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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 Fe3O4 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 Fe3O4 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 
Fe3O4 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 (10-5 M), and nicotine (10-4 M), and 
in the case of aortic preparations – a high-potassium solution (80 mM) and epinephrine 
(10-6 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 Fe3O4 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 Fe3O4 (10-4 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 Fe3O4, reversible acti-
vation of spontaneous contractions of the smooth muscle of the stomach was observed. 
Mechanokinetic analysis has established that Fe3O4 caused an increase in force, time, 
and impulse parameters.

It was found that under the action of Fe3O4 nanoparticles, epinephrine-activated 
contractions of aortic rings and nicotine-activated contractions of stomach preparations 
were significantly reduced. However, Fe3O4 caused a significant increase in acetylcho-
line-activated contractions of gastric preparations.

Conclusions.  Fe3O4 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 Ca2+ ion influx into smooth 
muscle cells and the sorption of epinephrine and nicotine by these nanoparticles.

Keywords:	aorta, antral stomach, Fe3O4 nanoparticles, voltage-gated Ca2+-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 (Fe3O4 magnetite, α-Fe2O3 hematite, 
ɣ-Fe2O3 maghemite, and β-Fe2O3). 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, Fe3O4 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 
Т1- and Т2-weighted imaging (depending on the size of particles) and possess improved 
biocompatibility compared to Gd3+-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 µg/mL (Vakili-Ghartavol  
et al., 2020). For instance, non-coated nanoparticles of Fe3O4 in concentrations up to 
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100 µg/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 µg/mL (Shukla 
et al., 2014), above 3.25 µg/mL (Feng et al., 2018), above 6.25 µg/mL (Obireddy & Lai, 
2022), 25 µg/mL (Hilger et al., 2003), and <100 µg/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 Rivière has not detected the effect of Fe3O4 and ɣ-Fe2O3 
nanoparticles in concentrations between 0.1 and 10.0 mmol/L of iron on the survival of 
smooth muscle cells (Rivière 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. Líšková 
revealed that the application of Fe3O4 (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 (Líšková et al., 2020). The only 
investigation related to checking the effect of Fe3O4 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 μg/μL, 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 Fe3O4 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 Fe3O4 nanoparticles. Fe3O4 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 FeSO4·7H2O (2.5 g, 9 mmol, 1 equiv.) 
and FeCl3·6H2O (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 Fe3O3 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 Fe3O4 suspension 
was adjusted to 200 mL. The resulting suspension contained 10 mg of Fe3O4 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 Fe3O4 nanoparticles by the method 
of dynamic light scattering. To study the hydrodynamic diameter, the suspensions of 
Fe3O4 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 Fe3O4 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 (Р = 25 mWt, λ = 633 nm) and had a working 
measuring range from 1 nm to 20 µm. The laser irradiation, scattered from the suspen-
sion of nanoparticles, was registered in 5 repeated sessions (1 min each) at 22 °С 
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 20±2 °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 (СО2).

The tenzometric experiments were conducted in the isometric mode using prepara-
tions of stripes, free from the mucous membrane (1.5×10 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 °С. 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 KCl; 15.5 NaHCO3; 
1.2 NaH2PO4; 1.2 MgCl2; 2.5 CaCl2; 11.5 glucose; рН 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 μМ), adrenoreceptors,  
epinephrine (at a concentration of 1 μM, at which beta-adrenergic receptors are activated 
to a greater extent (Yang et al., 2021)), and nicotine cholinoreceptors, nicotine (100 μМ).
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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 Fe3O4 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 (τ0 – time, during which the contraction amplitude is achieved; characteristic values 
of time for contraction and relaxation phases, in which maximal velocities are achieved, 
τC and τR, respectively), force (Fmax – contraction amplitude; force parameters in phases 
of contraction and relaxation, when the maximal velocity is observed, FC and FR, respec-
tively), velocity (maximal velocities of contraction and relaxation phases, VC and VR, 
respectively) and impulse (Іmax – force impulse, observed in the amplitude point; force 
impulse parameters in contraction and relaxation phases, when maximal velocity is 
observed, ІC and ІR, 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 (Vnc) 
and relaxation (Vnr), 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 (R2) 
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 Fe3O4 nanoparticles. The Fe3O4 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 Fe3O4 
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 Fe3O4 phase. No separate distinct reflections were observed, 
confirming the absence of crystallites larger than 25–30 nm. 

Determining the sizes of Fe3O4 nanoparticles in suspensions by the method 
of dynamic light scattering. Taking into account the known tendency of еhe magnetic 
Fe3O4 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 Fe3O4 nanoparticles were estimated upon suspending in the presence of these sub-
stances. While suspended in the bidistillate, Fe3O4 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 Fe3O4 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. 2А). 

