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1. Introduction

Selenium nanoparticle-functionalized injectable
chitosan/collagen hydrogels as a novel
therapeutic strategy to enhance stem cell
osteoblastic differentiation for bone regeneration
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Anamitra Bhattacharya,® Santanu Kaity, © ¢ Brenton L. Cavanagh,®
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Stem cells are an essential consideration in the fields of tissue engineering and regenerative medicine.
Understanding how nanoengineered biomaterials and mesenchymal stem cells (MSCs) interact is crucial for
their role in bone regeneration. Taking advantage of the structural stability of selenium nanoparticles (Se-
NPs) and biological properties of natural polymers, Se-NPs-functionalized, injectable, thermoresponsive
hydrogels with an interconnected molecular structure were prepared to identify their role in the osteogenic
differentiation of different types of mesenchymal stem cells. Further, comprehensive characterization of their
structural and biological properties was performed. The results showed that the hydrogels undergo a sol to
gel transition with the help of B-glycerophosphate, while functionalization with Se-NPs significantly
enhances their biological response through stabilizing their polymeric structure by forming Se—O covalent
bonds. Further results suggest that Se-NPs enhance the differentiation of MSCs toward osteogenic lineage
in both the 2D as well as 3D. We demonstrated that the Se-NPs-functionalized hydrogels could enhance
the differentiation of osteoporotic bone-derived MSCs. We also focused on specific cell surface marker
expression (CD105, CD90, CD73, CD45, CD34) based on the exposure of healthy rats’ bone marrow-derived
stem cells (BMSCs) to the Se-NP-functionalized hydrogels. This study provides essential evidence for pre-
clinical/clinical applications, highlighting the potential of the nanoengineered biocompatible elastic hydrogels
for bone regeneration in diseased bone.

They have been widely used in cartilage, bone, and cardiac tissue
engineering,"” and can be prepared from different types of

Hydrogels are highly hydrophilic, soft, three-dimensional (3D)
networks that support cell attachment and proliferation.'™
Thermoresponsive hydrogels, or thermogels, transition from
sol to gel with temperature changes without any toxic chemistry
crosslinking,””> making them ideal for delivering therapeutic
cargos, like nanoparticles and drugs. These hydrogels can
improve patient compliance via offering minimally invasive
treatment, reduced side effects, and enhanced cargo activity.®’
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natural or synthetic polymers.

The natural polymer chitosan (CS) is an ideal material for the
preparation of thermogels due to its biocompatibility and non-
toxicity, favoring its use for bone tissue regeneration and con-
trolled cargo delivery.>'° It was reported that CS solution gelled
at 37 °C with the addition of the crosslinker B-glycerophosphate
(B-GP) through hydrogen bonding and hydrophobic
interaction.’® However, while pure CS hydrogels have many
advantages, their mechanical strength and degradation rate do
not align well with the acidic environments found in diseased
bone.” ™ Combining CS with polymers, like collagen, or inor-
ganic materials, like hydroxyapatite, can enhance their proper-
ties, making them suitable for bone tissue engineering.'*'* Type
I collagen (Coll) is a major component of the extracellular matrix
in natural bone tissue that shows biocompatibility, biodegrad-
ability, non-toxicity, osteogenic induction properties, and low
immunogenicity.” Pablo et al. 16 reported CS/Coll hydrogels with
superior thermomechanical and biocompatibility properties.

