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Abstract. A biosensor based on the surface plasmon resonance (SPR) phenomenon has
been developed for the express diagnosis of brain gliomas relapse by assessing blood cell
aggregation indicators. The device features two optical channels, allowing for two studies
to be performed simultaneously or enabling one channel to be used as a reference. This
approach significantly increases biosensor sensitivity by reducing the impact of external
factors. The optical excitation source is a p-polarized semiconductor laser with a 650 nm
wavelength. The sensing elements were F1 optical glass plates with a refractive index of
1.61, with sputtered layers of chromium (5 nm) and gold (45...50 nm). As a result of the
studies, a correlation was ascertained between the level of peripheral blood cell aggregation
in patients and the degree of malignancy of gliomas. A statistically significant difference
(p <0.05) was found between the groups of conditionally healthy individuals and those
with grade II-1V gliomas. A decrease in the shift of the SPR curve during blood testing
indicates an increase in cell aggregation levels and a decrease in their electric charge on
membranes. This trend gradually intensifies with the increasing degree of glioma malig-
nancy, reaching minimal values in patients with grade IV gliomas, indicating changes in the

physicochemical properties of cell membranes and a reduction in their electric charge.
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1. Introduction

Gliomas of the brain refer to a group of primary tumors
that arise from the brain parenchyma. According to
statistics, the incidence of this disease is 5-10 cases per
100,000 people [1]. Moreover, this pathology is the most
common among primary brain tumors. Gliomas can be
diagnosed in both children and adults, although certain
types are characteristic of specific age groups. These
tumors vary in growth rates and degrees of malignancy.
The consequences of their development can differ
significantly, depending on the tumor’s location and
type. However, any brain glioma, whether malignant or
benign with active growth, leads to impaired brain
function.

The manifestations of a glial brain tumor can vary
widely depending on its location [2]. The most
characteristic symptoms include persistent headaches that
do not subside even after taking pain relievers; nausea,
possibly with vomiting; seizures; paralysis of various
body parts; coordination problems; memory issues;

hallucinations; and personality changes. However, the
same symptoms can occur with different types of brain
tumors as well as other conditions. Therefore, when these
symptoms appear, it is crucial to undergo an examination
to determine the exact cause of these manifestations. As
the tumor grows, it can affect neighbouring brain regions,
exacerbating symptoms, and potentially leading to coma,
paralysis, and respiratory disorders.

There are several classifications applied to glial
tumors, differing by cell characteristics and degrees of
malignancy [3]. Today, the WHO classification is used in
medicine, which defines four grades of malignancy.
Grade | tumors do not undergo malignant transformation
and are classified as benign gliomas. Grade Il tumors are
considered “borderline” and are referred to as low-grade
gliomas characterized by atypical cells but grow slowly,
with a generally favourable prognosis. Grade 11 cells can
transform into Grade IIl tumors that exhibit relatively
rapid growth. The most aggressive are Grade 1V gliomas
that grow very quickly, whereas the prognosis in the
presence of this tumor is unfavourable.
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The prognosis upon diagnosing a brain glioma can
vary significantly depending on the type of tumor.
Patients can live for a long time with benign gliomas,
whereas aggressive forms, namely diffuse brain gliomas
or glioblastomas, are poorly responsive to therapy and
have unfavourable outcomes. However, nowadays,
medicine operates with methods that, even for aggressive
brain tumors, can significantly extend life expectancy
and improve quality of life, if not fully cure the disease.
The most important task in these cases is early diagnosis.

Among modern methods, magnetic resonance ima-
ging is the most informative for diagnosing brain cancer
[4,5]. Positron emission tomography, scintigraphy, and
angiography of the head vessels are also used. Laboratory
testing of cerebrospinal fluid is performed as well. Using
these examinations, the presence, size, and location of
the tumor can be determined, but it is impossible to accu-
rately ascertain the tumor type. For a definitive diagnosis,
cell samples must be taken from the tumor for histolo-
gical laboratory analysis. The drawbacks of this method
include the complexity and high invasiveness of obtaining
material for analysis and the lengthy diagnostic process.

