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Detailed evaluations of the antigen and antibody interaction rate and strength of the immune complex
formed are very important for medical and bioanalytical applications. These data are crucial for the devel-
opment of sensitive and fast immunosensors suitable for continuous measurements. Therefore, combined
spectroscopic ellipsometry (SE) and quartz crystal microbalance with dissipation (QCM-D) technique (SE/
QCM-D) was used for the evaluation: (i) of covalent immobilization of SARS-CoV-2 nucleocapsid protein
(SCoV2-N) on QCM-D sensor disc modified by self-assembled monolayer based on 11-
mercaptoundecanoic acid and (ii) interaction of immobilized SCoV2-N with specific polyclonal anti-
SCoV2-N antibodies followed by immune complex formation process. The results show that the SCoV2-N
monolayer is rigid due to the low energy dissipation registered during the QCM-D measurement. In con-
trast, the anti-SCoV2-N layer produced after interaction with the immobilized SCoV2-N formed a soft
and viscous layer. It was determined, that the sparse distribution of SCoV2-N on the surface affected the
spatial arrangement of the antibody during the formation of immune complexes. The hinge-mediated flex-
ibility of the antibody Fab fragments allows them to reach themoredistantly located SCoV2-Nand establish
a bivalent binding between proteins in the formed SCoV2-N/anti-SCoV2-N complex. It was noted that the
SE/QCM-D method can provide more precise quantitative information about the flexibility and conforma-
tional changes of antibody during the formation of the immune complex on the surface over time.
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1. Introduction

The health challenges associated with the rapid spread of Sev-
ere Acute Respiratory Syndrome Coronavirus 2 (SARS-CoV-2) have
recently led to intensive studies of the SARS-CoV-2 nucleocapsid
protein (SCoV2-N) and specific polyclonal antibodies (anti-
SCoV2-N). Although the main focus of research has been on the
SARS-CoV-2 spike protein, the investigations of the nucleocapsid
protein are also important due to their critical impact on the coro-
navirus genomic RNR packing and viral replication [1].
Immunoglobulin G (IgG) antibodies against the SARS-CoV-2 nucle-
ocapsid protein are detectable in infected patients. A higher titer of
these antibodies was determined to be a prognostic factor of the
clinical course of disease [2]. Therefore, more information on such
antibody interaction with the SARS-CoV-2 nucleocapsid protein is
needed. During the pandemic, different methods were developed
for the detection of SARS-CoV-2 and the diagnosis of COVID-19
infection, including different serological tests to record antibody
(Ab) and antigen (Ag) interactions [3,4]. Usually, as a result of
the test, Abs against the most immunogenic SARS-CoV-2 spike pro-
tein and/or nucleocapsid protein are detected [5,6]. Furthermore, it
was determined that Abs to the nucleocapsid protein are more sen-
sitive to the diagnosis of early infection than Abs specific to the
spike protein [7]. For this reason, the research that helps to under-
stand how SARS-CoV-2 nucleocapsid protein interact with specific
anti-SCoV2-N Abs is very expected for the industry involved in the
production of viral proteins, Ab-Ag tests, and vaccines.

It is well known that Abs are large globular Y-shaped glycopro-
teins consisting of two heavy and two light chains. Two pairs of
light and heavy chains are connected by disulfide bonds, and two
heavy chains are connected by disulfide bonds located in the hinge
region. This region is a flexible tether present in the IgG, IgA and
IgD class Abs, and responsible for the movement of two Ab Fab
fragments (antibody regions corresponding to antigen-binding
fragments and consisting of both the variable and constant regions
of heavy and light chains) and changes in Fab-Fab angles. IgG class
Abs are the most abundant class of Abs in the blood produced by
the organism after contact with the antigen. The impact of differ-
ent human IgG subclass hinge-mediated flexibility on the type
and sizes of soluble immune complexes was analyzed by electron
microscopy. The IgG subclasses, depending on their flexibility,
were ranked in such an order (most to least flexible):
IgG3 > IgG1 > IgG4 > IgG2; accordingly, the mean angles between
Fab-Fab were determined as 136�, 128�, 127�, and 117� [8]. The
hinge-mediated flexibility of Abs, the wagging and rotational
movements of the Fab fragments, the steric interactions of two
Fab fragments with each other and with crystallizable fragment
(Fc) of Ab are significant for the binding of Ab to Ag of different
size, from small haptens to relatively large viruses [9]. The Ab affin-
ity is defined as the combined strength of a single Ab antigen-
binding site interaction with a single epitope present in the Ag
structure. The Ab avidity (IgG class) is defined as the total strength
of all noncovalent bivalent (Fab-Fab) affinity interactions with two
epitopes. It was determined that the bivalent binding of mono-
clonal Abs to human immunodeficiency virus type 1 envelope gly-
coprotein trimer 2F5 epitopes results in greatly enhanced
neutralization efficiency through an increase in binding avidity
[10]. Additionally, the impact of CD20 epitopes surface density
on the recognition and bivalent interaction with monoclonal Abs
(rituximab) was analyzed using quartz crystal microbalance with
dissipation (QCM-D) and surface plasmon resonance (SPR) tech-
nique [11]. To study the affinity and avidity features of the anti-
SCoV2-N, the noncontact, real time and sensitive methods are
required. Among them very promising is the polarization sensitive
optical method named as spectroscopic ellipsometry (SE) and sur-
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face mass sensitive QCM-D technique method, which is based on
the assessment of surface acoustic wave dissipation.