This journal is © The Royal Society of Chemistry 2024
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The capacity for the osteogenic differentiation of mesench-
ymal stem cells (MSCs) by CS/Coll hydrogels is crucial for bone
regeneration. The bioactivity of hydrogels relies on the interac-
tions between their molecules and osteoblastic progenitors.'”
Incorporating protein growth factors can improve the thera-
peutic efficacy,'®"'® but these hydrogels have significant draw-
backs, like instability, short life, immunogenicity, and high
cost.>® For example, Jung et al.** studied the effect of the bone
morphogenetic protein-2 (BMP-2) on the osteogenic differentia-
tion of stem cells and found that the short half-life of BMP-2
protein resulted in a rapid loss of osteogenic differentiation
activity. On the other hand, the incorporation of synthetic
nanoparticles in to the natural polymer matrix can improve
the structural properties of the matrix and mechanism of bone
formation and osteoblastic differentiation.?” For instance,
Garcia-Astrain et al.>® prepared a gelatin hydrogel using silver
nanoparticles (AgNPs) as a crosslinking agent and reported that
the addition of AgNPs significantly improved the mechanical
properties of the hydrogels. Also, Kaur et al'® developed
injectable CS/Coll hydrogels reinforced with single-wall carbon
nanotubes to enhance the mechanical properties of the hydro-
gels, and reported an increase in cell proliferation and the
differentiation of fibroblasts with the addition of nanotubes in
the prepared hydrogels.

Selenium nanoparticles (Se-NPs) have emerged as promising
materials in the field of bone regeneration due to their anti-
oxidant properties that can help tackle oxidative stress-induced
apoptosis in bone regeneration and wound healing.***
Recently, Se-NPs and Se-modified biomaterials were shown to
promote osteoporotic and osteonecrosis bone defect repair
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with higher stability and efficacy. Hu et al.” developed a
hyaluronic acid-based hydrogel loaded with Se-NPs for osteoar-
thritis treatment via the expression of selenoproteins, and found
that the hydrogels facilitated cartilage repair through synergetic
effects of scavenging reactive oxygen species and depressing
apoptosis through the Se-NPs. Se-NPs can enhance bone remo-
deling by supporting cellular adhesion and proliferation, matrix
mineralization, and osteogenic differentiation, though the opti-
mal concentration and self-renewal of MSCs in Se-NPs-
functionalized hydrogels remain unknown at present.>>3°?!

A new strategy is required to accelerate bone regeneration by
providing an osteogenic microenvironment using thermogels
that can enhance MSCs differentiation. Previous studies have
explored thermoresponsive injectable hydrogels with elemental
Se and Se-NPs for stem cell culture, osteoporosis, and bone
regeneration under oxidative stress conditions.”®*> However, to
the best of our knowledge, the osteogenic differentiation of
MSCs from ovariectomized (OVX) and Sham rats without oxida-
tive stress has not yet been reported. Further, despite numerous
publications on CS/Coll hydrogels, either alone*~* or with Se
and Se-NPs,>>?%3> there is no reported work on injectable,
biodegradable, bioactive hydrogel combining CS, Coll, and vary-
ing concentrations of Se-NPs.

This work represents a significant advancement in the field
of biomaterials and regenerative medicine. In this study, novel
hydrogels functionalized with selenium nanoparticles (Se-NPs)
at different concentrations (0, 1.26, and 2.53 mM) were pre-
pared and specifically aimed at promoting the osteoblastic
differentiation of MSCs. By integrating the advantageous prop-
erties of CS/Coll with Se-NPs, these hydrogels could effectively
address the structural and stability challenges commonly asso-
ciated with natural polymer-based hydrogels. The resulting
hydrogels were not only thermoresponsive and biocompatible
but presented a promising innovative option as an injectable
bone void filler, facilitating minimal invasive regenerative
application in diseased bone and advancing the field toward
more efficient and patient-friendly therapeutic options.

2. Experimental
2.1. Synthesis of selenium nanoparticles (Se-NPs)

The Se-NPs were prepared in the laboratory via a reduction
method using sodium selenite (Na,SeO;) as a precursor.>®
Ascorbic acid of biological grade was used as a reducing agent
and polysorbate 80 as a stabilizer in the reduction chemical
reaction. In a typical experiment, 1.26 and 2.53 mM solutions of
Na,SeO; were prepared in 450 ml of deionized water to prepare
two concentrations of Se-NPs (0.575 and 1.154 mM), respectively.
Ascorbic acid (56.7 mM) was added dropwise (2 ml/3 minute) to
the sodium selenite solution with vigorous stirring. Next, 10 uL
of polysorbate 80 was added after each 2 ml of ascorbic acid. The
formation of the Se-NPs was confirmed by a color change from
clear white to intense orange. Afterwards, the solution was
centrifuged at ~13000 rpm to collect the Se-NPs in a pellet
form, and this was stored at 4 °C until further use. All the
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reagents used were of analytical grade (AR) and used without any
further purification.

