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Adult stem cells, such as MSCs, spontaneously differentiate in vitro. This makes it difficult both to study this important cell 
type and to grow large numbers of MSCs for clinical use. While conventional cell cultivation methods cannot cope with this prob-
lem, nanostructured materials science offers hope. The effect of small-sized spherical nanoparticles based on orthovanadates of 
rare-earth elements activated by europium (GdYVO4:Eu3+ nanoparticles, diameter 1–2 nm) on cell-cell adhesion of rat bone mar-
row mesenchymal stem cells (rBM-MSCs) in vitro was studied using electrophoretic separation of proteins, immunofluorescence 
and confocal laser scanning microscopy. Our study revealed that rBM-MSCs treated with small-sized GdYVO4:Eu3+ nanopar-
ticles had a significant impairment of intercellular adhesion in vitro. The pre-incubation of mesenchymal stem cells of rat bone 
marrow with GdYVO4:Eu3+ nanocrystals at a non-toxic concentration of 0.5 µg/mL during 1 hour of cultivation did not lead to 
significant changes in cell monolayer, the number of cells and the area of cell bodies did not change. However, the density of the 
monolayer and the area of the cell field decreased after the incubation. The incubation of cells with nanoparticles led to an increase 
in the area of the intercellular gate – a location of disruption of cell adhesion, compared to cells without nanoparticles in culture 
medium. The pre-incubation of rBM-MSCs with nanocrystals caused no changes in the content of total cadherins in the plasma 
membrane; a decrease in the content of cytoplasmic calreticulin and an increase in the content of surface calreticulin; a decrease in 
the content of free calcium in the cytoplasm, and an increase in protein-bound intercellular calcium and calcium in the extracellular 
space. The colocalization analysis revealed that the colocalization of calreticulins with cadherins on the outer surface of the plasma 
membrane of cells significantly increased after the incubation with GdYVO4:Eu3+ nanocrystals. The paper proposes a possible 
mechanism of reducing the degree of adhesion by nanocrystals. This study emphasizes the possibility of modulating MSCs adhe-
sion using GdYVO4:Eu3+ nanoparticles. The development of new technologies capable of mitigating adhesion is crucial for the 
development of regenerative strategies using stem cells.  
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Introduction  
 

Adult stem cells, such as mesenchymal stem cells (MSCs), differen-
tiate spontaneously in vitro (Gimble et al., 2008). Therefore, MSCs 
change the direction of differentiation in response not only to specific 
differentiation-inducing chemical factors in the culture medium, but also 
in response to the stiffness of the environment surrounding the cells and 
the nanostructure of a substrate (Yang et al., 2018). Numerous studies 
have been conducted to control the direction of differentiation based on 
the interaction between MSCs and culture substrate (Miyoshi & Adachi, 
2014; Wang et al., 2016). In mesenchymal stem cells cultured in a mono-
layer, adipogenesis is promoted by cell-cell contact (due to high density), 
whereas osteogenesis is inhibited by cell-cell contact due to the subsequent 
reduction of cell-extracellular matrix contact area (Mao et al., 2016; Ro-
bert et al., 2020). Homotypic intercellular contact is important because 
increased cell-to-cell contacts between MSCs regulate gene differentiation 
regardless of substrate stiffness (Tang et al., 2010; Xue et al., 2013). 
The seeding density of MSCs was observed to affect the response to me-
chanical signals depending on intercellular contacts with cells seeded at 
high densities, promoting spontaneous differentiation (Zhao et al., 2020). 
Mareschi and colleagues evaluated the impact of initial cell density and 
the time of culture on morphology, metabolic activity, and differentiation 
potential of BM-MSCs. Their studies revealed that optimal cell growth 

occurs at a lower culture density and cell-cell adhesion. A culture of MSC 
derived from high cell plating densities resulted in an increased number of 
flat cells with non-normal morphology and low proliferation rate (Mare-
schi et al., 2012; Drela et al., 2019).  

