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Serum antibody fingerprinting of
SARS-CoV-2 variants in infected
and vaccinated
subjects by label-free
microarray biosensor
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Valentina Bollati3, Sara Epis4, Claudio Bandi4, Alessia Lai5,
Gianguglielmo Zehender5, Tommaso Bellini1*
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Both viral infection and vaccination affect the antibody repertoire of a person.

Here, we demonstrate that the analysis of serum antibodies generates

information not only on the virus type that caused the infection but also on

the specific virus variant. We developed a rapid multiplex assay providing a

fingerprint of serum antibodies against five different SARS-CoV-2 variants

based on a microarray of virus antigens immobilized on the surface of a label-

free reflectometric biosensor. We analyzed serum from the plasma of

convalescent subjects and vaccinated volunteers and extracted individual

antibody profiles of both total immunoglobulin Ig and IgA fractions. We found

that Ig level profiles were strongly correlated with the specific variant of infection

or vaccination and that vaccinated subjects displayed a larger quantity of total Ig

and a lower fraction of IgA relative to the population of convalescent

unvaccinated subjects.
KEYWORDS

label-free biosensor, reflective phantom interface, antibody repertoire, rapid detection,
wash-free assay, serological assay, immunoglobulins, IgA
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1 Introduction

The easy access to individual antibody repertoire, which results

from a complex interplay of factors (1), would constitute an

important achievement in providing epidemiological information,

controlling disease outbreaks, and developing effective clinical

therapeutics and vaccine strategies (2). During the COVID-19

pandemic, quantitative measurement of SARS-CoV-2 antibody

titer enabled assessing variability in the immune response to

infection, evaluating vaccine efficacy and potential for long-term

immunity, and identifying donors for blood transfusion therapy (3–

10). Large-scale antibody quantification and characterization are

commonly accomplished using enzyme-linked immunosorbent

assay (ELISA) in laboratory facilities and lateral flow assay (LFA)

as the rapid serological test at the point of care (POC). Notably,

both ELISA and LFA do not allow parallel quantification of distinct

antibodies and are thus not suitable for the fingerprinting of

antibody repertoire (11–13).

Multiplexed antigen assay platforms represent a key

development for the accurate identification of antibody

repertoires (14). A high-throughput approach is offered by

peptide microarrays, which enable identifying immunoreactive

epitopes from the blood of individuals with different histories of

exposure to infective agents (15–19). The relevance of this approach

in serodiagnostics is, however, still to be confirmed. In the context

of SARS-CoV-2, a few multiplexed antigen assay platforms have

been proposed, which include fluorescence protein microarray (20,

21), as well as bead-based approaches (22). Despite the validity of

these methodologies, the COVID-19 pandemic experience has

highlighted the critical need for affordable new assay formats that

offer highly sensitive, quantitative, multiplexed, and rapid immune

protection profiling.

Here, we show that it is possible to discriminate antibody

repertoires in serum up to the resolution of a single SARS-CoV-2

virus variant with a simple yet sensitive and quantitative assay based

on label-free readout of an antigen microarray, without additional

markers to provide the signal (e.g., colorimetric, fluorescent, and

chemiluminescent). With the same multiplex assay, it is also

possible to discriminate between vaccinated and unvaccinated

subjects through their total Ig profile and IgA amount. These

results are based on a multi-spot biosensing technique, the

reflective phantom interface (RPI) (23, 24), which enables real-

time quantification of molecular binding. Overall, the proposed

antibody fingerprinting method paves the way to POC

characterization of antibody repertoire against specific panels of

protein antigens for purposes of either individual diagnostic or

population screening.
2 Methods

2.1 Serum samples, reagents, and materials

All receptor-binding domain (RBD) of SARS-CoV-2 spike

proteins (WT-RBD, a-RBD, g-RBD, d-RBD, and o-RBD) obtained
from HEK293 human embryonic kidney immortalized cell line
Frontiers in Immunology 02
were purchased from Sino Biological (Beijing, China).

