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Abstract: In this work, a poly(L-lactide-co-glycolide) (PLGA)-based composite was enriched with
one of the following sol-gel bioactive glasses (SBG) at 50 wt.%: A1—40 mol% SiO2, 60 mol% CaO,
CaO/SiO2 ratio of 1.50; S1—80 mol% SiO2, 20 mol% CaO, CaO/SiO2 ratio of 0.25; A2—40 mol%
SiO2, 54 mol% CaO, 6 mol% P2O5, CaO/SiO2 ratio of 1.35; S2—80 mol% SiO2,16 mol% CaO, 4 mol%
P2O5, CaO/SiO2 ratio of 0.20. The composites and PLGA control sheets were then soaked for
24 h in culture media, and the obtained condition media (CM) were used to treat human bone
marrow stromal cells (hBMSCs) for 72 h. All CMs from the composites increased ERK 1/2 activity
vs. the control PLGA CM. However, expressions of cell migration-related c-Fos, osteopontin, matrix
metalloproteinase-2, C-X-C chemokine receptor type 4, vascular endothelial growth factor, and bone
morphogenetic protein 2 were significantly increased only in cells treated with the CM from the
A1/PLGA composite. This CM also significantly increased the rate of human BMSC migration but
did not affect cell metabolic activity. These results indicate important biological markers that are
upregulated by products released from the bioactive composites of a specific chemical composition,
which may eventually prompt osteoprogenitor cells to colonize the bioactive material and accelerate
the process of tissue regeneration.

Keywords: composites; stem cells; cell migration

1. Introduction

During natural bone remodeling or its repair as a result of fractures, diseases, or
injuries, mesenchymal stem cells (MSCs) migrate to the site of injury and differentiate
into osteoblasts to regenerate bone tissue. Hence, several attempts have been made to use
MSCs for the treatment of bone defects [1,2]. So far, most bone-related therapies focus on
promoting MSC differentiation into osteoblasts. However, the migration of mesenchymal
cells to the bone regeneration site is also a key issue in bone formation and repair. Incorrect
MSC migration can result in several diseases, difficulties in treating fractures, as well as
imbalances in osteoblastogenesis and osteoclastogenesis, resulting in bone resorption rather
than bone formation [1].

Recent studies have stressed the issue of obtaining the correct MSC migration to the
site of bone tissue repair to increase the effectiveness of any potential MSC-based bone
therapy [1]. Bioactive materials are frequently used in orthopedics, maxillofacial surgery,
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and bone tissue engineering. Although “bioactivity” is a broad term, certain bioactive
materials, upon contact with body fluids, release calcium ions, oxyanionic phosphate, and
silicate species from their surface, which may play a role in the ossification process. Calcium
ions are believed to be primary factors in increasing cell mobility, but given the different
rates of calcium release from different bioactive materials, as well as the other ions that
are also released, the overall effects of such material surface activity on cell migration may
be distinct [3–5]. In this work, we examined poly(L-lactide-co-glycolide) (PLGA)-based
composites containing gel-derived bioactive glasses (SBG) from either the SiO2–CaO system
(namely A1—40 mol% SiO2, 60 mol% CaO, CaO/SiO2 ratio of 1.50; S1—80 mol% SiO2,
20 mol% CaO, CaO/SiO2 ratio of 0.25) or the SiO2–CaO–P2O5 system (i.e., A2—40 mol%
SiO2, 54 mol% CaO, 6 mol% P2O5, CaO/SiO2 ratio of 1.35; S2—80 mol% SiO2, 16 mol%
CaO, 4 mol% P2O5, CaO/SiO2 ratio of 0.20). SBGs were incorporated into the PLGA matrix
at 50 wt.%. The studies regarding these materials have focused so far on direct cell–material
interactions, but the products released from these materials may also play a biological
function, especially due to their high bioactivity and osteoinductivity [6,7].

