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A B S T R A C T   

Convalescent serum with a high abundance of neutralization IgG is a promising therapeutic agent for rescuing 
COVID-19 patients in the critical stage. Knowing the concentration of SARS-CoV-2 S1-specific IgG is crucial in 
selecting appropriate convalescent serum donors. Here, we present a portable microfluidic ELISA technology for 
rapid (15 min), quantitative, and sensitive detection of anti-SARS-CoV-2 S1 IgG in human serum with only 8 μL 
sample volume. We first identified a humanized monoclonal IgG that has a high binding affinity and a relatively 
high specificity towards SARS-CoV-2 S1 protein, which can subsequently serve as the calibration standard of 
anti-SARS-CoV-2 S1 IgG in serological analyses. We then measured the abundance of anti-SARS-CoV-2 S1 IgG in 
16 convalescent COVID-19 patients. Due to the availability of the calibration standard and the large dynamic 
range of our assay, we were able to identify “qualified donors” for convalescent serum therapy with only one 
fixed dilution factor (200 ×). Finally, we demonstrated that our technology can sensitively detect SARS-CoV-2 
antigens (S1 and N proteins) with pg/mL level sensitivities in 40 min. Overall, our technology can greatly 
facilitate rapid, sensitive, and quantitative analysis of COVID-19 related markers for therapeutic, diagnostic, 
epidemiologic, and prognostic purposes.   

1. Introduction 

The disease (COVID-19) related to novel coronavirus (SARS-CoV-2) 
has caused more than half a million of deaths and remains a severe 
threat to global health (WHO, 2020c). The World Health Organization 
has indicated that the mortality rate for the critical care COVID-19 cases 
may be higher than 50% (WHO, 2020a, b). Unfortunately, to date there 
is no standardized therapy for treating COVID-19 patients, especially 
those in the critical stage (WHO, 2020a). 

Recent clinical researches have demonstrated that the convalescent 
serum therapy is a promising approach to improve the survival rate in 
the severe cases (Bloch et al., 2020; Casadevall and Pirofski, 2020; Chen 
et al., 2020; Duan et al., 2020; Shen et al., 2020). SARS-CoV-2 
neutralizing IgG (S1-specific IgG), the major active component in the 

convalescent serum is developed by the adaptive immune system 
approximately 7–10 days after SARS-CoV-2 infection (Padoan et al., 
2020; Sun et al., 2020). Due to its high affinity and high abundance, 
neutralizing IgG can bind and block the binding epitopes, (e.g., receptor 
binding domains (RBDs) and other related domains, on the S1 protein on 
SARS-CoV-2), preventing it from invading human cells (Long et al., 
2020; Shen et al., 2020). Due to the variations in the strength of the 
adaptive immune response, the abundance of SARS-CoV-2 S1 specific 
IgG varies significantly from patient to patient (Amanat et al., 2020; Ju 
et al., 2020). To ensure a high therapeutic efficacy, only the convales
cent serum from recovered donors with a high level of SARS-CoV-2 
S1-specific IgG should be selected as the therapeutic agent. Thus, 
knowing the concentration of SARS-CoV-2 S1-specific IgG is essential for 
selecting appropriate convalescent serum donors. 
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Yet, existing antibody detection methods are still far from adequate. 
The gold nanoparticle-based lateral flow assay (e.g., paper-based test 
strips) is popular for rapid detection of IgG/IgM antibodies (especially 
for point-of-care diagnostics). Although fast (5–20 min), it provides only 
binary (i.e., yes/no) information with very limited sensitivities. There
fore, it cannot be used for the quantitative evaluation of the convales
cent serum. Conventional ELISA (enzyme-linked immunosorbent assay), 
on the other hand, can provide accurate and sensitive results, but it 
involves complicated and expensive instruments and long assay time 
(~3 h) (Amanat et al., 2020; Wang et al., 2020). Given the narrow dy
namic range (<2 orders of magnitude), multiple dilution factors are 
required for performing the serological analysis of SARS-CoV-2 S1-spe
cific IgG, which increases the cost and decreases the assay throughput. 
Moreover, due to the lack of an internal calibration standard, conven
tional ELISA cannot measure the effective concentration of the circu
lating anti-S1 IgG, making quality control of the convalescent serum 

harder (Ju et al., 2020). 
In this work, we present a portable microfluidic chemiluminescent 

ELISA technology for rapid (15 min), quantitative, and sensitive detec
tion of SARS-CoV-2 S1 specific IgG. We first characterized four hu
manized (chimeric) monoclonal IgG and identified a suitable candidate 
(D006) with a high binding affinity and specificity towards SARS-CoV-2 
S1 protein that can subsequently serve as the calibration standard of 
anti-SARS-CoV-2 S1 IgG in serological analyses. To evaluate clinical 
applicability of our technology, we conducted measurements with the 
serum samples collected from 16 recovered COVID-19 patients and 3 
healthy donors. Because of the availability of a calibration standard and 
large dynamic range of our assay, we successfully converted the 
measured results into effective D006 concentrations and identified the 
best donor candidates for the convalescent serum therapy with only one 
fixed serum dilution factor (200 ×). Therefore, our technology can 
greatly accelerate and improve the on-site screening process of potential 

