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Population assessments of infection and immunity status are critical for public health response to infectious
disease. Most microfluidic tools are developed to assess one or the other - few assess both. This study
introduces a multiplexed, fully automated digital microfluidic (DMF) platform designed to detect viral
protein as a proxy for infection status and host IgG and IgA antibodies as a marker for immunity status.
SARS-CoV-2 and patient saliva were used as a model system to evaluate the concept. Specifically, the
infection assay relied on nanobody-based capture and detection agents specific to SARS-CoV-2 trimeric
spike protein, with a limit of detection (LOD) of 3.8 ng mL™ in saliva. And the immunity relied on
monoclonal antibodies for host IgG and IgA specific to SARS-CoV-2 spike S1 domain, with LODs of 4.8 ng
mL? and 13.3 ng mL™? in saliva, respectively. Clinical validation in saliva samples from human subjects
experiencing symptoms (n = 14) showed strong correlation with PCR and commercial ELISA, achieving
100% sensitivity and 100% specificity for infection detection and 100% sensitivity with 91.7% and 90.9%
specificity for host IgG and IgA, respectively. These results highlight potential applications for the new
system as a portable diagnostic tool for outbreak surveillance and public health management, as a step
toward preparing for the next global pandemic.
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The COVID-19 pandemic highlighted the critical role of
diagnostic tests in public health policy, which is vital for
controlling disease spread and managing outbreaks. The
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urgency created by the pandemic spurred substantial
advancements in portable microfluidic systems," which have
the potential to revolutionize infectious disease diagnosis. The
new systems that have been developed include nucleic acid
amplification tests (NAATs) and viral antigen tests for detecting
infection,”° and human immunoglobulin (Ig) G/M/A tests for
assessing immunity.""* Detecting both active infection and
immune response allows for epidemiological monitoring of
infection and immunity status within populations. This
enables targeted interventions and optimized resource
allocation by identifying individuals at high risk and low risk of
infection, which can guide public health policy and outbreak
management. Thus, it is widely understood®™ that
preparedness for future infectious disease outbreaks will
require integrated tools accessing infection and immunity
simultaneously. There are few such tools described in the
literature, which motivated the work described here.
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Integrating infection and immunity tests requires a single
sample type. Among the various candidates, saliva presents
advantages as it contains viral RNA, viral antigens, and host
antibodies that can be useful for assessing active infection
and immune response.'® With particular reference to the
COVID-19 pandemic, saliva testing has been shown to
provide comparable accuracy to nasopharyngeal swabs for
detecting SARS-CoV-2 infection,"” and to plasma in the
detection of host IgG and IgA responses to infection.” These
characteristics, along with the ease of collection and the
potential for self-sampling, make saliva a particularly
attractive choice for the work described here.

In scouring the literature, we have been able to find just
three previous reports*'>* of combined microfluidic tests for
infection and immunity for SARS-CoV-2 in saliva. These studies
represent important milestones in the field, but each suffer
from limitations that have precluded widespread adoption and
use. For example, Torrente-Rodriguez et al.*' report a paper-
based sensor that can detect viral antigen and host IgM/IgG in
saliva, but the assay is manual, requiring a long series of
pipetting steps to load sample and reagents onto each reaction
spot for analysis. On the other hand, Najjar et al.>* present a
more automated system for assessing infection/immune
response, with integrated, microfluidic processing of saliva
samples for detection of viral RNA and (in parallel) host IgG or
IgM. But each assay is quite long (up to 120 min), the system
requires a built-in heater (increasing the complexity of the
instrument), and despite the impressive automation of
subsequent steps, the user initiates the assay by loading
separate aliquots of sample into the device for the immunity
(15 pL diluted saliva) and infection (280 pL diluted saliva) tests.
Likewise, Moakhar et al.*® describe a system for simultaneous
detection of SARS-CoV-2 antigen and host IgG/IgM with
similarly impressive levels of microfluidic automation, but the
user must collect and load two types of samples (700 pL saliva
for the immunity tests and 3 pL blood for the infection test),
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making it ill-suited for applications in the field. Finally, none
of the aforementioned studies®>* describe the use of built-in
negative controls, which are widely recognized®*>® to be a
critical component of portable diagnostics.

Here, we sought to develop a fully automated microfluidic
diagnostic for SARS-CoV-2 infection and immunity that (i) only
requires the user to load a single aliquot of a single sample
and (ii) includes controls necessary for the results to be
trusted in applications outside of the lab. The new system
(Fig. 1) relies on digital microfluidics®” and is designed to test
saliva samples for the presence of viral antigen and host IgG
and IgA in minutes. In this work, we describe the selection
and use of highly sensitive and specific nanobody pairs®® as
capture and detection agents for a magnetic particle-mediated
immunoassay to detect SARS-CoV-2 trimeric spike protein,
while in parallel, spike S1 domain-coated magnetic beads are
used to pull down and detect host IgG and IgA in human
saliva samples. We describe how the assays were optimized
and automated, and report their application to evaluate
clinical saliva samples compared to reference test results. We
propose that the new digital microfluidic methods described
here offer a robust, user-friendly alternative for comprehensive
surveillance, which could form the basis for tools that can
contribute to effective public health management in the face
of current and future infectious disease threats.

