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A B S T R A C T

Osteogenic differentiation of stem cells is one of the essential steps in bone regeneration. While supplementing
exogenous factors using differentiation media is the established method to differentiate stem cells into osteoblasts
on biomaterials, designing biomaterials that can act as a stand-alone differentiation inducer and promote bone
regeneration is preferred for clinical translation. In this work, we report dexamethasone-loaded organic-inorganic
hybrid microparticles synthesized from an intrinsically fluorescent poly (ester amide) and tertiary bioactive glass
(PEA-BG) as a stand-alone osteogenic differentiation inducer. The mechanical properties data indicated that the
compressive modulus of fluorescent hybrid microparticles could be modulated by its composition. The hybrid
fluorescent microparticles supported the adhesion and proliferation of 10T1/2 cells in culture for up to seven
days. Both pristine and dexamethasone-loaded PEA-BG microparticles were able to induce osteogenic differen-
tiation of 10T1/2 cells in the absence of any media supplement, to a level even higher than standard osteogenic
media, as evidenced by the expression of osteogenic markers on gene and protein levels and matrix minerali-
zation. Taken together, the fluorescent PEA-BG hybrid microparticles have the potential to be used as a stand-
alone biomaterial for osteogenic differentiation and bone regeneration.
1. Introduction

Attempts made so far in bone tissue engineering relied on either the
delivery of stem cells through implantation of cellularized scaffolds or
hydrogels or recruitment of endogenous stem cells after implantation of
an acellular scaffold. In both approaches, differentiation of implanted
exogenous or recruited endogenous stem cells to osteogenic lineage is
essential for bone repair and regeneration. In vitro studies to evaluate the
differentiation of stem cells in the presence of biomaterials are mostly
conducted using osteogenic media, which is a cocktail of growth medium
and three mediators, namely ascorbic acid, dexamethasone, and β-glyc-
erophosphate. However, these mediators are notably absent in vivo [1]
and hence, these in vitro experimental conditions do not predict the actual
in vivo fate of the biomaterials and cells. Moreover, even if the implan-
tation of pre-differentiated cellular scaffolds is considered, the use of
these osteogenic mediators may confound the real effect of biomaterials
[2]. To close this gap, different strategies for induction of differentiation
by biomaterials in the absence of media supplements, such as the use of
growth factors (e.g., bone morphogenic proteins) or synthetic peptide
analogs [3], geometrical and topographical cues affecting the cell fate [4]
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and their combination with growth factors [5], and the use of co-culture
to mimic the cellular niche of tissue [1] have been investigated.

Bioactive glasses (BG) have long been studied for their osteo-
conductive potential stemming from the release of stimulatory ions [2].
The sol-gel chemistry provides the possibility of doping the bioactive
glasses with different ions to provide cues for desired cell responses. The
combined delivery of stimulatory ions of bioactive glasses and osteogenic
factor(s) have also been studied to promote bone regeneration [6–8]. In
terms of morphology, particulate morphology specifically provides flex-
ibility for filling bone defects of different shapes and sizes, offers a higher
surface area for cell-material interaction, and can be incorporated into
injectable formulations. Recent studies have shown the ability of BG
nanoparticles to direct cells towards osteogenic lineage in the absence of
media supplements through the release of different ions such as calcium,
phosphate, and strontium ions [9,10]. It has been shown that a single
dose of mesoporous silica nanoparticles loaded with dexamethasone and
functionalized with calcium and phosphate ions could induce osteogenic
differentiation in human bone marrow mesenchymal stem cells [8].
However, several studies have also reported that silica/bioactive glass
particles or their extracts can only enhance osteogenic differentiation of
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Scheme 1. Schematic illustration of experimental design. Pristine or dexamethasone-loaded PEA-BG hybrid microparticles are added to the media in a single dose to
induce osteogenic differentiation.
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cells in the presence of differentiation media rather than inducing oste-
ogenic differentiation without additional osteogenic supplements [11,
12]. While a direct comparison between different studies is not possible
due to differences in cell types, BG composition, its concentration in
media, treatment duration, and exposure of cells to the biomaterial or its
extracts, it can be concluded that inorganic glasses can be exploited for
osteoconductivity. The inclusion of an organic phase in the form of a
hybrid biomaterial can introduce additional functionalities. However,
the sol-gel reaction conditions frequently used to prepare nano and micro
bioactive glass particles either utilize highly alkaline conditions and/or
need a post-synthesis calcination step to remove surfactants used in the
synthesis, which neither is compatible with biodegradable polymers.
Previously, we introduced a versatile synthesis approach for the prepa-
ration of fluorescent bioactive and biodegradable polymer-BG hybrid
microparticles with the possibility of dual-drug loading during synthesis
[13]. Herein, we investigated the potential of these polymer-BG hybrid
microparticles, having intrinsically fluorescent poly (ester amide) (PEA)
as their polymer component, in their pristine form or loaded with a
known osteogenesis inducing factor, dexamethasone, to differentiate
murine embryonic mesenchymal progenitor cells (10T1/2 cells) into
osteogenic lineage as a stand-alone system (Scheme 1).

