Published on 21 2023. Downloaded on 07/12/25 11:01:23.

7 ROYAL SOCIETY
PN OF CHEMISTRY

Lab on a Chip

View Article Online

View Journal | View Issue

Digital microfluidics with distance-based
detection - a new approach for nucleic acid
diagnosticsy

i '.) Check for updates ‘

Cite this: Lab Chip, 2024, 24, 63

Man Ho,® N. Sathishkumar, @2° Alexandros A. Sklavounos, &32° Jianxian Sun,?
lvy Yang,© Kevin P. Nichols® and Aaron R. Wheeler @ *2b¢

There is great enthusiasm for using loop-mediated isothermal amplification (LAMP) in point-of-care nucleic
acid amplification tests (POC NAATSs), as an alternative to PCR. While isothermal amplification techniques
like LAMP eliminate the need for rapid temperature cycling in a portable format, these systems are still
plagued by requirements for dedicated optical detection apparatus for analysis and manual off-chip sample
processing. Here, we developed a new microfluidic system for LAMP-based POC NAATs to address these
limitations. The new system combines digital microfluidics (DMF) with distance-based detection (DBD) for
direct signal readout. This is the first report of the use of (i) LAMP or (ii) DMF with DBD - thus, we describe
a number of characterization steps taken to determine optimal combinations of reagents, materials, and
processes for reliable operation. For example, DBD was found to be quite sensitive to background signals
from low molecular weight LAMP products; thus, a Capto™ adhere bead-based clean-up procedure was
developed to isolate the desirable high-molecular-weight products for analysis. The new method was
validated by application to detection of SARS-CoV-2 in saliva. The method was able to distinguish between
saliva containing no virus, saliva containing a low viral load (10* genome copies per mL), and saliva
containing a high viral load (108 copies per mL), all in an automated system that does not require detection
apparatus for analysis. We propose that the combination of DMF with distance-based detection may be a
powerful one for implementing a variety of POC NAATSs or for other applications in the future.
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of PCR is the inherent requirement for temperature cycling,
which can be challenging to package into a miniaturized

Introduction

The global SARS-CoV-2 pandemic has highlighted a need for
point-of-care (POC) disease diagnostics that can be operated
outside of the laboratory. Among many technologies that can
be used for this application, nucleic acid amplification tests
(NAATs) are particularly attractive because of their high
analytical and clinical sensitivities."”> The most popular
format for POC NAATs are methods that rely on the
polymerase chain reaction (PCR), which are advantageous
because they are directly comparable to the gold-standard
laboratory diagnostics that also rely on PCR.*> A disadvantage
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device footprint. Thus, there is great interest in the
development of isothermal techniques relying on methods
that do not require temperature cycling, which can be more
amenable to miniaturization.

The most common isothermal technique used in NAATS is
loop-mediated isothermal amplification (LAMP).* In addition to
not requiring temperature cycling, LAMP combines high
specificity (as it employs multiple primers specific to the target
sequence®) with rapid reaction kinetics, requiring only ~30
minutes to complete a given amplification.®® For RNA viruses
such as SARS-CoV-2, the reverse transcribed variant of this
technique, RT-LAMP,*® is preferred, as it first converts viral RNA
to DNA and then amplifies the DNA sequences for detection.
There are several recent reports of miniaturized systems that use
RT-LAMP to detect SARS-CoV-2 (ref. 1, 6, 7 and 9-14) and other
diseases,"> ™ and there is a growing interest in the development
of alternate LAMP reagents designed for field applications.*
These are important advances for the field; however, to date, all
systems reported have required (I) the use of a dedicated
detection apparatus for analysis, and/or (II) off-chip sample
processing prior to loading onto the device.

Lab Chip, 2024, 24, 63-73 | 63


http://crossmark.crossref.org/dialog/?doi=10.1039/d3lc00683b&domain=pdf&date_stamp=2023-12-15
http://orcid.org/0000-0003-1174-2256
http://orcid.org/0000-0003-1495-7156
http://orcid.org/0000-0001-5230-7475
https://doi.org/10.1039/d3lc00683b
https://doi.org/10.1039/d3lc00683b
https://doi.org/10.1039/d3lc00683b
https://pubs.rsc.org/en/journals/journal/LC
https://pubs.rsc.org/en/journals/journal/LC?issueid=LC024001

Published on 21 2023. Downloaded on 07/12/25 11:01:23.

Paper

Here, we have developed an RT-LAMP-based microfluidic
system for SARS-CoV-2 that overcomes limitations (I) and (II).
To tackle limitation (I) (the requirement of dedicated
detectors), we have adopted a technique known as distance-
based detection (DBD), that was developed and popularized
by the Henry group at Colorado State University.>’ In
distance-based detection, the analyte is wicked into a paper
matrix, and its quantity is revealed (by eye, with no
requirement of a “detector”) by a coloured or fluorescent trail
left on the surface. With proper attention to concentrations
and kinetics, the length of the trail can “semi-quantitatively”
reveal the amount of analyte being investigated. The method
was initially developed and applied to environmental
applications,*® while variations of this technique have
recently been applied to detect PCR-amplified DNA in NAAT
applications.?”*® To our knowledge, distance-based detection
has never been used with LAMP for post-amplification
analysis.

