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The ongoing COVID-19 pandemic caused by SARS-CoV-2 highlights the urgent need to develop sensitive

methods for diagnosis and prognosis. To achieve this, multidimensional detection of SARS-CoV-2 related

parameters including virus loads, immune response, and inflammation factors is crucial. Herein, by using

metal-tagged antibodies as reporting probes, we developed a multiplex metal-detection based assay

(MMDA) method as a general multiplex assay strategy for biofluids. This strategy provides extremely high

multiplexing capability (theoretically over 100) compared with other reported biofluid assay methods. As

a proof-of-concept, MMDA was used for serologic profiling of anti-SARS-CoV-2 antibodies. The MMDA

exhibits significantly higher sensitivity and specificity than ELISA for the detection of anti-SARS-CoV-2

antibodies. By integrating the high dimensional data exploration/visualization tool (tSNE) and machine

learning algorithms with in-depth analysis of multiplex data, we classified COVID-19 patients into

different subgroups based on their distinct antibody landscape. We unbiasedly identified anti-SARS-CoV-

2-nucleocapsid IgG and IgA as the most potently induced types of antibodies for COVID-19 diagnosis,

and anti-SARS-CoV-2-spike IgA as a biomarker for disease severity stratification. MMDA represents

a more accurate method for the diagnosis and disease severity stratification of the ongoing COVID-19

pandemic, as well as for biomarker discovery of other diseases.
Introduction

The ongoing coronavirus disease 2019 (COVID-19) pandemic
caused by the novel severe acute respiratory syndrome corona-
virus 2 (SARS-CoV-2) poses a huge threat to public health
worldwide.1–3 Early diagnosis is essential for the control of this
highly transmissible disease.4 Laboratory diagnostics for
COVID-19 can be achieved through either direct detection of
viral components (RNA or proteins)5,6 or indirect detection of
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anti-SARS-CoV-2 antibodies by serological assays.7,8 Although
the methods for direct virus quantication are preferred for
early diagnosis of COVID-19, assessment of serum anti-SARS-
CoV-2 antibody levels (e.g. IgG, IgA and IgM) is still essential for
retrospective diagnosis, immune response monitoring, contact
tracing, seroprevalence studies, and possible determination of
vaccination intervals.9–12 Most reported COVID-19 serological
assays are monoplex assays that detect total immunoglobulin
(Ig), IgM, and/or IgG against the SARS-CoV-2 spike (S) or
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nucleocapsid (N) protein. Simultaneous quantitation of
different anti-SARS-CoV-2 Ig isotypes remains a major
challenge.13,14

Inductively coupled plasma mass spectrometry (ICP-MS) is
a robust platform for accurate quantication of elements,
especially metals at ultratrace levels. Given the unique advan-
tages of ICP-MS for metal detection, metal tags are oen
introduced in ICP-MS-based detection platforms for the quan-
tication of biomolecules (nucleic acids and proteins).15–17 In
recent years, with the advent of mass cytometry,18 ICP-MS-based
single-cell analysis has emerged as a state-of-the-art technology
with extremely high multiplexing capability (theoretically$100)
that may potentially be applied in clinical laboratories for the
diagnosis of various diseases.19

Compared with uorophore tags, the most commonly used
reporter molecules, metal (lanthanides) tags in mass cytometry
are superior in terms of their sensitivity, dynamic range, signal
overlap and background. The advantages of metal tags over
uorophores have been well addressed in previous studies
which compared the performance of ow cytometry and mass
cytometry,20 the two representative single cell techniques using
uorophores and metals as reporters, respectively.

Herein, by utilizing metal-tagged antibodies as reporting
probes, we report a novel ICP-MS-based MMDA for COVID-19
diagnosis, which provides to date the highest multiplexed
potentiality for quantication of the biouid proteome.
Furthermore, by integration with the high-dimensional data
exploration/visualization tool (tSNE) with machine learning
algorithms, the MMDA is applicable to different biouid
(plasma, serum, saliva, urine, etc.) multiplex assays for disease
diagnosis, patient stratication and biomarker development.
Scheme 1 Schematic chart of the MMDA platform for multiplex anti-SA

© 2022 The Author(s). Published by the Royal Society of Chemistry
Using COVID-19 as a showcase, we validated the robustness of
MMDA by serologic proling of SARS-CoV-2-specic antibodies,
including anti-SARS-CoV-2-spike (S) and -nucleocapsid (N) IgM,
IgG, and IgA. We characterized the serum antibody landscape of
COVID-19 patients and identied a unique correlation between
their antibody proles and clinical severity.
Results
Development of an ICP-MS-based method for diagnosis of
COVID-19

