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Background. Magnetic iron oxide nanoparticles are among the most promis-
ing materials for creating new theranostics tools for malignant neoplasms. Currently,
a number of medical preparations based on iron oxide nanoparticles have been intro-
duced into diagnostic and medical practice, MRI diagnostics, and photosensitizing ther-
apy, as well as a source of iron for patients with a deficiency of this element. However,
these nanoparticles are not completely neutral with respect to the functions of organs
and tissues of the body, in particular the cardiovascular, respiratory, genitourinary, and
central nervous systems. The effect of Fe,O, nanoparticles on the contraction of smooth
muscles of the gastrointestinal tract and aorta has not been studied. The purpose of our
study was to clarify the features and mechanisms of the in vitro effect of these nano-
particles on the functional activity of the annular smooth muscles of the stomach and
preparations of rat aortic rings.

Materials and Methods. A suspension of Fe,O, nanoparticles in water was used.
The nanoparticles were characterized by transmission electron microscopy (TEM)
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and selected area electron diffraction (SAED). The average hydrodynamic diameter of
Fe,O, nanoparticles in suspension upon stabilization with oleic acid (1%), bovine serum
albumin (7.5%), and DMSO (1%) was determined by dynamic light scattering.

The tenzometric experiments were conducted in the isometric recording mode on
isolated preparations of circular smooth muscles of the antrum and rings of the thoracic
aorta of rats. In the case of antrum muscles, contractions were induced by application
of a high-potassium solution (80 mM), acetylcholine (10 M), and nicotine (10* M), and
in the case of aortic preparations — a high-potassium solution (80 mM) and epinephrine
(10® M). Contractions were analyzed by mechanokinetic analysis methods.

Results. It was determined that under the conditions of using DMSO as a stabi-
lizer, the suspension contained a minimal quantity of aggregates of Fe,O, nanopartic-
les, showing a peak with an average value of 67.2 nm and a width of 75.3 nm (in terms
of number), and was quite stable.

It was found that the use of Fe,O, (10* mg/mL) in vitro led to the activation of
contractions of smooth muscle preparations of the stomach and aorta caused by the
application of a high-potassium solution. Also, under the action of Fe,O,, reversible acti-
vation of spontaneous contractions of the smooth muscle of the stomach was observed.
Mechanokinetic analysis has established that Fe,O, caused an increase in force, time,
and impulse parameters.

It was found that under the action of Fe,O, nanoparticles, epinephrine-activated
contractions of aortic rings and nicotine-activated contractions of stomach preparations
were significantly reduced. However, Fe,O, caused a significant increase in acetylcho-
line-activated contractions of gastric preparations.

Conclusions. Fe,O, nanoparticles modulate spontaneous and induced contrac-
tions of the antrum and aortic smooth muscle preparations. The main mechanisms of
such modulation likely involve the activation of voltage-gated Ca?* ion influx into smooth
muscle cells and the sorption of epinephrine and nicotine by these nanoparticles.

Keywords: aorta, antral stomach, Fe,O, nanoparticles, voltage-gated Ca?"-channels,
acetylcholine, epinephrine, nicotine, mechanokinetic parameters

INTRODUCTION

Among modern approaches to creating novel medications to combat cancer, the
development of means combining the properties of preparations that are simultane-
ously suitable for both diagnostics and therapy — theranostics — is gaining momentum
(Salimi et al., 2022; Al-Thani et al., 2024). The optimal means of theranostics must
be able to accumulate in a malignant formation with significantly greater selectivity
compared to healthy tissues. This selective accumulation may occur due to functional
groups in their structure, which bind ligands that are expressed in tumor cells and capa-
ble of forming covalent or non-covalent interactions with the latter. It is also likely that
the physicochemical properties of nanoparticles allow them to remain in the alkalized
medium of the neoplasm more effectively. As a result, the theranostics means improve
the neoplasm visualization (using the methods of magnetic resonance imaging (MRI),
computer tomography (CT), ultrasound (US) scanning, etc.) and enable precision treat-
ment by novel methods: photothermal and photodynamic therapy, targeted delivery of
medical substances and their controlled release, as well as tracing the distribution of
cells during cell therapy (Babsky et al., 2025; Zhao et al., 2020; Finiuk et al., 2021;
Nowak-Jary & Machnicka, 2024).
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Nanosized materials appear to be the promising foundation for the creation of
theranostic means; thus, in recent decades, nanomedicine has been singled out as
a novel branch of pharmacology. In particular, superparamagnetic nanostructures based
on iron, cobalt, and nickel are regarded as the basis for biomedical diagnostics, induced
hyperthermia, magnetic cell separation, and the delivery of medical agents (Vallabani
& Singh, 2018).