In this study, we tested the hypothesis that the products released from SBG/PLGA
bioactive composites stimulate BMSC migration. The reason behind this is that before
bone is formed, osteoblast precursor cells need to be attracted first to the site of bone
regeneration to start the process of bone formation, and products released from the studied
composites may contribute to this process. Despite that the main bioactive components of
the studied composites are SBGs, the clinical applications of bioactive glasses on their own
are limited, whereas their use as composite components is very broad and the type of matrix
they are incorporated into influences their bioactivity. Thus, it was possible to examine
them as components of PLGA-based composites. To verify the effects of hydrogenated
compounds from these bioactive composites, they were preincubated in culture media to
obtain “condition media” (CM), which were then used to treat human BMSC cultures. In
addition to a typical cell migration study, the cellular metabolic activity, activation of the
ERK1/2 pathway, and the expression of selected genes, namely c-Fos, osteopontin (OPN),
matrix metalloproteinase-2 (MMP-2), C-X-C chemokine receptor type 4 (CXCR4), vascular
endothelial growth factor (VEGF), and bone morphogenetic protein 2 (BMP-2), related to
the cell migration process and/or osteogenesis, were examined.

2. Results

The bioactivity of materials can be determined by the chemical composition of the base,
the chemical groups exposed to the biological environment, and by ions or other material
degradation products released from the material to the physiological environment [8,9].
This study was focused on the selected chemical compounds released from the obtained
SBG/PLGA composites. Previous studies with these composites have shown that they
rapidly release calcium ions to cell culture media upon an initial 24-h incubation period.
Moreover, the levels of Ca released from these composites in a 24 h incubation time depend
on the content of calcium in the SBG/PLGA composites. This could be explained by the
chemical composition of SBGs incorporated into the PLGA, that is, the calcium release
decreased as follows: A1 > A2 > S1 > S2 (Table 1) [7].

Given the highest amounts of calcium released into the culture medium by the
A1/PLGA composites, this corresponded well with the gene expression analyses per-
formed in this work (Figure 1). Human BMSCs exposed for 72 h to the CM from the
A1/PLGA had significantly elevated c-Fos, OPN, MMP-2, VEGF, and CXCR4 mRNA levels,
the transcripts potentially involved in the cell migration process. However, the overall
metabolic activity of cells was comparable for all studied CMs from the composites and
comparable to the PLGA CM control.
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Table 1. Ca, Si, and P concentrations in the culture medium after 24-h soaking of SBG/PLGA
composites and PLGA control. Adapted from Ref. [7].

Material

Ions Concentration [mM/dm3]

Calcium Ions (Ca2+)
Phosphate Ions

(PO43−)
Silicate Ions

(SiO44−)

A1/PLGA 10.835 ± 0.047 0.637 ± 0.016 1.372 ± 0.030

A2/PLGA 8.404 ± 0.075 0.707± 0.013 1.835 ± 0.093

S1/PLGA 5.510 ± 0.025 1.180± 0.034 0.631 ± 0.006

S2/PLGA 2.465 ± 0.049 1.164 ± 0.030 1.205 ± 0.018

PLGA 0.674 ± 0.020 1.366 ± 0.046 0.002 ± 3.746 × 10−4
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Figure 1. The mRNA levels of c-Fos (a), OPN (b), MMP-2 (c), VEGF (d), CXCR4 (e), and metabolic
activity of cells (f) after 72-h of exposure of hBMSCs to CMs collected from the indicated composites.
The results for control cells treated with CMs collected from the PLGA (control) surface are marked
with a dashed line. # indicates significant increases with the control PLGA CM. Statistically significant
differences between the materials and the control PLGA are marked with *.

Notably, compared to the PLGA control, human BMSCs treated with the CM from
the A1/PLGA displayed the highest BMP-2 expression (Figure 2). Although the CM from
the S2/PLGA composites also elevated BMP-2 expression, the BMP-2 mRNA levels in the
hBMSCs treated with the CM from the S2/PLGA were significantly lower than in cells
treated with the CM from the A1/PLGA. The CM from the A1/PLGA also significantly
increased the cell migration rate, as measured by a QCM Chemotaxis Cell Migration Assay.
Interestingly, the ERK 1/2 activity was significantly higher in cells treated with all studied
composite-derived CMs vs. the CM from PLGA, but again, the highest ERK 1/2 activity
was detected for the CM from the A1/PLGA composites.
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Figure 2. The mRNA levels of BMP-2 after 72-h BMSC treatment with CMs from studied composites
(a); cell migration rate upon treatment with CMs (b); phospho-ERK 1/2 and total ERK 1/2 activation
upon CM treatment (c). The results for control cells treated with CMs collected from PLGA are
marked with a dashed line. # indicates significant increases from PLGA. Statistically significant
differences between the materials and the control PLGA are marked with *.