As a proof-of-concept, we rst established the multiplex metal-
detection based assay (MMDA) and validated it for SARS-CoV-2-
specic antibody detection by ICP-MS using metal-tagged
antibodies as reporting probes. To capture and enrich the tar-
geted antibodies in the biouids, including SARS-CoV-2-specic
IgM, IgG, and IgA, the magnetic beads were functionalized with
SARS-CoV-2-S or -N proteins and the lanthanide tag (175Lu,
167Er, 149Sm) labeled anti-human secondary antibodies (anti-
IgM, IgG, and IgA) were used to differentiate and quantify these
antibodies. Each lanthanide tag was conjugated to specic
secondary antibodies (175Lu-IgG, 167Er-IgM, 149Sm-IgA) through
a reaction with thiol (–SH) groups in the side-chain of cysteine.
The extremely high sensitivity and wide dynamic range of ICP-
MS for lanthanide quantication and the low background of
lanthanides in biological samples endow MMDA with unique
advantages for biomolecule analysis in real specimens. Aer the
biouids were incubated with functionalized magnetic beads,
the captured targets were magnetically separated and interacted
with probe antibodies. The formed immune complexes on
magnetic beads were then eluted to the supernatant under
RS-CoV-2 serological assay.

Chem. Sci., 2022, 13, 3216–3226 | 3217
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acidic conditions, and the released tagged metals were subse-
quently quantied by ICP-MS for the quantication of anti-
bodies against S proteins or N proteins (Scheme 1).
Feasibility of MMDA for multiplexed determination of COVID-
19 antibodies

We examined the feasibility of MMDA for quantication of
SARS-CoV-2 antibodies by comparing the intensity of the
labeled metals (167Er and 175Lu) in the presence and absence of
S protein specic IgM and IgG antibodies (1 mg L�1) (Fig. 1A).
Evident increases in the signals (27- and 36-fold increase for IgG
and IgM, respectively) were observed in the presence of target
molecules, indicating the feasibility of MMDA for quantication
of COVID-19 antibodies. We further evaluated the specicity of
MMDA for quantication of different targets. As two isotypes of
immunoglobulin, IgM and IgG show a high tendency to cross-
react with each other, we examined the specicity of MMDA for
IgM and IgG detection by comparing the signal intensities of
IgM and IgG in the presence and absence of the same amount of
Fig. 1 (A) Metal signal intensity in the presence and absence of IgG and
signal intensity was observed after introducing the target molecules. (B) C
IgM detection in the presence and absence of the same amount of IgM or
different targets. (C) Linear relationship between concentrations of IgG/Ig
A good correlation was obtained between the intensity of reporter metal
recovery rates for quantification of IgM in different ratios of serum. (E) Var
antibody (0–7 mg L�1) analyzed at different time points after adding the e
different time points. (F) Linear relationship between concentrations of
points. Consistent good linearity between the IgM concentration and 167E
for antibody quantification. The intensities of N protein specific IgA, IgG a
coefficients (r) are depicted in plots. P values were calculated by the two

3218 | Chem. Sci., 2022, 13, 3216–3226
IgG or IgM. As shown in Fig. 1B, the signal-to-background ratios
of IgG and IgM were maintained at the same level before and
aer introducing IgM and IgG into the detection system, indi-
cating the high specicity of MMDA for the quantication of
different targets. More importantly, the metal signal intensity
(167Er/175Lu) and concentrations of target molecules (S protein
specic IgM and IgG antibodies) exhibit good linearity with
correlation equations of y¼ 22.19x + 1375 (R2 ¼ 0.9857) and y¼
78.4x + 2030 (R2 ¼ 0.9973) for the quantication of IgM and IgG
antibodies, respectively, and the corresponding limits of
detection (LOD, 3s/k) were calculated to be 21.78 and 6.3 ppb
(Fig. 1C).