Among nanosized materials, some of the most promising means of theranostics
include superparamagnetic iron oxide nanoparticles (Fe,O, magnetite, a-Fe,O, hematite,
y-Fe, O, maghemite, and B-Fe,O,). Currently, there are magnetite-based preparations
approved by the FDA, including GastroMARK, Umirem, Feridex, Endorem, Feraheme,
Feridex IVR, and Gastromark. Additionally, several preparations are undergoing clinical
trials (Vakili-Ghartavol et al., 2020; Nowak-Jary & Machnicka, 2024). The aforementioned
preparations are utilized in MRI diagnostics, multimodal visualization, magnetic hyper-
thermia, and photosensitive therapy due to the properties of enzymes (peroxidase acti-
vity) and their ability to deliver the preparations for pharmacotherapy and hemotherapy
selectively into the tissues (Vallabani & Singh, 2018; Zhao et al., 2020; Mehta, 2022).
For instance, Fe,O, nanoparticles can act as ultrasensitive contrasting substances for
early detection of solid tumors (from 1 mm in diameter) using the MRI in the modes of
T1- and T2-weighted imaging (depending on the size of particles) and possess improved
biocompatibility compared to Gd**-containing preparations (Jia et al., 2016; Zhao et al.,
2020). In combination with other nanoparticles, proteins, and dyes, the nanoparticles
of iron oxide are considered suitable nanocomplexes to be used in laboratory medical
diagnostics in case of simultaneous MRI and CT (a complex of nanoparticles of gold
and magnetite), and three-mode imaging using the methods of MRI, positron-emission
tomography (PET), and visualization in near infrared fluorescent range (NIRF) (Vallabani
& Singh, 2018). In 2015, Ferumoxytol (Feraheme), a preparation based on magnetic
nanoparticles of magnetite, coated with polyglucose sorbitol carboxymethyl ether, was
approved by the FDA (US Food and Drug Administration) for treatment of patients with
iron deficiency and chronic renal disease (Castaneda et al., 2011; Vallabani & Singh,
2018). The development of theranostic preparations based on iron oxide nanoparticles is
a highly promising and strategically important direction in modern biology and medicine
(Younis et al., 2022; Singh et al., 2024; Benjamin & Nayak, 2025).

However, their potential side effects pose serious concerns regarding the medi-
cal application of nanosized materials. The properties of nanoparticles that make them
more advantageous compared to larger particles (a high ratio between surface area and
volume, and high uncompensated superficial energy) are responsible for their potential
toxicity in living organisms (Younis et al., 2022; Shoudho et al., 2024). On the other hand,
the prooxidant properties of nanoparticles depend on their chemical composition and
charge, surface area, method of synthesis, reactivity, presence of a coating, and compo-
sition (Nowak-Jary & Machnicka, 2024). A considerable amount of information regarding
the impact of iron oxide nanoparticles on living systems has already been accumulated.
On the one hand, due to their unique physical and chemical properties, iron oxide nano-
particles of small diameter, as well as other nanoparticles, induce the formation of reac-
tive oxygen intermediates, free radical processes, and oxidative stress in cells (Driscoll
et al., 2021; Joudeh & Linke, 2022; Baabu et al., 2022; Wu et al., 2022; Nowak-Jary &
Machnicka, 2024). On the other hand, most in vitro and in vivo studies have not detected
any toxicity of iron oxide nanoparticles in doses under 100 pg/mL (Vakili-Ghartavol
et al., 2020). For instance, non-coated nanoparticles of Fe,O, in concentrations up to

ISSN 1996-4536 (print) e ISSN 2311-0783 (on-line) e bionoriyni CTygaii / Studia Biologica e 2025 ¢ Tom 19/ Ne 3 e C. 33-54



36 Yuliia Podhaietska, Sergiy Kolotilov, Mykyta Ivanytsya et al.

100 pg/mL had no cytotoxic effect on the cells of human hepatocarcinoma (Gholami
et al., 2015). On the contrary, in some investigations, toxic effects at the impact of iron
oxide nanoparticles were shown in the following concentrations: above 2 yg/mL (Shukla
et al., 2014), above 3.25 ug/mL (Feng et al., 2018), above 6.25 ug/mL (Obireddy & Lai,
2022), 25 pyg/mL (Hilger et al., 2003), and <100 pg/mL (Zhang et al., 2021). Therefore,
the inspection for toxicity and biocompatibility is one of the foremost tasks when inves-
tigating potential means to be used in theranostics.

Despite a large array of information about the regularities and mechanisms of the
effect of iron oxide nanoparticles on the organs and tissues of the respiratory, genitou-
rinary and central nervous systems, liver, and heart (Nowak-Jary & Machnicka, 2024),
there are almost no data regarding possible effects of these nanoparticles on the func-
tion of smooth muscles of the digestive tract and insufficient information about vessels.
For instance, the study of Riviere has not detected the effect of Fe,O, and y-Fe,O,
nanoparticles in concentrations between 0.1 and 10.0 mmol/L of iron on the survival of
smooth muscle cells (Riviéere et al., 2005). Also, against the background of the internali-
zation of magnetic nanoparticles of iron oxide, extremely peculiar effects on the change
in the expression of actin and calponin genes, without any changes in cell morphology,
proliferation, or metabolic activity, were found (Angelopoulos et al., 2016). Assessment
of nanoparticles’ action on smooth muscles may be carried out by measuring their con-
tractile functions. The model of cellular spheroids from smooth muscle cells of the aorta
was used to determine an increase in collagen formation and a decrease in contractility
under the impact of iron oxide nanoparticles (Olsen et al., 2015). The study of S. LiSkova
revealed that the application of Fe,O, (1 mg Fe/kg intravenously) to rats resulted in an
increase in components of acetylcholine-induced relaxation of femoral arteries, which
is sensitive to blocking of nitrogen oxide synthases, and a decrease in their sensitivity
to sodium nitroprusside, a donor for nitrogen oxide (LiSkova et al., 2020). The only
investigation related to checking the effect of Fe,O, nanoparticles (50—-100 nm) on the
contractile function of vessels in vitro was conducted using endothelium-containing
and endothelium-denuded preparations of human mesenteric arteries (Vukova et al.,
2016). Under conditions of preliminary incubation for 10 min with cumulative increasing
concentrations of nanoparticles from 0.023 to 2.31 ug/uL, no effects on contractions,
induced by high-potassium solution and endothelin 1, were found.