Limitation (II) (the requirement of off-chip sample
processing prior to loading onto the device) is a pernicious
one in the microfluidics community, often “hidden” or not
emphasized in papers describing the latest results. However,
in practice, the requirement for the user to perform manual
processing steps prior to use is a substantial limitation that
makes many potential POC techniques impractical for use in
the field.> Here we used digital microfluidics (DMF) to
address this limitation, providing automated sample
processing, and reducing the burden on the user. DMF has
been used to automate PCR,>°7** LAMP**** and other NAAT
techniques,®® but has never before been combined with
distance-based detection.

The process introduced here is summarized in Fig. 1. A
DMF device designed for isothermal amplification was
adapted from previous work®> and an automated sample
processing protocol was developed and implemented to
amplify the target nucleic acid (SARS-CoV-2 RNA). Following
the amplification, the DMF system facilitated the purification
of the produced amplicon solution using Capto™ adhere
microbeads and the introduction of intercalating dye and the
final delivery to the DBD substrate. We propose that the
innovations introduced here may represent a general
approach that can be useful for a wide range of POC
diagnostic applications in the future.

Experimental
Reagents and materials

Unless specified otherwise, reagents were purchased from
Invitrogen™ ThermoFisher Scientific (Mississauga, Canada).
Tetronic 90R4 (BASF Corp., Germany) was generously donated
by BASF Corporation (Wyandotte, USA). Parylene-C dimer was
from Specialty Coating System (Indianapolis, USA). Chromium
and photoresist-coated glass slides (2 in x 3 in) used to fabricate
DMF devices were purchased from Telic Company (Valencia,
USA). ITO-coated glass slides (25 mm x 75 mm x 0.7 mm) were
purchased from Riley Supplies (Richmond Hill, Canada).
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Fig. 1 Digital microfluidics for LAMP-based diagnostics with distance-
based detection. In the rendering, extracted viral RNA (blue) is loaded into
a DMF cartridge. LAMP master mix (pink) is also introduced, and the
cartridge is heated to 65 °C. LAMP amplicons (yellow) are then cleaned
up using Capto™ adhere beads (Lt. brown). Processed LAMP amplicons
are introduced into a DBD substrate after mixing with intercalating dye
(SYBR® Safe, Orange). The fluorescent signal (green) on the DBD allows
for semi-quantitative measurement of viral load in the saliva sample.

FluoroPel 1101V and PFC110 solvent were purchased from
Cytonix, LLC (Beltsville, USA). Acrylic sheets and ITO-coated
ITO-coated polyethylene terephthalate film (PET-ITO) were
purchased from McMaster-Carr (Princeton, NJ) and Memcon
(Stevensville, MI) respectively. Medical grade, pressure-sensitive
adhesive tapes (AR Care® 90106NB and 7761-19) were
graciously donated by Adhesives Research (Glen Rock, PA).
Whatman™ Grade 1 chromatography paper (200 x 200 cm)
and grade 4 filter paper (240 mm diameter) were purchased
from GE Healthcare (Mississauga, Canada). Clear laminating
plastic sheets were purchased from Amazon (Amazon, Canada).
PCR plate sealing film (Microseal ‘B’) and Hard-shell PCR
plates (96 wells, thin wall) were purchased from Bio-Rad
(Mississauga, Canada). SARS-CoV-2 rapid colorimetric LAMP
assay kits (E2019S, Lot #10112519) were purchased from New
England Biolabs (Ipswich, USA). Inactivated cultured SARS-
CoV-2 viral samples at 1.2 x 10° plaque forming units per
milliliter (PFU mL™") were generously provided by the National
Microbiology Laboratory (NML) of the Public Health Agency of
Canada. Capto™ adhere anion exchangers agarose beads
(25 mL, Part# GE17-5444-10) were purchased from Sigma
Aldrich (Oakville, Canada). A pooled human saliva sample
(pre-pandemic, COVID-19 negative, #MBS170697) was
purchased from MyBioSource (San Diego, USA).

Fabrication of distance-based detection substrates

Distance-based detection substrates, each comprising a loading
zone (circle, 5 mm diameter) and a liquid flowing zone (35 mm
length with 1 mm tick markings along the length, and 3 mm
width), were formed using techniques adapted from those
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described by Wang et al®” Briefly, the designs were formed
using Inkscape and then printed on Whatman™ grade 1 and
grade 4 paper substrates using a Xerox ColorQube 8580 Wax
Printer (North York, Canada) with “photo” mode activated. The
patterned paper substrates were then transferred to a hot plate
and baked at 120 °C for 1 minute. After cooling, two printed
sheets were placed with the top sides facing each other and were
placed in plastic laminating sheets and laminated using a
laminator (TCC-330, Tamerica, USA) at 120 °C. The sheets were
then separated, yielding two DBD substrates (each with a layer
of laminate on its back).

