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Abstract — In the paper a standard multiwell plate structure was utilized to determine the concentration of human serum albumin in
water solutions and enzymatic reaction mixtures. This study marks the first application of the multiwell plate structure as a resonant
metasurface unit cell through numerical simulation using the COMSOL Multiphysics software. By adjusting the operating parameters
of the proposed multiwell plate (MWP) metasurface, resonance phenomena within the microwave range could be observed. The
complex permittivity (CP) values of the tested solutions, obtained experimentally using the microwave dielectrometry method, were
employed for the MWP metasurface modelling. The correspondence between the resonance frequency shifts of the MWP metasurface
and the changes in CP values of the tested solutions was demonstrated. For the convenience of the protein concentration determination,
the concentration calibration graph was proposed. Our approach enables the detection of protein concentration in the reaction mixture
after 60 minutes duration of the enzymatic reaction course. The study demonstrated the customization of metasurface dimensions to
enable interaction with electromagnetic waves at specific frequencies. The availability of standard multiwell plates in different sizes
allows for testing solutions across various frequency ranges.
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I. INTRODUCTION
The protein concentration determination, in
particular determination of the most abundant
human blood plasma protein, human serum
albumin (HSA), is one of the most requested
diagnostic procedures in clinical laboratories.
Abnormal HSA concentration indicates various

human pathological conditions such as
cardiovascular disease, hypertension, renal
disease, etc. [1, 2]. For biochemical

determination of the quantities of the proteins in
human blood samples in biomedical laboratories
the numerous variations of multiwell plates,
such as the 96-well plate [3] are used. Evaluation
of the proteins concentration is important not

just for medical diagnostics, but also for a
number of technological processes in
pharmaceutical and food industries. One of the
biotechnological stages of the production of
vaccines, medicines and food products is the
monitoring of the enzymatic reaction of proteins
hydrolysis  that includes the accurate
quantitative protein determination in the
enzymatic reaction mixture [4].

The classical laboratory measurements,
including enzyme-linked immunosorbent assay
(ELISA) and UV-Vis spectrophotometry
method, have been employed to study the
enzymatic reaction [5, 6]. This approach has a
discrete character: it does not provide
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operational control of the protein concentration
during the hydrolysis reaction. It requires
regular sampling from the reaction zone, which
can lead to its contamination [7].

Monitoring the course of enzymatic
reactions of protein hydrolysis is important for
several reasons. Firstly, it provides insights into
the kinetics and mechanisms of the enzymatic
process. By tracking the progression of the
reaction over time, researchers can understand
how enzymes interact with proteins, how fast the
hydrolysis occurs, and any intermediate steps
involved. This knowledge is valuable for
studying enzyme function, designing new
enzymes, and optimizing enzymatic processes in
various fields such as biotechnology,
pharmaceuticals, and food processing [8].
Secondly, monitoring enzymatic reactions of
protein  hydrolysis  allows  for  the
characterization of reaction products. Enzymatic
hydrolysis of proteins generates a mixture of
peptides and amino acids, which may have
different biological activities or industrial
applications [9].

Moreover, monitoring enzymatic reactions
of protein hydrolysis can be used in diagnostic
assays. By monitoring enzymatic reactions,
changes in reaction rates or patterns can be
observed, providing valuable diagnostic
information. For example, altered enzymatic
activity in certain cancers [10] or digestive
disorders [11] can be detected and monitored
through changes in protein hydrolysis.

From the above, it follows that the
understanding and real-time characterization of
enzymatic reaction progress is crucial for the
quantitative monitoring of the analyte in the
enzymatic reaction mixtures.

Application of a wide spectrum of physical
methods, including radio physical methods for
biomedical sensoring provides significant
progress in the field of biomedical sensors
development. New types of materials and
sensing devices based on them called
metamaterials [12, 13] and metasurfaces [14],
have been proposed. Sensor platforms based on
the surface plasmon resonances (SPR) are
applied for high sensitive biological and
chemical sensing for detection of a number of
analytes, including proteins, toxins, drug
residues, and chemical contaminants [15, 16].