Nucleocapsid protein was obtained from InvivoGen (Toulouse,

France; product code his-sars2-n). WT-LtRBD was expressed in

the protozoa parasite Leishmania tarentolae and purified (Patent

N. IT 10202100000416 25). Trimeric spike protein HexaPro was

donated by Anton Schmitz and Günter Mayer (26, 27). Rabbit

polyclonal antibody anti-human IgG was obtained Abcam

(Cambridge, UK; product code ab7155). Goat polyclonal

antibody anti-human IgA was obtained from Invitrogen

(Rockford, IL, USA; product code SA5-10252). Wedge-like glass

chips (F2 optical glass, Schott), with a 5° angle, a maximum

thickness of 2 mm, and a size of 8 mm × 12 mm, were coated

with SiO2 to form an anti-reflection layer of 80 nm. After ozone

cleaning, the chips were dip-coated with a copolymer of

dimethylacrylamide (DMA), N-acryloxysuccinimide (NAS), and

3-(trimethoxysilyl)propyl methacrylate (MAPS)–copoly(DMA–

NAS–MAPS) called MCP2 purchased from Lucidant Polymers

Inc. (Sunnyvale, CA, USA; 28). All the buffers and reagents were

purchased from Sigma-Aldrich (St. Louis, MO, USA) and

prepared using Milli-Q pure water. Plasma samples were

obtained from healthy volunteer donors and patients at the

Sacco Hospital in Milan.
2.2 Preparation of RPI antigen
microarray cartridge

Antigen proteins and control antibodies were covalently

immobilized on the surface of RPI sensing chips in spots with

150–200-mm diameter. Droplets of spotting buffer (phosphate-

buffered saline (PBS) 1×, pH 7.4, and trehalose 50 mM)

containing probe proteins at concentrations of 1 mg/mL were

deposited on the chip surface by an automated, non-contact

dispensing system (sciFLEXARRAYER S3; Scienion AG, Berlin,

Germany). After overnight incubation, the chip surface was rinsed

with blocking buffer (Tris-HCl, pH 8, 10 mM, NaCl 150 mM, and

ethanolamine 50 mM) and distilled water and then dried. The

disposable sensor cartridges were prepared by gluing the glass chips

on the inner wall of 1-cm plastic cuvettes. The cartridges were

stored at 4°C before use.
2.3 Label-free microarray measurements

The measurements were performed using the RPI apparatus

described in Salina et al. (24), comprising LED illumination with

wavelength centered at 455 nm and acquisition of images of reflected

light by a CCD camera (Stingray F-145C, Allied Vision, Stadtroda,

Germany). The sensor cartridges were filled with 1.3 mL of

measuring buffer (PBS 1×, pH 7.4, SDS 0.02% and Sodium azide

0.02%) and adding 13 mL of plasma was addedd with a micropipette.

The cartridges were kept at 23°C during the measurement through a

thermalized holder, and rapid mixing of the solution was provided by

a magnetic stirring bar rotating at 30 Hz. Time sequences of RPI

images were acquired at 12 fps, and 60 consecutive images were

averaged to provide a final set of images corresponding to 5 seconds
frontiersin.org
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of total acquisition time per image. After a time t1 = 1 hour of

acquisition, the cuvette was emptied and filled again with measuring

buffer. Then, anti-IgA antibodies were added in solution to a final

concentration of 50 nM, and a second set of images was acquired for a

time t2 = 1 hour.
2.4 Data analysis

Time sequences of RPI images of the spotted surface were

analyzed using a custom MATLAB program (The MathWorks,

Natick, MA, USA) to obtain the brightness of each spot as a

function of time t and converted into the total mass surface

density of molecules s(t). The conversion of the brightness of the

RPI image pixels us(t) into surface density is performed according to

the following:

s (t)  = s∗
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
(us(t)=u0) − 1

p
− ds (1)

where s∗, u0, and ds are obtained as described in Salina et al.

