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ARTICLE INFO ABSTRACT

Keywords: Co-circulation of coronavirus disease 2019 (COVID-19) and dengue fever has been reported. Accurate and timely
Im@unoassay multiplex diagnosis is required to prevent future pandemics. Here, we developed an innovative microfluidic chip
Rapid test that enables a snapshot multiplex immunoassay for timely on-site response and offers unprecedented multi-
Microfluidics lexi bili ith i d imil h. f 1 1 fl A i h 1
COVID-19 plexing capability with an operating procedure similar to that of lateral flow assays. An open microchanne

assembly of individually engineered microbeads was developed to construct nine high-density test lines, which
can be imaged in a 1 mm? field-of-view. Thus, simultaneous detection of multiple antibodies would be achievable
in a single high-resolution snapshot. Next, we developed a novel pixel intensity-based imaging process to
distinguish effective and non-specific fluorescence signals, thereby improving the reliability of this fluorescence-
based immunoassay. Finally, the chip specifically identified and classified random combinations of arbovirus
(Zika, dengue, and chikungunya viruses) and severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2)
antibodies within 30 min. Therefore, we believe that this snapshot multiplex immunoassay chip is a powerful
diagnostic tool to control current and future pandemics.

Multiplex assay

1. Introduction coronavirus 2 (SARS-CoV-2) has become a severe and unprecedented

global pandemic of coronavirus disease 2019 (COVID-19), which con-

Human-to-human transmission of infectious diseases commonly oc-
curs by direct or indirect contact (e.g., splash dispersal or mosquito-
mediated delivery). Without adequate emergency responses, a local
outbreak of a highly contagious disease can turn into a serious global
pandemic (van Doremalen et al., 2020; West and Perryman, 2020).
Epidemic transmissions are usually controlled and prevented through
prompt quarantine actions and the treatment of patients in whom the
infection is confirmed after primary clinical diagnosis (Lai et al., 2021;
Wang et al., 2020). Therefore, in emergency epidemic situations, accu-
rate and timely diagnosis to distinguish confirmed cases from suspect
cases is critical for infectious disease control (Kim et al., 2019; Mohd
Hanafiah et al., 2013).

Since late 2019, infection by severe acute respiratory syndrome
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tinues to be a threat to public health. The World Health Organization’s
(WHO) official update on April 13, 2021 confirmed that cases and deaths
were 136,115,434 and 2,936,916, respectively, in 223 territories (WHO,
2021). To end this pandemic, most governments, laboratories, and
businesses are committed to develop and supply new vaccines and
diagnostic tools. Reverse transcription polymerase chain reaction
(RT-PCR) is the gold standard diagnostic method for this disease, owing
to its high accuracy (Corman et al., 2020; Ishige et al., 2020). Unfortu-
nately, the high transmission rate due to the high contagiousness of this
infection exceeds the capacity of facilities to perform RT-PCR (Brendish
et al., 2020). This expensive laboratory test generally takes several days
to provide a result, thus only symptomatic suspects are generally tested.
However, it is important to delay viral transmission by quickly isolating
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asymptomatic, pre-symptomatic, and symptomatic patients from public
communities (Oran and Topol, 2020). Therefore, massive deployment of
rapid and affordable diagnostic tools is critical to handle the required
test numbers (Larremore et al., 2020; Oran and Topol, 2020). Indeed,
rapid periodic screening could allow societies to re-open much sooner.

Many companies have focused on commercializing portable RT-PCR
platforms that offer point-of-care (POC) viral infection testing (Quick
et al., 2016; Wang et al., 2020). However, high testing cost, poor scal-
ability, sophisticated pre-treatment procedures, and stringent reagent
storage conditions are the bottlenecks for managing large sample
numbers (Esbin et al., 2020; Smyrlaki et al., 2020; Wang et al., 2020).
Despite the practical shortcomings, molecular diagnostic technology has
excellent performance (i.e., accuracy and multiplexing capability);
hence, many studies have focused on on-site diagnosis applications
(Brendish et al., 2020). After the U.S. Food and Drug Administration
(FDA) announced an emergency use authorization (EUA) for
SARS-CoV-2 diagnosis, several cost-effective and user-friendly lateral
flow assay (LFA)-based antigen tests have been widely distributed (FDA,
2021b; Lai et al, 2021). Though the diagnostic accuracy remains
insufficient, public health experts claim that periodic and massive
screening could be useful to assess disease prevalence and incidence,
regardless of patient symptoms, because symptomatic individuals who
test positive represent only a small fraction of all infections (Brendish
et al., 2020; Lai et al., 2021; Larremore et al., 2020; Whitman et al.,
2020). In September 2020, the FDA announced an EUA for serological
COVID-19 IgG/IgM LFA tests, which validated their use to rapidly and
easily identify individuals who were recently or previously infected with
SARS-CoV-2 (FDA, 2021a). Antibody detection can provide useful data
to assess infection and potential immunity within a wide time window
and can enable clinical management of SARS-CoV-2 infection (Caruana
et al., 2020; Zhao et al., 2020).

