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The applications of serology tests to the virus SARS-CoV-2 are diverse, ranging from diagnosing COVID-

19, understanding the humoral response to this disease, and estimating its prevalence in a population, to

modeling the course of the pandemic. COVID-19 serology assays will significantly benefit from sensitive

and reliable technologies that can process dozens of samples in parallel, thus reducing costs and time;

however, they will also benefit from biosensors that can assess antibody reactivities to multiple SARS-CoV-

2 antigens. Here, we report a high-throughput microfluidic device that can assess antibody reactivities

against four SARS-CoV-2 antigens from up to 50 serum samples in parallel. This semi-automatic platform

measures IgG and IgM levels against four SARS-CoV-2 proteins: the spike protein (S), the S1 subunit (S1),

the receptor-binding domain (RBD), and the nucleocapsid (N). After assay optimization, we evaluated sera

from infected individuals with COVID-19 and a cohort of archival samples from 2018. The assay achieved a

sensitivity of 95% and a specificity of 91%. Nonetheless, both parameters increased to 100% when

evaluating sera from individuals in the third week after symptom onset. To further assess our platform's

utility, we monitored the antibody titers from 5 COVID-19 patients over a time course of several weeks.

Our platform can aid in global efforts to control and understand COVID-19.

Introduction

In late 2019, a novel coronavirus named “severe acute
respiratory syndrome-coronavirus 2” (SARS-CoV-2), which
produces the “coronavirus disease 2019” (COVID-19),

reportedly emerged in China and quickly spread around the
globe. In March 2020, the World Health Organization (WHO)
declared COVID-19 a pandemic. As of September 2020, over 27
million people have been infected, and over 800 000 deaths
have been reported. As a result, numerous countries worldwide
have adopted significant lockdowns andmobility restrictions to
decrease the infection rate, wreaking havoc on the global
economy.1 Two types of tests are being used to diagnose COVID-
19: nucleic-acid amplification tests (NAAT) and antibody tests.
The primary diagnostic test for acute SARS-CoV-2 infection
relies on detecting viral RNA by reverse transcription-
polymerase chain reaction (RT-PCR). Although NAAT is highly
sensitive, it suffers from high false negative rates (up to 50%).2

At this point, it is not clear if this is due to the sampling
technique (nose or throat swabs) or timing of the sampling
(differences in viral shedding).3,4 Nonetheless, NAAT remains
themost robust confirmatory test for acute SARS-COV-2.

On the other hand, serology assays which seek for the
presence of immunoglobulins (Igs)—mainly in serum or
plasma—produced in response to the SARS-CoV-2 infection,
are most accurate 2–3 weeks after symptom onset. This is
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because the immune response matures, although Igs can be
detected as early as 1 day after the first symptoms.2 It is not
clear how long the immune response for SARS-CoV-2 lasts,
but IgG levels against the virus SARS-CoV have been
detectable in recovered individuals two years after being
infected.5 Antibody tests are useful for diagnostic purposes
and to understand and assess the humoral response after
infection or vaccination, investigate the prevalence of virus
immunity in a population, and identify donors for treatment
with convalescent plasma.6 Compared to NAAT, serological
diagnoses can be low-cost, rapid, and easy-to-use. They can
distinguish between early and late infections with enough
sensitivity by measuring the IgM and IgG isotypes,
respectively.7 Serological assays could help identify
asymptomatic individuals or those who had mild symptoms
and cannot afford a NAAT test. Furthermore, serosurveys will
be helpful in determining the prevalence of the infection in a
population, monitor the spread rate, and identify at-risk
populations,8 information that can be used by governments
to adopt public health policies.

Serological assays for SARS-CoV-2 developed to date
include the enzyme-linked immunosorbent assay (ELISA),9–13

lateral flow assays (LFAs),13–16 the luciferase
immunoprecipitation system (LIPS),17–19 chemiluminescence
immunoassays (CLIAs),20–22 and single-molecule arrays
(SIMOAs).7 Except for the SIMOA assay, the rest of the assays
can only assess binding against only one antigen, limiting
their utility in diagnosis and monitoring of the evolution of
the humoral response upon infection or vaccination. Here,
we present a microfluidic platform for the semi-automatic
detection of IgG and IgM raised against four different SARS-
CoV-2 antigens from up to 50 different serum samples, with
minimal assay reagent consumption. This development
opens the door to low-cost massive screenings.

