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� This research present knowledge
useful for the improvement of COVID-
19 diagnostics.

� Interaction between SARS-CoV-2
nucleoprotein and specific antibodies
was evaluated.

� TIRE was applied for the evaluation of
SCoV2-rN/anti-SCoV2-rN complex
formation.

� Mathematical modeling was applied
for rate and affinity constants
calculation.

� Steric factor showed that complex
formation has very strict steric
requirements.
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During the pandemic, different methods for SARS-CoV-2 detection and COVID-19 diagnostics were devel-
oped, including antibody and antigen tests. For a better understanding of the interaction mechanism
between SARS-CoV-2 virus proteins and specific antibodies, total internal reflection ellipsometry based
evaluation of the interaction between SARS-CoV-2 nucleoprotein (SCoV2-rN) and anti-SCoV2-rN antibod-
ies was performed. Results show that the appropriate mathematical model, which takes into account the
formation of an intermediate complex, can be applied for the evaluation of SCoV2-rN/anti-SCoV2-rN
complex formation kinetics. The calculated steric factor indicated that SCoV2-rN/anti-SCoV2-rN complex
formation has very strict steric requirements. Estimated Gibbs free energy (DGAssoc) for SCoV-rN and anti-
SCoV-rN binding was determined as �34 kJ/mol. The reported findings are useful for the design of new
analytical systems for the determination of anti-SCoV2-rN antibodies and for the development of new
anti-SARS-CoV-2 medications.
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1. Introduction

Severe Acute Respiratory Syndrome Coronavirus 2 (SARS-CoV-2)
outbreak started at the end of 2019, poses an exceptional threat to
global public health and well-being. Globally, more than 110 mil-
lion SARS-CoV-2 caused disease (COVID-19) cases and over 2.4 mil-
lion deaths have been reported by WHO since the outbreak of the
pandemic until February 2021. There are several different strategies
currently used to diagnose COVID-19 in patients: (i) the detection
of SARS-CoV-2 viral ribonucleic acid (RNA) – molecular test, which
is based on real-time reverse transcription polymerase chain reac-
tion (rRT-PCR), (ii) detection of viral proteins – antigen test, in
which viral antigens are detected using specific antibodies, and
(iii) antibody test, which is based on the detection of specific anti-
bodies that are developed by the immune system of patient as a
response to virus infection. Molecular and antigen detection tests
are diagnostic tests and they confirm the presence of active coron-
avirus infection, while an antibody test confirms that the patient
has been infected in the past and the immune system has already
developed the amount of specific antibodies against virus proteins.
Antigen test is the most robust (it takes less than 15 min.), highly
specific, and less expensive than molecular tests [1,2]. To perform
this test, there is no need for laboratory equipment and qualified
staff, but otherwise it is less sensitive than the gold standardmolec-
ular rRT-PCR test. Despite the last disadvantage, antigen tests could
be produced in vast numbers and can be performed for those who
are at the greatest risk of spreading the disease and/or life in less
economically developed countries.

SARS-CoV-2 is an enveloped, single-stranded RNA virus of the
family Coronaviridae. It has 4 structural proteins: spike (S), envel-
ope (E), membrane (M), and nucleoprotein (N) [3]. After infection,
the nucleoprotein enters the host cell together with the viral RNA
to facilitate its replication and process the virus particle assembly
and release [4]. The nucleoprotein is extremely immunogenic and
can be expressed abundantly during infection [5]. A lateral flow
chromatographic test for the qualitative detection of nucleoprotein
of SARS-CoV-2 was developed by Roche Diagnostics [6]. The char-
acteristics of SARS-CoV-2 Rapid Antigen Test provided by the pro-
ducer are: testing time 15–30 min., specificity 99.68%, sensitivity
96.52%, sample material nasopharyngeal swab. BioVendor have
also developed Biocredit COVID-19 Antigen Detection Kit for the
qualitative detection of SARS-CoV-2 antigen from nasopharyngeal
swab specimens [7].

After SARS-CoV-2 infection, the immune system of the infected
person produces specific antibodies, which are targeting mostly
spike and nucleo proteins, and are characterized by different bind-
ing strengths. Therefore, high levels of IgG antibodies against
nucleoprotein have been detected in the blood serum of SARS-
CoV-2 infected patients [8]. To develop a sensitive test for SARS-
CoV-2 nucleoprotein detection, it is essential to evaluate
antibody-containing samples, better understand their performance
during the recognition of the corresponding virus proteins, and
then to select the most suitable antibodies with high affinity to
antigen for the development of the corresponding analytical sys-
tem. Thus, the physicochemical information of the kinetics of
specific antibodies and nucleoprotein binding and other related
aspects are of high importance. To achieve this task, various meth-
ods can be applied. In this case, the development of nondestructive,
label-free analytical tools is of great demand. For this reason, spe-
cial attention tends to the application of optical methods, that in
many cases are label-free and nondestructive, for the investigation
of protein-protein interaction mechanisms. One of such methods is
spectroscopic ellipsometry in its total internal reflection mode
(TIRE) [9]. Using TIRE, high sensitivity of spectroscopic
ellipsometry is achieved in combination with the surface plasmon
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resonance (SPR) effect due to the ability to register two kinetic
curves W(t) and D(t) simultaneously in contrary by only register-
ing the light intensity in SPR based sensors. TIRE is able to detect
biomolecules mass changes at solid-liquid interface with a better
accuracy than that of SPR, which is achieved due to phase shift
measurement [10,11]. As it was shown by our research and inves-
tigations by other authors, TIRE provides higher sensitivity for sur-
face changes, when compared with commercial SPR [11–14].
Therefore, TIRE can be successfully applied for the detection and
analysis of various proteins, and for antigen-antibody or
receptor-ligand affinity interactions [10,12,14–18].