We also investigated the complex matrix effects on the
detection results of MMDA in biological samples by monitoring
the recovery rate (signal intensity of samples containing
different concentrations of serum/sample without serum) by
comparing the signal intensity in the presence of different
concentrations of serum (0%, 10%, 20%, 50%, 80%, and 100%).
As shown in Fig. 1D, the signal intensity was maintained at
almost the same level in the presence of different serum
IgM antibodies against the S protein. An evident increase in the metal
omparison of normalized signal-to-background ratios between IgG or
IgG (1 mg L�1), respectively. Minor interference was observed between
M antibody responses to the S protein and intensities of 175Lu and 167Er.
s and the concentration of the target molecules. (D) Comparison of the
iation of the 167Er signal response to different concentrations of the IgM
lution solution. Minor variation was shown among samples analyzed at
the IgM antibody and the intensity of 167Er analyzed at different time
r intensity was obtained. (G) Correlation of the ELISA and MMDA results
nd IgM from ELISA and MMDA are well correlated. Pearson correlation
-sided t-test.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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concentrations, and the recovery rates for samples containing
50%, 80% and 100% serum were 73%, 68% and 74%, respec-
tively, indicating the good tolerance of MMDA towards the
complex biological matrix. Given that less than 10% serum is
contained in most of the serum assay systems (1 : 10 dilution),
the biological matrix effects could be neglected for MMDA.

Unlike uorescent molecules, which suffer from low stability
due to photobleaching, the metal tags are stable, which permits
their reliable quantication even aer extensive periods
following the initial staining. Fig. 1E shows the metal intensity
(167Er) of a series of samples collected at different time points
(15 min to 100 h) aer release from the targets (IgM antibody, 0–
7 mg L�1). We only observed minor variations of metal signals
with time for samples with different concentrations of targets.
The consistent good linearity between the IgM concentration
and 167Er intensity further indicates the rapid release (as short
as 15 min) of the captured target molecules into the elution
solution (1% HNO3) and the long-term stability of reporter
molecules (Fig. 1F). Taken together, we demonstrate the feasi-
bility of MMDA for multiplex quantication of SARS-CoV-2
antibodies and the long-term sample stability of MMDA, which
allows retrospective analysis without the requirement for
further staining and additional preservation steps and direct
quantitative comparison between patient samples collected at
different stages.
Higher accuracy of MMDA for the quantication of COVID-19
antibodies than ELISA

We next comprehensively proled specic anti-SARS-CoV-2-S
and -N antibodies (IgM, IgG, IgA) in 217 serum samples,
including 107 serum samples from COVID-19 patients and 110
serum samples from non-SARS-CoV-2-infected controls. The
clinical characteristics, including gender, age, sample collec-
tion date, and infection status are summarized in Table S1.‡

To validate the accuracy of multiplex antibody proling
results by MMDA, the intensities of N specic IgA, IgM and IgG
of 19 COVID-19 patients were compared with those by enzyme-
linked immunosorbent assay (ELISA),21 the clinically used
method for COVID-19 antibody quantication. The results show
a high correlation between ELISA and MMDA with Pearson
correlation coefficients of 0.85, 0.71, and 0.72 for IgA, IgM and
IgG, respectively (Fig. 1G), indicating the reliability of MMDA
for COVID-19 antibody proling. Furthermore, to compare the
sensitivity of MMDA and ELISA for COVID-19 diagnosis, 7 mild
COVID-19 patients with lower antibody levels among 107
patients and 5 non-SARS-CoV-2-infected controls with higher
antibody background signals among 110 healthy controls were
selected given their higher potential to cause false positive and
false negative results, and the anti-SARS-CoV-2-S and -N IgM,
IgG, and IgA were quantied by both MMDA and ELISA. For the
antibody proling of these 12 samples, the ELISA assay
exhibited high false-positive rates (ratios of non-infected
samples with antibodies higher than the 95% percentile for
non-infected serum samples) for the detection of antibodies
against the SARS-CoV-2-S protein (28.6% IgM, 71.4% IgG, 100%
IgA) and also high false-negative rates (ratios of patients with
© 2022 The Author(s). Published by the Royal Society of Chemistry
antibodies lower than the 95% percentile for non-infected
serum samples) based on the levels of SARS-CoV-2-S antibodies
(40% IgM, 80% IgG, and 60% IgA) (Table S2‡). In contrast,
MMDA had signicantly lower false-negative rates (p ¼ 0.0172),
with no false positive and negative results for anti-SARS-CoV-2-S
and -N IgG. Taken together, we demonstrate the higher sensi-
tivity and specicity of MMDA than ELISA for COVID-19 anti-
body proling.
Diagnosis of COVID-19 and host anti-SARS-CoV-2 antibody
response proling by MMDA

