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Abstract.  Adhesion of the spike protein of the SARS-CoV-2 virus 
is studied by vibrational spectroscopy using terahertz metamateri-
als. The features of metastructure absorption upon the deposition 
of histidine, albumin, and the receptor-binding domain of the spike 
protein films are investigated. An original technique for quantita-
tive assessment of the efficiency of virus adhesion on the metamate-
rial surfaces are proposed and experimentally tested.
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1. Introduction

In March  2020,  the World Health Organization  recognised 
the infectious disease COVID-19 caused by the SARS-CoV-2 

coronavirus as a pandemic. The outer envelope of the virus is 
formed by a spike (S) protein, the main functions of which are 
specific binding to membrane receptors of cells and adhesion 
to various physical surfaces [1 – 4]. The spike protein consists 
of  two  subunits,  S1  and  S2.  The  S1  subunit,  including  the 
receptor binding domain (RBD), is responsible for binding to 
surfaces [5]. It is assumed that the interaction of the virus with 
the surface is largely due to weak nonspecific intermolecular 
interactions,  including  hydrogen  bonds  [6].  The  relaxation 
times of hydrogen bonds correspond to the terahertz (THz) 
range. The current level of development of the technology for 
generating and detecting THz radiation, as well as the meth-
ods of its application in biophotonics [7], suggests the possi-
bility of using the THz photonics to study the peculiarities of 
adhesion of the spike protein of the SARS-CoV-2 virus. 

An  earlier  study  of  the  contagiousness  of  the  SARS-
CoV-2 virus showed [8] that the survival rate (titre threshold) 
of the virus depends on the physicochemical properties of the 
surface. Moreover, the survival rate on metal surfaces is also 
different for different types of metals. In this regard, there is a 
need to understand the physical mechanisms that ensure the 
interaction  of  the  RBD  S  protein  with metal  surfaces  that 
have different physicochemical properties. 

The methods  of  low-frequency  vibrational  spectroscopy 
play an important role in studying the mechanisms of interac-
tion of  complex molecular  systems with a  surface.  IR spec-
troscopy and Raman spectroscopy (RS) are sensitive to intra-
molecular  vibrations  and  rotations  of  isolated  molecular 
groups of a large number of complex molecules, as well as to 
conformational changes in protein molecules during interac-
tions with other molecules,  in particular during early detec-
tion  of  various  diseases  [9 – 12].  The  use  of Raman  and  IR 
Fourier  transform  spectroscopy  is well  known  for  studying 
the structure and functions of proteins [9 – 11], as well as for 
detecting and identifying viruses [12]. THz time-domain spec-
troscopy  (THz-TDS)  belongs  to  the  modern  methods  of 
vibrational spectroscopy in the region of low interaction ener-
gies, which makes it possible to analyse intermolecular vibra-
tional motions, including those associated with the breaking 
and formation of low-energy hydrogen bonds [7, 13, 14]. The 
mechanism of  the  formation of hydrogen bonds during  the 
interaction of proteins with the surface, observed in the THz 
range, will serve as a selective marker in the study of protein 
adhesion. 

To increase the sensitivity of spectroscopic methods to the 
study  of  thin  molecular  layers,  waveguide  and  plasmon 
devices  are widely used  [15 – 18]. To date,  such plasmonics-
based spectroscopic methods are known as surface-enhanced 
Raman  spectroscopy  (SERS)  [19],  surface-enhanced  IR 
absorption  spectroscopy  (SEIRA)  [20],  and  enhanced  THz 
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spectroscopy  using  artificial metamaterials  [15 – 17,  21 – 24]. 
In this work, we propose a new metamaterial, which is a com-
bination of  the previously described  two-dimensional metal 
structures on a dielectric substrate [25]. We assume that this 
metamaterial  will  make  it  possible  to  study  the  adhesion 
properties of viruses to a metal surface in the THz range. 