In the present work, we have evaluated the kinetics of SARS-
CoV-2 recombinant nucleoprotein (SCoV2-rN) interaction with
specific antibodies (anti-SCoV2-rN) isolated from immunized mice.
The appropriate mathematical models were applied for the calcu-
lation of association and dissociation rate constants and associa-
tion (affinity) and dissociation constants. In addition, some
thermodynamic characteristics of the antibody-antigen complex
formation were evaluated. Interaction kinetics of SCoV2-rN with
corresponding antibodies was analyzed by TIRE method for the
first time.

2. Experimental part

2.1. Materials

N-hydroxysuccinimide (NHS, CAS# 6066-82-6, purity > 98%)
and N-(3-dimethylaminopropyl)-N’-ethyl-carbodiimide
hydrochloride (EDC, CAS# 6066-82-6, purity > 98%) were pur-
chased from Merck Millipore (USA). Gold coated sensor discs
(Au-disk) were received from XanTech bioanalytics (Germany).
SARS-CoV-2 recombinant nucleoprotein (SCoV2-rN) expressed in
yeast Saccharomyces cerevisiae (purity > 85%) was developed by
Baltymas (Lithuania, Vilnius).

Polyclonal anti-SCoV-rN antibodies were produced in mice
according to the protocol described below. For polyclonal antibody
production and characterization, Complete Freund’s adjuvant,
Incomplete Freund’s adjuvant, and PageBlue Protein Staining Solu-
tion were purchased from Thermo Fisher Scientific (USA), polyvinyl
difluoride (PVDF) membrane was purchased from Merck Millipore
(USA), ammonium sulfate (CAS# 7783-20-2, purity > 99.5%) pow-
dered milk and Tween-20 were obtained from Carl Roth (Ger-
many), horseradish peroxidase (HRP)-labeled anti-mouse IgG was
purchased from Bio-Rad (USA), 4-chloro-1-naphthol tablets
(CAS# 604-44-4) were obtained from Sigma-Aldrich (Germany).
Affinity purified rabbit anti-BSA antibodies were purchased from
Immunology Consultants Laboratory, Inc. (USA). Sodium dodecyl-
sulfate (SDS, CAS# 151-21-3, purity > 99.5%) was obtained from
AppliChem (Germany). 11-mercaptoundecanoic acid (11-MUA,
CAS# 71310-21-9) and all other basic chemicals were purchased
from Sigma-Aldrich Chemie Gmbh (Germany) and were of analyt-
ical grade. Phosphate buffered saline (PBS) tablets were purchased
from Carl Roth (Germany)

2.2. Development of SARS-CoV-2 recombinant nucleoprotein

SARS-CoV-2 recombinant nucleoprotein (SCoV2-rN) expressed
in yeast Saccharomyces cerevisiae was developed according to the
following protocol: SARS-CoV-2 nucleoprotein (Uniprot acc. no.
P0DTC9) coding gene was optimized for yeast expression and syn-
thesized at General Biosystems, Inc (USA). Histidine tag, consisting
of six histidine amino acids, was added to C-terminus by PCR using
specific primers. Resulting SARS-CoV-2N-6HIS gene was cloned
into S. cerevisiae episomal expression vector pFGAL7 under control
of galactose-inducible yeast GAL7 promoter yielding pFGAL7-SARS-
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CoV-2_N-6HIS plasmid. This plasmid was used to transform S. cere-
visiae AH22 (MATa leu2 his4) (ATCC 38626) strain. Yeast biomass
for purification of SARS-CoV-2 recombinant nucleoprotein was
generated by growing yeast transformants in YEPD (yeast extract
1% (Acros, CAS# 8013-01-2), peptone 2% (Fluka, CAS# 91079-46-
8), dextrose 2% (Fisher Scientific, CAS# 50-99-7, purity � 99.5%),
4 mM formaldehyde (Carl Roth, CAS# 50-00-0, purity� 37%)) med-
ium and inducing SARS-CoV-2 Nucleoprotein synthesis by trans-
ferring cells into YEPG (yeast extract 1%, peptone 2%, galactose
2.5% (Applichem, CAS# 59-23-4, purity � 98%), 4 mM formalde-
hyde) medium.

