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Abstract: Silicate and borate bioactive glasses have been reported to create alkaline conditions by
rapidly releasing ions when reacting in aqueous solution. At certain levels, this alkaline solution
can negatively affect cell viability. Adding phosphate ions to the glass composition can control the
degradation rate of bioactive glasses and create a neutral pH environment. This study evaluated a
series of borophosphate bioactive glasses (BPBGs) with nominal molar compositions 16Na2O-24CaO-
xB2O3-(60-x)P2O5, where x = 0, 40, or 60. The phosphate (X0) glass (PBG) produced an acidic solution
when dissolved in water; the borate (X60) glass (BBG) produced an alkaline solution, and the BPBG
glass produced a pH-neutral solution. These three glasses were evaluated using adipose stem cells
(ASCs), a cell population known for their therapeutic abilities. The effects of each glass on the pH of
cell culture, ions released during degradation, and on ASC functions, including viability, migration,
angiogenic ability, differentiation, and protein secretions, were evaluated. The X40 BPBG created a
physiologically neutral pH in cell culture media after 24 h. The X0 phosphate glass promoted ASC
migration, while the highly alkaline X60 borate increased the angiogenic ability of ASCs. These
results indicate that BPBG can be used safely in cell culture studies and customized for specific
biomedical applications.

Keywords: adipose stem cells; ASCs; borophosphate; bioactive glass

1. Introduction

Bioactive glasses (BGs) are a class of oxide-based ceramics invented by Larry Hench
in the late 1960s [1]. BGs have gained interest due to their bioactivity, biocompatibility,
ability to bond to hard and soft tissues, and potential to stimulate tissue regeneration [2–4].
They are versatile and can be manufactured in different shapes and sizes, such as powders,
fibers, and scaffolds [3,5,6]. Consequently, several BG families have emerged with different
compositions, including borate BGs (BBGs). When compared to the traditional silicate
BG, BBGs generally have faster degradation rates [7–9], enhanced cell proliferation and
differentiation in vitro [10], and tissue infiltration in vivo [11]. BBGs have been shown to
help heal chronic wounds and stimulate angiogenesis [12–15]. However, BBGs quickly
release alkaline ions, creating a basic pH environment [5,16]. This increase in pH is toxic to
cells under static conditions in vitro [12,17]. Blood and most of the interstitial fluids in the
human body have an average pH level of 7.35–7.45, which is considered the physiological
pH-neutral range [18]. A recent study demonstrated that preconditioning BGs with cell
culture medium will prevent the cytotoxic effects associated with the pH shock induced by
the dissolution of an alkaline BG [19]. However, it is still unclear how different pretreating
periods and glass concentrations affect cell viability and functions. Furthermore, prolonged
preconditioning times are not ideal in clinical or laboratory settings.
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Another way to control the local pH of BG is to add phosphate to the glass composi-
tion [5,6,20]. Phosphate-based bioactive glasses (PBGs) have generated interest because
degradation rates can be controlled, ion release can be customized, and the glass can
influence the local pH [21–24]. A previous study showed that adding phosphate to a
calcium-silicate can counteract the release of alkaline ions and reduce the local pH without
pretreating the glass before use [25]. A similar effect has been noted for the addition of
phosphate to an alkaline BBG [26]. The dissolution of this borophosphate bioactive glass
(BPBG) had little effect on the pH of simulated body fluid. Previously, we evaluated the
effects of these BPBGs on endothelial cells in vitro and in vivo. We found that pH-neutral
glasses supported endothelial cell migration and stimulated greater blood vessel formation
than either the basic BBG or acidic PBG [27]. The current study evaluates the effects of
three of those glasses on adipose stem cells (ASCs).

ASCs are isolated from the stromal vascular fraction of subcutaneous fat. This makes
them more accessible than their bone marrow counterpart, bone-marrow-derived mes-
enchymal stem cells (BMSCs). This less invasive harvest allows cells to be collected from
any patient, even patients with advanced age or chronic health disorders, and typically
provides a more significant number of cells than the harvest of BMSCs [28–30]. Addition-
ally, ASCs have a higher proliferative capacity than BMSCs, reducing the time and need for
in vitro expansion. Overall, ASCs have a comparable therapeutic effect to the more studied
BMSCs and have been shown to have immunomodulatory properties, angiogenic abili-
ties, and differentiation capacity [30–32]. It is believed that the therapeutic effect of ASCs
primarily results from their secretome, which are proteins secreted into the extracellular
space [33–36]. The secretome has an essential role for ASCs as a therapeutic cell, including
maintaining homeostasis, tissue and organ development, cell signaling, and organizing
extracellular matrix [37]. Compared to BMSCs, the secretome of ASCs is more angiogenic
and neuro-regenerative [37]. There is increased interest in isolating the secretome from
therapeutic cells because of the advantages of that over cell therapy, including scalability,
potential reproducibility, availability, and longer shelf lives. The secretome is often over-
looked when evaluating biomaterials. However, as this is a fundamental mechanism in
tissue regeneration, this study evaluates this novel BPBG series on the ASC secretome.