Thus, the main goal of our work is to study the adhesion 
properties  of  RBD  S  protein  by  vibrational  spectroscopy, 
namely, THz spectroscopy. The features of vibrational spec-
troscopy of thin molecular layers determine the use of meth-
ods  for  amplifying  the  local  field  to  increase  the  sensitivity 
and selectivity of spectroscopic techniques. The paper demon-
strates the efficiency of using two-dimensional metamaterials 
to study the adhesive properties of viral proteins. A practical 
method  of  using metamaterials  is  also  proposed. For  com-
parison, we studied the adhesive properties of bovine serum 
albumin (BSA), which is close in molecular weight and struc-
ture to the S-protein, and the amino acid histidine, the use of 
which made it possible to demonstrate the effectiveness of the 
proposed  method  for  studying  the  specific  features  of  the 
interaction of complex molecules with surfaces. 

2. Materials and methods 

In this work, we used commercial preparations of BSA and 
histidine (Sigma, USA). RBD of the SARS-CoV-2 virus was 
obtained  from  the Chinese  hamster  ovary  (CHO)  recombi-

nant  line,  purified  and  offered  by  D.V.  Shcheblyakov,  a 
researcher of the Gamaleya Research Institute of Epidemiology 
and Microbiology. 

First, films were deposited on pure silicon or on a meta-
structure,  then the film thickness was measured, and finally 
absorption was measured with a THz time-domain spectrom-
eter [26,  27]. Sample preparation stages are shown in Fig. 1. 
Their detailed description will be given below. 

2.1. Sample preparation by the ‘immersion in solution’ 
method

The  obtained  samples  of  silicon  or  metastructure  were 
immersed  in an aqueous solution of  the substances studied. 
The concentration of the solutions was 0.14 mg mL–1 for his-
tidine, 0.645 mg mL–1 for BSA, and 3.5 mg mL–1 for RBD. 
The time of keeping the samples in the solution was 5 s, then 
the sample was taken out and dried for 5 min at a temperature 
of 22 °С. After each drying, the absorption of THz radiation 
by the sample was measured. Samples were immersed in each 
solution five times. 

2.2. Sample preparation by the sublimation method 

The sublimation method is based on a first-order phase tran-
sition  from  the  crystalline  state  of  a  substance  to  the  gas 
phase,  followed by deposition on  the  structure under  study 

Sample

Immersion Sublimation

Sample preparation

THz metastructure

Silicon, THz metastructure with film

Atomic force microscope Ellipsometry

Silicon, metastructure with known film thickness

THz-TDS
of silicon with film

Thickness measurement

THz-TDS

Silicon

THz metastructure

Silicon

Quartz sensor

THz-TDS
of metastructure with film

Figure 1. Sample preparation technique for THz-TDS.
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[28]. This method was used  to deposit histidine  films under 
vacuum conditions. The process was carried out using a cell 
for the sublimation of organic materials (OME 40-2-25-S, Dr. 
Eberl MBE-Komponenten GmbH, Germany). Histidine was 
placed  in  a  cell  in  an  ultrahigh  vacuum  –  6 ́   ´´´  10–8  mbar. 
Samples placed in the same vacuum chamber were subjected 
to preliminary annealing at a temperature of 150 °С. The cell 
with histidine was heated up to a sublimation temperature of 
186 °С. The thickness of the histidine layer, measured with a 
quartz  sensor,  linearly depends on  the  sublimation  time,  as 
shown in Fig. 2. The figure also shows an image of the meta-
structure obtained using an optical microscope with a magni-
fication of 100´, with histidine deposited on it during 40 and 
75 min. 

2.3. Film thickness determination method 

The thickness of the films was determined by three indepen-
dent  methods:  using  a  vacuum  atomic  force  microscope  
(VT-AFM  XA,  Omicron),  a  quartz  sensor  (STM-100/MF,  
Sycon)  for  deposited  films,  and  ellipsometry    method 
(SE400adv, Sentech). Note that when the metastructure and 
silicon  were  immersed  in  solutions  of  histidine,  BSA,  and 
RBD S protein, the thickness was measured only by the ellip-
sometry method. 