Digital microfluidic device/cartridge fabrication and
operation

Digital microfluidic devices (two plates separated by a
spacer) and cartridges (devices featuring a plastic enclosure
and integrated reservoirs) were manufactured in-house.
Briefly, devices were formed from two plates: an ITO-coated
top plate and a bottom plate with patterned electrodes on a
glass substrate. The bottom plates were fabricated from 2 in
x 3 in chromium-coated glass substrates at the Toronto
Nanofabrication Center (TNFC) as described previously® via
UV photolithography and wet etching. Patterned bottom
plates were then coated with a ~6 pum layer of parylene-C
via chemical vapor deposition at the TNFC, and then spin-
coated with 1% w/w Fluoropel 1101V dissolved in PFC110 at
2000 rpm for 30 seconds. The coated bottom plates were
post-baked in a dry oven at 120 °C for 15 minutes. Each
bottom plate featured an array of 80 actuation electrodes
(2.2 x 2.2 mm each) connected to 8 reservoir electrodes
(16.4 x 6.7 mm each). The actuation electrodes were square
with interdigitated borders (140 pm peak-to-peak sinusoid),
with inter-electrode gaps of 30-80 pm. The top plates were
prepared by spin-coating ITO-coated glass slides with
Fluoropel as described above for the bottom plates and then
were heated on a hot plate at 120 °C for 15 minutes.
Devices were assembled by joining the top and bottom
plates with spacers formed from two layers of double-sided
tape (3M Company, Maplewood, USA) (~180 upm). The
volume of a unit droplet (i.e., one that covers the actuation
electrode) was ~1.3 pL.

Digital microfluidic cartridges were fabricated and
assembled as described previously.>® Briefly, 3 in x 3 in
bottom plates were formed as above. The top plates were
formed from rigid and transparent acrylic (1.5 mm thick)
interfaced to PET-ITO (MITO-60-125, 60 Q sq.”', 125 um
thick). Both acrylic and PET-ITO substrates were diced into 8
cm x 5 cm pieces and punctuated with through-holes to form
reservoirs®® using a 40 W CO, benchtop laser cutter (Full
Spectrum Laser). The acrylic and PET-ITO substrates were
bound together using a bio-compatible tape (ARcare® 90106
NB), dip-coated in 1% w/w Fluoropel 1101V in PFC110, spun
at 2000 rpm for 30 s to remove excess solution, and then dried
at room temperature for 30 minutes. Each DMF cartridge was
assembled by joining an acrylic/PET-ITO top plate with a
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bottom plate using a double-stacked adhesive gasket
(AR-Care® 7761-19 medical grade tape, ~220 um).

After the formation of devices or cartridges, a DBD
substrate was trimmed to expose the edge of the loading zone
and then was inserted between the top and bottom plates on
DMF devices (through one of the through-holes for
cartridges) and positioned such that the loading zone was
positioned on one of the reservoirs. Each device or cartridge
was then interfaced through pogo-pin connectors to DropBot,
a digital microfluidic control system which is described in
detail elsewhere®” (specifically, a custom/modified version of
DropBot with integrated PWM-driven heating for on-chip
amplification®® was used here). Droplets were actuated by
applying a force of 25 uN mm™' using the open-source
MicroDrop 2.0 software, conditions that were determined to
be below the saturation force®® for all liquids that were used.

Characterization of distance-based detection performance

UltraPure™ Salmon sperm DNA (10 mg mL™", lot# 1998818,
Invitrogen) was diluted in nuclease-free distilled water to
yield a series of standard solutions at concentrations of 0, 25,
50, 75, 100, 125, 150, 175, 200, 225 and 250 pg mL*. 100x
SYBR® Safe (Lot# 2265984, Invitrogen) was prepared by
diluting SYBR® Safe concentrate (10 000x) in distilled water.
In each experiment, 5 pL of DNA standard solution was
mixed with 5 pL 100x SYBR® Safe solution in a centrifuge
tube. The resulting mixture, with a total volume of 10 uL, was
then pipetted on the loading zone of a DBD substrate formed
from a Whatman™ grade 1 or 4 substrate and allowed to
elute through capillary action. The liquid front on the reader
was marked by a pencil once the front appeared to be no
longer moving (typically within ~5 min), and each DBD
substrate was analyzed as described below. All assays were
repeated 3 times.

Optimization of intercalator dye for distance-based detection

Four standard salmon DNA solutions at concentrations of 0,
10, 25, and 50 pg mL™', were prepared as described above,
for analysis using DBD substrates formed from grade 4
Whatman™ paper. Six concentrations of SYBR® Safe and
SYBR® Green I (Lot# 2311857, Invitrogen) intercalating dyes
(diluted to 1, 5, 10, 25, 50, 100x each in nuclease-free water)
were assessed by mixing 5 uL of DNA standard with 5 pL of
intercalating dye and then pipetting the mixture onto the
loading zone of a distance-based detection substrate, for
analysis as described above.