The conventional methods of cell cultivation cannot cope with this 
problem. The growth and expansion of rBM-MSCs and other adherent 
cells in general rely on interactions with soluble components in the culture 
medium and the surrounding cells. Accordingly, MSC expansion, cell-cell 
and cell-substrate adhesion in vitro have been enhanced by fortifying 
culture media with exogenous soluble factors and/or by coating culture 
surfaces with extracellular matrix components or synthetic biocompatible 
polymers (Anderson et al., 2016; Lu et al., 2022). While Fraire et al. 
(2020) found that improper long-time cultivation could induce premature 
senescence of MSCs, others demonstrated that MSCs cultured on poly-L-
lysine-coated plates could reverse the replicative senescence, but a high 
concentration of PLL was toxic (Lu et al., 2009). Another study indicated 
that hBM-MSCs embedded in type I collagen microspheres exhibited 
increased cell-cell adhesion and chondrogenic matrix accumulation in 
vitro (Mathieu et al., 2014). The xenogeneic-free type I collagen-based 
recombinant peptide substrate (PCP) can support more efficient and safer 
scalable culture systems for the production of MSCs, but the inclusion of 
RCP in the culture medium enhances cellular adhesion (Muraya et al., 
2019). After cultivation on hyaluronic acid (HA)-based, cell-adhesive 
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hydrogels (HA-gHGP), type I collagen production and mineral deposition 
were detected in absence of osteogenic supplements in culture media, 
suggesting induction of spontaneous osteogenic differentiation (Jha et al., 
2011). Tropoelastin, both as an immobilized substrate and as a soluble 
additive, drives proliferation and phenotypic maintenance of mesenchy-
mal stem cell but elicits immediate strong mitogenic and cell-attractive 
responses (Yeo & Weiss, 2019). Some natural proteins, such as silk fib-
roin, cellulose, and decellularized extracellular matrix demonstrate a ba-
lance among mechanical strength, toughness, and elasticity, controllable 
slow degradation rate, and good biocompatibility but time-consuming cell 
harvest process (Chen, 2022). In mesenchymal cells, intercellular contact 
is mediated through the homotypic calcium-dependent interaction of 
cadherins on adjacent cells. Cadherin contains both an extracellular do-
main that mediates this adhesion, and a cytosolic domain that acts as a 
signaling hub and anchor that couples with the actin cytoskeleton (Zhang 
et al., 2020). The separation force between adhering cells was shown to 
depend on the cadherin concentration on the surface (Montel et al., 2022).  

The development of new technologies capable of mitigating adhesion 
is critical to the development of regenerative strategies using stem cells. 
Nanostructured materials science offers hope to control cell-cell adhesion 
and spontaneous differentiation in vitro. The studies demonstrated that the 
suppression of cell spreading caused by nanoscale structures can downre-
gulate the progress of osteogenic differentiation (Yamazaki et al., 2020). 
The migratory activity of hBM-MSCs decreased significantly after 
SiO2(RITC) nanoparticles treatment, but compared with such of the con-
trol, the viability of SiO2(RITC)-treated hBM-MSCs decreased by 10% 
and intracellular ROS increased by two times (Shin et al., 2019). Wang 
et al. (2009) observed that single-walled carbon nanotubes (SWCNTs) 
can inhibit human embryonic kidney cell line proliferation, and decrease 
cell adhesive ability in a dose- and time-dependent manner, but SWCNTs 
inhibit cell growth by inducing cell apoptosis. Unique biological properties 
of nanoparticles based on rare-earth metals such as antioxidants and anti-
inflammatory nature suggest that this type of nanomaterials is an appropri-
ate biomaterial for cell technologies and bioengineering applications 
(Li et al., 2018; Natarajan et al., 2022).  
 
Materials and methods  
 

For the study, we used cells obtained from the bone marrow of 3-
month-old (140–160 g) Wistar male laboratory rats. The rats were housed 
under standard conditions in animal rooms at 21 ± 2 °C, 50 ± 10% of 
humidity, and a 12-h light/dark cycle (Garber et al., 2011). All the studies 
on animals were carried out in accordance with the requirements of the 
Domestic Legislation, the Law of Ukraine “On Protection of Animals 
against Abuse” No. 3447-IV as of 21.02.2006, last amended on 
08.04.2017, and Directive 2010/63/EU of the European Parliament and of 
the Council. Bone marrow aspirate was obtained from femurs of rats 
(n = 4), which were euthanized with an overdose (50 mg/kg) of sodium 
thiopental (Brovapharma, Ukraine). Every effort was made to minimize 
the number of animals used in the experiment and their discomfort.  