(24) from the physical parameters of the RPI sensor, the refractive

index of the solution, and the density and refractive index of a

compact layer of biomolecules on the surface. The mass surface

density of antibody binding the surface-immobilized antigens was

obtained as Ds(t) = s(t) − s0, where s0 is the surface density

measured before the addition of plasma sample. The analysis of the

binding curves was performed on Ds(t) traces obtained by

averaging at least five spots with identical composition. Each

binding curve was fitted with the exponential growth function:

Ds (t)  =  Dseq(1 − e−kt) (2)

where Dseq is the asymptotic amplitude and k is the observed

binding rate. The growth unit was obtained from the derivative of

Equation 2 as Equation 3 or Equation 4. RGU was obtained as the

ratio between the GUIg of each variant RBD and that of WT-RBD.
3 Results

3.1 Principle of antigen
microarray biosensor

Antibody fingerprints were obtained from convalescent

subjects, either vaccinated or unvaccinated, exposed to different

virus variants. Plasma samples were inserted in the measuring cell

(Figure 1A) hosting the RPI sensor surface (Figure 1B), which was

prepared to immobilize different antigens in the form of a multi-

spot microarray. The antigen panel was composed of the following:

i–v) five types of recombinant RBD of the spike protein of SARS-

CoV-2 expressed in human cells (HEK293), corresponding to WT

(WT-RBD), alpha (a-RBD), gamma (g-RBD), delta (d-RBD), and
omicron (o-RBD) variants; vi) full trimeric WT spike protein

expressed in human cells; vii) a variant of WT-RBD expressed in

L. tarentolae (25) (WT-LtRBD), added to evaluate the effect of

different antigen glycosylation; viii) nucleocapsid protein; and ix)

antibody anti-human IgG as a positive control.
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The RPI biosensor substrate consists of a wedge-shaped glass

slab coated with a thin film of SiO2 providing anti-reflective

conditions in water and with a multi-functional copolymer of

dimethylacrylamide (29). When observed in the back-reflection

direction, spots appear as brighter disks because the bio-conjugated

proteins and the antibodies, that in time accumulate on them

(Figure 1C), provide an additional effective thickness relative to

the optimized anti-reflective coating condition. Images of the

spotted surface (Figure 1B) were acquired before and after the

addition of plasma, and the brightness of each spot was converted

into surface mass density s (Equation 1) expressed in ng/mm2 (24).

The value of s reflects both the size and density of the total surface

accumulation of antigens and antibodies.

Figure 1D shows an example of the assay response upon the

addition of 1:100 dilution of human plasma from a vaccinated

subject. s0, the value of s before the plasma addition, is larger in the

spots of full spike protein and control IgG because of their larger

molecular size. After the plasma addition, the molecular density on

all spots increases. Figures 1E–G report three examples of different

types of response of the increment Ds(t) = s(t) − s0 with time t,

observed upon addition of pre-COVID-19 pandemic human

plasma (Figure 1E), and of plasma from an unvaccinated

convalescent subject (Figure 1F) or from a previously uninfected

vaccinated subject (Figure 1G). Pre-pandemic plasma components

show negligible non-specific binding; the only significant signal is

due to the presence of immunoglobulins on the anti-human IgG

spot. In contrast, Ds(t) increases for all the antigen spots in the

other two cases. The differences in the response to the antigens

between classes of subjects and within each subject enable

pinpointing infection history-dependent anti-SARS-CoV-2

immunoglobulin repertoires.
3.2 Serum antibody fingerprint of subjects
exposed to different SARS-CoV-2 variants

To quantify the relative amount of antibodies binding to the

different antigens, we used the growth units GUIg determined from

the growth rate of s(t) right after the plasma addition at t = t0
normalized by the initial surface density of the spot (Equations 2

and 3). The parameter GUIg, being based on the slope of the linear

growth of s(t) at short times (straight lines in Figure 1D), can be

obtained with precision after a few minutes, much shorter than the

time needed to estimate the asymptotic equilibrium value of the

binding curve, although it provides equivalent information. We

extracted the GUIg from each antigen of each plasma sample, as well

as the ratio RGU between the GUIg of each variant RBD and that of

WT-RBD, which we adopted as an internal reference to extract

accurate antibody fingerprints.