3. Discussion

There are several different molecules and processes involved in cell migration [10,11].
In the present study, the expressions of BMP-2, MMP-2, OPN, VEGF, and c-Fos were
examined due to their potential involvement in the human BMSC initial response to the
chemical compounds released from the studied materials [10]. The products of these genes
are involved in processes such as bone regeneration and wound healing, which involve the
mechanisms of the migration of cells toward the site of tissue regeneration [11–13]. On top
of the above, we examined CXCR4 expression as one of the major factors controlling the
processes of migration and the homing of MSCs [11,14–16]. At the time of implantation, the
bioactive material is immediately exposed to the action of physiological fluids, and it begins
to release active compounds to the immediate environment. It is well established that the
active compounds released from such materials may initiate a biological response [17].
Given that the composites studied in this work contained gel-derived bioactive glasses
of specific chemical compositions and released substantial amounts of Ca, Si, and P ions
during the first 24-h contact with the physiological fluids (Table 1), it was possible to
define whether the chemical products released by these materials are chemoattractants to
ostoprogenitor cells that contribute on their own to the initiation of osteogenesis. In this
work, calcium ions released from the studied surfaces were assumed to be the key ions
responsible for the initiation of hBMSC migration toward the bioactive material.

As shown in Table 1, all composites studied here released calcium ions, but the highest
Ca levels were detected in the culture media harvested from the high-calcium A1/PLGA
material [7]. Calcium ions have been shown to increase the expressions of BMP-2, CXCR4,
OPN, c-Fos, VEGF, and MMP-2, and this is consistent with the results of the present
study, where the CM from the A1/PLGA significantly increased the mRNA levels of the
above-mentioned genes in human BMSC [15,17–25]. Notably, the expression of the above-
mentioned genes decreased significantly for the A2/PLGA composites vs. those of the
A1/PLGA. This can be partly explained by the reduced amounts of calcium ions released
by the A2/PLGA composites. The materials enriched with P2O5 can quickly bind the
calcium ions, accelerating the deposition of calcium phosphates on the composite surfaces,
thus reducing the biological activity of free calcium ions [25]. Furthermore, the correlation
between the VEGF expression and phosphorus oxide-containing materials (A2/PLGA and
S2/PLGA) could be observed, as CMs from these materials reduced the mRNA levels of
VEGF expression, which is consistent with reports showing that phosphorus compounds
can affect VEGF expression [26]. A similar trend could be observed in the case of MMP-
2. Phosphorus compounds are used as inhibitors of metalloproteinases [27]. Moreover,
OPN expression correlated with the relative concentrations of calcium ions to phosphate
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ions (Ca2+/PO4
3− ratio), and calcium ions to silicate ions (Ca2+/SiO4

4− ratio). Namely,
the CM collected from the A1/PLGA (Ca2+/PO4

3−—17.01, Ca2+/SiO4
4−—7.90) exhib-

ited both Ca2+/PO4
3− and Ca2+/SiO4

4− ratios higher than the medium collected from
the A2/PLGA (Ca2+/PO4

3−—11.89, Ca2+/SiO4
4−—4.60). Similarly, for the composites

with S-type bioglasses, these parameters were higher for the S1/PLGA (Ca2+/PO4
3−—

4.67, Ca2+/SiO4
4−—8.73) than for the S2/PLGA (Ca2+/PO4

3−—2.12, Ca2+/SiO4
4−—2.05).

Assuming that calcium ions can stimulate OPN expression while silicate ions at higher con-
centrations can reduce OPN expression, and that media from the A1/PLGA and S1/PLGA
showed elevated relative concentrations of calcium ions, it can be assumed that calcium
ions were mainly responsible for the stimulation of OPN expression [13,28].