We further compared the antibody levels in 107 COVID-19
patients with the control serum samples (110 healthy controls),
and the serum samples of COVID-19 patients showed signi-
cant elevation of all types of antibodies, including IgM, IgG, and
IgA against SARS-CoV-2-S and -N proteins (Fig. 2A). By using the
cut-off thresholds as reported previously22 (95% percentile for
110 non-infected serum samples corresponding to 95% speci-
city), the percentages of positive seroconversion of COVID-19
patients were 59.8%/59.8%, 91.6%/94.4%, and 85.0%/88.8%,
for IgM, IgG, and IgA to SARS-CoV-2-S and -N proteins, respec-
tively. The varied positive rates and relatively low IgM positivity
may be caused by the different collection times of the samples
and the high ratios of mild or asymptomatic infection among
the COVID-19 patients in the study.

We then aimed to exploit these data to develop a stratica-
tion strategy for COVID-19 patients into different subgroups
based on their antibody proles by incorporating tSNE,23 an
efficient high-dimensional data visualization approach that is
widely applied in single-cell studies. With tSNE, each subject is
shown as a single point in high-dimensional space, within
which the location reects the information of different antibody
intensities. The t-SNE map was generated based on six antibody
variables, i.e., IgA, IgM and IgG antibodies against S and N
proteins, by an open-source machine learning library scikit-
learn in Python 3.6. Antibody intensities were transformed
using the sigmoid function. The iterations of 1000, perplexity
parameter of 30 and trade-off q of 0.5 were used to project the
high-dimensional data into low-dimensional space for visuali-
zation. The tSNE map in two dimensions is formed using an
optimization algorithm to determine the pairwise distances
between each point based on the similarity of the antibody
pattern. Each subject can be visualized by incorporating colour
as a third dimension in the tSNE map through changing
different channels (IgA, IgM, IgG, infection status). As shown in
Fig. 2B, tSNE automatically arranged COVID-19 patients (red
dots) in one region (red circled area) that is distinct from the
non-infected controls (purple dots, blue circled area) with
approximately 95.3% sensitivity (102 of 107 COVID-19 patients
fall into the red circled area) and 94.5% specicity (104 of 110
non-infected controls fall into the blue circled area). By incor-
porating the status of infection with different antibody types
(Fig. S1‡), the most efficient parameters for COVID-19 diagnosis
were found to be IgG and IgA responses to the SARS-CoV-2-N
protein, considering the relatively higher positive rate in the
patient group, the higher negative rate in the non-infected
Chem. Sci., 2022, 13, 3216–3226 | 3219
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Fig. 2 Multiplexed serological profiling of IgA, IgM and IgG responses to SARS-CoV-2 S and N proteins. (A) Comparison of antibody intensity
between COVID-19 patients and non-infected individuals. Antibody signals are normalized to the median value of the corresponding antibody
levels of 110 healthy controls. Significant increases in IgA, IgG and IgM antibodies were found in serum samples of COVID-19 patients compared
with non-infected subjects. Solid bars denote the median value of each antibody across all samples used in the plot. (B) tSNE map generated by
the intensity of different types of antibodies for COVID-19 diagnosis (the red and blue circles represent the gates for the discrimination of
COVID-19 patients and healthy controls). The x- and y-axes of each tSNE figure represent t-SNE dimension 1 and dimension 2, respectively. The
distribution of N protein specific IgA and IgG shows the highest correlation with the distribution of COVID-19 patients and healthy controls in the
tSNEmap. (C) Correlation metrics among antibodies against different antigens and different antibody isotypes against the same antigen. IgA, IgG
and IgM against S and N antigens and S and N protein specific IgA and IgG antibodies are well correlated. Pearson correlation coefficients (r) are
depicted in plots. P values were calculated by the two-sided t-test.
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group, and the higher increased median value between the
patients and non-infected group. This nding provides the
basis for the selection of antibody types in future serological
assays.