Notably, within the peak dengue season, COVID-19 and dengue ep-
idemics overlapped, and cases of co-infection were reported in dengue-
epidemic countries (Verduyn et al., 2020). The impact of this
co-circulation on public health and patient care remains unclear. Similar
clinical manifestations (e.g., fever, cough, and aches) are exhibited in
COVID-19 and dengue infection (Lorenz et al., 2020; Verduyn et al.,
2020). To make the matter worse, false positives obtained using dengue
LFA kits for COVID-19-infected patients in Singapore suggest the pos-
sibility of serological cross-reactivity between the two pathogens (Yan
et al., 2020). Furthermore, each infection requires a different disease
control strategy. When co-circulating pathogens trigger similar clinical
manifestations and exhibit serological cross-reactivity, their accurate
distinction by multiplexing is the most urgent need in epidemic situa-
tions (Balmaseda et al., 2017). However, there are clear limitations to
multiplexing  (i.e., denaturation, random orientation, and
cross-contamination among embedded probes), due to physical
adsorption and immobilization of embedded probes in standard LFA kits
(Gubala et al., 2012). To overcome such weak multiplexing ability, dual-
or triple-testing kits, which parallelize multiple test lines, have been
developed (FDA, 2021a). This strategy is technically reasonable to
fundamentally prevent crosstalk among each testing line. However, the
testing cost and sample/reagent volume are proportionally increased
owing to the number of target markers, thus making the kits unafford-
able. Thus, despite several efforts, we are still not ready to prevent future
pandemics such as the co-circulation of multiple pathogens. Hence, an
advanced platform must be established to prevent future pandemics.
The platform should achieve the following: (i) multiplexing, (ii) short
turnaround time, (iii) affordability, (iv) wide availability, and (v)
reliability.

Herein, we propose an advanced platform that enables multiplex
one-step immunoassays for timely on-site responses (MOnITOR) with
robust and dense test lines based on engineered microbeads. Microbeads
were incorporated because of their versatility (i.e., ease of surface
functionalization, high stability of conjugates, high surface-to-volume
ratio, and mobility), which can allow sensitive multiplex analysis via
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various encoding techniques (Gilboa et al., 2021; Kim et al., 2017; Lee
et al., 2019; Norman et al., 2020; Sankova et al., 2020; Shrivastava et al.,
2020). By integrating versatile microbeads, target biomarkers can be
easily changed, allowing adoption of this method during the ongoing
global pandemic and to prepare for any potential co-epidemic threats
and future pandemics (Hemmig et al., 2020). The high-density bead
lines can be captured in a single high-resolution snapshot in a narrow
field-of-view. Thus, a single snapshot multiplex immunoassay, together
with a novel image processing system, could enable reliable and
reproducible assessment of fluorescence intensity from the beads.
Finally, the MOnITOR chip demonstrated clear multiplexing capability
and yielded reliable measurements, thus exhibiting potential as a POC
multiplex immunodiagnostic tool.

2. Material and methods
2.1. Reagents and materials

Poly(dimethylsiloxane) (PDMS) Sylgard 184 monomer base and
curing agent were purchased from Dow Corning Inc. Photoresist (PR)
KMPR 1025 and SU-8 developer were purchased from Microchem, Inc.
Blue and red polystyrene beads (~25 pm diameter) were purchased
from microParticles GmbH. Carboxylate polystyrene beads (~25 pm
diameter) were purchased from Kisker Biotech GmbH. Tween 20, bovine
serum albumin (BSA), sucrose, trehalose, sulfo-N-hydroxysuccinimide
(sulfo-NHS), 2-(N-morpholino)ethanesulfonic acid (MES; pH 6.0) were
purchased from Sigma-Aldrich. 10 mM Tris-HCl buffer (pH 8.0) was
purchased from WITHLAB. BSA in phosphate buffered saline (PBS) and
1-ethyl-3-(3-dimethylaminopropyl)carbodiimide (EDC) were purchased
from Thermo Fisher. PBS was purchased from Gibco. DyLight 550-
labelled anti-mouse IgG polyclonal antibodies (pAb) was purchased
from Invitrogen. Recombinant chikungunya virus (CHIKV) E2, Zika
virus (ZIKV), and dengue virus (DENV) non-structural protein 1 (NS1)
viral proteins, were obtained via baculovirus expression system (pro-
vided from BioNano Health Guard Research Center). Anti-ZIKV NS1,
anti-DENV NS1, anti-CHIKV E2, and anti-Mayaro virus (MAYV) E2
monoclonal antibodies (mAb) were also provided from BioNano Health
Guard Research Center. Recombinant SARS-CoV-2 receptor binding
domain (RBD) protein and anti-SARS-CoV-2 RBD mAb were purchased
from InvivoGen.