Ellipsometry  allows  analysing  the  complex  reflectance 
based on the tangent of the angle tanY(l), equal to the ratio 
of the attenuation of the scalar amplitudes of the s and p com-
ponents, as well as the phase shift D(l). These quantities can-
not be directly converted into optical parameters, and, there-
fore, an approximation of the experimental data is required. 
As the latter, we used the Cauchy model [29]: 

( )n A B C
2 4l
l l

= + + ,  (1)

k(l) = 0,  (2)

where A, B and C are fitting parameters; and n(l) and k(l) are 
the  real and  imaginary parts of  the  refractive  index.  In  this 
case, the film thickness d is determined from the relation:

tanY(l)exp[iD(l)] = F(Ns(l), Nf(l), 
d
l ),  (3)

where Ns(l) = ns(l) – iks(l) and Nf(l) = nf(l) – ikf(l) are the 
complex refractive  indices of  the substrate and film, respec-
tively.

2.4. IR spectroscopy method

The IR transmission spectrum of RBD S protein in the form 
of  a  lyophilised  powder  was measured  using  a  commercial 
Nicolet  6700  spectrometer  with  a  spectral  range  of  50 – 
4000 cm–1 in transmission mode. 

2.5. THz-TDS methods 

Intermolecular  interactions were  studied using a THz  time-
domain spectrometer fabricated at the Lomonosov Moscow 
State University, the design and characteristics of which were 
described  in  detail  in  [26,  27].  Sample  characteristics  were 
measured in transmission mode. 

At a THz pulse energy of 10–1 pJ, the experimental sig-
nal-to-noise ratio was 102 in the 0.2  – 2.5 THz range with a 
spectral resolution of 20 GHz. The humidity inside the THz 
spectrometer   was 30 %. The spectral characteristics of 
the samples in the indicated range were calculated based on 
the formulae below. 

The dependence of  the field amplitude on the frequency 
E( f  )  is determined using  the Fourier  transform of  the  time 
profile of the THz pulse E(t):

E( f  ) = FFT(E(t)).  (4)

The transmittance of the sample is calculated as the ratio 
of the field amplitude passing through the sample to the field 
amplitude in the absence of the sample (reference signal):

( ) ( )
( )

.T f E f
E f

ref

sam=   (5)

Hence, for the absorption index of the sample a, we obtain 
the expression

[ ( )] ( )ln ln
d

T f R1 2

a =
- + - ,  (6)

where R = (nav – 1)/(nav + 1) is the reflection coefficient; nav =  
1 + Dtc/d is the average refractive index; and Dt is the delay of 
the pulse when passing through the sample. 

2.6. Preparation of THz metamaterials

To increase the sensitivity of THz spectroscopy to the pres-
ence of RBD S protein molecules on the surface, a metastruc-
ture was developed, which has two absorption resonances at 
frequencies  of  0.85  and  1.06  THz.  The  calculation  of  the 
metastructure parameters, as well as its main optical and elec-
tromagnetic characteristics was carried out in the CST Studio 
Suite  software  package. The metastructure  is  a  two-dimen-
sional structure consisting of a silicon substrate 300 mm thick 
and an aluminium layer 200 nm thick in the form of a pattern 
(an array of figures). Since silicon is transparent in the THz 
range,  it  is  used  as  a  substrate  [30].  The  pattern  should  be 
made  of  a  material  with  high  conductivity  and  complex 
dielectric constant in the THz frequency range. Metals such 
as  gold  and  aluminium  meet  these  requirements  [22,  24]. 
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Figure 2. Film thickness versus sublimation time. The  inset  shows an 
image of a metastructure with a histidine film deposited on it, obtained 
using an optical microscope with a magnification of 100´, the film de-
position time being 40 and 75 min.
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Despite the fact that the conductivity and complex dielectric 
constant of gold are higher, in this work the pattern is made 
of aluminium, because this material is more economical, and 
the presence of oxide on its surface can be taken into account 
at the stage of structure modelling [31]. We chose a modified 
pattern of split-ring resonators (SRRs), consisting of a square 
inner  ring  and  an  outer  half-ring,  since  the  reasons  for  the 
appearance  of  resonances  for  this  pattern  are  well  studied 
[32,  33]. In addition, this type of metastructure allows the cre-
ation of resonances in absorption spectra that are sensitive to 
the presence of films. This is possible due to the high concen-
tration of the electric field lines in the gap regions, which gives 
rise to narrow resonances in the THz absorption spectra. The 
geometry of the structure is shown in Fig. 3. The structures 
were  fabricated  by  explosive  metallisation  (liftoff)  with  a 
LOR9/S1813  double-layer  photoresist  mask  exposed  using 
contact  photolithography  (Suss  MJB4)  at  the  National 
Research Nuclear University MEPhI. The deposition of alu-
minium was  carried out by  the method of  vacuum  thermal 
sputtering on a Kurt Lesker PVD75 facility at a residual gas 
pressure of 10–6 Torr.

