- QA

A4
This article is licensed under CC-BY-NC-ND 4.0 @ @ @ @

http://pubs.acs.org/journal/acsodf

High VEGF Secretion Using Co and B Co-doped Bioactive
Mesoporous Glass Nanoparticles for Enhanced Angiogenesis

Martina Vitazkova,* Fatih Kurtuldu, Nurshen Mutlu, Kai Zheng, Yan Xu, Pavol éuly, Luk4s Minster,
Zulema Vargas-Osorio, Dusan Galusek, and Martin Michalek*

Cite This: ACS Omega 2025, 10, 19735-19749 I: I Read Online

ACCESS | lihl Metrics & More | Article Recommendations
ABSTRACT: This investigation presents a novel approach to engineering Synthests of MBGNPs Sl B A

mesoporous bioactive glass nanoparticles (MBGNSs) through selective ion
doping. This method can significantly potentiate their physicochemical
properties and biological performance. We elucidate the effects of boron (B)
and cobalt (Co) doping, individually and in combination, on MBGNSs’
structural, functional, and biocompatible characteristics. Using microemulsion-
assisted sol—gel synthesis, we fabricated MBGN’s with sizes ranging from 150 to
250 nm and shapes that shifted from spherical to more irregular shapes upon co-
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doping, as observed by SEM and TEM. We assessed the materials’ amorphous = vos stosacons) HOFs (fbroblas) iy

nature and molecular structure through XRD and FTIR, respectively, noting the i s’ %} ‘ﬁaﬁ

preservation of bioactivity-associated Si—O—Si groups. This can influence the ' i P& woundnane
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nucleation and growth of the mineral phases similar to those found in natural =~ ésemeioMeoNs i FE g semntin | R

tissues, forming a bioactive coating on the material surface. Nitrogen

adsorption—desorption isotherms confirmed a mesoporous structure with increased specific surface area upon co-doping. The
release behavior of Ca and Si in simulated body fluids studied by ICP-OES indicated alterations after adding Co and B, modifying
their release kinetics. Bone regeneration relies on osteogenesis and vascular network formation for nutrient and oxygen supply. This
study highlights the synergistic effect of B and Co co-doping, enhancing both angiogenesis and osteogenesis beyond single-ion
doping. Biocompatibility studies with MG-63 and HDFa cell lines indicated that B enhanced cell viability, while the viability effect of
Co was concentration-dependent. Cytotoxicity was assessed through lactate dehydrogenase (LDH) assays and is shown in high
concentrations in the case of reference and B-doped sample, which was significantly reduced in the case of co-doped material. The
newly developed nanoparticles showed a 10-fold increase in vascular endothelial growth factor (VEGF) secretion compared to the
control sample (p < 0.05, one-way ANOVA), as determined by enzyme-linked immunosorbent assay (ELISA) in treated cells. Based
on present results, the co-doped system shows a strong potential impact on angiogenesis with no effect on cell cytotoxicity.

1. INTRODUCTION and cobalt into bioactive glass scaffolds has shown promise for

Bioactive glass 4585 (BG), developed by Hench et al. in 19 69,1 bone tissue engineering applicatiorllg,_ gromoting osteogenesis
gained considerable attention as biomaterial due to its mn hl?man mesenchymal stem ,Ceus' )

promising properties, such as bioactivity, osteoconductivity, Without adequate vascularlzatlo‘n, .engmeer?d bor.le con-
and biodegradability.z’3 Their great potential is mainly oriented §truch face ~challenges sAuchA 351311?“6(1 nutrient ) dlﬁ'u.smn,
toward tissue engineering and regenerative medicine applica- ¥mpa1refl cellular con'lmumcatl_on, ©and compron'nsed tlssu'e
tions. Recent progress has focused on enhancing the biological integration, all of which can hinder the success of tissue repair
activity of BGs through the development of highly porous and

and regeneration.15’16 The importance of angiogenesis in
nanosized materials.* Compared to traditional bioactive wound healing and osteogenesis cannot be underestimated. In
glasses, mesoporous bioactive glass nanoparticles (MBGNs)

wound healing, angiogenesis is one of the earliest events
offer attractive advantages such as high specific surface area initiated immediately after injury, serving to establish a
and mesoporous structure,” which makes them good

candidates for drug delivery carriers.” For tissue engineering Received: January 29, 2025
applications, doping MBGN’s with therapeutic ions is a strategy Revised: ~ March 19, 2025
to improve their functionality further.”® These nanoparticles, Accepted:  April 16, 2025

tailored to deliver bioactive ions and growth factors, can Published: May 6, 2025

provide antibacterial, pro-angiogenic, and osteogenic effects on
. . 7 . . .
tissue regeneration.”” The incorporation of ions such as boron
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network of blood vessels that deliver oxygen and nutrients to
the site of injury, remove metabolic waste products, and recruit
immune cells to promote tissue repair.'’ Similarly, in bone
regeneration, angiogenesis precedes osteogenesis, providing
the necessary vascular network for bone precursor cells to
migrate, proliferate, and differentiate into mature osteoblasts,
which deposit a new bone matrix and facilitate tissue
remodeling.

Recent studies have investigated the incorporation of various
dopants into MBGNs to improve their biological proper-
ties.””'" For example, doping of cobalt or boron into MBGN
has been investigated for its potential to enhance the
angiogenic effect of these nanoparticles.'” Bioactive glass fibers
containing cobalt have been shown to stimulate the hypoxia-
inducible factor-1 (HIF-1) pathway, which plays a key role in
wound healing and angiogenesis."" In the case of mesoporous
bioactive glass nanoparticles, the study was done by Zhang et
al."* who incorporated the lithium and cobalt into the MBGN
in a nominal concentration of 2 wt. %. In their work, they
presented excellent pro-osteogenic differentiation ability in
BMSC cell lines and pro-angiogenic ability in HUVECs cell
lines. In addition, boron-doped bioactive silicate glasses
demonstrated pro-angiogenic effects on endothelial cells,
further highli§hting the potential of dopants in enhancing
angiogenesis.”” In addition, developing novel delivery systems
involving bioactive ions has shown promise in promoting
angiogenesis and tissue regeneration.”’ While Co and B have
demonstrated promising biological effects individually, their
combined effects on MBGNs have not been comprehensively
studied. Chen et al,,'” in their study, prepared melt-quenched
glass co-doped with cobalt and boron for enhanced pro-
angiogenic properties and the most promising composition was
based on 2 wt. % for both elements. The lack of data on their
synergistic role in promoting angiogenesis and osteogenesis
motivated this investigation within reactive materials, such as
mesoporous bioactive glass nanoparticles.