2. Materials and Methods
2.1. Materials

Table 1 presents a list of reagents and materials utilized in this study.

Table 1. Reagents used in this study.

Reagent Vendor Location

α-MEM Sigma St Louis, MO, USA

Adipogenic Media Lonza Walkersville, MD, USA

Alizarin Red Sigma St Louis, MO, USA

Antibiotic/antimycotic Sigma St Louis, MO, USA

ASCs Obatala Sciences, LLC New Orleans, LA, USA

CaCO3 Fisher Scientific Rochester, NY, USA

Ca(PO3)2 Shanghai Muhong Industrial Co, Ltd. Shanghai, China

Endothelial Cell Media Lonza Walkersville, MD, USA

FBS VWR Dixon, IL, USA

H3BO3 Fisher Scientific Rochester, NY, USA

H3PO4 Fisher Scientific Rochester, NY, USA

HMVEC-d Lonza Walkersville, MD, USA

L-glutamine Sigma St Louis, MO, USA
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Table 1. Cont.

Reagent Vendor Location

Live/Dead stain Fisher Scientific Rochester, NY, USA

Na2CO3 Alfa Aesar Ward Hill, MA, USA

NaPO3 Shanghai Muhong Industrial Co, Ltd. Shanghai, China

Oil Red O Sigma St Louis, MO, USA

Osteogenesis Media Lonza Walkersville, MD, USA

PBS Sigma St Louis, MO, USA

Quantibody Array RayBiotech Norcross, GA, USA

Trypsin/EDTA Sigma St Louis, MO, USA

2.2. Glass Preparation

Preparation of the glasses used in this study are described in Freudenberger et al. [38].
Briefly, glasses with the nominal molar compositions 16Na2O-24CaO-xB2O3-(60-x)P2O5
were prepared and designated by their respective borate contents, as shown in Table 2.
Induction coupled plasma-optical emission spectroscopy (ICP-OES) on an Avio 200 spec-
trometer (PerkinElmer; Waltham, MA, USA) was used to characterize glass composition.
These values were previously reported in Freudenberger et al. [38]. Reagent-grade batch
materials were calcined at 300 ◦C for at least 4 h and, then, melted in platinum crucibles
from 1000 to 1150 ◦C, depending on composition. Melts were stirred with a platinum stir
rod on the half hour during melting and, then, quenched in graphite molds after one hour.
Samples were annealed at 350 ◦C for one hour and, then, cooled to room temperature.
Glasses were confirmed to be fully amorphous by X-ray diffraction (XRD), using a PANa-
lytical X’Pert Multipurpose diffractometer utilizing a Cu K-a source and a PIXcel Detector.
Glasses were ground into 75–150 µm particles and stored in a vacuum desiccator until use.

Table 2. Compositions of the BPBGs used in this study (mol %) as determined by ICP-OES analysis
and their respective melt temperatures (Tm). Compositions collected in triplicate and standard
deviation reported [38].

Glass Designation Na2O CaO B2O3 P2O5 Tm (◦C)