2.2. Fabrication of the microfluidic chip

The top and bottom PDMS substrates of the microfluidic chip were
fabricated using a soft lithography technique (Fig. S1) (Xia and White-
sides, 1998). For master mold fabrication, two layers of PR and diced
silicon wafer pieces were used. Both PR layers were patterned using
KMPR1025, which were dispensed and spin-coated on a cleaned 4-inch
silicon wafer (34- and 100-pm thick first and second layers, respec-
tively). Spin-coated wafers were soft-baked at 100 °C, and exposed to
ultraviolet light through a photomask. The exposed wafer was
post-exposure-baked at 100 °C and developed on an SU-8 developer.
This procedure was repeated to pattern the second layer. Finally, two
diced wafer pieces [7 x 24 mm and 8 mm (width x length) for the waste
reservoir and void, respectively] were bonded to the waste reservoir and
vacuum void parts using reflow of the patterned PR hard-baked at
150 °C for 1 min. In general, the areas of microfluidic chip were domi-
nantly increased by the area of the waste reservoir, because the shallow
thickness of microchannels fabricated via lithography cannot tolerate
waste because of the small microchannel volumes (Olanrewaju et al.,
2018). As dummy mold for replica molding, diced wafers thicker than
500 pm can easily provide large volumes for waste and vacuum battery
operation, without lithography. The PR-patterned and bare wafers were
incorporated to fabricate the top and bottom substrates, respectively.
The PDMS monomer base and curing agent were mixed at 10:1 and
degassed. The degassed prepolymer solution was poured on master
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Fig. 1. The MOnITOR chip distinguishes multiple biomarkers. (a) The MOnITOR chip consists of a buffer inlet, sample inlet, reaction zone, and waste reservoir. To
conduct a one-step immunoassay, three microfluidic components are integrated: (i) a dried reagent storage and transfer chamber, (ii) a passive micromixer, and (iii) a
vacuum-driven fluid transfer void. Loaded buffer and sample with multiple biomarkers flow toward the waste reservoir through the reaction zone. (b) ZIKV, DENV,
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pm. (d) For the indiscriminate reaction within a test line, a staggered herringbone micromixer is incorporated. After passing through a few patterns, non-uniform
reagent flow patterns became uniformly mixed. Scale bar represents 200 pm. (e) Cross-sectional view of A-A’, which shows autonomous vacuum-driven fluid
transfer by vacuum-incubated nanopores of the PDMS matrix and voids. Using dominant vacuum suction toward the void, continuous fluid transfer can occur for over

30 min.

molds and cured at 100 °C for 20 min. The cured PDMS substrates were
detached from the master molds, and the sample and buffer loading
inlets were punched with a 4-mm biopsy punch on the top substrate.
On the top substrate, nine high-density bead lines were self-
assembled, and the dried reagent was secured. The top substrate was
treated with an ambient air plasma (CUTE-MP, FemtoScience) to form
the hydrophilic surface property. Using the hydrophilic property, wet-
ting fluid droplets [deionized (DI) water containing 0.5% (v/v) Tween
20 and 0.1% (w/v) BSA] and bead suspension [diluted in 10 mM Tris-
HCI buffer] were loaded into the loading ports to form high-density
bead lines, as described in the Results section. All bead self-assembly
experiments were conducted at a relative humidity of ~20% and
room temperature. First, 300 nL anti-fouling coating agent [BSA in PBS
containing 5% (w/v) sucrose and trehalose] was loaded in the storage
chamber and dried to form a blocking layer where the secondary anti-
bodies (2nd Ab) solution contacted the PDMS surface. Then, 300 nL 2nd
Ab solution [250 pg/mL DyLight550-labelled anti-mouse IgG pAb
diluted in PBS containing 5% (w/v) sucrose and trehalose] was loaded
on the anti-fouling layer and dried. After the bead lines and dried re-
agent were secured on the top substrate, the bottom substrate was

treated with air plasma. Finally, both substrates were irreversibly sealed
together. Sealed platforms were incubated at least 1 d for robust bonding
and hydrophobic recovery of the PDMS surface.

2.3. Preparation of beads

Carboxylate polystyrene beads (~25 pm diameter) were incorpo-
rated and individually engineered to perform the multiplex immuno-
assay. To tether the probes on beads via covalent bonding, a coupling
method using EDC and sulfo-NHS was utilized. Carboxylated beads were
incubated and activated in 50 mM MES buffer containing 2-mM EDC and
5 mM sulfo-NHS at room temperature for 15 min. Then, the activated
beads were washed three times in 50 mM MES buffer. The activated
beads were incubated with recombinant viral proteins or anti-MAYV E2
mADb at room temperature for 2.5 h. Protein-conjugated beads were
washed three times in 10 mM Tris-HCl buffer to remove unbound viral
proteins. To block non-specific binding, the protein-conjugated beads
were incubated in PBS containing 1% (w/v) BSA at room temperature
for 30 min. Finally, the protein-conjugated beads were resuspended in
10 mM Tris-HCl buffer at 5 x 10°/mL. In every incubation step, the bead
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suspensions were shaken by a rotator. For the washing steps, the su-
pernatants were separated from sediment beads by centrifugation at
5000 rpm. (1700 g) for 5 min.

2.4. One-step multiplex immunoassay on the MOnITOR chip

The MORITOR chip consists of the buffer inlet, 2nd Ab storage
chamber, sample inlet, passive mixer, reaction zone, waste reservoir,
and vacuum battery, sequentially arranged in the flow direction
(Fig. 1a). The detailed chip design and dimensions are provided in
Fig. S2. The one-step immunoassay can be conducted within 30 min
from loading of a sample (40 pL) with multiple biomarkers and of buffer
(30 pL) at the corresponding inlets to measure the reaction level on
embedded lines, similar to the user-friendly LFA (Fig. 1a). For detecting
multiple markers in a single assay, multiple test lines are embedded in a
single channel (Fig. 1b). Despite the dense employment, each bead is
covalently functionalized with various nanoscaled proteins [i.e., ZIKV,