Plasmonic infrared metamaterials are applied
for  specific  detection of individual
biomolecules, such as immunoglobulin G (1gG)
and protein A/G, whose resonant response can
be accurately obtained due to the vibrational
properties of these biomolecules [17]. But
during the manufacture and in the working
process of SPR metamaterial, technological
limitations are associated with fabrication at the
nanometer scale and also, metal elements of the
metamaterial can be oxidized leading to
waorsening sensing properties [18].

All-dielectric metasurface-based sensors
are very popular because they have negligible
Ohmic losses, and they were proposed as
alternative material to the metallic plasmonic
metamaterials [19, 20]. One of the application
areas of the all-dielectric metasurfaces-based
sensors is the detection of bioobjects and the
quantitative biomolecule determination in the
tested samples. In the recent research the authors
show that the all-dielectric metasurface with
graphene monolayer is more stable, sensitive,
and harmless for nucleic acid absorption with
the ability to regulate the operating frequency of
the biosensor by scaling the dimensions of the
all-dielectric meta-atom [21].

We performed a comprehensive study using
the developed by our team microwave
dielectrometry approach and setup for HSA
concentration determination in solutions using
the microwave dielectrometry technique and
developed experimental setup [22-24]. The
microwave range is more suitable for studying
samples, the main part of which consists of
water. The microwave operating range of
biosensors-based measuring system is more
applicable for water solutions characterization
because the maximum frequency dispersion of
the complex permittivity (CP) of water and
water solutions is located in microwave spectral
range [25].

The main task of the current work is the
numerical modelling of the MWP metasurface
for determination of HSA concentration in
different samples and for examining of the
progress of enzymatic reaction of HSA
hydrolysis using the CP values of the tested
solutions previously obtained by our microwave
dielectrometry experiments. Using the multiwell
plate structure, we exclude the contact of the
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liquid of the samples with metal elements of the
metal-dielectric metasurfase, which excludes (in
the case of practical usage of such sensing
elements), the oxidation of metal elements of the
metasurface.

Il. MATERIAL AND METHODS

Our previous microwave dielectrometry
measurement results showed the practicability of the
differential cavity cells for real-time monitoring of the
enzymatic reaction of the protein hydrolysis in the
reaction mixture [23]. Static concentration
measurements of the HSA-water solutions and
dynamic measurements of the enzymatic reaction of
the HSA hydrolysis, depending on the enzymatic
reaction time at 31.82 GHz, were carried out [23]. We
use the microwave differential dielectrometry method
to determine the CP of water-protein solutions and
water-protein with trypsin enzymatic reaction mixtures
at room temperature.

The reaction of protein hydrolysis occurs by adding
the hydrolytic enzyme trypsin into the water-protein
solution. Destruction of the protein by trypsin during
the hydrolysis reaction course decreases protein
concentration in the reaction mixture. The protein
concentration changes as an independent process
during the protein hydrolysis reaction. The real-time
protein concentration determination in the enzymatic
reaction mixture is a significant problem.

Tested samples

In the numerical modelling of the MWP
metasurface, we use CP data of such tested solutions:
1) water solutions of the protein HSA with the
concentrations of 25, 50 and 100 mg/ml; 2) the reaction
mixtures of the protein HSA with concentrations 100
mg/ml and trypsin 1 mg/ml from bovine pancreas. The
enzymatic reactions process was monitored
within 60 minutes. The CP values of the tested
solutions obtained by wuse the microwave
dielectrometry method [22-24]. We use the initial
solution of the HSA with concentration of 200 mg/ml
for prepare its dilutions and obtained the CP values of
these tested solutions for construct the concentrations
calibration graph (see Fig. 5 below). Trypsin was
used in lyophilized form with the concentration of 1
mg/ml. The studied protein HSA and enzyme trypsin
are the medicines produced by the Immunobiological
pharmaceutical company “Biopharma” and “Merck”,

respectively. The CP of the tested solutions was
obtained at room temperature of 22+1°C.