Furthermore, all CMs harvested from the studied composites increased the ERK 1/2
activity in human BMSCs vs. the CM from the control PLGA, which can have several
cellular consequences. It has been reported that silica exposure activates the ERK 1/2
pathway in different types of cells, and the presence of silicon dioxide in the studied
composites may be responsible for this effect [29–31]. However, the activation of ERK 1/2
by silicon compounds may be related to biological processes other than cell migration,
as silicon compounds have been shown to inhibit cell mobility [32,33]. This was most
visible when comparing the effects of CMs from the A1/PLGA and S2/PLGA composites.
Although increased ERK 1/2 activity may also contribute to increased cell mobility, in this
study, the hBMSC mobility was significantly increased only for the CM harvested from the
A1/PLGA [34]. Thus, the other factors are necessary to mobilize hBMSC upon stimulation
with CMs from composites other than A1/PLGA. The lack of significant increases in the
migration rates of cells exposed to CMs from the S1/PLGA or S2/PLGA composites may
also rely on markedly lower gene expressions of all studied genes except for CXCR4 with
the S2/PLGA [29–31]. On the other hand, the highest ERK 1/2 activation by the CM from
the A1/PLGA may be the overall effect of the increased expressions of VEGF, OPN, and
CXCR4 [35–37]. Furthermore, the increased expression of c-Fos in cells stimulated by the
CM from the A1/PLGA may have contributed to the high ERK 1/2 activity. c-Fos is an
early response gene that can be activated due to several physicochemical properties of a
material surface, mechanoregulation, as well as local changes in Ca levels [38].

Altogether, the present study suggests that the increased hBMSC migration rate for the
CM from the A1/PLGA materials may be related to the high amounts of Ca ions released
during the first 24 h incubation of the materials in the culture media. This CM from the
A1/PLGA not only increased the ERK 1/2 activity but also increased the expression of a
set of genes, namely BMP-2, CXCR4, OPN, MMP-2, VEGF, and c-fos. Although this was
not explored in this study, all these markers may contribute not only to BMSC migratory
activity but also to their osteogenic differentiation. Despite the increased expression of
BMP-2 observed for cells treated with the CMs from the S2/PLGA, neither this nor the
elevated ERK 1/2 activity were sufficient to increase the migration of these cells; however,
a trend of elevated CXCR4 mRNA was noticeable. In contrast, an elevated expression of
endogenous BMP-2 in the hBMSCs stimulated by the CM from the A1/PLGA may have
sufficiently modulated the expression of CXCR4 [39]. Thus, cells prompted by the CM from
the A1/PLGA could have auto-stimulated themselves through the BMP-2 to increase the
CXCR4-mediated migration.

Despite that the mechanisms by which the factors analyzed in this work contribute to
increased cell motility upon the CM from the A1/PLGA composites are not fully elucidated,
we believe it is of importance to report that composite surfaces of specific chemical compo-
sitions (i.e., A1/PLGA) display such a biological function. The proposed mechanisms by
which these A1/PLGA bioactive composites may simulate cell migration are summarized
in Scheme 1. Overall, the results of this study may prompt further research to understand
the mechanisms by which certain bioactive surfaces/scaffolds attract osteoprogenitor cells.
They may also help to further develop the materials that will not only serve as growth
surface/scaffolds for cells but also as bioactive stimuli to attract progenitor cells to colonize
such growth surfaces/scaffolds, thus accelerating the tissue regeneration process.
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4. Materials and Methods
4.1. Composite Components