SARS-CoV-2 RNA extraction from viral samples and
quantification by qPCR

Mock clinical samples were formed by spiking pre-pandemic
human saliva with 0, 10 or 4.6 x 10* PFU mL™" cultured,
inactivated SARS-CoV-2. These samples were processed by
QIAamp viral RNA kits (Qiagen, Germantown, USA, including
wash and elution buffers) following the instructions given by
the manufacturer without any modification. Briefly, a mini
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spin column was pre-conditioned with lysis buffer and carrier
RNA. 140 pL of the viral sample was then transferred to the
mini spin column, followed by pulse-vortexing for 15 seconds
and incubation at room temperature for 10 minutes. The
spin column was then washed with ethanol and wash buffer,
and the RNA was eluted in the elution buffer. The final
volume was ~140 puL and the RNA concentrations were
determined by qPCR using methods described elsewhere.*”

Processing and analysis off-chip by RT-LAMP and qRT-LAMP

In positive (tve) RT-LAMP experiments, extracted RNA from
viral samples (see above) was amplified using a WarmStart®
reverse transcribed LAMP (RT-LAMP) colorimetric assay kit
with primers specific to SARS-CoV-2 RNA, following
instructions given by the manufacturer. Briefly, (i) 12.5 pL of 2x
master mix, (ii) 2.5 pL of primer mix, (iii) 2.5 uL of guanidine
hydrochloride, (iv) 2.5 pL of nuclease-free water, and (v) 5.0 pL
of RNA sample were combined in a well in a semi-skirted 96-
well PCR plate. The sample was then heated at 65 °C in a
C1000 touch thermal cycler (BioRad, Mississauga, Canada) for
17 minutes or 40 minutes before cooling to 4 °C. In negative
(-ve) RT-LAMP experiments, (i), (ii), (iii), and 7.5 uL of
nuclease-free water were combined and then exposed to the
same amplification protocol. All amplification reactions in
different conditions were repeated 3 times.

For real-time RT-LAMP experiments, the amplification
mixtures were prepared by combining (i), (ii), (iii), 2.5 uL of 10x
SYBR® Green I, and 5 pL of the RNA sample. These samples
were heated in a CFX 96 touch real-time PCR detection system
(BioRad, Mississauga, Canada) for 40 minutes at 65 °C, with a
fluorescent measurement performed every 30 s. The lid
temperature of the instrument was set at 95 °C, and there was a
5-second pre-heat step at 65 °C. All amplification reactions in
different conditions were repeated 3 times.

Optimization of Capto™ adhere agarose beads for LAMP
mixture clean-up

A 1 mL aliquot of Capto™ adhere agarose bead suspension
was transferred to a 2 mL centrifuge tube. After
centrifugation at 5000 rpm for 1 min, the supernatant was
removed, 1 mL of nuclease-free water was added, and the
beads were resuspended by pipetting. The centrifuge/wash
process was repeated three times, resulting in a 1 mL final
suspension. Five ratios of sample to Capto™ bead
suspensions were assessed, by combining 10 pL aliquots of
RT-LAMP -ve control (after amplification) with different
volumes of the washed Capto™ adhere bead suspension (0,
4, 6, 8, 10 pL). These samples were mixed thoroughly by
pipetting for 1 min, followed by incubation at room
temperature for 1 min. A 5 pL aliquot of this mixture was
then mixed with 5 uL 100X SYBR® SAFE and pipetted onto
the loading zone of a distance-based detector, for analysis as
described above. Control experiments using five volumes of
nuclease-free water (0, 4, 6, 8, 10 pL) (in place of the bead
suspension) were evaluated using the same procedure.
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Sample processing off-chip with distance-based detection

Samples were processed in five steps (1-5) as follows. (1)
Extracted SARS-CoV-2 RNA (9.84 x 10® copies per mL) was
amplified in the PCR instrument as described above (for
qRT-LAMP). (2) Amplified products were then diluted to 75%,
50%, 25%, or 10% (v/v) in amplified -ve control solution with
0.1% w/w T90RA4. (3) Aliquots (20 pL) of diluted products were
mixed with 20 uL Capto™ adhere beads and incubated at
room temperature for 1 min. (4) Each bead suspension was
mixed thoroughly with a 20 pL aliquot of 100x SYBR® Safe by
pipetting. (5) After the beads settled at the bottom of the
tube, a 10 pL aliquot of supernatant (amplified and cleaned-
up product with SYBR® Safe) was collected and analyzed by
distance-based  detection (as described below). All
experiments were repeated 3 times.

Sample processing on-chip with distance-based detection

In DMF experiments, all reagents contained 0.1% w/w
T90R4. In most DMF experiments, samples were amplified
and diluted off-chip, through steps (1) and (2) above, and
then cleaned up and analyzed on DMF devices in five steps
(A-E), as described here. (A) 4 pL aliquots each of
amplified/diluted sample and centrifuged/washed Capto™
bead suspension were loaded into separate reservoirs and
dispensed onto the array of electrodes. (B) Each pair of
droplets was merged and actively mixed by rotating in a
circular pattern for five minutes. (C) An 8 pL aliquot of
100x SYBR® Safe solution was loaded into a reservoir, and
a triple-unit droplet (~3.9 uL) was dispensed onto the array
of electrodes. (D) The dye droplet was merged with the
sample/bead droplet, and the merged droplet was then
mixed by rotating in a circular pattern for 2 minutes. (E)
The resultant droplet was driven to the distance-based
detector, where it touched the loading zone and wicked into
the liquid flowing zone, for analysis.