DENV NS1, CHIKV E2, SARS-CoV-2 RBD, and anti-MAYV E2 mAb as a
positive control (+)], thereby facilitating multiplexing without cross-
contamination among lines. Moreover, the required amount of capture
probes, which are generally the most expensive components of immu-
noassay Kkits, can be significantly reduced in the MORITOR chip
compared with that in standard LFA kits (Note S1). Therefore, the
testing cost was not proportionally increased with the increasing num-
ber of target molecules, allowing affordable on-site multiplexing. Once
the sample with biomarkers and buffer have been loaded, nine bead
lines selectively react with specific antibodies in the sample and
fluorophore-labelled pAb as 2nd Ab, in an indirect immunoassay scheme
(Fig. 1b). Multiple biomarkers can be identified via a spatial encoding
technique using a single fluorophore conjugated to 2nd Ab. To minimize
the hands-on time, and eliminate pressure pumping and tube-based
sample-to-chip connections commonly used in microfluidic chips,
three techniques were incorporated: dried 2nd Ab storage/rehydration/
transfer, passive mixing, and vacuum-driven fluid transfer. First, the
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storage chamber is coated with an anti-fouling layer to prevent non-
specific adsorption of 2nd Ab to the hydrophobic surface. Then, a 2nd
Ab solution droplet is deposited and stored in dried-reagent form
(Fig. 1c). Once the sample and buffer are introduced, the dried reagent is
rehydrated by the buffer and transferred to the reaction zone (Fig. S3)
(Gokce et al., 2019; Hemmig et al., 2020). However, due to laminar
flow, the transferred 2nd Ab can be discriminately and randomly reacted
with beads in each line in the reaction zone. For an indiscriminate re-
action across all the beads, regardless of their position, we integrated a
staggered herringbone mixer that can passively stretch and fold liquid
interfaces, even under a low Reynolds number (Re = ~0.1) (Fig. 1d and
S4) (Blicharz et al., 2018; Kwak et al., 2016). Vacuum-driven fluid
transport technology in the porous PDMS chips was employed to drive
power-free fluid transfer (Dimov et al., 2011). The MOnITOR chip was
pre-vacuumed and incubated in a vacuum desiccator. Once the chip was
removed from vacuum incubation, the solutions were placed at the inlet
ports and suctioned into the chip by vacuum-pressure inside the chip.
Pressure build-up occurred at the end of the waste reservoir, which was
simultaneously dissipated by gas diffusion through the porous matrix
and the vacuum battery, resulting in continuous liquid flow (Yeh et al.,
2017). Dominant and continuous gas diffusion occurred through the
thin membrane between void and waste reservoir by stored vacuum
pressure, which enabled robust liquid transfer over the assay time (~30
min) (Fig. le).

T,
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2.5. Experimental setup and image analysis

A custom-made vacuum chamber was used to degas the PDMS pre-
polymer solution and incubate the MOnITOR chips prior to use under
vacuum pressure of —0.95 kPa. All microscopic images and videos were
acquired with an inverted microscope (IX 73, Olympus) with a charge
coupled device camera (DP 80, Olympus). Fluorescent images were
obtained with a light source (SM 365, Lumencor) and filter cube (exci-
tation/emission = 530-550/575-625 nm, U-FGWA, Olympus). A 10 x
objective lens (Olympus) was utilized to magnify and acquire all
microscopic images. All snapshot images were obtained in TIF format at
1360 x 1024 pixels and a 1.01-pm/pixel resolution with a 14-bit analog
for digital conversion.

In general, mean fluorescence intensity (MFI) of reacted beads is
calculated in a rectangle region of interest (ROI) on the obtained snap-
shot. Though the ROI is tightly set along the bead line, noise signals,
from background and unintended clogs, are inevitably included in the
MEFI. Therefore, to subtract noise signal and extract effective pixels from
beads in the ROI, pixel intensity-based image analysis was developed
and conducted. Detailed schematic and procedure about the image
processing are described in section 3.3. ImageJ (National Institutes of
Health) was used to set the ROI and obtain the raw data and pixel his-
togram of fluorescence intensities in the ROI with bins of 2560. Origin
software (OriginLab Corporation) was used to obtain the calibration
curve of the obtained pixel histogram via multi-peak fitting. Using Excel
(Microsoft), effective pixels from the raw data were extracted and MFI of
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suspension (port #1) was applied. Wetting fluid and red dye co-existed, and the boundary is illustrated by the dashed black lines. (c) Orange, yellow, and green-dyed
bead suspensions were introduced and generated multiple flow patterns. The wetting fluids were consumed, so non-dyed flow was terminated. (d) After the DT, blue-
dyed bead suspensions were loaded in port #5. The dominant hydraulic pressure of the blue-dyed flow biased the other dyed flow patterns. (e) Ivory-dyed flow (port
#6) was loaded into the reaction zone. Flow from the B side weakened. (f) Reversed flow was generated from ports #1 and #3. Excessive beads behind the locking
configuration were removed (red rectangles). Purple-dyed samples (port #7) were loaded, and other flows were pushed back from the new influx. (g) Non-dyed and
turquoise-dyed bead suspensions (ports #8 and #9, respectively) were loaded. Reversed flow was generated from port #5. (h) The corner wedges were reduced
because there was no more medium supply. Excessive beads at ports #2, #4, and #9, were removed. (i) Finally, a droplet of wetting fluid was loaded next to the
reaction zone to washing out excessive beads in ports #7-#9. After complete evaporation, a high-density self-assembled bead line array was successfully constructed
in the reaction zone. (j-n) Effects of channel depth, loading droplet volume, bead concentrations, pillar gaps, and DT on bead self-assembly. The grayed areas
represent the optimized conditions for each parameter. Data represent the mean + standard error of the mean (s.e.m.) of the number of self-assembled beads (n = 25).
All scale bars represent 100 pm. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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the effective pixels was calculated. All MFIs of bead lines were obtained
via this image processing technique.

