to operate it. Meanwhile, this
kind of offsite detection introduces many uncertainties
regarding timeliness and safety. Thus, fully automatic
equipment is imperative for decentralized use in source-
limited regions.

Microfluidics is an eloquent technology for picoliter- to
microliter-sized droplet manipulation. It has been applied in
diverse decentralized NAT diagnoses which have been
partially commercialized such as GeneXpert® from Cepheid,
FilmArray® from BioFire Diagnosis, Cobas Liat® from Roche,
etc. They are all fully automatic and portable point-of-care
test (POCT) devices with self-contained, single use, biosafe,
microfluidic cartridges for NATs. Digital microfluidics (DMF)
based on electrowetting-on-dielectric (EWOD) provides an
alternative for POCT devices and cartridges. This technology
has been developed for over 40 years and is widely employed
for multiple purposes.”'® Many researchers have developed
their unique DMF devices for specific applications or cutting
edge research goals, such as various omics sample
preparation,"””™®  online monitoring of chemicals,"*
antimicrobial susceptibility test,"”> and even pollutant
monitoring.'® The DMF chip discretely actuates droplets on
an array of electrodes without external pumps or valves or
complicated geometries, and it can be simply fabricated by
photolithography.'”” DMF, thus, is readily available for
commercial use such as NAT, liberating tedious operations in
the laboratory.'® However, indeed, the development and
commercialization of DMF are sluggish, which have been
hindered by the gap between research and market.'® Several
companies (e.g., Nanolytics, NuGEN, Advanced Liquid Logic)
are dedicated to DMF commercialization mostly in the area
of biomedical utilization. Successful products proved that
DMF is a feasible tool for various biological applications;
nevertheless, the failures of pioneering products such as
NeoPrep Library Prep System by Illumina (famous for its
sequencing equipment) remind us of the challenges of
engineering and manufacturing.’® Thus, many efforts were
made to increase the reliability through the design of the
circuitry,”® optimization of reagents,>** and other
approaches.>*2*

However, the feasibility of DMF technology in the field of
gPCR nucleic acid detection remains to be verified due to
challenges such as sample acceptance, seamless connection
between extraction and amplification, and fluorescence
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detection. In the meantime, the scarcity of research into
DMF commercialization also provided an impetus to propose
this study, particularly with regard to the design of DMF
chips. Herein, an all-in-one NAT system was presented,
named Virus Hunter 2.0 (VH 2.0). This study aimed to
provide insights into the diagnostic applications of DMF
from its design and commercialization. Compared with the
previous version VH 1.0, the following improvements were
made to realize a “sample-in-to-result-out” fully automatic
process: (1) VH 2.0 integrated automatic nucleic acid
extraction process; (2) all reagents are stored in the chip
through diverse approaches depending on their properties
and forms; (3) the macrochannel-to-digital microfluidics is
adopted. It served as a world-to-chip interface which receives
hundreds of microliters of samples and exports a limited
volume of liquid for DMF manipulation; specially designed
electrodes for droplets overcome the height difference from
macrochannel to digital microfluidics; (4) the thin-film
heater on the chip is similar to a previous version because it
provides an accurate temperature control and miniaturized
device. In this version we improve the performance of the
temperature control by changing the resistor's location and
the geometry of the copper foil. Moreover, as a commercial
product, the performance and reliability of the system have
been strictly evaluated before mass production, including the
performances of discrete modules, integrated chips, and
clinical specimens and a wide variety of aspects. We also
compared VH 2.0 with other POCT platforms targeting
respiratory pathogens based on microfluidics. In summary,
this study improved the automation and integration levels of
a DMF-based nucleic acid detection platform, which brings
the DMF technology significantly closer to
commercialization.

Experimental

Reagents and materials

Pseudo-viruses of SARS-CoV-2 and influenza A/B with a
concentration of 10° copies per mL were purchased from
Sangon Biotech (Shanghai, China). Upon receipt, they were
immediately aliquoted into 1.5 mL micro-centrifuge tubes
and stored at -80 °C for future use. Primers and probes were
designed to target the M1 gene from influenza A, the
hemagglutinin gene from influenza B, and nucleocapsid
protein and ORF1 genes from SARS-CoV-2 according to
previous research®® and synthesized by Sangon Biotech
(Shanghai, China). Sequences are indicated in Table S1 in the
ESL} Magnetic beads and commercial pathogen nucleic acid
extraction kits were purchased from EasyDiagnosis Co., Ltd.
(Wuhan, China). All the other materials were purchased from
Sangon Biotech (Shanghai, China) if not specifically
indicated.