We analyzed plasma samples from 27 subjects, of whom 14

were vaccinated and 13 were unvaccinated and convalescent. The

samples were collected between 2 and 22 days after the onset of

symptoms or between 9 and 103 days after vaccination. Molecular

tests identified variants of infections as WT, alpha, gamma, delta, or

omicron, whereas all vaccines were against WT (Supplementary

Tables 1, 2). The results obtained from a selection of samples are
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shown in Figure 2, where each box corresponds to plasma from a

different subject and is organized into three parts. The meter on the

left-hand side reports the values of GUIg relative to full spike protein

(gray line), WT-RBD (orange line), and WT-LtRBD (blue line),

while the one on the right side shows the value of GUIg for the

nucleocapsid. In the center, we display a radar chart (orange line) to

express RGU for the alpha, gamma, delta, and omicron RBD

variants. The black line square serves as RGU = 1 reference. The

condition RGU > 1 (orange vertex outside the reference square,

marked by colored circles) indicates an Ig amount larger than that

of WT-RBD.

Our data show a large variability of the absolute amount of Ig

against the SARS-CoV-2 antigens among individuals, in agreement

with previous reports (9, 10, 30). An example is provided by the

meter data (left-hand side of the boxes in Figure 2), which show the

absolute amount of Ig against full spike WT protein and WT-RBD

domains, markedly different from individual to individual. Despite

this variability, a surprisingly stable pattern emerges when the ratios

between Ig amounts, as expressed by RGU, are considered. This

finding can be appreciated in the radar charts, where i) both

vaccinated and unvaccinated subjects infected by the WT virus

consistently display a smaller amount of Ig for the other variants

(orange line always inside the black square, i.e., RGU< 1) with
Frontiers in Immunology 04
antibodies against alpha RBD always in the largest amount and

those targeting omicron RBD in the smallest amount, and ii)

unvaccinated subjects infected by SARS-CoV-2 variants display a

pronounced response to the corresponding antigen, by which, for

example, subjects infected by alpha variant display antibodies

binding to a-RBD in larger amounts than to any other variants.

This capacity to discriminate infection variants from the antibody

response crucially relies on the multiplexing structure of our assay,

enabling simple computation of response ratios.

Nucleocapsid-binding Ig cannot be detected in vaccinated

individuals (right-hand side meter), as expected, whereas

convalescent subjects showed a variable amount of these antibodies.

The analysis of the full set of plasma samples (Supplementary

Figures 1, 2) confirms the general behavior exemplified in Figure 2.

Figures 3A–C report the pattern of relative antibody efficiency

expressed by RGU grouped as vaccinated, unvaccinated with past

infection of WT, and unvaccinated with past infection of other

variants, respectively.

All samples of vaccinated subjects (Figure 3A) display a similar

pattern of response with RGU< 1. A similar hierarchy of binding

signals is observed in samples from WT-infected convalescent

subjects (Figure 3B), although in this case, data are much more

spread in value (gray shading). In contrast, as anticipated in
B C

D E F G

A

FIGURE 1

Design of the label-free microarray for anti-SARS-CoV-2 antibody fingerprinting. (A) Schematic of the plastic cartridge with the reflective phantom
interface (RPI) sensor glued on an inner wall. Plasma samples were added to the measuring buffer using a pipette, and mixing was performed using a
rotating stirring bar. (B) RPI image of the sensing surface spotted with SARS-CoV-2 antigens and control proteins as indicated in the legend. (C)
Cartoon of spotted sensing surface representing the binding of serum antibodies on the corresponding immobilized antigens. (D) Example of raw
data of s(t) measured before (baseline, s(t) = s0) and after the addition of 1:100 dilution of plasma sample. The dashed lines represent the initial
slope of the binding curves. (E) Surface density Ds(t) = s(t) − s0 measured upon addition of plasma sample collected before the COVID-19
pandemic. Only the spot of anti-IgG antibody provides a signal, whereas no binding was observed on antigen spots. (F) Surface density Ds(t)
measured upon addition of plasma sample of an unvaccinated subject previously infected by SARS-CoV-2. All antigen spots provide a positive signal
but with different amplitudes. (G) Surface density Ds(t) measured upon addition of plasma sample of a vaccinated subject. The signal is generally
larger than that obtained for convalescent subjects.
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Figure 2, different patterns and a larger variability of RGU emerge