The SE is a nondestructive, label-free and highly sensitive opti-
cal technique that allows to determine the refractive index n or the
thicknesses d of the formed protein layers [12–15]. These values
can be used to calculate the dry surface mass of the protein layer
[16–18]. During the ellipsometric measurement, two ellipsometric
parameters are determined –W that corresponds to the light wave
amplitude and D that gives the information of the light phase shift
after reflection from the sample. To enhance the sensitivity of the
SE method, it is applied in the total internal reflection mode (TIRE)
[16,19–23]. However, the SE method is not able to measure n and d
values separately. Therefore, regression analysis is used to calcu-
late the n and d values, which requires specific information about
the geometry and refractive index of the proteins. The certain inac-
curacy of the n and d determination from the regression analysis
depends on the knowledge about these parameters.

QCM-D measures the shifts in frequency (DF) and energy dissi-
pation (DD) of vibrational resonance overtones. It enables to deter-
mine the surface mass coupled to a pre-modified quartz crystal
sensor and viscoelastic properties of the layer [12,24,25]. The mass
obtained from QCM-D measurements refers to the wet mass when
it is obtained for the layer of proteins coupled to the surface
together with the buffer. In the case of very strong coupling (low
DD values) between antibodies and immobilized proteins, the
shifts in frequency (DF) of the QCM-D method give unambiguous
information about the mass on the sensing surface. However, this
assumption is usually not fully satisfied. Thus, for the determina-
tion of immobilized proteins layer mass and viscoelastic properties
it is necessary to make several assumptions concerning models of
continuum mechanics [26].

In both SE and QCM-D methods, the response signal depends on
the immobilized protein mass; however, SE gives additional infor-
mation about the dielectric properties of proteins layers, while
QCM-D provides information about the viscoelastic properties.
Thus by combining SE and QCM-D, it is possible to derive the sol-
vent content of thin protein layers formed on the surface [24,27]
and using regression analysis to obtain more precise information
about antibody avidity properties. That leads to better understand-
ing of protein–protein interaction mechanism and changes of pro-
tein conformation after specific interaction. The hybrid SE/QCM-D
method could reveal additional new possibilities for antigen–anti-
body interaction and analysis of immune complex formation, pro-
viding quantitative information that cannot be obtained when the
SE and QCM-D methods are used separately [28].

The affinity properties of the SARS-CoV-2 nucleocapsid protein
(SCoV2-N) and specific anti-SCoV2-N antibodies were analyzed
using the SE method in our previous work [29]. Now, we have used
the hybrid SE/QCM-D technique to investigate (i) the covalent
immobilization of SCoV2-N on the 11-mercaptoundecanoic acid
(11-MUA) self-assembled monolayer (SAM) modified QCM-D gold
sensor and (ii) the interaction with specific antibodies followed by
an immune complex formation process to evaluate the structural
and viscoelastic properties of the layers formed.

2. Materials and methods

2.1. Materials

11-Mercaptoundecanoic acid (11-MUA, 98%), N-(3-diemethyla
minopropyl)-N’-ethylcarbodiimide hydrochloride (�98%) (EDC),
N-Hydroxysuccinimide (98%) (NHS), sodium hydroxide (�97%),
ethanolamine (ETA) (�99%), sodium dodecyl sulfate (�99%) (SDS)
and phosphate buffered saline (PBS) tablets were purchased from
Sigma Aldrich. Methanol (99.9%), ammonium sulfate (�99%), and
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hexane (99%) were purchased from Carl Roth GmbH & Co (Karl-
sruhe, Germany). SARS-CoV-2 recombinant nucleoprotein
(SCoV2-N) (�97%) was received from Baltymas (Vilnius, Lithuania)
[29]. QCM-D gold sensors were purchased from Biolin Scientific
(Gothenburg, Sweden). Specific polyclonal antibodies (anti-
SCoV2-N) obtained from immunized mice and nonspecific poly-
clonal antibodies obtained from non-immunized mice used in this
work were developed under the procedure in detail described in
our previous work [29]. Anti-SCoV2-N antibodies were purified
from blood serum by ammonium sulfate precipitation, which
results in 90% purity. All experiments using laboratory mice were
performed under controlled laboratory conditions according to
European and Lithuanian legislation (permission no. G2-117 issued
by the State Food and Veterinary Service, Vilnius, Lithuania).