2. Materials and methods

2.1. Materials

Tetraethyl orthosilicate (TEOS, 98%), triethyl phosphate (TEP,
99.8%), dexamethasone, Alizarin Red S, and L-ascorbic acid were pur-
chased from Sigma-Aldrich (Milwaukee, WI, USA). Dimethylformamide
(DMF) was purchased from Caledon Laboratory Chemicals (Georgetown,
ON, Canada). Methyl ethyl ketone (MEK) and calcium chloride dihydrate
were purchased from Fisher Scientific. The poly (ester amide) (PEA),
named 8-Phe-4, was synthesized by interfacial polymerization according
to our previous publication [14], using sebacoyl chloride, L-phenylala-
nine, and butanediol.
2.2. Synthesis of organic-inorganic hybrid microparticles

Sol-gel process in the presence of organic phase was conducted to
obtain hybrid microparticles (MPs) according to our previous publication
[13]. Briefly, a known amount of PEA was dissolved in DMF and MEK.
The ratio of organic to inorganic components was kept at 50 wt%, and the
inorganic component was tertiary bioactive glass with a molar compo-
sition of either 70% SiO2-10% CaCl2-20% P2O5 [Hybrid (70Si)] or 85%
SiO2-10% CaCl2-5% P2O5 [Hybrid (85Si)]. An inorganic sol was prepared
separately at room temperature (RT) and then was added to the PEA
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solution. After complete mixing, the solution was kept at 60 �C until
gelation, followed by drying under vacuum at 60 �C. For
dexamethasone-loaded microparticles, first, 100 mg PEA was dissolved
in 1.5 mL DMF/MEK. To this solution, 1.3 mg dexamethasone was added
prior to mixing with the inorganic sol, resulting in microparticles with
0.6 wt% loaded dexamethasone.

2.3. Characterization of hybrid microparticles

The morphology of the hybrid was visualized using scanning electron
microscopy (LEO 1540XB SEM, Hitachi, Japan). Samples were mounted
on a sample holder using carbon tape and then sputter-coated with gold/
palladium (K550X sputter coater, Emitech Ltd., UK) prior to visualiza-
tion. To measure the in vitro release profile of dexamethasone, hybrid
microparticles were incubated in phosphate-buffered saline (PBS) at 37
�C with shaking at 120 rpm. At a pre-determined time point, aliquots
were removed and replaced with fresh pre-warmed PBS. Released
dexamethasone at each time point was analyzed with UV-VIS spectro-
photometer at 242 nm. The experiments were conducted in triplicate.

2.4. Evaluation of mechanical properties

To evaluate the mechanical properties, cylindrical specimens (6 mm
diameter and 9 mm height) were prepared from hybrid microparticles
and PEA using compression molding in a custom-made stainless-steel
mold (1 MPa, 100 �C, 1 h). Instron Universal Mechanical testing machine
was used to conduct a uniaxial compression testing with a 5 kN load cell,
10 N pre-loading, and a crosshead speed of 1 mm/min (n¼ 5 for hybrids,
and n ¼ 3 for PEA controls). The slope of the linear portion of the stress-
strain curve was reported as compressive modulus. The modulus of
toughness was determined as the area under the stress-strain curve up to
the point of 30% strain.

2.5. In vitro cell culture with hybrid microparticles

Embryonic multipotent mesenchymal-like progenitor cell line (10T1/
2 cells) (ATCC) were cultured in Dulbecco's Modified Eagle's Medium
(DMEM) (Thermo Fisher) containing 5% Fetal Bovine Serum (FBS)
(Thermo Fisher) and 1% penicillin/streptomycin. Cells were seeded in a
24-well plate with a seeding density of 5 � 104 per well. After reaching
confluency, the cell culture media was aspirated and replaced with either
media containing PEA-BG microparticles, disinfected by exposure to UV
light for 10 min, or osteogenic media, depending on the experimental
design. For all experiments evaluating the differentiation of cells, pristine
or dexamethasone-loaded hybrid (70Si) microparticles with a concen-
tration of 5 mg/mL microparticles were used. For cell metabolic activity



Table 1
Primers for mouse-specific mRNA amplification.