VH 2.0 system

VH 2.0 device. The illustration of the VH 2.0 device is
shown in Fig. 1a with the dimensions of 330 mm X 250 mm
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Fig. 1 (a) The product appearance of Virus Hunter 2.0 (VH 2.0) with dimensions. The chip based on digital microfluidic technology is framed by
white dash lines and the tailored analysis device is also exhibited. (b) 3D explosive diagram of DMF chip, composed of top case, ITO-coated glass/
prefabricated blocks, four-layer PCB (patterned with electrodes, thin-film heater, sensor), and bottom case, indicated from top to bottom in the
figure. Part of the reaction points are framed by white dash lines. (c) The dehydrated and redissolved statuses of reagents at qPCR reaction sites.
The stacked structure is presented in side view. (d) The arrangement of the VH 2.0 chip including key modules of extraction (i.e., sample loading
and lysis room, wash room 1 and 2, elution area) and amplification (i.e., separation area and reaction points) parts. Prestored reagent allows
“sample-in-to-answer-out” without additional pipetting. The movement paths of beads and droplet on the chip are indicated by green and orange
arrows. (e) The schematic diagram of TagMan gPCR chemistry on the chip. Briefly, the extension of primer enables the release of fluorophore and

capture by the photodiode detector.

x 212 mm. It is composed of (1) a magnetic module - a
motorized magnetic rod underneath the chip loading pocket
is utilized to collect and attract beads, while two magnets
generate a repulsive magnetic field for scattering beads in
washing/eluting buffers; (2) a cooling system - benefits by
the integration of a heating module on chip; the heating
modules were removed from devices. Only a metal block with
large specific heat capacity was implemented to achieve the
maximal cooling rate of 5 °C s™; (3) an optical system - an
arrangement of LEDs, filters, lenses, beam splitter, and
photodiode was employed for fluorophore detection; (4) an
electronic module - transformer and relay jointly control the
switching and delivered voltage of the electrodes.
Consequently, precise control of various droplets of different
sizes can be achieved.

VH 2.0 chip design and fabrication. The VH 2.0 chip is
132 mm x 107 mm with the full function of detecting specific
genes from pathogens. In addition to its routine functions,
two innovations are implemented on tiny chips, which are (1)
combination of channel-based microfluidics for nucleic acid
extraction with digital microfluidics for RT-qPCR preparation

3852 | Lab Chip, 2024, 24, 3850-3862

and reaction; (2) integration of the resistive thin-film heater
and thermal sensor in printed circuit boards (PCBs). The
introduction of channel-based microfluidics allows the
handling of large volumes of buffers and magnetic beads in
the nucleic acid extraction train. A sampling tube, lysis room,
and two washing rooms were prefabricated with
polycarbonate (PC) and liquid reagents were encapsulated at
a specific room (Fig. 1d). At the digital microfluidic region,
an indium tin oxide (ITO)-coated top glass was rigorously
parallelized to the PCB with a consistent clearance (0.6 mm),
forming a micro-chamber filled with mineral oil. As usual, an
EWOD DMF chip and dielectric and conductive layers were
applied to the upper side of the bottom plate. Then both
surfaces were treated with hydrophobic material according to
the method in a previous publication.?” In detail, the surfaces
were firstly cleaned with isopropanol and hydrophobically
treated with FluoroPel PFC 1101V before baking (100 °C, 5
min), enabling droplets to move smoothly in the chamber.
The prestored reagents for qPCR (i.e., primers, probes, dNTP,
enzymes) were dehydrated at the specific reaction room as
shown in Fig. 1c. As a novel design extended to VH 2.0, the

This journal is © The Royal Society of Chemistry 2024
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thin-film heater and sensor were embedded in the four-layer
PCB (Fig. 1b). Combined with a proportion integration
differentiation (PID) controller, the chip could precisely
control the temperature. Interestingly, note that the
successfully commercialized digital microfluidic products
have been mostly based on PCB substrates to date. This is
most likely due to the mature production process, industrial
chain, and excellent plasticity of PCB.

VH 2.0 control software design. The framework of the
control software is shown in Fig. S1.f A graphic user interface
(GUI) was developed for the visualization of device status and
control. The embedded algorithm includes judgment of
abnormal values, median filter, moving average filter,
segment interpretation, and positive feature annotation. The
cycle threshold (Ct) was computed using a well-recognized
second derivative, which is defined as the fractional cycle
where the second derivative of the real-time fluorescence
intensity curve reaches the maximum value.”® The detection
results can be uploaded to a server and/or read instantly
through multiple mobile terminals by Bluetooth.

System operation. Only three simple steps are requisite for
VH 2.0 users: (1) add sample—shake the tube loaded with a
pharyngeal swab 10-20 times and then add 500 pL of sample
to the sample loading reservoir (maximal loading is 1000 pL)
and cover the lid; (2) insert chip—insert the microchip into
the device and start the analysis software; (3) read results—
results are available after the analysis completion.