Results
Microfluidic device

The microfluidic device was designed to detect antibody
levels against four proteins of the virus SARS-CoV-2—spike
(S), the S1 subunit (S1), the receptor binding domain (RBD),
and nucleocapsid (N)—from 50 serum samples of only 6 μL.
The device is made with classic multilayer soft-lithography
techniques that facilitate automation and fluid control and is
further powered by the mechanically induced trapping of
molecular interactions (MITOMI) technique,23 Fig. 1a. In our
case, MITOMI serves as a fluorescence biosensor24–27 where
indirect immunoassays for each of the four viral antigens are
performed. MITOMI is enabled using a button valve located
on each microchamber. The device contains an array of 200
microchambers (4 rows and 50 columns) with a volume of
5.5 nL each. The design of the device is shown in Fig. S1.†
After loading all the reagents through 8 inlets, the device is
operated remotely from a computer using only 16 control
lines; notably, scaling up the sample throughput will require
the same amount of control lines.

The device's operation starts by patterning the four viral
proteins in parallel underneath each MITOMI button valve
through their respective rows, Fig. 1b. This is followed by a
passivation protocol of the microchannel surfaces. To
increase the stability of the immobilized viral antigens
through covalent immobilization,28 we employed glass slides
coated with (3-aminopropyl)triethoxysilane (APTES) activated
with glutaraldehyde (GA). Next, the 50 serum samples are
pipetted into each well, sealed with a pressure manifold to
flow all the samples through all the chambers for 30 min,
Fig. 1c and Video S1.† After a washing step, anti-IgG or anti-
IgM fluorescently labeled antibodies are introduced to all the
microchambers and incubated for 30 min, followed by a final
washing step. Next, the biosensors are imaged with an
inverted fluorescence microscope. The fluorescence signal
intensity from each biosensor is proportional to the amount
of IgG or IgM bound to the antigens. Significantly, all the
assay's steps are automated and controlled from a computer
to ensure repeatability and minimal user intervention.

Optimizing assay performance

A significant hindrance to immunoassays is noise
background caused by unspecific absorption of serum
proteins.29 We investigated several passivation protocols to
reduce fluorescence background. We found that a
combination of neutravidin followed by 3% ethanolamine
gave the highest signal to background (STB) ratio (Fig. S2†).
Because a high concentration of serum proteins also
increases noise background, we also studied the effects of
serum dilution on the antibody detection levels (Fig. S3†). A
lower dilution (1 : 10) increased the STB ratio without
significantly increasing background noise.

In the absence of a gold standard for COVID-19 serology
assays14 to compare our results, we sought to validate our
device's robustness and reproducibility by performing an
intra- and inter-assay correlation analysis. We compared the
fluorescence raw values between assays carried out in two
different devices on different days (inter-assay) and obtained
a Pearson correlation coefficient (R) of 0.933 (Fig. 2a).
Samples ran in duplicate in the same device (intra-assay)
resulted in an R of 0.954 (Fig. 2b). To estimate our
biosensors' limit of detection (LOD), we prepared serial
dilutions of a monoclonal, chimeric antibody obtained by
immunizing mice with the protein RBD. We measured its
reactivity against the antigens RBD, S, and S1 (Fig. 2c),
finding a LOD of 1.6 ng mL−1 for RBD. Overall, these
experiments confirm the reproducibility of our device to
perform COVID-19 serology assays.

Detection of anti-SARS-CoV-2 antibodies in serum samples
from patients and healthy individuals using our device

We used our device to test the immunoglobulin levels of 100
different serum samples. Sixty-six samples were from
individuals tested positive for SARS-CoV-2 through PCR with
reverse transcription (PCR-RT). The nasopharyngeal swab tests
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were performed between April and May of 2020 at a COVID-19
designated hospital in Mexico City. The age of the COVID-19

patients ranged from 19 to 80 years old, 40% were diabetic, and
of the total samples received, 68% were from men. A summary

Fig. 1 Microfluidic device for COVID-19 antibody detection. (a) Photograph of the device indicating its different components. The tip of a pencil is
shown for reference. Closeup shows an array of microchambers (blue) surrounded by valves (red) and a MITOMI button valve (red circle) in the
center. Bottom inset shows top-view photographs and a cross-sectional view of the actuation of the MITOMI button. An indirect immunoassay is
performed on the surface of a glass substrate; dAb = detection antibody, Ig = serum antibodies, and Ag = antigen. (b) Gross microfluidic assay
schematic flow showing antigen immobilization of the four antigens, followed by (c) injection of the 50 samples and (d) immunoassay quantitation
by the introduction of fluorescently labeled secondary antibodies. Solid or transparent red rectangles denote closing or opening of the
microvalves, respectively. Bottom schematics show how MITOMI is used to perform an indirect immunoassay. S = spike; S1 = subunit S1; RBD =
region binding domain; N = nucleocapsid. (e) Typical fluorescence micrographs of an array of biosensors for samples collected before the
pandemic (left) and a COVID-19 confirmed case (right).
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of the clinical data of all the individuals is shown in Table S1.†
The samples were collected between 4 and 54 days after
symptom onset. The control cohort consisted of 34 serum
samples collected from healthy individuals in 2018 (two years
before the beginning of the pandemic).