Among all the possibilities, including ions, boron (B) and
cobalt (Co) are of particular interest due to their roles in bone
health and vascularization, respectively.lg’20 Boron, a trace
element, has been implicated in bone development and
maintenance in higher organisms.”” Its role in cross-linking
the extracellular matrix proteins and modulation of the
inflammatory response underscores its potential in bone repair.
When integrated into bioactive glasses, B can improve the
mechanical properties and bioactivity, enhancing bone-forming
capabilities. Moreover, B ions within the MBGNs increase
metabolic activity and membrane stability.””** Boron has also
been reported to influence various other cellular processes,
including cell signaling, gene expression, and metabolism, and
play a role in the turnover and regulation of the extracellular
matrix and increase the release of tumor necrosis factor alpha
(TNF a).*****° The influence of cobalt on angiogenesis is well
documented. However, it is important to note that different
oxidation states of Co ions can lead to varying outcomes for
the prepared material. The introduction of Co®" and Co** ions
can lead to complex interaction. The main criterion is
determining the optimal concentration of introduced Co
ions, as high concentrations can significantly reduce cell
viability, proliferation, or ability to adhere to the surface. Co®*
ions are known precisely for their ability to mimic hypoxia by
stabilizing the hypoxia-inducible factor (HIF), thus supporting
cell survival despite low oxygen content. An important addition
is that Co®" ions exhibit different biochemical interactions than

Co*.*° The important difference is based on their redox
activity and oxidative stress. Co®" is less redox-active than Co®"
and can participate in Fenton-like reactions, which produces
the reactive oxidative species (ROS), but typically not as much
as Co®". Based on this, Co®" can result in more pronounced
cell damage and potentially lead to apoptosis.””*® Another
important difference is in the binding of proteins and enzymes
when Co®* can replace other metal ions (e.g., Mg*, Zn**) in
metalloproteins, which can cause potential alterations in their
function.”” Cobalt ions have also been shown to possess anti-
inflammatory properties and may thus contribute to a more
favorable healing process. In summary, Co stabilizes hypoxia-
inducible factor-1 (HIF-1), upregulating VEGF expression and
promoting endothelial cell proliferation,'”* while B supports
osteoblast differentiation and extracellular matrix stability.
Prior research on single-ion doping suggests potential synergy,
which remains unexplored.

This study hypothesizes that co-doping mesoporous
bioactive glass nanoparticles with boron and cobalt enhances
vascular endothelial growth factor secretion and bioactivity
compared to single-doped MBGNSs. This research evaluates the
structural and physicochemical properties of the materials
through comprehensive characterization and in vitro testing,
with a particular focus on their angiogenic potential. The study
aims to enhance skeletal vascularization, wound healing, and
bone defect repair by stimulating both angiogenic and
osteogenic responses.

2. EXPERIMENTAL PROCEDURE

2.1. Materials. Tetraethyl orthosilicate (TEOS,
(C,H;0),Si 99%, Sigma-Aldrich), cetyltrimethylammonium
bromide (CTAB, CH;(CH,);sN(Br)(CH;);, 99%, Sigma-
Aldrich), ethyl acetate (EA, CH;COOC,H;, Merck, Ger-
many), ammonium hydroxide (NH,OH ACS reagent, 28%
NH; basis, Sigma-Aldrich), calcium nitrate tetrahydrate
(Ca(NO;),4H,0, 99%, CentralChem, Slovakia), cobalt
nitrate hexahydrate (Co(NO;),-6H,0, p.a. >99%, Central-
Chem), and boric acid (H;BO;, p.a. >99,5%, CentralChem).

2.2, Synthesis of Co, B, and Co-doped MBGNSs.
MBGNs were synthesized using an adaptation of the
microemulsion-assisted sol—gel method reported by Liang et
al.’>' In this section, we briefly describe the procedure. First,
1.19 g of CTAB was added to 52 mL of Millipore water under
magnetic stirring at 450 rpm until complete dissolution at 37
°C. Subsequently, the solution was cooled to 25 °C (reaction
temperature was stabilized during the whole synthesis
procedure), followed by adding 16 mL of ethyl acetate, and
left for 30 min (stirred at 350 rpm throughout the following
synthesis) before the incorporation of 1.74 mL of ammonium
hydroxide under continuous stirring for another 15 min. After
this time, 5.76 mL of TEOS and the calculated amount of the
calcium nitrate tetrahydrate were added at 30 min intervals to
prepare the reference binary material (REF) with a nominal
composition of 60Si0,—40Ca0O (mol %). For single-doped
systems, reactions continue with the calculated amount of
cobalt nitrate hexahydrate or boric acid, added 30 min after
adding calcium nitrate. For the co-doped system, both cobalt
and boron were added 30 min after the addition of the calcium
nitrate tetrahydrate (see Table 1). Finally, the samples were
calcinated for 3 h at a temperature of 650 °C with a heating
rate of 1 °C/min.

2.3. Physicochemical Characterization of MBGNSs. The
chemical composition of the material was verified by
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Table 1. Nominal Compositions of Mesoporous Bioactive
Glass Nanoparticles (mol %)

MBGNSs type SiO, CaO CoO B,0;
REF 60 40
3B 60 37 3
3Co 60 37 3
3Co3B 60 34 3 3

inductively coupled plasma-optical emission spectroscopy
(ICP-OES, Varian MPX) via an acid digestion method. Each
sample was measured in three replicas. The measurements
were done in radial plasma using 15 L/min Ar gas flow and
radiofrequency power of 1.15 kW. The MBGNs were digested
by microwave-assisted digestion (Speedwave 4, Berghof
Products+Instruments, Germany) and prepared for analysis
using a strong acid mixture prepared from 6 mL HC], 0.5 mL
HF, 2 mL HNO;, and 5 mL of H;PO5. A series of at least three
calibration solutions was prepared to obtain a linear correlation
between the intensity of the ions and concentration. The
calibration standards were prepared by appropriate dilution of
the certified references (Analytika., s.r.o., Czech Republic) with
5% HNOj; to enable at least a three-point calibration curve
comprising a range from S to 100 mg/L for B, from § to 250
mg/L for Ca, from 3 to 165 mg/L for P, from 2.5 to 100 mg/L
for Si, and from 2 to 100 ppm for Co. The internal
standardization technique, with scandium as the internal
standard, was used to deal with the nonspectral interferences.
The precision of the analysis for all ions, expressed as RSD %,
was below 5%. The average values, including standard
deviations, were obtained from at least three replicates for
each ion.

Scanning electron microscopy (SEM, JSM-7600 F, JEOL,
Japan) and transmission electron microscopy (TEM, JEM-
2100, JEOL, Japan) were used to examine the morphology and
surface microstructure. The preparation of samples for SEM
was as follows: MBGNs were dispersed in EtOH in a
sonication bath for 1 min. Then, the suspension was dropped
on the holder with carbon tape, followed by air drying.
Samples were coated with platinum by using a Sputter-coater
(Quorum Q150 V ES plus, U.K.) with a layer thickness of 10
nm. The shape of the synthesized nanoparticles was analyzed
using Image] software (National Institutes of Health, Bethesda,
MD), and at least 200 particles were used for each sample. The
TEM analysis was performed at an accelerating voltage of 200
kV. The samples were dispersed in ethanol at 0.1 wt. % and
ultrasonicated using an ultrasonic homogenizer WiseTis HG-
15D (Witeg Labotechnik, Germany) for 30 s. Finally, the
dispersed samples were dropped onto a copper grid (300
mesh) with a Formvar coating and dried at 40 °C.