Fig. 1. TEM image (A) and SAED pattern (B) for Fe3O4 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. 2А). Similarly to the 
case without ultrasound treatment, the suspension of Fe3O4 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 
Fe3O4 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 Fe3O4 nanoparticles in terms of their number in suspen-
sions: А – 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 Fe3O4 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 Fe3O4 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 Fe3O4 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 Fe3O4 nanoparticles. When Fe3O4 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 Fe3O4 on basal 
tension and contractile reactions of rat aorta, induced by the key pathways of excitation. We 
selected a concentration of nanoparticles of 10-4 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 Fe3O4 nanoparticles (10-4 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 Са2+ 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 Fe3O4 (10-4 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 Fe3O4 nanoparticles, there is an increase in voltage- 
gated input of Са2+ ions to myocytes. This assumption is confirmed by the studies of  



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

ISSN 1996-4536 (print) • ISSN 2311-0783 (on-line) • Біологічні Студії / Studia Biologica • 2025 • Том 19 / № 3 • С. 33–54

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 Са2+ ions via voltage-gated 
Са2+-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).

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 Fe3O4 nanoparticles (the concentration 
of 10-4 mg/mL, the preliminary incubation lasted 30 min)

Contrary to the effect of activating the aorta contractions with the high-potassium 
solution, epinephrine-induced (10-6 М) contractions of preparations of aorta rings were 
inhibited after preliminary incubation with Fe3O4 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 46.3±8.1 % 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 Fe3O4 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 Fe3O4 nanoparticles (Fig. 4). Since Fe3O4 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 Fe3O4 nanoparticles. We also studied the effects 
of Fe3O4 nanoparticles (10-4 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 Fe3O4 nanoparticles. The fixed concentration of nanoparticles of 10-4 mg/mL was 
selected for investigations.
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Fig. 4.	 Typical contractions of aorta ring preparations, induced by the application of epinephrine (10-6 M) in 
control and under the effect of Fe3O4 nanoparticles (the concentration of 10-4 mg/mL, the duration of 
the preliminary incubation of 30 min)

The addition of the suspension of Fe3O4 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 Fe3O4 application (Fig. 5). The 
mentioned effect was reversible, eliminated by washing with the normal Krebs solution.

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 Fe3O4 nanoparticles (10-4 mg/mL). A typical 
mechanogram is presented
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Under the effect of Fe3O4 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 Fe3O4). At the same time, the amplitude of spontane-
ous contractions increased on average to 115.6±2.4 % (n = 5, p <0.05) (Fig. 6А). 

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 Fe3O4 nanoparticles (10-4 mg/mL, the 
duration of the preliminary incubation of 30 min): А – force parameters (Fmax, FC and FR); B – time para
meters (τmax, τC and τR); C – impulse parameters (Imax, IC and IR); D – velocity parameters (VC and VR).  
n = 5, * – p <0.05 and ** – 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 Са2+ in myocytes during 
excitation (Yoneda et al., 2004), we can assume that Fe3O4 nanoparticles mostly affect 
the processes of the input of Са2+ ions.

To conduct a quantitative evaluation of the impact of Fe3O4 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 Fe3O4 nanoparticles, other force parameters, 
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FC (121.5±1.8 mN and 114.9±2.7 mN, n = 5, p <0.05) and FR (114.9±2.7 mN (n = 5, 
p <0.05), increase similarly to the amplitude (Fig. 6А). Against the background of Fe3O4, 
there was also an increase in all time parameters, similar to the force ones, amounting 
to: time τmax 120.3±3.6 %; τC 132.3±4.7 %; τR 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 Imax, IC and IR, reaching, respectively: 139.8±5.7 %, 160.8±6.2 % 
and 136.3±7.1 % (Fig. 6C). Contrary to the abovementioned parameters, the indices 
of the maximal velocities of the contraction and relaxation phases VC and VR under the 
effect of Fe3O4 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 Са2+ ions to myocytes under the effect of Fe3O4 
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 Fe3O4 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 Fe3O4 nanoparticles (10-4 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).

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 Fe3O4 nano-
particles (10-4 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  
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was found in the presence of Fe3O4: Vnc, on average up to 175.9±11.3% (n = 5, p <0.01) 
and Vnr, on average up to 159.6±7.5 % (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 Fe3O4 
nanoparticles. Thus, it may be assumed that voltage-gated Ca2+-channels were acti-
vated by Fe3O4 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 Fe3O4 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 Fe3O4.

It was found that against the background of Fe3O4 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 Vvc did not change 
for these contractions (82.9±11.1 %, n = 5, p >0.05), but there was a considerable 
increase in Vnr (188.36 ± 8.0%, n = 5, p <0.01).

