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We evaluated the diagnostic performance of newly developed microfluidic microplate-based
fluorescent ELISA for anti-SARS-CoV-2 antibody detection: the Veri-Q opti COVID-19 IgG and IgM
ELISAs (hereafter, “Opti IgG/M”; MiCo BioMed, Gyeonggi-do, Republic of Korea), in comparison with
conventional ELISAs. A total of 270 serum samples were analyzed, among which 90 samples were
serially obtained from 25 COVID-19 patients. Another 180 samples were collected from 180 SARS-
CoV-2-negative individuals. As comparative assays, we used SCoV-2 Detect IgG/M ELISA (hereafter,
“InBios IgG/M”; InBios, Seattle, WA, USA) and Veri-Q COVID-19 IgG/IgM ELISA (hereafter, “Veri-Q
IgG/M”; MiCo BioMed). Compared with conventional ELISAs, the Opti IgG yielded 97.1-100.0%
positive percent agreement, 95.2-98.0% negative percent agreement, 96.3-97.8% total percent
agreement, and kappa values of 0.90-0.94. Between the Opti IgM and the InBios IgM, the values were
93.7%, 96.6%, 95.9%, and 0.89, respectively. For the Opti IgG, sensitivities for the samples collected
from 0-7, 8-14, 15-21, and =22 days after symptom onset were 40.0, 58.3, 94.1, and 100.0%,
respectively. The values for the Opti IgM were 30.0, 54.2, 88.2, and 80%, respectively. The diagnostic
specificities of the Opti IgG and IgM were 99.4 and 97.2%, respectively. The microfluidic microplate-
based fluorescent ELISAs showed comparable diagnostic performance to conventional ELISAs

for detecting anti-SARS-CoV-2 antibodies. With the combination of high throughput, a simplified
workflow, and the ability to analyze reduced volumes, this new technology has great potential for
improving SARS-CoV-2 serologic testing.
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Enzyme-linked immunosorbent assays (ELISAs), notable for their diagnostic accuracy, are routinely performed
in research and clinical laboratories1. Among various types of ELISA, the heterogeneous ELISA is commonly
used because of its higher sensitivity. However, conventional heterogeneous assays require multiple, time-con-
suming washing and incubation steps to separate the bound antigen from the free antigen. These steps limit the
applicability of conventional heterogeneous ELISA for high-throughput applications™.

Opti96 technology (previously called the Optimiser, MiCo BioMed, Gyeonggi-do, Republic of Korea) is a
microfluidic microplate-based fluorescent ELISA that uses the 96-well layout of microchannels. Compared with
conventional ELISA plates, Opti96 capillary microchannels provide a 50% increase in surface area and, thus, a
50-fold increase in surface-area-to-volume ratio in conjunction with dramatically reduced diffusion distances.
This results in increased surface binding and rapid assay kinetics. Additionally, the microchannels eliminate the
need for traditional washing steps, which are replaced by simple flushing. The emergence of this technology has
significantly reduced sample and reagent volume requirements, shortened assay times (<70 min), and enabled
high-sensitivity diagnostics’. Figure 1 depicts a schematic illustration of this technology.
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(A)

Figure 1. Schematic illustration of the microfluidic microplate-based fluorescent ELISA. (A) The Opti96
microplate (MiCo BioMed, Gyeonggi-do, Republic of Korea). Each well contains capillary microfluidic channels
where the analytic reactions occur. (B) 1. The wells in the Opti96 microfluidic platform are used for loading

all reagents and samples. The assay reaction occurs as they flow through the microchannel of the microplate.

2. All assay reactions take place in the 200 x 200 pm microfluidic reaction chamber located under each loading
well. The capture antigen is coated on the internal surfaces of the plate’s microchannels. Antibodies targeting
SARS-CoV-2 present in the samples are specifically captured on the microchannel surface, and a reaction by the
detection antibody consequently occurs. 3. Traditional wash steps are replaced by simple flushing.

