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Abstract: Serological assay for coronavirus 2019 (COV-
ID-19) patients including asymptomatic cases can inform
on disease progression and prognosis. A detection
method taking into account multiplex, high sensitivity,
and a wider detection range will help to identify and
treat COVID-19. Here we integrated color-size dual-
encoded beads and rolling circle amplification (RCA)
into a bead-based fluorescence immunoassay imple-
mented in a size sorting chip to achieve high-throughput
and sensitive detection. We used the assay for quantify-
ing COVID-19 antibodies against spike S1, nucleocap-
sid, the receptor binding domain antigens. It also
detected inflammatory biomarkers including interleu-
kin-6, interleukin-1B, procalcitonin, C-reactive protein
whose concentrations range from pgmL™ to pgmL™.
Use of different size beads integrating with RCA results
in a tunable detection range. The assay can be readily
modified to simultaneously measure more COVID-19
serological molecules differing by orders of magnitude.

Coronavirus 2019 (COVID-19) caused by novel severe
acute respiratory syndrome coronavirus 2 (SARS-CoV-2),
has led to an unprecedented worldwide pandemic. Serolog-
ical immunoglobulins and pro-inflammatory cytokines in-
duced by SARS-CoV-2 were observed both in symptomatic
patients and some asymptomatic cases.['! Circulating anti-
bodies specific to SARS-COV-2 and inflammatory bio-
markers not only provide evidence for diagnosing a SARS-
COV-2 infection and predicting protective immunity but
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also give information to evaluate the disease progression
and determine therapeutic measures.”’ Such demands for
mass population testing and rapid treatment in cases of
clinical deterioration promote the development of multi-
plexing methods for COVID-19 serology.”’

Lab-on-a-chip assay allowing high degree integration of
all operations of the conventional laboratory on micro-size
chips has performed rapid, economical, and user-friendly
multiplex assays.! However, several problems are usually
encountered in practice. First, common methods based on
position-coding limit the multiplexing capacities and in-
crease the difficulty of fabrication and operation.”! Second,
it is challenging to achieve high sensitivity for all targets as
the problems of nonspecific binding and cross-reactivity.
Third, the detection ranges under a low signal-to-noise ratio
are too narrow to quantify targets whose concentrations
differ by orders of magnitude.” Furthermore, human sample
preprocessing increases the test time and complexity. It is
thus highly important to develop a multiplexed technique
that can resolve the above shortcomings and be manufac-
tured in large volumes in COVID-19 management.

To this end, we integrated dual-encoded microbeads and
rolling circle amplification (RCA) into fluorescence immu-
noassay based on a size sorting chip (SS-Chip) for
quantitative profiling of COVID-19 serology (Scheme 1).
Our technology incorporates the following advances: i) size/
color dual-encoded beads for a huge barcode library
formation; ii) RCA strategy based on immune complex to
amplify signals and achieve high sensitivity; iii) immune
assay based on various sizes beads with different specific
interface area showing tunable detection range; iv) micro-
barriers on-chip to deplete blood cells for whole blood
sample direct detection. Spike (S) protein and nucleocapsid
(N) protein are expressed by SARS-COV-2. S1 domain of S
protein is exposed on the virus coat. The potion of S1—the
receptor binding domain (RBD) binds cells expressing the
viral receptor.’! Above three proteins (N, S1, RBD) are
promising antigenic targets for COVID-19 serology.”! Here
we integrated antigen-based capture reagent into color-
encoded beads for profiling anti-N/S1/RBD antibodies with
the same detection ranges, and modified capture antibodies
on size-encoded beads to meet the requirement of a broad
detection range from pgmL™ to pygmL™' as the various
abundance of interleukin-6 (IL-6), interleukin-1f (IL-1B),
procalcitonin (PCT), C-reactive protein (CRP) in human
serum. Collectively, these attributes suggest that our plat-
form is a valuable tool for a large number of targets
simultaneous profiling, especially for SARS-COV-2 medical
diagnosis.
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Scheme 1. Schematic showing the multiplex detection strategy on SS-chip. Serum samples from COVID-19 patients are introduced into SS-Chip
preloading dual-encoded beads. SS-Chip immunoassay employs two parallel assays including a bridging assay with color-encoded-beads-
conjugated capture antigens (cAgs) and RCA-product-tagged detection antigens (dAgs) to detect anti-N/S1/RBD antibodies (N-Ab, S1-Ab, RBD-
Ab) and a sandwich assay with size-encoded-beads-conjugated capture antibodies (cAbs) and RCA-product-tagged detection antibodies (dAbs) to
detect IL-6, IL-1B, PCT, CRP. Beads with various sizes based on RCA displayed different detection ranges from pgmL™" to pgmL™".