2.2. The combined SE/QCM-D measurement setup

A combined SE/QCM-D measurement setup consists of SE and
QCM-D techniques. QCM-DQSense Explorer, operating at frequency
range 5 MHz, that allows the measurement of 7 harmonics and full
viscoelastic modelling (Biolin Scientific, Sweden, with proprietary
software QSoft401) was connected with a spectroscopic ellipsome-
trymodule,mounted on a rotating compensator spectroscopic ellip-
someter M-2000X, operating in a spectral range from 200 nm to
1000 nmwavelength (J. A. Woolam, USA, with proprietary software
for data analysis Complete EASE). Ellipsometricmeasurementswere
performed at a fixed 65� angle of incident light in a 200–1000 nm
wavelength range. For the evaluation of the SCoV2-N and anti-
SCoV2-N layers formed during the immobilization of SCoV2-N fol-
lowed by the interaction with anti-SCoV2-N, the simulation of D
andW vs k curveswas performed using the Complete EASE software
(Woollam, USA). Liquid flow was regulated with a peristaltic pump
(Cole-ParmerGmbH,Germany) connected to a liquid intake through
a flow chamber with PTFE tubing. The measurements were per-
formed by injecting the liquids at a rate of 1.35 mL/min. During
the measurements, the temperature inside the SE/QCM-D module
was kept at 20 �C. The volumeof theQSense Explorer chamber above
the QCM-D gold sensor was 100 ll. QSoft401 software was used for
the analysis of the frequency change (DF) and energy dissipation
(DD) kinetics during covalent immobilization of SCoV2-N and affin-
ity interaction with anti-SCoV2-N. The modelled values that can be
obtained from such kinetics analysis are: the mass, thickness, and
viscoelasticity of the formed protein layers.

2.3. Surface modification with 11-MUA

The QCM-D gold-coated sensor disc surface was prepared for
modification with 11-MUA by cleaning in an ultrasonic bath, first
in hexane and later in methanol for 2 min, respectively. The sensor
surface was rinsed with methanol. A self-assembled monolayer
(SAM) of 11-MUA was formed by immersing the QCM-D sensor
disc into a solution of 1 mM of 11-MUA in methanol for 22 h. After-
Fig. 1. Schematic representation of the anti-SCoV2-N interaction with covalently im
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wards, it was rinsed with methanol and dried with compressed air.
A modified QCM-D sensor disc was placed and fixed in an SE/QCM-
D module. Then the module chamber was filled with deionized
water to establish a baseline for 30 min. For the activation of car-
boxyl groups of 11-MUA SAM, the solution of 0.1 M NHS and 0.4 M
EDC mixed in equal parts was injected into the chamber for
15 min. Subsequently, deionized water was injected for the estab-
lishment of the baseline for 10 min.
2.4. Immobilization of SCoV2-N and deactivation of the activated
carboxyl groups

In the next step of the experiment, SCoV2-N was covalently
immobilized on the surface of the 11-MUA SAM modified QCM-D
sensor disc. The PBS solution was injected into the chamber for
60 s and left stagnant for 10 min to establish a baseline. Subse-
quently, a 1.02 lM concentration SCoV2-N solution in PBS was
pumped to the premodified QCM-D sensor disc and left to incubate
for about 60 min. until a steady state conditions in both SE and
QCM-D simultaneous measurements were achieved. Then, wash-
ing with PBS was performed for 10 min. Subsequently, the surface
was treated with 1 M ethanolamine hydrochloride, pH 8.5, for
10 min to deactivate the remaining activated carboxyl groups.
Then PBS was injected into the SE/QCM-D chamber for 20 min until
steady state conditions were reached.
2.5. Formation of SCoV2-N/anti-SCoV2-N complex and regeneration of
the surface for multiple detection of anti-SCoV2-N

The solution of 170 nM polyclonal anti-SCoV2-N antibody in
PBS was injected into the chamber for 65 min for SCoV2-N/anti-
SCoV2-N complex formation. The association phase was followed
by the dissociation phase using PBS for 20 min. Afterwards, a
regeneration solution consisting of 50 mM NaOH and 17.34 mM
SDS was injected for 5 min, and the removal of anti-SCoV2-N from
the surface was registered. Following, PBS solution was injected for
20 min to ensure that the remaining SCoV2-N layer is stable and
not affected by the regeneration solution. Subsequently, the solu-
tion containing the same concentration (170 nM) of nonspecific
antibodies was injected into the chamber for 30 min and washed
with PBS. The schematic representation of the formation of the
SCoV2-N/anti-SCoV2-N complex is presented in Fig. 1.
3. Results and discussion

Covalent SCoV2-N immobilization on 11-MUA SAM, and inter-
action with the anti-SCoV2-N kinetics were registered simultane-
ously using a combined setup of SE with QCM-D.
mobilized SCoV2-N. The formation of the immune complex takes two steps.
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3.1. QCM-D-based assessment of SCoV2-N covalent immobilization
and affinity interaction with anti-SCoV2-N