Experimental

Reagents and materials

Dynabeads™ M-270 Epoxy, Dynabeads™ M-280 Streptavidin,
and Dynabeads MyOne Streptavidin T1 beads and Antibody
Coupling Kit were purchased from Thermo Fisher Scientific
(Mississauga, ON, Canada). Biotinylated recombinant SARS-
CoV-2 spike S1 domain was obtained from Bioss (Woburn,
MA, USA). Human (‘host’) anti-SARS-CoV-2 antibodies IgG
(IgG3, Kappa) and IgA (IgAl, Kappa) were obtained from
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Fig. 1 Digital microfluidic test for infection and immunity status. Schematics (left) illustrating bead-based immunoassays on a digital microfluidic
for multiplexed, quantitative detection of negative controls (A and B), host IgG and IgA (C and D), and viral antigen (E) in saliva. Photo (right) of the

DMF control system used to automate the tests.
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Absolute  Antibody (Woburn, MA, USA). Horseradish
peroxidase (HRP) conjugated goat anti-human IgG and IgA
antibodies were obtained from Southern Biotech
(Birmingham, AL, USA). Polyclonal unconjugated goat anti-
human IgG was obtained from Southern Biotech. A
recombinant trimeric SARS-CoV-2 spike glycoprotein®
(Reference Material SMT1-1, Wuhan; molecular weight 551
kDa) was obtained from the National Research Council
Canada. Heavy-chain-only antibodies (ViHs) specific to SARS-
CoV-2 were produced in-house as described previously.>®
Inactivated cultured SARS-CoV-2 viral samples were provided
by the National Microbiology Laboratory (NML) of the Public
Health Agency of Canada. Pre-COVID pooled saliva was
obtained from MyBioSource (San Diego, CA, USA).
Streptavidin-polyHRP conjugate was obtained from Sigma
Aldrich (Oakville, ON, Canada). All other reagents, including
1-Step™  TMB  (3,3',5,5"-tetramethylbenzidine) =~ ELISA
Substrate, SuperSignal™ ELISA Pico Chemiluminescent
Substrate, and SuperBlock™ Blocking Buffer in phosphate-
buffered saline (PBS), were obtained from Thermo Fisher
Scientific (Mississauga, ON, Canada).

Chromium and photoresist-coated glass slides (3 in x 3 in)
were purchased from the Telic Company (Valencia, CA, USA).
ITO-coated glass slides (25 mm x 75 mm X 0.7 mm) were
sourced from Riley Supplies (Richmond Hill, ON, Canada).
Parylene-C dimer was supplied by Specialty Coating System
(Indianapolis, IN, USA). FluoroPel 1101 V and PFC110 solvent
were purchased from Cytonix, LLC (Beltsville, MD, USA).
Tetronic 90R4 (BASF Corp., Germany) was generously
donated by BASF Corporation (Wyandotte, MI, USA). Saliva
samples (n = 14) from Moldovan patients showing COVID-19
symptoms were collected by the Foundation for Innovative
New Diagnostics (FIND, Geneva, Switzerland) and were stored
at —80 °C until use.

Fabrication and operation of digital microfluidic devices

DMF devices, consisting of two plates separated by a spacer,
were fabricated at the Centre for Research and Applications
in Fluidic Technologies (CRAFT), following previously
described methods®*?*! involving UV photolithography and
wet etching. Specifically, bottom plates were produced from 3
in X3 in chromium-coated glass substrates. Patterned bottom
plates were coated with a ~5 um layer of parylene-C via
chemical vapour deposition at the Toronto Nanofabrication
Center (TNFC), followed by spin coating a 1% (w/w) solution
of FluoroPel PFC 1101 V dissolved in PFC110 at 2000 rpm for
30 seconds. Coated bottom plates were then baked in a dry
oven at 110 °C for 15 minutes. Each bottom plate featured an
array of seventy-eight offset-cross-shaped actuation electrodes
(2.8 mm x 2.8 mm), six rectangular mixing electrodes (5.7
mm x 2.4 mm), six square waste electrodes (2.8 mm x 2.0
mm), ten rectangular dispensing electrodes (5.2 mm x 2.4
mm), and ten reservoir electrodes (10 mm x 6.7 mm), with
inter-electrode gaps that ranged from 30-80 pm. Top plates
were prepared by dip-coating ITO-coated glass slides with
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FluoroPel (the same solution indicated for spin-coating) and
then heating them in a dry oven at 160 °C for 15 minutes.
Devices were assembled by sandwiching the top and bottom
plates with spacers formed from two layers of double-sided
tape (3 M Co., St. Paul, MN, USA) with a thickness of ~180
pm. Two layers of conductive copper adhesive tape (3 M Co.)
of ~180 um thickness was placed onto the ground electrodes
connecting the top and bottom plate. The volume of a single
unit droplet, defined as a droplet that covers one actuation
electrode, was approximately 1.3 pL. Each device was
interfaced through pogo-pin connectors to the open-source
digital microfluidic control system, DropBot.>* The DropBot
instrument used was custom-built, including an integrated,
automated magnetic lens and photomultiplier tube (PMT),
described in detail elsewhere.*® Droplets were actuated by
applying a force of ~25 uN mm " using the open-source
MicroDrop 3.0 software, under conditions determined to be
below the saturation force** for all the liquids used.