X-ray diffraction analysis was performed using an X-ray
diffractometer (Panalytical Empyrean DY1098, U.K.) with Cu
Ka radiation (45 kV) in the 20 range of 20—80°. The surface
of nanoparticles was characterized using X-ray photoelectron
spectroscopy (XPS, Nexsa G2, Thermo-Scientific), equipped
with monochromatic Al Ka radiation. A spot size of 400 ym
was used for analysis. The survey spectra were acquired in the
binding energy range of 0—1200 eV with an energy step size of
1 eV and a pass energy of 200 eV. High-resolution elemental
XPS data were obtained using an energy step size of 0.1 eV and
a pass energy of 50 eV. Fourier transform infrared spectroscopy
(FTIR) analyses were done by using an FT-IR Spectrometer
(Spectrum 3, PerkinElmer) in absorbance mode in the

wavenumber range from 4000 to 400 cm™ at a resolution of
4 cm™.

Nitrogen absorption/desorption isotherms were recorded
with a volumetric gas adsorption analyzer (BELSORP Mini I,
BEL Japan) at 77 K. Before measurements were taken, the
samples were degassed in sample cells at 300 °C for 3 h. The
specific surface area (SSA) was determined with multipoint
Brunauer—Emmett—Teller (BET) analysis, applying at least
five data points within a relative pressure range of 0.05—0.20
p/po (Data Analysis Software, version 6.4.1.0, MicrotracBEL
Corp., Japan).

2.4. In Vitro Bioactivity. The material’s ability to form
hydroxyapatite was investigated using an in vitro bioactivity
assay. The bioactivity test was performed by immersing 75 mg
of the material in 50 mL of simulated body fluid (SBF)
according to Kokubo’s method.” The bioactivity test was
carried out at 37 °C under constant shaking at 120 rpm for 1,
3, 7, and 14 days. Samples were measured in triplicate. After
each time point, supernatants were collected for ion release
measurements. Subsequently, the supernatants were filtered
using 0.22 pm syringe filters. Then, the samples were analyzed
by optical emission spectroscopy with inductively coupled
plasma (ICP-OES, Varian MPX). A series of at least three
calibration solutions was prepared to obtain a linear correlation
between the intensity of the signal and the concentration of
measured ions. The reference standards certified for ICP
techniques (Analytika spol, s.r.o., Czech Republic) were
diluted to prepare the calibration solutions. The internal
standardization technique, with scandium as the internal
standard, was used to deal with nonspectral interferences.
After the completion of bioactivity tests, the remaining powder
samples were collected, washed with deionized water and
acetone, and examined by using SEM, XRD, and FTIR.

2.5. Cell Culture. In this study, human osteoblast-like MG-
63 and human primary fibroblast HDFa cell lines were used.
MG-63 cells were cultured in Dulbecco’s modified Eagle’s
media (DMEM, Gibco, Germany) supplemented with 10%
Fetal Bovine Serum (FBS, Gibco, Germany) and 1%
Penicillin—Streptomycin (PS, Gibco, Germany) at 37 °C in
a humidified incubator with 5% CO,. These cells were
harvested using trypsin-EDTA (0.25%, Gibco, Germany) and
resuspended in the cell culture medium as required. The HDFa
cells were cultured in human fibroblast expansion basal
medium (Gibco, Germany) supplemented with a low serum
growth supplement (Gibco, Germany) under the same
conditions as the MG-63 cells. HDFa cells were harvested
using trypsin-EDTA (0.025%, Gibco, Germany). In this study,
both cell lines were used for direct cytotoxicity assays.
Additionally, fluorescence staining, VEGF-A release, and
LDH release tests were performed by using HDFa cells.

Moreover, the ion release from nanoparticles was measured
using ICP-OES in DMEM supplemented with 10% FBS and
1% PS to have a more realistic assessment of in vitro
conditions. One mg/mL concentration of nanoparticles was
added to the cell culture medium and incubated at 37 °C
under constant shaking at 120 rpm. After 48 h, supernatants
were collected and filtrated with a 0.22 um syringe filter. Then,
samples were analyzed by ICP-OES, as mentioned in Section
2.3.

2.6. In Vitro Cytotoxicity Assay. MG-63 and HDFa cell
lines were seeded into 96-well plates with an inoculum ratio of
5 X 10* cells/mL in 3 replicates for each concentration and
incubated at 37 °C in a humidified atmosphere of 5% CO, for
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Figure 1. (a) SEM micrographs of MBGN’s showing their morphology, (b) distribution of area of nanoparticles (um?) by count, (c) distribution of
aspect ratio of nanoparticles (ratio of major and minor axis) by count—at least 200 nanoparticles analyzed for each sample, (d) X-ray diffraction
(XRD) patterns of MBGNs showing the amorphous state in each sample, (e) Fourier transform infrared (FTIR) spectra between 400 and 4000

cm™! wavenumbers of MBGNSs.

24 h. MBGNs samples were disinfected for 1h under UV
radiation. Using the respective cell culture media, MBGNs
were dispersed in cell culture media at concentrations of 10,
50, 100, and 500 pg/mL. Then, the medium in the 96-well
plates with cells was discarded and replaced with the cell
culture media containing MBGNs. A cell culture medium
without MBGNSs was used as the control group. After 48 h, the
cytotoxicity of both cell lines was measured by WST-8 assay
(CCK-8 kit, Sigma-Aldrich, Germany). The cell culture
medium containing 5% v/v WST-8 was added to cells and
further incubated for 4 h. The solutions were transferred into a
new 96-well plate to measure absorbance at 450 nm using a
spectrometer microplate reader (BioTek Epoch). Relative cell
viabilities were calculated as follows:

19738

cell viability (%) =
Abs. of sample — Abs. of blank
Abs. of positive control — Abs. of blank

100

2.7. Fluorescent Microscopy Assay. Fluorescent staining
was performed to observe the morphology of HDFa cells
cultured in direct contact with MBGNSs. After the WST-8
assay, the cells were washed with Dulbecco’s phosphate-
buffered saline (DPBS). The cells were then fixed with 4 wt.
%/v formaldehyde in PBS solution for 15 min, and the well
plate was washed with DPBS 3 times. F-actin staining was
performed with 4 yL mL™" of rhodamine phalloidin (R415,
molecular probes, Thermo Fisher Scientific, Germany) for 30
min. Then, the cell nuclei were stained with 1 L mL™" DAPI
(40,6-Diamidino-2-Phenylindole, Dihydrochloride, Thermo

https://doi.org/10.1021/acsomega.5c00874
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Fisher Scientific, Germany) for S min. The well plate was then
washed with DPBS. Finally, cell staining was evaluated using a
fluorescence microscope (Eclipse Ts2R-FL, Nikon, Japan).

2.8. Measurement of VEGF-A Concentration and LDH
Release. The HDFa cells were seeded before testing in the S
X 10* cells/mL density in 3 replicates for each concentration
for both ELISA and also LDH study and incubated for 24 h.
The secretion of VEGF-A from HDFa cells was detected using
the Human VEGF-A ELISA kit (RayBiotech, Norcross).
Medium from HDFa cells cultured in direct contact with
nanoparticles was collected after cytotoxicity tests. The
nanoparticles were separated from the medium using
centrifugation, and these supernatants were used for the
assay. The procedure followed the instructions provided by the
manufacturer.