Gene Forward primer (50→ 30) Reverse primer (50→ 30)

Alpl CCTTCACGGCCATCCTATATG CTGGTAGTTGTTGTGAGCGTA
Spp1 ATCTCACCATTCGGATGAGTCT TGTAGGGACGATTGGAGTGAAA
Runx2 CACTGGGTCACACGTATGATT AGGGAAGGGTTGGTTAGTACA
Bglap GGCCCAGACCTAGCAGACAC TTGCCCTCCTGCTTGGACAT
IBSP GAGCCAGGACTGCCGAAAGGAA CCGTTGTCTCCTCCGCTGCTGC
Sp7 GCCAGTAATCTTCAAGCCAGA CCATAGTGAGCTTCTTCCTGG
GAPDH GGTGGTCTCCTCTGACTTCAACA GTTGCTGTAGCCAAATTCGTTGT

Alp1 - Alkaline phosphatase; Spp1 - Osteopontin; Runx2 - Runt-related tran-
scription factor 2; Bglap - Bone gamma carboxyglutamate protein; IBSP - Bone
sialoprotein; Sp7 - Osterix.
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and proliferation measurements, hybrid (85Si) microparticles were used.
Osteogenic media contained 10�7 M dexamethasone, 50 μg/mL ascorbic
acid, and 3 mM NaxH3-xPO4. Cells cultured with DMEM media and
DMEM media containing 10�7 M dexamethasone were used as controls.
The medium was changed every 3 days. At least three replicates were
used for each experiment. For staining purposes, a glass slide was
inserted at the bottom of wells prior to cell seeding. After a pre-
determined time, cells were fixed using 4% paraformaldehyde (PFA)
(EMD Chemicals Inc. Gibbstown, NJ) and stained with Alexa-Fluor 568
conjugated phalloidin (1:100; Thermo Fisher) to visualize F-actin and
counterstained with 40,6-diamidino-2-phenylindole (DAPI, 300 nM in
PBS, Thermo Fisher, Canada) for labeling nuclei. Images were taken with
a Zeiss LSM 800 confocal microscope (Zeiss, Canada).

2.6. 10T1/2 cells adhesion to hybrid biomaterial

To investigate the adhesion of cells to the hybrid microparticles, a
layer of hybrid was applied on glass slides by dipping them three times in
hybrid solution followed by drying at 60 �C under vacuum. The samples
were disinfected by immersion in 70% ethanol for 30 min followed by
two washes with HBSS and subsequently 15,000 cells/cm2 were seeded.
10T1/2 cells cultured on glass slides were used as a control. To visualize
focal adhesion of the cells after a pre-determined time, cells were fixed
using 4% PFA and then were permeabilized for 10 min with 0.1% Triton
X-100 in PBS and rinsed three times with PBS. Cells were then blocked
with 1% BSA in PBS for 30 min at ambient temperature, followed by
overnight incubation (at 4 �C) with anti-vinculin antibody (1:50;
MAB3574, clone VIIF9, EMD Millipore). The primary antibody binding
was detected using Alexa Fluor 594 goat anti-mouse IgG as a secondary
antibody (1:300; Thermo Fisher, Canada). The cells were counterstained
with DAPI for labeling nuclei. To visualize the cytoskeleton, cells were
stained with Alexa-Fluor 568 conjugated phalloidin (1:100) and coun-
terstained with DAPI. Images of single cells with labeled F-actin were
used to determine cell area using ImageJ software. Images of cells with
labeled vinculin were used to determine the number of focal adhesions
per cell using the particles analysis feature of ImageJ software with an
area threshold of 0.1–0.5 μm2 [15]. The area threshold was selected to
include only vinculin-labeled areas associated with focal adhesions at the
periphery of the cells and exclude perinuclear vinculin not involved in
focal adhesion points.

2.7. Metabolic activity and proliferation of cells

The metabolic activity of the cells was measured using MTT assay
(Sigma-Aldrich), following the manufacturer's protocol, and the absor-
bance was measured using an Asys UVM 340 plate reader at a wavelength
of 570 nm with reference to 680 nm. To measure cell proliferation,
CyQuant cell proliferation assay kit (Invitrogen, Canada) was used ac-
cording to the manufacturer's protocol, and the fluorescence intensity
was measuredwith a Tecan Infinite M1000 Pro fluorescence plate reader.

2.8. Osteogenic gene expression of 10T1/2 cells

For osteogenic gene expression experiments, after a pre-determined
culture time, total RNA was extracted using Trizol (Thermo Fisher)
following the manufacturer's protocol. Complementary DNA (cDNA)
template was prepared by using 1 μg of total RNA primed with random
primers according to Promega™ Random Hexamers protocol (Thermo
Fisher). qPCR was carried out in 10 μL of reaction volumes, using a
CFX96™ Real-Time System (C1000 Touch Thermal Cycler; Bio-Rad,
Canada) and then measured with iQ™ SYBR® Green Supermix (Bio-
Rad) according to the recommended protocol by the manufacturer. The
sequences of primers were designed using Primer3Web and are presented
in Table 1. The results were analyzed with the comparative threshold
cycle method and normalized with GAPDH as an endogenous reference
and reported as relative values (ΔΔ CT) to the negative control.
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2.9. Western blot analysis