Nanobody selection and characterization

In initial experiments, a panel of VyH antibodies specific to
SARS-CoV-2 (ref. 28) was tested in pairs with inactivated virus
in an agglutination assay to identify promising candidates,
which included ‘V4qH 11’ and ‘VgH 1d’. Monovalent (site-
specifically biotinylated) and bivalent (fused to the human
IgG1l Fc region) versions of these antibodies were then
evaluated for their stability and binding properties in saliva
as described in ESIT Note S1 and Fig. S1. Ultimately, the pair
of reagents, referenced here as “capture nanobody” (VizH 11-
Fc) and “detection nanobody” (VgH 1d-biotin) were selected
for microfluidic assay development.

Preparation of beads for SARS-CoV-2 infection assays

Dynabead™ M-270 Epoxy beads were coated with capture
nanobodies using a modified version of the Dynabeads®
Antibody Coupling Kit protocol. Briefly, 6 mg of magnetic
beads was dispersed in 1 mL of C1 buffer and then pelleted,
disposing of the supernatant. A 7.5 pL aliquot of an aqueous
solution of capture nanobody (4 mg mL™') was mixed with
292.5 uL of C1 buffer, and the mixture was used to suspend
the pellet of magnetic beads referenced above to achieve a
final concentration of 5 pg of nanobody per milligram of
beads. 300 pL of C2 buffer was added to the mixture and
incubated at 37 °C for 16 to 24 hours without allowing the
beads to settle using a Roto-Mini™ Plus Rotator (Benchmark,
NJ, USA). After incubation, the beads were washed by
pelleting and resuspending in three wash buffers in series
(HB, LB, and SB) as recommended by the manufacturer.
Finally, the 6 mg of beads was resuspended in 600 uL of SB
wash buffer and stored at 4 °C until use.

Off-chip SARS-CoV-2 infection assays

Off-chip SARS-CoV-2 infection assays were carried out using a
9-step procedure. (1) A 2 pL aliquot of capture nanobody-
coated magnetic bead suspension was added to each tube in
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a strip of eight tubes. (2) Each sample was pelleted and
resuspended in a 50 pL aliquot of PBS SuperBlock™. (3a) A 2
pL aliquot of the sample (SARS-CoV-2 trimeric spike protein
spiked in PBS SuperBlock™ or pooled pre-COVID-19 saliva)
was added to each tube. (3b) A 2 uL aliquot of secondary
reagent (detection nanobody solution, 20 ug mL™") was added
to each tube. (3c) The contents were then mixed using a
rotator for 10 minutes. (4) The beads in each tube were then
washed three times by pelleting and resuspending in 50 pL
aliquots of PBS SuperBlock™. (5) A 2 uL aliquot of aqueous
streptavidin-polyHRP solution (typically 5 ng mL™", see Note
S2, Fig. S21) was added to each tube and mixed for 30 minutes
with a rotator. (6) The beads in each tube were then washed
three times by pelleting and resuspending in 50 pL aliquots of
PBS SuperBlock™. (7) A 5 pL aliquot of aqueous 1-Step
TMB™ solution was added to each tube and mixed for 5
minutes. (8) The reactions were quenched by adding a 0.5 uL
aliquot of 1 M H,SO, to each tube. (9) The beads in each tube
were then pelletized, and a 2 uL aliquot of the supernatant in
each tube was collected for optical density measurement at
450 nm using a NanoDrop spectrophotometer (Thermo
Fisher, Mississauga, ON). Calibration curves were generated
by fitting with four-parameter logistics (4PL) curve functions.
The limits of detection (LOD) and quantification (LOQ) were
determined as the concentrations corresponding to the
position on the curve of the mean signal generated from blank
measurements plus 3 (LOD) or 10 (LOQ) times the standard
deviation of the blank measurements (Note 2, Fig. S37).