As multiple functions or features of antibodies may simul-
taneously contribute to controlling the infection, correlation
matrices were constructed to examine the relationships
between different antibody isotypes (IgM, IgG and IgA) and the
same antibody isotype responding to different antigens (N and S
proteins). By plotting the antibody values against each other, an
overall high correlation between anti-SARS-CoV-2-S and -N
antibodies was observed, with Pearson correlation coefficients
of 0.50, 0.68, and 0.43 for IgA, IgM and IgG, respectively
(Fig. 2C). Importantly, the IgA and IgG responses to both anti-
gens were found to be positively correlated, indicating the
potential interaction between IgA and IgG during infection.
3220 | Chem. Sci., 2022, 13, 3216–3226
To further evaluate the antibody prole characteristics in
different population subsets, the COVID-19 patients were cate-
gorized into different subgroups based on gender, age,
sampling time, and symptomatic status, and their serum anti-
body proles were compared (Fig. 3). Interestingly, we found
a generally higher level of anti-SARS-CoV-2-N IgM in females (n
¼ 48) than in males (n¼ 46) (p ¼ 0.0509), while no difference in
the anti-SARS-CoV-2-S and -N IgG levels was observed (Fig. 3A).
To investigate whether the antibody prole differs with age, the
COVID-19 patients were split into three groups: 0–18 (n¼ 4), 18–
60 (n ¼ 60), and >60 (n ¼ 30) years. As shown in Fig. 3B, higher
anti-SARS-CoV-2-S and -N IgA levels were found in older
patients. Although not statistically signicant, patients older
than 60 years also exhibited higher anti-SARS-CoV-2-N IgG
levels, while the anti-SARS-CoV-2-S IgG levels showed no
observable difference among these three groups. To evaluate
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Cross-sectional SARS-CoV-2 antibody responses. IgM, IgG, and IgA antibody responses against N and S antigens in patients with different
genders (A), ages (B), sampling times (C) and disease status (D). Comparisons between groups were made by the two-sided t-test. The solid line
denotes themedian value of each antibody. The data are presented as relative intensity by dividing the median values of 110 negative controls. (*)
P < 0.05.
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whether the antibody response varied with different sampling
times, the antibody levels were compared between patients
whose serum samples were collected within two weeks aer
symptom onsets (0–14) (n ¼ 49) and those whose serum
samples were collected aer two weeks (14–37) (n ¼ 12). The
results showed an overall decreasing trend in terms of the
median values of all the antibodies, although the reduction was
not signicantly different among patients with a sampling time
of less than 37 days (Fig. 3C). To investigate whether a specic
antibody response was shown in asymptomatic patients (n ¼
31), their antibody levels were compared with those of symp-
tomatic patients (n¼ 45). No observable difference was found in
the levels of any of the antibody isotypes to SARS-CoV-2-S and -N
antigens between asymptomatic and symptomatic patients
(Fig. 3D).