The technology of production of the SBG/PLGA composites was reported previ-
ously [6,7]. Briefly, PLGA was synthesized via a ring-opening process in the presence
of low-toxicity zirconium acetylacetonate as a copolymerization initiator [40]. The mo-
lar ratio of L-lactide to glycolide in the copolymer was 85:15, and the molecular masses
of PLGA were Mn = 80 kDa and Mw = 152 kDa. Sol-gel glasses used as composites
modifiers were of the SiO2–CaO (A1—40 mol% SiO2, 60 mol% CaO, CaO/SiO2 ratio of
1.50; S1—80 mol% SiO2, 20 mol% CaO, CaO/SiO2 ratio of 0.25) and SiO2, CaO, P2O5
(A2—40 mol% SiO2, 54 mol% CaO, 6 mol% P2O5, CaO/SiO2 ratio of 1.35; S2—80 mol%
SiO2, 16 mol% CaO, 4 mol% P2O5, CaO/SiO2 ratio 0.20) systems, and were added to the
PLGA at 50 wt.%. Tetraethoxysilane (TEOS, Si(OC2H5)4, Sigma-Aldrich, St. Louis, MI,
USA), triethyl phosphate (TEP, OP(OC2H5)3, Sigma-Aldrich, St. Louis, MI, USA), and
calcium nitrate tetrahydrate (Ca(NO3)2·4H2O, POCh, Gliwice, Poland) were used as base
components to start the sol-gel process. Then, a 1 M solution of hydrochloric acid (HCl,
POCh, Gliwice, Poland) was used as a catalyst for the hydrolysis and condensation reac-
tions. Preformed gels were dried at 40–120 ◦C for 7 days and then subjected to thermal
treatment at 600 ◦C for 10 h (SiO2–CaO), or 700 ◦C for 20 h (SiO2–CaO–P2O5). Afterwards,
they were milled and sieved to obtain bioactive glass powders with an average particle
diameter of 45 µm. The physicochemical properties of the SBGs as well as the ion release
profile from SBG/PLGA composites have been presented in earlier studies [6,7,41].

4.2. Composite Sheets Fabrication

The sheets of the SBG/PLGA composites were fabricated by mixing the SBG particles
with a 5% w/v PLGA solution in methylene chloride (CH2Cl2, POCh, Gliwice, Poland) for
24 h, followed by a slip casting of the viscous mixture on glass Petri dishes, the evaporation
of the solvent in air, and then drying in air and vacuum to a constant weight. The weight
fraction of the SBG in the PLGA was 50 wt.%, similar to recent studies and in contrast to
SBG/PLGA sheets containing SBGs at 21 vol% [6,7]. The obtained composite sheets were
0.11 mm thick.

4.3. HBMSC Isolation and Culture Expansion

Unless stated otherwise, all cell culture reagents were purchased from Thermo Fisher
Scientific. HBMSCs were harvested from the iliac crest of adult patients (42–67 years
old, both genders) according to the approved Institutional Review Board protocol (No.
1072.6120.254.2017). The mononuclear cell fraction was isolated using Ficoll-Paque (GE
Healthcare, Chicago, IL, USA) and mononuclear cells were expanded in alpha-Minimum
Essential Medium (alpha-MEM) containing 10% mesenchymal stem cell qualified fetal
bovine serum (MSCq FBS, Biological Industries) and a 1% mixture of penicillin and strep-
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tomycin. Once the primary cultures reached 80–90% confluence, the cells were detached
from the bottom of tissue culture flasks with 0.25% trypsin-ethylene-diamine-tetra-acetic
acid (EDTA) and either used for the experiments or further expanded in T-75 flasks. All
experimental cultures were established with hBMSCs at passages 3–5.

4.4. Cultures in the Presence of CMs Harvested from the Materials

To study the effect of ions released from materials on cell response, the material sheets
were cut into round disks fitting the bottom of 24-well tissue culture plates. The disks were
soaked in 70% ethanol (water solution), washed with phosphate-buffered saline (PBS) to
remove ethanol traces, exposed to UV light (10 min each side), and then left overnight
under the laminar chamber to dry. The next day, the sterilized materials were soaked for
24 h in 1 mL of growth media to obtain CM. Separately, hBMSCs were seeded on tissue
culture plates (TCP) at a density of 2 × 104 cells/cm2. After a 24 h culture, the media from
above the cells were removed, and the cells were washed with PBS and treated with the
CMs harvested from the materials. For the gene expression study, the cells were exposed to
the CMs for 72 h. Cells exposed to the CM from PLGA were used as a control.