Generated yeast biomass was suspended in the Lysis buffer
(50 mM NaH2PO4 (Carl Roth, CAS# 13472-35-0, purity � 98%),
pH 8.0, 2 M NaCl (Carl Roth, CAS# 7647-14-5, purity � 99.8%),
1% Tween20 (Carl Roth, CAS# 9005-64-5), 10 mM imidazole (Acros,
CAS# 288-32-4, purity � 99%), 1 mM PMSF (Carl Roth, CAS# 329-
98-6, purity � 99%) and disrupted by vortexing with glass beads.
Yeast lysate was centrifuged for 30 min. at 10,000g. Soluble frac-
tion was filtered through a 0.45 mm filter and loaded onto Ni-
NTA SuperFlow (Qiagen, USA) resin. Nonspecifically bound pro-
teins were removed by washing the column with a Lysis buffer
containing 30 mM imidazole. Tightly bound proteins were eluted
using a 20–250 mM imidazole gradient. Fractions containing
SARS-CoV-2 nucleoprotein were pooled and dialysed against PBS
buffer (10 mM Na2HPO4 (Carl Roth, CAS# 7558-79-4,
purity � 98%), 1.8 mM KH2HPO4 (Carl Roth, CAS# 7778-77-0,
purity � 98%), 137 mM NaCl, 2.7 mM KCl (Carl Roth, CAS# 7447-
40-7, purity � 99%), pH 7.4). After dialysis, the solution was cen-
trifuged for 30 min. at 10 000g. Soluble fraction was filtered
through a 0.45 mm filter and loaded onto SP FastFlow (Cytiva,
USA) resin. Bound proteins were eluted with 137–500 mM NaCl
gradient. Fractions containing pure SARS-CoV-2 nucleoprotein
were pooled and dialyzed against PBS.

2.3. Generation and characterization of polyclonal antibodies against
SARS-CoV-2 recombinant nucleoprotein

Polyclonal anti-SCoV-rN antibodies were produced in mice. All
experiments using laboratory mice were performed under con-
trolled laboratory conditions according to European and Lithua-
nian legislation (permission no. G2-117 issued by the State Food
and Veterinary Service, Vilnius, Lithuania). One female BALB/c
mouse was immunized 4 times subcutaneously with 50 mg of
recombinant SCoV2-rN. The interval between injections was
28 days. For the first and second immunizations, the antigen was
emulsified in Complete Freund’s adjuvant and Incomplete Freund’s
adjuvant, respectively. For the third and fourth immunizations, the
antigen was diluted in PBS. Four days after the final boost, the
mouse was sacrificed by cervical dislocation and a whole blood
sample was collected from the chest cavity. The sample was cen-
trifuged at 300g for 10 min. For polyclonal antibody purification,
the supernatant was mixed with an equal volume of a saturated
solution of ammonium sulfate resulting in a 50% saturated solu-
tion. After 16 h incubation at 4 �C, the IgG fraction was precipitated
by centrifugation at 12,000g for 10 min. The resulting precipitate
was dissolved in PBS and mixed with an equal volume of a satu-
rated solution of ammonium sulfate. Total protein concentration
in the resulting polyclonal antibody suspension (2.6 mg/ml) was
measured spectrophotometrically.

2.4. Western blot

Polyclonal antibody reactivity was tested by Western blot. The
SCoV2-rN protein sample was fractionated by SDS-PAGE in 9.5%
mini-gels. Gels were stained using PageBlue Protein Staining Solu-
tion. For Western blot analysis, proteins were transferred to a PVDF
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membrane under semidry conditions. The membrane was blocked
by incubation in 2% powdered milk solution in PBS for 1 h at 20 �C
washed in PBS containing 0.1% Tween-20 (PBS-T), and incubated
with 1 mg/ml polyclonal anti-SCoV2-rN antibody in PBS-T contain-
ing 2% powdered milk. After washing in PBS-T, the membrane was
incubated with HRP-labeled anti-mouse IgG (Bio-Rad) diluted
1:5000 in PBS-T containing 2% powderedmilk. The blots were visu-
alized using ready-to-use TMB-based substrate for HRP-catalyzed
reactions.

2.5. Sensor disk surface preparation

For the formation of self-assembled monolayer (SAM) Au-disc
was rinsed with hexane and methanol, and then immersed in
methanol under ultrasound treatment for 3 min. Once dried, Au-
disc was submerged in a 1 mM solution of 11-MUA in methanol
for 18 h to form SAM based on 11-MUA molecules.