Western blotting was performed to evaluate levels of osteogenic
proteins. Briefly, after culturing for 7 days or 14 days, 10T1/2 cells were
lysed in buffer containing 150 mMNaCl, 10 mM Tris-HCl (pH 7.4), 1 mM
EDTA, 0.5% Nonidet P-40, and 1% Triton X-100 and supplemented with
protease inhibitor (Roche Applied Science, Indianapolis, IN, USA). Pro-
tein concentrations were determined by Quick Start™ Bradford Protein
Assay (Bio-Rad, Mississauga, ON, Canada), and 20–200 μg of total pro-
tein lysate was resolved on 12% SDS-PAGE and subsequently transferred
to nitrocellulose membrane. The proteins of interest were immuno-
blotted using the following primary antibodies: anti-Osteopontin (rabbit,
1:2000; Abcam, ab8448) and anti-Osteocalcin (rabbit, 1:250; Abcam,
ab133612). Primary antibody labeling was detected using HRP-
conjugated goat anti-rabbit secondary antibody and the ECL detection
system.

2.10. Evaluation of mineralization

To assess mineralization, cultured cells were fixed with 70% ethanol
followed by washing with PBS and water and incubation with a solution
of 40 mM alizarin red S (pH ¼ 4.2). After 30 min incubation at RT in the
dark, samples were washed three times with water, 15 min each time,
under gentle shaking. The stained samples were then visualized by an
optical microscope. To quantify the amount of alizarin red, samples were
incubated for 30 min with 10% acetic acid. Then, the cell monolayer was
scraped and transferred to a centrifuge tube, vortexed for 30 s, overlaid
with mineral oil, and heated to 85 �C for 10 min, followed by transferring
to ice bath for 5 min. The samples were then centrifuged, and the su-
pernatants were transferred to a clean tube. The pH of each sample was
adjusted to 4.1–4.5 using 10% ammonium hydroxide. Finally, the
absorbance was measured at 405 nm [16]. Hybrid microparticles incu-
bated in PBS in the absence of cells for the indicated durations, while
refreshing PBS every 3 days (similar to cell culture media refreshment)
were used as a control to evaluate the amount of alizarin red, if any, due
to the microparticles solely.

2.11. Statistical analysis

Data were presented as means � standard deviations (SD). Statistical
significance was calculated using one-way ANOVA with Tukey's post hoc
multiple comparison tests. For statistical significance, a p-value of <0.05
was used.

3. Results and discussion

3.1. Synthesis and characterization of dexamethasone-loaded organic-
inorganic hybrid microparticles

Fig. 1 shows pristine and dexamethasone-loaded PEA-BG hybrid mi-
croparticles having a spherical morphology with a smooth surface
topography (Fig. 1A and B). Dexamethasone loading during the synthesis



Fig. 1. Morphology of (A) Pristine and (B) Dexamethasone-loaded PEA-BG hybrid microparticles (C) In vitro release profile of dexamethasone-loaded microparticles.
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reduces the overall complexity of the loading process, and the procedure
could easily be adapted for the loading of two compounds (one loaded to
the PEA and another loaded to the BG). Here dexamethasone was loaded
in the microparticles during their synthesis and showed a burst release of
69%, followed by a continuous release for more than 20 days (Fig. 1C).
Similar release kinetics were reported previously for dexamethasone-
loaded carriers such as mesoporous silica nanoparticles [8,17] and tita-
nium nanotubes [18]. Functionalization of PEA to conjugate bioactive
molecules has been previously reported [19] and could be utilized to gain
more control on the release rate of the microparticles.
3.2. Evaluation of mechanical properties

Fig. 2A shows the stress-strain curves for hybrid materials and PEA.
The hybrid materials showed an initial elastic deformation up to the yield
stress, followed by plastic deformation. The presence of the inorganic
phase in the hybrid resulted in enhanced compressive modulus (214.4 �
32.4 MPa and 319.6 � 49 MPa) compared to the PEA alone (178.7 �
29.4 MPa) (Fig. 2B). Comparing the two hybrid materials with different
inorganic phase compositions revealed that the hybrid with higher silica
content had higher compressive modulus (Fig. 2B). In contrast to
modulus, there was no significant difference in toughness between PEA
and hybrids (Fig. 2C). The organic content of the hybrid, the molecular
Fig. 2. Mechanical properties of PEA and hybrid materials. (A) Representative stres
toughness of hybrids and PEA. Modulus of toughness values were calculated by inte
significance at p < 0.05, while similar letters indicate no significance (p > 0.05).
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weight and structure of the organic phase [20], the composition of the
inorganic phase, and the interaction between organic and inorganic
phases [21] are among factors affecting the mechanical properties of
hybrid materials.