Fig. 3 shows the IgG and IgM measured levels against the
four viral antigens for all the samples. The order for all the
samples is maintained across all bar graphs. The COVID-19
samples were further classified into two groups, an early-
stage cohort (<14 days of symptom onset) and a late-stage
(≥14 days) cohort, as the median time for seroconversion for
both IgG and IgM has been reported to be 13–14 days after
the first symptoms, at least for the N and S proteins.19,30

Except for the IgG antibodies against the S1 subunit, we
detected significantly higher IgG and IgM antibody responses
to all the proteins in patients with COVID-19 compared to
the negative controls (see P values in the scatter dot plots).
The fluorescence levels measured for IgM are about half or
less than the values measured for the IgG antibodies,
indicating its lower serum concentration than IgG.
Consistent with other reports, the reactivity against S was
more robust than that for RBD.9 Some control samples (n =
4) from 2018 presented high cross-reactivity against the S
protein and, to a lower extent, to the S1 subunit, with no
detectable signals for the RBD and N antigens.
Encouragingly, the rest of the late-stage cohort individuals
showed some reactivity to at least one of the antigens. We
wondered whether there was a correlation between
reactivities to pairs of antigens for all the COVID-19 samples
(Fig. S4 and S5†). We found a strong correlation between the
viral antigens S and N for IgG (R = 0.876) (see Fig. 3e), which
confirms earlier reports that IgG antibodies against these
antigens are detectable at about the same time.31 Also, there
was a slight correlation between S and S1 (R = 0.614) and
RBD and N (R = 0.632) for IgM, while the rest of the
combinations had a low correlation (R < 0.5).

To determine our device's utility as a diagnostic test, we
created receiver operating characteristic (ROC) curves for IgG
and IgM against all antigens. ROC aids in determining the

appropriate cut-off value to obtain the optimal sensitivity and
specificity of an assay.32 In general, the area under the curve
(AUC) for all the ROC curves was higher after two weeks from
symptom onset (AUC > 0.9), except for IgG against S1 and
IgM against N. The highest performance was obtained for
IgG and IgM against S with an AUC of 0.977 and 0.944,
respectively. Based on the ROCs for the late-stage cohort, we
estimated the best sensitivities and specificities provided by
each antibody's reactivity isotype against each viral antigen.
As shown in Table S3,† the univariate tests provide, in
general, good predictive power, with the sensitivity ranging
from 71 and 95% for IgG and 81 and 85% for IgM. In
comparison, the specificity ranged from 82 to 97% for IgG
and 73 to 97% for IgM. The two best overall scores were
provided by IgM reactivity against the whole spike antigen
(95% sensitivity and 91% specificity) as well as IgG reactivity
against the RBD (95% sensitivity and 82.3% specificity).

Multivariate analysis of antibody reactivity enhances
diagnostic test performance

Next, we evaluated whether the combination of the reactivities
of antibodies against all antigens would increase the predictive
power of our microfluidic serological assay compared to a single
set of antigen and antibody isotype. We performed principal
component analysis (PCA) over different sets of parameters
(Fig. 4a and S6†). PCA is a widely employed linear
dimensionality reduction and feature extraction method33 and a
powerful tool for biomarker discovery in proteomic analysis.34

In general, the pre-pandemic cohort clustered together on the
PC plane, while the early-stage (<14 days evolution) cohort
dispersed over the plane and separated from these samples.
The late-stage (≥14 days evolution) cohort displayed a more
compact cluster with increased separation concerning the
archival cohort. Although different principal components
correlate with antibody reactivities to different antigens (Table
S2†), PC1 explains over 80% of the observed data variance. For
this reason, we chose this parameter to assess the predictive
power of each parameter set. Although the ROC considering all

Fig. 2 Device performance and reproducibility. (a) Inter-assay correlation between assays performed in two different devices over different days,
n = 132. (b) Correlation between two samples measured in the same device. Bottom right corner shows the correlation coefficients, n =103. (c)
Fluorescence intensity values for a dilution curve of a chimeric monoclonal antibody for the RBD protein. Values were measured for RBD, spike,
and the S1 subunit, n = 3. Error bars show one standard deviation. A.F.U. = arbitrary fluorescence units.
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the antigens is higher than 0.9 and increases to 0.97 when
considering IgM reactivity against all different antigens (Fig.
S6†), it is not significantly better than the predictive power
observed by measuring IgG and IgM reactivity against the S
protein by itself, at least for the time frame in which the
samples were collected. From the ROCs based on the PC1
scores, we then determined each parameter set's best
sensitivities and specificities. As shown in Table S3,† there was

an overall increase in the sensitivity and specificity of the
multivariate analysis compared to those of the univariate
analysis, with sensitivity values ranging from 90.4% to 95%. In
contrast, the specificities ranged from 88% to 94%.