2.6. Immobilization of SCoV2-rN and interaction with specific
antibodies

For the covalent immobilisation of SARS-CoV-2 nucleoprotein
(SCoV2-rN), activation of SAM carboxyl groups is required. A solu-
tion consisting of 0.1 M of NHS and 0.4 M of EDC mixed in equal
parts was injected into a TIRE measurement chamber for 15 min.
After the activation of carboxyl groups, the TIRE chamber was
rinsed with PBS solution, pH 7.4 (washing solution). Then
1.02 mM of SCoV2-rN diluted in PBS solution was injected into TIRE
chamber and incubated for 50 min. After rinsing with PBS solution,
the surface was exposed to 1 M ethanolamine, pH 8.5, for 10 min to
deactivate any active carboxyl groups present on 11-MUA SAM.
Following nucleoprotein immobilisation, a solution of 1.73 � 10�7

M polyclonal anti-SCoV2-rN antibody in PBS was injected into
the chamber for 12 min and then the dissociation phase was per-
formed by washing with PBS. Since the antibody/antigen complex
is reversible, a regeneration solution consisting of 50 mM
NaOH/17.34 mM SDS was injected into TIRE chamber and incu-
bated for 10 min. A subsequent washing was carried out and a
solution containing 5.2 � 10�7 M of anti-CoV2-rN was injected into
the cell for 50 min. After that, washing with PBS was performed.
The sensing surface applied in TIRE investigations consisted of
the following structures: 1 – Au/11-MUA, 2 – Au/11-MUA/
SCoV2-rN, 3 – Au/11-MUA/SCoV2-rN/anti-SCoV2-rN. Technologi-
cal steps applied for the modification of the sensing surface are
presented in Fig. 1.

2.7. Study of nonspecific interaction effect

The impact of nonspecific interaction was evaluated using
2 � 10�7 M of rabbit anti-BSA antibodies. The Au-disk surface pre-
viously modified with SCoV2-rN was exposed to anti-BSA solution
for 15 min., and after that washed with PBS solution.

2.8. TIRE measurement setup

The experimental setup for TIRE measurements consisted of a
spectral ellipsometer M-2000X J.A. Woolam (Lincoln, USA) with
rotating compensator, BK7 70� glass prism and attached Au-disc.
BK7 70� glass prism and Au-disc was attached together with a
refractive index matching liquid, then mounted within a custom
made Teflon TIRE-chamber for measurements in liquids. All TIRE
experiments were carried out in the spectral range from 200 nm
to 1000 nm, at the angle of incident light of 70�. Handling system
was used for different liquid and solution injection into the cell.
Real time monitoring of the ellipsometric parameters D and W
was performed during all baseline and kinetics establishment



Fig. 1. Schematic representation of gold-coated sensor disk (Au-disk) surface modification with antigen SCoV2-rN and interaction with polyclonal anti-SCoV2-rN antibody.
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steps. Complete EASE software from J. A. Woollam Company was
used for the regression analysis. This allowed to calculate the
thickness and refractive index dispersions of protein monolayers,
which further were used for surface mass density calculation. Dur-
ing all experiments of kinetics measurement, the temperature was
kept at 20 �C.

3. Results

3.1. Covalent SCoV2-rN immobilization

TIRE method was applied for the investigation of interaction
kinetics between the immobilized antigen SCoV2-rN and a diluted
aliquot containing polyclonal anti-SCoV2-rN antibody. Firstly, the
1.02 lM of SCoV2-rN covalent immobilization on Au/11-MUA acti-
vated by EDC/NHS kinetics was performed. The Au/11-MUA/
SCoV2-rN formation was analyzed at 666 nm wavelength, close
to SPR dip. As it can be seen from Fig. 2A, the formation of
SCoV2-rN monolayer on Au/11-MUA SAM from the SCoV2-rN
injection into the TIRE chamber until the steady-state conditions
were achieved in 50 min.

In contrast, no obvious change in signal was observed during
surface washing with PBS solution for 17 min. The inset in
Fig. 2A shows the results obtained during the Au/11-MUA/
SCoV2-rN washing process at the time interval from 49 min to
70 min. Insignificant decrease of the signal equal to 1.5� confirmed
that only a small part of the molecules was washed away from the
surface in comparison to the total signal change. This small
decrease is most probably associated with the removal of non-
specifically adsorbed SCoV2-rN molecules on the 11-MUA SAM.
The total dD signal change after SCoV2-rN immobilization and
washing steps was 121�. Signal decrease after washing with PBS
solution, pH 7.4, corresponds to 1.2% of the total dD signal. The
results of SCoV2-rN monolayer formation also can be observed in
Fig. 3A and 2B, which show 8.4 nm shift in the resonant wave-
length spectra (curves 1 and 2) of the ellipsometric parameters D
and W.