2.6. Determination of a threshold value for qualitative detection

A threshold value was determined to differentiate the test results.
The device was prepared as shown in Fig. 1 and blank samples (0 ng/mL
in PBS) were tested. MFIs of effective pixels from 8 bead test lines, except
for the positive control lines, were extracted and measured via image
processing in all snapshots from each assay. A threshold value was set as
the mean + 3 standard deviation (s.d.) (877.184) of values from blank
sample assays (n = 128; 16 snapshots with 8 lines each).

3. Results and discussion
3.1. Operation of the MOnITOR chip

Operation of the MOnITOR chip proceeded autonomously in three
stages: 1) preparation, 2) sample and buffer loading, and 3) detection. At
the ‘Preparation’ stage, the chip with non-reacted bead lines, started to
imbibe air itself by pressure difference (Fig. 2a and b). When we loaded
the chip with red dye, it filled the microchannels within 1 min and
flowed toward the reaction zone and waste reservoir (Fig. 2¢). Rapid and
effective degassing from the microchannel provided reproducibility of
the designed flow. As the sample type varies depending on the sample
origin and target molecule to be diagnosed, inter-assay variation may
significantly increase if the dried 2nd Ab reagent is rehydrated by the
sample. To inhibit sample inflow to the dried reagent, the microchannel
between the buffer inlet and the storage chamber was designed to be
deeper than other channels (100- vs 34-pm deep, respectively). Sample
flow stopped at the depth boundary, which worked as a capillary stop
valve (Fig. S5) (Gliere and Delattre, 2006). Additionally, subsequently
loaded buffer could only flow into the deeper channel by a burst of lower
pressure to reliably rehydrate the dried reagent (Fig. 2d and e). The
sample and buffer solution flowed sequentially driven by the vacuum
battery and waste reservoir. Upon loading samples with anti-ZIKV NS1
and anti-CHIKV E2 mAb, these mAbs specifically reacted with ZIKV and
CHIKV beads (Fig. 2f). Loaded sample was continuously transferred to
the waste reservoir and completely consumed. Then, the buffer with
rehydrated 2nd Ab was introduced through contouring channels around
the sample inlet port (Fig. 2g). The contouring channel plays a crucial
role in sustaining continuous buffer flow. These channels sustained the
air-liquid interface around the sample inlet port by balancing negative
Laplace pressure and hydraulic pressure, preventing undesired inflow of
air bubbles (Fig. S6). At the reaction zone, the introduced 2nd Ab
selectively reacted with target biomarker-captured and + beads. Un-
bound 2nd Ab were washed by introducing fresh buffer without 2nd Ab
(Fig. 2h). A snapshot of the bead line was then acquired. Only ZIKV,
CHIKV, and + beads reacted with the 2nd Ab; thus, biomarkers in the
sample were identified based on the line position with a single wave-
length fluorescence signal (Fig. 2i). Using this operating scheme, indi-
rect immunoassays take ~30 min from sample and buffer loading
without any additional actions. The anti-ZIKV NS1 mAb was selected as
a representative and detected to validate the immunoassay scheme itself
performed well. Also, the antigen-antibody binding performance of the
microfluidic platform in continuous flow conditions was evaluated by
comparing the immunoassay protocol in vials, which has incubation
steps for sufficient reaction (Acharya et al., 2016). The limit of detection
(LOD) for anti-ZIKV NS1 mAD detection was 3.0- and 1.2 ng/mL for the
microfluidic and vial assays, respectively. Although there is no incuba-
tion step in the one-step immunoassay in the MOnITOR chip, the
calculated LOD was similar to that of the vial assays. These results
indicate rapid, yet sensitive immunoassays were possible by utilizing
continuous flow, short diffusion length, and the high surface-to-volume
ratio of the microfluidic nature (Kim and Herr, 2013). Fig. S7 provides
details of the immunoassay protocol.
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3.2. Open channel self-assembly of bead test lines

A novel open microfluidic-assisted bead self-assembly technique was
developed to construct dense lines that cannot be achieved via current
direct printing technology. Multiple microfluidic channels with loading
ports, which are large enough to directly load each bead droplet, were
physically connected to the compact bead lines in the reaction zone
(Fig. 3a). The multiple bead lines were then produced by capillary and
evaporation-driven bead flow in an open channel environment (Choi
et al., 2010; Hemmig et al., 2020). Liquid flow compensated for evap-
oration on the upper surface of the liquid channel and allowed beads to
move until the bead suspension in the port dried.