2.2. Synthesis of the Se-NPs-loaded thermoresponsive
hydrogels

CS (2 wt/v%, Sigma Aldrich) and Coll (4 mg ml ™", Integra life
science) were dissolved in 0.02 M and 0.1 M acetic acid (Sigma
Aldrich) to obtain the desired solution concentrations and
labeled as solution I and solution II, respectively. Solution I
was mixed with solution II in a volumetric ratio of 98:02 and
labeled as solution III. Two different concentrations of Se-NPs
pellets (prepared in Section 2.1) were added into solution III
individually followed by 24 h stirring to prepare the Se-NPs-
functionalized hydrogel solution. Precooled 58 wt% p-glycero-
phosphate (B-GP, Sigma Aldrich) sodium salt was next added as
a crosslinking agent while maintaining the pH at 7.4 for the
hydrogel solution. Pure CS and Coll hydrogel solutions added in
the same ratio as for solution III, i.e., 98: 02, served as the control
hydrogel prepared by following the same procedure but without
the addition of the Se-NPs. All the syntheses were carried out on
ice (~4 °C) to maintain a liquid state of the prepared hydrogel
solutions. The chemical compositions of the prepared hydrogels
are given in Table 1, while Fig. 1 presents the steps followed to
prepare the Se-NPs and hydrogels. Gelation of the prepared
hydrogels was initiated by incubating the solutions at 37 °C for
~5 min. Gel formation and the time taken were assessed by the
mobility of the solution after inverting the tubes.

3. Characterization
3.1. Dynamic light scattering

The particle-size of the prepared Se-NPs was measured using a
Zetasizer Nano-ZS system (Malvern Instruments). Se-NPs pellets
prepared in Section 2.1 were homogeneously dispersed in
phosphate buffered solution (PBS) at pH ~ 7.4 at room
temperature. The obtained homogeneous suspension was then
used for recording the particle-size values.

3.2. Transmission electron microscopy

Transmission electron microscopy (TEM) analysis was under-
taken to investigate the morphological properties of the
prepared Se-NPs. A suspension of the Se-NPs was prepared
in distilled water. A drop of homogeneous suspension
was dropped onto a copper grid and the grid was dried at
room temperature for 24 h followed by analysis using a
Hitachi HT7800 transmission electron microscope at room
temperature. Image J software was used to analyze the obtained
micrographs.

Table 1 Chemical compositions of the prepared hydrogels

View Article Online
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3.3. Rheological analysis - sol to gel transition and
injectability

The liquid to gelation transition of the prepared hydrogels
with increasing concentration of Se-NPs from 0 to 2.53 mM
was assessed using an HR-1 Discovery Hybrid Rheometer
(TA instruments) as a function of temperature. Parallel plate
geometry (20 mm) was used during the experiment to deter-
mine the gelation temperatures of the samples. An oscillation
assay was carried out by applying a heating ramp from 4 °C to
45 °C at a heating rate of 1 °C min '. To stimulate body
conditions and to obtain undisturbed gel formation, a 1 Hz
frequency and a small strain of 0.01% were applied during the
experiment.®” The storage modulus (G’) and loss modulus (G”)
were obtained during the heating ramp as a function of
temperature. To determine the injectability, the hydrogels were
submitted to a flow sweep assay at 37 °C. The change in
viscosity was noted as a function of stress. For the gelation
time, strain sweep and time sweep tests were performed. For
the strain sweep test, the hydrogels were submitted to an
oscillation assay at 37 °C with varying the strain from 0.01%
to 100%. The obtained results were plotted on a graph using
GraphPad Prism software.