3. Results and discussion

3.1. IR spectroscopy of RBD S protein 

The nature of  intramolecular  interactions  is associated with 
molecular vibrations. The presence of characteristic  lines  in 
the  IR  spectra  indicates  the  presence  of  the  corresponding 
atomic group or bond in the molecule. In the case of proteins, 
the study of vibration processes in a molecule makes it possi-
ble to obtain information about its conformational modifica-
tions [8]. 

It was mentioned earlier that the method of IR spectros-
copy makes  it  possible  to  study  the  intramolecular  interac-
tions  inherent  in a particular molecule. The spectra of both 
the S, S1 proteins and the RBD S protein of the SARS-CoV-2 
virus were studied by IR spectroscopy earlier [34]. However, 
the results of IR spectroscopy for the RBD S protein obtained 
from the CHO culture are currently absent in the literature; 
therefore, the IR absorption spectrum of this substance is pre-
sented for the first time in this work in Fig. 4. The positions of 
most of the absorption lines (at frequencies of 949, 1159, 1467, 
and 1699 cm–1) coincide with those given in Ref. [34], where 

the RBD S protein obtained from other cultures was studied. 
The main  differences  appear  in  the  range  3250 – 3500  cm–1, 
which corresponds to the stretching of the O – H bond. 

3.2. THz-TDS of RBD solutions and films 

Since  low-energy  hydrogen  interactions  occur  in  the  THz 
range, THz spectroscopy can be used as a method for detect-
ing  intermolecular  interactions. We  have  previously  shown 
that  THz  spectroscopy  is  sensitive  to  relaxation  processes 
occurring  in  protein  solutions  [35 – 37].  A  noticeable  and 
reproducible effect of protein on the THz response of water is 
observed at protein  concentrations  above  10 mg mL–1  [36]. 
The absorption indices of water, solutions of histidine, BSA, 
and  RBD,  averaged  over  three  measurements,  were  calcu-
lated using Eqns (4) – (6) and are shown in Fig. 5. It can be 
seen  that  the  differences  in  the  absorption  indices  of water 
and solutions are less than the measurement error. This sug-
gests that, without additional methods of field amplification, 
THz-TDS cannot give a reliable result when analysing vibra-
tional  spectra  in  solutions  with  a  low  concentration  of  the 
substances under study. 

We also measured the THz absorption of a 380-mm-thick 
pure  silicon  substrate.  Then  it  was  immersed  in  previously 
measured  solutions  of  histidine,  BSA  and  RBD.  Figure  6 
shows the absorption spectra of thin films of histidine, BSA, 
and RBD deposited on a silicon substrate. The differences in 
these spectra are small, which makes it impossible to identify 
differences  in  the  transmission  spectra  of  films  of  different 
thicknesses.  In  this  regard,  the  study  of  thin  films  by  the 
method of THz-TDS is not possible, since the contribution of 
thin films to the total spectrum is too small.