The changes in DF and DD by all overtones mastered by QCM-D
were registered. The dependences of DF and DD vs. time for the
third, fifth and seventh overtones are presented in Fig. 2. The infor-
mation provided by the changes in DD corresponds to the vis-
coelastic properties of the formed SCoV2-N monolayer and
SCoV2-N/anti-SCoV2-N complexes. As shown in Fig. 2, DD after
covalent SCoV2-N immobilization is 1.09∙10-6 while after interac-
tion with anti-SCoV2-N DD changed to 4.33∙10-6. The value of
DD obtained after SCoV2-N immobilization on 11-MUA is small,
therefore SCoV2-N layer can be considered as rigid and its proper-
ties can be described using the Sauerbrey equation [30,31].

DD measured for the anti-SCoV2-N interaction with SCoV2-N
was 3.9 times higher than in the case of covalent SCoV2-N immo-
bilization on 11-MUA self-assembled monolayer formed on the
sensor disc. Anti-SCoV2-N monolayer viscoelastic properties were
described using the Smart fit viscoelastic model from DFind soft-
ware (Biolin). The decrease in frequency indicated an increase of
surface mass density after covalent SCoV2-N immobilization and
affinity interaction with anti-SCoV2-N. For SCoV2-N immobiliza-
tion, DF was 37.63 Hz, while after interaction with anti-SCoV2-N
during the same time interval, it was 47.57 Hz. Such changes of
DF after SCoV2-N/anti-SCoV2-N complex formation confirmed
the specific affinity interaction between SCoV2-N and anti-
SCoV2-N antibodies. For the regeneration of SCoV2-N/anti-
SCoV2-N complex the solution containing 50 mM NaOH and
17.34 mM SDS was injected into the chamber for 5 min. After that,
the chamber was filled with PBS pH 7.4 and the baseline was
established. The effectiveness of regeneration was evaluated by
Fig. 2. Real-time frequency (DF) and energy dissipation (D) change for: (1) covalent SCoV
interaction with polyclonal antibodies from mice non-immunized with SCoV2-N.
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comparing the PBS baselines after a certain period of time from
the start of experiment. As shown in Fig. 2, the baselines of PBS
after SCoV2-N covalent immobilization (at 160 min) and after the
regeneration of the surface (at 270 min) are at the same level. After
regeneration of SCoV2-N/anti-SCoV2-N (anti-SCoV2-N was
removed from the surface modified with SCoV2-N), the control
solution containing the same concentration (170 nM) of nonspeci-
fic antibodies from non-immunized mice were injected for 30 min.
In this case, no distinguishable change in SE or QCM-D signals was
observed (Fig. 2, part 3). Finally, the chamber was washed with
PBS. In this case, DF was 1.68 Hz and DD was 1.05∙10-6. Such a
small DF showed that the interaction between SCoV2-N and the
control solution containing non-specific antibodies was not estab-
lished and the frequency change can be associated with non-
specific adsorption of some proteins.

DD/DF plots of QCM-D data were obtained by plotting DF (rep-
resenting the increase in mass on the surface) on the x axis and DD
(representing the changes in viscoelastic properties of the layer) on
the y axis and eliminating time as an explicit parameter [32,33].
The DD/DF plot is a complementary method of data presentation
and it highlights the viscoelastic processes that occur during the
protein monolayer formation [33]. The DD/DF plots presented in
Fig. 3 show how the viscoelastic properties change during the for-
mation of the SCoV2-N monolayer and the subsequent interaction
with anti-SCoV2-N, i.e. the formation of immune complexes.

During the covalent immobilization of SCoV2-N on the 11-MUA
SAM, the increase inDDwas gradual from the initial stage and con-
sistent with the frequency change. The density of the points indi-
cated the fast and slow steps of the SCoV2-N immobilization
kinetics. As can be seen from curve 1 in Fig. 3, the points are more
distantly placed when DF is from 0 to 25 Hz. This feature indicates
2-N immobilization, (2) affinity interaction with anti-SCoV2-N, and (3) nonspecific