Some reports have indicated a 100% seroconversion of
IgG of individuals after 20 days from symptom onset.14,30 We
thus queried whether samples from this time onwards will
increase the performance of our assay. Indeed, by performing

Fig. 3 Detection of IgG and IgM antibody response to SARS-CoV-2 antigens. Antibodies against the four SARS-CoV-2 proteins S (a), S1 (b), RBD (c)
and N (d) were measured in samples collected in 2018 (n = 34) and from patients with COVID-19 (n = 66). Bar graphs show IgG and IgM levels
measured for each sample. Blue bars represent archival samples, while the COVID-19 positive samples were divided into two groups according to
the time since symptom onset, before (red) and after (green) 14 days. Scatter dot plots of the same data shown in the bar graphs; error bars
represent mean ± 1 s.d. Asterisks indicate statistical significance between archival sample versus patients with COVID-19 grouped by samples
obtained before and after 14 days from symptom onset; NS = P > 0.05, *P ≤ 0.05, **P ≤ 0.01, ***P ≤ 0.001, and ****P ≤ 0.0001 (n = 100). Two-
sided P values were determined using the t-test. Receiver operating characteristic (ROC) curves for all four antigens against IgG (left) and IgM
(right). Areas under the curve (AUCs) are presented for each antigen for all COVID-19 positive samples (gray) or grouped before (red) or after
(green) 14 days from symptom onset. (e) Correlations of antibody reactivities against pair of antigens.
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the ROC analysis of the PC1 score of samples collected
between 21–30 days after symptom onset, our platform
achieved a sensitivity and a specificity of 100%, Fig. 4b.

Lastly, we assessed the positive and negative predictive
values (PPV and NPV) of each diagnostic variable and their
different combinations for the late-stage cohort (Table S3†).
Since there is no current consensus on the prevalence of
COVID-19 in Mexico, we estimated PPVs and NPVs for low (5%)
to high (20%) prevalence values. In general, NPVs from
univariate and most multivariate analysis were high at low
prevalence, ranging from 98.3–99.6%, and maintain acceptable
values (ranging 93–99% with a mean of 97%) at higher
prevalence values. However, due to this cohort's reduced
sensitivities, the PPVs are low (45%) at low prevalence but
increase to acceptable values (79%) at high prevalence.

Longitudinal study of the antibody response

To investigate our device's utility in evaluating the antibody
response's kinetics, we evaluated IgG and IgM levels for all 4
viral proteins for samples collected from 5 COVID-19

hospitalized individuals at different time points during a
period ranging from 1 to 7 weeks (Fig. 5). In general, the S
antigen, followed by the N, elicited the most robust IgG
responses. S1 and RBD showed lower IgG and IgM levels and
more variability. In the case of patients D and E, whose
samples were collected for a more extended period, we
noticed that, on average, the levels of IgM for all the proteins
started to wane off after 20 days, while the levels of IgG
remained high from 10 days onwards, except for patient D
which showed a slight decrease in all proteins after 30 days,
with some variability for the antigens N and RBD. Note that,
in most cases, IgM levels are lower than those for IgG,
consistent with other reports.30 Overall, these results
demonstrate that our device's sensitivity is high enough to
detect the antibody response of COVID-19 patients for at least
seven weeks after the initial symptoms.

Discussion

We have developed and tested a microfluidic device to detect
the presence of antibodies against four SARS-CoV-2 antigens

Fig. 4 Principal component analysis (PCA). (a) PCA of immunoglobulins IgG and IgM for viral antigens S, S1, RBD, and N, accompanied by their
ROC curves. (b) PCA of IgG after 21 days from symptom onset for all the viral antigens. Middle scatter plot shows the PC1 score between both
samples. Right: ROC curve for this analysis.