Surface plasmon resonance (SPR) sensors have be-
come essential in cancer relapse diagnostics due to their
high sensitivity and ability to monitor biomolecular inter-
actions in real time [6-10]. These sensors work by detec-
ting changes in light interaction at the sensor surface,
allowing for precise, label-free detection of cancer-
specific biomarkers. The SPR technology plays a crucial
role in enhancing early cancer relapse detection, enabling
timely interventions and personalized treatments, ultimately
improving patient outcomes and reducing healthcare
costs by promoting more effective disease management.

One of the most crucial parts of the SPR biosensors
is the sensor surface, which plays a vital role in the
overall sensing performance. Many studies have focused
on the exploitation of smart sensing layers to implement
more versatile applications [7, 11]. At the same time,
some limitations of conventional SPR biosensors remained
to date, namely the low sensitivity of direct label-free
assays for small molecules, the limitations in multiplex
analysis, fouling or instability of the SPR sensing surface
when subjected to complex or harsh environments, the
difficulty to perform continuous monitoring. Among
various SPR sensors, the most commonly used are chip-
SPR devices. These prism-based setups use a high
refractive index prism covered with a metal film for
implementing the total internal reflection of the incident
light and exciting the surface plasmons. Several
configurations of chip-SPR sensors are developed based
on the variation of sensor parameters: angle-based
systems, for instance, by Biacore instruments, BioNavis,
Reichert Technologies; wavelength-based sensors and
intensity-based sensors developed by Horiba, IBISWorld
and Sierra Sensors [11]. Besides selectivity, sensitivity,
linearity, reproducibility and stability, response time is a
very important parameter. In this work, we present a
system based on a dual-channel SPR biosensor used for
express diagnostics of brain gliomas relapse.

2. Experimental details
2.1. SPR sensor

A biosensor ‘“Plasmon” [12] has been developed at the
V. Lashkaryov Institute of Semiconductor Physics of the
National Academy of Sciences of Ukraine. It is based on
the SPR phenomenon and employs a classical
Kretschmann optical configuration [13] and angular
scanning to determine the concentration of biomolecules
or molecular complexes.

The main working principle of the biosensor
involves irradiating the interface of two media with
different refractive indices (n; and n,, where n; > n,) with
a p-polarized electromagnetic wave from the side of the
optically denser medium. As a result of mechanical
scanning of the incident angles, the intensity of the
reflected light is recorded, allowing for the detection and
quantitative analysis of biomolecules adsorbed at the
interface. The mathematical processing of the obtained
data is performed using a specially developed algorithm.

The biosensor system is built based on a total
internal reflection prism (2, Fig. 1) made of optical glass
grade F1 (n = 1.61) [14].

The angle between the input face of the prism,
where the laser beam enters and exits, and the working
face with the installed gold-coated glass substrate
(3, Fig. 1) is 65°, which corresponds to the excitation
conditions of SPR for aqueous solutions with a refractive
index close to n = 1.33. The prism also has an additional
angle of 90°, which ensures the parallel course of the
incoming (1, Fig. 1) and outgoing rays (4, Fig. 1).

For mechanical scanning of the incident angle of the
p-polarized electromagnetic wave, a system with a
stepper motor (6, Fig. 2) and a cable drive (7, Fig. 2) with
a Kevlar thread (8, Fig. 2) is used [15]. This solution
ensures uniform and stable rotation of the prism (2, Fig. 2)
without the influence of the motor stepping, which
enhances the accuracy and stability of the measurements.

A unique feature of the system is the use of a cable
drive with a Kevlar thread, which provides tensile strength
and the necessary elasticity for the uniform rotation of
the sample block. This solution minimizes the influence
of mechanical obstacles on the accuracy of measure-
ments, reduces the cost of the device, and allows for
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Fig. 1. Schematic presentation of the total internal reflection
prism used in the biosensor “Plasmon” [14]. The components
are as follows: 1 — input beam, 2 — prism, 3 — gold-coated glass
substrate and 4 — output beam.
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Fig. 2. Block diagram of biosensor “Plasmon” [15]. The
components are as follows: 1 — semiconductor laser, 2 — prism,
3 — gold-coated glass substrate, 4 — measurement cell,
5 — photodetector, 6 — stepper motor, 7 — cable drive,
8 — Kevlar thread.

scanning angles up to 17°, enabling the investigation of
layers with refractive indices ranging from 1.33 to 1.50.