Preparation of beads for SARS-CoV-2 immunity assays

Dynabeads® M-280 streptavidin-coated paramagnetic beads
were selected for implementing immunity assays after
optimization (see Note 3, Fig. S47). Site-specifically biotinylated
SARS-CoV-2 spike S1 domain protein (Bioss, MA, USA) was
buffer-exchanged into DPBS at 1 pg uL™' using Zeba™ spin
desalting columns (7 kDa MWCO) and immobilized on the
beads following a modified version of the manufacturer's
protocol. Briefly, 250 pL of bead stock suspension was washed
with PBS containing 0.02% (v/v) Tween-20, then incubated
overnight at 4 °C with 20 pL of the biotinylated S1 solution.
After washing, beads were blocked using 4% (w/v) Blocker™
BSA in PBS with 0.02% (v/v) Tween-20 and incubated for 2
hours. Final washes were performed with PBS containing
0.01% (v/v) Tween-20, and the functionalized beads were
stored at 4 °C in PBS with 0.01% (v/v) Tween-20. Prior to each
assay, the beads were equilibrated by washing with PBS
SuperBlock™ containing 0.01% Tetronic 90R4.

Off-chip SARS-CoV-2 immunity assays

Off-chip immunity assays for host antibodies were
implemented using 9-step protocols that were similar to the
one described above but with the following changes. In step
(1), spike S1 domain protein-immobilized beads were used.
In step (3a), a 2 pL aliquot of sample - host antibody (IgG or
IgA) spiked in PBS SuperBlock™ or pooled pre-COVID-19
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saliva — was added to each tube. In many assays, there was
no step (3b), and in step (3c), incubation was typically 5 min
for IgG and 10 min for IgA (see Note S3, Fig. S57). In step (5),
an aqueous solution of HRP conjugated to anti-human IgG or
IgA (50 ng mL ") was added to the beads. Finally, calibration
curves (with 4PL fitting) and LODs/LOQs were generated as
above (Note S3, Fig. S6t1). Upon observation of reactivity in
IgA assays in saliva (Note S3, Fig. S77), step (3b) was added to
the procedure for such samples - the addition of a 2 pL
aliquot of goat anti-human IgG (1 mg mL™).

DMF SARS-CoV-2 infection assays

All reagents for this and all other DMF procedures were
supplemented with Tetronic 90R4 surfactant to a final
concentration of 0.01% (w/v). A 16-step protocol was developed.
(1) A double-unit droplet of capture nanobody-coated magnetic
bead suspension was dispensed from a reservoir, and the beads
were separated using a magnetic lens. (2a) A double-unit droplet
of sample (pooled pre-COVID-19 saliva spiked with SARS-CoV-2
trimeric spike protein) was dispensed onto the array. (2b) A
double-unit droplet of secondary reagent (detection nanobody
solution, 0.1 pug mL™") was dispensed onto the array. The two
solutions were merged. (2c) The droplet was used to resuspend
the beads and then to actively mix them for 10 minutes. (3) The
beads were immobilized, and the supernatant droplet was
moved to waste. (4-7) The beads were washed four times, in
each case resuspending them in a fresh double-unit droplet of
PBS SuperBlock™, immobilizing the beads and driving the
supernatant droplet to waste. (8) A double-unit droplet of
tertiary reagent (streptavidin-polyHRP solution, 20 ng mL ") was
dispensed, used to resuspend the beads, and then to actively
mix them for 5 minutes. (9-14) The beads were washed six
times as above. (15) A double-unit droplet of an aqueous
mixture of luminol and H,0, (a 1:1 mixture of regents from the
SuperSignal™ ELISA Pico kit, formed immediately prior to
assay) was dispensed and mixed with the beads for one minute.
(16) The droplet was moved to the detection region, and the
chemiluminescence signal was recorded by the PMT (biased at
1000 V) for 300 seconds (and the mean PMT response during
this period was recorded as “signal”), after which the droplet
was driven to the waste reservoir. Typically, steps 1-14 of the
procedure above were applied in parallel to five test-solutions
(four samples and a negative control comprising pooled, pre-
COVID-19 saliva with no spiked analyte) in zones A-E on the
device. Steps 15-16 were then performed serially for each of the
solutions, and each of the signals was corrected by subtracting
a PMT measurement with no droplet present. A calibration
curve was prepared and fit with a linear function to generate
LOD and LOQ as described above.