The MWP metasurface geometry

The modelling of the design and working
parameters of the resonant MWP metasurface
operating in the microwave frequency range was
carried out. Fig. 1 shows the MWP metasurface
geometry: unit cell structure of the multiwell plate,
perspective view (a) and top view (b). The COMSOL
numerical simulation of the MWP metasurface with
the periodic boundary conditions of the unit cell of the
multiwell plate for protein concentration determination
during the enzymatic reaction of the protein hydrolysis
course was carried out. A plane wave is given along the
z direction, which is normally directed relative to the
MWP metasurface. The boundary conditions are
periodic along X and y directions.

@)

W W

Fig. 1. The MWP metasurface unit cell structure: perspective
view (a); top view (b). The numbers correspond: 1 — polycarbonate

(&' =29, £" =0.01), 2—polyamide (&' =35, £" =0.0027),3—
the tested liquid layer with the thickness of L

All-dielectric multiwell plate geometry was chosen
as the design of the metasurface structure, which does
not require manufacturing. The multiwell plate is a
standard construction of the 96-well cell for ELISA
studies for various laboratory diagnostics. The width,
height, and diameter values of the proposed multiwell
plate unit cells structure are equal to W =85 mm, H
=12mmand D =6.75 mm, respectively.

1. RESULTS AND DISCUSSIONS

A. Optimal operating parameters for MWP
metasurface modelling

The selection of operating parameters for
modelling a metasurface in the microwave range
involves several considerations. Here are a few
key factors we considered: 1) Frequency range:
determine the desired frequency range for the
metasurface application in the microwave
frequency range. 2) Resonant behaviour:
defined the resonant behaviour required for the
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metasurface, such as the desired resonant
frequency and the desired response.

Numerical modelling of the MWP
metasurface with optimal thickness of the liquid
layer L of the tested solutions was carried out.
We use the multiwell plate structure
implemented as a resonant metasurface unit cell
simulation in the microwave ranges. Fig. 2
shows the frequency dependence of the wave
reflection S,, of the MWP metasurface on
thickness liquid layers. We observe that
increasing the water layer thickness L leads to
the decrease and shift of the resonance
frequency of the wave reflection S, of the

MWP metasurface.

TR /
2204 2 J
/ MWP
2 251
w liquid layer, mm
304 A\ —o01
—0.12
0.15
354 0.17

30110 30i15 30120 30125 30i30
F, GHz
Fig. 2. The wave reflection S, of the MWP metasurface

with tested liquid (water) for some thickness liquid
layers.

Fig. 3 shows the Q -factor of the resonance
frequency S, of the MWP metasurface on

thickness liquid layers L as in Fig. 3. With
increase of the Q-factor of the resonance
frequency it indicates that the metasurface with
decreasing the water layer thickness enhances
the reflection coefficient of the MWP
metasurface. Resonance with a high Q -factor is
more desirable when modelling sensors based
on the metasurface. The highest Q -factor of the

resonance frequency S,, observe for the water

layer thickness of L = 0.12 mm of the MWP
metasurface unit cell. This narrow peak allows
for increased sensitivity to changes in the tested
solution.

Also Fig. 3 shows the various thickness
liquid layers can cause changes the Q-factor

value of the resonance frequency of the
reflection coefficients S,;. The standard

multiwell plates come in various sizes, so it is
possible to test liquids in various frequency
ranges. The observed resonance frequency S,
depends on the unit cell size of the multiwell
plate. Thus, the resonances will be in different
frequency ranges for different standard
multiwell plates.
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thickness of the liquid layer, mm

Fig. 3. Dependence of the Q -factor of the resonance

frequency S,; of the MWP metasurface on the liquid
layers thickness.