X0 14.2 ± 0.1 25.5 ± 0.1 0.0 ± 0.3 60.4 ± 0.5 1050

X40 14.1 ± 0.1 24.2 ± 0.2 40.6 ± 0.2 21.2 ± 0.1 1150

X60 15.2 ± 0.1 24.3 ± 0.2 60.5 ± 0.2 0.0 ± 0.0 1000

2.3. Cell Culture
2.3.1. Adipose Stem Cells

ASCs were prepared by thawing frozen vials of approximately 1 × 106 cells (Obatala
Sciences, LLC, New Orleans, LA, USA) into 150 cm2 culture plates (Nunc, Rochester, NY,
USA) in 20 mL complete culture media (CCM) consisting of alpha minimum essential media
(α-MEM; Sigma; St. Louis, MO, USA), 10% fetal bovine serum (FBS; VWR, Dixon, CA, USA),
1% 100x L-glutamine (Sigma, St Louis, MO, USA), and 1% 100× antibiotic/antimycotic
(Sigma). After 24 h of incubation at 37 ◦C humidified and 5% CO2, media was removed,
and the adherent, viable cells were washed twice with phosphate-buffered solution (PBS;
Sigma) and harvested using 0.25% trypsin/1 mM Ethylenediamine-tetraacetic acid (EDTA;
Sigma, St Louis, MO, USA). ASCs were then plated at 100 cells/cm2 in CCM. The media
was changed every 3–4 days, and subconfluent cells (≤70% confluent) from three separate
donors between passages 2 and 6 were used for all experiments. Donors were Caucasian
females aged 28, 34, and 34 with BMIs of 25.65, 22.03, and 20.34, respectively.



Appl. Sci. 2024, 14, 3906 4 of 15

2.3.2. Dermal Microvascular Endothelial Cells

Human dermal microvascular endothelial cells (HMVEC-d, pooled donors) were
obtained from Lonza (Walkersville, MA, USA). HMVECs were grown under standard
conditions in Endothelial Cell Basal Medium-2 (Lonza; Walkersville, MA, USA), and media
was changed every 3–4 days.

2.4. Glass Characterization

Approximately 2.5 mg/mL of X0, X40, or X60 glass particles was dissolved in CCM,
added to cell culture, and incubated under normal static conditions for 5 or 24 h. Media
was then collected, and the room temperature pH of each glass-doped culture was mea-
sured. Afterwards, the media was diluted with 1% HNO3 to obtain solutions with ion
concentrations in the 1–20 ppm range. The concentration of ions released from the glasses
was measured using inductively coupled plasma-optical emission spectroscopy (ICP-OES)
on an Avio 200 spectrometer (PerkinElmer; Waltham, MA, USA). Glass-free CCM was used
as a control. Samples were run in triplicate, and averages are reported.

2.5. Cell Viability

ASCs were plated in 8-chambered slides (LabTek; ThermoFisher; Rochester, NY) and
grown to 70% confluence under normal static conditions. Approximately 2.5 mg/mL of X0,
X40, or X60 glass dissolved in CCM was added to the cells for 24 or 72 h. After incubation
at 37 ◦C humidified with 5% CO2, chambers were gently washed 3–4 times in pre-warmed
PBS and stained with live/dead stain (Fisher Scientific, Pittsburg, PA, USA). Micrographs
were taken with a 10× objective on a Nikon A1R-HD/Ti2 E inverted confocal microscope
(Melville, NY, USA) and quantified by Fiji software, version 2.7.0 (Madison, Wisconsin).

2.6. Differentiation

ASCs were cultured in 6-well plates at 37 ◦C, 5% CO2 until 100% confluent in CCM. A
solution of 2.5 mg/mL X0, X40, or X60 glass dissolved in CCM was added to the wells and
incubated for 24 h under static conditions. Media was aspirated; wells were gently washed
twice with PBS, and differentiation media was added. Adipogenic induction media (Lonza;
Walkersville, MD) consisted of 1 mM Dexamethasone, 0.5 mM methyl-isobutyl xanthine,
10 mg/mL insulin, 100 mM indomethacin, and 10% FBS in DMEM (4.5 g/L glucose).
Osteogenic induction media (Lonza) consisted of 50 mM ascorbate-2-phosphate, 10 mM
b-glycerolphosphate, and 1028M dexamethasone. Media was changed every 3–4 days for
14 days. Cells were washed gently with PBS and fixed in 10% formalin for 1 h at room
temperature. Cells were stained with 0.5% Oil Red O to visualize fat droplets or with
40 mM Alizarin Red (pH 4.1) to measure calcium deposition. Differentiation was imaged
with an inverted microscope (Leica DMi1; Heerbrugg, Switzerland). Data were quantified
using Fiji software, version 2.7.0. (Madison, Wisconsin).

2.7. Migration

Cell migration assays were performed in a 96-well transwell with 8 mm pore mem-
brane inserts (BD Biosciences, Bedford, MA, USA). To evaluate if ASCs were attracted to
BPBG, 5.0 × 104 ASCs were suspended in serum-free (SF) media and were added to the top
of the transwell inserts. Approximately 2.5 mg/mL X0, X40, or X60 glass was suspended
in CCM and added to the bottom of the transwells. After 5 h of incubation at 37 ◦C, 5%
CO2, the transwell insert was removed and gently placed into trypsin/EDTA. Cells that
had migrated to the bottom of the insert were stained with CyQuant and quantified using
a fluorescent microplate reader (Fluostar Omega; BMG Labtech, Cary, NC, USA).