DMF SARS-CoV-2 immunity assays

DMF immunity assays for host antibodies were implemented
using 16-step protocols that were similar to the one described
above but with the following changes. In step (1), spike S1
protein-coated beads were used. For host IgG assays, in step

This journal is © The Royal Society of Chemistry 2025
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(2a), the sample was a double-unit droplet of IgG spiked in
pooled pre-COVID-19 saliva, there was no step (2b), and in step
(2¢), the beads were actively mixed for 7 minutes. For host IgA
assays, in step (2a) the sample was a single-unit droplet of IgA
spiked in pooled pre-COVID-19 saliva, in step (2b) the
secondary reagent was a single-unit droplet of pretreatment
solution (polyclonal goat anti-human IgG, 1 mg mL™" in PBS
SuperBlock™) and upon merging, the combined droplet was
actively mixed for 2 min, and in step (2c), the beads were
actively mixed for 7 minutes. In step (8), the tertiary reagent
was a double-unit droplet of a solution of HRP conjugated to
anti-human IgG or IgA (typically 50 ng mL™ in PBS
SuperBlock™). As with the infection assays, steps 1-14 were
applied in parallel to five test-solutions, steps 15-16 were
performed serially, and calibration curves were generated (fit
with a linear function) to generate LODs and LOQs.

DMF combined SARS-CoV-2 infection and immunity assays

Combined DMF infection and immunity assays were
implemented using a 16-step protocol that was similar to
those described above, but with the following changes. In
step (1), three double-unit droplets of spike S1 protein-coated
paramagnetic bead suspension were dispensed from a
reservoir and moved to zones A, C and D on the device.
Likewise, two double-unit droplets of capture-nanobody-
coated bead suspension were dispensed from a reservoir and
moved to zones B and E. In step (2a), two double-unit
droplets of negative control (pooled saliva collected pre-
COVID-19 diluted 1:10 in PBS SuperBlock™) and three
double-unit droplets of sample (diluted saliva from a
symptomatic COVID-19 patient) were dispensed from their
reservoirs and delivered to zones A-B and C-E, respectively.
In step 2(b), one double-unit droplet of goat anti-human IgG
(1 mg mL™) and two double-unit droplets of detection
nanobody solution (0.1 ug mL™) were dispensed from their
reservoirs and delivered to zones D and B&E, respectively,
where they were merged with their respective sample/control
droplets and then actively mixed for 2 minutes. In step 2(c),
the droplets in each zone were used to resuspend the beads
and then to actively mix them for 10 minutes. In step (8), two
double-unit droplets of HRP conjugated to anti-human IgG
(50 ng mL™), one double-unit droplet of HRP conjugated to
anti-human IgA (50 ng mL™"), and two double-unit droplets
of streptavidin-polyHRP (20 ng mL™") were dispensed from
their reservoirs and delivered to zones A&C, D, and B&E
respectively. As described above, steps 1-14 were performed
in parallel, steps 15-16 were performed serially, and signals
were recorded and processed. Signal-to-background (S/B)
ratios were generated for each sample result by dividing its
corrected PMT signal by the corrected PMT signal of its
corresponding negative control (noting that the negative
control for IgG was used as the ‘background’ for both IgG
and IgA assays). The signals associated with the LOD and
LOQ from each assay were also divided by background (to
generate S;op/B and S;oq/B, respectively). Samples with S/B
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> S10q/B were deemed ‘positive’, those with S;op/B < S/B <
SLoq/B were deemed ‘undefined’, and those with S/B < Syop/
B were deemed ‘negative’. Finally, all data were normalized
by dividing by S;oq/B for display.

The procedure outlined above was used for some
experiments. In other experiments, a revised ‘double-assay
negative control’ was used for IgG and IgA assays, described
in Note S4, Fig. S8.F

Clinical samples

Clincial samples were processed and handled according to
Protocol #57265 approved by the University of Toronto
Research Ethics Board. Saliva samples from COVID-19 patients
were diluted 1:10 in PBS SuperBlock™ (off-chip) and then
evaluated by the 16-step DMF SARS-CoV-2 combined assay
procedure. DMF data were then compared with reference test
results. For infection assays, reference test results were
interpreted from polymerase chain reaction (PCR) data
generated as described previously.’® For immunity assays,
reference test results were generated using commercial well-
plate-based ELISA Kits. Briefly, saliva samples were diluted 1:
100 in sample diluent and then were evaluated by IEQ-
CoVS1RBD-IgG and IE-CoVS1RBD-IgA (RayBiotech Life, GA,
USA), according to the manufacturer's instructions. Signals
were measured using a multiwell plate reader (PHERAstar,
BMG Labtech, Germany), and samples were classified based on
readings relative to the control solutions included in the Kkits.

Results and discussion
Infection and immunity assay development

The overall goal of this project was to develop an integrated
microfluidic platform capable of assessing infection and
immunity status in patient saliva for SARS-CoV-2. As a first
step towards this goal (prior to porting to microfluidics), off-
chip assays were developed, optimized, and assessed.