3.4. Attenuated total reflectance — Fourier-transform infrared
(ATR-FTIR) spectroscopy

ATR-FTIR spectra of the Se-NPs and prepared hydrogels were
recorded at room temperature on a NiCOLET iS10 Smart iTX
FTIR instrument (Thermo Scientific) in the wavenumber range
of 400-4000 cm™". Origin 8.5 software was used for correcting
the baseline and drawing the graphs of each spectrum.

3.5. Scanning electron microscopy (SEM)

SEM analysis was carried out on a JEOL SRX-8 machine to
image the structural architecture of the prepared hydrogels.
A gold coating was used to make the hydrogels conductive to
evaluate their surface morphology.

3.6. Invitro cell cytotoxicity and proliferation assay

Rat mesenchymal stem cells (rMSCs) and ovariectomized
rMSCs (rMSCs®¥¥) were isolated from the bone marrow of
6-8-weeks-old male Sprague-Dawley rats and ovariectomized
6-8-weeks-old female Sprague-Dawley rats as previously
described.*®?° rMSCs and rMSCs®"* were maintained in
DMEM high glucose supplemented with 20% fetal bovine
serum (FBS), 1% antibiotic, 1% glutamax, 1% amino acids,
and 0.2% Primocin, and maintained at 37 °C with 5% CO.,.
At 80% confluence, first, the in vitro cytotoxicity of Se-NPs was
tested in 2D. In a typical experimental setup, Se-NPs were added

Sample code Sample description Chitosan (w/v)% Collagen (w/v)% Sodium selenite (mM) Se-NPs (mM) Se-NPs (w/v)%
SO Coll-CS 2.0 0.5 — — —

S1 Coll-CS/low Se 2.0 0.5 1.26 0.575 0.045

S2 Coll-CS/high Se 2.0 0.5 2.53 1.154 0.091

9270 | J Mater. Chem. B, 2024, 12, 9268-9282

This journal is © The Royal Society of Chemistry 2024


https://doi.org/10.1039/d4tb00984c

Published on 07 August 2024. Downloaded on 15/3/2026 1:33:59 PM.

Paper

Step 1: Synthesis of Selenium Nanoparticles (Se-NPs)

Ascorbic Acid Polysorbate 80

Centrifuge
@1200rpm

View Article Online

Journal of Materials Chemistry B

Dispersed Se-NPs

Pellet Resuspended

Sodium ite in
Distilled Water

Step 2: Synthesis of Se-NPs Loaded Hydrogels

Chitosan:Collagen
98:02

in Water

Y se-NPs Pellet

/s /
S 4°C B-Glycerophosphate
& —_— —————
Se-NPs solution 4°C, pH~7.30
Hydrogel at 37°C

Fig. 1 Schematic diagram showing the steps followed for the synthesis of the Se-NPs and hydrogels.

into a DMEM high glucose cell growth medium (10 puL of Se-NPs
per 50 ml of growth medium). Briefly, 1 x 10° cells (rMSCs and
MSCs®V) were seeded in a 12-well adherent tissue culture plate
with growth medium supplemented with sterilized Se-NPs. Cells
with the growth medium only were used as the positive control. At
days 1, 2, and 3 post-seeding, the cell metabolic activity was
assessed using an Alamar blue assay (Alamar blue assay Kkit,
Invitrogen) according to the manufacturer’s instructions. In brief,
the growth medium was removed from the wells followed by
washing with PBS. Next, 10% Alamar blue solution ~2 ml was
added into the washed wells and incubated at 37 °C for ~1-2 h
protected from direct light followed by the transfer of 100 uL of
each sample medium to a 96-well black flat bottom plate in
triplicate. The fluorescence was recorded at an excitation of 545
and with emission at 590 nm using a plate reader. For the 3D
culture, Se-NPs-functionalized hydrogels were used. Here, 3 X
10° cells were seeded on both sides of the hydrogels in a 24-well
non-adherent tissue culture plate to avoid the attachment of cells
to the well plate. Hydrogels without Se-NPs were used as a positive
control. The in vitro cytotoxicity was assayed using the Alamar blue
assay following the same procedure as explained above. The
experiment was conducted in triplicate.