The cell suspensions were collected by flushing the marrow cavity 
with 199 Medium (Biowest, France), filtered through a 40 μm nylon 
screen insert (Biologix, Germany), and centrifuged at 300 g for 10 min in 
a Durafuge 200 centrifuge (Thermo Scientific, USA). The cell pellets 
were resuspended in Dulbecco’s PBS (Gibco, USA). The total number of 
the nucleated cells and viability in primary suspension were counted on a 
Countess II FL counter (Invitrogen, USA) using the “Ready Count 
Green/Red Dead Viability Stain Kit” (Cat. A49905, Invitrogen, USA). 
The mean viability of the cells in primary suspension was 91.0 ± 0.5%.  

As known, CD90 (Thy-1) is a cell surface glycoprotein heteroge-
neously expressed in rBM-MSCs (Zhang & Chan, 2010). Thy-1-positive 
cells were separated by immunomagnetic separation using CD90/Thy1 
antibody [7E1B11] (ab181469, Abcam, UK), EasySep™ Rat Custom 
Positive Selection Kit immunomagnetic kit (Stemcell Tec., Germany), 
and a DynaMag™ Magnet (Invitrogen, USA) as described by the manu-
facturer.  

Thy-1-positive cells were seeded in the density of 1.5∙104 cells/well 
in a Millicell EZ SLIDE 8 (Merck Millipore, USA) well glass slide and 
allowed to grow in medium αMEM supplemented with L-glutamine 

2 mM (Biowest, France), fetal bovine serum 15% (Gibco, USA) and 1% 
“Antibiotic-Antimycotic Solution” (Gibco™, USA) using a Galaxy 14S 
(Eppendorf, Germany) CO2-incubator (37 ºС, 96% RH, and 5% СО2) for 
4 days until 80–85% confluence. The non-adherent cells were removed in 
48 h incubation after the first medium change.  

The MSC identity of the isolated cells was confirmed by the ability of 
the cells to adhere to plastic, form colonies under the standard culture 
conditions, and differentiate into adipocytes and osteoblasts in an induced 
culture medium (Dominici et al., 2006). Besides that, rBM-MSCs were 
tested for mycoplasma contamination using the “MycoAlert® Mycoplas-
ma Detection Kit” (Lonza Inc., Switzerland) and a Sirius L luminometer 
(Titertek Berthold, USA). All the experiments were performed using cells 
in their three passages.  

In this study, we used small-sized gadolinium orthovanadate nanopar-
ticles doped with Eu3+ (GdYVO4:Eu3+ nanoparticles, diameter 2–3 nm) 
for managing cell-cell adhesion of MSCs. Spherical nanoparticles of 
GdYVO4:Eu3+ (diameter 2–3 nm) were synthesized in the Nanostructured 
Materials Department named after Y. V. Malyukin, the Institute for Scin-
tillation Materials of National Academy of Sciences of Ukraine. 
An aqueous colloidal solution of GdYVO4:Eu3+ nanoparticles was ob-
tained using the method reported earlier (Klochkov et al., 2011). 
The ability to penetrate into cells and autofluorescence properties (excita-
tion 361 nm, emission 618 nm) make them very promising for use in 
visualization or modulation of the structural and functional state of cells 
(Tkacheva et al., 2019; Jiménez-Jiménez et al., 2020).  

The GdYVO4:Eu3+ nanoparticles were added to the nutrient medium 
one hour before the irradiation until their final concentration in the me-
dium of 0.5 μg/mL. Prior to utilization, the nanoparticle suspension was 
sterilized by filtration using a 0.22 μm syringe filter (Millipore, USA) and 
autoclaving. For successful testing, nanoparticles have to be biocompatible 
and non-toxic. Nanoparticles of GdYVO4:Eu3+ in the dose used in this 
study are non-toxic in vitro (Zhu et al., 2019; Prokopiuket al., 2022).  