Fig. 1. Graphical illustrations of the COVID-19 related immunoassays that were performed with our microfluidic chemiluminescent ELISA platform, including (A) 
affinity evaluation of calibration antibodies, (B) detection of circulating anti-SARS-CoV-2 S1 IgG in serum samples, and (C) detection of SARS-CoV-2 antigens such as 
S1 and N protein. 
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convalescent serum donors. To further extend the ability of the portable 
microfluidic technology, we also demonstrated sensitive detection of 
SARS-CoV-2 antigens (S1 and N proteins) with a lower limit of detection 
(LLOD) of ~10 pg/mL in 40 min using spiked serum as the model 
system. 

2. Materials and methods 

2.1. Microfluidic chemiluminescent ELISA system 

A detailed description of the microfluidic chemiluminescent ELISA 
system and the corresponding capillary sensor arrays can be found in our 
previous publications (Tan et al., 2018, 2020). A photo of the capillary 
sensor array can be found in Fig. 1. It is made of polystyrene using the 
injection molding method. The sensor array has 12 channels, each of 
which has an inner diameter of 0.8 mm and approximately 8 μL volume, 
and acts as an ELISA reactor. 

2.2. Chemical reagents 

The chemiluminescent substrate (SuperSignal™ ELISA Femto Sub
strate, 37075), the UltraPure™ DNase/RNase-free distilled water 
(10977023), and the SuperBlock™ (PBS) blocking buffer (37515) were 
purchased from Thermo Fisher. The ELISA coating buffer (1 × PBS, 
DY006) and concentrated wash buffer (WA126) were purchased from 
R&D Systems. The concentrated reagent diluent (10% BSA in 1 × PBS) 
was purchased from Sigma-Aldrich (SRE0036-250ML). The normal 
human serum (H4522-20ML), which was used as the dilution buffer and 
as one of the negative controls in IgG detection experiments, and the 
heat-inactivated normal human serum (H5667-20ML), which was used 
as another negative control in IgG detection experiments, were both 
purchased from Millipore Sigma. Human-cell-expressed SARS-CoV-2 
Spike S1-His recombinant protein (40591-V08H), human-cell-expressed 
SARS-CoV-2 Spike RBD-His recombinant protein (40592-V08H) and 
insect-cell-expressed SARS-CoV Spike S1-His recombinant protein 
(40150-V08B1) were provided by Sino Biological. The recombinant 
CR3022 therapeutic antibody was purchased from Creative Biolabs 
(MRO-1214LC). The humanized chimeric antibodies D001, D003, and 
D006 were developed and provided by Sino Biological (Catalog number: 
40150-D001, 40150-D003, and 40150-D006). The anti-polyhistidine 
antibody that was used in polyhistidine-mediated S1 protein immobili
zation (see Fig. S1) was purchased from Thermo Fisher (MA1-21315). 
The horseradish peroxide (HRP) conjugated secondary antibody used in 
the IgG detection experiment was from the detection antibody in 
Thermo Fisher’s human total IgG ELISA kit (88-50550-22). The HRP 
conjugation of CR3022, D001, D003, and D006 antibodies were carried 
out with Abcam’s HRP conjugation kit (ab102890) with a molar ratio of 
antibody: HRP = 1 : 4. 

The antibody pairs for viral antigen detection were developed and 
provided by Sino Biological. 40150-D006 (capture) and 40591-MM43 
(detection) were used for S1 detection. 40143-R001 (capture) and 
40143-MM05 (detection) were used for N detection. The biotinylation of 
the detection antibodies were performed with Thermo Fisher’s EZ- 
Link™ Micro NHS-PEG4-Biotinylation Kit (21955), following the man
ufacturer’s conjugation and purification protocols. The yields of the 
conjugation were determined with Thermo Fisher’s NanoDrop™ One 
microvolume UV-Vis spectrophotometer. The streptavidin poly-HRP 
solution (21140) and the poly-HRP dilution buffer (1% casein in 1 ×
PBS, N500) were purchased from Thermo Fisher. 

2.3. ELISA protocols 

The schematic diagrams for the all three ELISA assays can be found in 
Fig. 1. The ELISA protocols (especially the incubation time for each 
steps) can be found in Fig. S1. For all three assays, the working solution 
of the wash buffer was diluted with UltraPure™ DNase/RNase-free 

distilled water to achieve 1 × working concentration. The working so
lution of the reagent diluent (2.5% BSA in 1 × PBS) was prepared by 
diluting the 10% BSA four times with the ELISA coating buffer (1 × PBS). 