The lactate dehydrogenase (LDH) release in the HDFa cell
culture media was also measured by using the LDH activity
assay kit (MAKO066, Sigma-Aldrich, Germany). 50 uL of cell
culture medium was used to determine the LDH release. The
procedure followed the manufacturer’s instructions.

2.9. Statistical Analysis. Statistical analysis was conducted
through one-way ANOVA and Bonferroni’s test using the
Origin 2018b software (OriginLab). Differences with a
probability (P) value of less than 0.05 were considered to be
statistically significant. The findings were presented as =+
standard deviation (SD).

3. RESULTS

3.1. Physicochemical Characterization of MBGNs. The
morphological characterization of the different MBGNs
compositions was performed by SEM (Figure la). SEM
micrographs show dispersed MBGNs with particle size
variations ranging from 150 to 250 nm. The nanoparticles
are characterized by either spherical or elongated pineal
shapes. To evaluate the effects of different dopants on the
shape and size of the nanoparticles, their sizes (expressed in
terms of their areas) and aspect ratios were analyzed using
Image] software (Figure 1b,c). The 3B and 3B3Co samples
exhibited comparable area, major and minor axis diameters,
and aspect ratios to the undoped REF sample. In contrast, the
3Co sample demonstrated a significant effect of Co doping on
morphology compared with the other samples. The 3Co
sample showed a wider range of nanoparticle area distribution,
significantly higher major and minor axis diameters, and
consequently, a higher aspect ratio (1.6 + 0.5). To determine
the composition of MBGNS, the samples were digested using a
microwave-assisted acid digestion method, followed by ICP-
OES measurement (Table 2). The nanoparticle’s measured
composition differs from the nominal composition (Table 1).
Specifically, the results indicate a higher concentration of Co
and B than the desired amount of 3 mol %. The concentration
of Ca ions was significantly lower than the nominal
composition: this phenomenon is well documented in the

Table 2. Actual Composition of MBGNs (mol %) Measured
by ICP-OES. Each sample was measured in three replicas

MBGNs SiO, CaO CoO B,0,
REF 83 +2 167 £ 0.2

3B 80.6 + 0.7 159 £ 0.1 3.56 + 0.02
3Co 84 +2 11.7 £ 0.3 45+ 0.1

3B3Co 782 + 0.2 132 + 02 4.97 £+ 0.07 3.39 £ 0.03

nanoparticles prepared by the microemulsion-assisted sol—gel
technique.”**”

The XRD patterns measured in the 26 range of 20—80° did
not show any diffraction maxima corroborating that the
synthesized nanoparticles were amorphous (Figure 1d). The
chemical structure of the synthesized single-doped and co-
doped materials was studied using FTIR spectroscopy (Figure
le). The results show that structurally, the materials doped
with either B or Co or both ions do not differ from the
undoped nanoparticles. The nanoparticles showed character-
istic FTIR spectra corresponding to sol—gel-based silicate
glasses. An intense broadband at 1084 cm™ and a less intense
peak around 468 cm™' are attributed to the stretching and
rocking vibration modes of the Si—O-Si bonds, respec-
tively.””** The peak around 800 cm™ is assigned to bridge
bonds in SiO, tetrahedra.>>™>*

XPS analysis was carried out to confirm and provide further
details on the oxidation state of the ionic species. Figure 2a
shows the survey scan of XPS of MBGNSs, while Figure 2b,c
display high-resolution XPS spectra of B 1s and Co 2p,
respectively. The survey scan confirms the presence of Si, Ca,
B, and Co on the surfaces of the samples, which is consistent
with the ICP-OES results. Furthermore, the high-resolution
scan of the B 1s peak reveals a shift toward the lower energy
side with the co-doped 3Co3B system. Chemical shift is
associated with atoms in different bonding configurations.”” It
is worth noting that the low concentration of boron in the glass
composition and overlapping Si 2s plasmon loss features make
the interpretation of the B 1s spectra challenging.** Moreover,
the high-resolution scan of Co 2p shows four peaks. The
typical 2p peak pairs from spin—orbit splitting and shakeup
satellite features were observed on the higher binding energy
side. The 782 and 798 eV peaks correspond to Co 2p;,, and
Co 2p, 5, respectively.’® Strong satellites recorded for single-
doped and co-doped samples are attributed to the Co*"
species.”’ However, there is a change in the intensity of
satellites between single-doped and co-doped samples. A
decrease in the satellite intensity for the co-doped 3Co3B
sample suggests the presence of Co>".*’ Moreover, the broader
peak width for both samples indicates that cobalt is present in
more than one oxidation state or coordination geometry."" As
discussed in the introduction, the oxidation state of Co ions
profoundly influences their biological and physiological
function.

In summary, SEM analysis revealed that MBGNSs ranged in
size from 150 to 250 nm, exhibiting both spherical and
elongated morphologies. Co doping significantly increased the
nanoparticle size and aspect ratio. ICP-OES confirmed the
incorporation of dopants, although actual concentrations of
therapeutic ions slightly deviated from nominal values. XRD
analysis verified the amorphous nature of the structure, while
FTIR and XPS confirmed the chemical composition, indicating
the presence of Co in multiple oxidation states.

To understand the internal arrangement and textural
properties of synthesized MBGNs, TEM and N, adsorption—
desorption analyses were performed (Figure 3). TEM
micrographs showed the mesoporous structures of nano-
particles (Figure 3a), displaying heterogeneous structures with
mostly slit-shaped pore morphologies for all compositions. The
N, adsorption—desorption analysis results showed type IV
isotherms with H4-type hysteresis loop in the case of the 3Co
sample and H3-type hysteresis loops in the others, as shown in
Figure 3b."” The H4-type hysteresis loop indicates wedge-
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Figure 2. XPS spectra of mesoporous bioactive glass nanoparticles: (a) XPS survey scan, (b) high-resolution scan of B 1s, and (c) high-resolution

scan of Co 2p.
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Figure 3. (a) TEM micrographs showing the morphology and porous structure of well-dispersed MBGNSs, (b) Nitrogen adsorption isotherms of
MBGNS, and (c) pore size distribution calculated from the adsorption isotherms based on the BJH method.

showed similar specific surface areas. An increase in specific
surface area and total pore volume was documented in the Co-
doped MBGNSs (3Co), the only ones that presented different
pore shape. This result aligns with the image analysis of SEM

shaped pores, while H3-type hysteresis loops indicate that
samples show slit-shape pores consistent with the TEM
images.”” The specific surface areas and total pore volumes of
MBGNSs are summarized in Table 3. REF and 3B samples
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Table 3. Textural Properties and Particle Sizes of MBGNs“

type of MBGNs Sger (m?/g) V (cm®/g)
REF 215 0.52
3B 202 0.46
3Co 260 0.59
3B3Co 190 0.40

“Sper: Specific surface area; V,: Total pore volume.

micrographs, which reveals a significantly larger size in the 3Co
sample, while TEM micrographs do not indicate any reduction
in the porosity. However, in the co-doped system, the presence
of B decreased the specific surface area compared to the 3Co
sample. This trend was consistent with the total pore volume
results. Notably, 3Co exhibited the highest specific surface area
(260 m*/g) and total pore volume (0.59 cm®/g).