The rBM-MSC monolayers were divided into two groups:  
Group 1 – cells without exposure to nanoparticles(n = 72),  
Group 2 – cells incubated with nanocrystals (n = 72).  
One n corresponds to one well of a Millicell EZ SLIDE (Merck Mil-

lipore, USA) slide with a monolayer of cells.  
The cells were incubated with nanoparticles for 1hour. After that, the 

nutrient medium was replaced with nanoparticle-free αMEM supple-
mented with L-glutamine 2 mM (Biowest, France), 15% fetal bovine 
serum (Gibco, USA) and 1% “Antibiotic-Antimycotic Solution” (Gib-
co™, USA). Each group was divided into three parts (for each marker 
determination). In the first part (n = 24), we determined the contents of 
cadherins, calreticulins and of free oxygen species. In the second part (n = 
24), we measured the degree of cadherins and calreticulins colocalization 
in fixed cells. In the third part (n = 24), we identified the content of free 
and bound calcium in live cells.  

To determine concentrations of cadherins and calreticulins, the plas-
ma membrane proteins and cytoplasmic proteins were isolated, predi-
cated, and electrophoretically separated using “Qproteome Plasma Mem-
brane Kit” (Qiagen, Germany) and “Novex™ XCell SureLock + Power 
Ease 500 Electrophoresis System” (Invitrogen, USA). After the electro-
phoretic separation of plasma membrane proteins, the concentration of 
total cadherins was determined immunofluorometrically using Anti-pan 
Cadherin primary antibody (Cat. ab16505, Abcam, UK) and Anti-pan 
Cadherin secondary antibody [EPR1792Y] Intercellular Junction Marke-
rAlexa Fluor488 (Cat. ab195202, Abcam, UK). In addition, the concentra-
tions of cell surface and cytoplasmic calreticulins were determined immu-
nofluorometrically using Anti-Calreticulin primary antibody (Cat. ab2907, 
Abcam, UK) and Anti-Calreticulin secondary antibody [EPR3924] ER 
MarkerAlexa Fluor 594 (Cat. ab275343, Abcam, UK). The visualization 
and measurement of fluorescence area and intensity were performed by 
RED Gel Imaging System (Alpha Innotech, USA) using TotalLab 
CLIQS 1.3.063 software.  

For cadherins and calreticulins colocalization analysis, rBM-MSC 
were fixed using “Image-iT™ Fixation/Permeabilization Kit” (Invitrogen, 
USA) prior to staining with Anti-pan Cadherin primary antibody (Cat. 
ab16505, Abcam, UK), Anti-pan Cadherin secondary antibody 
[EPR1792Y] Intercellular Junction Marker Alexa Fluor 488 (Cat. 
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ab195202, Abcam, UK), Anti-Calreticulin primary antibody (Cat. 
ab2907, Abcam, UK), and Anti-Calreticulin secondary antibody 
[EPR3924] ER Marker Alexa Fluor 594 (Cat. ab275343, Abcam, UK).  

To measure free and protein-bound calcium in live cells, MSCs were 
washed in an imaging buffer “Live Cell Imaging Solution” (Thermo 
Scientific, USA) and loaded with fluorescent calcium-sensitive Fura Red 
AM ratiometric dye by incubation in the imaging buffer containing 5 μΜ 
Fura Red AM (Cat. F3020, Life Technologies, USA) for 30 min. Excita-
tion/emission = 405/637 nm was used to determine free Ca²⁺, and excita-
tion/emission = 473/657 nm was used to detect protein-bound Ca²⁺.  

The concentration of free oxygen species in living cells was deter-
mined fluorimetrically using the “Cellular Reactive Oxygen Species De-
tection Assay Kit (Orange Fluorescence)” (Abcam, United Kingdom).  

Fixed and live cell fluorescence visualization and measurement of 
fluorescence intensity, post-acquisition images processing and colocaliza-
tion analysis were performed using an FV10i-LIV confocal laser scanning 
microscope (Olympus, Japan) and cell Sense Dimension software 
(Olympus, Japan). Cells were observed using the same parameters of 
lasers and photomultipliers.  

The data were compared and evaluated using the Shapiro-Wilk nor-
mality test for n < 30 (n = 24) and the nonparametric Mann-Whitney U-
test for two independent groups (each parameter – a separate group) using 
PAST v. 3.17 software (Oyvind Hammer, freeware license). All the data 
were presented as mean and standard deviation (x ± SD). The difference 

between the studied parameters was considered statistically significant at 
P < 0.05.  
 