In some experiments, extracted RNA samples were
amplified on-chip in DMF cartridges (Fig. S1t) prior to
carrying out steps (A)-(E). Briefly, the modified DropBot
system (with integrated, PWM-controlled resistive heater) and
evaporation mitigation strategy (sealed cartridges) described
in Narahari et al® was used to load, dispense, and merge
unit-droplets of solutions (i-v) above (with concentrations
scaled to maintain reagent ratios). The merged droplet (total
volume 8 pL) was heated at 65 °C for 40 minutes and allowed
to cool, before using it as the amplified sample droplet in
step (A) above.

Distance-based detection

The total distance travelled by the liquid front on the
distance-based detectors d; was determined by eye in
comparison to the printed scale on the devices (often marked
with a pencil). The length travelled by the reporter in the
presence of the DNA sample ds was qualitatively observed by
imaging the DBD with a Pixel 6 smartphone with filters
[Brightline® single-band-pass filter (561/14 nm) and
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fluorescence filter (485 nm)] positioned in front of the
flashlight and camera, respectively. The normalized sample
travel distance was d, = dg/d,, which was related to the
chromatographic retention factor as k = (1 - d,,)/d,,.

In semi-quantitative experiments, ds; were determined by
imaging the length-based detector in a Lonza FlashGel®
Dock coupled to a personal computer, using the Camera
application on Windows 11; RGB images were saved at the
maximum resolution of the camera (1920 x 1080) as JPG files.
A script in Image] was used to isolate the blue channel which
exhibited the highest contrast of the fluorescent traces. The
background pixel intensity was determined for each image by
averaging the pixel intensities outside of the fluorescent
trace. In moving through the front (from high to low
intensity), the first band of pixels (40 width x 1 length) with
an average intensity less than or equal to that of the
background was designated as the front. The distance
travelled dg was then interpolated using the position of the
front relative to the nearest indicator line as the total
distance from the first line (near the loading zone).

Results and discussion
Distance-based detection

Here, we describe a new NAAT for viral diagnostics that may
someday be useful for portable applications outside of the
laboratory. This is an area of intense interest in the field; we
focused on mitigating two key limitations, (1) the
requirement of systems to be equipped with dedicated
detection apparatus, and (2) the requirement of off-chip
sample processing. We approached the first challenge using
distance-based detection®*® (DBD), a technique in which
analyte amounts are reported based on the length travelled
of a visual signal on a patterned paper reporter. The signal
can simply be identified by the eye (using a simple
illumination system), such that it effectively replaces the
detection apparatus (bulky equipment) with a strip of paper.
The application of DBD substrates for nucleic acid
analytes was first reported by Wang and coworkers in 2018.%’
The system is quite clever — by analogy to chromatography,
an intercalating fluorescent dye, SYBR® Green I (SG I), serves
as the “chromatographic analyte”. The analyte is strongly
retained by the “stationary phase” (cellulose fibers in the
DBD substrate), and in most “mobile phases” (buffer
solutions), the chromatographic analyte remains bound to
the cellulosic surface (the “stationary phase”) and does not
move when the mobile phase wicks through the system. But
because SG I forms complexes with double-stranded DNA
(dsDNA) when dsDNA is included in the mobile phase, the
chromatographic analyte migrates through the substrate. The
distance that the chromatographic analyte travels is
determined by the equilibrium between association with
stationary and mobile phases, which can be tuned by
changing the concentration of dsDNA in the solution. [Note:
in actual practice, the DNA in solution is the “analyte” that is
being measured. We use the term “chromatographic analyte”
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to refer to the behavior of the fluorescent reporter as it moves
through the DBD.] The system has been well characterized,®
and seems to be quite versatile, being compatible with a
variety of different types of samples and solvents. Here, we
sought to develop and apply similar methods to serve as part
of a miniaturized detection system for viral diagnostics.

As a first step, DBD substrates were formed from two types
of Whatman™ paper, grade 1 and grade 4. DBD performance
was evaluated with a series of DNA standards (0-250 pg
mL™") mixed with an SYBR® dye reporter. As shown in
Fig. 2A, the DNA standard solutions illustrated the expected
trend, with SYBR® dye travel distance correlated to dsDNA
concentration. As shown in Fig. 2B, when viewed semi-
quantitatively, the normalized travel distance (d,) as a
function of dsDNA concentration was reproducible for both
paper types (Fig. 2A), with an average relative standard
deviation of 5.7% (grade 1) and 3.8% (grade 4) across all DNA
concentrations tested. The relationship between travel
distance and DNA concentration was strongest for both types
of substrates between 0-100 pg mL ™' DNA. The travel
distances  observed for this concentration range
(approximately 0.1 < d, < 0.5) correspond to
chromatographic retention factors in the (typically desirable)
range of approximately 9 > k > 1.