SEM and TEM images confirm that B-doped MBGNs
maintain a spherical morphology, whereas Co doping alters the
particle shape to elongated structures. This is attributed to
Co’s effect on growth equilibrium during synthesis. TEM and
N, adsorption—desorption confirmed mesoporosity, with Co
doping increasing surface area and pore volume. Co-doped
MBGNSs (3Co) had wedge-shaped pores, while other samples
exhibited slit-shaped pores. Co—B co-doping (3B3Co) also
reduced porosity.

These findings confirm that the co-doping of MBGNs with
boron and cobalt successfully modifies the physicochemical
properties without disrupting the glass structure, supporting
the objective of optimizing these materials for enhanced
bioactivity and controlled ion release in biomedical applica-
tions.

3.1.1. In Vitro Bioactivity and lon Release Behavior of
MBGNs. Research on the bioactivity of MBGNSs in simulated
body fluid (SBF) provides crucial insights into their potential
for biomedical applications. This analysis aimed to assess the
suitability of MBGNs for applications in bone regeneration and
tissue engineering, which are essential for addressing clinical
challenges in orthopedics and regenerative medicine. Our
analysis employed characterization techniques, including FTIR,

XRD, and SEM Figure 5 shows the XRD patterns and FTIR
spectra of all MBGNs after 14 days of incubation. XRD pattern
showed characteristic diffraction maxima of hydroxyapatite
(HA)-like crystals in a possible semicrystalline phase (Figure
4b). The maxima observed at 26 = 25.9 and 31.9°, respectively,
correspond to the (002) and (211) planes of HA.*> The XRD
data have been cross-referenced with standard hydroxyapatite
diffraction cards (JCPDS #09-0432), which confirm the
presence of HA-like structures. The FTIR analysis comple-
mented the XRD results in forming HA-like crystals (Figure
4c). In all compositions, the MBGNs systems showed
promising signs of bioactivity demonstrated by the presence
of a band between 900 and 1000 cm™ associated with the
stretching modes of the PO,*~ bonds in HA.**** The band in
the 565 and 606 cm™' regions associated with the P—O
bonding mode corresponds to the crystalline environment.

SEM micrographs (Figure 4a) provided visual confirmation
of these findings and confirmed the presence of needle-like
crystals placed between the nanoparticles and on their surfaces.
The crystal phase formation and their nanocrystalline character
are indicative of hydroxyapatite, suggesting its 6potential to
promote mineralization and bone regeneration.” Similarities
between single-doped and co-doped systems indicate that the
biological behavior of these materials is not affected by the
simultaneous presence of dopants.

The ion release results in Figure 5 were conducted in
simulated body fluid (SBF) for 1, 3, 7, and 14 days. Silicon (Si)
ion release remained relatively stable across all tested materials
throughout the experimental period, with concentrations
ranging from 32 + 2 to 59.4 + 0.5 mg/L. On the other
hand, calcium (Ca) ion release exhibited notable differences
between the Co-doped and reference materials, ranging from
60 = 3 to 92 + 4 mg/L for samples without boron and ranging
from 66 + 2 to 103 + 2 mg/mL for boron-containing samples.
Boron (B) ion release from the boron-doped (3B) and co-
doped (3B3Co) materials did not show any significant
differences in concentrations ranging from 7.5 + 0.2 to 15.5
+ 0.6 mg/L throughout the experiment. The addition of B into

Intensity (a. u.)
Absorbance (a. u.)

20 30 40 50 60 70 80
20 (degrees)

1400 1200 1000 800 600 400
Wavenumber (cm'?)

Figure 4. (a) SEM micrographs showing the creation of crystals dispersed between MBGNs and on their surface, which is shown in a
representative magnified micrograph corresponding to a co-doped sample. (b) X-ray diffraction patterns (XRD) of MBGNSs after immersion in SBF
for 14 days measured in the 26 range 10—80°. (c) FTIR spectra of MBGNSs recorded between 400 and 1400 cm™ after immersion in SBF for 14

days.
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Figure 6. Relative viability (measured for 3 replicas in each concentration) of (a) MG-63 and (b) HDFa cells cultured in the presence of MBGNs
other concentrations (500, 100, 50, and 10 yg/mL). (c) VEGF-A secretion from HDFa cells cultured for 48 h with MBGNs compared with control
(CTL) and (d) LDH specific activity in cell culture medium after 48 h cultivation of MBGNs with the HDFa cell line. Statistical significances are
indicated with *. The respective confidence intervals are p < 0.0S and were calculated via one-way ANOVA with Bonferroni correction.

the glass network in the case of 3B and 3B3Co increased the silica network and accelerates glass dissolution. This
Ca release compared to that of REF. This can be explained by assumption is further supported by the Si release from B-
the presence of B in the glass structure, which disrupts the containing MBGNs, which was slightly higher than that from
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Figure 7. Evaluation of HDFa cell morphology after cell viability testing (stained with DAPI/Rhodamine phalloidin) by fluorescence microscope
after cultivation with MBGNS in concentrations (500, 100, 50, and 10 pug/mL). Scale bars = 100 ym.

the REF sample. Cobalt (Co) ion release did not exhibit
notable differences between the single-doped and co-doped,
releasing between 2.7 + 0.6 and 5.2 + 0.4 mg/L. Phosphorus
(P) ions were also monitored to assess the potential formation
of HA-like structure. For all materials immersed in SBF, the P
ions from the SBF medium showed a significant decrease
compared to the blank sample (only SBF, denoted as CTL in
Figure Sb). Therefore, this behavior could be attributed to HA-
like phase formation in the SBF for all tested glasses. The
formation of hydroxyapatite-like crystals in SBF and the
controlled ion release profile validate the hypothesis that co-
doped MBGNs maintain bioactivity while enhancing degrada-
tion properties. These results directly align with the study’s
goal of developing materials that can support both bone
regeneration and angiogenesis.

In addition, the release of ions from MBGNs was analyzed in
the complete cell medium (DMEM containing 10% FBS and
1% P/S) using the ICP-OES to verify whether the drop in the
concentration of Co ions observed in the SBF would also occur
in the cell medium. Ion release in a complete cell culture
medium also provides insight for indirect in vitro biocompat-
ibility assay. Figure Sc¢ shows the amounts of ions released after
immersion in DMEM for 48 h, corresponding to the time
MBGN:Ss were cultured with a cell culture medium. Boron ions
released from boron-doped and co-doped materials range
between 11.31 + 0.07 and 12.21 + 0.05 mg/L. The release of
cobalt ions was particularly pronounced in the co-doped
material and reached about 14.20 & 0.01 mg/L. In contrast, in
the singly doped material, the release of Co ions was about
12.2 + 0.1 mg/L during the 48 h test period. The release of
silicon ions remained relatively constant in all samples,
averaging approximately 43 + 3 mg/L. However, the content
of released Ca ions shows significant differences compared to
SBF media and ranges between 8 + 2 and 11 + 1 mg/L. The
amount of P jons in the DMEM media also decreased from an
average of 40 to 28—30 mg/L after 48 h of incubation with

MBGNSs. The complete cell medium’s ion release measure-
ments showed quite different Co ion trends than in the SBF.