3.3. THz spectroscopy of RBD S protein films deposited on 
metamaterials

To increase the sensitivity of vibrational spectroscopy meth-
ods, new methods based on plasmonics have been developed, 
for  example,  SERS  [19],  SEIRA  [20],  and  THz  sensorics 
[21 – 24], which make it possible to increase the response sig-
nal from the substance applied to the sensor, by tens to thou-
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Figure 3. Geometry of the THz metastructure. The substrate material is 
silicon; the material of the conductive layer is aluminium.
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sands  times. We  study  the adhesion properties of  the RBD 
viral S-protein, BSA and histidine using THz-TDS in combi-
nation with metastructures  adapted  for  the  THz  frequency 
range. The adhesion mechanism is based on the formation of 
hydrogen bonds between RBD and the metal surface of the 
metastructure. 

Figure 7 shows the results of computer simulation of the 
absorption  index  of  the metastructure  and  its  experimental 
spectrum  in  the  range 0.2 – 1.4 THz. The experimental data 
repeat the simulation data with high accuracy. By high accu-
racy, we mean the degree of coincidence of resonances, which 
is calculated as Fmod/Fexp ́  100 % and amounted to 99.6 % ± 
0.1 %.

The  structure we have developed has  two  resonances  in 
the  absorption  spectra.  The  resonance  at  a  frequency  of 
0.85  THz  is  excited  in  the  region  of  the  gap  and  is  called 
inductor-  capacitor  resonance  (LC  resonance), which arises 
from the accumulation of charge in this region on the outer 
ring. The dipole resonance at a frequency of 1.06 THz is due 

to the lattice constant of two conducting circuits and does not 
depend on the polarisation of the incident THz wave [38].

Based on the dielectric characteristics of the metastructure 
materials (conductivity, permittivity), its dimensions, as well 
as taking into account the direction of propagation of radia-
tion and its polarisation, the electric field distribution on the 
developed metastructure  surface  at  frequencies  of  0.85  and 
1.06 THz was simulated (Fig. 8). From the data on the electric 
field distribution on the metastructure surface, it can be seen 
that the maximum at a frequency of 0.85 THz is polarisation-
dependent.  This  is  due  to  the  asymmetry  of  the  structure, 
which creates a resonance at the indicated frequency. The cal-
culated  electric  field  strength at a  frequency of 1.06 THz  is 
~128 V m–1 for both s- and p-polarised incident radiation.

The developed metastructure, in comparison with the one 
presented in Ref. [39], demonstrates a higher field strength in 
the  region  of  the  gap  at  resonance  frequencies. Moreover, 
such  a  metastructure  has  two  resonance  frequencies,  the 
mechanisms  of  the  changes  in which  are  different  for  each 
type of film, in contrast to metastructures with one resonance 
frequency [16]. 

Figure 9 shows the results of an experiment on measuring 
the absorption index of a metastructure with deposited histi-
dine, BSA, and RBD films of various thicknesses. A shift of 
the resonance frequency to the low frequency region and an 
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increase in the absorption index are observed for each reso-
nance, due  to an  increase  in  the  layer  thickness of different 
substances  with  their  characteristic  permittivities.  In  addi-
tion, as the film thickness increases, the FWHM for each res-
onance decreases. 

Figure 10 shows the frequency shift and the change in the 
absorption  index  relative  to  the  initial  resonance  position. 
These values were calculated by the formulae

Fshift = Fwithout film – Fwith film,  (7)

Ashift = Awith film – Awithout film,  (8)

where  Fwithout  film  and  Awithout  film  are  the  frequency  and 
absorption index at the resonance frequency in the absence of 
a  film,  respectively;  and Fwith  film  and Awith  film  are  the  fre-
quency and absorption  index at  the  resonance  frequency  in 
the presence of a film.

Note  that  at  a  frequency  of  0.85  THz,  the  absorption 
index of the histidine film is lower than the absorption index 

in the absence of the film. This nonlinearity can be associated 
with the presence of a characteristic histidine resonance at a 
frequency  of  0.79  THz.  The  resonance  at  a  frequency  of 
0.85 THz is more sensitive to changes in the thickness of the 
RBD S protein film.