In the first step of the reactor preparation process (Fig. S1(A)), the 
working solution of the capture antibody (i.e., D006 in S1 detection 
experiments) or the anti-His antibody (in antibody affinity assessment 
and IgG detection experiments) were prepared by diluting the stock 
solution with the ELISA coating buffer (1 × PBS, pH = 7.4) to achieve a 
final concentration of 10 μg/mL. Note that for the antibody affinity 
experiments and the actual detection of anti-S1 IgG, the second incu
bation step was used for blocking, plus S1 protein immobilization (with 
2 μg/mL of S1-His protein dissolved in 2.5% BSA). For the S1 protein 
detection, this step was used for blocking only (with 1% BSA in 1 × PBS). 

For the antibody affinity experiments, various concentrations of 
HRP-conjugated monoclonal antibodies were prepared by diluting the 
stock solution in 2.5% BSA in 1 × PBS. For the anti-S1 IgG detection 
experiments (see Fig. S1(C) for the detailed protocol), various concen
trations of monoclonal antibodies were prepared by diluting the stock 
solutions with 50 times diluted human serum (the serum was diluted 
with 1 × reagent diluent, which correlates to 1% BSA). The working 
solution of the detection antibody (in this case, the HRP-conjugated 
secondary antibody) was prepared by diluting the stock solution 250 
times in 1 × reagent diluent. 

For the viral antigen detection experiments, various concentrations 
of the viral antigen proteins (S1 or N) were prepared by diluting the 
stock solution with 10 times diluted human serum. The working solution 
of the biotinylated detection antibodies (40591-MM43 for S1 detection, 
40143-MM05 for N detection) were prepared by diluting the stock so
lution in 2.5% BSA in PBS. The final concentrations were 20 ng/mL for 
S1 detection and 30 ng/mL for N protein detection. The working solu
tion for the streptavidin poly-HRP was prepared by diluting the stock 
solution 1500 times with the poly-HRP dilution buffer. See Fig. S1(D) for 
the incubation time for each step. 

The protocol for the conventional plate-based ELISA can be found in 
the Supplementary Material. 

2.4. ELISA measurements 

The signal intensities of the microfluidic ELISA were measured with a 
chemiluminescent imaging method using a CMOS camera. The blue 
channel of the photos was extracted for signal quantification (with 
ImageJ). To enhance the dynamic ranges of the ELISA, multiple expo
sures with adjustable exposure time were applied (see Fig. S2). All 
chemiluminescent intensities (CL intensity) were normalized to 3 s of 
exposure time (an intermediate value between 0.5 s and 15 s). The 
Details of the chemiluminescent imaging and the multiple exposure 
approaches can be found in our previous publication (Tan et al., 2017). 

2.5. Patient sample collection 

Serum samples were obtained from subjects enrolled in Hackensack 
University Medical Center’s prospective Phase IIa clinical trial assessing 
the safety and efficacy of convalescent serum from recovered COVID-19 
donors (ClinicalTrials.gov study # NTC04343755, FDA IND approval 4/ 
4/20). The subjects were aged 18–60 years and consisted of patients 
with documented infection with SARS-CoV-2 or donors who were 
recovered with least 14 days from resolution of symptoms and have high 
titers of neutralizing antibodies and swab negative. 

3. Results 

3.1. Affinity evaluation of monoclonal antibodies against SARS-CoV-2 S1 

A good calibration standard of anti-SARS-CoV-2 S1-IgG should be a 
human-originated or humanized IgG with a high affinity and specificity 
towards SARS-CoV-2 S1. It should also have a large linear dynamic 
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range against SARS-CoV-2 S1. However, due to nascence of SARS-CoV-2 
there is no “gold standard” antibody that can be used in IgG tests. 
Consequently, it is urgent to find humanized antibodies with high 
binding affinities. Here we present a simple, rapid and effective 
approach for the affinity assessment of monoclonal antibodies, espe
cially for ELISA applications. 

An overview of the assay mechanism and the corresponding protocol 
are illustrated in Fig. 1(A) and S1(B), respectively. In order to avoid 
potential sources of error, our assay follows a single-step ELISA format 
shown in Fig. 1(B) rather than the more complicated sandwich ELISA 
format. Recombinant S1 protein (2 μg/mL) was first immobilized on the 
supporting surface via anti-polyhistidine-tag antibody (see Fig. S3) for 
better access to the epitopes (especially the RBD) on the S1 antibody. 
Then six different concentrations of HRP-conjugated IgG (molar ratio 
IgG: HRP = 1 : 4) IgG in 2.5% BSA buffer were withdrawn into the 
capillary reactors. The nature of microfluidics (high surface-to-volume 
ratio) expedites the process of IgG binding to S1 protein. Conse
quently, the entire assay can be completed in 8 min, including 6 min of 
IgG incubation, 4 times of rinsing, addition of substrate, and optical 
reading. 