COVID-19, the lung disease caused by SARS-CoV-2, has been a threat to individual and public health
worldwide since 2019. Although the diagnostic standard for COVID-19 is molecular detection of the causa-
tive pathogen, SARS-CoV-2, serologic antibody tests have been utilized for epidemiologic research, individual
risk assessments, diagnosis of COVID-19 in concert with molecular testing, and convalescent plasma therapy*.
Furthermore, recovery from COVID-19 and the vaccination of millions of people against the disease have made
serologic tests that identify the presence and levels of SARS-CoV-2 antibodies highly relevant. This study evalu-
ated—in comparison with conventional ELISAs—the diagnostic performance of newly developed microfluidic
ELISAs for SARS-CoV-2 IgG and IgM antibodies using Opti96 technology, Veri-Q opti COVID-19 IgG ELISA,
and Veri-Q opti COVID-19 IgM ELISA (MiCo BioMed). These were developed to assess humoral immunity
acquired by natural infection.

Methods

Clinical samples

A total of 270 serum samples were used to evaluate the performance of the Veri-Q opti COVID-19 IgG/IgM
ELISA, among which 90 samples were serially obtained from 25 COVID-19 patients who were confirmed to be
infected with SARS-CoV-2 by molecular testing of nasopharyngeal swab specimens. Among the 90 samples, 12,
29, 23, and 26 were obtained <7, 7-14, 15-21, and > 21 days after symptom onset, respectively.

Another 180 samples were collected from 180 individuals who were confirmed to be negative for SARS-CoV-2
by molecular testing. Five of these 180 samples were anti-nuclear antibody (ANA)-positive, five were hepatitis
B virus surface antigen (HBsAg)-positive, five were anti-hepatitis C virus (anti-HCV)-positive, and three were
convalescent sera from individuals who had been infected with coronaviruses other than SARS-CoV-2. The
samples were acquired from February 2020 to January 2021, which is the pre-COVID-19 vaccination era in the
Republic of Korea. All samples were stored at—70 “C until their analysis.

The study protocol was approved by the institutional review board of Chung-Ang University Hospital (Seoul,
Republic of Korea; IRB approval no. 2010-016-437). The protocol was performed in accordance with the Dec-
laration of Helsinki, and obtaining informed consent from the study subjects was waived by the institutional
review board.

Microfluidic microplate-based fluorescent ELISA
Veri-Q opti COVID-19 IgG and IgM ELISA (hereafter, “Opti IgG” and “Opti IgM,” respectively) are microfluidic
microplate-based fluorescent ELISAs that use Opti96 technology. Opti IgG detects anti-nucleocapsid (N) SARS-
CoV-2 IgG, and Opti IgM detects anti-receptor-binding domain (RBD) SARS-CoV-2 IgM, respectively. The
targeted epitopes of each assay were determined following previous studies according to their binding affinity>°.
These assays replaced the conventional microplate used in ELISA with the microfluidic microplate. Briefly,
reagents and/or samples are loaded into the loading well according to the manufacturer’s instructions; a reac-
tion occurs as they flow through the microchannel of the microplate. In detail, capture antigen (N protein for
IgG and receptor-binding domain of S protein for IgM) was loaded and immobilized on the internal surfaces
of the plates’ microchannels. After a 10 min flush step, 5 pL of diluted (1:20) serum samples and controls were
dispensed into the wells. Then, the antibody present in the samples and controls was specifically captured on
the microchannel surface. After 10 min of incubation at room temperature and another flush washing, 5 pL of
horseradish peroxidase-labeled secondary antibody was added to the wells. Following two additional flush steps,
5 uL of chemifluorescent substrate was added. After 15 min, relative fluorescence unit (RFU) measurements were
read at the wavelengths of Ex.530 nm and Em.590 nm using a fluorescence plate reader (Synergy HT, BIO-TEK,
Winooski, VT, USA). For the wash step, 5 pL of solution after sample loading and 30 pL of solution after load-
ing the secondary antibody were used, and the same incubation time (10 min) was used for removal through
dilution of unreacted substances.