To evaluate if BPBG could increase the angiogenic ability of ASCs, the cells were
treated with 2.5 mg/mL of X0, X40, or X60 glass in CCM for 24 h. Media was then collected,
filtered to remove any remaining glass, and placed in the lower chamber of a transwell.
Around 2 × 104 HMVEC-d were added to the top of the inserts and incubated for 5 h.
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HMVEC-d that migrated to the bottom of the inserts were stained with CyQuant and read
on a plate reader. Each experiment was performed in triplicate.

2.8. Cytokine Array

Subconfluent ASCs were incubated with 2.5 mg/mL of X0, X40, X60, or CCM. Af-
ter 24 h of incubation, 200 µL of conditioned media was collected, filtered to remove
any remaining glass, and analyzed using the Human Cytokine Quantibody Array 4000
(RayBiotech, Norcross, GA, USA) following the manufacturer’s instructions. Based on
the concentration hierarchy, cytokine concentration data were sorted on Microsoft Excel
spreadsheets. A log base 2 of the ratio of the significant protein concentration datasets
compared to the control was calculated and used in designing the hierarchal clustered
heatmaps. These experiments were performed in duplicates on pooled conditioned media
from three ASC donors.

2.9. Statistics

Each experiment was performed in triplicate with a minimum of three separate ASC
donors. All values are presented as means ± standard deviation (SD). The statistical
differences among two or more groups were determined by ANOVA, followed by post hoc
Tukey versus the control groups. All statistical analyses were performed using Minitab®

Statistical Software (State College, PA, USA).

3. Results
3.1. Glass Properties

Table 3 displays the pH as reported by Freudenberger et al. [39], recorded 24 h post
the addition of 3 mg/mL of the three glasses from the current study into DI water at
37ºC. The borate-free X0 glass yielded an acidic solution (pH ~ 2.6); the phosphate free
X60 glass produced an alkaline solution (pH ~ 8.5), and the X40 borophosphate glass
produced a pH-neutral solution (pH ~ 7). These same glass particles were introduced
to ASCs under standard culture conditions, and both the pH and the released ions were
measured (Table 3). After 24 h, the pH values of the CCM with the acidic X0 glass and
with the pH-neutral X40 glass particles showed no significant differences from the baseline
CCM values. However, the CCM pH with the alkaline X60 glass particles exhibited a
slight increase. The difference in the pH values from the water experiments and the CCM
experiments reflects the buffering effects of the latter.

Table 3. The pH and ion concentration of the cell culture media were measured after interactions with
2.5 mg/mL BPBGs for the specified durations. The pH values for deionized water (DI) correspond to
3 mg/mL of each glass after 24 h, as reported previously [39]. The percent refers to the proportions of
ions released from each glass into the media. ND: not detected.

Sample Time (h)

pH Ions Released

DI CCM
P B Ca

ppm % ppm % ppm %

CCM
5 ND 7.32 34.80 ± 1.45 ND ND ND 65.82 ± 2.68 ND

24 ND 7.53 36.65 ± 0.88 ND ND ND 68.41 ± 1.07 ND

X0
5 ND 7.23 72.04 ± 0.47 4 ND ND 68.84 ± 2.67 1

24 2.6 7.49 197.03 ± 5.91 19 ND ND 101.28 ± 1.64 15

X40
5 ND 7.25 121.06 ± 3.61 22 126.10 ± 1.46 46 82.36 ± 1.37 5

24 7.1 7.39 176.01 ± 4.24 36 217.40 ± 1.06 80 73.26 ± 1.11 2

X60
5 ND 7.86 23.27 ± 0.30 ND 249.43 ± 8.00 50 173.16 ± 3.79 29

24 8.6 7.67 24.96 ± 0.18 ND 301.26 ± 6.03 61 201.43 ± 5.03 36
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Table 3 also shows the respective concentrations of calcium, borate, and phosphate
species in the CCM solutions after 5 h and 24 h with the glass particles. Borate ions were
not detected in either the CCM baseline or the CCM after reacting with the X0 particles.
However, significant concentrations of borate ions were found in the CCM solutions
containing X40 and X60 particles. Approximately 80% of the borate ions were released
from the X40 glass, while ~61% of borate ions were released from the X60 glass after 24 h
(Table 3). Similar calculations were performed for the phosphate and calcium concentrations
in solution, after normalizing for their respective concentrations in the baseline CCM. These
values, however, are likely affected by the precipitation of calcium phosphate phases on
the surfaces of the reacting glass particles [39]. The calcium ion concentrations of the CCM
after 24 h with X0 and X40 glasses were slightly greater than the baseline concentrations,
but the CCM with X60 particles had much greater concentrations of calcium ions. For both
X0 and X40 glasses, the phosphate content of the CCM solutions increased over the baseline
values at both timepoints evaluated. For X60, the phosphate content of the CCM solution
decreased from about 36 ppm to 24 ppm after reacting with the X60 glass particles.