B. Determination of the HSA concentration
in enzymatic reaction mixture

Fig. 4 shows the dependence of the
reflection coefficients S,, of the MWP

metasurface on frequency for water (1), HSA
water solutions with the concentration of
25 mg/ml (2) and 100 mg/ml (3) and reaction
mixture of HSA water solutions with trypsin (4).
A shift of the minimum of the reflection
coefficient S, of the MWP metasurface

indicates a change in the CP value related to the
concentration change of the protein in the
solution.

Table 1 shows the CP values for water and
HSA-water solutions of different
concentrations.

At the end of the enzymatic reaction of
protein hydrolysis, estimating the concentration
of protein in the reaction mixtures is necessary.
We detect the protein concentration changes in
the reaction mixture as the resonance frequency
shift of the wave reflection of the MWP
metasurface. For the convenience of the protein
concentration determination, the concentration
calibration graph was proposed.
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We determine the frequency shift AS,, of

the MWP metasurface due to the changes of the
CP values related to the changes of the HSA
concentration in tested water solution. Fig. 5
shows the dependence of the resonance
frequency shift AS;, of the wave reflection for

the MWP metasurface with the tested solution.

30.14 3016 30.18 3020

F, GHz
Fig. 4. Frequency dependences of the reflection
coefficient Sq1 of the MWP metasurface with water (1),
tested liquid for 25 mg/ml (2) and 100 mg/ml (3)
concentrations of HSA in water solution and HSA with
trypsin in water solution after 60 min. enzymatic reaction
time (4).

TABLE 1. The real and imaginary CP parts for
water and HSA-water solution on concentration
in water solution.

HSA concentration in &' &
water solution, mg/ml
1 0 (water) 23.71 31
2 25 20.44 | 30.93
3 100 18.84 | 26.93

We have obtained the values of the
resonance frequency shift for HSA in water
solutions on concentration (Fig. 5, black points).
We use this data to construct the calibration
concentration graph (Fig. 5, red line — second
order polynomial fit) for protein concentration
determination during the enzymatic reaction
course. The frequency shift AS,, of the MWP

metasurface with protein hydrolysis reaction
mixture takes place within 60 minutes (Fig. 5,
green triangle). The resonance frequency shift
on 495 MHz corresponds to the HSA
concentration approximately of 60 mg/ml in the

reaction mixture (in the case of the HSA
concentration before the start of the enzymatic
reaction processes is equal to 100 mg/ml) after
60 minutes duration of the enzymatic reaction
course. The proposed MWP metasurface makes
it possible to detect with high accuracy changes
in the concentration in the test solution at small
shifts of the resonant frequency AS,,.

30.180

= 30.1771
G
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—

7 301741

30.171 = : : : : ;
0 20 40 60 80 100
HSA concentration, mg/ml
Fig. 5. Dependence of the resonance frequency shift

AS,; of the wave reflection of the MWP metasurface

with water and HSA water solution ( L =0.12 mm) on
the HSA concentration (black point). The green point

correspond to the value of the AS ; resonance frequency

shift of the MWP metasurface with located of the
enzymatic reaction solution of protein hydrolysis.

IV. CONCLUSION

We demonstrate a novel approach for
protein concentration determination during the
enzymatic reaction course that combines
microwave dielectrometry measurement and the
MWP  metasurface unit cell numerical
modelling. The operating parameters of the
proposed metasurface with a tested solution
make it possible to observe the resonance of the
wave reflection coefficient in the microwave
range. Our modelling by COMSOL
Multiphysics software revealed the resonance
frequency shift of the wave reflection of the
MWP metasurface with tested liquid depending
on changes of the HSA protein concentration in
the tested solutions. The calibration
concentration graph is proposed for HSA
concentration determinations. It was shown that
the dimensions of the metasurface can be
tailored to interact with electromagnetic waves
at specific frequencies. The standard multiwell
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plates are available in various sizes, so it is
possible to test solutions in various frequency
ranges.
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2[HCTUTYT JOCHIKEHb TBEPOTO Tina 1 Matepianis im. JleibOniua, Ipesnen, Himeuunna