Scientific Reports |

(2024) 14:18200 | https://doi.org/10.1038/s41598-024-67977-9 nature portfolio



www.nature.com/scientificreports/

Test results were interpreted using the antibody index, which was calculated as the sample RFU divided by
the blank RFU. An antibody index > 12 was considered a positive result, and an index <6 was considered nega-
tive. Any other index value was categorized as a “retest” value. After retesting, index values>9 were considered
positive.

Conventional ELISAs

As comparative assays, we used SCoV-2 Detect IgG/M ELISA (hereafter, “InBios IgG/M”; InBios, Seattle, WA,
USA, Food and Drug Administration Emergency Use Authorized [FDA-EUA]) and Veri-Q COVID-19 IgG/IgM
ELISA (hereafter, “Veri-Q IgG/M”; MiCo BioMed). In both InBios IgG and IgM, the S protein was used as the
capture antigen. Veri-Q IgG detects anti-N SARS-CoV-2 IgG, and Opti IgM detects anti-RBD SARS-CoV-2 IgM,
respectively, similar to Opti IgG and Opti IgM. Both assays are conventional heterogeneous sandwich-format
ELISAs, and all procedures were conducted according to the manufacturer’s instructions at the same time as
the microfluidic ELISAs.

InBios IgG/M results were interpreted using the immunological status ratio (ISR), which was calculated from
the ratio of the optical density obtained with the test sample divided by the calculated cutoff value. An ISR>1.1
was considered a positive result, and an index < 0.9 was considered negative. Any other ISR value was categorized
as a “retest” value. After retesting, ISR values > 1 were considered positive.

Test results of Veri-Q IgG/M were interpreted using the antibody index; an antibody index>1.1 was consid-
ered a positive result, and an index<0.7 was considered negative. Any other index value was categorized as a
“retest” value. After retesting, index values > 1 were considered positive.

Statistical analysis

The positive percent agreement (PPA), negative percent agreement (NPA), total percent agreement (TPA), and
Cohen’s kappa between the assays for SARS-CoV-2 antibody detection were evaluated. Additionally, diagnostic
sensitivity and specificity for the detection of COVID-19 patients or SARS-CoV-2 infection were calculated. All
statistical analyses were performed using Microsoft Office Excel 2016 (Microsoft Corp., Redmond, WA, USA)
and R version 3.6.1 (The R Foundation for Statistical Computing, Vienna, Austria) according to the Clinical and
Laboratory Standards Institute guideline EP12-A27.

Results

Assay performance comparisons of the Opti IgG and IgM with the two conventional ELISAs are listed in Table 1.
For IgG, compared with the conventional ELISAs, the Opti IgG yielded 97.1-100.0% PPA, 95.2-98.0% NPA,
96.3-97.8% TPA, and kappa values of 0.90-0.94 (categorized as “almost perfect” agreement). Between the Opti
IgM and the InBios IgM, the values were 93.7%, 96.6%, 95.9%, and 0.89, respectively. Compared with the Veri-Q
IgM, the Opti IgM yielded 100% PPA, 84.6% NPA, 86.3% TPA, and a kappa value of 0.54.

The diagnostic sensitivity and specificity of each assay for diagnosing COVID-19 using SARS-CoV-2-specific
antibodies according to the number of days after symptom onset are listed in Supplementary Table 1. For the
Opti IgG, the sensitivities for samples collected 0-7, 8-14, 15-21, and > 22 days after symptom onset were 40.0,
58.3,94.1, and 100.0%, respectively. The values for the Opti IgM were 30.0, 54.2, 88.2, and 80%, respectively. The
diagnostic specificities of the Opti IgG and IgM were 99.4 and 97.2%, respectively. There were no false-positive
results obtained from the ANA-, HBsAg-, anti-HCV-positive samples or convalescent sera positive for corona-
viruses other than SARS-CoV-2.