We further evaluated the flow rate of DBD substrates
formed from both types of paper by measuring the time
required for a fixed volume of aqueous solvent to travel a
selected distance (Fig. 2C). The flow rate in DBDs formed
from grade 4 paper (0.13 = 0.02 mm s ') was found to be 2.6
times faster than that observed in DBDs formed from grade 1
paper (0.05 + 0.01 mm s ). This agreed with our expectations
(noting that velocity in a porous medium scales with pore
size), given that grade 4 and grade 1 papers have pore
diameters of ~20-25 um and ~11 um, respectively. Based on
this result and the lower level of standard error, we used
DBD substrates formed from grade 4 paper for all subsequent
experiments.

As a next step, the fluorescent reporter was optimized for
the application described here. The fluorescent reporter used
in the original studies,””*® SYBR® Green I (SG I) dye, works
well for this application, but it is toxic and expensive (approx.
$0.83 per upL). We were thus interested in exploring
alternative reporters, such as the less toxic and less expensive
(approx. $0.23 per pL) SYBR® Safe (SS) dye. As shown in
Fig. 2D, both SG I and SS were found to produce a strong
travel distance/DNA concentration trend.

SYBR® dyes are sold by their manufacturer as aqueous
solutions with their quantities reported as concentration
factors for their uses in gel electrophoresis and quantitative
PCR (ie., 1x, 50%, 100%, etc.). The effects of reporter
concentration for the two dyes were probed for DBD
performance. As shown in Fig. 2E, at high SG I dye
concentrations (=25%), the normalized distance travelled
approaches unity (and the retention factor in the stationary
phase approaches zero) at high [dsDNA], implying more dye
interactions with the dsDNA. On the other hand, at low dye
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Fig. 2 Optimization of distance-based detection of dsDNA. A. Representative fluorescent images of dsDNA standards (0 to 250 pg mL™) in
grade 1 (top) and grade 4 (bottom) Whatman™ paper DBD substrates using 100x SYBR® Safe intercalating dye. B. Graph of normalized travel
distance as a function of concentration of dsDNA in grade 1 (blue) and 4 (red) substrates. C. Graph of flow rates observed in grade 1 (blue) and
grade 4 (red) substrates for 10 puL 0.1% w/w T90R4 in distilled water. D. Representative fluorescent images (blue channel only) of dsDNA
standards (0 to 50 pg mL™) in DBD substrates after exposure to 100x SYBR® Green | (top) and SYBR® Safe (bottom) dyes. E and F. Plots of
normalized travel distances as a function of dsDNA concentration for varying concentrations of SYBR® Green | (Fig. 2E) or SYBR® Safe (Fig. 2F)

[1x - purple, 5x - dark green, 10x - light green, 25x - blue, 50x - yellow, and 100x - red]. Error bars represent 1 std. deviation for n = 3

replicates per condition.

concentrations (<10x), SG I did not adequately resolve the
range of DNA concentrations tested here. In contrast, as
shown in Fig. 2F, the retention factor for SS in the stationary
phase is more modest (implying weaker dye interactions with
dsDNA), but the entire range of SS concentrations (1-100x)
provided adequate distance-based detection resolution of the
DNA concentrations tested here.

The most useful comparison of the two reporters (SG 1
and SS) was found upon close inspection of the geometries of
the “fronts” of the fluorescent traces on the DBD substrates.
The SG I trace exhibited a characteristic ‘fading front’ effect
that obscured the ability to reliably determine the precise
travel distance. For example, a linear plot of fluorescence
intensity for a front formed by 100x SG I in the presence of
25 ug mL™" DNA on a DBD is shown in Fig. S2.f As shown,
the intensity gradually diminishes over a substantial distance
(~136 pixels or ~5.4 mm). In contrast, the SS trace has a
much more modest ‘fading front’ effect. For example, as
shown in Fig. S2,} the distance between maximum intensity
and background level for 100x SS in the presence of 25 ng
mL™" DNA is only ~35 pixels (or ~1.5 mm). Thus, with the
desire for a rapid, reliable visual readout, SS (at the 100x
level) was selected as the reporter for the remainder of the
work described here.
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Finally, the most important aspect of DBD is the potential
for analysis by “eye”, without requiring a dedicated detection
apparatus. Thus, while some data were acquired for semi-
quantitative analysis using a scanner, in all qualitative
experiments, we used a modified cell phone camera/
flashlight system, illustrated in Fig. S3.}

Distance-based detection of LAMP products

Armed with an optimized DBD system for evaluating dsDNA,
we turned our attention to its ability to detect LAMP
products, noting that all previous reports of this type of
system (i.e., DBD for NAAT applications) have been applied
exclusively to  detecting PCR  products.>’*®  After
amplification, the LAMP reaction mixture contains multiple
short base-pair components, including primer-dimers and
mixtures of oligonucleotides and concatemers,”” ™ forming a
much more complex background than what is typically found
in PCR. We hypothesized that some of these LAMP-specific
components might interact with the dye reporter and thus
interfere with DBD performance. To probe this phenomenon,
a series of negative LAMP experiments making use of an
amplified negative (-ve) control solution (containing all the
reagents but lacking RNA template and dsDNA analytes) was

This journal is © The Royal Society of Chemistry 2024
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devised. As shown in Fig. S4A;f after amplification, this
mixture results in an elongated response of d,, > 0.5 (~15
mm travel distance), limiting greatly the available range of
the DBD, and suggesting that unmodified LAMP products
may be incompatible with distance-based detection for the
conditions reported here.