Cell proliferation via DNA quantitation was assessed using a
Quant-iT™ Pico Green® assay kit (Invitrogen). DNA quantifica-
tion was assessed over a 1, 3, and 7 day culture period for
the 2D and 3D cultures to indirectly measure the proliferation
of tMSCs and rMSCs®Y* according to the manufacturer’s
instructions. At 1, 3, and 7 days post-seeding, the medium
was removed, and the wells in the 2D and 3D cultures were
washed with PBS followed by the addition of pico green lysis
buffer and then stored at —80 °C. Three freeze-thaw cycles were
performed before running the assay. Fluorescence was
recorded at an excitation of 485 and emission at 538 nm on a
fluorescent plate reader. Hydrogels without Se-NPs were used

This journal is © The Royal Society of Chemistry 2024

as a positive control. The experiment was conducted in
triplicate.

3.7. Invitro osteogenic potential

To investigate the therapeutic potential of the prepared Se-NPs-
functionalized hydrogels in osteogenic differentiation and the
bone-forming activity of rMSCs (rMSCs and rMSCs®¥¥), the
hydrogels were seeded with 3 x 10> cells and cultured in a
medium containing osteogenic growth factors, such as 1% f-
GP, 0.5% ascorbic acid, and 50 pL dexamethasone for up to
28 days. At 7, 14, 21, and 28 days post-seeding, the hydrogels
(in triplicate) were collected for extracellular matrix mineraliza-
tion and qRT-PCR gene expression analysis. After each time
point, to determine the production of extracellular matrix
mineralization, the hydrogels were washed with PBS and lysed
with 0.5 M hydrochloric acid and the extracellular matrix
mineralization was measured using a Syntec calcium (cpc)
liquicolor test kit according to the manufacturer’s instruction.
For alizarin red staining (ARS) on day 28, the hydrogels were
collected and fixed. The mineralized matrix formation was
determined by ARS staining of cultured rMSCs and rMSCs®V*
to detect the deposited calcium.*® Briefly, the hydrogels were
washed with PBS and then fixed with 10% formalin. The fixed
hydrogels were sectioned and stained with 2% ARS solution for
15 min, then washed twice with deionized water, and observed
under a Motic AE31E microscope equipped with a LEICA
DFC420 camera. For qRT-PCR gene expression, total RNA was
isolated using an RNeasykit according to the manufacturer’s
instructions. The target mRNAs analyzed were runt-related
transcription factor 2 (RUNX2), alkaline phosphatase (ALP),
bone morphogenetic protein 2 (BMP2), and osteocalcin
(OCN), with 18s used as a housekeeping gene. A list of the
primers that were used for amplification of these genes is

J. Mater. Chem. B, 2024, 12, 9268-9282 | 9271
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Table 2 List of gene transcripts analyzed by qRT-PCR
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Target proteins Abbreviation Target gene reference Catalogue reference
18S 18S Rn_Rn18s_1_SG QT02589300
RUNX family transcription factor 2 RUNX2 Rn_Runx2_1_SG QT01620647
Alkaline phosphatase ALP Rn_Alppl2_1_SG QT00458892
Osteocalcin OCN Rn_bglap_1_SG QT00371231

provided in Table 2. The experiment was conducted in
triplicate.

3.8. In vitro biocompatibility with fibroblast co-culture

The in vitro biocompatibility of the prepared functionalized
hydrogels was measured in a co-culture of mouse embryonic
fibroblast (MEF)/McCOY (adult healthy human fibroblast)/Rat
bone marrow-derived stem cells (BMSCs) (National Center for
Cell Science, Pune, India) in 24 mm (5 pm) 6-well inserts
(Merck). Briefly, following ISO standard 10993/10933-5, the
functionalized hydrogels (~4 mg) were incubated with MEF/
McCOY/Rat BMSC cells for 48 h at 37 °C with 5% CO,. A
cocktail of the cells MEF/McCOY/Rat BMSC was added to the
basal chamber and the hydrogels were placed in the apical
chamber of the trans-well to study the hydrogel/cell interac-
tions. After 48 h, a live/dead assay was performed (live/dead
viability kit, Invitrogen) to determine the effect of the hydrogels
on the biocompatibility of the cells based on the plasma
membrane integrity and esterase activity according to the
manufacturer’s instructions, followed by Hoechst 33258 stain-
ing and imaging using a Leica DMi8 STELLARIS 5 confocal
microscope.