The reaction between calcium ions released from the X60 glass and phosphate anions
in the CCM to precipitate a calcium phosphate phase likely accounts for the reduction in
the phosphate anion concentration in the X60 CCM samples below the baseline values.

3.2. A High Concentration of BPBGs Reduced ASC Viability at 72 h

According to the ISO norm, a decrease in cell viability by 30% indicates a biomaterial
is toxic and not biocompatible [40]. To evaluate the cytotoxicity effect of BPBGs on ASCs,
low and high concentrations (2.5 and 10 mg/mL, respectively) of three glass compositions
were directly added to ASCs under normal static conditions (Figure 1). At 24 h, cells
remained viable in the presence of all three glass compositions at both low and high
concentrations. The acidic X0 glass had the lowest viability at both concentrations, and the
only non-viable condition was the high concentration of X0 after 72 h. Interestingly, a low
concentration of the same glass maintained its viability, while all other glass compositions
and concentrations decreased at that time point.
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Figure 1. A high concentration of BPBGs reduced ASC viability at 72 h under static conditions.
Subconfluent ASCs were treated with low (2.5 mg/mL) or high (10 mg/mL) concentrations of BPBG.
(A) Live/dead stain showed ASC viability at 24 and 72 h. Scale bar = 500 µm. (B) Viability was
quantified with three donors examined in triplicate. Error bars indicate SD (n = 9); * p ≤ 0.01, and
** p < 0.5.
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3.3. BPBG Affects ASCs Differentiation

In low-concentration BPBGs, ASCs were tested for their differentiation ability into
adipogenic and osteogenic lineages. ASCs were grown to 100% confluency, incubated with
X0, X40, or X60 glasses under normal, static conditions for 24 h, and then expanded for
14 days in adipogenic or osteogenic media. The alkaline X60 glass reduced adipogenic
differentiation, whereas the acidic X0 glass inhibited osteogenic differentiation (Figure 2).
Furthermore, X0 inhibited osteogenesis in all three donors tested, whereas there was a
donor variation with all other differentiation assays.
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Figure 2. BPBGs influence ASC differentiation. ASCs were induced to differentiate into bone or fat
in the absence or presence of BPBG. (A) Representative micrographs of 3 ASC donors are shown.
Scale bar = 250 µm. Osteogenic (B,C) and adipogenic (D,E) differentiation were quantified using Fiji
software. Mean ± SD; ˆ p < 0.05 compared to no glass control; * p < 0.05 compared to X0; # p < 0.05
compared to X40. When stimulated with glass, ASC donors showed a difference in osteogenesis
(C) and adipogenesis (E). Mean ± SD; ˆ p < 0.05 compared to D1; * p < 0.05 compared to D2; # p < 0.05
compared to D3.

3.4. pH-Neutral BPBGs Attract ASCs, While ASCs Treated with Alkaline BPBGs Attract ECs

Adipose stem cells possess an inherent ability to migrate to sites of injuries and
secrete various chemokines, cytokines, and growth factors that enable them to mediate the
regeneration process [41–44]. To test whether different compositions of BPBGs affected the
migration of ASCs, a 5 h transwell migration assay was used. Glasses X0 and X40 increased
ASC migration, whereas X60 had no statistical effect (Figure 3A).
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Figure 3. BPBGs affect cell migration. (A) A transwell assay examined migration. ASCs were loaded
onto the top inserts, while 2.5 mg/mL of glass was added to the bottom. After 5 h of incubation,
migrated cells were measured by CyQuant. (B) ASCs were treated with glass for 24 h under standard
conditions. The resulting conditioned media was put in the bottom of a transwell with ECs added to
the top. After 5 h of incubation, migrated cells were measured by CyQuant. In both assays, three
separate ASC donors were examined in triplicate. Error bars indicated SD (n = 9); * p-value ≤ 0.05.