To mitigate this issue, a sample clean-up approach was
adapted from a protocol reported previously by Soares and
coworkers® relying on Capto™ adhere agarose (CAA) beads.
Briefly, the CAA approach employs a solid phase that
selectively binds low molecular-weight nucleotides (<100 bp),
leaving the desired LAMP products (concatemers of the target
sequence, typically with large molecular weight) in solution.
In practice, CAA beads are added to the mixture after
amplification, and after a short incubation step (1 min), they
are removed to allow the analysis of the supernatant. This
approach was found to be useful for distance-based detection
- for example, Fig. S4Bt shows distance-based detection
signals for amplified —ve controls after exposure to increasing
volumes of CAA bead suspension. Semi-quantitative DBD
results are shown in Fig. S4C;t indicating that exposure to
CAA beads causes the d,, of the mixture to decrease from 0.55
to below 0.30, reducing the baseline signal. Thus, this clean-
up process was employed for all the remaining experiments
described here.

As indicated above, the CAA approach makes LAMP
compatible with DBD - to our knowledge, this is the first
report of this (LAMP-DBD) combination. But the extra
sample processing introduced by this procedure (including
mixing with bead suspension, incubating, and recovery of
supernatant) is an additional hurdle for portable, point-of-
care applications. Thus, we turned to digital microfluidics
(DMF) to automate the new method. DMF is a technique in
which droplets of reagents and samples are programmed and
controlled on-demand, in a format that is convenient for
point-of-care use, even in remote and resource-limited
settings.””*! DMF has been used for a wide range of
applications involving rigid magnetic particles,"®™*” but to
our knowledge has never been applied to handling
suspensions of large (~75 pm diameter), malleable particles
such as the CAA beads described here.

In practice, suspensions of CAA beads were found to be
compatible with DMF operations, including dispensing,
splitting, and merging droplets. As shown in Fig. 3A, an
automated program was developed in which a droplet of
LAMP-amplified product was mixed with a droplet of CAA
bead suspension and SYBR® reporter, and then driven to an
integrated DBD. The solution phase (containing the desirable
high molecular weight analytes) wets the DBD spontaneously,
allowing for distance-based detection, while the beads
(containing the wundesirable low molecular weight
constituents) remain behind. Typical results generated off-
chip (manually) and on-chip (by DMF) are shown in Fig. 3B.
In sum, the (DMF) system appears to be a useful solution to
limitations related to manual processing steps for the
method described here.

This journal is © The Royal Society of Chemistry 2024
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Fig. 3 Automated sample cleanup. A. Pictures (i-viii) illustrating
sample processing steps in a DMF cartridge. (i) A DMF cartridge has
three reagents: white - Capto™ Adhere bead suspension (bottom left
reservoir), red - LAMP products (bottom, second-from-left reservoir),
and blue - SYBR® Safe (top, middle reservoir). CAA bead suspension
and LAMP products are dispensed (ii), moved and mixed (iii) and then
split (iv). A droplet of SYBR® Safe is dispensed (v) and mixed (vi) with
the processed LAMP product. The droplet (purple) is then delivered
(vii) to the DBD and wicked onto it (viii) by capillary action. B. A plot of
normalized travel distance as a function of percentage composition
(0-75% v/v) of LAMP-amplified +ve sample diluted in LAMP-amplified
-ve mix, processed with CAA bead clean-up off-chip (blue markers)
and on DMF (red markers). Error bars represent +1 std. deviation of
normalized travel distance for n = 3 replicates per composition.
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To our knowledge, DMF has never before been combined
with DBD. In fact, there are only a few reports describing the
interface of DMF with lateral flow/wicking substrates for any
application, either for sample delivery*® or sample analysis.*’
In its current implementation, DBD substrates were
interfaced with DMF cartridges by hand. In the future,
automated processes (appropriate for scalable manufacture)
might be developed in which integrated DBD substrates are
formed directly in inkjet-printed DMF devices’*™> or are
assembled together wvia roll-to-roll or pick-and-place
techniques. However these devices are ultimately
manufactured, we believe this to be a powerful combination
that is likely to be useful for a wide range of potential
applications in the future.