Previously reported PCL-BG hybrid with similar composition had
shown higher compressive modulus compared to PEA-BG. This can be
due to the higher measured mechanical strength of PCL in comparison to
PEA, in light of its higher molecular weight compared to the PEA tested
here [22]. Hybrids of silica and poly (CL-co-GPTMS) with 60% organic
content showed similar compressive modulus and ultimate stress as the
PEA-BG hybrid [23]. It has been shown that the compressive modulus
decreases while the strain at failure increases by increasing the organic
content of poly (CL-co-GPTMS)-silica and PCL-BG hybrids [22,23]. Both
hybrids studied here have 50% PEA; therefore, the significant difference
in compressive modulus of them stems from the composition of the
inorganic phase. With the incorporation of 10% CaCl2, the compositions
difference lies in the silica and phosphorous contents. PEA-BG (85Si)
having 85% silica showed a higher compressive modulus. Both Si and P
are considered to be network formers in the inorganic structures; how-
ever, 29Si and 31P NMR studies of the sol-gel bioactive glasses have shown
that phosphorous predominately appears as orthophosphate ions,
charge-balanced with cations such as Ca2þ and Naþ [24,25]. In the
absence of sufficient network modifier cations or the presence of other
s-strain curves of hybrids and PEA (B, C) Compressive modulus and modulus of
grating stress-strain curves up to the strain of 0.3. Different letters indicate the
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anions competing for charge compensation such as boron [26], and in
compositions with high P content, phosphorus appears as pyrophosphate
and Si–O–P [27], and might form phosphorus-rich regions of 1.5–2 nm in
size [25]. Given the fact that the network modifiers cations are consumed
for charge-balancing with orthophosphate ions instead of the
non-bridging oxygens, the silica network connectivity increases, and
subsequently, the mechanical strength of the glass increases. Interest-
ingly, an opposite trendwas obtained in our study. It should be noted that
in the cited references, the bioactive glasses underwent high-temperature
thermal treatment, which is known to incorporate oxides in the glass
network and increase the network connectivity. Moreover, the maximum
phosphorus content in those studies was 6 mol%, while in the case of our
PEA-BG (70Si), the BG contained 20% phosphorus. Since the
high-temperature treatment is not feasible in the case of hybrids, we
believe that the network connectivity did not change, but the higher
silica content with a covalently bonded network structure comparable to
the electrostatic interactions of Ca and phosphate-rich regions resulted in
higher compressive modulus. The compressive modulus and modulus of
toughness measured here are indicative of the effect of the presence of
5

inorganic phase and its composition on the mechanical properties of
hybrids; however, the actual mechanical properties depend on the shape
of the tissue engineering construct, as well as its degradability in vivo.
Moreover, despite the fact that here the microparticles are compressed to
form cylindrical specimens, the fusion of microparticles might have not
been complete in regions of specimens and this might cause more
deformation under stress.
3.3. 10T1/2 cells morphology, focal adhesion formation, viability, and
proliferation in culture with hybrid microparticles

The hybrid microparticles are intrinsically fluorescent due to having
PEA as their organic phase [13]. This intrinsic fluorescence is used to
visualize microparticles and cells around them after 4 and 7 days in
culture (Fig. 3A). Cells had an intact cytoskeleton and spread on the glass
slide and around the microparticles. Cell adhesion, cell shape and
spreading, can regulate the differentiation lineage commitment. It has
been shown that spread hMSCs committed to osteogenesis while
non-spread and round cells underwent adipogenesis [28]. Interestingly,
Fig. 3. 10T1/2 cells morphology and attachment.
Confocal fluorescent images of (A) Cells cultured with
hybrid microparticles for 4 and 7 days (green ¼
intrinsic fluorescence of microparticles, blue ¼ nuclei,
red ¼ F-actin) (B) Spreading of cells cultured on a
glass slide and hybrid (blue ¼ nuclei, red ¼ F-actin)
(C) Focal adhesions of cells cultured on a glass slide
and hybrid (blue ¼ nuclei, red ¼ vinculin) (D)
Measured cell area and (E) Number of focal adhesions
per cell for cultures on glass slide and hybrid.
Different letters indicate the significance at p < 0.05,
while similar letters indicate no significance (p >