At the reaction zone, a sophisticated channel composed of two
micropillar lines and a ratchet structure was designed to allow
unblocked bead inflow and prevent the escape of trapped beads. Various
bead types can be easily loaded by manual pipetting. Spontaneous
capillary flow (SCF) and evaporation through the entire open micro-
channels conveyed the loaded beads to the reaction zone via connected
microchannels, which were designed to be deeper (~34 pm) than the
bead diameter (~25 pm) (Fig. 3b). Thus, the engineered beads can
independently assemble themselves in the desired order without cross-
contamination between bead types (Fig. 3c).

To understand the bead self-assembly mechanism, a single bead line
was constructed. Droplets of wetting fluid, which were used to prefill the
microchannel and block non-specific surface binding, were loaded prior
to loading the bead suspensions (Fig. 3d). Once the microchannels were
partially filled by SCF, a droplet of bead suspension was loaded (Fig. 3e).
A dummy channel and a side channel were added to enhance evapora-
tive flow and to allow main channel flow, respectively. After the gaps
between the pillar array were completely filled by continuous SCF from
the loading ports, beads were introduced by sideways flow and flow
through the dummy channel (Fig. 3f). Flow fractionation occurred by
vertical flow, and the introduced bead was weakly trapped between
pillars (~10-pm gap), which were designed to be smaller than the bead
diameter. During continuous SCF, the weakly trapped bead was pushed
along the pillar array by sequentially introduced beads. The weak
trapping-pushing-sliding sequence was repeated until the beads were
completely trapped at the narrow neck of the dummy channel and the
channel was filled with pre-assembled beads (Fig. 3g and h). Once the
line was fully occupied, the last two beads formed a locking configura-
tion in the ratchet structure (Fig. 3i). The superior monodispersity of
beads and the reproducible structures based on replica molding played a
crucial role to repeatedly make the locking configuration. During self-
assembly, the droplet volume in the loading port was continually
reduced by spontaneous evaporation and consumption by SCF. When
the droplet was almost consumed, thin wedges at the edge of the loading
port formed, which generated capillary pressure and continuous evap-
oration (Fig. S8). Therefore, the flow direction was quickly reversed
toward the loading port, which removed excessive beads behind the
locking configuration (Fig. 3j). In total, 23 beads formed a bead line
under fluidic oscillation until the self-assembly was completed (Fig. 3k).

Using single-line self-assembly, high-density bead lines can be
consistently constructed. Each loading port was numbered from #1 to
#9 and the droplet loading sequence was fixed as W#8-W#9-B#1-B#2-
B#3-B#4-B#5-B#6-B#7-B#8-B#9 to increase bead inflow to the reac-
tion zone (‘W’ and ‘B’ stand for wetting fluid and bead suspension
loading, respectively) (Fig. 4a and Fig. S9). We analyzed this sequence to
simplify the complex fluidic correlation in the multiple open channel
environment and ensure consistent bead self-assembly (Fig. 4a-i). To
visualize the stream lines, 9 different colored fluids were used as bead
suspension media. Before loading the bead suspensions, droplets of non-
dyed wetting fluid were loaded in ports #8 and #9 (Fig. 4a). The pillar
array and microchannel were partially filled by SCF, and corner wedges
on the boundaries between the pillar array and wide channels were
grown by continuous SCF of the wetting fluid. Droplets of dyed bead
suspension were loaded in ports #1-#4. The flows from the A and B sides
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aggregates, which produce signal noise were clogged the bead line (yellow arrow). (b) Pixel histogram of fluorescence intensities acquired from the bead line ROL
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selected between the two peaks. Pixels with signals lower than the valley point were subtracted as background signals. From the valley point to the upper 90% point
(red and violet area), pixels with the 10 most frequent intensities were picked (red area). In this area, the calculated MFI (red line) is lower than the threshold value,
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cover most of the beads. All scale bars represent 100 um. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of

this article.)

coexisted and mixed by diffusion during laminar flow (Fig. 4b). From the
B side, various colored flows were introduced, which generated multiple
laminar flow patterns and moved out through nearby or opposite
dummy and side channels (Fig. 4c). Then, a 30 s delaying time (DT) after
loading port #4 was used before loading the bead suspension in ports
#5-#9. DT can delay and shorten the capillary saturation, which can
cause potential bead self-assembly failure (Fig. S10). Once the droplets
were loaded in ports #5-#9, media from the loading ports were maxi-
mized and caused complete filling in the pillar array (Fig. 4d). At this
stage, the droplets at the B side were almost consumed, so the flow
boundaries were biased (Fig. 4e). After the droplets in each port were
nearly consumed, reversed flows were generated to remove excessive
beads behind the corresponding locking configurations (Fig. 4f-i).
Because there was no additional media loading, the corner wedges
started to reduce (Fig. 4h). After complete evaporation, high-density
self-assembled bead lines were successfully constructed (Fig. 4i and
Video S1).