On-chip ‘“sample-to-answer” workflow. The on-chip
workflow was developed for sample RNA extraction and RT-
gPCR processing (Fig. S21). The detailed “sample-to-answer”
procedure is as follows: (1) 500 pL of raw sample was injected
into the sampling tube; (2) the injected sample pushed 20 pL
and 5 pL proteinase K and magnetic beads into the lysis room;
(3) the sample was mixed with 1000 pL lysis buffer and
incubated at 60 °C for 2 min; (4) the released RNA bound to
magnetic beads; (5) the magnet under the chip moved upward
and collected the beads; (6) beads were drawn by magnet into
wash room 1 and mixed with 90 pL wash buffer 1; (7) the
binding RNA was subjected to a washing process together with
the beads; (8) beads moved to wash room 2 and mixed with 90
uL wash buffer 2; (9) beads exerted wash procedure again; (10)
beads moved to the next room; (11) the binding RNA was eluted
from beads by 60 uL elution buffer at 60 °C; (12) beads were
discarded; (13) the pure RNA moved to the separating area and
(14) dispensed to 8 droplets of 5.55 uL per drop; (15) the
dispensed droplets moved to the PCR region and redissolved
with dried PCR premix; qPCR was performed in these units and
the fluorescence signal was sent to the VH 2.0 analyzer. The
chemistries are shown in Fig. 1e.

Validation of the VH 2.0 biochip performance

Validation of RNA extraction module. To compare the
extraction efficiency between the VH 2.0 chip and off-chip
manual extraction, samples containing 10’ copies per mL of
SARS-CoV-2 pseudo-virus were prepared and subjected to on-

This journal is © The Royal Society of Chemistry 2024
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chip extraction using a bead based nucleic acid extract kit
(EasyDiagnosis Biomedicine, Wuhan, China). The off-chip
extraction process exactly followed the manufacturer's
instructions. After extraction, 5 pL of the pure RNA in the
elution buffer, as template, was added to 25 pL RT-qPCR
reaction mixture containing 6.25 pL of qPCR mix, 2 pM of
each forward and reverse primer, and 0.2 uM probe. Primers
targeting N gene and ORF1 were the same as the prestored
reagents listed in Table S1.f Then reactions were run with
Gentier96 (Tianlong, Xian, China) following the temperature
program: initially held at 50 °C for 15 min, then raised to 95
°C for 5 min, followed by 45 cycles of 10 s at 95 °C and 30 s
at 60 °C.

Validation of amplification module. Off-chip qPCR
validation was carried out with the total volume of 5 pL
reaction mix to mimic the on-chip reaction in droplets. The
gPCR reaction (5 pL) consists of 1 pL diluted RNA, 1.25 uL of
4x qPCR mix (same as the on-chip prestored reagents), 0.4
UM each forward and reverse primer, 0.2 uM probe and RNA/
DNA-free water to a total volume of 5 pL. qPCR was run with
Gentier96 following the same temperature program as
previously. On-chip validation was carried out with integrated
biochips. 60 pL of the target concentration of samples was
added to the elution room and dispensed into 8 uniform
droplets by EWOD force and then moved to chambers
individually. The test samples were prepared by series diluted
RNA extracted from pseudo-viruses and quantitated by qPCR
with an existing standard curve. For comparison, the final
copy numbers per test were designed as 300, 150, 75, 37.5, 15
for both off-chip and on-chip assays. At least duplicate chips
were performed for each concentration. 4 replicates were run
with off-chip qPCR. 20 off-chip repetitions were performed
for the lowest concentration (i.e., 15 copies per test).

Evaluation of the integrated biochip. The pseudo-viruses
with known concentrations were series diluted to designed
targets for the validation of integrated chips. An estimation
of the limit of detection (LOD) for each pathogen on the
integrated chip was determined by testing at the tiers of 106,
105, 104, 103, 102, 10 copies per mL. Each test was processed
in triplicate. The LOD is defined as the lowest amount of
analyte that can be reliably detected, typically over 95% of
the tested sample is supposed to be positive, namely LODgs.
It could be calculated by fitting apparent data with the probit
regression curve according to the method provided by the
Clinical and Laboratory Standards Institute (CLSI).>
Operationally, the statistical software SPSS (v25, IBM) was
adopted for running the algorithm. Linearity of the data was
evaluated by fitting the logarithm of series concentrations
against cycle thresholds with a linear regression model.
Moreover, the qPCR efficiencies were calculated using the
formula

EffiCieI‘le = 10*1/Slope -1
To determine the specificity of the integrated VH 2.0 chip,

various pathogens besides SARS-CoV-2 and influenza A/B
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virus were artificially spiked to preservation solution and run
with chips. Tested pathogens were acquired from the Zhuhai
Center for Disease Control and Prevention, including human
parainfluenza virus (subtype HPIV1-4), human respiratory
syncytial virus, human rhinoviruses, human adenovirus,

Streptococcus pneumoniae, Haemophilus influenzae,
Staphylococcus aureus, Salmonella enterica, and Shigella
flexneri.