To compare the antibody’s affinity towards the S1 protein of SARS- 
CoV-2 and SARS-CoV, we performed a side-by-side experiment for an
tibodies CR3022, D001, D003, and D006. The first antibody, CR3022, is 
a therapeutic human IgG originally found in recovered SARS patients. It 
was recently reported to have cross-reactivity towards the S1 protein of 
SARS-CoV-2 (Joyce et al., 2020; Tian et al., 2020; Yuan et al., 2020). It 
was also used as a positive control antibody in several COVID-19 related 
researches (Amanat et al., 2020; Dingens et al., 2020; McDade et al., 
2020). The remaining three antibodies, D001, D003, and D006, are 
humanized chimeric IgGs (the precursors of D001 and D003 were 
originally raised in mouse and D006 was originally raised in rabbit) that 
were developed against the S1 protein of SARS-CoV. They were also 
believed to have cross-reactivities with the S1 protein of SARS-CoV-2. 

Due to the nature of the single-incubation protocol, our assay ex
hibits very good (generally <5%) intra-assay consistency (see, for 
example, Fig. S4), thus ensuring highly reliable measurements. As 
shown in Fig. 2(A), these four antibodies have very different affinities 
towards the S1 protein of SARS-CoV-2. Note that the data for 1 ng/mL 
are not presented because the signal is not detectable for all four anti
bodies. We also performed a group of negative control experiments by 
directly applying one of the antibody candidates (D006) to a properly 
blocked capillary array (without the immobilization of anti-His antibody 
and recombinant S1 protein). No signal was detected at all 
concentrations. 

This set of experiments provide valuable affinity information about 
the four candidate IgGs. D001, D003, and D006 have similar affinity 
towards SARS-CoV-2 S1 and much better than CR3022. For the points 
within the linear dynamic ranges, the signal intensities with the stron
gest antibody (D006) are 3–5 times higher than the weakest antibody 

(CR3022). For example, the signal intensities for these two antibodies at 
1000 ng/mL are 916.2 and 175.9, respectively. These observations agree 
with several recently published results and the BLI (bio-layer interfer
ometry) measurements at Sino Biological, which shows the equilibrium 
dissociation constant, KD, of 6–12 nM and <1 nM, for CR3022 and D001, 
respectively (Joyce et al., 2020; Tian et al., 2020; Yuan et al., 2020). 
Note that although our current method allows us to rapidly evaluate the 
relatively affinity among the antibody candidates in ELISA applications, 
it is not designed to extract the exact value of KD. 

For comparison purposes, the antibodies’ affinities towards SARS- 
CoV S1 are shown in Fig. 2(B), which suggests that all four candidates 
have a similar binding affinity. According to the results, D006 is the only 
one that shows a higher affinity toward SARS-CoV-2 S1 (see Fig. S4). 
Consequently, D006 shows a great potential as the antibody standard, 
which has not only the high affinity but also the relatively high speci
ficity towards SARS-CoV-2. 

3.2. Evaluation of anti-SARS-CoV-2 S1 IgG calibrators in realistic settings 

Our next step was to evaluate SARS-CoV-2 S1 IgG calibrators in a 
clinically relevant setting, which is illustrated in Fig. 1(B). Same as in the 
previous section, recombinant S1 protein was first immobilized on the 
capillary inner surface through poly-histidine mediated immobilization. 
Then, spiked-in S1 specific IgG in the sample was attracted to the surface 
through immunosorbent reaction. Finally, the HRP-conjugated detec
tion antibody was used to visualize the binding of the immobilized IgG. 
To ensure detection specificity, a monoclonal detection antibody that 
binds specifically to the Fc domain on human IgG was used. According to 
the protocol in Fig. S1(C), the entire assay was completed in 15 min. 

To validate the feasibility of our assay, we tested all four afore
mentioned humanized monoclonal anti-SARS-CoV-2 S1 antibodies. In 
order to mimic the actual clinical situation, we decided to use 50 times 
diluted human serum as the solvent of the IgG antibodies in all following 
IgG experiments (50-10000 is the typical dilution factor of serum in 
actual serological IgG analyses). The entire dynamic ranges of these 
three antibodies against SARS-CoV-2 S1 can be found in Fig. 3(A). In 
general, the chemiluminescent intensities are proportional to the con
centration of the spiked-in monoclonal antibodies. The linear dynamic 
range in the log-log scale for CR3022, D001, D003, and D006 is 5–300 
ng/mL, 2-1200 ng/mL, 5-1200 ng/m, and 2-1200 ng/mL, respectively 
(as shown in Fig. 3(B)). The corresponding slopes in the linear range are 
0.64, 0.83, 0.88, and 0.81 (on the log-log-scale). As a negative control, 
the human IgG isotype does not generate any detectable signal within 
the entire range of detection (0.7–4800 ng/mL). 