Considering the lack of up-to-date information regarding the effect of Fe,O, nano-
particles on the contraction of smooth muscles of the gastric tract and the aorta, the aim
of our investigation was to find out the regularities and predict the mechanisms of the in
vitro effect of these nanoparticles on the functional activity of circular smooth muscles
of the antrum and preparations of the rings of the rat aorta.

MATERIALS AND METHODS

Synthesis of Fe,0, nanoparticles. Fe,O, nanoparticles were synthesized by a
slight modification of the reported procedure (Giri et al., 2005).

The solution of KOH (12.5 g, 220 mmol, 24 equiv.) in 100 mL of water was heated to
90 °C in an oil bath. Then the solution, containing FeSO,-7H,0O (2.5 g, 9 mmol, 1 equiv.)
and FeCl,-6H,0 (4.9 g, 18 mmol, 2 equiv.) in 150 mL of water, was added dropwise. The
reaction mixture was further kept at 90 °C for 1 h, then allowed to cool down to room
temperature. The solid Fe,O, nanoparticles were separated from the solution containing
KOH and other salts by decantation, and were washed out by repeated additions of por-
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tions of distilled water and decantation until the pH of the solution was slightly below 7
(corresponding to the pH of distilled water). Then the volume of the Fe,O, suspension
was adjusted to 200 mL. The resulting suspension contained 10 mg of Fe,O, per 1 mL.

TEM and SAED measurements. The TEM and SAED measurements were per-
formed using a PEM-125K transmission electron microscope (Selmi Ltd., Sumy, Ukraine)
operating at a 100 kV acceleration voltage. The sample was deposited on a copper grid,
covered with a thin film of amorphous carbon, as reported by (Subotin et al., 2023).

Determining the hydrated diameters of Fe,O, nanoparticles by the method
of dynamic light scattering. To study the hydrodynamic diameter, the suspensions of
Fe,O, nanoparticles in the doubly distilled water were stabilized by the addition of oleic
acid (1%), bovine serum albumin (BSA, the concentration in the stock solution of 7.5%)
and DMSO (the concentration in the stock solution of 1%), mixed using the Wortex
mechanical homogenizer and processed with ultrasound for 5 min.

The average hydrodynamic diameter of Fe,O, nanoparticles in aqueous suspen-
sions was determined by the method of dynamic light scattering using ZetaSizer-3
laser correlation spectrometer (Malvern Instruments, Great Britain). This device was
equipped with a He-Ne laser LGN-111 (P = 25 mWt, A = 633 nm) and had a working
measuring range from 1 nm to 20 um. The laser irradiation, scattered from the suspen-
sion of nanoparticles, was registered in 5 repeated sessions (1 min each) at 22 °C
under a dissipation angle of 90 °C. The primary processing of experimental data was
performed using the servicing software PCS-Size mode v1.61.

Tenzometric studies. The study was conducted using Wistar line rats from the
population of the vivarium in the Taras Shevchenko National University of Kyiv. The ani-
mals were kept on a standard diet and under standard vivarium conditions: temperature
of 2012 °C, relative air humidity of 50-70 %, light regime — light:darkness = 12:12 h.
All the manipulations with the animals were conducted according to the International
Convention for the Protection of Animals and the Law of Ukraine “On Protection of
Animals from Cruelty” (the Minutes of the Bioethics Commission of the Taras Shevchenko
National University of Kyiv No.8 dated December 26, 2024). The rats were euthanized
by hypoxia, induced by carbon dioxide (CO,).

The tenzometric experiments were conducted in the isometric mode using prepara-
tions of stripes, free from the mucous membrane (1.5x10 mm), of circular smooth mus-
cles of the antrum and the circles (2-3 mm wide) of the thoracic aorta with preserved
endothelium. The smooth muscle preparations were placed into the working chamber
(the efficient volume of 2 mL) with the flowing Krebs solution (the flow rate of 8 mL/min),
thermostated at 37 °C. The preparations were provided with passive tension at the rate
of 10 mN and left for at least 1 h. The signals were registered after being enhanced
using the analogue-to-digital transformer.

Krebs solution was used in the experiments (mM): 120.4 NaCl; 5.9 KCI; 15.5 NaHCO,;
1.2 NaH,PO,; 1.2 MgCl,; 2.5 CaCl,; 11.5 glucose; pH of the solution was 7.4. The high-
potassium solution (HPS with the concentration of K* ions of 80 mM) was used in experi-
ments. It was prepared by isotonic replacement of some Na* ions in the initial Krebs
with an equimolar amount of K* ions. In addition, the work involved agonists (all pro-
duced by “Sigma”): muscarinic cholinoreceptors, acetylcholine (10 uM), adrenoreceptors,
epinephrine (at a concentration of 1 yM, at which beta-adrenergic receptors are activated
to a greater extent (Yang et al., 2021)), and nicotine cholinoreceptors, nicotine (100 uM).
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Since the method of dynamic light scattering was used to determine that the most
optimal properties (dispersion of nanoparticle sizes in suspension and its stability) of
the suspension of Fe,O, nanoparticles were obtained using DMSO, it was used in the
studies of the contractile activity of muscle preparations, and all the tenzometric experi-
ments were conducted against the background of 0.1% DMSO solution.