Dening antibody features associated with different disease
severities

Although substantial progress has been made to understand
the immune response to SARS-CoV-2,24–26 the serological
response in patients with different clinical severities remains
unclear. We analyzed the association between anti-SARS-CoV-2-
S and -N antibodies and disease severity in our patient cohort.
The COVID-19 patients included in this study were split into
three categories according to their disease severity: mild (n ¼
76), moderate (n ¼ 14), and severe or critical (n ¼ 17). The mild,
moderate, severe and critical COVID-19 were dened according
to the COVID-19 Treatment Guidelines by the National Insti-
tutes of Health (https://
© 2022 The Author(s). Published by the Royal Society of Chemistry
www.covid19treatmentguidelines.nih.gov/overview/clinical-
spectrum/). The levels of anti-SARS-CoV-2-S and -N IgA, anti-
SARS-CoV-2-S IgM, and anti-SARS-CoV-2-S and -N IgG were
signicantly higher in severe than in mild patients (Fig. 4A),
suggesting a potential association between these antibodies
and disease severity. To conduct further in-depth analysis, the
patients were clustered into ve subgroups by tSNE based on
their IgM, IgG, and IgA levels against SARS-CoV-2-S and -N
proteins (Fig. 4B le and S2‡), and the distribution of mild (n ¼
76) and non-mild (moderate and severe/critical) patients (n ¼
31) in different subgroups was annotated in the tSNE map by
purple and red dots (Fig. 4B right). We found that more non-
mild patients are distributed in the region of group 1 and
a signicantly higher ratio of severe patients in group 1 was
observed compared with the other four subgroups (Fig. 4C). To
uncover the antibody characteristics of severe patients, each
antibody level among the ve subgroups was compared as
shown in Fig. 4D and S3.‡ For group 1, the patients exhibited
evident higher IgA levels against SARS-CoV-2-S and -N proteins.
The higher expression level of these two types of antibodies for
patients of group 1 could be further noted from the tSNEmap of
Fig. 4E, which shows an obvious higher intensity (red color) in
the group 1 region compared with other regions (blue to yellow
color). The fold changes of median values of S protein and N
protein specic IgA were 2.7 and 2.1 when compared with the
group with the corresponding lowest antibody level. The most
evident higher value of IgA response to the S protein indicates
the potential of anti-SARS-CoV-2-S IgA as a biomarker of
moderate to severe/critical COVID-19.
Chem. Sci., 2022, 13, 3216–3226 | 3221
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Fig. 4 Correlation between antibody pattern and disease severity. (A) Comparison of IgA, IgM and IgG antibody responses to N and S proteins
between different patient groupswith different levels of severity (mild, moderate and severe/death). Comparisons between groupsweremade by
the two-sided t-test. Each dot indicates one serum sample either from themild group (n¼ 76), moderate group (n¼ 14) or the severe group (n¼
17). The solid line denotes the median value of each antibody. (*) P < 0.05, (**) < 0.01, (***) < 0.001, and (****) < 0.0001. (B) tSNE map for patient
classification based on the antibody features (left) with distribution information of mild (purple dots) and non-mild individuals (red dots) in each
subpopulation (right). Different subgroups were differentiated by different colours. (C) Components of non-mild andmild patients in each group.
Evident higher ratios of non-mild patients were displayed in group 1. (D) Comparison of IgA responses to S and N proteins between different
subgroups classified by tSNE. (E) tSNE map shows the intensity distribution of S and N protein specific IgA across all the five subpopulations
classified by tSNE. (F) tSNEmap for patient classification based on antibody features from published ELISA data27 (left); distribution information of
patients in low severity (purple dots) and high severity (red dots) in each subpopulation (middle); the tSNEmap shows the intensity distribution of
S protein specific IgA across all five subpopulations classified by tSNE (right). (G) Comparison of the ratios of patients in severe conditions among
different subgroups. Higher ratios of patients with higher severity levels were displayed in group 1 and 2. (H) Comparison of IgA level responses to
the S protein between different subgroups. The x- and y-axes of each tSNE figure represent t-SNE dimension 1 and dimension 2, respectively.
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To validate this, we used the high dimensional visualization
algorithm to further analyze 302 samples with antibodies
proled by ELISA published recently.27 The optical density (OD)
corresponding to anti-SARS-CoV-2-S and -N IgA, IgM, and IgG
was used to generate the tSNE map for subpopulation classi-
cation. As shown in Fig. 4F (le), the patients could be classied
into 5 subgroups based on their antibody proles. By incorpo-
rating the information on severity into the tSNE map (Fig. 4F,
middle), the association between antibody intensity and disease
severity could be elicited. The highest anti-SARS-CoV-2-S IgA
level was found in groups 1 and 2 (Fig. 4F, right and 4H), among
which the highest ratio of patients with severe/critical COVID-19
was observed (Fig. 4G), further conrming the elevated IgA
response to the S protein as a common immune response
feature for more severe COVID-19 patients. Collectively, our
ndings demonstrate the association between anti-SARS-CoV-2-
S IgA and disease severity, further indicating its potential role as
a biomarker for severity stratication.

Machine learning-based decision tree classier indicates anti-
SARS-CoV-2-S IgA as the rst criterion for disease severity
stratication

As one of the most popular and powerful machine learning
algorithms, the decision tree has been widely used for both
classication and regression tasks with an easily understand-
able tree model. To further uncover an optimized classication
criterion for stratication of COVID-19 disease severity, a deci-
sion tree model was built based on the levels of six types of
Fig. 5 Graphical representation of the decision treemodel based on antib
indicates the severity level: blue ¼ mild and pink ¼ non-mild (modera
(accuracy¼ 89%). The shades of colour indicate the proportion of mild o
the decision tree stands for homogeneity in each classified subgroup.