for convalescent subjects infected with the other variants

(Figure 3C). In this group, for each variant of infection, the

strongest response is consistently against the corresponding RBD,

with values of RGU larger than 1.

Overall, these results demonstrate that the label-free microarray

composed of eight SARS-CoV-2 antigens can serve as antibody

fingerprints accurate enough to discriminate between past infection

and vaccination with different virus variants.
3.3 Comparison between vaccinated and
unvaccinated subjects

Subjects vaccinated by WT antigen and convalescent

unvaccinated subjects display RGU fingerprints with different

features, as shown in Figures 3A–C. Further differences emerge

from the analysis of the absolute quantification of Ig by GUIg.
Frontiers in Immunology 05
Figure 3D shows that, on average, vaccinated subjects display larger

quantities of specific antibodies against WT spike protein and RBD

than unvaccinated subjects do. Data exhibit a large subject-to-

subject variation coherent with the wide range of IgG

concentrations, from 5 to 300 ng/mL, estimated by ELISA

(Supplementary Figure 3). Figure 3D also indicates that the

antibodies binding WT-LtRBD are more than those binding WT-

RBD (blue vs. orange columns and lines) for both vaccinated and

unvaccinated subjects. This is ascribed to slightly different

glycosylation of WT-RBD expressed in human cell lines and WT-

LtRBD. Even more significant is the difference in binding to the full

spike protein (gray column and line), much weaker relative to WT-

RBD for vaccinated subjects in comparison to convalescent ones.

This difference is also shown in Figure 3E, where it appears that, for

equal response to WT-RBD, unvaccinated convalescent subjects

have on average a larger response to the full spike protein.

Finally, Figure 3F shows that anti-nucleocapsid Ig is only

present in samples of convalescent subjects. This is expected since
B

C

A

FIGURE 2

Immunoglobulins fingerprint against antigens of different SARS-CoV-2 variants. (A) Legend of the fingerprint diagram. The left-side meter reports the
quantification of Ig in terms of GUIg of three WT antigens, as indicated. The right-side meter reports the quantification of anti-nucleocapsid
antibodies expressed as GUIg. The radar chart reports the values of RGU for alpha, gamma, delta, and omicron RBD variants. The thick black contour
line represents the number of antibodies binding to WT-RBD taken as reference, hence corresponding to RGU = 1. (B) Cartoon of the assay design:
Ig antibodies bind the surface-immobilized antigens. (C) Selection of Ig fingerprints obtained for three samples of vaccinated subjects (left column)
and nine samples of convalescent subjects infected with different variants of SARS-CoV-2: WT (second column from the left), alpha (third column
from the left), gamma (right column, bottom), delta (right column, center), and omicron (right column, top).
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the SARS-CoV-2 nucleocapsid protein is not contained in vaccine

formulation. Two samples of vaccinated subjects displayed anti-

nucleocapsid Ig: VX08 was in prolonged contact with infected

subjects after vaccination, and VX13 was presumably infected

before vaccination since some symptoms were reported. As

apparent from the vertical scales in Figure 3F vs. 3D, the response

to nucleocapsid is extremely variable among the subjects. Indeed,

while a positive response to nucleocapsid is a clear indication of a

previous infection, undetectable levels of anti-nucleocapsid

antibodies are not necessarily an indication of the absence of

previous infections, as in the case of samples NV04 and NV10,

negative to nucleocapsid despite their past infection, as confirmed

by molecular testing.
3.4 Serum immunoglobulin A fingerprint
for SARS-CoV-2 exposure

The label-free assay can be enriched with the capability of

discriminating between types of antibodies by measuring the
Frontiers in Immunology 06
binding of anti-antibodies to Ig already bound on the antigen

spots after the first measuring step described above (Figure 4A).