Supplementary video related to this article can be found at htt
ps://doi.org/10.1016/j.bios.2021.113388

Each bead line was designed to contain 23 beads in a single row in
the same snapshot focal plane, which allows reliable measurement.
Testing lines composed of multi-layered beads limited the reproducible
setting of a focal plane. As the focal plane was changed, intra- and inter-
assay variance of the multiplex immunoassay was significantly
increased. Parametric tests were conducted to optimize the conditions
that can consistently construct lines with 23 beads after complete
evaporation. The effect of channel depth, droplet loading volume, bead
concentration, pillar array gaps, and DT on the self-assembly of 23
beads, were characterized. Optimized conditions of all parameters are
represented by gray background on the corresponding graphs (Fig. 4j-n).
Four chips with various microchannel depths (i.e., 20-, 30-, 34-, and 40-
pm) and a 10-pm pillar gap were tested (Fig. 4j). As the microchannel
depth increased, SCF was enhanced and the likelihood of bead inflow
was increased (Ryu et al., 2008). In the chip with 20-ym deep micro-
channels, the bead diameter was larger than the channel depth. The
beads were partially immersed, which causes the surface tension force
between beads and air-liquid interface to dominate other forces
(Fig. S11). Under these conditions, all beads clogged at the droplet
boundary in the loading port and could not flow into the reaction zone

(Fig. 4j, left). In the chip with 30-pm microchannels, though the
microchannel was deeper than the bead diameter, the filling height of
the medium in the microchannel varied depending on the status of
media supply. In a partially filled state, the upper meniscus profile was
smaller than bead diameter, which inhibited bead inflow and resulted in
a failure to form the locking configuration. In contrast, the 40-pm deep
chip offered strong SCF, which enhanced bead inflow toward the reac-
tion zone. However, the self-assembled beads formed a Miller index
(110)-like configuration with a channel depth/bead diameter ratio of
1.5 (Fig. 4j, right) (Hatch et al., 2011). The 34-um deep chip provided
the most reliable self-assembly with 23 beads in a single layer.

Fig. 4k demonstrates the effect of loading volume on bead self-
assembly (bead concentration = 5 x 10°/mL). By loading 200 nL
droplets, the media and bead supply was insufficient to form the locking
configuration. Using 300-nL droplets, repeatable self-assembly was
achieved. However, 400 nL droplets caused droplet merging in the
loading ports. Therefore, 300 nL droplets was loaded for all character-
ization tests. At 3 x 10%/mL, the locking configuration was irregularly
formed by a lack of bead inflow (Fig. 41). However, channel clogging
sometimes occurred at 10 x 10°/mL. Thus, 5 x 10°/mL was selected as
the optimized bead concentration.

To reliably repeat the weak trapping-pushing-sliding bead sequence,
various gaps (t;) in the pillar array (10-, 12-, 14-, 16-, 18-, 20-, and 22-
pm gaps, and no pillar conditions) were tested (Fig. 4m). As the gap
became wider, the beads were more strongly trapped. Thus, the weak
trapping-pushing-sliding sequence was not reliably repeated in chips
with >16-pm gaps. For 12- and 14-ym gap chips, repeatable self-
assembly was achieved, but the 10-pm gap chip was chosen to allow
weaker bead trapping. For no pillar chips, incoming of beads was pre-
vented. Chips with a narrower gap were not fabricated or tested for
reproducible fabrication. The DT was also tested, and repeatable self-
assembly was achieved with a 30-s DT (Fig. 4n). The optimal condi-
tions for all parameters were utilized to fabricate chips for all subsequent
experiments. After the bead lines were constructed, the PDMS layer was
permanently bonded to a plasma-treated flat PDMS layer. Finally, the
chip was incubated under vacuum to be the ‘Preparation’ stage.
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Fig. 6. Fluorescence-based multiplex detection of biomarkers via spatial encoding. (a) Fluorescence images acquired after one-step multiplex immunoassay. Various
biomarker combinations (anti-ZIKV NS1, anti-DENV NS1, anti-CHIKV E2, anti-ZIKV/DENV NS1, anti-ZIKV/CHIKV NS1/E2, anti-DENV/CHIKV NS1/E2, anti-ZIKV/
DENV/CHIKV NS1/E2, anti-SARS-CoV-2 RBD, and all biomarkers) were spiked and tested as possible scenarios in co-circulating disease situations. Only the cor-
responding beads were illuminated. (b) Fluorescence (FL) intensities from each bead line with various biomarker combinations. The signals were obtained using pixel
intensity-based image analysis. Only the corresponding bead lines emitted fluorescence intensities that exceeded the threshold value (dashed red line). Data rep-
resents the mean =+ s.d. of fluorescence signals from assays in triplicate. All scale bars represent 100 pm. (For interpretation of the references to color in this figure

legend, the reader is referred to the Web version of this article.)

3.3. Fluorescence intensity-based extraction of effective pixels

The level of multiple reactions can be measured by analyzing a single
image of the reaction zone. A rectangular ROI was tightly set along the
bead line to minimize background signals (Fig. 5a). By measuring the
fluorescence intensity inside the ROI, immunoreaction level can be
evaluated. However, 2nd Ab aggregates, clogs, and non-targeted mole-
cules can flow in, which might clog narrow gaps and adsorb onto the
bead and substrate surface, causing signal noise and false positive re-
sults. To address these challenges, a novel image processing method was
developed to extract effective pixels from beads and subtract signal
noise. Even in a test with no biomolecules, clogs flowed in and caused
severe noise in the ROI (Fig. 5a). In Fig. 5b, a pixel histogram corre-
sponding to fluorescence intensity inside the ROI is presented. Clogs in
the ROI manifested as pixels with saturated intensity (16,383). Although
these pixels are only a small fraction of all pixels in the ROI (0.55%),
their intensity was strong. Therefore, as shown in Fig. 5b, simply
calculating the MFI of all pixels as the final value resulted in a false
positive result greater than the threshold value.