Results  
 

It was found that incubation with GdYVO4:Eu3+ nanoparticles in the 
used concentration did not lead to dramatic changes in cell monolayers 
(Fig. 1). The number of cells and the area of cell bodies underwent no 
changes, but the density of the monolayer and the area of the cell field 
decreased after 1 hour of incubation (Table 1).  

Table 1  
The effect of GdYVO4:Eu3+ nanoparticles  
on rBM-MSC morphometric indicators in the monolayer  

Parameter (−) GdYVO4:Eu3+ (+) GdYVO4:Eu3+ 
The number of cells in the well, х104   8.4 ± 0.2   8.2 ± 0.3 
Monolayer density, % 87.5 ± 2.3   80.6 ± 2.7* 
Cell body area, μm2 237 ± 11 211 ± 15 
Cell field area, μm2 361 ± 14   314 ± 12* 
Notes: * indicates significant differences (P < 0.05, n = 24) compared with the group 
without incubation (–) with GdYVO4:Eu3+ nanoparticles.  

The detected decrease in the density of the monolayer was related to 
the fact that the incubation of cells with nanoparticles led to increase in the 
area of the intercellular gate – a location of disruption of cell adhesion, 
compared with cells without nanoparticles in culture medium (Fig. 2).  

 

 
Fig. 1. Confocal laser scanning microscopy (CLSM) visualization (phase contrast and fluorescence modes) of rBM-MSCs monolayer  

culture without (a) and after incubation with nanoparticles (b); blue fluorescence is representing nuclei stained by dsDNA-specific  
dye DAPI (Cat. D1306, Invitrogen, USA); DAPI excitation was provided by 405 nm laser line, and resulting fluorescence  

was acquired using 461 nm emission line; 60/1.2 NA water-immersion objective  

 
Fig. 2. Confocal laser scanning microscopy (CLSM) visualization (phase contrast and fluorescence modes) of rBM-MSCs monolayer culture without (a) 
and after incubation with nanoparticles (b); blue fluorescence is representing nuclei stained by dsDNA-specific dye DAPI (Cat. D1306, Invitrogen, USA); 

DAPI excitation was provided by 405 nm laser line, and resulting fluorescence was acquired using 461 nm emission line; 60/1.2 NA water-immersion 
objective; the arrows point to an intercellular gate – a location where disruption of cell adhesion has occurred after the addition of nanoparticles  
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Figure 3 shows the result of immunofluorescence detection of the 
fraction of plasma membrane cadherins, as well as the fractions of surface 
and cytoplasmic calreticulins of mesenchymal stem cells after electropho-
retic separation of proteins after 1 hour of incubation with GdYVO4:Eu3+ 
nanoparticles. The incubation with GdYVO4:Eu3+ nanocrystals did not 
lead to changes in the content of cadherins in the plasma membrane of 
rBM-MSCs, but decreased the amount of cytoplasmic calreticulin and 
increased the content of cell surface calreticulin.  

The degree of intercellular adhesion is determined by the interaction 
of surface calreticulin with plasma membrane cadherins. The detected 
increase in the specific proportion of surface calreticulin was also con-
firmed by confocal microscopy data with ratiometric analysis after each 
protein family was labeled with fluorescent antibodies, as described in the 
study methods (Fig. 4).  

In addition to ratiometric analysis, labeling each family of proteins 
with fluorescent antibodies made it possible to conduct a colocalization 
analysis to determine the degree of interaction between plasma membrane 
cadherins and cell surface calreticulin. The colocalization analysis revea-
led that the colocalization of calreticulins with cadherins on the outer 
surface of the plasma membrane of cells significantly increases after  
incubation with GdYVO4:Eu3+ nanocrystals, as evidenced by a significant 
increase in the Pearson colocalization coefficient (Fig. 5).  

Figure 6 shows the result of determining the content of free calcium 
and protein-bound calcium in the cytoplasm (a) and extracellular space (b) 
of rBM-MSCs culture without (–) and after incubation (+) with nanopar-
ticles. Incubation with GdYVO4:Eu3+ nanoparticles led to a decrease in 
the content of free and protein-bound calcium in the cytoplasm of cells, 
and an increase in the content of free and protein-bound calcium in the 
extracellular space (Fig. 6).  