This was performed by replacing the plasma in the measuring

cartridge with a buffer containing anti-IgA antibodies. In analogy to

the quantification offered by GUIg, we extracted from the data the

slope of the initial linear growth of anti-IgA antibodies surface

density s(t), which we normalized to the surface density Ds(t1) of Ig
at the end of the first measuring step (Equation 4). The resulting

parameter (see Methods) represents the fraction of IgA in the Ig

repertoire for a specific antigen.

Radar charts analogous to those in Figure 2 are reported in

Supplementary Figures 4, 5. Differently from the quantification of

the total Ig, we found no evident correlation of GUIgA with the

subject history. However, the overall fraction of IgA, estimated by

the average GUIgA for all RBD variants, tends to be generally larger

for the samples of convalescent unvaccinated subjects as shown in

Figure 4B (dashed lines). The difference in the IgA fraction is also

evident when the results are grouped by virus variant

(Supplementary Figure 6). Thus, IgA quantification reveals a

behavior opposite with respect to total Ig levels.
B

C

D

E F

A

FIGURE 3

Ig fingerprint of vaccinated and unvaccinated convalescent subjects. (A) Summary of RGU measured for plasma samples of 14 vaccinated subjects.
(B) Summary of RGU of six convalescent unvaccinated subjects infected with WT variant of strain B.1 (WT) or B.1.177 (WT-ES), as indicated in the
legend. A, B The dotted lines connect the average values, and the borders of the shaded area connect the standard deviation values. (C) Summary of
RGU of seven convalescent unvaccinated subjects infected with the variants indicated in the legend. Standard deviations are indicated for variants
with multiple samples. (D) Relative quantification of total Ig anti-WT spike protein and RBD, WT-RBD, and WT-LtRBD, expressed as GUIg for all the
analyzed samples. The dashed lines represent the average values of GUIg for all samples of vaccinated and unvaccinated subjects, with the color
corresponding to different antigens as indicated in the legend. (E) Growth unit GUIg of Ig on WT full spike protein and WT-RBD spots for vaccinated
(blue) and unvaccinated (red) subjects. The lines represent linear fit to the data points with the corresponding color. (F) Relative quantification of
anti-nucleocapsid Ig expressed as GUIg for all the analyzed samples.
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3.5 Principal component analysis of Ig and
IgA fingerprints

The combined quantification of Ig and IgA against SARS-COV-

2 spike and nucleocapsid proteins as described above measured in

the 27 subjects provides a set of 15 × 27 parameters that can be

combined to further enhance the discrimination capability of the

assay. To this aim, we performed a principal component analysis

(PCA) of the whole data set of Ig and IgA data (Supplementary Note

S1). The composition of the first three components (PC1, PC2, and

PC3) is detailed in Figure 4C. As noticeable, PC1 approximately

represents the difference between IgA and Ig levels, whereas PC2

roughly represents the average amount of Ig and IgA together.

Surprisingly, PC3 is only related to GUIgA for delta and

omicron variants.

In Figure 4D, we plot PC2 vs. PC1 for all samples, PC3 being

represented by the size of the symbols. As apparent, the first two

principal components are effective in separating vaccinated (blue

symbols) from unvaccinated (red symbols) subjects. Interestingly,

the spreading of the data along the third component spontaneously

provides additional discrimination criteria for sample VX07, whose

PC1 and PC2 values are instead similar to unvaccinated subjects.

We complemented PCA by performing data correlations,

finding a positive average correlation among Ig and among IgA

and a negative cross-correlation between the two groups (large total
Frontiers in Immunology 07
Ig are often associated with low levels of IgA), with the exception of

anti-nucleocapsid Ig (Supplementary Figures 7, 8).