Mechanokinetic analysis. The spontaneous contractions of the antrum prepara-
tions were analyzed using the multiparameter mechanokinetic analysis (Kosterin et al.,
2021). According to this method, the following groups of parameters were calculated:
time (1, — time, during which the contraction amplitude is achieved; characteristic values
of time for contraction and relaxation phases, in which maximal velocities are achieved,
1. and T, respectively), force (F,,, — contraction amplitude; force parameters in phases
of contraction and relaxation, when the maximal velocity is observed, F and F, respec-
tively), velocity (maximal velocities of contraction and relaxation phases, V, and Vg,
respectively) and impulse (/_,, — force impulse, observed in the amplitude point; force
impulse parameters in contraction and relaxation phases, when maximal velocity is
observed, /. and I, respectively).

The contractions, induced by the application of the high-potassium solution and an
agonist, were impacted by Kosterin—Burdyga’s method of kinetic analysis (Burdyga &
Kosterin, 1991), used to assess the maximal velocities of the phases of contraction (V. )
and relaxation (V,,), normalized with consideration of the amplitude.

Statistical analysis. The experimental data were processed by variation statistics
methods using OriginPro 2018 software. The samplings for normality were checked
using the Shapiro—Wilk test. The paired version of Student’s t-test was used to deter-
mine the reliable differences between the mean values of the samplings. The results
were considered reliable on condition of the probability value p <0.05. The validation
analysis of chart data approximation by the linear function, while using the mechanoki-
netic analysis, was performed using Fisher’s criterion; determination coefficients (R?)
were at least 0.96 in all cases. The results were presented as the mean + standard error
of the mean value, n — the number of experiments.

RESULTS AND DISCUSSION

TEM and SAED studies of Fe,O, nanoparticles. The Fe,O, nanoparticles had
quite uniform size, as revealed by TEM (Fig. 1A). All particles were in the range of
12-18 nm, with an average size of approximately 15 nm. Notably, no particles smaller
than 9-10 nm, as well as larger than 20 nm, were detected. Crystallinity of Fe,O,
nanoparticles was confirmed by SAED pattern (Fig. 1B). Concentric circles, typical for
nanosized crystals, were observed; the positions of circles were consistent with those
expected for cubic spinel Fe,O, phase. No separate distinct reflections were observed,
confirming the absence of crystallites larger than 25-30 nm.

Determining the sizes of Fe,O, nanoparticles in suspensions by the method
of dynamic light scattering. Taking into account the known tendency of ehe magnetic
Fe,O, nanoparticles to aggregate in aqueous solutions, we performed the measure-
ments under conditions of stabilizing the suspension. Since the oleic acid, bovine serum
albumin (BSA), and dimethylsulfoxide (DMSO) were used as stabilizers for their aqueous
suspensions in several studies on the biomedical application of iron oxide nanoparticles
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(Yan et al., 2018; Yang et al., 2015; Yotsomnuk et al., 2025), the hydrodynamic diameters
of Fe,O, nanoparticles were estimated upon suspending in the presence of these sub-
stances. While suspended in the bidistillate, Fe,O, nanoparticles were characterized by
rather wide margins of the distribution of hydrodynamic diameter indices. For instance, in
terms of intensity, their distribution was bimodal: the first peak (with the area of 1.5 % of
the total) had an average value of 112 nm and a width of 72 nm; the second peak (with the
area of 98.5 % of the total) had an average value of 2673 nm and a width of 4322 nm. The
distribution of hydrodynamic diameters of nanoparticles in terms of volume was charac-
terized by one peak with an average value of 3863 nm and a width of 3303 nm. Finally,
the distribution of hydrodynamic diameters of Fe,O, nanoparticles in terms of number was
as follows: an average value of 50 nm and the width of the peak of 39 nm (the largest
number had the size of 43 nm); also, the suspension was not stable (Fig. 2A).

Fig. 1. TEM image (A) and SAED pattern (B) for Fe,O, nanoparticles

In the case of treating the aqueous suspension with ultrasound, its characteristics
practically did not improve. The distribution of sizes of nanoparticles in terms of inten-
sity was characterized by one peak with an average value of 4360 nm and a width of
6990 nm. The distribution of hydrodynamic diameters of nanoparticles in the suspension
in terms of volume was characterized by an average value of 5646 nm and the width of
the peak of 5736 nm. The distribution of hydrodynamic diameters of particles in terms
of their number had an average value of 86 nm (the largest number of particles had an
average size of 66 nm), and the width of the peak was 75 nm (Fig. 2A). Similarly to the
case without ultrasound treatment, the suspension of Fe,O, particles was not stable.

The use of BSA to stabilize the suspension (with and without ultrasound treatment)
could not be considered the optimal strategy either. Under these conditions, the hydro-
dynamic diameters of particles in the suspension were characterized by the distribu-
tion in terms of intensity with one peak, average values of which were 2535 nm and
2022 nm, and the width values of 2472 nm and 2923 nm, respectively, without and with
ultrasound treatment. In both cases, the distribution of particles in terms of size had one
peak with average values of 2837 nm and 2640 nm, and the peak width of 3811 nm and
2901 nm, respectively, without and with ultrasound treatment. Finally, the distribution of
Fe,O, agglomerates in terms of number without and with ultrasound treatment had one
peak with the following parameters: maximum 2228 nm and 1219 nm, and the peak
width of 2228 nm and 992 nm. (Fig. 2B).
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Fig. 2. The distribution of hydrodynamic diameters of Fe,O, nanoparticles in terms of their number in suspen-
sions: A — aqueous suspension without the stabilizer; not treated and treated with ultrasound (US);
B — aqueous suspension; BSA is used as a stabilizer; not treated and treated with US; C — aqueous
suspension; oleic acid and DMSO are used as stabilizers; treated with US. The summarized results
of 5 registrations are presented
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The application of oleic acid to stabilize the suspension of Fe,O, particles was also
accompanied by the formation of agglomerates of considerable size. Their distribution
in terms of intensity was characterized by one peak with an average value of 1916 nm
and a width of 1107 nm. The distribution in terms of volume had a peak with an aver-
age value of 2089 nm and a width of 2341 nm. The distribution of particles in terms of
number was characterized by an average value of 1972 nm and the width of the peak
of 2154 nm (Fig. 2C).