3.2. Affinity interaction of SCoV2-rN and specific anti- SCoV2-rN
antibodies

In the next step, the affinity interaction between the immobi-
lized SCoV2-rN and specific anti-SCoV2-rN polyclonal antibodies
(the formation of SCoV2-rN/anti-SCoV2-rN immune complexes
on the Au-disk surface) was evaluated. Two concentrations of
anti-SCoV2-rN, namely, 173 nM and 520 nM, were tested. Firstly,
173 nM of anti-SCoV2-rN in PBS was injected into TIRE chamber.
The TIRE signal evolution after anti-SCoV2-rN injection was estab-
lished for 12 min. After that, washing of the surface with PBS was
performed and dissociation of immune complexes was recorded
(Fig. 2B). This experiment enabled us to determine the residence
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time for SCoV2-rN/anti-SCoV2-rN complex formation. As it can
be seen in Fig. 2B, the signal decrease by 8� was observed after
12 min of washing with PBS. Thus, the total dD signal change from
the beginning of the interaction was 42�. It was calculated that the
signal decrease during Au/11-MUA/SCoV2-rN/anti-SCoV2-rN
washing with PBS solution corresponds to 19% of the total signal
change. The formation of anti-SCoV2-rN antibody layer on the pre-
viously modified surface using 173 nM concentration of antibodies
was proved by the 4.5 nm spectral shift of ellipsometric parame-
ters D and W before and after washing with PBS (Fig. 3A and 3B
curves 2 and 3).

Secondly, the interaction of 520 nM of anti-SCoV2-rN in PBS
with previously formed SCoV2-rN structure was tested (Fig. 2C).
Before the injection of 520 nM of anti-SCoV2-rN in TIRE chamber,
the regeneration of Au/11-MUA/SCoV2-rN/anti-SCoV2-rN surface
was performed to remove affinity-bound antibodies. For this pur-
pose, a regeneration solution (50 mM NaOH/17.34 mM SDS) was
injected in TIRE chamber for 10 min and then washed with PBS
establishing the baseline. Then a 520 nM solution of anti-SCoV2-
rN antibody dissolved in PBS was injected into the chamber. The
steady-state signal was reached after 50 min of interaction
(Fig. 2C). After that, the TIRE chamber was rinsed with PBS and a
signal decrease of 6� was observed. The total dD signal after
50 min was 80�. It was calculated that the signal decrease in com-
parison to the total dD signal was only 7.5%. The formation of anti-
SCoV2-rN layer using the 520 nM concentration of antibodies also
was indicated by 7.5 nm spectral shift ofD andW, as it is presented
in Fig. 3A and 3B (difference between curves 2 and 4). When
520 nM of anti-SCoV2-rN solution was injected in the TIRE cham-
ber, 95% of the registered steady-state signal was reached within
17.6 min. At a time, instance of 50 min, the registered spectra of
D and W vs wavelength curves overlapped with the curves regis-
tered at the 13 min time instance (spectra registered at 13 min
are not presented due to overlapping). This indicated that the for-
mation of anti-SCoV2-rN layer on the previously modified surface
(Au/11-MUA/SCoV2-rN/anti-SCoV2-rN(520 nM)) takes 12–13 min,
but to establish tightly bound and longer remaining immune com-
plexes the more time needed and the interaction should be estab-
lished for longer period. Otherwise, if the interaction time is short,
the formed complex dissociates faster. We also tested the non-
specific interaction of Au/11-MUA/SCoV2-rN with anti-BSA anti-
bodies. After the injection of 200 nM anti-BSA solution into TIRE
chamber with Au/11MUA/SCoV2-rN structure, no binding kinetics
was obtained, also these results do not show any change in D and
W spectra. The results are presented in Fig. 2D. Additionally, the
influence of different proteins present in non-immunized mouse
serum on the registered spectral shift of D and W was negligible.
We transformed the ellipsometric parameters kinetics to normal-
ized refractive index change in time (n(norm) vs time) by regression
analysis optical modeling using Complete EASE software. This
transformation enabled us to calculate the surface mass density



Fig. 2. Time resolved TIRE signals registered for: Immobilization of SCoV2-rN on Au/11-MUA activated by EDC/NHS (A). Inset in A – Au/11-MUA/SCoV2-rN washing at the
time interval from 49 min to 70 min. Affinity interaction of anti-SCoV2-rN using 173 nM (B) and 520 nM (C) concentration with SCoV2-rN immobilized on the surface. Inset
in C – the dissociation phase of the immune complexes. Nonspecific interaction of Au/11-MUA/SCoV2-rN structure with anti-BSA antibodies (D).