0.05). Scale bar ¼ 20 μm.
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direct manipulation of RhoA signaling controlled the differentiation fate
of MSCs, irrespective of the differentiation media [28]. Therefore, eval-
uating the cell morphology in contact with biomaterials is essential in
differentiation studies. In order to better visualize the adhesion of cells to
the hybrid solely, cells were cultured on a film of hybrid material.
Fig. 3B–E shows the spreading and adhesion of 10T1/2 cells on the
hybrid material compared to the glass slide. After 6 h, cells have
completely spread on glass slides with an organized cytoskeleton. After
24 h, the cell area on glass slides increased slightly. In comparison, cells
on the hybrid were more rounded after 6 h. However, after 24 h, cells are
well-spread with an organized cytoskeleton and a cell area comparable to
the glass slide (Fig. 3B, D). Vinculin is one of the key proteins regulating
focal adhesion formation and cell adhesion. In the inactive state, vinculin
is located in the cytoplasm; upon recruitment for focal adhesion forma-
tion, its conformation changes, facilitating interaction with several pro-
teins, including actin cytoskeleton [29]. The hybrid material supported
the attachment of cells and formation of distinct focal adhesions at the
periphery of the cells. There was no significant difference between the
number of focal adhesions per cell at each time point between the glass
slide and the hybrid. The number of focal adhesions increased for both
substrates between 6 and 24 h (Fig. 3C, E).

The effect of hybrid microparticles on the metabolic activity of the
cells was determined by the MTT assay. The metabolic activities of cul-
tures after 1 day were normalized to tissue culture plate (TCP) as a
control to determine the dose response. While the presence of micro-
particles caused a significant decrease in metabolic activity of cells
compared to TCP after 1 day, the metabolic activity of cells was not
changed significantly between concentrations of 2, 5, and 10 mg/mL
(Fig. 4A). For cultures containing 20 mg/mL hybrid microparticles, the
normalized metabolic activity was 71.7%. This shows that the half-
maximal inhibitory concentration (IC50) of hybrid microparticles is
above 20 mg/mL, which is considerably higher than similar bioactive
submicron particles such as silica particles (particle size ¼ 365.1 � 79.5
nm, IC50 ¼ 34.8 μg/mL) [30], and (particle size ¼ 760 nm, IC50 > 2
mg/mL) [31], and similar bioactive nanoparticles such as silica nano-
particles (particle size ¼ 100 nm, IC50 ¼ 35.9 μg/mL) [32], magnetic
mesoporous silica nanoparticles (particle size ¼ 60–80 nm, IC50 ¼
121.98 μg/mL) [33], and synthetic silicate nanoplatelets (particle size ¼
25–30 nm, IC50 ¼ 4 mg/mL) [12]. Despite the fact that the cell type is an
important factor in assessing cytotoxicity, several studies have shown
that nano and submicron silica particles induce higher cytotoxicity
comparable to microparticles [34–36]. Fig. 4B shows the absorbance at
570 nm after 4 and 7 days, normalized to the corresponding culture at
day 1. The normalized absorbances after 4 and 7 days compared to day 1
for all the experimental groups were significantly higher. The data trend
was also similar after 7 days culture compared to day 4 for TCP, 2, 5, and
10 mg/mL MP groups. These findings showed the increased metabolic
activity, indicating an increased number of cells. Using resazurin assay,
we also previously showed that the viability of cells embedded in 3D
Fig. 4. Metabolic activity and proliferation of 10T1/2 cells as determined by MTT an
with different concentrations of hybrid microparticles for 1 day, normalized to tiss
presence of different concentrations of microparticles, normalized to corresponding d
letters indicate no significance (p > 0.05).
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constructs of microparticles and fibrin gels were stable after 4- and 7-days
culture for two concentrations of 20 and 80 mg/mL microparticles [13].

MTT assay measures the mitochondrial activity of the cells as a
measure of cell viability. In order to directly measure cell proliferation,
CyQuant Cell Proliferation Kit was used to quantify the DNA content of
cultures. All cultured cells with different concentrations of microparticles
showed a statistically significant increase in DNA content after 7 days,
compared to day 1 of the corresponding cultures (Fig. 4C; p < 0.05),
while there were no significant difference between the DNA content of
different groups after 7 days of culture, indicating that the hybrid mi-
croparticles support the proliferation of cells. It has been reported that
elevated concentrations of Ca2þ increased the proliferation of both 10T1/
2 cells and bone marrow-derived MSCs [37]. This may be the reason for
the enhanced proliferation of 10T1/2 cells in the presence of hybrid
microparticles. Collectively, the results shown in Fig. 4 demonstrated
that hybrid microparticles are well-tolerated by 10T1/2 cells.
3.4. Osteogenic gene expression of 10T1/2 cells

In order to evaluate the potential of hybrid microparticles to induce
osteogenic differentiation, 5 mg/mL PEA-BG pristine and
dexamethasone-loaded microparticles were added to 10T1/2 cells in
basal culture medium without any osteogenic media supplements. Fig. 5
shows the expression of six osteogenic genes in response to pristine and
dexamethasone-loaded microparticles. Runx2, also known as cbfa1 (core
binding factor alpha 1), is the earliest osteogenic differentiation marker
known [38]. Runx2 is also one of the upstream transcription factors of
non-collagenous proteins of osteoblasts such as osteopontin (OPN),
osteocalcin (OCN), and bone sialoprotein [39]. Runx2 deficient mutant
mice showed a complete lack of bone formation, showing its essential
role in osteogenesis [40]. Fig. 5A shows that runx2 expression is upre-
gulated significantly after 8 h in the cultures with microparticles, while it
was not upregulated in cells cultured with osteogenic media and soluble
dexamethasone. It has been shown that runx2 is upregulated only after
24 h in the cultures of 10T1/2 cells under the synergistic effect of BMP2
and dexamethasone [41]. Therefore, the presence of hybrid microparti-
cles not only led to significant upregulation of runx2 but also led to a peak
at an earlier time point.