DMSO is the only organic solvent approved by the US Food and Drug Administration
(FDA) for testing drug carriers (Capriotti & Capriotti, 2012; Ju-Nam et al., 2016); there-
fore, we used DMSO to prepare a suspension of Fe304 nanoparticles. The application
of DMSO as a suspension stabilizer resulted in the widest range of the distribution of
particles in terms of intensity (bimodal, with average values of 141 nm (3.3 % of the total
intensity) and 33466 nm (96.7 % of the total intensity)) and volume (one peak with an
average value of 15259 nm and a width of 16700 nm). However, under these conditions,
we observed the most optimal distribution of particles in terms of their number: one peak
with an average value of 67 nm and a width of 75 nm, where the highest number (48.1 %)
of particles had an average size of 59 nm (Fig. 2C). These values are consistent with the
results of particle size determination by TEM, considering that particles in suspension
have large solvate shell. The suspension was rather stable under these conditions.

Therefore, in our further studies of contractile activity of smooth muscles, we used
the stock solution of Fe,O, nanoparticles in DMSO, which was introduced into working
solutions under strict control to achieve a DMSO concentration of 0.1%. All tenzometric
experiments were also conducted under the effect of 0.1% DMSO. It was previously
determined that this DMSO concentration does not affect the functioning of smooth
muscles (Ramnarine et al., 1994; Goud et al., 1998). Besides, another advantage of
DMSO addition to the suspension is its ability to facilitate the penetration of medical
preparations into tissues (Karim et al., 2023; Mashouf et al., 2024).

Basal tension and contractile activity of the preparations of rat aorta circles
under the effect of Fe,O, nanoparticles. When Fe,O, nanomaterial penetrates inside
an organism, it spreads with the blood, primarily affecting the vascular stream. Since, as
stated above, the effects of these nanoparticles on the functioning of vascular smooth
muscles were studied insufficiently, we investigated the in vitro impact of Fe,O, on basal
tension and contractile reactions of rat aorta, induced by the key pathways of excitation. We
selected a concentration of nanoparticles of 10* mg/mL for our studies, as data from most
investigations have demonstrated that this concentration is marginal in terms of inducing
side effects on cell function (summarized in the review Nowak-Jary & Machnicka, 2024).

The addition of the suspension of Fe,O, nanoparticles (10* mg/mL) to the solution,
washing the muscle preparations, and preliminary incubation with them for 30 min did
not change the basal tension of the preparations of rat aorta circles.

A convenient and adequate model to check the voltage-gated input of Ca?* ions into
myocytes is a contraction, activated by the high-potassium solution. In case of activating
the contractions of aorta preparations by the application of the high-potassium solution
(80 mM) against the background of Fe,O, (10* mg/mL), we observed their considerable
increase. For instance, the impact of nanoparticles resulted in an average amplitude of
176.3 £12.1% (n =5, p <0.01) compared to control values (Fig. 3).

Thus, due to the effect of Fe,O, nanoparticles, there is an increase in voltage-
gated input of Ca?* ions to myocytes. This assumption is confirmed by the studies of
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M. Yuan et al., in which the neurons of mesencephalon of mice were used to determine
the ability of iron oxide nanoparticles to increase the input of Ca?* ions via voltage-gated
Ca?*-channels of L-type (the authors assumed that it was due to the interaction between
nanoparticles and the structures of the plasma membrane of cells) (Yuan et al., 2022).

5 5
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34 34
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0 1 2 3 t, min 0 1 2 3 t, min

Fig. 3. The typical contractions of aorta ring preparations under activation with the high-potassium solution
(80 mM) in control and under the effect of the suspension of Fe,O, nanoparticles (the concentration
of 10 mg/mL, the preliminary incubation lasted 30 min)

Contrary to the effect of activating the aorta contractions with the high-potassium
solution, epinephrine-induced (10-° M) contractions of preparations of aorta rings were
inhibited after preliminary incubation with Fe,O, nanoparticles. In this case, there was
a considerable decrease in their amplitude (phase component, on average to
52.6+9.6 % regarding the control, n = 5, p <0.01), and the tonic component (on average
to 46.318.1 % regarding the control, n = 5, p <0.01) (Fig. 4).

The mentioned effect of inhibiting epinephrine-activated contractions of aorta prep-
arations may be related to the ability of Fe,O, nanoparticles to sorb catecholamines
selectively and with high affinity (Lin et al., 2013; Shi et al., 2022). Noteworthy is the
effect of activating the fluctuations in the tension of the aorta wall, observed under the
action of Fe,O, nanoparticles (Fig. 4). Since Fe,O, nanoparticles are known to affect
the state of mechanosensitive ion channels, related to the regulation of the vascular wall
tension, it may be assumed that it is their impact that causes an increase in epinephrine-
induced fluctuations in the aorta ring tension (Wang et al., 2020).