All MBGNs formed hydroxyapatite-like crystals in SBEF,
confirming the biological activity. Si ion release remained
relatively stable, while Ca release increased in B-doped
samples, indicating enhanced degradation. Co release was
similar in single and co-doped samples, showing possible
complexation in the SBF media, while in DMEM, it was not
obtained this result. P decrease in SBF promoted HA
formation. Direct comparison of ion release profiles in SBF
versus DMEM highlights key differences. In SBF, a higher
release of Ca and Si is observed, which promotes
hydroxyapatite formation. In contrast, in DMEM, the medium
contains many organic components with which these ions can
interact, which alters their effect on the cytotoxicity. In
DMEM, the presence of proteins and organic components also
alters the bioavailability of Co, which affects the cytotoxicity
and angiogenesis.

3.1.2. In Vitro Biocompatibility. Figure 6a shows the
relative cell viability results of the MG-63 cell line cultured
with MBGNs for 48 h at different concentrations of 10, 50,
100, and 500 pg/mL. The REF sample showed notable
biocompatibility, exhibiting cell viabilities ranging from 85 + 7
at 500 pg/mL to 99 + 1 at 10 ug/mL. This suggests that REF
is well-tolerated by MG-63 cells across the concentration
spectrum. Interestingly, the 3B sample exhibited high cell
viability, showing consistent values ranging from 90 + 4 to 98
+ 1%. The boron incorporation into the MBGNs composition
does not compromise biocompatibility and may even enhance
it. Conversely, the 3Co sample displayed a concentration-
dependent effect on cell viability. Cell viability decreased to 47
+ 4% at 500 pg/mL, indicating a potential cytotoxic effect.
This observation requires further investigation into the
underlying mechanisms of cytotoxicity associated with cobalt
doping. Furthermore, the 3B3Co sample demonstrated
variable viabilities across concentrations. At a concentration
of 500 ug/mL, the cell viability was notably lower (20 + 2%),
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while at all other concentrations, the viability was similar or
slightly higher than the control (107 + 9%). This suggests a
synergistic effect of boron and cobalt co-doping on
biocompatibility, emphasizing the need for a detailed study
of the mechanism involved.

Figure 6b shows the relative cell viability results of HDFa
cell line cultured with MBGNs for 48 h at different
concentrations of 10, 50, 100, and 500 ug/mL. The REF
sample maintained excellent biocompatibility across all
concentrations, with viabilities ranging from 136 + 2 to 134
+ 5%. This suggests that REF shows high compatibility with
HDFa cells. In contrast, 3B displayed varying viabilities,
ranging from 146 + 8 to 119 + 5% across concentrations. This
variability may stem from the different cellular environments
between MG-63 and HDFa cell lines, indicating the
importance of cell-specific responses in biocompatibility
evaluations. Furthermore, both 3Co and 3B3Co exhibited
concentration-dependent effects on HDFa cell viability. While
3Co displayed viabilities ranging from 82 + 6 to 130 =+ 2%,
3B3Co showed viabilities ranging from 68 + 6 to 118 + 8%.
These observations emphasize the need for a more profound
comprehension and optimization of MBGN compositions
tailored for specific biomedical applications.

Fluorescence microscopy was used to visualize the HDFa
cell viability assay results, as shown in Figure 7. Accordingly,
cells were stained with DAPI and Rhodamine Phalloidin
according to a standardized procedure. This step allowed for
visualization of the nuclei in the cells. Rhodamine Phalloidin
staining was used to visualize the actin cytoskeleton by specific
binding to filamentous actin, which produces a red fluorescent
signal. No significant changes in cells’ morphology and
structural organization were demonstrated after exposure to
MBGN:Ss.

3.1.3. Measurement and Evaluation of VEGF-A and LDH
Determination. The assessment of the vascular endothelial
growth factor A (VEGF-A) concentration and lactate
dehydrogenase (LDH) activity provides valuable insights into
the angiogenic potential and cytotoxicity of mesoporous
bioactive glass nanoparticles (MBGNs) (Figure 6¢,d). Secreted
VEGF-A from HDFa differs across varying concentrations
(500, 100, SO, and 10 pug/mL). The reference sample (REF)
gradually increased VEGF-A concentration, ranging from 16 +
4 to 32 + 11 pg/mL. Boron-doped MBGNs (B) displayed
similar trends, with concentrations ranging from 18 + 2 to 30
+ 20 pg/mL. Samples containing cobalt showed substantially
higher VEGF-A concentrations, ranging from 360 =+ 20 to 440
+ 50 pg/mL.

In LDH activity determination, REF demonstrated the
highest LDH activity at the highest material concentration,
with a significant decrease as concentrations decreased. Present
results proved dosage-dependent biocompatibility and pre-
served membrane integrity. Boron-doped MBGNs (3B)
displayed LDH activity levels comparable to those of REF,
indicating the same dosage-dependent effects. Cobalt-doped
MBGNSs (3Co) demonstrated slight variations in LDH activity,
suggesting minimal cytotoxicity and a high level of
biocompatibility in each used concentration. The co-doped
MBGNs (3B3Co) exhibited LDH activity similar to 3Co,
indicating consistent biocompatibility. The control group
showed LDH activity within the expected levels, indicating
minimal cytotoxic effects under experimental conditions.

The comparison between the VEGF-A concentration and
LDH activity provides valuable insights into the biocompat-

ibility and angiogenic potential of MBGNs. A direct
comparison of VEGF-A secretion (Figure 6¢c) and LDH
activity (Figure 6d) confirms the synergistic effect of B and Co
co-doping. While B-doped MBGNs (3B) showed a minimal
VEGF-A increase, Co-doped MBGNs (3Co) significantly
enhanced secretion. The co-doped system (3B3Co) further
amplified VEGF-A levels, suggesting that B ions enhance cell
viability while Co drives angiogenesis. LDH activity was higher
for 3B, indicating increased metabolism, while 3Co showed
moderate levels. Notably, 3B3Co exhibited LDH activity lower
than that of 3B, reducing B-related cytotoxicity.

The results collectively show that co-doping MBGNs with
boron and cobalt enhances their structural, biological, and
angiogenic properties. These findings align with the study’s
overarching objective of designing multifunctional bioactive
glass nanoparticles that improve both osteogenesis and
angiogenesis, addressing key challenges in tissue engineering.