Fig. 5 Detection of IgG and IgM antibodies in a longitudinal assay. Serum samples were collected at different days from five COVID-19 patients
who required hospitalization. The zero day mark indicates symptom onset. Top and bottom rows show IgM and IgG plots, respectively, for all
patients. A.F.U. = arbitrary fluorescence units.
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from only 6 μL serum samples. We selected these antigens
because they are the principal immunogens and have shown
to be promising in detecting specific antibodies for SARS-
CoV-2.35 The SARS-CoV-2 spike glycoprotein is highly
immunogenic, making it an ideal target for neutralizing
antibodies,36,37 and is the current focus of most vaccine
candidates.36,38,39 The S1, a subunit of the S protein, contains
the RBD, which is critical for viral entry and has proven to be
a highly specific antigen of SARS-CoV-2 given its low amino
acid sequence identity (∼20%) to other human coronaviruses
(HCoVs).9,40 The N antigen is also a potent immunogen and
is sometimes more specific than other antigens.18 More
recently, the RBD40 and the N41 protein have shown greater
sensitivities in the serological diagnosis of COVID-19
compared to the S protein. It is becoming evident that
assessing the antibody landscape to a high number of SARS-
CoV-2 antigens will increase the sensitivity and specificity of
an antibody test and help understand the pathogenicity and
antibody response of COVID-19.18 Although we only tested
these four antigens, our microfluidic device can be easily
redesigned to include other SARS-CoV-2 structural or non-
structural proteins (e.g. ORF8 and ORF3b) that have also
shown to elicit strong specific antibody responses.18

Knowing antibody concentration levels for an individual
will help monitor the appearance and decay of the different
antibody isotypes (IgG, IgM, IgA), information that can be
useful to understand the immune response evolution upon
vaccination or infection. COVID-19 antibody tests reported to
date have different performance characteristics. Most of them
provide quality data in the form of antibody presence or
absence, with only a few providing quantitative estimates of
antibody concentration.10,21 Indeed, our MITOMI-based
biosensors can also provide antibody concentration data. To
estimate our biosensors' sensitivity, we performed calibration
curves employing known concentrations of a monoclonal
anti-RBD chimeric antibody with a human IgG1 constant
domain. As expected, this chimeric antibody reacted to RBD
and the S and S1 viral proteins. We estimated the limit of
detection (LOD) of our biosensor for IgG against the RBD
antigen to be 1.6 ng mL−1, comparable to that of ELISA—the
gold standard for protein quantitation—explicitly developed
against the RBD antigen of SARS-CoV-2.10 Interestingly, the
SIMOA assay for SARS-CoV-2 reaches LODs in the order of
tens of pg mL−1.7

Interestingly, a few of our negative control samples from
2018 cross-reacted against S and S1, which heavily impacted
our assay's sensitivity and specificity. This result is not
surprising, as the antigen S is a highly conserved protein to
other endemic HCoVs (28–33% amino acid identity to OC43,
229E, NL63 or HKU1)35,40 and may have a high number of
epitopes compared to RBD.9 Furthermore, over 90% of
individuals aged over 50 years old have antibodies to these
endemic HCoVs.42 Notably, these control samples did not
show cross-reactivity to RBD, consistent with other reports,43

and neither did they to the antigen N, which was expected to
induce more cross-reactivity because it shares a higher

homology to other HCoVs.6 Nevertheless, cross-reactivities
against the S and RBD of SARS-CoV-2 have also been reported
in control samples.2,4,14,43,44 Cross-reactive antibodies might
yield false-positive results; however, identifying cross-
reactivity is not necessarily discouraging, as it could provide
insights on whether specific individuals possess some
preexisting immunity against SARS-CoV-2.45 To prevent this
cross-reactivity, samples could be further evaluated against a
panel of spike proteins from other HCoVs.40 Also, testing a
higher number of control samples from different years will
help assess whether these samples are isolated or more
widespread than expected. The storage and processing of the
sera or contamination with other blood products should not
be discarded as plausible explanations for this cross-
reactivity.

We employed ROC analysis to quantify the accuracy of our
assay. ROC also allows a selection of optimal thresholds of
sensitivity and specificity depending on the test's intended
use. In general, the AUC of the obtained ROC curves—which
indicates how well a test performs—had values above 0.9,
suggesting highly accurate tests. In the case of the late-stage
cohort, except for two antigens, the rest of the assays
performed above 0.9, reaching 0.9496 for the multivariate
analysis. As expected, the time frame on which each sample
is collected after symptom onset impacts our assay accuracy.
Not surprisingly, as the immune response is evolving, our
device's specificity and sensitivity are lower before the 2 week
mark but improves after two weeks for all the antigens. Our
results indicate that increasing the number of variables
measured leads to enhanced diagnostic test performance,
with an AUC higher than 0.9, increasing up to 0.97 if IgM
reactivities against different antigen combinations in the late
stage are considered. This performance is not significantly
better than the predictive power observed by measuring IgM
reactivity against S—at least for the time frame in which the
samples were collected. However, we expect that these
prediction values would decrease as IgM titers wane off after
only three weeks from symptom onset.30 On the other hand,
the multivariate analysis that includes IgG reactivity (AUC =
0.9496) should conserve its ability to identify seroconverted
individuals as IgG is a longer-lasting antibody correctly.