Basal tension and spontaneous contractions of the circular smooth muscles
of the rat antrum in the presence of Fe,0O, nanoparticles. We also studied the effects
of Fe,O, nanoparticles (10* mg/mL) in vitro on the functional activity of circular smooth
muscles of the antrum. At first, the spontaneous contractile activity of the preparations
was registered in control and against the background of the input of the suspension
of Fe,O, nanoparticles. The fixed concentration of nanoparticles of 10* mg/mL was
selected for investigations.
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Fig. 4. Typical contractions of aorta ring preparations, induced by the application of epinephrine (10 M) in
control and under the effect of Fe,O, nanoparticles (the concentration of 10 mg/mL, the duration of
the preliminary incubation of 30 min)

The addition of the suspension of Fe,O, nanoparticles into the Krebs solution wash-
ing the smooth muscle preparations caused a considerable (on average by 53.1£6.3 %
regarding the intact level) decrease in their basal tension, which reached a constant
level on average 14.2+1.7 min after the beginning of the Fe,O, application (Fig. 5). The
mentioned effect was reversible, eliminated by washing with the normal Krebs solution.
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Fig. 5. The modulation of the basal tension and spontaneous contractions of circular smooth muscles of
the rat antrum under the effect of the suspension of Fe,O, nanoparticles (10* mg/mL). A typical
mechanogram is presented
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Under the effect of Fe,O, nanoparticles, the frequency of spontaneous contractions
remained unchanged (21.5+2.3 contractions in 10 min in control and 18.6+£2.2 contrac-
tions in 10 min under the effect of Fe,0,). At the same time, the amplitude of spontane-
ous contractions increased on average to 115.612.4 % (n = 5, p <0.05) (Fig. 6A).
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Fig. 6. The mechanokinetic parameters of spontaneous contractions of the circular smooth muscles of the
rat antrum in control and under the effect of the suspension of Fe,O, nanoparticles (10“ mg/mL, the
duration of the preliminary incubation of 30 min): A — force parameters (F,.,,, Fc and Fy); B —time para-

meters (T, Tc and 1R); C — impulse parameters (/ ., I and I); D — velocity parameters (V. and V).

n =5, *—p<0.05and ** — p <0.01 — significant regarding the control parameter

Since the frequency of spontaneous contractions of smooth muscles of the gastro-
intestinal tract is conditioned by the pacemaker activity of interstitial cells of Cajal (Wang
et al., 2025), and their amplitude depends on the level of free Ca?" in myocytes during
excitation (Yoneda et al., 2004), we can assume that Fe,O, nanoparticles mostly affect
the processes of the input of Ca?* ions.

To conduct a quantitative evaluation of the impact of Fe,O, nanoparticles on the
generation of spontaneous contractions, single contraction-relaxation cycles were ana-
lyzed by the method of multiparameter mechanokinetic analysis (Kosterin et al., 2021).
It was determined that under the effect of Fe,O, nanoparticles, other force parameters,
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F; (121.5£1.8 mN and 114.9+2.7 mN, n = 5, p <0.05) and F; (114.922.7 mN (n = 5,
p <0.05), increase similarly to the amplitude (Fig. 6A). Against the background of Fe,O,,
there was also an increase in all time parameters, similar to the force ones, amounting
to: time 1., 120.3£3.6 %; T, 132.3+4.7 %; 14 117.8%4.5 % (in all cases n = 5, p <0.05)
(Fig. 6B). Against the background of the nanoparticles, there was also an increase in
impulse parameters |, I and I, reaching, respectively: 139.8+5.7 %, 160.8+6.2 %
and 136.317.1 % (Fig. 6C). Contrary to the abovementioned parameters, the indices
of the maximal velocities of the contraction and relaxation phases V; and V; under the
effect of Fe,O, nanoparticles did not differ from the control ones, amounting to, respec-
tively: 96.4+2.8 % and 104.1£5.3 % (n = 5, p >0.05) (Fig. 6D). Therefore, since force
and impulse parameters increased, these effects may also be explained by the activa-
tion of the processes of the input of Ca*" ions to myocytes under the effect of Fe,O,
nanoparticles.

The contractions of circular smooth muscles of the rat antrum, induced by
the depolarization of the plasma membrane, acetylcholine, and nicotine in the
presence of Fe,0, nanoparticles. Since the previous experiments demonstrated the
ability of iron oxide nanoparticles to enhance aorta contractions induced by the high-
potassium solution (80 mM), we studied similar contractions of smooth muscles of the
antrum. Similarly to the vascular wall, the preliminary incubation of antrum preparations
with the suspension of Fe,O, nanoparticles (10* mg/mL) resulted in a considerable
increase in the amplitude of these contractions, on average up to 136.1+8.2 % (n = 5,
p <0.05) (Fig. 7).

Control nano-Fe;0y,
25 25
20 20 ~
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—
0.0 0.5 1.0 1.5 t, min 0.0 0.5 1.0 1.5 t, min

Fig. 7. Typical mechanograms of the contractions of circular smooth muscles of the rat antrum, induced by
the high-potassium solution (80 mM), in control and under the effect of the suspension of Fe,O, nano-
particles (10* mg/mL, the duration of the preliminary incubation of 30 min)

The mechanograms of the contractions, activated with the high-potassium solution
in control and under the effect of nanoparticles, were analyzed by the mechanokinetic
analysis with the evaluation of normalized maximal velocities of contraction and relaxa-
tion phases (Burdyga & Kosterin, 1991). A considerable increase in both parameters

ISSN 1996-4536 (print) ¢ ISSN 2311-0783 (on-line) e BionoriyHi Ctygii / Studia Biologica ¢ 2025 e Tom 19/ Ne 3 ¢ C. 33-54



46 Yuliia Podhaietska, Sergiy Kolotilov, Mykyta Ivanytsya et al.

was found in the presence of Fe,O,: V, . on average up to 175.9+11.3% (n =5, p <0.01)
and V,, on average up to 159.6x7.5 % (n = 5, p <0.01).