The effectiveness of PCA in spontaneously discriminating

groups of individuals suggests that, in the presence of a larger set

of data, our fingerprinting assay could be further strengthened by

supervised analysis.
3.6 Evolution of immunoglobulin
fingerprint of vaccinated subjects
upon infection

To test the potential of the antigen array for detecting changes

in the antibody fingerprints of a subject over time, we analyzed the

RGU and GUIgA profile of two vaccinated subjects before and after a

symptomatic COVID-19 infection due to the omicron variant

(Figure 5). As shown in Figures 5C, D, for both subjects, the RGU

profiles (radar chart) are very well maintained over time despite the

different amounts of total Ig (side meters). Remarkably, the

infection by the omicron variant only provided a small but clearly

detectable increase in the amount of Ig binding to the omicron

RBD. In contrast, the IgA fraction profiles (Figures 5E, F) did not

show a relative increase for the omicron variant. The effect on IgA

was a large increase in the overall amount for all variants, suggesting

a significant but poorly specific IgA amplification upon infection.
B

C D

A

FIGURE 4

IgA fraction and principal component analysis of antibody fingerprint. (A) Cartoon of the IgA assay design: IgA antibodies (red) bind the Ig that
previously bound the surface-immobilized antigen in the first step of the assay. (B) Fraction of IgA expressed as average value of GUIgA on all the
RBD spots for all the analyzed samples. The dashed lines represent the average values for all samples of vaccinated and unvaccinated subjects. (C)
Weight of each feature in the components PC1, PC2, and PC3 obtained by principal component analysis. (D) Plot of all the 27 plasma samples in the
PC1–PC2 plane. The size of each data point is proportional to the value of the PC3 component; color and shape indicate if the subject was
vaccinated (blue) or unvaccinated (red) and if the nucleocapsid detection was positive (triangle) or negative (circle).
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4 Discussion

The Ig fingerprints obtained with our label-free antigen protein

microarray demonstrate that the serum antibody repertoire can be

analyzed up to single variant resolution, corresponding to RBD

protein sequences differing by only a few amino acids

(Supplementary Figure 9). Crucial to this result is the multiple

internal references offered by multiplex label-free quantification

(i.e., signal background, s0, Ds(t1), and GU of WT variant).

The RPI assay here described is primarily based on the kinetics

of binding, a choice that yields an important advantage since the

parameter GUIg can be quantified with a shorter measuring time

than the affinity or the absolute concentration. This feature is

relevant in the context of the development of rapid tests suitable

for POC diagnostics. We found that the GUIg profile strongly

correlates with the variant of infection or vaccination. Differently

from the commonly used absolute quantification of the IgG class of

antibodies by ELISA, GUIg measures the binding kinetics of total

immunoglobulins. The correlation between the two quantities

(shown in Supplementary Figure 3) is clear but not strong.

Despite this, the relative GUIg (i.e., RGU) profiles are found to be

very stable with time, hence enabling the detection of small changes

due to infections (Figure 5). The estimated limit of detection (LOD)

of the proposed label-free microarray, obtained by comparing the
Frontiers in Immunology 08
quantification of total immunoglobulins against full spike protein

and WT-RBD with that of anti-WT-RBD IgG measured by

chemiluminescence enzyme immunoassay (Supplementary

Figure 10), corresponds to 0.24 AU/mL for the antibodies against

the full spike protein and 0.46 AU/mL for those against the RBD

fragment, hence much lower than the typical value of 15 AU/mL

considered as the positive response for the chemiluminescence

assay (31).

Other novel technologies have been proposed to achieve the

challenging task of combining rapidity and small LOD (32–34). The

RPI biosensor used in this work brings the advantages of large

multiplexing and cost-effective cartridge and set-up, suitable for

large-scale production and POC testing. Nevertheless, the analysis

here proposed can be effectively applied to any label-free biosensor

with multiplex and kinetic measurement capabilities.