Validation with clinical specimens. To verify the
diagnostic performance of the VH 2.0 in clinical applications,
22 positive samples and 6 negative samples were provided by
the Zhuhai Center for Disease Control and Prevention.
Among them, 11 samples were SARS-CoV-2 positive and 11
were Flu A; Flu B positive sample was not obtained during
the time. All samples were collected by nasopharyngeal swabs
and then placed in a commercially available sample
preservation solution (Kunrongda, Shenzhen, China). The
solution was divided into two portions for the following
detection. One part was loaded into a VH 2.0 chip and the
other portion was subjected to RNA extraction and RT-PCR in
a certified biosafety level 2 laboratory. The off-chip qPCR
reactions were conducted using the same reaction mixture as
on-chip reactions. The correlation of the results (ie., Ct
values) between on- and off-chip were evaluated by Pearson
correlation coefficient (Pearson's R), and corresponding p
values were obtained.

View Article Online
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Stability assay of VH 2.0 biochips. Aiming to scale up the
fabrication of the VH 2.0 biochip, a stability assay was
conducted within a certain duration. To be specific,
concentrations near the detection limits (i.e., 1000 copies per
mL for SARS-CoV-2(N) and Flu A/B and 100 copies per mL for
SARS-CoV-2(ORF1)) were run with the same batch of products
(chips and instrument) at an interval of one month. Each
sample was tested with three chips.

Results and discussion
Temperature control

A uniplanar heater together with an NTC thermistor achieved
rapid and accurate on-chip heating and sensing. By optimizing
the resistor's pattern on the PCB and implementing PID control
(Fig. 2c), it is possible to generate a homogenous temperature
within the paralleled qPCR reaction spots at a relatively short
response reaching an asymptotic state (90% of the set
temperature). That was about 13 s drop from 95 °C to 60 °C and
took about 4 s raising up to 95 °C (Fig. 2a). At the asymptotic
state, fine adjustments were made to approach the set
temperature and then retained at the setpoint. Temperatures
fluctuated with <+1.27 °C (2.11% of the set temperature) at the
conditioning period (the first few seconds wupon set
temperature) and <+0.5 °C (0.49% of the set temperature) at
the stable period (Fig. 2a and b). As heat was lost at the edge of
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Fig. 2 (a) The set and actual temperature at reaction points on chip during the RT-gqPCR process. The mean temperature of eight reaction sites is
printed in light grey and the set temperature is printed in red. (b) The temperature at the stable stage of denaturation and annealing by averaging
three chips. Error bars are standard deviations of the stable temperatures from these three chips. (c) The thermal control module with the equation
of PID control. (d) The 3D explosive diagram of the structure of the chip at reaction sites.
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the heating region, some self-compensations were needed to
counterbalance the side effects.*® A serpentine resistor was
patterned in an hourglass-shaped geometry (Fig. 2d), while
copper foil was configured for a uniform thermal distribution.
Traditional thermal loading units were usually built in the
device with metal blocks. However, the performance was
associated with thermal conductivity, heat capacity, and
thermal coupling to the environment of the substrate. The on-
chip thin-film heater (heating) and NTC thermistor (sensing)
embedded in the PCB were closer to the heating area (ie.,
gPCR chamber), making it a short transient regime and quick
response by closed-loop control. Therefore, the thermal
program was strictly followed for the set temperature with
minor discrepancies (Fig. 2a). Despite the heating module
being moved onto the chip, the production cost (<2 USD per
PCB substrate) is acceptable for disposable use due to the
highly developed PCB manufacture. On the other hand, the
utilization of on-chip thermal unit miniaturized outline
dimensions of the devices, which is beneficial for POCT.
Frankly, apart from the contact-based Joule heating, some
oncoming technologies are promising and attract interest from
many communities, such as surface acoustic waves,>!
microwave®? and lasers.>® However, their drawbacks in terms
of fabrication, integration, cost, and accuracy of the position
and temperature control, etc. are evident®* so far.

Droplet manipulation on macrochannel-to-digital
microfluidic platform

In this macrochannel-to-digital platform, 500 pL raw sample
underwent nucleic acid extraction through an RNA extraction
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module; pure RNA was transferred into 60 pL elution buffer
at the elution room where the interface of the macrochannel
and digital microfluidics is. At the end of the RNA extraction
process and the start of the dispensing process, there is a
critical interface of the macro-dielectric layer and channel
structure, enabling an effective bonding of two patterns of
microfluidics. The elution room was entirely situated on the
dielectric layer at a height of 1.2 mm, while the height of the
paralleled PCB and ITO glass was 0.6 mm. Hence the height
difference trapped the elution buffer in this well by surface
tension, as shown in Fig. 3a. To actuate the large droplet
escaping from the interface, an electrode spanned across the
elution room and oil-filled chamber was patterned. Plugging
high voltage to adjacent electrodes stepwise could force the
eluent to enter into the digital microfluidic controlled region,
as shown in Fig. 3b and ESIf video. After the extraction
process, the eluent was then actuated to an array of L-shaped
electrodes for reaction droplet generation, which is
approximately 5.55 pL of each droplet. Their volumes have
been determined and discussed in the ESIf (Methods,
Results and discussion, and Fig. S3).