The sensitivity (90–95%) and specificity (88–94%) of our
assay for the late-stage cohort, considering multivariate
analysis, are comparable to those of other commercial SARS-
CoV-2 serology assays.14 It also satisfies the minimum
sensitivity (80%) and specificity (90%) required by the FDA
for serological tests operated under the Emergency Use
Authorization (EUA). Our assay's accuracy increased to 100%
when analyzing samples acquired between 20 and 30 days
after symptom onset, consistent with other reports.14,46 In
general, our device's sensitivity and specificity are higher
than most lateral flow assays and are on par with those of
ELISA-based tests.47 A limitation of our study is that it
included mostly men with severe cases of COVID-19, and
thus will require a thorough validation with a higher number
of samples from women and individuals with a broader range
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of ages, including those with different disease severity (mild,
moderate, asymptomatic).

As antibody tests are performed on a limited number of
samples with known antibody status, the result is a statistic
value that interpretation must be contextualized according to
the prevalence of the virus in a population and whether it is
used for individual use population-level studies.48,49 Indeed,
positive predictive values (PPVs) and negative predictive
values (NPVs) are more meaningful in a clinical decision than
specificity and sensitivity. For a given sensitivity and
specificity at high prevalence rates, the PPV increases, and
NPV decreases, and vice versa, at low prevalence rates. As
false positive serological assays may lead to a false sense of
confidence, which can cause relaxation of protective
measures, such as social distancing, a diagnostic test must
have a high PPV even at low seroprevalence. Current
estimates of prevalence in the population range from 1% to
4%.2 In our case, considering the cross-reactivities against all
antigens, our platform achieves a PPV of 45% at a prevalence
of 5% (this means that less than half of individuals who test
positive will have developed antibodies against SARS-CoV-2)
but increases to 79% at a prevalence of 20%. However, within
a population, different groups can have different infection
rates. Given our platform's accuracy, we speculate that our
assay can achieve a high PPV in screening health care
personnel who have a higher probability of having developing
antibodies against SARS-CoV-2.

Longitudinal studies of infected patients will be essential
to assess the evolution of the immune response and the
duration of immunity, monitor the effects of vaccines in the
humoral response, and evaluate the disease state, and
possibly be used as a confirmatory diagnosis of COVID-19.
Overall, we were able to detect antibody levels above
background against all antigens in most samples collected
after one week of developing symptoms, implying that
antibodies circulate in blood at concentrations high enough
to be detected by our device. Interestingly, the S protein
produced the most robust antibody responses, which may be
partially explained because it has a high number of epitopes.
High reactivities to the N antigen were also detected. We
expect that frequent sampling of patients will increase our
assay's sensitivity and specificity to 100%.

Our microfluidic device has several advantages over lateral
flow assays or more conventional assays (i.e. ELISA) such as low
sample/reagent consumption, multiple analyte detection, and
high-throughput. Importantly, our platform's multiplexing
capabilities allow the multiparametric assessment of
immunoglobulins reactive against viral antigens, which should
increase both sensitivity and specificity compared to current
assays. However, our device also suffers from some drawbacks.
Although the four antigens' immobilization protocol consists of
only five steps, it is relatively slow (2.5 h). Furthermore, the
antigens' random orientation on the surface could lead to
epitope masking, reducing assay sensitivity. A site-specific
covalent immobilization technique (e.g., streptavidin/biotin
chemistry or metal chelates) can be used to improve antigen

immobilization. Massive manufacturing of multilayer soft-
lithography devices is not straightforward as it requires the
alignment of two PDMS layers and access to a clean-room
facility. Finally, our antibody test takes 2.6 h, which, together
with the 20 min for device setup and including the time for
protein immobilization, puts the total assay running time at 5.5
h for 50 assays or 6.6 min per assay.

Antibody testing for SARS-CoV-2 is expected to impact
several areas, including diagnostics, epidemiology, vaccine
development, disease understanding, and public health
policies. However, as screening scales up, the high demand
for NAAT and antibody tests worldwide leads to a shortage of
reagents, supplies, and instruments around the globe. The
most affected are low- and middle-income countries that lack
the infrastructure or laboratory facilities to perform their
tests.8 Unfortunately, most countries cannot afford them and
do not have the infrastructure to produce them locally,
complicating massive testing efforts. Thus, it has become
critical to develop technologies that are affordable and
amenable to automation, and that reduce reagent
consumption. Our device is fabricated with well-known
standard soft-lithography techniques that can facilitate its
replication by laboratories worldwide. The high throughput
capabilities and low reagent consumption of our device make
it an attractive platform to perform affordable large-scale
diagnostic testing and assess the antibody response of a
population to SARS-CoV-2. Our device can process 50 serum
samples in parallel in its current design but can be easily
scaled up to process a larger number of samples without
significantly altering the design. Another key advantage of
our device is its multiplexing capabilities and its higher
sensitivity and specificity compared to other serological
assays, which, for the most part, assess reactivity against only
one viral antigen.