  
Fig. 3. The content of plasma membrane’s total cadherins (a), cytoplasmic (b) and cell surface (c) calreticulins in rBM-MSCs without (–)  

and after incubation (+) with nanoparticles: * indicates significant differences (P < 0.05, n = 24) compared with the group  
without incubation (–) with GdYVO4:Eu3+ nanoparticles  

  
Fig. 4. Confocal laser scanning microscopy (CLSM) phase contrast mode (a, c) and fluorescence ratiometric mode (b, d) visualization  

of rBM-MSCs monolayer culture without (–) and after (+) incubation with nanoparticles: the ratiometric index scale indicates the ratio of the intensities  
at two excitation wavelengths (cadherins and calreticulin-specific antibodies conjugated with fluorescence dyes Alexa Fluor 488 and Alexa Fluor 594 

respectively) and directly correlates with the concentration of both proteins; the arrows point to the nuclei area  
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Fig. 5. Data visualization of colocalization analysis of plasma membrane cadherins and cell surface calreticulin of rBM-MSCs monolayer culture without 

(–) and after (+) incubation with nanoparticles: the Pearson colocalization coefficient (Pr) and percentage of colocalized pixels (Cp) are represented on 
each image next to the calculated region of interest (indicated in yellow), demonstrating the strength of colocalization based on the fluorescence intensity 

correlation of cadherins and calreticulin-specific antibodies conjugated with fluorescence dyes Alexa Fluor 488 and Alexa Fluor 594 respectively;  
* indicates significant differences (P < 0.05, n = 24) compared to group without incubation (–) with GdYVO4:Eu3+ nanoparticles  

 
Fig. 6. The content of free calcium and protein-bound calcium in cytoplasm (a) and extracellular space (b) of rBM-MSCs culture  

without (–) and after incubation (+) with nanoparticles: * indicates significant differences (P < 0.05, n = 24) compared  
with the groups without incubation (–) with GdYVO4:Eu3+ nanoparticles   

To reveal the signaling involved in rare-earth orthovanadate nanopar-
ticle-induced effects, the analysis of intracellular reactive oxygen species 
production was performed, suggesting that no oxidative stress was impli-
cated. It was found that the incubation of rBM-MSCs with GdYVO4:Eu3+ 
nanocrystals at the concentration of 0.5 μg/mL for 1 hour did not affect the 
concentration of reactive oxygen species in cells compared with the con-
trol group without exposure to nanocrystals (Fig. 7).  
 
Discussion  
 

The decrease in monolayer density and cell field area after 1 hour of 
incubation with GdYVO4:Eu3+ nanoparticles possibly occurred due to the 
fact that nanocrystals, which are able to be sorbed on the outer surface of 
cells (Pakulova et al., 2017; Tkacheva et al., 2019; Bohuslavskyi & Ala-
bedalkarim, 2019), modify their adhesive properties at the level of func-
tional groups of plasma membrane adhesive receptors (mainly integrins 
and cadherins), such as carboxyl and thiol ones, shielding or inactivating 
them. In particular, such an effect was described in the literature for gold, 
iron, and silver nanoparticles in experiments on cell cultures in vitro (Sau 
& Goia, 2012; Shang et al., 2014; Sabourian et al., 2020). Basically, the 
detected effect is coherent with the data that metal-based nanocrystals are 
able to inhibit the division and migration of some mammalian cells (Ye 
et al., 2020; Shariatzadeh et al., 2022; Xu et al., 2022).The revealed decre-
ase in the amount of cytoplasmic calreticulin and the increase in the con-
tent of surface reticulin may be a consequence of the activation of calreti-
culin transport to the outer surface of the plasma membrane by vesicular 