In developing our test for COVID-19 infection, we sought a
viral protein that can serve as a proxy for the presence of viral
particles in a “rapid antigen test”. There are many such tests
on the market, often relying on SARS-CoV-2 nucleocapsid
protein or spike protein. We chose the latter for this work,
given how tests for spike protein and its constituents have
been shown®® to have reduced rates of false-positive results
(but in principle, a similar system could be developed for
nucleocapsid in the future). With this in mind, we used the
reference material SMT1-1,>° a well-characterized trimeric
spike glycoprotein, as the antigen in this work. A pair of
camelid nanobodies with high specificity for this antigen was
selected from a panel of similar reagents,”® and the pair (i.e.,
the “capture” and the “detection” nanobodies) was tested to
confirm stability and binding in saliva (Note S1, Fig. S11).

Methods were then developed to reproducibly modify
paramagnetic beads with the capture nanobody, and a 9-step
assay procedure relying on absorbance detection was
developed (Fig. 2A) and optimized (Note S2, Fig. S2t). An
initial calibration curve in buffer was generated (Note S2, Fig.
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Fig. 2 Off-chip SARS-CoV-2 infection and immunity assays in saliva. (A) Schematic and (B) calibration curve for SARS-CoV-2 infection assay for
viral antigen (purple circle). The calibration curve is a semilog plot of absorbance (blue markers) as a function of the concentration of trimeric spike
protein standard spiked in pooled pre-COVID-19 saliva. (C) Schematic and (D) calibration curve for SARS-CoV-2 immunity assay for host I1gG (teal
marker). The calibration curve is a plot of absorbance (blue markers) as a function of the concentration of recombinant human IgG specific to
SARS-CoV-2 spike protein spiked in pooled pre-COVID-19 saliva. (E) Schematic and (F) calibration curve for SARS-CoV-2 immunity assay for host
IgA (yellow marker). The calibration curve is a plot of absorbance (blue markers) as a function of the concentration of recombinant human IgA
specific to SARS-CoV-2 spike protein spiked in pooled pre-COVID-19 saliva. The red curves in (B, D, and F) represent 4PL fits to the data, and the
error bars represent + one standard deviation for n = 3 replicates per condition.

S3t), and the assay was then tested in a dilution series of
analyte spiked in pooled pre-COVID-19 The
performance in saliva (Fig. 2B) was similar to that found in
buffer, with LOD and LOQ of 88.5 ng mL™ and 399.6 ng
mL™, respectively. While these values are ~3-5x higher than
those reported for commercial rapid antigen tests for Spike
protein®*’° and for literature reports of tests for Spike
protein in saliva,’®™*> they were nevertheless considered
suitable as a starting-point for the development of more
sensitive microfluidic test, described below.

As a next step, we sought to identify antibodies produced
in the host (i.e., the infected patient) in response to infection
as a proxy for immunity status. Literature reports®®****
indicate that immunoglobulin A and G are the primary host
antibodies found in human saliva in SARS-CoV-2 infection,
where IgA appears early (detectable 0-15 days post-symptoms)
but then its concentration reduces over time, while IgG

saliva.

3202 | Lab Chip, 2025, 25, 3197-3207

appears later (detectable 15-30 days post-symptoms) and
persists for longer periods, presumably contributing to long-
term immunity against the disease. These analytes were
selected for monitoring in the work described here.

Methods were developed to reproducibly modify
paramagnetic beads with SARS-CoV-2 spike S1 protein, and a
9-step assay procedure relying on absorbance detection was
developed (Fig. 2C and E) and optimized (Note S3, Fig. S4
and S5t) for the detection of recombinant human IgG and
IgA specific to SARS-CoV-2 spike protein. Initial calibration
curves in the buffer were generated (Note S3, Fig. S67), and
the assay was then tested in a dilution series of the two
analytes in pooled pre-COVID-19 saliva. A key step that was
found to be required for reliable IgA detection in saliva was
the addition of a pre-treatment step (exposure to polyclonal
anti-human IgG) to compensate for the presence of cross-
reactive species®® (such as host IgG) in the saliva (Note 3, Fig.

This journal is © The Royal Society of Chemistry 2025
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S7t). With this measure in place, the performance of the tests
in saliva (Fig. 2D and F) was similar to that observed in
buffer, with LODs and LOQs of 6.6 and 20.2 ng mL ™" for IgG
and 5.2 and 9.8 ng mL™" for IgA, respectively. Notably, these
LOD values were lower than the thresholds required for
clinical detection of human IgG and IgA for patients with
immunity to SARS-CoV-2.>°

On-chip SARS-CoV-2 infection and immunity assays

After developing off-chip assays, the optimized procedures
were transformed for use “on-chip” with digital microfluidics.
To improve the analytical sensitivity for these tests, the
enzyme-substrate for each of the assays was changed from
one relying on absorbance to one relying on
chemiluminescence. In addition, a surfactant additive was
included in the procedure that allows for extended droplet
manipulation with minimal protein adsorption and fouling.*®
Devices with layout similar to what has been described
previously®*?! were adapted for use with a new 16-step assay
protocol (Fig. 3A, Movie S1}). The protocol was developed to
run five assays in parallel (typically, four spiked samples plus
one negative control). In practice, after loading sample and
reagents, the process was completely automated - all
dispensing/metering, reagent delivery, bead pelleting and

C. %10

© o© o
IS o ™
T T T

Chemiluminescence (a.u.)
o
N
T
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resuspension, chemiluminescence detection, etc. - is ‘hands-
free,” in a process that requires ~70 minutes to complete for
five assays.