% ®izuko-TeXHIUHMH iHCTHTYT HU3bKHX TemrepaTyp im. Bb.I. Bepkina HAH Ykpainu, Xapkis
* HAMH VYxkpainu Iucruryt Mikpo6ionorii Ta Imynosorii im. 1. I. Meunukosa

® HauionansHuii aepokocMiunmii yuisepeuret iMm. M.€. XKykoscskoro "XAI", Xapkis, Vkpaina

Pepepam — 'V pobomi euxopucmano cmamoapmuy cmpykmypy 0a2amonyHKo8020 NAaHuiema Oasi GUHAYEHHS KOHYEHmpayii
CUPOBATNKOBO20 ANLOYMIHY TIOOUHU Y BOOHUX POZUUHAX MA eH3UMAMUYHUX peakyitinux cymiwax. Lle 0ocnioxcenns sgnsie coboio nepute
3aCcmMocCy8anHa CMPYKmMypu 6a2amonyHKo8020 NiaHulema sIK Pe3OHAHCHOI MemanogepxHesoi KOMIpKU 3a OONOMO20K0 YUCENbHO2O
MOOENOBAHHA 3 BUKOPUCMAHHAM npocpamuozo 3abesnewennss COMSOL  Multiphysics. Pezyniorouu poboui napamempu
3anpoNoOHOBAHOT MemAano8epxHi OA2amoIyYHKO8020 NAAHWEMA, MOXHCHA OYI0 CHOCmepieamuy Pe3OHAHCHI AGUYA 8 MIKPOX8UTLOBOMY
oiana3oni. 3HaueHHA KOMNIEKCHOI OieneKmpudHoi NPOHUKHOCMI OO0CHIONCYBAHUX DO3YUHIB, OMPUMAHI eKCNepUMEHMATbHO 3a
00nOMO2010 MemOoOy MIKPOX6UIb08OI dienexmpomempii, Oyau GUKOpUCMAHL OJisi MOOeTI08aHHs Memanosepxti. IIpodemoncmposano
BIONOBIOHICb MIJIC 3CY8AMU PE30HAHCHOL YACMOMU Memano8epxXHi ma 3MIHAMU 3HAYEHb KOMIIEKCHOT OleIeKMpPUYHOT NPOHUKHOCHII
00CIOAHCYBAHUX PO3UUHIG. J[ISI GUBHAYUEHHS KOHYeHmpayil OIIKa 3anponoHo8ano Kaniopysanvhull epagix konyenmpayii. Haw nioxio
00360715€ BU3HAUAMU KOHYeHmpayito 6inka ¢ peakyitinit cymiuti nicis 60-xeununnoco nepebicy ensumamuunoi peaxyii. /Jocnioscenns
NPOOEMOHCMPYBANIO MONCTUBICINb HANAUIINYBAHHS PO3MIPIE Memanosepxti 0 3abe3neyenHs 63a€MOo0ii 3 e1eKMmpOMASHIMHUMU
XeUnAMU Ha neeHux yacmomax. Haseuicme cmandapmuux Oa2amoiyHKOSUX NIAHWIEMIE DI3HUX PO3MIPI6 0036018€ Mecmysamu
PO3YUHU 6 DIZHUX YACHMOMHUX OIANA30HAX.

Knwwuogi cnosa: memanosepxus, Oienexmpomempis, 0a2amonyHKOGUL NIAAHUEM, MIKPOXGUTbOSUL, KOMNJIEKCHA OleleKmpuiHa
NPOHUKHICMb, CUPOBAMKOBULL ANbOYMIH TI00UNY, eHzumamuyna peaxyis, mpuncurn, COMSOL Multiphysics, modenosanns
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