Fig. 8.	 Typical contractions of circular smooth muscles of the rat antrum, induced by acetylcholine (10-5 M) in 
control and under the effect of the suspension of Fe3O4 nanoparticles (10-4 mg/mL, the duration of the 
preliminary incubation of 30 min)

The effects of Fe3O4 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 Vvc (189.9 ± 17.1%, n = 5, p <0.01) 
and Vnr (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 (10-4 M) in control and under preliminary incubation with Fe3O4 nanoparticles (10-4 mg/mL)

CONCLUSIONS
The impact of Fe3O4 nanoparticles on the functional activity of smooth muscles of 

the rat aorta and antrum was studied in this work. The in vitro application of Fe3O4 in 
the concentration of 10-4 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 Fe3O4 nanoparticles, there was a reversible activation of spontaneous 
contractions in the smooth muscles of the antrum. The mechanokinetic analysis demon
strated that Fe3O4 caused an increase in force, time, and impulse parameters, likely due 
to an increase in the intracellular concentration of Ca2+ ions in myocytes.

Contrary to the high-potassium contracture, Fe3O4 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 Fe3O4, there was a conside
rable increase in acetylcholine-activated contractions of rat antrum preparations. 

Thus, Fe3O4 nanoparticles in the concentration of 10-4 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 Са2+ ions to myocytes and 
sorption of catecholamines with nanoparticles.
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ВПЛИВ IN VITRO НАНОЧАСТИНОК Fe3O4 НА СКОРОЧУВАЛЬНУ АКТИВНІСТЬ 
ГЛАДЕНЬКИХ М’ЯЗІВ ANTRUM І АОРТИ ЩУРІВ
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Обґрунтування. Магнітні наночастинки оксиду заліза є одними з найбільш 
перспективних матеріалів для створення на їхній основі новітніх засобів теранос-
тики злоякісних новоутворень. На сьогодні впроваджено в діагностичну і лікарську 
практику низку медичних препаратів на основі наночастинок оксиду заліза, які 
застосовують у МРТ діагностиці й фоточутливій терапії, а також як джерело заліза 
для хворих на дефіцит цього елемента. Втім, ці наночастинки не є повністю ней-
тральними щодо функцій органів і тканин організму, зокрема, серцево-судинної, 
дихальної, сечостатевої та центральної нервової систем. Оскільки дія наночасти-
нок Fe3O4  на скорочення гладеньких м’язів шлунково-кишкового тракту і аорти не  
є дослідженою, метою було з’ясувати закономірності й механізми впливу за дії  
in vitro цих наночастинок на функціональну активність кільцевих гладеньких м’язів 
шлунку та препаратів кілець аорти щурів.

Матеріали і методи. У дослідженнях використовували суспензію наночас-
тинок Fe3O4. Середній гідродинамічний діаметр наночастинок Fe3O4 у суспензії за 
використання стабілізації олеїновою кислотою (1%), бичачим сироватковим альбу-
міном (7,5%) та ДМСО (1%) визначали методом динамічного розсіювання світла.

Тензометричні досліди проводили в ізометричному режимі реєстрації на ізо-
льованих препаратах кільцевих гладеньких м’язів антрального відділу шлунку  
і кілець грудної аорти щурів. У дослідженні м’язів шлунку скорочення індукували 
аплікуванням гіперкалієвого розчину (80 мМ), ацетилхоліну (10-5 М) і нікотину 
(10-4 М), а у дослідженні препаратів аорти – гіперкалієвим розчином (80 мМ) та епі-
нефрином (10-6 М). Скорочення аналізували методами механокінетичного аналізу. 

Результати. Встановлено, що за умов використання ДМСО як стабілізатора 
суспензія містила мінімальну кількість агрегатів наночастинок Fe3O4 та харак-
теризувалася піком частинок зі середнім значенням 67,2 нм і шириною 75,3 нм  
(за кількістю) та була досить стабільною. Встановлено, що застосування in vitro 
Fe3O4 (10-4 мг/мл) спричиняє активацію викликаних аплікуванням гіперкалієвого 
розчину скорочень гладеньком’язових препаратів шлунку й аорти. Також за дії 
Fe3O4 спостерігали оборотну активацію спонтанних скорочень гладеньких м’язів 
шлунку; механокінетичним аналізом встановлено, що Fe3O4 спричиняє зростання 
їхніх силових, часових та імпульсних параметрів. 
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Виявлено, що за дії наночастинок Fe3O4 суттєво зменшуються епінефрин-
активовані скорочення кілець аорти і нікотин-активовані скорочення препаратів 
шлунку. Однак Fe3O4 спричиняє суттєве підсилення ацетилхолін-активованих ско-
рочень препаратів шлунку.

Висновки. Наночастинки Fe3O4 модулюють спонтанні та викликані скорочення 
гладеньких м’язів антрального відділу шлунку й аорти. Головними механізмами 
такої модуляції є, ймовірно, активація потенціалкерованого надходження іонів Са2+ 
до гляденьком’язових клітин і сорбція цими наночастинками епінефину та нікотину. 

Ключові слова:	 аорта, антральний відділ шлунку, наночастинки Fe3O4, 
потенціалкеровані Са2+-канали, ацетилхолін, епінефрин, 
нікотин, механокінетичні параметри
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