Materials and methods
Fabrication of the microfluidic devices

The microfluidic device made of a flow layer and a control
layer was fabricated using multilayer soft lithography. The
molds for each layer were patterned on 4″ silicon wafers. The
control layer mold was spin-coated with negative photoresist
(SU8-2015, MicroChem, USA) at 1300 rpm for 40 s for a
height of ∼25 μm. The flow layer mold was spin-coated with
positive photoresist (AZ9260, Clariant GmbH, Germany) at
1000 rpm to a height of ∼12 μm after which it was baked at
200 °C on a hot plate for 1 h to round the structures. Both
silicon wafers were exposed to chlorotrimethylsilane (386529,
Sigma-Aldrich Co., USA) for 1 h.

Devices were fabricated by pouring polydimethylsiloxane
(PDMS, Sylgard 184, Corning, USA) at a curing agent ratio of
5 : 1 (w/w) on the control mold and degassed in a vacuum
chamber. For the flow layer, PDMS (20 : 1 w/w ratio) was spin-
coated at 1300 rpm for 40 s. Control and flow layers were
baked at 80 °C for 30 min, respectively. Replicas from the
control layer mold were cut, peeled, aligned on the flow layer,
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and baked for 1 h at 80 °C. Device inlets and outlets were
punched using a precision manual punching machine
(Syneo, USA).

Glass slide functionalization

Slides were cleaned with isopropanol (IPA, V000139, Sigma-
Aldrich, USA) in an ultrasonic bath, rinsed with ultrapure
water (UPW, MilliQ Synthesis, Millipore, USA), and blow-
dried with a nitrogen (N2) gun. Glass slides were treated with
oxygen (O2) plasma for 90 s (Zepto, Diener, Germany), and
immersed in a 2% (v/v) solution of (3-aminopropyl)
trimethoxysilane (APTES, 440140, Sigma-Aldrich Co., USA) in
toluene (9460-03, JT Baker, USA). Slides were rinsed with
fresh toluene, dried, and baked at 90 °C for 30 min. Lastly,
the slides were sonicated in toluene for 15 min, rinsed with
new IPA, and dried. The functionalized slides were kept in a
vacuum desiccator before the next step.

Modified glass slides were immersed in a 4.6% (v/v)
glutaraldehyde (GA, 65882, Sigma-Aldrich) solution in
carbonate/bicarbonate buffer (pH 9.2, S5761, Sigma-Aldrich
Co and 3604-01 JT Baker) for 40 min, rinsed with UPW, and
blow-dried with N2. Meanwhile, the PDMS devices were
treated with O2 plasma for 90 s. Next, APTES was vaporized
on the surface of the PDMS in a vacuum desiccator for 30
min. The APTES-modified PDMS devices were aligned to the
GA-activated glass slides and baked for 10 min at 110 °C. The
fully assembled devices were employed in serology assays
immediately after this step.

On-chip protein immobilization

Control lines, except for the button lines, were primed with
UPW and pressurized to 25 psi, and repeated activation/
deactivation of valves was performed to prevent irreversible
bonding between the valve and the GA-activated glass. All
valves were controlled through 3-way solenoid manifolds
(MH1, Festo, Germany), controlled with an Arduino
microcontroller interfaced to a LabVIEW program (2020
Student Edition, National Instruments, USA). Next, flow
channels were filled with a wash buffer consisting of DPBS
with 0.05% (v/v) Tween-20 (DPBST, 14200075, Gibco and
P9416, Sigma-Aldrich). Button control lines were then primed
with UPW and pressurized to 25 psi. A blocking solution
consisting of DyLight650-conjugated NeutrAvidin (NA650,
84607, Thermo Fisher Scientific Inc. USA) at 100 μg mL−1

diluted in carbonate/bicarbonate buffer was injected for 30
min at a 1.66 μL min−1 flow rate, followed by a 30 min wash
step. The SARS-CoV-2 antigens corresponding to spike (S), S1
subunit (S1), receptor-binding domain (RBD), and
nucleocapsid (NC) (40589-V08B1, 40591-V08B1, 40592-V08B,
40588-V08B, Sino Biological Inc., China) were diluted in
carbonate/bicarbonate buffer at 20 μg mL−1 and injected in
parallel through dedicated inlets with non-actuated buttons
for 30 min at 1.66 μL min−1. Following a 30 min wash step
with DPBST, ethanolamine (11016, Sigma-Aldrich Co., USA)
at a 3% concentration (v/v) in carbonate/bicarbonate buffer

was flowed for 30 min to block unreacted GA groups. A final
wash step with DPBST was performed for 30 min.