Characteristic response patterns for both Ig and IgA emerge for

vaccinated and unvaccinated convalescent subjects, as confirmed by

PCA. On average, vaccination induces higher levels of total Ig

specific to the antigen, but virus infection produces higher levels of

IgA, although less antigen-specific. This behavior is confirmed also

considering the time-dependence of antibody levels after virus

exposure (Supplementary Figures 11, 12). Another difference

between the antibody repertoires of vaccinated and unvaccinated

convalescent subjects is shown in Figure 3D, which suggests that
B

C

D

E

F

A

FIGURE 5

Effect of SARS-CoV-2 infection on antibody fingerprints of vaccinated subjects. Days from vaccination (green) of sample collections (red) and
infection (black) for subjects VX09 (A) and VX12 (B). Ig fingerprint (RGU) of subject VX09 (C) and VX12 (D) before (continuous lines) and after (dashed
lines) a symptomatic infection with omicron variant. The legend for Ig fingerprints is reported in Figure 2. IgA fraction fingerprint (GUIgA) of subject
VX09 (E) and VX12 (F) before (continuous lines) and after (dashed lines) the infection. The left side reports the reference quantification of IgA fraction
in terms of GUIgA in units of 10^-4 s^-1 of three WT antigens: WT-spike protein (gray), WT-RBD (orange), and WT-LtRBD (blue). The radar chart
reports the values of GUIgA for the WT, alpha, gamma, delta, and omicron RBD variants. The black dash-dotted contour line indicates GUIgA =
10−3 s−1.
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SARS-CoV-2 infection yields a larger fraction of antibodies

targeting full spike protein in regions different than RBD relative

to vaccination. This is in agreement with previous work reporting a

lower fraction of neutralizing antibodies in infected vs. vaccinated

individuals, as well as a general correlation between IgG levels and

neutralizing titers for the two groups of subjects (35). Indeed, as

reported in Supplementary Note 2, the label-free microarray can be

turned into a pseudo-neutralization assay by measuring the

inhibition of the binding of the human angiotensin-converting

enzyme 2 (ACE2) to the immobilized full spike and RBD proteins

after incubation with a serum sample. Such pseudo-neutralization

assay performed on a test sample (Supplementary Figure 14) shows

a correlation between total Ig level profile and ACE2 binding

inhibition, consistently with previous work.

Previous studies showed that early humoral response can be

dominated by IgA antibodies, which can provide an important

contribution to virus neutralization (36–40). Regarding the effect of

vaccines on the levels of IgA, convalescent subjects were found to

have larger levels of IgA than vaccinated subjects at a similar time

after infection or vaccination (41–44). Our results are consistent

with these observations and further support the difference in IgA

levels between convalescent and vaccinated subjects so that the

quantification of IgA levels could be exploited for viral infection

screening and virus surveillance.

In conclusion, the proposed label-free antigen microarray

demonstrates the feasibi l ity of rapid serum antibody

fingerprinting discriminating among single SARS-CoV-2 variants

through the profile of total Ig levels. The results obtained suggest

that this method may be useful for the serological recognition of

infecting viral variants even in subjects with low viral loads or who

have already eliminated the virus. A limitation of the study is given

by the small number of subjects infected by specific virus variants.

However, the same approach can be applied on a larger scale to

assess the epidemiology of SARS-CoV-2 infection and can be

instrumental in planning strategies for control measures in the

future. Another limitation of the study is that, in addition to total Ig,

only the IgA class of immunoglobulins was investigated, finding no

clear correlation with the variant of infection in this case. Therefore,

which antibody class or subclass primarily contributes to the

observed dependence of total Ig fingerprint on virus variant

remains undetermined. Our results may represent the basis for

further investigations on the application of this method in contexts

where it may be important to retrospectively reconstruct the

infecting viral genotype in already recovered individuals or

patients with insufficient viral nucleic acid amounts for

genotyping (45), such as in the case of HCV or HIV or

flaviviruses (46–48).
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