Fig. 3. DD/DF plots for: SCoV2-N covalent immobilization on 11-MUA SAM (curve
1), and affinity interaction with anti-SCoV2-N (curve 2). The arrows K1, K2, and K3

indicate the slopes to curves 1 and 2.
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that in this particular DF range the kinetics of SCoV2-N covalent
immobilization on 11-MUA SAM is faster than in the range from
25 to 38 Hz. The range from 0 to 25 Hz is obtained during the
beginning of SCoV2-N monolayer formation. The slope of K1 calcu-
lated for SCoV2-N covalent immobilization on 11-MUA SAM was
equal to 0.031. Such a small value of K1 also indicated that the
formed SCoV2-N monolayer is rigid and, therefore, Sauerbrey
equation can be very accurately applied for the calculation of sur-
face mass density [34]. For the formation of the SCoV2-N/anti-
SCoV2-N complex, the increase in DD was gradual from the begin-
ning, with a slight change of direction in the DD/DF plot at 22 Hz,
thus curve 2 had two distinct tangents – K2 and K3 (Fig. 3, curve 2).
This small change of SCoV2-N and anti-SCoV2-N interaction can be
associated with conformational changes and rearrangements of
anti-SCoV2-N antibodies during the formation of the SCoV2-N/
anti-SCoV2-N complex [34]. The DD/DF plot (Fig. 3, curve 2) shows
that the formation of SCoV2-N/anti-SCoV2-N complex is slow
because the points are distributed close to each other from the
beginning of the interaction with SCoV2-N. The calculated slopes
K2 and K3 for the formation of the SCoV2-N/anti-SCoV2-N complex
were 0.134 and 0.121, respectively. These values are close to those
obtained by other authors for cysteine peptidase and specific poly-
clonal antibody complex formation [34]. However, higher values of
DD registered during anti-SCoV2-N affinity interaction with immo-
bilized SCoV2-N show that the formation of the SCoV2-N/anti-
SCoV2-N complex creates a soft and viscoelastic layer of anti-
SCoV2-N antibodies. As it was reported in our previous publication
[29], the equilibrium dissociation constant KD of SCoV2-N/anti-
SCoV2-N complex obtained from spectroscopic ellipsometry mea-
surements in the total internal reflection mode was 9.3∙10-7 M
(Table 1).

Most antibodies have KD values are in the range of 10-6 to 10-9.
Antibody affinity can be measured using different methods such as
label-free optical scanner for microarray detection based on
polarization-modulated oblique-incidence reflectivity difference,
Table 1
Association, dissociation, residence time rate constants (ka, kd, kr), equilibrium associati
formation . adopted from [29]

ka (M�1 s�1) kd (s�1)

anti-SCoV2-N 3.6∙104 ± 0.002 3.35∙10-2 ± 0.047
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SPR, and ellipsometry-based (label-free) optical scanner [11,35–
38]. KD calculated from the experimental results obtained after
polyclonal anti-SCoV2-N interaction with covalently immobilized
SCoV2-N falls in this range of KD values.
3.2. Analysis of SCoV2-N monolayer and SCoV2-N/anti-SCoV2-N
complex formation by SE

For the evaluation of SCoV2-N covalent immobilization on 11-
MUA SAM and SCoV2-N/anti-SCoV2-N complex formation on the
gold-coated sensor disk, measurements of ellipsometric parame-
ters (D and W) were performed simultaneously with QCM-D sig-
nals registration (DF and DD). Here we present only the kinetics
of the ellipsometric parameter D due to its higher sensitivity
[16,22,39]. The simulation of ellipsometric parameters W and D
vs k has been conducted to determine the difference between the
optical properties in case of full coverage by SCoV2-N and anti-
SCoV2-N versus partial coverage by the same proteins. Then the
evaluation of fully formed SCoV2-N and anti-SCoV2-N monolayers
was performed by the simulation of D andW vs k curves according
to Cauchy dispersion function using Complete EASE software for
ellipsometric data analysis.

The refractive index n of such fully formed monolayers in both
cases (SCoV2-N and anti-SCoV2-N) was 1.6 at 600 nm wavelength.
Measured and simulated D vs k dispersion curves are presented for
comparison in Fig. 4A for SCoV2-N, and Fig. 4B for anti-SCoV2-N,
respectively. Curves 1 and 10 presented in Fig. 4 A, and B corre-
spond to the pure PBS (n = 1.333) before injection of SCoV2-N
and before the SCoV2-N/anti-SCoV2-N complex formation. Curves
2 and 20 were obtained experimentally when monolayers of
SCoV2-N and anti-SCoV2-N antibodies were formed, respectively.
The dD differences calculated at 601 nm between curves 1 and 2,
10 and 20 (Fig. 4A, and B) were 1.11� after SCoV2-N monolayer for-
mation and 0.81� after anti-SCoV2-N affinity interaction with
immobilized SCoV2-N, respectively. This difference was compared
to that between curves 1 and 3, 10 and 30 that corresponded to sim-
ulated fully formed monolayers (n = 1.6) of SCoV2-N and anti-
SCoV2-N. Simulated data (Fig. 4A, curves 1–3) for the formed
SCoV2-N monolayer showed that the dD between PBS and the fully
formed SCoV2-N layer would be 8.01�. For the fully formed anti-
SCoV2-N monolayer, dD would be 6.78� (Fig. 4B curves 1–3). The
kinetics of SCoV2-N covalent immobilization and affinity interac-
tion with anti-SCoV2-N are presented in Fig. 4 C and D, respec-
tively. The dD presented in Fig. 4 C, and D for SCoV2-N and anti-
SCoV2-N meets the difference between curves 1 and 2, 10 and 20

in Fig. 4 A, and B. As can be seen from these Figures, the SCoV2-
N covers only small part on the surface. Consequently, only a small
amount of anti-SCoV2-N forms a complex with covalently immobi-
lized SCoV2-N.
3.3. Wet and dry SCoV2-N and anti-SCoV2-N layers’ surface mass
density calculation from SE and QCM-D data