Another problem that often arises when using
biosensors is related to the stability of the plasmon-
supporting gold layer (4, Fig.3), which can become
delaminated over time due to repeated washing or wiping
when handling different samples that are passed through
the measuring cell (5, Fig. 3). To avoid this, an additional
adhesion layer of chromium (3, Fig. 3) is used between
the sensing surface of the prism (2, Fig.3) and the
plasmon-supporting gold layer (4, Fig. 3) in the biosensor
[16]. Chromium increases the adhesion of gold to glass,
ensuring the stability and repeatability of measurements
(Fig. 3). This approach minimizes distortion of the SPR
curve and maintains its precise position even during
prolonged studies.

The optical system of the biosensor is based on a p-
polarized semiconductor laser with a 650 nm wavelength.
The sensitive chips with the dimensions of 20x20x1 mm
are made of F1 glass (n = 1.61), onto which the SPR gold
layer is deposited.

After manufacturing, the chips are stored in a
container filled with nitrogen to ensure their cleanliness
until the sample investigation. The biosensor has two
optical channels, allowing for two simultaneous studies
or using one channel as a reference for differential
measurements (Fig. 4).

This significantly increases the device sensitivity
since most external factors that can affect the experiment
performance and obtained results are excluded. For the
analysis of peripheral blood cells, it is important that the
sensor chips can be reused after rinsing with Ringer’s
solution. The interaction of surface plasmons with blood
cells leads to a shift in the minimum of the SPR curve,
which is recorded and processed by the biosensor. This
allows for the assessment of the Kkinetics of blood cell
aggregation and presents the results graphically on a
computer monitor.

To increase the accuracy of measurements, an
additional chromium adhesion sublayer is employed. It
does not affect the SPR minimum that defines the
working point while having a positive impact on the
reproducibility of the results. The selected thickness of

Fig. 3. Configuration of plasmon excitation in the biosensor
“Plasmon” [16]. The components are as follows: 1 — semicon-
ductor laser, 2 — prism, 3 — chromium adhesion layer,
4 — plasmon-supporting gold layer, 5 — measurement cell, and
6 — photodetector.

Fig. 4. External view of the dual-channel measurement cell of the
SPR biosensor “Plasmon-6” placed above the gold film.

the chromium layer (2...8 nm) ensures maximal adhesion
of the gold layer deposited on it and gives minimal
absorption of laser irradiation. The thinner Cr layer does
not increase the adhesion of the Au layer, while the
thicker Cr layer (over 8 nm) significantly increases the
absorption of laser irradiation, lowering the sensor
sensitivity.

2.2. Materials

The object of the study was peripheral blood cells
from patients in the neurosurgery department of the
A.P. Romodanov Institute of Neurosurgery, National
Academy of Medical Sciences of Ukraine, collected upon
their admission to the clinic before treatment.
Heparinized venous blood was taken from patients before
the onset of treatment and was separated by
centrifugation (3000 rpm for 10 min) into blood cellular
components and plasma. The cell fraction was used to
determine the minimum shift of the SPR curve, reflecting
the degree of blood cell aggregation [17-19].

The patients were grouped among those without
accompanying inflammatory diseases. The sizes of the
gliomas were determined using the Siemens
“SOMATOM CR” MRI scanner measuring their diameter
and volume (in cm). Patients with hypoproteinemia,
autoimmune diseases and so on that could affect blood
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cell aggregation as well as those with conditions
requiring the use of salicylates were excluded from the
groups for investigation. Control blood samples were
also analyzed, being collected from healthy individuals at
a blood transfusion center. Besides, the comparison
group included aggregation levels of blood cells from
patients with moderate traumatic brain injury (TBI).

3. Experimental results

Activation of inflammatory processes in the body begins
with a decrease in the electrical charge of blood cells,
leading to increased aggregation. In a healthy organism,
erythrocytes carry a negative charge and repel each other.
The degree of aggregation rises with a reduction in the
activity of gradient-forming membrane enzymatic
systems and an increase in the concentration of acute-
phase proteins in the blood plasma that are the markers of
the inflammatory process (namely, fibrinogen, C-reactive
protein, ceruloplasmin, sialic acids, immunoglobulins,
etc.). This study demonstrates the relationship between
the aggregation levels of peripheral blood cells in
patients and the degree of malignancy of brain gliomas.