4. DISCUSSION

Bone tissue formation, repair, and wound healing involve
osteogenesis and angiogenesis. The main requirements for a
biomaterial intended for these purposes are biodegradation,
bioresorption, and activation of specific cells of interest.””**
Several studies have reported promising results.'"”'>'” Zhang
et al."” prepared mesoporous bioactive glass nanoparticles by
the sol—gel method with CTAB as a template agent in the
system SiO,—CaO—P,0;. Due to their promising pro-
osteogenic and pro-angiogenic properties, the material was
co-doped with lithium and cobalt. Their effects were verified
on bone marrow stromal cells (BMSCs) and human umbilical
vein endothelial cells (HUVECs), demonstrating their
potential for bone tissue regeneration. Ege et al.”’ prepared
mesoporous bioactive glass nanoparticles doped with boron
ions in varying concentrations. They observed the effects of the
differentiation of C2C12 cells (mouse myoblasts) into
myotubes and evaluated the impact on muscle cell differ-
entiation. Chen et al."’ prepared multitargeted B and Co co-
doped bioactive glass with 45SS5 composition using a
conventional melt quenching technique. The results demon-
strated a significant increase in VEGF secretion in the bioactive
glass containing 10 wt. % of B and 4 wt. % of Co, suggesting a
potential impact on angiogenesis.

To investigate the synergistic effect of boron and cobalt co-
doping, mesoporous bioactive glass nanoparticles, known for
their inherent structural features, high specific surface area, and
enhanced ion release, were synthesized using the micro-
emulsion-assisted sol—gel method.”"** The addition of
metallic ions during the synthesis affects the condensation
process and shifts the growth equilibrium, disturbing the
growth of nanoparticles and marking a progression from
spherical to pineal shapes.”

The SEM images demonstrate that the incorporation of
boron ions or both boron and cobalt ions into the structure
only slightly alters the shape of the nanoparticles. Reference
sample (REF) and samples containing boron (3B and 3B3Co)
have particle sizes similar to the nanoparticles reported in
previous studies.'”****°" Single cobalt doping (3Co) induces
morphological changes in the nanoparticles compared with the
other prepared materials, resulting in a higher aspect ratio
(Figure 1c). Cobalt ions can affect the growth equilibrium
during the formation of nanoparticles by inhibiting excessive
particle aggregation. On the other hand, cobalt incorporation
can enhance the stability of the mesoporous structure, which
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prevents pore collapse during the calcination steps. These both
can contribute to a higher specific surface area.'”

As confirmed by ICP-OES analysis, the real chemical
composition showed deviations from the nominal values,
especially for the Ca and Si content, a well-known effect often
reported for (60—40 mol %) SiO,—CaO-based MBGNs
prepared by the microemulsion-assisted sol—gel techni-
que.”*** The concentration of Ca®* ions was around 11.5—
16.5 mol % and decreased with the addition of cobalt. This
effect may be related to the replacement of CaO with dopant
oxides, such as CoO, as part of the compositional adjust-
ments.>>>* The SiO, content was, in contrast, higher than
expected. This discrepancy is likely attributed to variations in
the reactivity and incorporation efficiency of the precursors
during the sol—gel process. Notably, calcium nitrate is not
initially incorporated into the sol—gel-derived glass network
during the synthesis.”” Instead, it is deposited onto the silica
surfaces. During washing, some calcium nitrate is removed,
leading to compositional differences. Thermal decomposition
of calcium nitrate occurs between 500 and 600 °C.
Consequently, the calcium nitrate decomposes during the
calcination step at 650 °C into calcium oxide and subsequently
incorporates into the sol—gel glass network as a modifier.*®
The higher Si and lower Ca ion content observed in this study
are consistent with trends reported in the literature for similar
mesoporous bioactive glass nanoparticles (MBGNs).' >3
XPS measurements showed the presence of Co ions in the
near-surface region of the silicate network, supporting their
expected role as network modifiers that can ionically interact
with nonbridging oxygen atoms. The oxidation state of cobalt
ions may influence the ion release profile from MBGNSs, as
Co®" tends to be released more readily than Co*", affecting the
timing and extent of bioactivity and their therapeutic effects.>®

According to Brauer et al,”” substituting Ca** for Co**
obviously decreases Ca®" content, which in turn causes a
decrease in Ca*" release and a delay in HA synthesis. However,
the present study did not confirm any delay in hydroxyapatite
(HA) formation, reported previously due to cobalt doping.
This contradicts the findings of several other authors, mainly
related to §lass prepared by the conventional melt quenching
method.'>"”%*" A significant release of the Co** ions was
observed in this study in the first 24 h of immersion in SBF. A
gradual color change in 3Co/3B3Co was also observed, from
blue to pinkish during immersion in SBF (data not shown
here), possibly indicating precipitation of cobalt complexes. A
similar trend was observed by Solanki et al,,®* who reported
this effect by possible incorporation of cobalt in precipitated
calcium phosphate. Therefore, the synthesized MBGNs
underwent a 48 h ion release test in the DMEM medium to
compare them with the SBF medium profile. Significant
differences in Ca and reduced P ion concentrations were
observed in SBF media, suggesting the possible formation of
Ca—P-containing phases. Additionally, the DMEM, which
contains potassium, calcium, amino acids, and other organic
compounds, may also interact with Ca ions, indicating a need
for extended ion release studies in various cell media.”®

As a prerequisite for the successful application of a
biomaterial in clinical practice, it must also pass biocompat-
ibility tests. The evaluation methods are determined by the
intended application, in our case, targeting angiogenesis
enhancement. The most common mechanism for the internal-
ization of nanoparticles into the cell is receptor-mediated
endocytosis (RME) of various types, with clathrin or caveolin-

mediated endocytosis being the most relevant.”* However, the
formation of vesicles coated with clathrin or caveolin proteins
for subsequent internalization has a limit approximately in the
range of 60—150 nm, and the influence of the shape of the
nanoparticles on the extent of nanoAParticle uptake by
endocytosis is not precisely described.”" Considering these
insights, the dominant factor influencing biocompatibility in
this study is assumed to be ion release from the dissolution of
MBGNSs rather than their internalization. Therefore, direct
tests on MG-63 osteosarcoma-derived cells, commonly used to
assess materials with potential osteogenic properties, and
HDFa, human dermal fibroblasts, were conducted to provide
insights into the material’s effect on angiogenesis. The cell
viability results for both cell lines showed no significant
cytotoxic effect for the REF and 3B samples, even at the
highest concentrations. In the case of HDFa cells, the viability
increased significantly (by around 30%). These findings can
confirm the importance of calcium and boron ions for cell
signaling, proliferation, and apoptosis. The calcium ion is
biology’s most versatile and simplest second messenger.é5 Ca**
represents one of the main ions in the extracellular matrix,
which supports fibroblasts’ structural integrity and function.
Furthermore, Ca®' significantly affects oxidative phosphor-
ylation in mitochondria, which affects mitochondrial Ca**
levels and leads to upregulation of citric acid cycle enzymes,
resulting in increased ATP production and proliferation.®*™**