Fig. 3. Spectra of ellipsometric parameters D (A) and W (B). Curve 1 represents W(k) and D(k) of Au/11-MUA in PBS; curve 2 – after formation of Au/11-MUA/SCoV2-rN
structure; curve 3 – after affinity interaction of 173 nM concentration anti-SCoV2-rN with formed structure (Au/11-MUA/SCoV2-rN/anti-SCoV2-rN(173 nM)); curve 4 – after
affinity interaction of 520 nM concentration anti-SCoV2-rN with formed structure (Au/11-MUA/SCoV2-rN/anti-SCoV2-rN(520 nM)).
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of the formed layers of antigen SCoV2-rN and anti-SCoV2-rN
antibody.
3.3. Western blotting

Polyclonal anti-SCoV2-rN antibody reactivity with SCoV2-rN
was confirmed by Western Blot represented in Fig. 4. The analysis
revealed that polyclonal antibodies recognize a 48 kDa protein
band corresponding to the calculated molecular weight of SCoV2-
rN, confirming anti-SCoV2-rN reactivity.
199
4. Discussion

4.1. TIRE based analysis

Experimental setup for TIRE measurements is presented in
Fig. 5. To determine the thickness and refractive index of the
formed SCoV2-rN layer before and after interaction with anti-
SCoV2-rN antibodies, regression analysis was applied for each step
of surface modification, according to the procedure, which in detail
is described in our previous works [9,12,17]. In the case of SCoV2-
rN covalent binding to Au/11-MUA surface activated by EDC/NHS



Fig. 4. Immunoreactivity of anti-SCoV2-rN antibody with SCoV2-rN in Western
blot. Lane 1, PageRuler Prestained Protein Ladder; lane 2, SCoV2-rN (0.5 mg per
lane).

Fig. 6. Results of different kinetics analysis models applied for SCoV2-rN/anti-
SCoV2-rN complex formation (Au/11-MUA/SCoV2-rN/anti-SCoV2-rN): 1 – two
steps based consecutive irreversible binding model, 2 – Langmuir model.
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and anti-SCoV2-rN affinity-based binding to Au/11-MUA/SCoV2-
rN the thickness of the layers was a fixed parameter during the
regression analysis, meanwhile changes in the kinetics were mod-
eled as changes of effective refractive index values variations in
time. The relative changes of effective refractive index (nnorm) in
time allowed to model the formation of antigen SCoV2-rN and
anti-SCoV2-rN antibody monolayers. The analysis of both proteins
layers’ formation has been done by a reverse dynamic fitting pro-
cedure. Starting values were obtained for 100% PBS solution, pH
7.4 without proteins. Antigen SCoV2-rN and anti-SCoV2-rN anti-
body monolayers were modeled as Bruggeman’s effective media
layers (EMA). EMA was based on two materials: protein and PBS
solution mixed at different ratios for each step of monolayer for-
mation. Protein refractive index dispersion was described using
Cauchy dispersion function [10,12,18,19]. The value of the effective
refractive index was in the range of fully formed SCoV2-rN and
anti-SCoV2-rN antibody monolayers and PBS solution [20].

The change of effective refractive index in time was recalculated
into the change of normalized refractive index nnorm (Fig. 6). It was
determined that the thickness (d) of the formed monolayer of
SCoV2-rN on Au/11-MUA was 6.67 nm. Calculated refractive index
Fig. 5. TIRE setup used for antigen SCov2-rN and anti-SC
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dispersion was used for surface mass density calculation using for-
mula (1), for this purpose nlayer = 1.3830 at 632 nm was taken for
the calculation of fully formed SCoV2-rN layer surface mass den-
sity (CSCoV2-rN). In such calculations, the nbuffer for PBS solution
was 1.333, and the refractive index increment was Dn/DC = 0.18.
Here we used de Feijter formula for surface mass calculation
[14,18]:

C ¼ dðnlayer � nbufferÞ
Dn=DC

� 100 ð1Þ

The surface mass density CSCoV2-rN = 185 ng/cm2 was obtained
after 1.06 lM SCoV2-rN injection into TIRE chamber and establish-
ment of steady state conditions after washing with PBS solution.
The same way of surface mass density calculation was applied
for anti-SCoV2-rN antibody monolayer using 520 nM concentra-
tion of this protein. The thickness determined by regression analy-
sis for antibody layer was d = 12.73 nm, nlayer = 1.3853 nm,
nbuffer = 1.335, calculated Canti-SCoV2-rN = 355 ng/cm2.
4.2. SCoV2-rN and anti-SCoV2-rN interaction kinetics analysis

Some serological experiments of other authors showed that
specific antibodies against the nucleoprotein in the serum of
infected patients have higher sensitivity and longer persistence
ov2-rN antibody interaction kinetics measurement.
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than those against other structural proteins of SARS-CoV [21–23].
Moreover, it was reported that anti-nucleoprotein antibodies have
been detected with high specificity in the early stage of infection
[8,21,22,24]. These facts encouraged us to evaluate the interaction
of the immobilized SARS-CoV-2 nucleoprotein SCoV2-rN with
polyclonal anti-SCoV2-rN antibodies. While performing TIRE
experiments, we have determined a different ratio of signal
decrease after washing with PBS in comparison to the total signal
change after anti-SCoV2-rN monolayer formation. These results
were observed due to the effect of residence time, which has to
be taken into account when kinetics models for tightly bound
and longer remaining immune complexes of antibody-antigen
are applied [12]. Due to this effect, the information obtained after
washing with PBS solution and the observed signal decrease is cru-
cial for choosing the correct kinetics analysis model for the calcu-
lation of rate, affinity, and dissociation constants. As it is evident
from the experimentally obtained kinetics curves presented in
Fig. 2B and 2C, the signal decrease ratio to the total signal change
is not equal after washing with PBS solution at different interaction
times. This feature indicates that not only the association and dis-
sociation process takes part in the immune complex formation.
Due to this, the additional process of residence time has to be taken
into account when the rate constants are calculated.