To prepare dual-encoded beads for multiplex detection,
we chose four kinds of mesoporous polystyrene beads of
different sizes (9 pm, 13 pm, 17 um, and 21 um in diameter)
as shown in Figure S1, and doped different ratios of blue
quantum dots (B-QDs) and red quantum dots (R-QDs) into
beads using swelling-evaporation approach (Figure 1a).'"!
By adjusting the mixing ratios of R-QDs and B-QDs, we
generated beads with different fluorescence intensities (Fig-
ure S2) and thus got a library of 44 dual-barcodes (Fig-
ure 1b). In addition, the throughput of barcodes can be
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Figure 1. Preparation and imaging of QDs-beads barcode library.
a) Two QDs are mixed at predetermined ratios and embedded into
beads. b) Microscope images of barcode library in which beads were

encoded by 4 size levels and 11 mixing ratios of QDs. Scale bar: 10 ym.
c) Verification of the SS-chip employing microbarriers to separate dual-

barcoded beads. Scale bars: 100 pm. The bar graph shows the
proportion of dual-barcode beads after the separation of an equal

mixture.
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easily expanded by preparing more microbeads of different
sizes. SS-Chip contains parallel microbarriers consisting of
square pillars with various diameters of gaps, whose sizes of
adjacent microbarriers differ by 2 pm, between inlet and
outlet ranging in size from 30 to 6 um and 20 to 6 um,
following the direction of fluid flow and allowing optimized
beads separation, thus being able to capture 13 or 8 kinds of
sizes beads in principle (Figure S3, S4). Such design allows
each area to densely pack 71640 (20 ym in diameter)—
447750 (8 um in diameter) same-sized microbeads, and
achieve large-scale imaging with improved sampling effi-
ciency.

To verify the capability of SS-Chip for barcode identi-
fication, we mixed 12 kinds of beads encoded by utilizing
four size levels and three mixing ratios (B:R at 0:10, 5:5,
10:0) from the library equally, and then introduced them
into SS-Chip. After separation, we imaged four correspond-
ing microbarriers and calculated the proportions of beads in
each area (Figure 1c). Results show the significant separa-
tion of various size-encoded beads on the chip and the
diameter of beads in each area was an approximately normal
distribution. The overlap percentage of size of beads
between the gaps of 8um and 12um was 1.2% while
between that of 20 um and 16 um was 0.83 %, which is
within the scope permitted in subsequent detection proce-
dure. The proportion of three color barcodes in every size
range is almost trisection, indicating there is little interfer-
ence and leak happening among different color-encoded
beads. Moreover, we also try to use the microbarriers to
eliminate blood cells. Most blood cells are less than 9 um in
diameter and have deformability."!! Results show that cells
all crossed the barriers while beads remained under the
hydrodynamic force (Movie S1, Figure S5) and suggest that
SS-Chip immunoassay is potential to directly detect bio-
molecules in a whole blood sample.

Next, we sought to validate the multiplexing perform-
ance of dual-barcode assay on SS-Chip by employing two
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different bead-based target-capture strategies to detect both
COVID-19 antibodies and biomarkers in parallel. We
employed three color-encoded beads (Figure S6) and a
double-antigen bridging immunoassay strategy for detecting
anti-N/S1/RBD antibodies. As the concentrations of IL-6
and IL-1B are at the pgmL™, PCT is at the ngmL™" and
CRP is at ugmL~" in human serum,” they were detected in
an antibody sandwich assay via beads from small-size to
large-size. Then the primer sequence linked to the padlock
sequence was attached to the above immune complex via
streptavidin-biotin interaction. RCA reaction happened via
polymerase catalysis around a circular DNA template to
produce a long DNA concatemer with numerous FAM-
labeled dUTP, which provided an amplified signal to
indicate captured target on the beads.

Dose-response curves with fluorescence intensities were
scaled with antibody concentration and approximated a
sigmoidal curve, demonstrating that the color-encoded
beads assay was responsive to the antibodies of interest
(Figure 2a). Importantly, the detection range of biomarkers
is based on size-encoded beads spanning 10 orders of
magnitude, which satisfies the need for clinical testing
(Figure 2b). For quantitative detection, the linear equations
of regressions of IL-6, IL-1B, PCT, CRP are Y=32.77x
X-16.68 (R*=0.97), Y=29.94xX-36.22 (R*=0.97), Y=
21.12x X—49.86 (R*=0.97), Y=17.72x X—98.08 (R*>=0.98)
respectively (X =log[concentration]). We also used different
size-encoded beads to detect IL-6 and found the sensitivity
can be controlled by size-encoded beads integrating with
RCA (Figure S8).