For the calculation of SCoV2-N monolayer thickness and index
of refraction (n), modelling of the experimentally obtained ellipso-
metric parameters W and D vs k was done by designing an optical
model. The experimental results obtained were fitted with optical
model using Complete EASE software for ellipsometric data analy-
on and dissociation constants (KA, KD) for SCoV2-N/anti-SCoV2-N immune complex

KA (M�1) KD (M) kr (s�1)

1.07∙106 9.3∙10-7 4.8∙10-3 ± 0.026



Fig. 4. Spectra of ellipsometric parameter D vs. k (A, B) and time (C, D) for covalent SCoV2-N immobilization and formation of immune complexes with specific anti-SCoV2-N
antibodies. A - the ellipsometric parameter D vs k for covalent SCoV2-N immobilization on 11-MUA SAM: 1- PBS, 2- SCoV2-N partially covered monolayer, 3- simulated
monolayer fully covered by SCoV2-N; B - the ellipsometric parameter D vs. k for SCoV2-N interaction with anti-SCoV2-N and monolayer formation: 10- PBS, 20- anti-SCoV2-N
monolayer, 30- simulated fully covered by anti-SCoV2-N; C - evolution of D in time for SCoV2-N covalent immobilization, and D – for anti-SCoV2-N monolayer formation.
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sis. This model consisted of a thick QCM-D gold substrate, thick-
ness d(gold) = 200 nm, covered by 11-MUA SAM, d(SAM) = 0.8 nm
and d(SCoV2-N) = 5.9 nm SCoV2-N layers. The refractive index disper-
sion of the QCM-D gold-coated sensor substrate was modelled
using B-Spline function [24], 11-MUA SAM was modelled by Cau-
chy dispersion (n = 1.450) and the SCoV2-N monolayer was
described using the Bruggeman effective media approach (EMA)
[22,39–41].

The monolayer of SCoV2-N described as EMA consisted of 66%
PBS (n = 1.333) and of 34% SCoV2-N (n = 1.610). During the regres-
sion analysis for the calculation of the refractive index, the thick-
ness of the monolayer d(SCoV2-N) was a fixed parameter and the
volume fraction of PBS was a free fitting value in the EMA. The
anti-SCoV2-N monolayer was fitted using the same Bruggeman
EMA layer on top of SCoV2-N under the similar procedure. Anti-
SCoV2-N monolayer consisted of 81% PBS and 19% of antibody,
the thickness of this monolayer d(anti- SCoV2- N) = 8 nm was a fixed
value during regression analysis for modelling of n evolution in
time. After that the thickness d(SCoV2-N) and d(anti-SCoV2-N) evolution
in time was performed fixing the refractive index values of fully
formed SCoV2-N and anti-SCoV2-N monolayers (Fig. 5A, B). Anti-
SCoV2-N d(anti-SCoV2-N) obtained from regression analysis of SE data
was further fitted to be 8.1 nm and this value is close to one of the
IgG antibody dimensions, when the antigen-binding sites are in
about 13.7 nm distance [42]. This means that the conformation
of anti-SCoV2-N antibodies on the surface of the formed SCoV2-N
layer is T shape [43]. As the Ab is a flexible molecule and the mean
angle between antibody Fab-Fab arms can differ, the T shape posi-
tion makes it possible to reach small antigens located on the sur-
face far from each other [44] and to establish a tightly bound
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complex [45]. The calculated Dn, d(SCoV2-N) and d(anti-SCoV2-N) evolu-
tion in time for the formation of SCoV2-N and anti-SCoV2-Nmono-
layers are presented in Fig. 5C, D. Calculation of dry layers
thickness d and refractive index changes Dn from the results
obtained by SE allowed us to evaluate the dry surface mass density
for SCoV2-N and anti-SCoV2-N monolayers.

As shown in Fig. 5C, after 70 min, when the SCoV2-N monolayer
was formed, the difference in refractive indexes Dn = (nSCoV2-N -
nPBS) = 0.08. For anti-SCoV2-N, Dn = 0.38 after 70 min (Fig. 5D).
Surface mass densities calculated using SE data (CSE) of SCoV2-N
or anti-SCoV2-N monolayers (CSE

SCoV2-N and CSE
anti-SCoV2-N) pre-

sented in Fig. 5E, F were calculated using de Feijter approach:

CSE ¼ d nlayer � nPBS
� �

dn=dc
� 100 ð1Þ

Here d is the thickness of the formed antigen or antibody monolayer
(SCoV2-N or anti-SCoV2-N), dn/dc is the refractive index increment
for proteins (0.18) [24,40,46]. The evolution of CSE

SCoV2-N and CSE
-

anti-SCoV2-N in time during monolayer formation is presented in
Fig. 5E, and F. CSE for the SCoV2-N and anti-SCoV2-N layers corre-
sponds to the dry mass, without PBS between the proteins. Calcu-
lated dry mass CSE for the SCoV2-N monolayer was 200 ng/cm2

after 70 min and for anti-SCoV2-N (the initial concentration of
specific antibodies was 170 nM) was 167 ng/cm2.