In the case of both smooth muscles (antrum and aorta), the contractile reactions
activated by the high-potassium solution are enhanced against the background of Fe,O,
nanoparticles. Thus, it may be assumed that voltage-gated Ca?'-channels were acti-
vated by Fe,O, nanoparticles in our experiments (Yuan et al., 2022). However, since
while activating the contractions with the high-potassium solution we did not use the
blockers of neuromediator receptors, it may be assumed that the mentioned effects
are conditioned by the impact of Fe,O, on the processes of releasing neuromediators
(including acetylcholine) or their receptors in the smooth muscle tissue. Acetylcholine is
a known key neuromediator in the gastrointestinal tract, and its exogenous application
activates both muscarinic receptors in the plasma membrane of myocytes and nicotinic
receptors located on postganglionic neurons (Takahashi, 2021). Thus, we studied the
contractions of smooth muscles of the antrum activated by acetylcholine and nicotine in
the presence of Fe,O,.

It was found that against the background of Fe,O, there was a considerable increase
in the amplitude of acetylcholine-activated contractions (on average up to 137.9+9.1 %,
n =5, p <0.01 regarding the control) (Fig. 8). The normalized velocity V., did not change
for these contractions (82.9+11.1 %, n = 5, p >0.05), but there was a considerable
increase in V. (188.36 + 8.0%, n =5, p <0.01).
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Fig. 8. Typical contractions of circular smooth muscles of the rat antrum, induced by acetylcholine (10° M) in
control and under the effect of the suspension of Fe,O, nanoparticles (10 mg/mL, the duration of the
preliminary incubation of 30 min)

The effects of Fe,O, nanoparticles on nicotine-induced contractions were also stud-
ied (Fig. 9). It was determined that under these conditions, the amplitude of contractions
decreased more than four times (21.4 + 9.6%, n = 5, p<0.001), and there was a consid-
erable increase in the normalized maximal velocities V,, (189.9 +17.1%, n =5, p <0.01)
and V,, (149.8 £ 8.7%, n = 5, p <0.05). These effects may be explained by the sorption
of nicotine (and catecholamines) with these nanoparticles (Liu et al., 2021).
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Fig. 9. Typical contractions of the preparations of circular smooth muscles on the rat antrum under activation
with nicotine (10 M) in control and under preliminary incubation with Fe,O, nanoparticles (10 mg/mL)

CONCLUSIONS

The impact of Fe,O, nanoparticles on the functional activity of smooth muscles of
the rat aorta and antrum was studied in this work. The in vitro application of Fe,O, in
the concentration of 10* mg/mL was determined to activate contractions of both musc-
les, caused by the application of the high-potassium solution. Under the effect of the
suspension of Fe,O, nanoparticles, there was a reversible activation of spontaneous
contractions in the smooth muscles of the antrum. The mechanokinetic analysis demon-
strated that Fe,O, caused an increase in force, time, and impulse parameters, likely due
to an increase in the intracellular concentration of Ca?* ions in myocytes.

Contrary to the high-potassium contracture, Fe,O, nanoparticles had a multidirec-
tional effect on the contractions of smooth muscles when they were activated by dif-
ferent agonists. For instance, iron oxide caused a considerable inhibition of epineph-
rine-activated contractions of aorta rings and nicotine-activated contractions of antrum
preparations, probably due to the sorption of the molecules of these agonists on the
surface of the nanoparticles. However, under the effect of Fe,O,, there was a conside-
rable increase in acetylcholine-activated contractions of rat antrum preparations.

Thus, Fe,O, nanoparticles in the concentration of 10 mg/mL modulate sponta-
neous and induced contractions of smooth muscles. The main mechanisms of this
modulation may be the activation of voltage-gated input of Ca?* ions to myocytes and
sorption of catecholamines with nanoparticles.
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OkcaHa ManaHnu4yk®, leaH BolimeweHko', Onb2a Ljumbantok'

" Kuiecbkuli HauioHanbHuUl yHieepcumem imeHi Tapaca LllesyeHka

8yn. Bonodumupceka,64/13, Kuie 01601, YkpaiHa

2 JHemumym cbisuyHoi ximii im. J1. B. MNucapxeecbkoeo HAH YkpaiHu

npocn. Hayku, 31, Kuig 03028, YkpaiHa

3 [Hemumym 6ioximii im. O. B. lMannadiHa HAH YkpaiHu, syn. lleoHmosuya, 9, Kuie 01601, YkpaiHa
4 TOB HBIT “€HamiH”, 8yn. Bincmora Yepuunns, 78, Kuis 02094, YkpaiHa

5 [lbsiecbkull HayioHanbHUl MeduyHUl yHieepcumem imeHi [JaHuna [anuybko2o
eyn. lNekapcbka, 69, Jlbeie 79010, YkpaiHa