The sensitivities of the conventional ELISA and InBios IgG/IgM for samples 0-7, 8-14, 15-21, and 222
days after symptom onset were 30.0%/30.0%, 54.2%/50.0%, 100.0%/94.1%, and 100.0%/86.7%, respectively,

Veri-Q Opti COVID-19 ELISA Positive ‘ Negative ‘ PPA% (95% CI) | NPA% (95% CI) | TPA% (95% CI) | Kappa (95% CI)
IgG SCoV-2 Detect IgG ELISA®
Positive 66 4
97.1(89.3-99.8) | 98.0(94.8-99.4) | 97.8(95.1-99.1) | 0.94 (0.90-0.99)
Negative 2 198
Veri-Q COVID-19 IgG ELISA®
Positive 60 10
100 (92.8-100.0) | 95.2(91.4-97.5) |96.3(93.2-98.1) | 0.90 (0.84-0.96)
Negative 0 200
IgM SCoV-2 Detect IgM ELISA*
Positive 59 7
93.7 (84.3-98.0) | 96.6 (93.1-98.5) |95.9(92.8-97.8) | 0.89 (0.82-0.95)
Negative 4 200
Veri-Q COVID-19 IgM ELISA®
Positive 29 37
100 (86.1-100.0) | 84.6 (79.5-88.7) | 86.3 (81.7-89.9) | 0.54 (0.42-0.66)
Negative 0 204

Table 1. Performance comparison of Veri-Q opti COVID-19 IgG and IgM ELISA (MiCo BioMed,
Gyeonggi-do, Republic of Korea) with the two conventional ELISAs. ELISA enzyme-linked immunosorbent
assay, PPA positive percent agreement, NPA negative percent agreement, TPA total percent agreement, CI
confidence interval. *InBios, Seattle, WA. " MiCo BioMed, Gyeonggi-do, Republic of Korea.
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with specificities of 100.0%/100.0%. The sensitivities of Veri-Q IgG/IgM for each sample were 30.0%/20.0%,
41.7%/20.8%, 94.1%/52.9%, and 93.3%/46.7% respectively, with specificities of 100.0%/100.0%.

Time kinetics of SARS-CoV-2 IgG and IgM according to the signal generated by tested assays (antibody
index or ISR) are illustrated in Supplementary Fig. S1. Although these are qualitative assays, they demonstrate
the typical humoral immune response against SARS-CoV-2. The smoothing splines of the assays showed that
IgM and IgG antibody titers rapidly increased after 7 days post-symptom onset (PSO). For IgM, the smoothing
splines of both assays reached a peak at 15-21 days PSO and then gradually decreased. For IgG, the smoothing
splines gradually increased and remained at similar levels or slightly decreased after 21 days PSO.

Discussion

There are several technologies for serologic detection of SARS-CoV-2, including conventional ELISA, chemilu-
minescent immunoassay, and lateral flow immunoassay. However, these technologies have several disadvantages,
such as high costs, high sample and reagent volume requirements, low throughput, onerous procedures, and
unsatisfactory diagnostic performance®. Therefore, new technologies are sought that are capable of high through-
put, can yield results with low reagent and sample consumption, are less cuambersome, and can achieve high
sensitivity and specificity. In this study, we evaluated the diagnostic performance of microfluidic microplate-based
fluorescent ELISAs for detecting antibodies against SARS-CoV-2, in comparison with conventional ELISAs,
including an FDA-approved assay.

In this ELISA technique, the microfluidic microplates work by capillary action between the microchannel
and absorbent pads with a passive flow regulation process. This facilitates rapid and accurate target detection.
The assay principle for the novel ELISA technique was similar to that of conventional ELISAs®. Besides the
structural characteristics of the assay, the most distinctive features of the reagents were the conjugate reagents.
For microfluidic ELISA, 10-acetyl-3,7-dihydroxyphenoxazine was used as a conjugate; this is a more sensitive
substrate than the tetramethylbenzidine-based substrates used in conventional ELISAs’. Consequently, microflu-
idic microplates can offer the advantage of using a highly accessible microfluidic or capillary surface and a highly
sensitive substrate compared with those used in conventional ELISAs, minimizing sample and reagent volume
requirements. Moreover, the novel approach eliminated the traditional washing steps and replaced them with
simple and passive “flush-washing” steps. Given that traditional washing steps are onerous and highly influenced
by the operator’s skill, this simple flush-washing is an attractive advantage of this assay. To date, microfluidic
microplate-based fluorescent ELISA has been used for detecting the lactate dehydrogenase of Plasmodium fal-
ciparum'® and for measuring serum levels of cytokines, including human interleukin-6'".