Protein-protein interaction is not a simple process because
there are many steps until the final complex is formed. For this rea-
son, an appropriate model for the analysis of interaction kinetics
should be taken into account. If the interaction between proteins
is not fully reversible after washing, a special two steps irreversible
binding mathematical model should be applied. Such a model
should take into consideration all steps of interaction such as: (i)
the transport of the molecule to the binding surface, (ii) initial
binding/attachment step, (iii) the rearrangement of the conforma-
tion of the initially adsorbed molecule leading to stronger or irre-
versible binding, (iv) the dissociation/detachment step, and (v)
the diffusion away from the surface. In some cases, as interaction
1:1, this model can be simplified taking into consideration only
steps (ii), (iii), and (iv) [9].
ð2Þ

The solution of differential equations describing such interac-
tion mechanism is presented in our previous work [12] and firstly
was proposed by J. Talbot [25]. The first step in the binding mech-
anism is the reversible association and dissociation of anti-SCoV2-
rN [Ab] with the immobilized antigen SCoV2-rN [Ag]. The rate of
the reversible association is described by the association rate con-
stant (ka), and the dissociation of the formed intermediate complex
[Ab/Ag]* is described by the dissociation rate constant (kd). The
second step is outlined by the residence time rate constant (kr)
and corresponds to the establishment of irreversible binding of
anti-SCoV2-rN [Ab] to SCoV2-rN [Ag] and the formation of tightly
bounded immune complexes [Ab/Ag]. This second step is deter-
mined by the residence time effect and could be described by
two-step irreversible binding kinetic equation [12]. The application
of such kinetics equations is limited due to the infinite source of
molecules distributed in the solution injected into TIRE chamber.
If the number of molecules is equal or less than the number of
active sites on the substrate, these equations cannot be applied.

Fully reversible kinetics usually are described using the stan-
dard Langmuir model. In both models, the assumption that the
source of anti-SCoV2-rN antibodies in the TIRE chamber is discon-
tinuous. We applied Langmuir model as a first approximation for
kinetics analysis and determined that for the formation of
SCoV2-rN/anti-SCoV2-rN immune complex, the fitting of the
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experimental points using this mathematical model was inappro-
priate (Fig. 6, curve 2).

As it was mentioned before and shown in our previous works
[9,12], the dissociation kinetics of the Ab-Ag complex can suggest
the way for the selection of the mathematical model. As it can be
seen from Fig. 2B and 2C, the decrease of the signal in comparison
to the total signal change is very small after a long anti-SCoV2-rN
interaction with immobilized SCoV2-rN. This means that an addi-
tional process takes part in the immune complex formation and
has to be taken into account analyzing the association and dissoci-
ation processes.

For this reason, the standard fully reversible Langmuir kinetic
model, which takes into account only association and dissociation
processes, does not fit well with the experimental data. In this
case, a two-step-based irreversible binding kinetics model, which
takes into consideration the formation of an intermediate com-
plex and enables the calculation of the residence time (sr)
required for SCoV2-rN/anti-SCoV2-rN immune complex forma-
tion, was applied (Fig. 6 curve 1) [12]. As it can be seen, this
model fits well with the experimental results obtained during
SCoV2-rN/anti-SCoV2-rN immune complex formation kinetics.
Obtained rate, association (affinity), and dissociation constants
presented in Table 1 are in the typical range for such antigen-
antibody interactions [26].

Residence time (sr), which is required for tightly bound and
existing for longer time SCoV2-rN/anti-SCoV2-rN immune com-
plex, was estimated from kr. In this case, the characteristic sr was
equal to 208 s. Most of the experiments by other authors dedicated
to SARS-CoV-2 protein binding to receptors or antibodies were per-
formed using SPR based sensors and rate constants were calculated
using Langmuir binding model, which is mostly integrated into the
software of device producers. The dissociation constants KD pre-
sented by other authors for other SARS-CoV-2 proteins such as
spike protein binding to ACE2 receptor or specific antibodies were
in the range from 2.14 nM to 325 nM [27–31]. The difference in KD

can be based on: (i) experimental conditions, such as different
temperatures or stirring; (ii) usage of different proteins; (iii) the
application of different protein immobilization protocols and other
experimental features.