A calibration curve for SARS-CoV-2 trimeric spike protein
in pooled pre-COVID-19 saliva was generated using the
automated microfluidic technique, as shown in Fig. 3B. The
data were linear (with R*> = 0.9668), and the LOD and LOQ
were determined to be 3.8 and 5.6 ng mL ™, respectively. This
performance compares favourably to LODs reported for
commercial ELISA kits for spike protein intended for use
with nasal swab samples [23 ng mL ™" (ref. 37), 31 ng mL ™"
(ref. 38), and 6.3 ng mL™" (ref. 39)], and for literature reports
of tests for spike protein in saliva [19 ng mL™" (ref. 40),
28.9 ng mL™" (ref. 41) and 39.1 ng mL™" (ref. 42)]. This
performance is likely appropriate for standard assessments
of the infection state for COVID-19, but if improved analytical
sensitivity is needed in the future, a recently reported,
ultrasensitive ‘digital detection’ assay implemented by DMF*’
for SARS-CoV-2 spike protein might be used in its place.

Calibration curves for host IgG and host IgA in pooled
pre-COVID-19 saliva generated wusing the automated
technique are shown in Fig. 3C and D. The data for the
analysis of IgG and IgA were linear (with R* = 0.9500 and R”
= 0.9875), the LODs were determined to be 4.8 ng mL™" and
13.3 ng mL ™', and the LOQs were determined to be 18.0 ng
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Fig. 3 On-chip SARS-CoV-2 infection and immunity assays in saliva. (A) Frame from Movie S1} showing five droplets (four spiked-saliva samples
and one negative control, with blue dye added to guide the eye) being processed for an infection assay on a DMF device. The inset comprises
frames from the same movie illustrating how (i) the sample droplet is driven to the magnetic beads (red arrow), (ii) the beads are resuspended and
mixed (yellow/red arrow), and (iii) the supernatant is removed from the beads (red arrow). Variations of this process were repeated 16 times to
complete the assay. (B) Plot of chemiluminescence in arbitrary units (a.u., blue markers) as a function of the concentration of trimeric spike protein
standard spiked in pre-COVID-19 saliva. (C) Plot of chemiluminescence (blue markers) as a function of the concentration of recombinant human
19G specific to SARS-CoV-2 spike protein spiked in pre-COVID-19 saliva. (D) Plot of chemiluminescence (blue markers) as a function of the
concentration of recombinant human IgA specific to SARS-CoV-2 spike protein spiked in pooled pre-COVID-19 saliva. The red lines in (B-D)
represent linear fits to the data, and the error bars represent + one standard deviation for n = 3 replicates per condition.
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mL™" and 53 ng mL™', respectively. As was the case for the
off-chip assays, these detection limits are comfortably below
the thresholds required for clinical detection of human IgG
and IgA for patients with immunity to SARS-CoV-2.%°

In all of the assays and in each of the individual
replicates that were run, the negative control samples
(pooled, pre-COVID-19 saliva) generated signals that were at
least 3-fold lower than those for the reported LOQs. Thus,
assuming the LOQ signal as a cutoff, these control signals
might be used in the future as they are in a commercial
product, where a control signal greater than or equal to the
LOQ indicates an error in the assay, such that the results
should not be trusted.

Combined DMF SARS-CoV-2 infection and immunity assays

After verifying adequate performance for on-chip infection
and immunity assays, separately, the protocols were
combined into a unified procedure in which a single patient's
saliva sample was loaded onto the device, where it was
automatically aliquoted into three sub-samples that were
separately driven through infection (spike protein detection)
and immunity (host IgG and IgA detection) assay protocols.
In parallel, pooled pre-COVID-19 saliva was automatically
aliquoted into two sub-samples, which were processed as
negative controls. To fit the footprint of the device used here,
a combined IgG/IgA control was developed for the immunity
assay negative control (Note S4, Fig. S8t) (in the future, a
slightly larger device might be developed and used if separate
IgG and IgA negative controls are needed). As with the
individual assays, the entire suite of tests — assays for viral
antigen, host IgG, host IgA, and two negative controls - was
completely automated, requiring ~70 min to complete.