4.5. Migration Studies

The migration studies were carried out as described earlier [20]. A colorimetric,
24-well (8 µm) QCM Chemotaxis Cell Migration Assay was used to determine the number
of cells migrating toward the CM. Before cell seeding into the chambers, they were cultured
in serum-free medium for 24 h in order to inhibit cell proliferation. Then, hBMSCs were
seeded in the upper chambers in 300 µL of culture medium containing 1 × 106 cells/mL,
and the lower chambers were supplemented with 500 µL of the appropriate CMs. The cells
were incubated for 24 h at 37 ◦C. Cells cultured in the presence of the CM harvested from
PLGA were used as a control. The cells that had migrated through the membrane were
stained according to the manufacturer’s protocol, and the number of cells was determined
by reading the absorbance at 650 nm. A schematic performance of the experiments is
shown in Figure 3.
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4.6. Metabolic Activity of Cells

The MTS assay (CellTiter96Aqueous One Solution Cell Proliferation Assay; Promega)
was used to determine the cell metabolic activity. After a 3-day culture in the presence of
CMs, the cells were washed with sterile PBS and the culture medium from individual wells
was replaced with a 0.2 mL solution of 10% MTS reagent in phenol-free alpha-MEM. The
plates were incubated at 37 ◦C until an apparent change of color from yellow to brownish.
Then, the colored media were transferred to individual wells in 96-well plates, and the
absorbance was recorded at 492 nm using a plate reader (SpectraMax iD3, Molecular
Devices, San Jose, CA, USA).

4.7. Gene Expression Analyses

The total RNA was isolated 3-days post-exposure of the cells to the CM. Briefly,
TriReagent (MRC Inc.) was used and 0.5 µg of RNA from each culture was reverse-
transcribed to cDNA with High-Capacity cDNA Reverse Transcription Kits (Applied
Biosystems). The cDNA samples were used for qPCR analyses with TaqMan probes
for CXCR4 (Hs00607978), MMP-2 (Hs01548727), and c-Fos (Hs04194186). The reaction
mixtures (total volume of 15 µL) for qPCR consisted of 50 ng of cDNA, 7.5 µL of Taq-
Man Universal PCR Master Mix, and 0.75 µL of TaqMan probe. For qPCR with OPN,
BMP-2, VEGF, and TATA primers, each reaction mixture (total volume of 10 µL) con-
tained 50 ng of cDNA, 1 µL of 0.5 µM of gene-specific primers, SYBR®Green I, AmpliTaq
Gold® DNA Polymerase, and the reaction buffer as recommended by the manufacturer
(SYBR® Green PCR Master Mix, Applied Biosystems). All qPCR reactions were carried
out in a StepOnePlus Real-Time PCR thermal cycler (Applied Biosystems). The sequences
of primers used in the analyses (listed in 5′-3′/forward-reverse order) are as follows:
OPN—TGGAAAGCGAGGAGTTGAATG/CATCCAGCTGACTCGTTTCATAA; BMP-2—
TGCTAGTAACTTTTGGCCATGATG/GCGTTTCCGCTCTTTGTGTT; VEGF—GAGTGTGT
GCCCACTGAGGAGTCCAAC/CTCCTGCCCGGCTCACCGCCTCGGCTT; TATA—GGA
GCTGTGATGTGAAGTTTCCTA/CCAGGAAATAACTCTGGCTCATAAC. The PCR reac-
tions for the TaqMan probe were performed for 40 cycles with a denaturation step at 95 ◦C
for 15 s, annealing at 60 ◦C for 1 min, and elongation at 60 ◦C for 1 min. For gene-specific
primers, the reactions were performed for 40 cycles with a denaturation step at 95 ◦C for
30 s, annealing at 60 ◦C for 1 min, and elongation at 72 ◦C for 30 s. Relative quantification
(i.e., the ddCT method) was used to analyze the results with the samples obtained from the
cells treated with the CM harvested from PLGA as a reference.

4.8. Western Blot Analyses

The activation of the ERK 1/2 signaling pathway was evaluated 3-days post-exposure
of the cells to CM. The cells were washed 3 times with PBS and covered with 200 µL of
whole-cell lysis buffer (Cell Signaling Technology, Danvers, MA, USA). The protein concen-
trations in the extracts were determined with the MicroBCA kit (Pierce). Equal amounts of
protein samples were separated on NuPAGE 4–12% Bis-Tris gels under reducing conditions,
transferred to polyvinylidene fluoride (PVDF) membranes, and then probed overnight
with primary anti-human ERK1/2 and phospho-ERK 1/2 (Cell Signaling Technology, #9102
and #9101, respectively). The horseradish peroxidase-linked secondary antibodies (GE
Healthcare) were then applied, and the peroxidase-based signal was detected using Western
Lightning Chemiluminescence Reagent Plus (GE Healthcare). The signal was captured on
Hyperfilm ECL chemiluminescent films (Perkin-Elmer, Waltham, MA, USA).