When the SCoV2-N monolayer was formed (after 70 min), the
wet surface mass density calculated using QCM-D data obtained
simultaneously with SE was C = 672 ng/cm2 (Fig. 5E). The CQCM-D

was calculated using Voinova-Voight model in the QSoft401 soft-
ware (Biolin Scientific) [47,48]. After anti-SCoV2-N interaction



Fig. 5. Evolution of the formation of SCoV2-N and anti-SCoV2-N monolayers in time: dry (dSE) and wet (dQCM-D) monolayer thickness versus time for SCoV2-N (A) and anti-
SCoV2-N (B), change of refractive index versus time for SCoV2-N (C) and anti-SCoV2-N (D), and dry (CSE) and wet (CQCM-D) surface mass density for SCoV2-N (E) and anti-
SCoV2-N (F).
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with immobilized SCoV2-N and anti-SCoV2-N monolayer forma-
tion (70 min), wet CQCM-D = 995 ng/cm2 (Fig. 5F). The CQCM-D corre-
sponds to the wet mass and presents the surface mass density for
the monolayer containing SCoV2-N or anti-SCoV2-N molecules,
and PBS. The thicknesses of the SCoV2-N and anti-SCoV2-N wet
layers calculated from QCM-D data modelling were 6.24 nm and
9.55 nm, respectively. Calculated hydration (fPBS) of the protein
layers is presented in Fig. 5E and 5F as the amount of PBS trapped
between the molecules of the SCoV2-N or anti-SCoV2-N.

Using SE in combination with QCM-D, changes in the amount of
PBS between SCoV2-N and anti-SCoV2-N were evaluated simulta-
neously. The hydration was calculated using the following formula
(2) [49]:

f PBS ¼ 1� CSE

CQCM�D ð2Þ

Here fPBS is the amount of PBS between protein SCoV2-N or anti-
SCoV2-N monolayers, CSE - dry mass of SCoV2-N or anti-SCoV2-N,
CQCM-D – wet mass of SCoV2-N or anti-SCoV2-N + PBS. In this case,
the amount of PBS in the SCoV2-N monolayer was close to 0.7 and
for the anti-SCoV2-N monolayer the amount of PBS was 0.83
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(Fig. 5E and F). These values of hydration (amount of PBS) for the
SCoV2-N and anti-SCoV2-N monolayers are in good agreement with
the results obtained from SE data modeling, where the amount of
PBS in the SCoV2-N monolayer was 66% and for anti-SCoV2-N
monolayer it was 81%, respectively.

Assuming that SCoV2-N monolayer is formed as a square shape
site lattice and using simple geometrical considerations, it is possi-
ble to estimate the minimal distance between the SCoV2-N immo-
bilized on the surface (lattice constant dl) using the calculated
hydration (fPBS). Using such a geometrical model, dl can be obtained
from the formula dl = r�(2p/3f)1/2, where r is the radius of the
SCoV2-N molecule of ball-like shape. At r = 3 nm and fPBS = 0.325,
the dl calculated using this formula was about 7.6 nm. Another way
to estimate the dl is to calculate the surface density of SCoV2-N
molecules immobilized on the square unit (cm2) of the substrate.
It can be done by dividing the total mass (mpt) of these molecules
by the mass (mps = 48 kDa) of a single SCoV2-N molecule (‘‘mass”
model). It should be noted that mpt value depends on fPBS and pro-
tein’s density (qp), which can be in the range of 1.22–1.34 g/cm3.
For this reason, the surface density of the square-shaped site lattice
changes from 3.0 1012 cm�2 to 3.3 1012 cm�2 and dl ranged from 6.0
to 5.5 nm correspondingly, which is of the same order as obtained



Fig. 6. Schematic representation (the relative sizes of SCoV2-N and anti-SCoV2-N are not in scale) of the displacement of SCoV2-N approximated by a square lattice. The
lattice constant is the average distance between SCoV2-N molecules of the real monolayer.
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from the geometrical model. The difference in about 20% of dl value
estimated using both ‘‘mass” and geometrical models can be easy
explained taking into consideration that ‘‘mass” model assume
hard packaging of protein material into one SCoV2-N molecule,
meanwhile the geometrical model, which is more close to reality,
is based on soft larger size molecule approach.