We also examined the intra-assay consistency for all four candidates. 
The corresponding results are shown in Fig. 3(C)–(F). To evaluate the 
differences in antibody’s specificity towards SARS-CoV-2 S1 and SARS- 
CoV S1, we performed a side-by-side study with these two types of S1 
proteins for all four clones of antibodies. Apparently, all these four 

Fig. 2. Affinity screening of the calibration anti
bodies. (A) Calibration curves of 4 different mono
clonal humanized S1 specific IgG against the S1 
protein from SARS-CoV-2. (B) Calibration curves of 4 
different monoclonal humanized S1 specific IgG 
against the S1 protein from SARS-CoV (B). The solid 
lines are the linear fit of the data in the log-log scale. 
D006 is the only antibody that has a high affinity and 
high specificity towards SARS-CoV-2 S1. Illustration 
of the assay mechanism, which uses a single-step 
ELISA format, is shown in Fig. 1(A). The sample-to- 
answer time of this assay is 8 min.   
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antibodies are still detectable at 4.7 ng/mL with both types of S1 
proteins. 

For CR3022, the signal for SARS-CoV-2 S1 is systematically lower 
than that for SARS-CoV S1, indicative of a significantly weakened af
finity of CR3022 towards SARS-CoV-2 S1 than SARS-CoV S1. Due to the 
narrow linear dynamic range, poor specificity and relatively low binding 
affinity, CR3022 should not be used as the calibration standard of anti- 
SARS-CoV-2 S1 IgG. For D001, D003, and D006, signal for both types of 
S1 proteins is similar, indicating that the antibodies’ binding affinity 
towards SARS-CoV-2 S1 and SARS-CoV S1 should also be similar. Out of 
these three chimeric antibodies, D001 and D003 may have slightly 
higher affinities toward SARS-CoV S1 than SARS-CoV-2 S1. D006 is the 
only one that has a higher affinity towards SARS-CoV-2 S1 than SARS- 
CoV S1. These results are consistent with our observations in Fig. 2. 
Since D006 shows superior performance in both affinity and specificity, 
it is the best candidate as a calibration antibody. We will use it to 
calculate the effective concentration of anti-SARS-CoV-2 S1 IgG in the 
serum of convalescent COVID-19 patients. 

3.3. Quantifying the concentration of anti-SARS-CoV-2 S1 IgG in 
convalescent sera 

We performed microfluidic chemiluminescent ELISA measurements 
with serum samples collected from 16 convalescent COVID-19 patients 
and 3 healthy donors. For assay validation purposes, the serum samples 
were first analyzed with conventional plate-based ELISA, which took 
>3 h to complete (see the Supplementary Material for the assay proto
col). Based on conventional ELISA measurements shown in Fig. S5 and 
Table S1, three patients’ samples are marked as negative (NS) and the 
remaining 13 samples are marked as positive (PS). 

To identify the best dilution factor for our measurements, we per
formed a group of serial serum dilution tests, which is a classical ELISA 
test for the semi-quantitative measurement of the specific IgG in serum 
samples. An exemplary group of the serial dilution tests (including six 
positive samples, two negative samples, and two negative controls) can 
be found in Fig. 4(A). All samples were diluted with 2.5% BSA in PBS. 

The dilution factors were 40 × , 200 × , 1000 × , 5000 × , 25,000 × , and 
100,000 × , respectively. The titration curves for these six positive 
samples appear to be very different from each other. The maximum titer 
for PS 4 was 2,5000 × ; in contrast, the maximum titer for PS 12 was only 
200 ×, indicating that the abundance of anti-SARS-CoV-2 S1 IgG differs 
significantly within the convalescent serum donors. 

Although titration curves can be used to select the strongest donors 
for convalescent serum therapy, the requirement of multiple dilution 
factors still greatly limits the throughput of the assay. In order to 
perform the serum assessment in a single-point test, an appropriate 
dilution factor must be selected. Based on the data shown in Fig. 4(A), at 
40 × dilution, the false positive rate is too high, and it is hard to 
differentiate the strongly positive samples (e.g., PS 4 and PS 5) from the 
intermediate positive samples (e.g., PS 6). On the other hand, if we select 
higher dilution factors (>1000), the false negative rate will be too high. 
For these reasons, the most appropriate dilution factor for COVID-19 
convalescent serum evaluation by our microfluidic chemiluminescent 
ELISA platform should be 200 ×. At this dilution factor, the signal in
tensities for most of the positive samples are within the central part of 
the linear dynamic range, thus the reliability of the measurements can 
be ensured. Note that in the conventional ELISA (see results in Fig. S5 
and Table. S1 in the Supplementary Material), four different dilution 
factors ranging from 100 × to 10,000 × are needed for IgG evaluation 
due to the limited dynamic range (OD = 0.2 to OD = 1.2). 