© 2022 The Author(s). Published by the Royal Society of Chemistry
antibodies in 107 COVID-19 patients i.e., anti-SARS-CoV-2-S and
-N IgA, IgM, and IgG (Fig. 5). The decision tree was generated
based on six antibody variables, i.e., IgA, IgM and IgG anti-
bodies against S and N proteins, by an open-source machine
learning library scikit-learn in Python 3.6. The tree has a depth
of 3 and the samples at each node were classied based on the
splitting criterion shown in each node. By using only six deci-
sion nodes (anti-SARS-CoV-2-S IgA and IgG, and anti-SARS-CoV-
2-N IgA, IgM and IgG), 89% accuracy could be achieved for the
classication of mild (n ¼ 76) and non-mild (n ¼ 31) patients.
Using this prediction model, 100% of mild COVID-19 patients
(76/76) could be discriminated from all the cases included in
the study (n ¼ 107). Importantly, the results indicate that the
anti-SARS-CoV-2-S IgA level was the rst signicant predictor for
differentiating mild from non-mild disease. A cutoff value of
4.478 (IgA intensity against S protein/mean value of the 110
negative controls) was applied as the rst splitting condition in
the root of the tree structure, and 92% (70/76) mild patients
could be identied based on this criterion, further conrming
the importance of IgA response to the S protein for severity
stratication of COVID-19 patients. This model could be further
optimized by an increase in the patient data sets for model
construction to further improve the accuracy in stratifying
patients. This machine learning approach may facilitate deci-
sion-making in clinics for the prediction of disease severity and
patient stratication in the future. Furthermore, in agreement
with our ndings, the decision tree model generated by the
published ELISA data26 also strongly suggests anti-SARS-CoV-2-S
ody features for disease severity classification. The colour of the nodes
te/severe/death). 95 cases (107 cases in total) are correctly classified
r non-mild patients included in the indicated class. Entropy indicated in
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IgA as the rst criterion for disease severity stratication
(Fig. S4‡).

Discussion

Serological antibody assays could provide important informa-
tion that is not found in molecular tests, including past-expo-
sure to the virus, immune status, and response to vaccination.
Although different strategies have been reported for serum
antibody proling in COVID-19 patients,9,10,28 multiplex anti-
body quantication assays remain under-developed. The limi-
tations of monoplex antibody assays include the higher demand
of time and sample volume, and the lack of correlation among
different types of antibodies. In this study, by taking advantage
of the high sensitivity of ICP-MS for quantication of lantha-
nides and target molecule enrichment by usingmagnetic beads,
a novel and highly sensitive MMDA platformwas established for
COVID-19 diagnosis and patient stratication. The MMDA
exhibits signicantly higher accuracy than the widely used
ELISA. Given the minimal interference among different metals
when quantied by ICP-MS, we performed multiplex antibody
proling on the serum samples of 107 COVID-19 patients and
110 controls. A signicant increase in the levels of all the eval-
uated antibodies was observed among individuals with COVID-
19 compared with the controls. Interestingly, we found that
40.2% of the COVID-19 patients did not exhibit positive sero-
conversion in terms of IgM levels, which was likely caused by
the gradual decrease of IgM levels with time aer symptom
onset.

Efforts have been devoted to understanding the dynamic
change of immune response with the time aer symptom
onset.7,26,29–31 We have previously shown that,32 for COVID-19
patients with serum samples available for two weeks or longer
aer symptom onset, the rates of seropositivity for anti-NP IgG,
anti-NP IgM, anti-RBD IgG and anti-RBD IgM were 94%, 88%,
100% and 94%, respectively. Another study demonstrated that
anti-SARS-CoV-2 IgG was detected in 100% of the patients
within 19 days aer symptom onset and the peak value was
obtained 3–4 weeks post-infection.8 Although anti-SARS-CoV-2
IgG levels remain relatively stable for up to 3 months, the rapid
decline in IgA and IgM levels is well recognized.7 Our MMDA
platform allows multiplex antibody proling to simultaneously
detect and quantify IgG, IgA, and IgM antibody levels. Using
tSNE for individual classication, high sensitivity (95.3%) and
specicity (94.5%) were achieved even for our patient cohort in
which the majority of patients were asymptomatic or mildly
symptomatic (71%, 76/107). Importantly, our ndings indicated
that anti-SARS-CoV-2-N IgG and IgA were amongst the most
efficient antibodies for COVID-19 diagnosis. This may be due to
the more abundant expression of SARS-CoV-2-N proteins than S
proteins during viral replication.33 It has recently been reported
that anti-SARS-CoV-2-N antibody response appears earlier than
the anti-SARS-CoV-2-S antibody response,22,34 which makes the
detection of the anti-SARS-CoV-2-N antibody a useful strategy
for earlier diagnosis of COVID-19. As for IgG and IgA, the time it
takes for a positive IgA response to be apparent is markedly
shorter than that required for an IgG response.35 The
3224 | Chem. Sci., 2022, 13, 3216–3226
simultaneous detection of both IgA and IgG may help to mini-
mize false-negative results caused by the dynamic changes of
these antibodies at different time points aer SARS-CoV-2
infection. Furthermore, it has been shown that a positive
correlation exists between antibody responses from paired
serum and saliva samples,7 and so the simultaneous moni-
toring of viral load and immune response to SARS-CoV-2
infection in saliva may be an earlier and efficient surrogate
method for diagnosing COVID-19.