3.4. Determination of the adhesion efficiency of organic films 
by THz-TDS and spectrophotometry 

The proposed method for determining the adhesion efficiency 
of the RBD S protein on the metastructure surface is based on 
a  comparison  of  two  independent  measurement  results 
obtained by THz -TDSy and spectrophotometry in the region 
of 185 – 1800 nm. The metastructure transmission after each 
stage of film extraction was measured by THz-TDS, while the 
transmission of a 1-cm  liquid  layer  in which  the  films were 
extracted was measured with a spectrophotometer (UV-3600, 
Shimadzu, Germany). Film  extraction  is  understood  as  the 
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process of immersing a metastructure with a film into a liquid 
for  a  specified  time.  The  extraction  times  in  liquids  were 
obtained experimentally. The  stages of extraction and THz 
absorption measurements  of  the metastructure with  depos-
ited films, as well as the process of spectrophotometric trans-
mission measurements  of  solution  after  extraction,  is  sum-
marised in the protocol shown in Fig. 11.  

The THz  absorption  spectra  of  the metastructure  upon 
successive film extraction are shown in Fig. 12. Resonances of 
absorption indices approach the resonances characteristic of 
a pure metastructure at each extraction stage. Changes in the 
absorption index and the position of resonances of the meta-
structure during sequential  extraction were calculated using 
Eqns (7), (8) and are shown in Fig. 13. The thicknesses of the 
films after the extraction stages were not measured. It can be 
seen  from  Fig.  13  that  a  shift  of  absorption  resonances  is 
observed at each stage of extraction. Note that the frequency 
shifts for resonance at a frequency of 0.85 THz and changes in 
the absorption index for resonance at a frequency of 1.06 THz 
are more sensitive to the RBD extraction process. 

The  transmission  spectra  of  liquids  after  each  stage  of 
extraction, obtained using the spectrophotometric method in 
the range 185 – 1800 nm, are shown in Fig. 14. To determine 
the concentration Cex of  substances  extracted  from the  sur-
face of  the metastructure, we measured  the  transmission of 
histidine solutions with concentrations of 0.06 – 0.01 mg mL–1 
at l = 211 nm, as well as BSA and RBD with concentrations 
of 1.0 – 0.02 mg mL–1 and 2.2 – 0.01 mg mL–1 , respectively, at 
l = 280 nm. The obtained dependence of the concentration of 
the solution on the transmission made it possible to calculate 
the concentrations of proteins extracted from the metastruc-
ture  (RBD  S  protein  and  BSA)  and  histidine  in  solutions 
according to the formula

Cex  =  k
D ,  (9)

where  the  concentration  of Cex  is  taken  in mg mL–1; D = 
lg(I0/I ) is the optical density at l = 210  nm for histidine and 
at l = 280 nm for BSA and RBD; I0 and I  are the intensities 

0.5 1.0 1.5 2.0 2.5 2.5

Frequency/THz

60 60

0

20

40

60

80

100

100

0.5 1.0 1.5 2.0 2.5 3.0
Frequency/THz

A
b

so
rp

ti
o

n
 in

d
ex

/c
m

-1

A
b

so
rp

ti
o

n
 in

d
ex

/c
m

-1

A
b

so
rp

ti
o

n
 in

d
ex

/c
m

-1

A
b

so
rp

ti
o

n
 in

d
ex

/c
m

-1

A
b

so
rp

ti
o

n
 in

d
ex

/c
m

-1

A
b

so
rp

ti
o

n
 in

d
ex

/c
m

-1

0

20

40

60

80

0.5 1.0 1.5 2.0

Frequency/THz

0

50

100

125

a

b c

Frequency/THz
0.70 1.00 1.15

30

90

0.85
Frequency/THz

0.70 1.00 1.15
30

90

0.85

with RBD film 
water, 5 min
water, 8 min + US
alcohol, 5 min
alcohol, 8 min + US
without film

25

75

with BSA film 
water, 5 min
water, 8 min + US
alcohol, 5 min
without film

Frequency/THz
0.70 1.00 1.15

30

60

90

0.85

with histidine film
water, 5 min
water, 8 min + US
alcohol, 5 min
without film

Figure 12. (Colour online) Absorption index of the metastructure with (a) histidine, (b) BSA, and (c) RBD films in the THz range with sequential 
extraction in water and alcohol.