transport, which is well described in the literature as one of the variants of 
in vitro cell responses to stress, in particular to the effect of various toxi-
cants and metal-based nanoparticles (Owusu et al., 2018; Abdullah et al., 
2022; Jody et al., 2022). The detected decrease in the content of free cal-
cium in the cytoplasm and the increase in protein-bound calcium in the 
extracellular space may be a consequence of the activation of the system 
of calcium active transport in cells – calcium ATPases, the intensity of 
which, as known, depends on the physicochemical state of the plasma 
membrane (Leroueil et al., 2007; Palmgren & Morsomme, 2019), which 
can change when GdYVO4:Eu3+ nanocrystals contact with the plasma 
membrane or pass through it (Jiménez-Jiménez et al., 2020; Yaman et al., 
2020). Also, xenobiotic-triggered signaling pathways include Ca2+ and 
reactive oxygen species (Liang et al., 2020). Thus, to reveal signaling 
involved in rare-earth orthovanadate nanoparticle-induced effects, analysis 
of Ca2+ entry and reactive oxygen species (ROS) production was per-
formed to reveal that, unexpectedly, no oxidative stress was implicated. 
In contrast, it was shown that Ca2+ signaling is activated even in response 
to non-cytotoxic concentrations of metals-based nanoparticles (Zhou et al., 
2022). Notably, oxidative stress, including such induced by metal-based 
magnetic nanoparticles, is known to promote Ca2+ entry, and subsequent 
cell shrinkage (Han et al., 2022). However, our findings indicate that 
GdYVO4:Eu3+ nanoparticles-induced Ca2+ entry did not depend on redox 
pathways. Although ROS signals are typically associated with cellular 
injury, these signaling pathways are also critical for maintaining homeo-
stasis. An important component of ROS signaling pertains to localization 
and tightly regulated signal transduction events within the microenviron-
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ments of the cell. One major aspect of this specificity is ROS compart-
mentalization within membrane-enclosed organelles such as redoxosomes 
(redox-active endosomes). Redoxosomes can control redox-dependent 
effector functions through the spatial and temporal regulation of ROS as 

second messengers (Netanya & Engelhardt, 2014). The incubation of 
rBM-MSCs with nanoparticles was found to have no effect on the ROS-
dependent intensity of fluorescence and amount of redox-active endo-
somes in the cytoplasm (Fig. 7).  

 

 
Fig. 7. Confocal laser scanning microscopy (CLSM) phase contrast mode (a, c) and fluorescence mode (b, d) visualization of intracellular reactive oxygen 

species (ROS) in rBM-MSCs monolayer culture without (–) and after (+) incubation with nanoparticles: red fluorescence is representing ROS 
(Cat. ab186028, Abcam, UK); ROS excitation was provided by 540 nm laser line, and the resulting fluorescence was achieved using 570 nm emission 

line; blue fluorescence represents nuclei stained by dsDNA-specific dye DAPI (Cat. D1306, Invitrogen, USA); DAPI excitation was provided by 405 nm 
laser line, and the resulting fluorescence was obtained using 461 nm emission line; 60/1.2 NA water-immersion objective; the arrows point to redox-active 

redoxosomes  

Features of cellular uptake of rare-earth orthovanadate nanoparticles 
by MSCs may shed light on their cell-cell adhesion inhibition effects. 
There is evidence that the size of nanoparticles can directly affect their 
interaction with cells (Pastore, 2021). A model simulating the receptor-
mediated endocytosis of nanoparticles of different sizes and shapes de-
monstrated that the size of the nanoparticles was essential for endocytosis 
to take place. Specifically, with spherical nanoparticle size ∼ 2 nm (as 
used in the present article), endocytosis occurred faster compared with the 
nanoparticles of larger sizes (Manzanares & Ceña, 2020). The nanopar-
ticles measuring 2  nm did not induce significant structural changes in the 
lipids bilayer and achieved maximum permeability. It is believed that the 
major mechanism of cellular uptake for small nanoparticles is pinocytosis 
(Foroozandeh & Aziz, 2018). It has been reported that rod-shaped nano-
particles are characterized by lower internalization degree compared with 
spherical ones (Kapate et al., 2021). Moreover, the accumulation of nano-
particles around cells and their greater stimulating effect on intracellular 
calcium ion levels suggest that mechanical stress-shear could be responsi-
ble for the observed effects (Matuła et al., 2016). It is shown, that Ca2+ 
gradient in cells regulated by external mechanical stress-strain (Ebihara 
et al., 2022) by mechanically stressed cells is mediated by Piezo1 mecha-
nosensitive cation-permeable channels (Pan et al., 2022). In response to 
Piezo1-mediated Ca2+ influx, the Gardos effect, i.e., potassium efflux, is 
activated, which drives cell shrinkage (Aglialoro et al., 2021). Cell shape 