We compared the sensitivity of the RCA assay with that
of the traditional assay that uses FITC-conjugated antibody
(Figure 3a). Limits of detection (LODs) for IL-6, IL-1,

PCT, and CRP based on RCA immunoassay were
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Figure 2. Quantification of antibodies and biomarkers based on dual-
encoded beads immunoassay. a) Analytical dose-response curves and
fluorescence images for detection of anti-RBD/S1/N antibodies based
on color-encoded beads. Scale bars: 10 ym. b) Linear detection range
and fluorescence images for detection of IL-6, IL-1(3, PCT, CRP based
on size-encoded beads. Scale bars: 10 pm. The error bars represent the
standard deviation of three measurements (n=3).
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Figure 3. Sensitivity and specificity of SS-Chip immunoassay. a) Illus-
stration of RCA assay that uses DNA-conjugated antibody and a
traditional assay that uses FITC-conjugated antibody. b) Detection of
IL-1B and PCT using RCA assay and traditional assay. c) Only anti-S1/
RBD antibodies without anti-N antibodies (left) and only anti-N
antibodies without anti-S1/RBD antibodies (right) were spiked into
undiluted serum on SS-Chip immunoassay at different concentrations.
The error bars represent the standard deviation of three measurements
(n=3).

0.540 pgmL~", 6.536 pgmL™", 1.145ngmL™, 0.347 ygmL™"
respectively,  while  traditional = immunoassay  was
328129 pgmL~' for IL-1B and 34.041ngmL™' for PCT,
displaying 50-fold and 30-fold improvement in sensitivity of
RCA (Figure 3b). The significant enhancement in LODs is
attributed to the effective signal amplification of numerous
FAM molecules combined with the immune complex. We
evaluated the specificity of the RCA assay based on color/
size encoded beads by spiking a single target in undiluted
human serum at different concentrations (Figure 3¢ and
Figure S9), which demonstrates that only the target mole-
cule can induce a significant fluorescence intensity. Experi-
ments indicate negligible cross-reaction happening among
each component that should not couple with it. The results
validate the high sensitivity and specificity of dual-barcoded
beads integrating RCA immunoassays for quantifying
COVID-19 antibodies and biomarkers.

Finally, we demonstrated the clinical performance of the
SS-Chip immunoassay using plasma samples from COVID-
19-positive and -negative samples. Three antibodies and
four biomarkers from each sample were measured on a
single SS-Chip immunoassay (Figure S10). Two-tailed un-
paired t test determined a significant difference between the
mean fluorescence intensity of both samples for three
antibodies (P <0.0001) while the threshold value for the
positive test was assigned as 2 SDs above the mean
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intensities of negative samples, which can distinguish pos-
itive and negative samples accurately (Figure 4a). The
correlation analysis of endogenous biomarkers in serum
samples shows that SS-Chip assay measurements closely
matched those obtained with standard clinical enzyme-
linked immunosorbent assay (ELISA), demonstrating that
our lab-on-a-chip immunoassay achieved high accuracy to
detect clinically inflammatory biomarkers (Figure 4b).

The COVID-19 pandemic has caused significantly global
damage, which promotes us to develop more effective
measures to control the virus’s spread and reduce mortality.
A multiplexed serology assay being able to simultaneously
evaluate COVID-19-associated molecules will bring great
benefit to both individuals and populations.'” In this work,
we report a SS-Chip multiplexed immunoassay by integrat-
ing color/size dual-encoded beads and a RCA strategy. Size-
encoded beads have different specific interface areas and
reaction rates, and detection signals are amplified by RCA,
which lead to a broad detection range and high sensitivity.
Through the collocation of dual-encoded beads, our assay
achieved simultaneously quantifying COVID-19 associated
molecules with different abundances in serum and thus
helped to diagnose COVID-19 and evaluate severity. To our
knowledge, it is the first instance using beads of different
sizes integrated with rolling circle amplification in the
immune complex for a tunable detection range. Compared
with other technologies for a broad detection range, our
method is more simple and more flexible. Furthermore, it is
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Figure 4. Clinical sample testing. a) Anti-N/RBD/ST antibodies testing
in COVID-19 negative controls and positive samples. Dotted lines and
values represent 2 SDs above the mean value of negative controls.

b) Comparison of SS-Chip immunoassay with ELISA in patient samples
for biomarkers detection. The error bars represent the standard
deviation of three measurements (n=3).
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potential to achieve higher levels and a wider detection
range of multiplexing with a more advanced optical design
and larger barcode library. In conclusion, the SS-Chip
immunoassay system is a versatile technology for multiplex
measuring various abundance circulating analytes and there-
fore hopefully applied to such fields as clinical diagnosis and
point-of-care tests.
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