The system exhibited eminent stability over a hundred tests
of the on-chip “sample-to-answer” workflow. Differing from
previous digital-to-microchannel infrastructures, the
macrochannel was exploited because it is well-suited for bead-
based RNA extraction at a volume of hundreds of microliters.
Previous studies combined DMF with microchannel networks
by multi-layer design®® or side-on pattern®® for handling
droplets. However, microchannels could not accommodate
large volumes of samples. Meanwhile, the sophisticated
structure may introduce more uncertainties which impede their

(a) Movement at interface (side view)
Coverslip =

0sT 7/

ITO glass
oil Eluent

(b) Movement by DMF (top view)

17 s — AL ALY

Fig. 3 (a) lllustration (side view) of droplet actuated from macrochannel to digital microfluidic chamber by electrodes. From top to bottom, the figure
illustrates (1) the original status of the droplet at the interface of the macrochannel and digital microfluidics. (2) Two electrodes actuate the droplet to
overcome surface tension and access the digital microfluidic chamber. (3) The status when three electrodes are active. The heights of the channel and
chamber are different. (4) Droplet moves along with the flow of energized electrodes. (b) Series of images from a demo video (top view) depict on-chip
droplet movement and dispensing. Steps: (1) droplet emerges in the interface of the macrochannel and digital fluidics. (2) Droplet completely enters the
oil-filled chamber and then moves to separating area. (3) Droplet is in the process of dispensing by L-shaped electrodes, then (4-6) transferred to the first
and the rest of the gPCR reaction points. For obvious view, saturated calcein (Sigma-Aldrich, US) was hundred times diluted with elution buffer.
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commercialization. In contrast, magnetic beads were reported
to be compatible with DMF by (1) immobilizing beads and
refreshing droplets®” or (2) extracting and fusing beads with
sequential droplets.*® Herein, a device was developed with the
latter mechanism. The released RNA from viruses was adhered
to magnetic beads and dragged to sequential cavities for
different purposes of treatments, eventually accessing the
elution room.

On-chip RNA extraction

The extracted RNA from 10’ SARS-CoV-2 pseudoviruses through
on- and off-chip methods was simultaneously loaded into the
gPCR instrument. The cycle thresholds by on-chip extraction
were 21.26 + 0.45 for the N gene and 20.40 + 0.25 for ORF1
detection, while they are 21.87 + 0.22 and 21.08 + 0.38,
respectively, extracted by an operator using a commercialized kit
(Fig. 4). It has approximately 0.5 difference between N and ORF1
gene detection, though from the same concentration of SARS-
CoV-2. This may result from the different amplification efficiency
of the two primers and the template sequences. By statistical
analysis, on-chip assay could reach the thresholds with less
recycles compared to off-chip assays, suggesting that the chip-
based extraction performed better than off-chip extraction. Due
to the small volume used in the chip, the magnetic beads may
adequately come in contact with washing and elution buffers.

(a) On-chip extraction (b) Off-chip extraction
——1] —1]
Nucleic acid
‘500 L §§§ Protoplasm | » | a1
i .
i Magnetic beads
Lysis buffer
__ | Washing buffer
-«
Eluting buffer| === D | :
J \/'\\ Complex
One step loading Lysis Binding = WashX2 _ Elute
* ~2 min hands-on time *20~60 min hands-on time depending on kits

(c) Comparison of on- and off-chip extraction

23 - [_]on-chip
[_] off-chip
—k
22 - I
o —
211 I j
S I
° I

20+

19

18

SARS-CoV-2(N) SARS-CoV-2(ORF1)

Fig. 4 Comparison of the (a) on- and (b) off-chip RNA extraction
procedure and (c) results. Error bars are standard deviations from three
replicates. The asterisk represents a significant difference between two
approaches (p < 0.01).
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Consequently, chip extracted RNA concentration and/or purity
may be slightly higher than that by hand.

On-chip multiplex amplification

For the on-chip amplification module, all pathogenic genes
were positively detected at the lowest detected concentration
(i.e., 15 copies per test), demonstrating a detection limit likely
lower than 15 copies per test. Interestingly, on the fluorescence
channel of HEX registration, the ORF1 gene was detected at the
lowest cycle threshold among the four channels, which
indicates the highest sensitivity of HEX on the device. The off-
chip examination exhibited the highest sensitivity on the
channel of ROX registration, suggesting that Flu A was the most
sensitively detected pathogen in off-chip qPCR devices.
Compared with the lower volume (~2 pL) used in the VH 1.0
system, the volume of ~5.55 pL per droplet was believed to
increase the detection sensitivity. It was reported that LODs of
VH 1.0 were close to 100 copies per test with either LAMP or
multiplex qPCR.*”*° Assuming the RNA concentration in the
eluent is 2.7 copies per pL (i.e., 15 copies per test), it has 4.5%o
possibility of taking an empty droplet in 2 pL according to
Poisson distribution, which is four orders of magnitude
compared with that of the 5.55 puL droplet. Ji et al. developed a
microfluidic disc-direct RT-qPCR (dirRT-qPCR) assay for rapid
multiplex detection of SARS-CoV-2 and influenza A and B viral
infection in pharyngeal swab samples. It could detect 20 copies
per test of all three pathogens in as little as 2 uL of samples,*
which are comparable with VH 2.0. However, it should be noted
that these LODs were given by actual measurement results
without statistical evaluation (e.g., Probit regression). Limited to
the sample size (<20 reactions), LOD was also farfetched in this
section and for off-chip complete workflow (in the next section);
thus, they were not presented.