The original signal intensity measurements for all 19 patient samples 
and the two negative controls can be found in Fig. S6; all error bars were 
generated from duplicate measurements. Although some overlap exists 
(e.g., PS 1 vs. NS 2), the signal intensities for the positive samples appear 
to be significantly higher than the negative samples (p = 0.003, see 
Fig. S7), which means that our measurements generally agree with the 
conventional plate-based ELISA measurements. Using the plate-based 
ELISA as the gold standard, our results will correlate to a 0% false- 
negative rate and a 25% false-positive rate. For the two “false posi
tive” measurements, NS 1 was collected from a COVID-19 patient and 
should have probably been classified as a “weak positive” rather than a 
“negative”. NS 2 was collected from a healthy donor; the signal was 

Fig. 3. Evaluation of anti-S1 calibration antibodies. (A) Entire dynamic ranges for the detection of the four humanized monoclonal antibodies (against SARS-CoV-2 
S1). The concentrations were prepared from 3 times of serial dilution (starting from 4800 ng/mL). The averaged background is subtracted from all data points. The 
solid lines are the linear fit of the data in the log-log scale. The grey shaded area marks 3 × standard deviation of the background. (B) Comparison of the linear 
dynamic ranges. (C)–(F) Detection of the calibration antibodies in 50 times diluted serum, against the S1 protein from SARS-CoV-2 (red squares) and SARS-CoV 
(black circles). The calibration curves are generated with three different monoclonal humanized antibodies (CR3022 in (C), D001 in (D), D003 in (E), and D006 
in (D)). The solid lines are the linear fit for the data in the log-log scale. Error bars are generated from duplicate measurements. (For interpretation of the references to 
colour in this figure legend, the reader is referred to the Web version of this article.) 
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possibly caused by the cross-reactivity of IgG that might have been 
induced by other types of coronaviruses. 

Owing to the employment of the calibration standard, we were also 
able to convert our measurements results into effective calibrator IgG 
(D006) concentration using the calibration curve in Fig. 3(F). The 
effective D006 concentrations of the 21 samples can be found in Fig. 4 
(B). Note that the effective concentrations for six of the negative samples 
were below our lower limit of detection (2 ng/mL) and they were 
marked as 0 ng/mL; two of the calculated effective concentrations 
exceeded our upper limit of detection (1200 ng/mL) and they were 
marked as the calculated D006 concentration. Due to the variation in 
antibody affinity, the effective D006 concentrations are not necessarily 
equal to the actual concentration of anti-S1 IgG. Nevertheless, using this 
internal calibrator provides us a way to better quantify and compare 
anti-S1 IgG concentrations among patients. 

The statistical analysis of the effective concentrations is shown in 
Fig. 4(C). The difference between the positive samples and the negative 
samples are still statistically significant (p = 0.046) in the two-tailed t- 
test. As shown in Fig. 3(B) and (C), the calculated effective anti-SARS- 
CoV-2 S1 IgG concentration in the positive samples distributed in a 
broad range between 7 and 2100 ng/mL, corresponding to the original 
concentration of the effective IgG of 1.4–4200 μg/mL (before the 200 ×
dilution). 

According to recent studies about COVID-19 neutralization anti
bodies, to ensure an effective protection (>50% protection) the con
centration of the neutralization antibodies should be higher than 1 μg/ 
mL, depending on the binding epitope and the affinity of the antibodies 
(Brouwer et al., 2020; Cao et al., 2020; Ju et al., 2020; Pinto et al., 2020; 
Wu et al., 2020). In a typical convalescent serum therapy, 100–200 mL 
of donor serum is injected into the receptor’s bloodstream of ~5000 mL, 
meaning that the convalescent serum is diluted 25–50 times. Based on 
this calculation, it is reasonable to use 500 ng/mL as the cut-off value of 

the effective anti-SARS-CoV-2 S1 IgG concentration in selecting quali
fied convalescent serum donors in order to produce 2 μg/mL antibody. 
As shown by the data and the red dashed line in Fig. 4(B), only four 
positive samples (PS 4, PS 5, PS 9, and PS 11) can be classified as 
qualified convalescent serum samples. On the other hand, traditional 
plate-based ELISA has identified six potentially qualified convalescent 
serum samples (PS 4, PS 5, PS 6, PS 7, PS 9, and PS 11, see Fig. S5) based 
on the criterion given in the Supplementary Material (i.e., OD > 0.4 at 
10000x dilution), which included all of the four qualified samples 
identified using our method. The difference in the qualified samples 
between the two methods is simply due to the different criteria used. 
From the results above, we can conclude that our technology, along with 
the single-point absolute quantification approach, can facilitate the 
quantitative evaluation of the convalescent serum. 

3.4. Detection of SARS-CoV-2 antigens 

In addition to the evaluation of convalescent serum, our technology 
may also be able to facilitate the diagnosis of COVID-19 by sensitively 
detecting the viral antigens. Several publications have suggested that 
some of the viral antigen (such as S1 protein or N protein) may appear in 
blood for the patients who develop coronavirus viremia (Che et al., 
2004; Diao et al., 2020). These viral proteins may also exist in mucus 
samples, such as saliva (Li et al., 2005; Vinayachandran and Sar
avanakarthikeyan, 2020). 