On-chip immunoassays

For calibration curves, different concentrations of
monoclonal IgG antibodies raised against the RBD (40150-
D003, Sino Biological Inc., China) were diluted in ELISA
buffer at concentrations ranging from 0–1000 ng mL−1 and
injected for 30 min to determine the LOD. For serology
assays, human serum samples were diluted in ELISA buffer
(00-4202-56, Thermo Fisher Scientific Inc.) at dilution factors
of 1 : 10, 1 : 20, 1 : 25, and 1 : 50 (v/v). 6 μL of each sample were
pipetted into the sample reservoirs employing gel-loading
tips. Two micromachined PMMA sheets, incorporating
pressure inlets and channels, were bonded to the device over
the sample reservoirs with double-sided pressure-sensitive
adhesive sheets to seal, pressurize and drive the sample fluid
flow. The sample reservoirs were then pressurized to 2 psi to
purge air remaining in the samples' inlet channels. Once the
air was purged, the reservoirs' pressure was lowered to 0.1
psi. The side valves were actuated to prevent cross-
contamination, while the top and bottom valves were non-
actuated to inject the samples for 30 min. Buttons were
actuated to protect the biosensing surfaces from upstream
contamination, while the top and bottom valves were
activated, and side walls were deactivated to allow serum flow
(0.1 μl min−1). The microchambers were washed with DPBST
for 30 min. Chambers were isolated via activation of side
valves, and buttons were non-actuated for 3 min to allow
diffusion of the remaining solution under the buttons.
Buttons were then activated, and a second wash step of 15
min was performed. Immunoassays were developed by
injecting phycoerythrin (PE)-conjugated anti-human IgG or
anti-human IgM (109-115-098, Jackson ImmunoResearch,
USA and IH15104, Life technologies, USA) antibodies diluted
at 1 : 100 and 1 : 50, respectively, in ELISA buffer for 30 min
with non-actuated buttons. The device was then imaged with
an inverted epifluorescence microscope (Axio Observer A1,
Carl Zeiss Microscopy GmbH, Germany) equipped with a 14
bit monochromatic camera (Axiocam 506 Mono, Carl Zeiss
Microscopy GmbH, Germany) through a 10× objective,
employing appropriate excitation/emission filters (FilterSet
43, Carl Zeiss Microscopy GmbH, Germany).

Image analysis

The acquired images were exported to an uncompressed TIFF
format and analyzed with a custom MATLAB (R2019a,
MathWorks, USA) script. The script calculated the mean
intensity fluorescence value of the biosensing surfaces (MITOMI
buttons) and subtracted the background (defined by the mean
fluorescence intensity of an area around the MITOMI button).

Data analysis

The experimental data were plotted and analyzed in Prism 6
(GraphPad Software, USA). Further statistical analysis, such
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as principal component analysis (PCA), was performed in
MATLAB.

Blood serum collection

To test the device, we use serum samples obtained from 66
COVID-19 patients tested positive for SARS-CoV-2 through
PCR with reverse transcription (PCR-RT) tests of
nasopharyngeal swabs. Competent and trained personnel
handled and processed the patient samples following the
institutional security protocols. Personnel taking the samples
used personal protective equipment that included disposable
gloves, a lab coat, and a surgical mask. This study was
reviewed and approved by The Committee on Bioethics for
Research in Human Beings (COBISH) of the Center for
Research and Advanced Studies of the IPN (Cinvestav) (No.
062/2020). All participants provided written informed consent
before the study. Samples were collected in a clinical
laboratory that adheres to the guidelines established by
Official Mexican Standards: NOM-007-SSA3-2011, NOM-087-
SEMARNAT-SSA1-2002, NOM-010-SSA2-2010, NOM-006-SSA2-
2013, and NMX-EC-15189 IMNC-2015. These samples were
collected in the intensive care unit (COVID area) of the
Instituto Nacional de Cardiología “Ignacio Chávez” in Mexico
City. The blood samples were later transported to a clinical
laboratory, where they were processed. Four mL of blood
from the vein was obtained for each patient in silica (clot
activator) gel tubes. The serum was obtained by centrifuging
the samples at 600g for 15 min at 4 °C in a class II biological
safety cabinet. Serum samples were stored in aliquots at −80
°C until used. Serum samples of the healthy control subjects
from the GEA project were stored at −80 °C in 2018. The
control cohort consisted of 34 serum samples of healthy
individuals collected in 2018, belonging to the institutional
project “Genetics of the Atherosclerosis Disease (GEA)”.
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