Meanwhile, the low inter-assay and intra-assay variations
(<5.00%, data not shown) demonstrated the homogeneity
and reproducibility of the amplification module, which may
be attributed to the uniformity of the droplet volume and the
subtle thermal actuation unit. In addition, both on- and off-
chip amplification have a high correlation coefficient (R*
>0.99, Table 1). The high linearity of amplification is
prerequisite for quantitation and high sensitivity of
integrated chips. Meanwhile, the linearity (i.e., R*) of on-chip
amplification performed comparably with that of off-chip
amplification indicated by two-tailed Student ¢test
coefficient, p = 0.13 > 0.05. Without manual intervention, the
stochastic error induced by users' operation was minimized.
The volumes of the on-chip droplets were measured based on
the documented method*' (detailed in the ESIt). The digital
microfluidics exhibited inherent superiority in precisely
manipulating tiny droplets (ie., droplet splitting and
moving), conferring the stable performance of the RT-qPCR.

Performance of VH 2.0 integrated platform

To evaluate the performance of integrated chips, series
concentrations of pseudoviruses were tested and the limit of
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Table 1 Comparisons of linearity of on-chip and off-chip amplification process for various pathogens

Target Standard curve R? Mean Ct of 15 copies/T CV of 15 copies/T (%) Detection rate
On-chip

Flu A ¥y =-3.00x + 39.44 0.971¢ 35.60 0.37 16/16
Flu B y=-2.91x + 36.61 0.994 33.16 2.41 16/16
SARS-CoV-2(N) ¥ =-3.52x + 41.25 0.991 36.94 3.54 16/16
SARS-CoV-2(ORF1) ¥ =-3.18x + 32.57 0.996 28.85 0.25 16/16
Off-chip

Flu A y =-4.09x + 32.28 0.990 27.68 4.54 20/20
Flu B y=-3.99x + 35.28 0.990 30.76 4.33 20/20
SARS-CoV-2(N) ¥ =-4.17x + 39.15 0.994 34.25 3.72 19/20
SARS-CoV-2(ORF1) y=-4.11x + 39.46 0.993 34.56 1.79 19/20

% 1t could be 0.999 if the curve does not include the lowest concentration. The negative controls (sample without template) did not acquire Ct

values.

detection with 95% detection possibility (LODgs) was estimated
by Probit regression (derived from >40 reactions). Same as the
amplification module of the chip, the integrated chip also
exhibited a high linearity (Table 2), illustrating the robustness
of the extraction module as well as the whole chip. Both on-
chip and off-chip detection could be linearly fitted with a
coefficient of determination R> higher than 0.99. The HEX
registered the highest sensitivity among four fluorescence
channels; therefore, the LODgs of SARS-CoV-2 (ORF1) could
achieve 302 copies per mL. Other pathogens can be stably
detected as low as approximately 1000 copies per mL. The
numbered test counts were all positively detected by an off-chip
gPCR instrument, resulting in the non-deducible LODgs.
However, they were most likely lower than the minimum
detected concentrations (i.e., 1000 copies per mL for Flu B/
ORF1/N and 100 copies per mL for Flu A). The LOD for
integrated chip assay was conspicuously lower than that of
amplification parts. Such a discrepancy was caused by
integration of the extraction process, which inevitably led to the
loss of nucleoid acid. Moreover, the impurities from samples or
extraction reagents may also inhibit the amplification.** The
gPCR efficiencies ranged from 100% to 110% on-chip, while the
off-chip assays varied from 94% to 97%. Fluorescence was not
detected from any negative samples (derived from preservation
solution) and samples spiked with other pathogens that were
not the target of detection, declaring the high specificity of
integrated chips.

Table 2 Summary of on-chip and off-chip whole process performance

PCR efficiency is the fraction of target molecules that are
copied in one cycle, which is an important indicator of the
quantitative process. Results showed that the values were all
within the widely accepted range (ie., 90-110%) that is
recommended for qPCR reactions.”® Typically, efficiency is
significantly impacted by the instruments, replicates, and
concentrations used for standard curve generation.** A total
of 72 reactions in 9 independent chips for at least 5
concentrations were performed in this research, guaranteeing
the reliability of the evaluation. Thus, in our experiment, the
differences between on- and off-chip tests may be largely
contributed by different instruments.