The new method was applied to evaluating a panel of 14
saliva samples from patients exhibiting COVID-19 symptoms.
DMF assay results were then compared to reference test data
- PCR results provided by the sample collectors for infection
assays, and commercial well-plate ELISA data for immunity
assays. Infection assay results are shown in Fig. 4A. As
indicated, the DMF assay perfectly discriminated between the
10 positive and 4 negative samples determined by PCR,

View Article Online
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representing 100% sensitivity and specificity for this dataset.
Host IgG data are shown in Fig. 4B. The DMF assay correctly
identified 2 positives and 11 negatives determined by
commercial ELISA; however, 1 well-plate negative was
incorrectly assigned to be positive by the DMF system.
Finally, host IgA data are shown in Fig. 4C. The DMF assay
correctly identified 3 positives and 10 negatives determined
by commercial ELISA, but mis-assigned one sample as
undefined. Thus, the sensitivity/specificity for the host
IgG and IgA assays were 100%/91.7% and 100%/90.9%,
respectively. Interestingly, the mis-assigned IgA and IgG
result were from the same patient sample.

Saliva is known to be a ‘tricky’ matrix for diagnostics,
with substantial variations between samples arising from
differing concentrations of mucins and other constituents, as
well as variations in food residue, differences in oral hygiene,
and a strong dependence on how the samples are collected.
Thus, it was not surprising that in running experiments with
patient samples, we observed the viscosities and surface
tensions to be quite heterogeneous, causing them (in some
cases) to behave differently than what was expected from the
pooled, pre-COVID-19 saliva used in controls and in method
development. With some tweaks to the protocol (e.g,
including a sample dilution step prior to analysis), these
differences were found to be surmountable in the work
described here. In future work, it may be interesting to
closely examine how saliva heterogeneity might be best
handled in digital microfluidic systems.

As indicated in the introduction, the new method joins
three previous reports**>* describing microfluidic infection
and immunity assays for SARS-CoV-2 in saliva. The new
method has several differences relative to those described in
previous reports, including the demonstration of built-in
negative controls, which are widely understood®*™° to be
important in portable diagnostics. Furthermore, the new
method is substantially more automated than the method
described by Torrente-Rodriguez et al>' (which requires a
long series of user pipetting steps), and is moderately more
automated than the techniques described by Najjar et al.*
and Moakhar et al.,”® which require the user to manually
load separate samples into the system (one each for the
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Fig. 4 Clinical test results for combined digital microfluidic infection and immunity detection assays applied to patient saliva samples. Markers are
normalized signal-to-background (S/B) ratios from the microfluidic test for (A) viral antigen (trimeric spike protein), (B) host I1gG, and (C) host IgA
plotted as a function of assignments of the same samples by reference test results. The grey, cross-hatched rectangles are bounded by the
normalized S/B ratios associated with LOQ (top) and LOD (bottom) generated in calibration experiments, which were used as thresholds to classify
the DMF results.
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infection and immunity assays), unlike the method
introduced here that automatically sub-divides the saliva
after a single load step. Most importantly, the four methods
(described in the three previous reports and the current one)
together illustrate the creative work that the microfluidics
community is doing to prepare for future large-scale
outbreaks and pandemics.

More tests with additional patient samples are needed,
but the data in Fig. 4 are promising, suggesting that the new
technique, which relies on a technology that has been
rigorously validated for operation in remote settings,*"
could be a powerful tool for surveillance of infection and
immunity for this disease. But like any report of a new
method, it is a work-in-progress, and there is a long list of
potential improvements that might be made in the future.
For example, devices might be expanded to also enable built-
in positive controls, which are also known to be useful in
portable applications.>*%°>> Likewise, future work might
be implemented in inexpensive, inkjet-printed, roll-coated
DMF devices,> and/or the devices might be manufactured
bearing dried reagents® to further reduce the level of user
intervention that is required. Finally, NAAT methods are
routinely implemented in DMF format®® and might be
incorporated into future methods, and/or active-matrix DMF
devices®® might be developed to evaluate many patient
samples simultaneously.

Conclusion

The DMF platform described here integrates the detection
of SARS-CoV-2 trimeric spike protein and host antibodies
(IgG/1gA) into a single, fully automated workflow. Key
performance metrics demonstrate high sensitivity and
accuracy, with limits of detection (LODs) of 3.8 ng mL™"
for spike protein, 4.8 ng mL™' for host IgG, and 13.3 ng
mL™" for host IgA—values that compare favorably to
existing ELISA-based and saliva-based assays. Clinical
validation in human saliva samples (n = 14) showed strong
concordance with PCR and well-plate-based ELISA,
achieving 100% sensitivity and 100% specificity for the
infection assay, and 100% sensitivity with 91.7% and
90.9% specificity for host IgG and IgA, respectively. The
advantages of this system, including non-invasive sampling,
minimal reagent consumption, and suitability for portable
applications in the field—make it a compelling potential
solution for rapid, decentralized diagnostics, as we prepare
for the next global pandemic.
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