Expression of alkaline phosphatase (Alpl) is one of the known pre-
dictors of osteogenic differentiation. The elevated expression of Alpl in
hard tissue formation appeared to serve two purposes: (i) decreasing the
concentration of inorganic pyrophosphate, an inhibitor of mineraliza-
tion, and (ii) increasing the concentration of inorganic phosphate, a
promoter of mineralization [42]. After 7 days of culture, Alpl expression
was upregulated significantly in culture with microparticles. Pristine
microparticles resulted in 7.2-fold upregulation of Alpl, higher than the
5.4-fold observed in cultures with osteogenic media.
Dexamethasone-loaded microparticles resulted in 14.6-fold Alpl upre-
gulation, which is significantly higher than both cultures with osteogenic
d CyQuant cell proliferation kit (n ¼ 3). (A) Metabolic activity of cells cultured
ue culture plate (B) Absorbance (at 570 nm) and (C) Cell proliferation in the
ay 1 culture. Different letters indicate the significance at p < 0.05, while similar



Fig. 6. Representative western blot analysis of the osteogenic proteins osteo-
pontin and osteocalcin, following 7- and 14-days cultures.

Fig. 5. 10T1/2 cells osteogenic gene expression. (A) Runx2 (B) Alpl (C) Spp1 (D) Sp7 (E) Bglap and (F) IBSP mRNA expression of 10T1/2 cells cultured with
osteogenic media, normal media containing soluble dexamethasone, and normal media containing 5 mg/mL PEA-BG microparticles (n ¼ 4). Results were normalized
to GAPDH expression. Different letters indicate the significance at p < 0.05, while similar letters indicate no significance (p > 0.05).
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media and unloaded microparticles (Fig. 5B). Cultures treated with sol-
uble dexamethasone did not show any upregulation of Alpl expression.

Spp1 is the gene associated with osteopontin. Osteopontin is one of
the non-collagenous proteins of the bone matrix, released from both
osteoblast and osteoclast, which plays a key role in bone remodeling
[43]. Similar to the observation made for Alpl, after 7 days of culture,
pristine hybrid microparticles upregulated the expression of Spp1 to a
level comparable to osteogenic media cultures and significantly higher
than the normal media. Dexamethasone-loaded microparticles resulted
in a much higher upregulation (114.8-fold) compared to other groups,
while soluble dexamethasone did not lead to a significant Spp1 upregu-
lation (Fig. 5C).

Osterix is another key transcription factor in the osteogenesis process,
essential for the differentiation of pre-osteoblasts into mature osteo-
blasts. The absence of osterix expression in runx2 null mice suggested
that osterix is downstream of runx2. In addition, in osterix null mice, no
endochondral or intramembranous bone formation occurred [44]. After
4 days of culture, the expression of Sp7, the gene associated with osterix,
was significantly upregulated in cultures with microparticles.
Dexamethasone-loaded microparticles resulted in significantly higher
upregulation compared to pristine microparticles, while no upregulation
was observed in cultures with soluble dexamethasone (Fig. 5D).

Bglap is one of the genes which encodes osteocalcin. OCN is another
non-collagenous protein in bone, and its synthesis is largely restricted to
osteoblasts. OCN with three carboxylated glutamic acid residues has a
binding affinity for Ca2þ and is essential for the alignment of apatite
crystals in the mineralization process [45]. Here, OCN was upregulated
significantly after 4 days in the presence of microparticles, while no
upregulation was observed at the same time point with osteogenic media
and soluble dexamethasone (Fig. 5E). Interestingly, pristine microparti-
cles resulted in significantly higher upregulation compared to
dexamethasone-loaded particles. OCN is considered a relatively late
osteogenic marker, related to osteoblasts maturation and indicating the
onset of mineralization. However, in cultures of bone marrow-derived
human mesenchymal stromal cells on biomineralized collagen mem-
branes [46], or osteoblast precursor MC3T3-E1 cells with bioactive glass
conditioned media [47], OCN upregulation has been detected as early as
3 days. 10T1/2 cells treated with BMP7 have also shown the expression
7

of OCN after 4 days [48]. The earlier expression of OCN may suggest that
hybrid microparticles not only promoted cell differentiation but also
caused cells to enter the maturation andmineralization stage at an earlier
time point.