Performance in clinical application

Eleven SARS-CoV-2 and Flu A positive clinical specimens and
four negative specimens from healthy people were tested.
Results show a 100% coincidence between on- and off-chip
assays for these two pathogen detection. Considering the
satisfactory performances of the chip in detecting
pseudoviruses, the Ct values measured by on- and off-chip
methods presented a strong positive correlation as expected
(Fig. 5 and Table S3t), especially for Flu A and ORF1 gene
detection. The Pearson's coefficients were both higher than
0.9 with p values lower than 0.01. The N gene detection was a
little off but the p value was low as well (0.0002), indicating
the positive correlation between on- and off-assays is

Target Standard curve Linear range (copies per mL) R? Efficiency (%) LODy; (copies per mL)
On-chip

Flu A y=-3.10x + 43.54 10%-10° 0.996 110 1027.19
Flu B ¥ =-3.20x + 43.90 10>-10° 0.995 106 1258.11
SARS-CoV-2(N) ¥y =-3.31x + 42.56 10>-10° 0.989° 100 943.91
SARS-CoV-2(ORF1) ¥ =-3.24x + 40.01 10>-107 0.991 104 302.22
Off-chip

Flu A ¥y =-3.48x + 46.16 10%-10° 1.000 94 NA

Flu B Yy =-3.47x + 49.24 10%-10° 0.996 94 NA
SARS-CoV-2(N) Yy =-3.42x + 44.22 10°-107 0.993 96 NA
SARS-CoV-2(ORF1) y =-3.40x + 45.23 10>-107 0.994 97 NA

NA: not available. “ The coefficient of determination R? lower than 0.99 was marked.
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Fig. 5 The violin plot of Ct values during the stability assay. The
medians (hollow circle), 1.5 interquartile ranges (whisker), upper and
lower quartiles (box), and data distribution patterns (violin outline) are
presented accordingly.

convincing. Numbered clinical specimens ineludibly
introduced bias that may not cover all the possibilities, for
instance, the weakly positive samples may be challenging for
detection. The lowest pathogen load among tested samples
appeared in No. 11 Flu A specimen (Table S4t), which was
reported as 36.07 by VH 2.0. Also, the Ct value of No. 10 Flu
A specimen was 35.11 which is close to the LODys (the
corresponding Ct is 34.20). These two clinical samples were
probabilistic detected by chip (7/8). Thanks to the eight
parallel reaction models on chip, the possibilities of
misdiagnosis were reduced. For SARS-CoV-2, the detection of
two specific genes can double verify the accuracy of the
results. Thus, the chip leads to a robust and convincing
result in clinical applications.

The stability of VH 2.0 biochips

Concentrations near the LODoys; were selected for stability
assay. VH 2.0 biochips (with all reagents prestored) exhibited
relatively stable Ct values at all registered fluorescence
channels (Fig. 5), which were 34.09 + 0.26 for Flu A, 34.03
0.24 for Flu B, 32.64 + 0.20 for SARS-CoV-2(N), and 33.12
0.19 for SARS-CoV-2(ORF1). It demonstrated that the
detection of Flu A/B and SARS-CoV-2 (ORF1/N) was
reproducible and the chips were stable within the three-
month monitoring duration. Although a slight fluctuation of
Ct values was observed during the 3 months, the differences
were statistically insignificant according to Student's t-test.
All p-values within the cohort were greater than 0.05 (Table
S5t). Also, the intra-assay CVs were in the range from 1.72%
to 4.70% and inter-assay CVs were around 0.7%. Both were
consistently acceptable (less than 5%) under various
conditions.

The stability assay is an essential step for scaling up the
products. Ideally, the long-term stability test should be
conducted on the day of product deterioration, demonstrating

+
+
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availability within the shelf-life. However, due to time
constraints, only three months were monitored after the date
of manufacture. Indeed, the stability of the chip includes the
stability of all the reagents, filled oil, encapsulation, lifetime
of the coating and electronics on the chips. To guarantee the
superior performance of the products, a stability test report
for each component was acquired from suppliers based on
their qualified assays. On the other hand, we made many
attempts to improve the stability during the fabrication, such
as the reagent dehydration technology, brand of oil, sealing
technology, etc. The DMF chips can be stably used under
practical conditions for more than 1 year according to the
first-generation product.