3.1. Diagnosis of the disease

To determine inflammatory processes, specifically those
associated with oncology, the ratio of the SPR sensor
responses to the deposition of red blood cells from the
whole blood of patients on the surface of the gold film of
the sensor was assessed. The estimations were carried out
for both with the addition of deionized water and with the
addition of an aqueous solution of verapamil, according
to the methodology described in the work [17]. The
studies were performed at room temperature. The SPR
sensor response was defined as the difference between
the angle positions of the minima of measured reflection
characteristics (Fig. 5) for deionized water and the
aqueous-blood mixture after the completion of the red
blood cell deposition process.
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Fig. 5. Measured SPR sensor reflection characteristics for
deionized water and the aqueous-blood mixture after the
completion of the red blood cell deposition process.
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Fig. 6. Sensor response measured by the Plasmon-6 device
showing the change of the minimum reflection characteristic over
time during the sequential substitution of deionized water (DIW)
with the corresponding aqueous-blood mixtures: without
verapamil and with it.

According to the methodology [17] for measuring,
the reflection characteristics and the sensor response
minima changes over time, the sequential substitution of
deionized water with the corresponding aqueous-blood
mixtures was performed in the SPR sensor measurement
cuvette with a volume of 70 uL, which ensured direct
contact of the liquid with the surface of the gold film
(Fig. 5). The substitution was performed manually using
a 2 mL syringe.

To prepare the corresponding mixtures, 2 pL of
water (or verapamil solution) and 2 mL of whole blood
were taken. The dilution of verapamil was 1:10,000.

The deposition process was observed as an angular
shift over time of the resonance minimum (Fig. 6). The
completion of the red blood cell deposition process was
determined by the change in the resonance angle,
specifically when its value plateaued. For example, at the
25th minute of the sensorogram, the resonance angle
value changes weakly, indicating the completion of the
deposition process. The sensor response values were as
follows: for the aqueous-blood mixture without
verapamil — 1.649 degrees, and for the case with
verapamil — 1.411 degrees. The response shows that the
red blood cell deposition process with the application of
verapamil was slower than without it.

Since the response for the case with verapamil was
smaller in magnitude than without it, this indicates the
initial stage of the inflammatory process.

3.2. Dependence of the SPR response on glioma grade

The examination of SPR parameters using blood cells
revealed a statistically significant difference (p <0.05)
between the group of healthy individuals and neuro-
oncological patients with gliomas Il-IV grade of
malignancy (Fig. 7). A decrease in the shift of the SPR
curve during the examination of blood cells indicates an
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Fig. 7. Shift of the SPR curve during blood analysis of patients
with different stages of glioma, control group, and patients with
TBI.
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increase in blood cell aggregation and a reduction in their
electrical charge on the cell membranes. The trend
towards decreasing SPR parameters for peripheral blood
cells in patients with gliomas 11-1V grade of malignancy,
with the lowest values recorded for patients with high-
grade gliomas (1V).

A decrease in SPR parameters when testing patients
with gliomas indicates changes in the physicochemical
characteristics of blood cell membranes, particularly a
reduction in transmembrane potential, closely related to
changes in the dielectric constant [20].

Fig. 8 illustrates a schematic representation of the
erythrocyte layer deposited on the sensor chip. In Fig. 8a,
the erythrocyte layer exhibits a low level of blood cell
aggregation, characteristic of a healthy individual. In this
case, erythrocytes densely fill the sensor surface,
contributing to the maximum response of the SPR
biosensor. In Fig. 8b, the erythrocyte layer from patients
with brain glioma shows a high level of blood cell
aggregation. The low electrical charge on the membranes
of peripheral blood cells promotes erythrocyte clumping,
leading to minimal contact with the sensor surface and,
consequently, reduced response from the SPR biosensor.

(@

Fig. 8. Layers of erythrocytes formed on the sensor chip:
a— healthy person, b — a person with a brain glioma.

4. Conclusions

Owing to the improved prism design, the use of a cable
drive, and the additional adhesion layer of chromium, the
“Plasmon” biosensor provides high-precision and
sensitive measurements, making it an effective tool for
the rapid diagnosis of brain gliomas relapse. The use of
SPR in conjunction with a dual-channel optical system
and a unique mechanical design significantly enhances
the accuracy of the studies and reduces the influence of
external factors.

The biosensor based on the phenomenon of surface
plasmon resonance has been developed for the express
diagnosis of brain glioma relapse. It has been ascertained
that the degree of blood cell aggregation increases with the
degree of malignancy and the cellular density of gliomas.