4.9. Statistical Analyses

All the data were collected in triplicate and expressed as the mean ± SD. Statistical
analyses were performed using Statistica 13 software (Tibco Software, Palo Alto, CA, USA).
One-way or multiple ANOVA comparisons with post-hoc Tukey’s test were applied to
calculate statistically significant differences at p < 0.05.



Int. J. Mol. Sci. 2022, 23, 2598 9 of 11

Author Contributions: Conceptualization, K.Ł. and A.M.O.; resources, K.Ł., Ł.N., K.C.-K. and
A.M.O.; methodology, K.Ł. and B.Z.; formal analysis, K.Ł. and B.Z.; investigation, K.Ł. and B.Z.; data
curation, K.Ł. and B.Z.; funding acquisition, K.Ł., B.Z., K.C.-K. and A.M.O.; visualization, K.Ł. and
K.T.; writing—original draft, K.Ł., K.C.-K. and A.M.O.; supervision, K.C.-K. and A.M.O.; writing—
review and editing, K.Ł., B.Z. and A.M.O. All authors have read and agreed to the published version
of the manuscript.

Funding: This work was financially supported by the National Science Centre, Poland (grant Nos.
2016/21/B/NZ5/00217 (A.M.O.), 2017/27/B/ST8/00195 (K.C.-K.), and 2019/32/T/ST5/00453
(B.Z.)) and funds for co-financing the research activities of doctoral students at the Faculty Biol-
ogy of Jagiellonian University (grant no. DS/D/WB/IZiBB/9/2019 (K.Ł.)).

Institutional Review Board Statement: HBMSCs were harvested according to the approved Institu-
tional Review Board protocol (No. 1072.6120.254.2017).

Informed Consent Statement: Not applicable.

Data Availability Statement: The data presented in this study are available on request from the
corresponding author.

Acknowledgments: The open-access publication of this article was funded by the “Excellence
Initiative—Research University” program at Jagiellonian University in Kraków, Poland.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Su, P.; Tian, Y.; Yang, C.; Ma, X.; Wang, X.; Pei, J.; Qian, A. Mesenchymal Stem Cell Migration during Bone Formation and Bone

Diseases Therapy. Int. J. Mol. Sci. 2018, 19, 2343. [CrossRef]
2. Lin, W.; Xu, L.; Zwingenberger, S.; Gibon, E.; Goodman, S.B.; Li, G. Mesenchymal Stem Cells Homing to Improve Bone Healing.

J. Orthop. Transl. 2017, 9, 19. [CrossRef] [PubMed]
3. Villalobo, A.; Berchtold, M.W. The Role of Calmodulin in Tumor Cell Migration, Invasiveness, and Metastasis. Int. J. Mol. Sci.

2020, 21, 765. [CrossRef] [PubMed]
4. Chen, L.; Zheng, L.; Jiang, J.; Gui, J.; Zhang, L.; Huang, Y.; Chen, X.; Ji, J.; Fan, Y. Calcium Hydroxide-Induced Proliferation,

Migration, Osteogenic Differentiation, and Mineralization via the Mitogen-Activated Protein Kinase Pathway in Human Dental
Pulp Stem Cells. J. Endod. 2016, 42, 1355–1361. [CrossRef]

5. Aquino-Martínez, R.; Angelo, A.P.; Pujol, F.V. Calcium-Containing Scaffolds Induce Bone Regeneration by Regulating Mesenchy-
mal Stem Cell Differentiation and Migration. Stem Cell Res. Ther. 2017, 8, 1–10. [CrossRef] [PubMed]

6. Pamula, E.; Kokoszka, J.; Cholewa-Kowalska, K.; Laczka, M.; Kantor, L.; Niedzwiedzki, L.; Reilly, G.C.; Filipowska, J.; Madej, W.;
Kolodziejczyk, M.; et al. Degradation, Bioactivity, and Osteogenic Potential of Composites Made of PLGA and Two Different
Sol–Gel Bioactive Glasses. Ann. Biomed. Eng. 2011, 39, 2114. [CrossRef]
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