ASCs are also angiogenic, partially due to their ability to attract endothelial cells
(ECs) [36]. To test if BPBG could affect the ability of ASCs to attract ECs, subconfluent
ASCs were treated with BPBG for 24 h. The resulting conditioned media was used as an
attractant for EC migration. Interestingly, only X60 increased the ASCs’ ability to attract
ECs (Figure 3B).

3.5. BPBG Alters ASC Secretome

A quantitative sandwich-based ELISA array was performed to determine if BPBGs
influenced the ASC secretome. After conditioning ASCs with a low concentration of
BPBG for 24 h, the conditioned media was examined for 200 secreted proteins, including
cytokines, growth factors, proteases, soluble receptors, and others (Figure 4). Of those,
187 proteins were detectable in sufficient expression levels, with glass treatment causing the
upregulation of 87 proteins (Figure 5A) and the downregulation of 100 proteins (Figure 5B).
Of those that were upregulated, 31 were upregulated with all three glass compositions,
with 5 having no detectable levels in untreated ASCs. On the other hand, 24 proteins were
downregulated in all three glass compositions, with 4 (BTC, CCL28, MSP, and HB-EGF)
completely inhibited in glass treatment. There were 21 proteins that were differentially
secreted with boron concentration: 1 decreased, 4 increased from levels detected in CCM,
11 were highest in CCM but then had increasing levels in glass-treated media, and 5 had
increasing concentrations with increasing boron but with only X60 being above CCM base
levels (Table 4).
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Figure 5. Effect of BPBGs on the ASCs secretory profile. Subconfluent ASCs were treated with
2.5 mg/mL of BPBG for 24 h. Media was then collected and analyzed for secreted proteins. ASC
protein secretion was increased (A) or decreased (B) with glass treatment.
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Table 4. Protein secretion levels, presented in pg/mL and mean ± SD. Blue color represents the
highest expression.

CCM X0 X40 X60

I-309 1.77 ± 0.57 1.98 ± 0.00 0.05 ± 0.07 0 ± 0

ENA-78 5.72 ± 0.58 16.91 ± 0.94 34.72 ± 18.34 64.43 ± 19.25
IL-6 2701.45 ± 26.1 3118.31 ± 41.64 3865.87 ± 254.17 4109.95 ± 226.75

MIP-1b 68.36 ± 13.41 70.92 ± 4.68 92.55 ± 2.58 96.42 ± 2.91
VEGF 92.27 ± 2.51 94.50 ± 3.18 137.6 ± 14.54 294.71 ± 7.60

Activin A 280.68 ± 3.43 43.34 ± 4.66 112.34 ± 40.94 725.43 ± 86.71
IL-1R4 68.35 ± 53.92 2.01 ± 2.84 8.3 ± 11.74 158.44 ± 43.02
TGFβ1 32.84 ± 3.69 21.13 ± 1.78 27.32 ± 2.82 39.70 ± 1.17
TNFR1 201.07 ± 8.25 185.55 ± 14.8 188.68 ± 14.05 289.75 ± 0.51

TRAIL R3 22.90 ± 7.87 19.34 ± 1.15 22.52 ± 2.56 35.79 ± 0.92

Contactin-2 54.06 ± 25.45 34.79 ± 23.03 39.99 ± 15.39 41.34 ± 11.09
Dtk 45.79 ± 10.57 29.92 ± 40.39 37.39 ± 6.93 43.84 ± 12.14

IL-1RI 9.29 ± 0.58 1.51 ± 0.18 2.36 ± 0.29 8 ± 1.02
IL-17R 32.17 ± 0.49 14.40 ± 18.02 17.93 ± 1.26 30.14 ± 5.68

L-selectin 149.13 ± 58.12 4.84 ± 6.85 10.85 ± 12.99 144.18 ± 23.18
MICB 356.25 ± 61.86 241.29 ± 140.6 322.14 ± 82.21 339.68 ± 24.5
PAI-1 4466.23 ± 255.95 3381.66 ± 472.87 3408.96 ± 451.51 3876.75 ± 261.23

PDGF Rb 441.62 ± 174.57 0 ± 0 70.73 ± 99.85 149.87 ± 193.95
RAGE 7.73 ± 1.51 2.63 ± 2.2 3.02 ± 2.71 5.72 ± 1.28

TIMP-2 12,795.45 ± 1190.17 6473.49 ± 1026.09 7645.48 ± 155.76 8481.24 ± 400.92
Trappin-2 15.2 ± 1.92 3.47 ± 0.47 8.47 ± 2.55 11.78 ± 0.54