To sensitively detect the viral antigens, we employed the standard 
sandwich ELISA, along with the poly-HRP signal amplification tech
nique, as illustrated in Fig. 5(A). For S1 protein detection, SARS-CoV-2/ 
SARS-CoV S1 RBD-specific antibody (D006) was used as the capture 
antibody that has previously shown a high affinity and high specificity 
towards SARS-CoV-2 S1 protein. SARS-CoV-2 S1-specific antibody 
(MM43) was used as the detection antibody. For N protein detection, 

Fig. 4. Detection of anti-S1 IgG in 
recovered COVID-19 patients’ serum. 
(A) Serial dilution tests with 10 repre
sentative samples, including six positive 
samples (PS), two negative samples 
(NS), and two commercially available 
negative controls (NC). Note that the 
positive/negative was determined with 
traditional plate-based ELISA. 200 X 
dilution in 2.5% BSA was determined to 
be the optimum dilution factor for 
differentiating the strong positive sam
ples from the weak positive and nega
tive samples. (B). Effective D006 
concentrations for all nineteen samples 
and the two negative controls. The 
concentrations are marked as 0 ng/mL if 
the calculated concentration was below 
2 ng/mL (too close to LLOD). The error 
bars are generated from duplicate mea
surements. Only four samples have 
effective D006 concentrations higher 
than 500 ng/mL after 200 times of 
dilution. (Note that PS4 and PS11 
exceeded the upper limit of detection). 
(C). Statistical comparison between the 
negative samples and the positive sam
ples. Since p < 0.05, the difference be
tween these two groups is statistically 
significant.   
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SARS-CoV-2/SARS-CoV N-specific antibody (R001) was used as the 
capture antibody, and another SARS-CoV-2/SARS-CoV N-specific anti
body (MM05) was used as the detection antibody. In order to enhance 
the detection sensitivity, we biotinylated the detection antibodies and 
employed streptavidin poly-HRP to improve the limit of detection by 
5–10 times. In this set of experiments, the sample-to-answer time for 
both analytes were 40 min (see Fig. S1 for protocol). 

Same as in the calibration antibody experiments, we performed a 
side-by-side study with the recombinant viral antigens from SARS-CoV-2 
and SARS-CoV. To mimic actual clinical setting, we used 10 times 
diluted human serum as the solvent of the viral antigen, as we do not 
expect to see a high concentration of viral S1 protein in serum (or 
saliva). The entire dynamic range of the S1 detection assay is presented 
in Fig. 5(B). The linear dynamic range for SARS-CoV-2 is 0.004–15.6 ng/ 
mL with a slope of 0.88 in the log-log scale. Very weak (<0.01%) cross- 
reactivity towards SARS-CoV was observed at high concentrations 
(>62.5 ng/mL), indicating that this antibody pair has high specificity. 
Intra-assay variance for most of the concentrations were smaller than 
10% (except 16.3% for the 15 ng/mL data point), as shown in Fig. 5(C). 
The entire dynamic range of the N protein assay can be found in Fig. 5 
(D). The linear dynamic range for SARS-CoV-2 N and SARS-CoV N is 
0.062–1000 ng/mL and 0.98–1000 ng/mL with a slope of 0.78 and 1.00 
in the log-log scale, respectively. According to Fig. 5(D) and (E), the 
detection of SARS-CoV-2 N protein appears to have a better limit of 
detection than the detection of SARS-CoV N. However, the specificity of 
this assay is still not as good as in the S1 detection assay. Due to the 
relatively weak signal, in intra-assay variance for the lower concentra
tions were around 15–25% (see Fig. 5(E)). Compared to the dynamic 
range obtained with the conventional ELISA and provided on Sino Bi
ological’s product datasheets (0.156–10 ng/mL for S1 and 0.094–6 ng/ 
mL for N), our technology is able to extend the dynamic range on both 
ends of the calibration curves for S1 and N. A summary of the parameters 
in the antigen tests can be found in Table. S2. 

4. Discussion 

Although the results appear to be promising, there are still a few 
points worthy of further discussion. For the calibration antibody, since 
D006 was originally developed against SARS-CoV S1, its specificity to
wards SARS-CoV-2 S1 is still not perfect. Since our methodology is 
highly flexible, if we are able to identify a better calibration antibody 
with a better specificity (e.g., the humanized version of MM43 or one of 
the potential therapeutic antibodies), we can easily adapt the entire 
protocol by simply conducting a few groups of calibration experiments 
as shown in Figs. 2 and 3. 

For convalescent serum evaluation, the serial dilution results 
generated with our technology are not exactly comparable with the 
titration curves generated with conventional plate-based ELISA. This 
was caused mainly by the short sample incubation time in our assay (8 
min vs. 1–2 h in conventional ELISA). At this incubation time, the high- 
affinity antibodies (such as the calibrator antibody) dominate the 
binding process and the low-affinity antibodies cannot bind sufficiently 
with the immobilized SARS-CoV-2 S1. As a screening technology, our 
assay cannot be used for examining the neutralization efficacy of the 
convalescent serum. A separate virus neutralization assay may be 
required in high-standard applications (such as the clinical trials). Be
sides, in this study, the antibody measurement protocol was intention
ally designed for selecting the strongest donor candidate for 
convalescent serum therapy. If we aim to detect and quantify the con
centration of anti-SARS-CoV-2 S1 IgG in low-abundance samples (such 
as the serum collected shortly after infection), we will need to re- 
optimize our assay protocol. For example, the sample incubation time 
may be extended to 15–20 min. We may also need to replace the HRP- 
conjugated detection antibody with a biotinylated detection antibody 
and use it along with the streptavidin poly-HRP for signal enhancement. 
Note that changing the immobilized antigen from S1 to S1-RBD cannot 
improve the LLOD, see Fig. S8. 