DMF-LAMP-DBD for automated NAATSs

Armed with an automated DMF-LAMP-DBD system, we
turned to evaluating its suitability for use with a
diagnostic NAAT application - detection of SARS-CoV-2
RNA in saliva. As a first step toward this goal, we
characterized the performance of a commercial qRT-LAMP
kit>® combined with highly specific primer sets'® for the
envelope (E) gene and nucleocapsid (N) genes in the virus.
A suspension of cultured, inactivated SARS-CoV-2 at a
density of 1.2 x 10° PFU mL™' was acquired and
determined by qPCR to contain 9.84 x 10° copies per mL
of the viral genome. The (RT-LAMP method was then
applied to a dilution series of this sample, and as shown
in Fig. S5,f it was found to be appropriate for detecting
viral RNA at all concentrations tested (9.84 x 10°-9.84 x
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10° copies per mL) after 30 minutes of amplification. This
range is (in principle) compatible with the detection of
SARS-CoV-2 in the saliva of infected patients, which
ranges between 10%-10° copies per mL.**

Finally, as a proxy for real samples, cultured, inactive
SARS-CoV-2 was spiked into pre-pandemic human saliva.
(Note that the sample pre-processing employed here ensures
that solutions loaded onto the DBD substrates do not suffer
from differences in wicking velocity caused by variations in
saliva viscosity.”®) Specifically, saliva samples spiked with
SARS-CoV-2 viral loads at the low (10 PFU mL™") and high
(4.6 x 10" PFU mL™) end of the clinical range were prepared
and then confirmed by qPCR to contain (4.88 + 0.78) x 10*
and (2.20 + 0.29) x 10® copies per mL (Table S1t). From
the kinetic data in Fig. S5, we hypothesized that an
amplification time of 17 minutes would be useful for
distinguishing between high and low viral loads (noting that
the conventional 40-minute amplification would likely yield
indistinguishable signals). This hypothesis was borne out
qualitatively (Fig. 4A) and semi-quantitatively (Fig. 4B), where
a 17 min amplification yielded statistically significant
differences between the three samples (two-sided ttest,
Dblanklow = 0.02863, Piow-high = 0.00077). Finally, as illustrated
in Fig. S6,f the entire process including amplification,
cleanup, and distance-based detection can be automated on
DMF, with a run time of 50 minutes. Note that there are two
key pre-processing steps that are performed manually in this
method - viral lysis and extraction - but we propose that in
the future, they might be automated by DMF as well for end-
to-end automation, similar to what was reported previously®”
for a Zika virus diagnostic (that did not use LAMP or DBD).

0.8 A

0.6 1

10 PFU/mL 4.6 x 104 PFU/mL
0.4 1

0.2

Normalized Travel Distance

0.0

Amplification Duration

B Reduced (17 min) |—|
s Full (40 min)

*kk

0 PFU/mL

4.6 x 10* PFU/mL

10 PFU/mL

0 1I0 46600
Viral Load in Saliva (PFU/mL)

Fig. 4 DBD analysis of amplified viral RNA extracted from human saliva spiked with SARS-CoV-2. A. Representative fluorescent images of DBD
substrates after exposure to amplified viral RNA extracted from three (spiked) viral loads in saliva (0-blank, 10-low, 4.6 x 10*-high PFU mL™) after
reduced (17 min, top) and full (40 min, bottom) duration of RT-LAMP amplification. B. Plot of normalized travel distance as a function of viral load
in saliva (0, 10, 4.6 x 10* PFU mL™) for reduced (17 min-blue) and full (40 min-red) amplification. Error bars represent *1 std. deviation of
normalized travel distance for n = 3 replicates per condition; a single asterisk (*) indicates statistical significance with p < 0.05 and three asterisks

(***) indicate statistical significance with p < 0.001.
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Conclusions

In this work, we introduce the combination of distance-based
detection (DBD) and digital microfluidics (DMF) to address
two limitations of POC NAATSs. First, DBD allows for analysis
without a dedicated detection apparatus, to provide signal
output and (semi-) quantitative data about the analyte by eye.
Second, DMF allows for automated sample handling and
processing, reducing user burden and error while
maintaining assay performance. We propose that the
combination of DMF with distance-based detection may be a
powerful one for future generations of NAATs that are
intended for use at the point of care.

In addition to introducing DMF-DBD, another key
innovation reported here is the adaptation of LAMP to be
compatible with DBD. LAMP and other isothermal
techniques are popular for developers of portable diagnostic
tests, as instrumentation can be simpler than what is needed
to implement the more common PCR (which requires
temperature cycling). But in initial tests, LAMP proved to
have undesirably high background for DBD, limiting its
effective dynamic range. A new procedure was developed in
which LAMP products were automatically cleaned-up by a
solid-phase depletion procedure (using Capto™ adhere
beads) in the DMF chip prior to analysis. This innovation
allowed the technique to differentiate between positive and
negative saliva samples, and between positive samples spiked
with SARS-CoV-2 at “high” (10° genome copies per mL) and
“low” (10" copies per mL) viral loads.

In sum, the new system allows for a hands-free automated
test for the presence of a viral target. Critically, very little user
intervention is required, and no dedicated detection
apparatus is needed - the result can be determined by eye. To
date, this system has not yet been used outside of the
laboratory, but we propose that it is a good bet for future
demonstrations as a “portable” instrument that can be
operated in many different environments. In sum, this system
has the potential to contribute to redefining the landscape of
diagnostic testing, rendering the experience more accessible
and precise while simultaneously reducing the demands
placed on healthcare professionals and patients alike.
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