The correlation between different types of antibodies and
disease severity remains unclear.36 In this study, we evaluated
the antibody responses of COVID-19 patients with different
disease severities by comprehensively comparing each antibody
intensity across different subpopulations. Our ndings showed
that a higher anti-SARS-CoV-2-S IgA level was found in severe
COVID-19 patients.

Using a machine learning-based decision tree algorithm, we
further demonstrated that anti-SARS-CoV-2-S IgA was the rst
signicant predictor for differentiating mild and non-mild
COVID-19 patients, suggesting the potential role of IgA as
a biomarker of disease severity. Our results are in line with
recent reports that higher levels of anti-SARS-CoV-2-S IgA were
observed in severe COVID-19 patients.27,36–38Moreover, it has also
been reported that individuals with severe disease exhibit
a delayed, but eventually very strong and broad IgA response.39

Neutralizing antibodies have been demonstrated to play a crit-
ical role in preventing virus reinfection, and the SARS-CoV-2-S
protein is an important target for neutralizing antibodies owing
to its capability of preventing viral entry into host cells.13,40 A
recent systematic study on the acute humoral responses to SARS-
CoV-2 found that IgA, particularly anti-S-RBD IgA, contributes
more to serum neutralization than IgG does in the early phase of
the infection. It, however, remains unclear whether a high level
of IgA in the early phase of infection has a potentially positive or
negative inuence on disease outcome.35

Several studies have tried to explore the relationship between
the extent of the neutralizing immune response and disease
severity, and they proposed that asymptomatic individuals with
COVID-19 mount a neutralizing humoral response that is lower
than that observed in symptomatic or hospitalized COVID-19
patients with COVID-19.41,42 These results indicate that asymp-
tomatic or mild-symptomatic COVID-19 patients generally
exhibit a weaker immune response to SARS-CoV-2 infection,
especially for neutralizing antibody response. Given the S
protein specic IgA as the potential major neutralizing anti-
body,35,43 our nding that individuals with non-mild symptoms
exhibited higher IgA response to the S protein than mildly ill
patients provides further evidence that mildly symptomatic
patients exhibit weaker neutralizing antibody responses.

Conclusions

In summary, we have developed a MMDA platform as a general
strategy for multiplex biouid assay. The high sensitivity and
minimal interference among different metal signals (i.e.,
masses) endow MMDA with an extremely high multiplexing
capability (theoretically higher than 100 metals with different
© 2022 The Author(s). Published by the Royal Society of Chemistry
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masses) for biouid assay. MMDA serves as a promising alter-
native method to the currently widely used uorescence-based
method.13 The main limitation of MMDA is the possible inu-
ence of cross-interactions between different captured anti-
bodies or antigens, which is commonly suffered by all
multiplexed assays. Therefore, the cross-reactivity of antibodies
needs to be evaluated with optimized concentrations to mini-
mize the side effects caused by cross-interactions. Using COVID-
19 as a showcase, we applied MMDA for serological proling of
the COVID-19 disease. Superior performance for COVID-19
diagnosis is achieved for MMDA compared to ELISA in terms of
accuracy. The incorporation of more parameters into our
detection system (e.g. more antibodies of different isotypes or
different classes, inammation factors, etc.) for serological
proling will provide more invaluable information to interro-
gate the mechanism of COVID-19 progression. Further assess-
ment of the antibody prole using a high dimensional
visualization tool and machine learning algorithm enables
more potent biomarkers for COVID-19 diagnosis (N protein
specic IgG and IgA) and disease severity classication (S
protein specic IgA) to be uncovered, providing valuable infor-
mation for COVID-19 patient stratication. Given that MMDA is
a metal detection based method, it is readily applicable to all
the instruments with metal quantication capability. More
importantly, the machine learning method proposed in this
work is suitable for the current commercially available multi-
plex methods (e.g. Luminex, cytometric bead array assay, etc.).
Such a strategy of combining a high dimensional data analysis
tool with a multiplexed assay provides a generalized stream-
lined approach for the discovery of biomarkers in different
emerging diseases.
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