Assuming that SCoV2-N monolayer is formed as a square shape
site lattice and using simple geometrical considerations, it is possi-
ble to estimate the minimal distance between the SCoV2-N immo-
bilized on the surface (lattice constant dl) using the calculated fPBS.
The dl can be obtained from the formula dl = r�(2p/3f)1/2, where r is
the radius of the ball-shaped SCoV2-N molecule. At r = 3 nm and
f = 0.3, the dl calculated using this formula was 7.9 nm. The other
important parameter of such a lattice is the diagonal distance
(dd) between the middle of each SCoV2-N molecules, that is, dd = dl
�21/2 = 11.2 nm. Thus, there are two possible ways to attach anti-
SCoV2-N to the SCoV2-N using dl and dd distances. It is evident that
dd is preferable because in this case the anti-SCoV2-N present in T
shape and a distance between the middle of each SCoV2-N mole-
cules is close to 14 nm distance between paratopes. To evaluate
the maximal hydration of the formed monolayer after affinity
interaction of SCoV2-N with anti-SCoV2-N, we used the approxi-
mated square lattice presented in Fig. 6.

As can be seen, the lattice unit is occupied by one SCoV2-N
molecule, one anti-SCoV2-N Fab fragment, and half of the anti-
SCoV2-N Fc unit (two quarters of Fc fragments from two anti-
SCoV2-N). Taking into account that the radius of SCoV2-N is
3 nm and the density of both proteins, i.e. SCoV2-N and anti-
SCoV2-N is the same, we estimated that the diameter of the aver-
age anti-SCoV2-N cross section is about 2 nm. Thus, the total vol-
ume occupied by the proteins in one lattice unit (Vpr) consisting
of SCoV2-N, an anti-SCoV2-N Fab fragment, and half of anti-
SCoV2-N Fc fragment is approximately Vpr = 434 nm3. The volume
of a lattice unit (Vl) 7.9 � 7.9 � 14 nm3 is approximately Vl = 874-
nm3. The height of this lattice unit, i.e., 14 nm, was estimated as a
sum of SCoV2-N monolayer thickness (6 nm) and anti-SCoV2-N
monolayer thickness (8 nm). Thus, the maximal hydration of the
formed SCoV2-N/anti-SCoV2-N complex fcomp = Vpr/Vl � 0.5. This
value is close to fcomp = 0.47 obtained from hydration calculations
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for SCoV2-N/anti-SCoV2-N (for SCoV2-N fcomp = 0.3 (Fig. 5E) and
for anti-SCoV2-N fcomp = 0.17 (Fig. 5F), respectively).

4. Conclusions

SARS-CoV-2 nucleocapsid protein is one of the diagnostic mark-
ers that can be detected earlier than the clinical symptoms appears
in infected patients [50]. Conversely, the detection of specific anti-
bodies against nucleocapsid protein can increase the diagnostic
capacity [51,52]. Based on our results we showed that the mono-
layer formed on the solid–liquid interface as a result of covalent
immobilization of SCoV2-N can be described as a rigid due to
low energy dissipation registered during QCM-D measurement.
In contrary, anti-SCoV2-N monolayer after the interaction with
the covalently immobilized SCoV2-N formed a soft, flexible, and
viscous layer with 3.9 times higher energy dissipation. The flexibil-
ity of the antibody Fab arms allows them to reach the more dis-
tantly located SCoV2-N and to establish a bivalent interaction
between proteins in formed SCoV2-N/anti-SCoV2-N complex. Dif-
ferent methods, such as electron microscopy [8], cryo-electron
tomography [53], small-angle X-ray scattering [49], and other
techniques were used to evaluate the flexibility of antibodies and
conformational variability of the antigen-binding fragments. In this
research we showed that SE/QCM-D can be applied for the evalua-
tion of antibody flexibility and for the selection of antibodies with
the desired properties since this factor limits the assembly of anti-
bodies on the surface with immobilized antigens. The antibody
flexibility can be taken into account for the design of sensitive
immunoassays of different formats whereas distinct types of
immune complexes (closed sandwich-like or the extended linear
complexes of antibodies and antigens) can be formed. It was
showed that in the direct sandwich enzyme-linked immunosor-
bent assay, the rigid enzyme-labeled antibody with dominating
linear arrangement increased the sensitivity of the analytical sys-
tem while more labeled antibody was bound to the same surface
concentration of antigen in comparison to the flexible enzyme-
labeled antibodies [50].

All in all, we have applied and adapted the combination of two
highly surface-sensitive and label-free methods, that enables
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simultaneously to study interaction between novel coronavirus
SARS-CoV-2 nucleocapsid protein and specific antibody at the
solid–liquid interface in real time and to evaluate viscoelastic
properties of formed layers. The obtained results showed that
anti-SCoV2-N flexibility was important factor for the bivalent
interaction with small nucleocapsid protein distantly located from
each other on the solid–liquid interface.
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