  M.R. Konnikova, O.P. Cherkasova, T.A. Geints, et al.10

of  the  incident  and  transmitted  radiation,  respectively;  and 
k  is  the  slope of  transmission versus  solution concentration 
curve, which was 0.0316 for RBD (l = 280 nm), 40.7 for his-
tidine (l = 210 nm), and 0.597 for BSA (l = 280 nm).

To compare the concentrations of proteins extracted from 
the metastructure (RBD S protein and BSA) and histidine in 
solutions, they were normalised to the initial concentration of 
the solution using the formula C = (Cex/Сinit) ́  100 %, where 

0

4

6

8

12

10

2

0.85 THz, histidine
1.06 THz, histidine
0.85 THz, BSA
1.06 THz, BSA
0.85 THz, RBD
1.06 THz, RBD

A
sh

if
t/c

m
-1

a

0

0.85 THz, histidine
1.06 THz, histidine
0.85 THz, BSA
1.06 THz, BSA
0.85 THz, RBD
1.06 THz, RBD

-0.01

0.01

0.02

0.03

F
sh

if
t/T

H
z b

with
film

water,
5 min

water,
8 min

alcohol,
5 min

alcohol,
8 min

without
film

with
film

water,
5 min

water,
8 min

alcohol,
5 min

alcohol,
8 min

without
film

Figure 13. (Colour online) (a) Change in the THz absorption index Ashift and (b) frequency shift of THz resonances Fshift of the metastructure during 
sequential extraction of sample layers from the surface of the metastructure. The horizontal axis indicates the stages of extraction. The results were 
obtained by averaging over three independent measurements with an error of 5 % – 6 % for each experimental point.

200 240 280
Wavelength/nm

0

0

40

40

20

60

80

100
80

T
ra

n
sm

is
si

o
n

 (
%

)

T
ra

n
sm

is
si

o
n

 (
%

)

300 900 1500 2100

Wavelength/nm

histidine
water
water, 5 min
water, 8 min + US
alcohol
alcohol, 5 min
alcohol, 8 min + US

200 240 280
Wavelength/nm

0

0

40

20

60

80

100

T
ra

n
sm

is
si

o
n

 (
%

)

T
ra

n
sm

is
si

o
n

 (
%

)

300 900 1500 2100

Wavelength/nm

RBD
water
water, 5 min
water, 8 min + US
alcohol
alcohol, 5 min
alcohol, 8 min + US

200 240 280
Wavelength/nm

0

0

40

40

20

60

80

100
80

T
ra

n
sm

is
si

o
n

 (
%

)

T
ra

n
sm

is
si

o
n

 (
%

)

300 900 1500 2100

Wavelength/nm

BSA
water
water, 5 min
water, 8 min + US
alcohol
alcohol, 5 min
alcohol, 8 min + US

50

100

a b

c

Figure 14. (Colour online) Transmission spectra of liquids in contact with the metastructure with (a) histidine, (b) BSA, and (c) RBD films.



11Study of adsorption of the SARS-CoV-2 virus spike protein by vibrational spectroscopy using terahertz metamaterials

Сinit  are  the  concentrations of  initial  solutions  in mg mL–1. 
The  concentrations  of  proteins  washed  off  from  the meta-
structure (RBD S protein and BSA) and histidine in solutions 
after each extraction stage are shown in Fig. 15. It can be seen 
that BSA and histidine are more strongly extracted into the 
liquid  at  the  first  extraction  stage  (5  min  in  water),  and 
changes in concentrations at the last extraction stage [8 min in 
alcohol with  cleaning  by  ultrasound  (US)]  are  insignificant 
compared to the previous stage. This can be interpreted as the 
cleaning of  the metastructure  from BSA and histidine  films 
below  their  detection  threshold. For RBD,  an  inverse  rela-
tionship  is  observed:  significant  changes  in  concentration 
occur at the stages of ultrasonic cleaning both in water and in 
alcohol. Note that insignificant changes in concentration rel-
ative to the previous stage of extraction for RBD are observed 
later, which  indicates a higher efficiency of adhesion of this 
substance to the metastructure as compared to BSA and his-
tidine.