The results of the performed studies showed that the
level of changes in the SPR parameters of peripheral blood
correlates with the cellular density of gliomas, reflecting
the malignancy of these tumors. Changes in SPR para-
meters in the blood cells of the studied patients may also
serve as a predictive factor for the rate of glioma pro-
gression in the postoperative period, allowing for timely
preventive measures against the recurrence of gliomas.

The strategy of these methods should focus on
enhancing the transmembrane potential of blood cells to
reduce their migration to the site of the removed tumor.
Based on the correlations between changes in the SPR
parameters in blood cells and their relationship with
changes in cellular density in parenchymal organs, new
opportunities arise for corrective influences on the tumor
focus. This approach includes, alongside traditional che-
motherapy methods, lifelong anti-inflammatory therapy.
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JBokanansumii IIIIP 6iocencop auist B10CKOHAJIeHOT JiarHOCTUKY PeNHANBY IJIi0M TOJI0BHOTO MO3KY:
arperaiisi KJIiTHH KpoBi Ik GioMapkep 3/109KiCHOCTI MyXJTHH

A.B. Camoiisios, P.B. Xpucrocenko, H.51. I'puaina, I'.B. Jlopo:xxkunceknii, B.B. Pomanuyk, JI.FO. XomenkoBa

AHoTtauis. Po3pobieHo nBokaHampHUMIA 0iOCEHCOpP HA OCHOBI SBHIA IOBEPXHEBOTO IUIA3MOHHOTO PE30HAHCY IUIS
EKCIIPECHO] J1arHOCTUKU PELMJINBY IJIIOM TOJIOBHOTO MO3KY 3a TOKa3HMKaMH arperaii kiiTuH Kposi. [lpunan mae
JIBa ONTHYHI KaHAJH, IO JO3BOJISIE TPOBOJUTH J[BA JOCITIIKEHHS OJHOYACHO a00 BHKOPHCTOBYBATH OAWH KaHAI SIK
onopHuid. Takuil MmiIXig 3HAYHO MIABHINYE YyTJINBICTH CEHCOPA BHACTIOK 3MEHIICHHS BIUIMBY 30BHIIIHIX (haKTOpIB.
JxepesoM ONTHYHOIO 30YIKCHHS € p-TIOJISIPU30BaHUIl HAIIBIPOBIAHUKOBUH Jla3ep 3 AOBKHHOIO XBHII 650 M. Sk
CCHCOpPHI €JIeMEHTH BHKOPHCTAHO IUIACTHHKU 3 ONTHYHOTO ckia mapku @1 (n=1.61) 3 mociigoBHO HaNMICHUMH
miapamu Xxpomy (5 HM) Ta 3070Ta (45...50 HM). [IpogeMOHCTPOBaHO 3aCTOCYBaHHS 0I0CEHCOpA IS BUSBJICHHS TIIIOM
TOJIOBHOTO MO3KY Ta BCTAHOBJICHO KOPEIAIII0 MDK piBHEM arperamii KIITHH mepu(epryHOoi KpOBi MAIiEHTIB Ta
CTYIIEHEM 3JIOSIKICHOCTI IIT1ioM. BusiBeHo cratucTrdHo 3Hauynly pisHuIo (p < 0,05) Mbk rpyrnamMu yMOBHO 30POBHX
oci6 ta xBopux Ha rmiomu II-IV crymens 3mosikicHocTi. BcTaHOBIEHO, IO 3MEHIICHHS BEIWYMHU 3CYBY KPHBOI
IUTa3MOHHOTO PE30HAHCY 3yMOBJICHE IIABHIIEHHSIM PIBHS arperarii KJIiTHH Ta 3HIKEHHSM X €JIeKTPUYHOIO 3apsay
Ha memOpanax. L[ TeHJEHINs MOCTYMOBO MiACUIIOETHCS 13 MIABUINEHHSM CTYIEHS 3JOSKICHOCTI TJIIOM, CATAIO4H
MIHIMaJTFHUX ITOKAa3HUKIB ¥ XBOPHUX Ha Tiiomy [V crymens.

Karouosi ciioBa: 6ioceHcop, TOBEpXHEBHUH IUTA3MOHHHIN PE30HAHC, TI1i0Ma TOJIOBHOTO MO3KY, arperaris KJIiTHH KPOBIi.
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