OO6rpyHTYBaHHs. MarHiTHi HaHOYACTUHKM OKCuAy 3ani3a € OAHMMW 3 HanbInbLu
nepcneKkTMBHMX MaTtepianis Ans CTBOPEHHS Ha iXHil OCHOBI HOBITHIX 3acobiB TepaHoc-
TUKW 3MOSIKICHNX HOBOYTBOPEHb. Ha cborogHi BnpoBagkeHo B AiarHOCTUYHY i MikapCbKy
NPaKTUKy HU3KYy MeOWUYHWX npenapaTiB Ha OCHOBI HAHOYACTUMHOK OKCUAy 3anisa, sKi
3actocoBytoTb Y MPT giarHocTuui n poTouyTnmein Teparnil, a Takox sK Jxepeno 3arnisa
Ons XBopux Ha AediunT uboro enieMeHTa. BTim, Ui HAHOYaCTUHKN HEe € MOBHICTHO Hen-
TpanbHUMK WOAO0 OYHKLIA OpraHiB i TKaHUH opraHi3amy, 30Kkpema, cepLeBO-CYANHHOI,
OnxarnbHOi, Ce4yocTaTeBoi Ta LieHTpanbHOI HepBOBOI cnucTem. OCKiNbKM Ais HaHo4YacTu-
Hok Fe,O, Ha CKOpO4eHHSs rmafeHbKUX M’A3iB LLMYHKOBO-KMLLIKOBOIO TPAKTY i aopTu He
€ [OOCnigKeHO, MeTo Oyno 3’acyBatn 3aKOHOMIPHOCTI M MeXaHiamu BNnvBy 3a Aii
in vitro UMX HAHOYACTUHOK Ha PYHKLOHANbHY aKTUBHICTb KiNbLEBUX rMageHbKUX M’a3iB
LUNYHKY Ta NpenapariB Kiflelb aopTu WypiB.

MaTepianu i meToau. Y JOCRIOXKEHHAX BMKOPUCTOBYBArnn CYCMEH3it0 HaHo4ac-
TmHok Fe,0,. CepeaHint rigpognHamivyHuiA giameTp HaHovacTuHok Fe,O,y cycneHsii 3a
BMKOPUCTaHHs cTabinisauii oneiHoBoto kucnototo (1%), bryayunm cupoBaTkoBMM ansoy-
MiHOM (7,5%) Ta AMCO (1%) BM3Ha4Yan1 MeTogom QUHaMIYHOrO po3CitoBaHHSA CBIiTMa.

TeH30oMeTpWYHI JocnianM NPOBOAMIMM B i30METPUYHOMY PEXUMI peecTpalil Ha i3o-
NbOBaHMX Mpenapartax KinbLUeBUX rMageHbKnX M'S3iB aHTpanbHOro Biaginy LUMYHKY
i Kineub rpyaHoOi aopTu LWypiB. Y AOCAISDKEHHI M’A3IB LUAYHKY CKOPOYEHHS iHAYKYyBanm
annikyBaHHsM rinepkanieBoro posuuHy (80 mM), auetunxoniHy (10° M) i HikOTUMHY
(10* M), a y pocnigxeHHi npenaparis aopTu — rinepkaniesum posyvnHom (80 MM) Ta eni-
HedprHoM (10 M). CkopodeHHs aHanisyBany MeTogamMm MeXaHOKIHETUYHOTO aHani3y.

Pesynbratu. BctaHoBneHo, Wwo 3a ymoB BukopucTaHHsa OMCO sk ctabinizatopa
CyCreHsisa MicTuna MiHiManbHy KinbKicTb arperatiB HaHodacTuHok Fe,O, Ta xapak-
TepuayBanacsi MiKOM YacTUHOK 3i cepedHiM 3HaYyeHHAM 67,2 HM i LWMPUHO 75,3 HM
(3a kinbkicTio) Ta Byna gocuTb cTtabinbHOK. BCcTaHOBNEHO, WO 3acTOCyBaHHSA in Vitro
Fe,O, (10* Mr/mMn) cnpuunHsie akTUBaLilo BUKMMKAHUX aniikyBaHHSM rinepkaniesoro
PO34YMHY CKOPOYEeHb rMafleHbKOM'S30BMX MpenapariB LUMyHKY W aopTu. Takox 3a Aail
Fe,O, crnocTepiranm ob60pOTHY aKTUBALL0 CMOHTAHHMX CKOPOYEHb rMageHbKuxX M’'A3iB
LUNYHKY; MEXaHOKIHETUYHUM aHarni3oM BCTAHOBMEHO, Wo Fe,O, cnpnynHsae 3pocTaHHs
TXHIX CUNOBMX, YaCOBUX Ta IMMYNbCHUX NapameTpiB.
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BuseneHo, wWo 3a Aii HaHoyacTuHok Fe,O, cyTTeEBO 3MeEHLYTbCA eniHedpuH-
aKTMBOBAHi CKOPOYEHHS Kifeub aopTu i HIKOTUH-aKTMBOBaHI CKOPOYEHHS npenaparTis
wnyHky. OgHak Fe,O, cnpnunHsae cyTTeBe NiACUMEHHS aueTUnXoniH-akTMBOBaHUX CKO-
poYeHb NMpenapariB LUMAYHKY.

BucHoBku. HaHoyacTtuHku Fe, 0, MogyntoTb COHTaHHI Ta BUKIMKaHI CKOPOYEHHS
rmageHbkux M’s13iB aHTparbHOro BiAiNy LWAYHKY W aopTu. [ONOBHUMKU MexaHiamamu
Takoi Mmoaynsuii €, “MOBIPHO, aKkT1BaLlisi NOTEHLiankepoBaHOro HaaXoAXXeHHs ioHiB Ca?*
00 MAOEeHbKOM 130BUX KITITUH i copbuist MMM HAHOYACTUHKaMM eniHEUHY Ta HIKOTUHY.

Knroyoei crioea: aoprta, aHTpanbHWW BigAin LWIAYHKY, HaHovacTuHkm Fe,O,,
noTeHuiankepoBaHi Ca?-kaHanu, aueTunxoniH, eniHedpuH,
HIKOTMH, MEXaHOKIHETUYHI NapameTpu
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