4.3. Thermodynamics of SCov2-rN/anti-SCov2-rN immune complex
formation

An antibody and antigen interaction occurs when the binding
sites present in the antibody are properly oriented on the surface
and are able to interact with an antigen. When an antigen is cova-
lently immobilized on SAM, its motion is limited. In this case, the
binding probability is defined by the antibody movement in liquid.
For this reason, efficient steric interaction is essential for the for-
mation of the immune complex and therefore the steric factor (P)
is applied as a parameter, which defines the probability of antibody
molecules approaching the antigen at the required distance and in
the correct orientation to form an immune complex. During our
research, this parameter P was calculated using transition state
theory, which usually is applied for smaller molecules but also
can be adapted to antibody-antigen complex formation in liquid
analysis. P is defined as the ratio between the experimental value
of the diffusion rate constant and the one predicted by collision
theory. The SCoV2-rN/anti-SCoV2-rN immune complex formation
diffusion rate constant obtained from fitting using the two steps
irreversible binding kinetic model was kD = 6 � 10�18 cm3�s�1. The
theoretical diffusion rate constant was calculated using Smolu-
chowski formula [32–34]:

kS ¼ 4p � R � D ¼ 6:9 � 10�12 ðcm3 � s�1Þ ð3Þ



Table 1
Kinetics and affinity constants for Au/11-MUA/SCoV2-rN/Anti-SCoV2-rN complex formation.

ka (M�1 s�1) kd (s�1) KA (M�1) KD (M) kr (s�1)

anti-SCoV2-rN 3.6 � 104 ± 0.002 3.35 � 10�2 ± 0.047 1.07 � 106 9.3 � 10�7 4.8 � 10�3 ± 0.026

ka – association rate constant; kd – dissociation rate constant; KA – association (affinity) constant; KD – dissociation constant; kr – residence time rate constant.
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Here R = 3 nm + 8 nm = 11 nm is the sum of the radius of the
SCoV2-rN and anti-SCoV2-rN molecules, and D is the diffusion
coefficient obtained for 150 kDa mass antibody molecules � 5
�10�7 cm2�s�1 [35]. As kS � kD, that corresponds to diffusion-
controlled reaction mechanism [30,32]. In this case, the effective
steric factor for the immune complex formation when the aniso-
tropic shape of the anti-SCoV-rN molecules are taken into account
was calculated to be Peff � 0.589�P1/2 = 5.49�10�4 [36] (here P was
calculated using formula P = kD/kS). The calculated value Peff for
anisotropic molecules, as in our case are polyclonal anti-SCoV2-
rN antibodies, shows that the SCoV2-rN/anti-SCoV2-rN immune
complex formation has very strict orientation requirements.

Furthermore, the free energy of binding was estimated using
well-known following formula [37]:

DGAssoc ¼ �RTlnKA ð4Þ
This formula emphasizes the relationship between free energy

and binding affinity [38]. It was calculated using the association
affinity constant KA presented in Table 1. In this case, DGAssoc = �
34 kJ/mol or �8.1 kcal/mol. This value of free energy of binding
is close to the average value for antibody-antigen complex forma-
tion reported by other authors DGbind = �11.45 kcal/mol [39].
5. Conclusions

Summarizing, the TIRE method is highly sensitive to the biomo-
lecules interaction events that occurs at the interface of thin gold
film and liquid media due to the changes of light polarization state
upon reflection from the interface, and its sensitivity overcomes
the traditional SPR method, that usually is applied for protein-
protein interaction kinetics measurements [9–18]. The obtained
results of this study underline that TIRE method can be success-
fully applied for the monitoring and evaluation of SARS-CoV-2
antibody binding to a specific nucleoprotein antigen at solid-
liquid interface. Direct detection of anti-SCoV2-rN antibodies with-
out any labels using TIRE method was performed for the first time.
The experiments of the dissociation of SCoV2-rN/anti-SCoV2-rN
immune complex showed that such complex is tightly bounded
and longer remaining. In this case, an appropriate mathematical
model, which takes into account the residence time effect, was
applied for SCoV2-rN/anti-SCoV-rN immune complex formation
kinetics analysis to better understand this process. The calculations
of steric factor illustrated that SCoV2-rN/anti-SCoV-rN immune
complex formation has very strict orientation requirements. These
findings can be applied in the design of new antibody/antigen
interaction-based analytical systems dedicated for the determina-
tion of anti-SCoV2-rN antibodies and for the development of new
anti-SARS-CoV-2 medications based on proteins that are blocking
viral SCoV2-rN proteins. On the basis of this investigation, the
combination of polarization based surface methods such as SE with
other methodologies such quartz crystal microbalance with dissi-
pation (QCM-D) could be useful for the analysis of SCoV2-rN/
anti-SCoV2-rN complex formation to simultaneously detect the
signal changes from both methods. Furthermore, SE/QCM-D study
is under way to determine the conformation of anti-SCoV2-rN anti-
bodies at the solid/liquid interface. Such studies will provide dee-
per insights into the SARS-CoV-2 protein interaction with specific
antibody mechanism, namely, for rapid detection analytical tools.
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