4. Discussion

Because alkaline glasses can be toxic to cells and tissues, they are often pre-reacted
before use in cell culture. Even BPBGs have been pre-reacted to evaluate ion release on ASC
viability [45]. This makes cell culture and potential clinical applications of BGs complicated.
To understand the role of BGs in the clinic, evaluating them in direct contact with cells
is essential. Furthermore, it is also necessary to understand if the effects of BGs are due
to the change in pH or due to different ion release rates. For example, the CCM samples
with X0 and X40 particles had similar values of pH after 5 h of incubation with ASCs, but
the phosphate content of the CCM with the X40 particles was about 68% larger than the
phosphate content of the CCM with the X0 particles. In addition, the X40 particles released
a significant concentration (126 ppm) of borate species to the CCM. Therefore, differences
in cell phenotype and function between X0 and X40 treatment are probably attributable to
ion release rather than solely to the change in pH levels of the entire media.

At 2.5 mg/mL, the phosphate-rich acidic X0 glass maintained cell viability over 72 h,
better than the glasses with lower phosphate contents. However, at 10 mg/mL, X0 glass
was considered non-viable at the same time point. This correlates with other studies
showing that increasing extracellular inorganic phosphate levels promotes cell growth
and proliferation, while increasing the concentration (above 16mM) triggers cell death by
activating both intrinsic and extrinsic apoptotic pathways [46].

Our results show that ASCs act as buffers, making the extracellular environment more
pH-neutral when in the presence of BGs. Though little is known about the ability of ASCs
to regulate extracellular pH, it is understood that cells can maintain a narrow range (7.1–7.2)
of intracellular pH through the actions of membrane proton pumps and transporters, which
are controlled by intra-cytoplasmic pH sensors [47]. These sensors can recognize and induce
cellular responses to maintain the intracellular pH, often at the expense of acidifying the
extracellular pH. In turn, extracellular acidification impacts G-protein-coupled receptors
(GPCRs). There is evidence that the expression of proton-sensing GPCRs can regulate the
migration and invasion of cells, which may explain why acidic X0 increased ASC migration
the most. On the other hand, elevated levels of extracellular inorganic phosphate have been
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shown to induce epithelial-mesenchymal transition through ERK1/2 signaling, promoting
cell migration and invasiveness during development, cancer metastasis, wound healing,
and fibrosis [46]. The exact mechanism for the increased migration, extracellular pH, or
increased extracellular phosphate needs to be explored to consider the use of the X0 glass.

BMSCs, with similar properties to ASCs, are known to migrate during the initial stages
of wound healing. During this inflammatory phase, the pH of the damaged area decreases
to an acidic condition [47]. In our study, ASCs demonstrated increased migration to X0 as
it degraded over 5 h. Because X0 and X40 had similar pH effects on the cell culture media
at this time point, this suggests that the migration difference is due to the ions present and
not solely the pH. Consequently, it is worth noting that X0 released the lowest amount of
calcium ions at this time point. Calcium has long been known to be a crucial regulator and
mediator in cell migration [48–50]. Previous research on BMSCs showed that calcium has
an optimal compositional range to promote BMSC migration [51]. The X40 and X60 glasses
may release too much calcium to effectively stimulate downstream genes of GPCR signaling
pathways, an early response to calcium-based biomaterials [48]. Consequently, the calcium-
sensing receptor (CaSR), a receptor belonging to the GPCR family that modulates the
chemotactic response of MSCs in response to extracellular calcium, may be stimulated by
the X0 glass and not the X40 or X60 glasses.

In our study, we showed that after 24 h, only the boron-rich X60 glass increased the
angiogenic ability of ASCs by attracting endothelial cells, as well as increased secreted
angiogenic molecules, such as VEGF, ANG-1, b-NGF, IGFBP-3, TGFb3, and bFGF. This
agrees with other studies that have shown the impact of borate released from BBGs on
angiogenesis [14,49–52].

The phosphate-rich, acidic X0 glass completely inhibited osteogenesis in all three ASC
donors. The adipogenic ability was also reduced compared to the controls, though not
significantly. This correlates with the observation that pre-treating MSCs with an acidic
environment enhances the stemness of MSCs, thus resulting in a lack of differentiation
ability [53]. The borate-rich, alkaline X60 glass, on the other hand, reduced adipogenic
differentiation. This coincides with previous work showing that boron prevented lipid
deposition and suppressed adipogenesis transcriptional programming while maintaining
cell viability [54]. Interestingly, despite all donors being similar in age, BMI, race, and
sex, there was a donor difference in all differentiation assays except for X0 treatment in
osteogenesis. The differences in donors’ phenotypic changes from glass treatment warrant
further investigation.