Bone sialoprotein (BSP), another major non-collagenous protein of
bone extracellular matrix, is expressed primarily in mature osteoblasts at
late stages of differentiation [49] and is considered as a potential
nucleation site for hydroxyapatite [50]. After 4 days, the expression of
IBSP, the gene associated with BSP, was significantly upregulated in
cultures with microparticles, while at the same time point, in cultures
with osteogenic media, and soluble dexamethasone, no upregulation was
observed (Fig. 5F).

3.5. Western blot analysis

The expressions of two osteogenesis proteins were evaluated by
western blot analysis after 7- and 14-days cultures (Fig. 6). Osteopontin
was detected in all cultures, in both time points of 7 and 14 days; how-
ever, the expression appeared to be more pronounced in cultures with
osteogenic media and dexamethasone-loaded MPs compared to cultures
with pristine MPs. For all samples, the osteopontin expression was
increased from 7 days to 14 days. In contrast, osteocalcin was only
detected in cultures with microparticles (both pristine and



Fig. 7. Alizarin red staining of 10T1/2 cells. (A) Optical images showing the deposition of the mineralized matrix (stained red) on day 14 (B) Quantification of
mineralization by extraction of alizarin red from cultures after 10- and 14-days culture (n ¼ 6). Different letters indicate the significance at p < 0.05, while similar
letters indicate no significance (p > 0.05).
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dexamethasone-loaded MPs); however, the expression was robust in
cultures with dexamethasone-loaded MPs. Similar to osteopontin
expression, the osteocalcin protein expression was increased after 14
days compared to 7 days culture.

Osteopontin and osteocalcin are key contributors to osteogenesis and
play biological and mechanical roles in bone formation. As components
of the extracellular matrix, they modulate not only cell-matrix in-
teractions but also influence matrix-mineral interaction and therefore
affect bone mass, mineral size, bone structure and morphology, and
presumably mechanical properties of bone [51]. In osteocalcin knock-
down human mesenchymal stromal cells, mineral maturation was
delayed, and the mineral to matrix ratio was significantly lower
compared to the control group [52]. Mesenchymal stem cells lacking
both osteocalcin and osteopontin showed reduced proliferation, reduced
osteogenesis and angiogenesis potential, and delayed mineralized matrix
maturation [53]. In mutant mice lacking both osteopontin and osteo-
calcin, significant changes in cortical area and length were observed
[51]. It has been reported that exogenous supplementation of osteocalcin
and osteopontin enhanced osteogenesis in both 2D and 3D culture sys-
tems as well as in vivo [53–55]. Therefore, the expression of osteocalcin
and osteopontin is an important indicator of osteogenic differentiation of
10T1/2 cells.

3.6. Evaluation of mineralization

Mineralization of the extracellular matrix is the ultimate phenotype of
osteogenic tissue. Using Alizarin red staining, the mineral formation can
be detected and quantified in cultures. Osteogenic media provides an
external source of phosphate (inorganic phosphate or β-glycer-
ophosphate) to facilitate mineralization. It is believed that the dissolution
of inorganic components of the hybrid microparticles provides phosphate
alongside silicon and calcium ions, which potentially can substitute the
external phosphate source present in the osteogenic media. Alizarin red
staining of cultures after 10 days showedmineral deposition in both cases
of pristine and dexamethasone-loaded microparticles, while the osteo-
genic media did not show any mineral deposition (Fig. 7). Alizarin red
staining of microparticles incubated in PBS (in the absence of cells) for
the same durations did not show any unspecific staining due to the mi-
croparticles solely. Fig. 7A shows the optical images of cultures after 14
days. After 14 days of culture, a significantly higher level of mineral
deposit was observed in cultures with microparticles compared to 10
days of culture. Cultures with osteogenic media also showed mineral
deposition after 14 days, to a level slightly lower than cultures with MPs
(Fig. 7B). Expression of runx2 after only 8 h followed by early expression
of OCN after 4 days in the case of cultures with hybrid microparticles
might have resulted in early mineralization observed in cultures with
microparticles after 10 days.
8

4. Conclusion

This study demonstrated that PEA-BG hybrid microparticles created a
microenvironment that promotes osteogenic differentiation. Release of
silicon, calcium, and phosphate ions from MPs, as well as loaded dexa-
methasone induced osteogenic differentiation in the absence of any
additional factor. The hybridmicroparticles also supported cell spreading
and the formation of focal adhesions and cell proliferation was main-
tained in the presence of different concentrations of microparticles. The
gene expression profile, protein expression, and mineralization studies
demonstrated that a single dose of pristine or dexamethasone-loaded
hybrid microparticles induced osteogenic differentiation in the absence
of any media supplement. The versatility of the fluorescent microparti-
cles may have the potential to induce not only osteogenic differentiation
but also address other complications associated with bone defects such as
infection through the release of suitable active agents.
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