The fluorescence histogram of the ROI has two fluorescence peaks
from the bare and bead-populated portions (Fig. 5b). With multi-peak
fitting, a valley point (yellow circle) can be measured and background
signals from the bare portions (green area) can be separated and sub-
tracted (Fig. 5b and Fig. S12). As clogs generally cause saturated fluo-
rescence intensity, pixels with fluorescence intensity in the upper 90%
or higher were subtracted. In the range from the valley to the upper 90%
(red and violet areas), pixels with the top 10 most frequent intensities
were extracted (Fig. 5b); the effective pixels cover most of the bead
portions (Fig. 5c). Signals caused by clogs and partially covered beads
contribute to the overall signal, but the bead line was designed to be
occupied by 23 beads, rather than a single bead. Thus, the value is
predominantly derived from the bead line, and the extracted pixels can
represent the effective signal from beads. The MFI of the extracted pixels
was recognized as the final assay value (Fig. 5b). Using this approach,
high immunoassay specificity was achieved. The MFI in all images in
this study was measured in this manner.
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3.4. A single snapshot multiplex immunoassay

As shown in Fig. 1b, the test lines were arranged in the order of ZIKV,
ZIKV, DENV, DENV, CHIKV, CHIKV, SARS-CoV-2, SARS-CoV-2 and +
beads on the reaction zone. To test the current disease state and a
possible scenario of overlapped outbreaks, a multiplexed combination of
arboviruses and COVID-19 was used. The WHO recommends multi-
plexing ZIKV, DENV, and CHIKV as an ideal detection method, and this
combination was found to allow virus distinction in possible co-
circulation situations (do Rosario and de Siqueira, 2020; WHO, 2016).
Qualitative multiplex immunoassays using a threshold value to define
positive or negative results were demonstrated with randomly spiked
samples in PBS (i.e., anti-ZIKV NS1, anti-DENV NS1, anti-CHIKV E2,
anti-ZIKV/DENV NS1, anti-ZIKV/CHIKV NS1/E2, anti-DENV/CHIKV
NS1/E2, anti-ZIKV/DENV/CHIKV NS1/E2, anti-SARS-CoV-2 RBD, and
all biomarkers). The concentration of each antibody in all samples were
all 2 pg/mL, which is a higher concentration than used in the LOD
calculation (Fig. S7). This is for easily and visually showing the
conceptualization of the MOnITOR chip. With each loaded spiked
sample, only the corresponding bead lines were clearly illuminated
(Fig. 6a). The effective pixels were detected within each line using pixel
intensity-based image analysis. Although 2nd Ab aggregates and clogs
led to the appearance of unintended signals at bead lines, the intra-assay
variation between two lines with same capture probes (i.e., 1st and 2nd
ZIKV lines, 3rd and 4th DENV lines, 5th and 6th CHIKV lines, and 7th
and 8th SARS-CoV-2 lines) was significantly reduced by image pro-
cessing, improving the reliability of measurements (Fig. 6a and b). The
final values from the corresponding bead lines exceeded the threshold
value, while the others did not (Fig. 6b). These results validated the use
of single snapshot multiplex immunoassays for simultaneous detection
of four different biomarkers. However, inter-assay variation among
sample mixtures (e.g., anti-DENV NS1 vs anti-ZIKV/DENV/CHIKV
NS1/E2 mixture) has varied especially on positives, not negatives.
These were occurred by transferring non-uniform concentrations of the
2nd Ab to the reaction zone. The irregular morphologies and locations of
the dried 2nd Ab dispensed through manual pipetting resulted in the
rehydration and transfer of the 2nd Ab being different in each test. The
MOnITOR chip was designed to mainly conduct qualitative analysis on
biomarkers, focusing on rapidly distinguishing positives and negatives
by the threshold value. However, for the reliable detection, this problem
should be analyzed and addressed. To address this problem, we are
planning to adopt additional modules and automotive inkjet plotters to
transfer rehydrated 2nd Ab at the same concentration in every test
(Gokce et al., 2019).

4. Conclusion

. We developed the MOnITOR chip, a reliable one-step multiplex
immunoassay with high-density self-assembled bead lines and a pixel
intensity-based image analysis method, requiring minimal hands-on and
turnaround time, similar to strip-based rapid tests. In principle, the
MOnITOR chip can easily cover a broad spectrum of target immunoas-
says owing to its versatility. Depending on the embedded elements (i.e.,
antigens and antibodies on bead lines) and loaded samples from body
fluids (e.g., serum, oropharyngeal, and nasopharyngeal swabs), various
types of titer tests, such as those for screening immunity, plasma ther-
apy, and vaccine candidates, could be performed (Hirotsu et al., 2020;
Larremore et al., 2020; Theel et al., 2020). To potentially provide
frequent and rapid in-field screening of large populations, a miniatur-
ized benchtop fluorescence analyzer that can obtain snapshots of reacted
bead lines and measure their final values can be integrated. An effective
pixel extraction method will be embedded in the analyzer, thus enabling
automatic, timely, and standardized diagnoses (Ballard et al., 2020).
Importantly, the MOnITOR chip enables periodic and massive diagnosis,
irrespective of patient symptoms. We anticipate that, after batch pro-
duction and further studies, the MOnITOR platform will be a powerful
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clinical diagnostic tool.
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