Our approach also opens a door for other COVID-19 related clinical 

Fig. 5. SARS-CoV-2 antigen detection. (A) Illustration of the assay mechanism. The sample-to-answer time of this assay is 40 min. (B) Entire dynamic ranges of SARS- 
CoV-2 S1 protein (red squares) and SARS-CoV S1 protein (black circles) in 10 times diluted human serum. The averaged background is subtracted from all data 
points. The solid lines are the linear fit of the data in the log-log scale. The grey shaded area marks 3 × standard deviation of the background. The lower limit of 
detection (LLOD) for SARS-CoV-2 S1 protein is 0.004 ng/mL <0.01% cross reactivity was observed with SARS-CoV S1 protein. (C) Calibration curves for S1 proteins 
between 0.06 and 15 ng/mL. The error bars are generated from duplicate measurements. (D) Entire dynamic ranges of SARS-CoV-2 N protein (red squares) and SARS- 
CoV N protein (black circles) in 10 times diluted human serum. The averaged background is subtracted from all data points. The solid lines are the linear fit of the 
data in the log-log scale. The grey shaded area marks 3 × standard deviation of the background. The lower limit of detection (LLOD) for SARS-CoV-2 N protein and 
SARS-CoV S1 are 0.06 ng/mL and 1 ng/mL, respectively. (E) Calibration curves for N proteins between 0.39 and 100 ng/mL. The error bars are generated from 
duplicate measurements. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.) 
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or laboratory researches. For example, the diagnostic value of the 
COVID-19 related biomarkers in serum and saliva (especially S1 specific 
IgA and IgM) is currently under intensive evaluation (Li et al., 2020; 
Sabino-Silva et al., 2020; To et al., 2020). The IgG detection method 
described in this work can be easily adapted for other types of 
SARS-CoV-2-specific antibodies such as IgM and IgA (Gai et al., 2008, 
2011; Sabino-Silva et al., 2020). The concept of microfluidic chemilu
minescent ELISA can also be used to study the neutralization efficacy of 
therapeutic antibodies (Jiang et al., 2020) (see Fig. S9), as well as for the 
recognition, evaluation, and phenotyping of natural SARS-CoV-2 parti
cles and COVID-19 pseudovirus particles(Arnold et al., 2008). 

5. Conclusion 

In this study, we present a portable chemiluminescent microfluidic 
ELISA platform, which provides sensitive detection and quantification of 
anti-SARS-CoV-2 S1 IgG for COVID-19 convalescent serum evaluation, 
in only 15 min. In order to perform a fully quantitative assessment of the 
convalescent serum, we first assessed four potential calibration anti
bodies in terms of their affinity, specificity, and dynamic range against 
SARS-CoV-2 S1. Based on the assessment results, we have successfully 
identified a recombinant humanized antibody, D006 (out of four can
didates), which can be used as the calibration antibody for the quanti
tative evaluation of anti-SARS-CoV-2 S1 IgG. The LLOD of 2 ng/mL for 
IgG in serum was achieved using the D006 as the model system. 

Then, we have successfully quantified the abundance of anti-SARS- 
CoV-2 S1 IgG in 16 COVID-19 convalescent serum with our technol
ogy platform. Based on our results, 200 × was an optimal dilution factor 
for performing IgG serological evaluation. With the employment of the 
calibration antibody, we calculated the effective D006 concentration in 
these samples. With a cut-off concentration at 500 ng/mL (100 μg/mL in 
the undiluted serum), only four out of the 16 samples were identified as 
“qualified donors” for convalescent serum therapy. Since our system is 
portable and fully integrated, it can be deployed at front-line medical 
clinics, regional blood banks or other blood-draw stations. Attractive 
features such as high sensitivity and short assay time will make it suit
able for performing rapid quantitative point-of-care pre-evaluation for 
potential convalescent serum donors. 

In addition to the quantification of anti-SARS-CoV-2 S1 IgG, we also 
demonstrated that our microfluidic ELISA technology can sensitively 
detect SARS-CoV-2 antigens (S1 and N proteins) with LLODs at 4 pg/mL 
and 62 pg/mL (for S1 and N, respectively) in 40 min (in the model 
system). The linear dynamic ranges for both antigens were close to 4 
orders of magnitudes. With these results, our technology may serve as 
one of the new approaches for the rapid diagnosis of COVID-19 (Nach
tigall et al., 2020). 
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