After boron incorporation into the system, Ca® maintains
cellular integrity and signaling, while B ions increase the
metabolic activity and membrane stability. Although boron is
not as intensively studied as calcium, it is known to play an
important role in the stabilization of cell membranes and
metabolic activity, promoting cell viability and prolifera-
tion.””>* Boron has also been reported to influence various
other cellular processes, including cell signaling, gene
expression, and metabolism, and play a role in the turnover
and regulation of the extracellular matrix and augment the
release of TNF a.”>**** In line with previous studies on the
effect of boron on mesenchymal stem cell proliferation and
differentiation, our findings demonstrated that boron stimu-
lated cell differentiation by significantly higher proliferation
status.””’® The biocompatibility enhancing effect of boron-
doped mesoporous bioactive glass nanoparticle extract in
C2C12 cells by indirect viability test at concentrations of 1
mg/mL and lower during a 1-day incubation was demonstrated
by Ege et al.”® In our case, we directly tested our materials for
48 h with the cells and achieved good viability at every
concentration with both undoped and boron-doped nano-
particles. The introduction of Co?* and Co’" ions together
with Ca® also leads to a complex interaction. The main
criterion is to find the correct concentration of introduced Co
ions, as high concentrations can significantly reduce the
viability of cells or significantly reduce their proliferation or
ability to adhere to the surface. Co** ions are known precisely
for their ability to mimic hypoxia by stabilizing hypoxia-
inducible factor (HIF), thus supporting cell survival despite
low oxygen content. An important addition is that Co®* ions
exhibit different biochemical interactions than Co?*. However,
Co’" has been studied less regarding biological effectiveness
due to its potential for higher toxicity by inducing oxidative
stress and reduced cell viability and proliferation.’® The
important difference is based on their redox activity and
oxidative stress. Co* is less redox-active than Co®" and can
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participate in Fenton-like reactions, which produces the
reactive oxidative species (ROS), but typically not as much
as Co®". Based on this, Co>" can result in more pronounced
cell damage and potentially lead to apoptosis.””*® Another
important difference is in the binding of proteins and enzymes
when Co®* can replace other metal ions (e.g., Mg®', Zn*") in
metalloproteins, which can cause potential alterations in their
function.”” The incorporation of Co*" and Co*" ions showed a
significant viability decrease at the highest concentration for
MG-63 cells, decreasing cell viability by approximately 20% in
the case of the co-doped system. HDFa cells exhibited a
moderate cytotoxic effect. A similar effect based on a dose-
dependent manner was found in previous studies.”””" Lower
concentrations of these materials did not show a decreased
viability effect. In the case of the material co-doped with both
B and Co, the decrease in viability at the highest concentration
used was more moderate, probably due to the presence of B.
Although a decrease in viability can still be observed, it is
assumed that the boron ions will stabilize the cell membrane
and promote metabolic processes, thus compensating for the
co-induced cytotoxicity. Since the ion release kinetics are not
the same for both ions, additional time intervals could be
added to the tests to confirm the synergistic effect of the ions.

The cytotoxicity evaluation of HDFa cells in direct contact
with MBGNSs, based on LDH release, provided key insights
into the cell membrane integrity and potential cytotoxic effects.
Cobalt-containing MBGNSs did not exhibit any cytotoxic effect,
as indicated by the CCK-8 measurements. A higher LDH
concentration in cell media collected after material testing with
the cells was observed in the REF and 3B samples at the
highest concentration (500 pg/mL). This result agrees with
the reported effect of boron on the cell membrane, including
cell signaling, gene expression, and metabolism.””**’* Boron
has been also shown to enhance cell proliferation significantly,
although this is not necessarily directly associated with
increased cell viability.”””® Conversely, cobalt ions might
inhibit cell proliferation by upregulating hypoxia-inducible
factors (HIFs), which are involved in regulating both apoptosis
and angiogenesis.” "

The effect of stimulation of VEGF-A expression by
therapeutic ions on angiogenesis was tested by the ELISA
method. As for REF and 3B materials, VEGF-A production was
not enhanced compared with the control group. Significant
differences were observed for the samples 3Co and 3B3Co: a
10-fold increase in VEGF-A production was detected, mainly
at the second-highest concentration. This result agrees with
previously reported data: Zhang et al.'> used extracts of Co
and Li-doped mesoporous bioactive glass nanoparticles to
incubate HUVECs. They observed 6 times higher VEGF-A
than those for the undoped glasses. The study of Chen et al."”
showed a 2-fold VEGF-A expression for cobalt and boron-
doped bioactive glass. In this case, a synergistic effect was
achieved with the 45SS glass fabricated using the conventional
melting procedure. However, Chen et al. worked with the 24 h
extracts of co-doped 45S5 and a concentration of 1 w/v%.

VEGF-A is a protein that plays a pivotal role in angiogenesis,
the process by which new blood vessels form from existing
ones.”™"® Its significance arises from its multifaceted functions
and extensive implications in various physiological and
pathological processes. VEGF plays a vital role in ischemic
diseases, neurogenesis, neuroprotection, diabetic retinopathy,
macular degeneration, and tumor growth and metastasis.””
Co doping mesoporous bioactive glass nanoparticles with B

and Co significantly boosted VEGF-A production without
increasing LDH activity in HDFa cells, even at the highest
concentration tested (Figure 6). Despite a decrease in viability
and a noticeable slowdown in proliferation, the improved
VEGEF-A production highlights the potential of co-doped
MBGNs. The material’s synergy was confirmed when the
presence of Co in the co-doped material significantly reduced
LDH production compared to the material doped only with B.
At the same time, viability in the two tested concentrations in
HDFa cells was enhanced.

This study confirms the synergistic effects of boron and
cobalt co-doping in MBGNSs, enhancing bioactivity and
angiogenesis. Structural analysis showed ion-induced morpho-
logical changes, while ion release studies highlighted their role
in modulating bioactivity. Boron promoted cell proliferation,
and cobalt significantly increased VEGF-A expression. Co
doping mitigated cobalt-induced cytotoxicity, which supported
its potential for regenerative applications. Further studies of
ion release kinetics and gene expression are needed. These
findings provide an opportunity for further biocompatibility
tests for various concentrations of applied material at different
time intervals. The focus will be on the gene expression of both
pro-angiogenic and pro-osteogenic genes. Based on the verified
release profile in the SBF medium, it is possible to predict the
material’s cascading effect on gene expression, as their burst
release does not occur simultaneously. However, it is
important to include an ion release study for the cell culture
medium not just in one time point but for each in which the
biocompatibility study will be done during the follow-up
testing. This requires a much more complex and extensive
biological study.

5. CONCLUSIONS

The present study successfully synthesized mesoporous
bioactive glass nanoparticles (MBGNs) co-doped with cobalt
(Co) and boron (B) using a microemulsion-assisted sol—gel
method. The results demonstrated that co-doping with Co and
B ions significantly enhanced the material’s bioactivity and
angiogenic potential, achieving up to a 10-fold increase in
vascular endothelial growth factor (VEGF) secretion. This
indicates that the controlled release of Co and B ions plays a
crucial role in promoting angiogenesis while maintaining the
biocompatibility. Furthermore, the material’s ability to form
hydroxyapatite-like crystals underscores its potential for
applications in tissue engineering and regenerative medicine.
Specifically, these MBGNs show promise for use as bone fillers
or scaffolds designed to support vascularized skeletal
formation. However, some limitations remain. The kinetics
of jon release in diverse biological environments requires
further investigation to optimize therapeutic effects and
minimize potential cytotoxicity. Future research should focus
on fine-tuning ion doping strategies to achieve controlled
angiogenesis, while expanding studies to include multiple cell
models and evaluating osteogenic properties. Additionally,
exploring composite materials incorporating these MBGNs
and conducting in vivo testing will be essential for advancing
their clinical potential.
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