Also,  from  Fig.  15,  the  total  concentration  of  proteins 
extracted from the metastructure (RBD S protein and BSA) 
and histidine in water and alcohol solutions was qualitatively 
determined, which was 2.4 % for histidine, 6.1 % for BSA, and 
28.2 %  for RBD. Analysis  of  the  obtained  total  concentra-
tions shows that the conclusion about a relatively high effi-
ciency of RBD adhesion is not obvious in the absence of joint 
THz absorption measurements of metastructures with depos-
ited film substances, since a low total concentration (for histi-
dine  and  BSA)  may  indicate  that  the  substance    is  not 
extracted by the selected methods. However, the position of 
the  THz  resonance  and  the  absorption  index  are  restored 
faster  for metastructures with  deposited BSA  and  histidine 
films, which  confirms  the  qualitative  results  of  spectropho-
tometry  and  the  conclusion  about  the  relatively  high  effi-
ciency of RBD adhesion. 

Analysis  of  the  change  in  the  absorption  index  and  the 
frequency shift of THz resonances of metastructures during 
sequential  film extraction shows that  the resonances of    the 

metastructure are restored faster for histidine and BSA,  than 
for RBD. It  is  important to note that the restoration of the 
resonance frequency and absorption index for metastructure 
resonances occurs by 95 %, which imposes restrictions on the 
permissible number of operations of  the metastructure. We 
assume that the incomplete restoration of the spectra may be 
associated  with  the  presence  of  residual  molecules  on  the 
metastructure;  however,  repeated  immersion  of  pure  struc-
tures  in  the  liquid  does  not  cause  any  changes  in  both  the 
spectrophotometric results and the results of THz absorption 
measurements of the metastructure. 

An independent experiment using the spectrophotometric 
method  confirms  the  results  obtained  by  the  THz-TDS. 
Changes in the concentration of RBD solutions are observed 
after all extraction stages, while for histidine and BSA, there 
are  no  changes  in  concentration  after  the  extraction  stage, 
which includes immersion in water with ultrasonic cleaning. 

4. Conclusion

In this work, we investigated the features of the RBD S pro-
tein  of  the  SARS-CoV-2  virus  adsorption  on  surfaces  by 
vibrational  spectroscopy  using  THz metamaterials.  The  IR 
spectra of the RBD S protein obtained from the CHO culture 
were measured for the first time. A comparative study of the 
THz spectra of the RBD S protein, BSA protein, and amino 
acid histidine was carried out. To  increase  the sensitivity of 
THz-TDS, we  have  developed  a THz metastructure  that  is 
spectrally sensitive to the presence of the RBD S protein, BSA 
protein, and the amino acid histidine on its surface. Terahertz 
spectroscopy was used to study thin films of histidine, BSA, 
and RBD on the surface of the metastructure. The  metastruc-
ture absorption spectra in the presence of  each type of films 
under  study demonstrate  clearly distinguishable  topological 
differences,  which  show  resonance  frequency  shifts  and 
absorption index changes with increasing film thickness. An 
original  technique  for  studying  the  adhesion  properties  of 
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Figure 15. (Colour online) Concentration of proteins washed off from the metastructure (RBD S protein and BSA) and histidine in solutions at 
each stage of extraction: extraction (a) in water and (b) in ethyl alcohol. The horizontal axis shows the stages of extraction.
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RBD  is proposed,  based on an  independent  comparison of 
the  spectral  characteristics  of  the  metastructure  during 
sequential extraction of the deposited film. When comparing 
the adhesion properties of histidine, BSA, and RBD by THz 
spectroscopy using a metastructure, it was revealed that RBD 
has the most effective adhesion among the set of three studied 
substances. The high adhesion efficiency of RBD is also qual-
itatively  confirmed  by  an  independent  spectrophotometric 
method.
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