In this study, the performance of the microfluidic ELISA, Opti IgG/IgM, was comparable to those of InBios
IgG/IgM, which have been approved by the FDA. Their TPA was 97.8%, and their kappa values reflected “almost
perfect” agreement with the findings of the traditional ELISAs. Overall, the Opti IgG/M showed more positive
results than InBios. However, some samples showed only positive results in InBios IgG/IgM, not in Opti IgG/
IgM. Although the exact cause of these discrepancies is unclear, differences in target epitopes of the assays
can be considered. Especially for IgG, the samples that showed Opti-negative and InBios-positive results were
obtained from the same patient, suggesting that these results were caused by differences in the characteristics of
the antibodies produced depending on the patient’s immune system. The effect of endogenous substances in the
sample, such as rheumatoid factor, heterophil antibody, autoantibodies, cross-reactive substances, or enzyme
inhibitors can also be considered.

In contrast to the InBios IgG/IgM, agreement of the novel ELISA with the conventional Veri-Q IgG/IgM
ELISA was lower than that with InBios IgG/IgM. In particular, agreement between Opti IgM and Veri-Q IgM
was unsatisfactory, with a TPA of 86.3% and a kappa value of only 0.54. This finding reflects the low diagnostic
sensitivity of the Veri-Q IgM conventional ELISA compared with the other assays. The diagnostic sensitivity of
Veri-Q IgM ranged from only 20.0%-52.9% according to the samples obtained period, but those for Opti IgM
and InBios IgM were 30.0%-88.2% and 30.0-94.1%, respectively. Consequently, because Veri-Q IgM showed
more negative results for the COVID-19 positive samples than other assays, the NPA value of Opti IgM to Veri-Q
IgM was significantly lower (84.6%, 204/241) than to InBios IgM (96.6%, 200/207).

The diagnostic specificity values for Opti IgG and IgM (99.4 and 97.2%) were slightly lower than those
associated with conventional ELISAs (100% for all), and there were more false-positive findings associated with
the IgM assay than the IgG assay. Aside from the lack of benefits of using IgM testing for COVID-19 relative to
IgG testing or molecular testing'?, IgM false-positivity can lead to unnecessary investigations for SARS-CoV-2
infection. Thus, further improvements are needed to improve the specificity of IgM testing.

This evaluation had several limitations. First, the relatively small sample size could have affected the study
outcomes. Second, antibody detection with other methods, such as chemiluminescent immunoassay or lateral
flow immunoassay, was not conducted for further comparisons. Third, we did not verify the cut-oft antibody
index value of the assay. Additionally, the analytical limit of detection (LoD) values of the assay, although mainly
used in quantitative tests, were also not evaluated. The manufacturers did not provide the LoD of the assay, but
information about the LoD would be valuable. Fourth, because the symptom onset data were derived from patient
recall, it is likely that these data were inaccurate by a few days. Finally, sample numbers, especially for the late
period of infection, were limited, therefore, it was not possible to verify that IgG levels remain at a similar level
for several months".

In conclusion, the novel microfluidic microplate-based fluorescent ELISA tools, Veri-Q opti COVID-19 IgG
and IgM, had comparable diagnostic performance to that of conventional ELISAs. The combination of high
throughput, the ability to analyze reduced volumes, and a simplified workflow that minimized steps that increase
susceptibility to error bode well for the utility of these tools in SARS-CoV-2 serologic testing.
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Data availability
The datasets used and/or analyzed during the current study are available from the corresponding author on
reasonable request.
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