and cellular adhesion are controlled by a variety of pathways, many of 
them regulated by Ca2+-dependent pathways, which depend on Ca-bin-
ding proteins such as calreticulins. Calreticulin plays a central role in intra-
cellular Ca homeostasis, including the regulation of store-operated Ca 
influx via plasma membrane and ER Ca channels. Numerous studies have 
indicated that alterations in calreticulin levels affect both cell shape and 
adhesion in a variety of cell types, including stem cells (Alvandi et al., 
2021; Iwahashiet al., 2021). Cells that are either underexpressing or lac-
king calreticulin have impaired cell adhesion, whereas overexpression of 
calreticulin increases adherens-type adhesion in both cell-substratum and 
cell-cell varieties (Jiang et al., 2014). However, our findings indicate that 
the decrease in the area of cell-cell contacts is independent of the increase 
of surface calreticulin levels in cells after incubation with nanoparticles. 
It should be noted that mechanisms,whereby calreticulin affects cell adhe-
siveness are unclear, but certainly, the regulation of expression of adhesion 
proteins such as vinculin, N-cadherin, and fibronectin plays a crucial role. 
It was shown that incubation with GdYVO4:Eu3+ nanocrystals does not 
lead to changes in the content of cadherins in the plasma membrane of 
rBM-MSCs, but causes decrease in cytoplasmic calreticulin and increase 
in content of cell surface calreticulin (Fig. 3). It is known that differential 
expression of calreticulin affects tyrosine phosphorylation of cellular pro-
teins in a reciprocal manner, such that an increased surface calreticulin 
expression decreases total tyrosine phosphorylation (Alvandi et al., 2020). 
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The formation of stable cell-cell adhesions by cadherins depends on the 
association of their cytoplasmic domain with catenin family proteins. 
The binding of beta-catenin to these partners is regulated by the phospho-
rylation of tyrosine residues. Tyrosine phosphorylation contributes to the 
regulation or perturbation of cadherin function (Jin et al., 2022).  

Based on the obtained results and the analysis of literature data, a pos-
sible mechanism for reducing the degree of intercellular adhesion of rBM-
MSCs during incubation with GdYVO4:Eu3+ nanoparticles could be as 
follows:  

1) GdYVO4:Eu3+ nanocrystals interact with cells, being partially ab-
sorbed on their surface and passing through the plasma membrane, chan-
ging its physical and chemical properties;  

2) accumulation of nanoparticles around cells and their higher stimu-
lating effect on intracellular calcium ion levels suggest that the accumula-
tion of nanoparticles causes mechanical stress-shear to cell membrane;  

3) mechanical stress-dependent change in the physical and chemical 
properties of the plasma membrane of cells leads to the activation of the 
system of active transport of calcium and cytoplasmic calreticulin from the 
cell;  

4) activation of the universal mechanism of vesicular transport of cy-
toplasmic calreticulin from the cell leads to an increase in its content on the 
outer surface of the plasma membrane;  

5) on the one hand, overexpression of surface calreticulin can act as a 
competitive inhibitor of calcium binding to cadherins, which can lead to 
an inhibition of cadherin dimerization (Yui et al., 2021; Maker et al., 2022) 
and a decrease in the degree of cell-cell adhesion. On the other hand, 
increased surface calreticulin expression causes decreased total tyrosine 
phosphorylation and perturbation of cadherin function.  
 
Conclusion  
 

This study found that rBM-MSCs treated with small-sized GdYVO4: 
Eu3+ nanoparticles exhibited a significant impairment in cell-cell adhesion 
in vitro. The nanocrystals lead to the activation of the calcium transport 
system from the cell and the calreticulin-dependent response to stress, as a 
result of which calreticulin is transported to the plasma membrane, where 
it colocalizes with cadherins and, probably, acts as a competitive inhibitor 
of calcium, which can lead to inhibition of new contacts and damage to 
already formed ones. The study emphasizes the possibility of adhesion 
modulation of rBM-MSCs in order to enable the development of regene-
rative strategies using stem cells, a better understanding of potential cell 
therapeutic applications of MSCs through nanotechnology, and in-depth 
cytotoxic evaluation of nanoparticles supporting their safer use, especially 
in biomedical applications.  
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