Most of the literature on bioactive glass, including BPBG, focuses on cell viability,
proliferation, or differentiation of ASCs [45,55–57]. However, there is very little reported
on the effect of BG on the ASC secretome. ASCs have a broad secretory profile of different
growth factors, cytokines, and other proteins that impact the body’s response to injuries,
healing, and tissue regeneration. These secreted proteins all work to keep the body in
homeostasis [33,58]. The present study showed that BPBGs can alter the ASC’s secretome.

Our study showed that, regardless of the glass composition, the expression of 6-Ckine,
EpCAM, FasL, TRAIL R4, and IL-4 was promoted, while they were not secreted without
any of the glass treatments. Each of these biomolecules is worth investigating, as BGs
may be used as a cell treatment to increase the efficacy of the cells. For example, IL-4
overexpression in BMSCs polarized macrophages from an inflammatory M1 macrophage
into a tissue regenerative M2 phenotype [59]. Evaluating these molecules will allow
biomaterial designers to cater their materials for different applications.

ASCs treated with the pH-neutral X40 glass increased the secretion of anti-proliferation
and anti-migration proteins. Because X40 and X0 had similar effects on the pH of the
extracellular fluid, the pH cannot be solely responsible for the increase in these proteins. The
greater borate or phosphate release from X40 may have impacted the function of ASCs. The
concentration of borate ions affected the ability of ASCs to secrete 22 proteins: 2 decreased
with increased borate while 20 increased, which included many pro-inflammatory (IL-1,
IL-6, IL17, etc.) and angiogenic (VEGF, L-Selectin, TIMP-2, etc) proteins. As borate is
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anti-inflammatory in other applications, it is worth looking into how the controlled release
of borate ions in different pH ranges may have different control over cells [60]. These
results correlate to previous work from other groups showing that the release of therapeutic
ions from bioactive glass influences cell function and phenotype [6,12,61].

One limitation of this study is that the pH was measured from the extracellular fluid
in its entirety and not at the cell surface. Although the ions released from the glass most
likely impacted cell phenotype, it is uncertain if the ions contributed to a localized change
in pH near the cell surface. Bioactive glasses have the ability to alter local pH [21–24]. Cells
use pH gradients, local heterogeneity, and dynamic fluctuations to regulate biophysical
phenomena, such as metabolism, migration, vesicular traffic, and the spatial organization
of tissues during development [62]. The fluctuation of the pH gradient at the cell surface
can determine cell fate by activating molecular pathways, for example via the GPCR, a
family of proton-sensing receptors on cell membranes [63]. An instance of this phenomenon
is observed in the acidity of the environment surrounding cancer cells, which tends to
decrease as the distance from the cell membrane increases [64,65]. Though less is known
about the impact of localized pH at the surface of ASCs, or even BMSCs, studies on
cancer and immune cells show that certain GPCRs influence cell reprogramming and
differentiation [63].

5. Conclusions

The development of bioactive glasses holds promise for a variety of applications in
regenerative medicine, tissue engineering, drug delivery, and beyond. Bioactive glasses
have already shown potential in the clinic for bone regeneration, wound healing, and dental
applications due to their ability to stimulate tissue growth and integrate with surrounding
tissues. One area of interest is developing bioactive glasses that can create or maintain
pH-neutral environments. In addition to the clinical benefits of a pH-neutral biomaterial,
this will allow the glasses to be in direct contact with cells in culture, increasing their use
in 3D bioprinting, scaffold fabrication, and the creation of complex structures that mimic
the properties of natural tissues, enhancing their integration and functionality in vivo.
A pH-neutral bioactive glass will negate the often necessary pre-reaction required for
alkaline and acidic glasses, making both cell culture and potential clinical use of bioactive
glasses intricate.

Overall, our study sheds light on the impact of bioactive glasses on ASCs’ secretome,
revealing alterations in the expression of several biomolecules. These findings have im-
plications for designing biomaterials tailored to specific applications, as ASCs are found
in several locations throughout the body. However, it is important to note limitations,
such as the need to explore localized pH effects at the cell surface and further investigate
how ion release influences cell function. As our understanding of bioactive glass interac-
tions with cells and tissues advances, we can anticipate refinements in their formulation
and design tailored glasses to specific clinical needs. This will allow their use for a wide
range of medical conditions, including cardiovascular diseases, neurological disorders, and
even cancer.
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