Comparison with existing platforms

The pandemic caused by SARS-CoV-2 has not only upended
the daily lives of billions but also changed the diagnostic
landscape. NATs have partially replaced conventional culture
and antigen detection assays because of their capability of
fast and accurate detection. A number of commercialized
NAT-based platforms have been developed for identifying
respiratory pathogens. Here, the VH 2.0 system was
comprehensively compared with 9 POCT platforms, 16 panels
including 9 US FDA-cleared or EUA respiratory panels, 3
previous versions of our product, 2 representative respiratory
panels, and 2 panels developed by research groups (Table 3).
The chosen platforms were reported to be able to detect 1-23
respiratory pathogens in a single detection. Multiplex RT-qPCR
as one of the most developed technologies has been widely used
for routine diagnostic applications. However, limited by the
number of fluorophores (typically 4 or 5 channels), only several
targets can be detected per reaction. Thus, tagging
oligonucleotide cleavage and extension (TOCE), dual priming
oligonucleotide (DPO), and multiplex ligation-dependent probe
amplification (MLPA) were developed to overcome such
limitations by specially designed primers and probes. These
technologies have been implemented in the products of
Seegene such as SeeplexIl RV15 and Anyplexll RV 16.*
However, the sophisticated primer and probe need experienced
users and results have to be analysed by bundled software.
Notably, microfluidic technology combined with RT-qPCR is an
alternative methodology to increase the detection targets. In
detail, DMF technology is propitious to generate many droplets.
Combined with multiplex qPCR, the detection targets can be
multiplied. As listed in Table 3, our DMF systems, Onestart
from Baicare and a platform from Kansas State University
adopted DMF plus multiplex qPCR as a basic principle. Apart
from these, DMF is also compatible with other nucleic acid
probing technologies, such as eSensor™*®*” from GenMark
and recombinase polymerase amplification (RPA) coupled with
DETECTR*® adopted by the RCD platform. Among them,
eSensor™ relies on competitive DNA hybridization and
electrochemical  detection. It has been successfully
commercialized, and its Respiratory Pathogen Panel 2 was
authorized for emergency use by the US Food & Drug

This journal is © The Royal Society of Chemistry 2024
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Administration (FDA) in 2020."° However, both methods have
their pros and cons. Due to electrochemistry utilizing molecular
hybridization without amplification, it is capable of
miniaturizing the device, reducing the risk of aerosol
contamination, and enhancing the specificity; nevertheless, the
most severe limitation is the detection limit, which is far below
that of fluorometric assays.® On the other hand, isothermal
amplification such as real-time loop-mediated isothermal
amplification (LAMP) and RPA dramatically shorten the reaction
time while simplifying the structure of the heating module,
whereas its sensitivity and specificity cannot be compared with
gPCR® and it is challenging for either primer design or
absolute quantification. In addition to DMF, channel-based
microfluidics (CMF) has been employed by GeneXpert from
Cepheid and FilmArray from BioFire Diagnostics. CMF requires
extra pumps or valves to control fluid, leading to a higher cost
for each diagnosis compared with DMF.

The VH 2.0 instrument mounted 4 fluorescence channels
and the tailor-made chip has 8 reaction rooms, resulting in
the theoretical detection capacity reaching 32 targets.
Further, the self-developed lysis buffer was designed for both
viruses and bacteria, allowing the detection target to be
expanded to infectious bacteria, such as S. pneumoniae, H.
influenzae, S. aureus, S. enterica, and S. flexneri, which could
be lysed by the buffer. Globally, evidence shows the flexibility
and feasibility of DMF for detecting multiple pathogens.

The single run time of RP v3 of Digifluidic Biotech is
approximately 2 h, which is relatively longer than that of
other panels. It results from two reasons: (1) the prestored
reagents are incompatible with fast PCR which mainly
depends on the efficiency of enzymes; (2) lower power was
selected for stable thermal control and matching with
present PCR reagents. Unremitting efforts are made to
shorten the turnaround time such as the development of
fast/extreme  qPCR,  corresponding  reagents, and
improvement of the thermal module. To meet the
requirements of point-of-care testing, VH 2.0 was designed as
an independent cartridge integrating a nucleic acid extraction
process on the chip as GeneXpert, FilmArray, and Onestart
do. All the reagents required by extraction and reaction have
been prestored in the corresponding cavities, thereby no
extra pipetting is needed. Compared to VH 1.0, such update
greatly shortened the hands-on time and simplified the
diagnosis, lifting the need for experienced operators.
Although batchwise testing systems (e.g., BD Viper™ XTR/LT
system, Cobas® 4800/6800/8800 system, etc.) automatically
possess high throughput per analysis station, these systems
are costly and have large footprints which constrain scale-up
testing and deployment in low-resource settings for mass
screening. Coincidently, portable all-in-one POCT devices
such as VH 2.0 complement batchwise systems.

Conclusions

This study developed an all-in-one diagnostic platform based on
a macrochannel-to-digital microfluidic platform for automatic
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identification of multiple viruses. The special designs for on-
chip thermal control and hybrid microfluidics enable stability
and ease of fabrication. PCB and prefabricated blocks were
employed for chip construction, which can reduce the cost and
rejection rate during mass production. It is therefore beneficial
to product commercialization. This research involved three
respiratory pathogens (i.e., SARS-CoV-2, Flu A, and Flu B) for a
proof-of-concept study. Through comprehensive evaluations,
this platform exhibited a stable performance for its extraction,
amplification modules, and sample-to-answer process. Notably,
its sensitivity, specificity, detection limit, and amplification
efficiency are comparable to that of the off-chip RT-qPCR
process. The platform could easily extend to a maximum of 32
targets by simply changing the primers and probes.
Furthermore, the platform dramatically reduces the hands-on
time and the professional requirements of operators and
equipment compared with traditional PCR. Overall, this
research made certain academic and application merits for
DMF in the field of diagnosis.
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