3.9. Cell surface marker analysis

The prepared hydrogels were cultured with BMSCs in a trans-
well for a period of 48 h followed by fixation with the Image It
Fixation kit (Invitrogen) for 15 min away from light and over-
night incubation for blocking using Straight Block BSA (Invi-
trogen). CD 105 (1:500, Invitrogen), CD90 (1:250, Invitrogen),
CD73 (1:100, Invitrogen), CD45 (1: 500, Invitrogen), and CD34
(1:500, Invitrogen) were used as primary antibodies and Alexa
Flour 588 as the secondary antibody. The hydrogels were coated
with gold anti-fade reagents (Invitrogen) prior to processing by
confocal imaging (Leica DMi8 STELLARIS 5).

3.10. Statistical analysis

The data are presented as the mean + standard error of the
three experimental values. Statistical analysis of the data was
performed with one-way analysis of variance (ANOVA), and
p-values less than 0.001 and 0.01 were considered significant.

4. Results and discussion
4.1. Microstructure analysis

4.1.1. Synthesis of selenium nanoparticles. Se-NPs were
prepared by a wet chemical reduction method, which is a very
simple and inexpensive method. In a typical reaction, sodium
selenite in the aqueous medium formed selenium oxyanions

9272 | J Mater. Chem. B, 2024, 12, 9268-9282

that react with ascorbic acid and are reduced to elemental
selenium (Se®), which is stabilized by polysorbate 80. TEM
confirmed the monodispersed and homogeneous spherical
structure of the as-prepared Se-NPs as shown in Fig. 2(a) and
(b). This conversion of sodium selenite into Se-NPs was also
confirmed by a color change from transparent to orange, as
shown in Fig. 2(c). The synthesized particles had an average
size of 106.2 nm with a polydispersity index (PDI) of 0.014, as
confirmed by DLS analysis (Fig. 2(d)).

4.1.2. Fabrication of Se-NPs-functionalized thermorespon-
sive hydrogels. Thermoresponsive hydrogels are in situ gelling
systems made of a hydrophilic homopolymer or block copoly-
mers, which behave as a liquid at room temperature but turn
into a gel at physiological temperature (37 °C). In this work,
thermoresponsive hydrogels of CS/Coll, with a volumetric ratio
of 98/02 and containing different concentrations of Se-NPs
(0, 1.26, and 2.53 mM) were formulated for transition to a
stable gel state at 37 °C with the addition of B-GP. B-GP
has previously been reported to confer thermoresponsivity
to Coll- and CS/Coll-based hydrogels.”* The prepared hydrogels
remained liquid at room temperature but became solid gels
after incubation at 37 °C for 5 min. This phase transition was
initially assessed visually by inverting the tubes containing the
prepared hydrogels, as shown in the inset of Fig. 3(a)—(c). The
S0 hydrogel was white in color, whereas the Se-NPs-containing
hydrogels became an intense orange color due to dispersion of
the orange-colored Se-NPs solution in the polymeric matrix.
Upon inverting the tube, the hydrogel formulations remained
fixed to the bottom of the tubes, indicating that the hydrogels
had gelled at 37 °C and that the inclusion of Se-NPs into the CS/
Coll polymeric matrix did not interfere with the thermorespon-
sivity of the hydrogels at 37 °C, as shown in Fig. 3(a)—(c). The pH
of the polymeric solution before and after gelation was in the
range of 6.95 £+ 0.02 to 7.38 £ 0.02, as recorded using a
CyberScan 510 pH meter. These values of pH ensured that
(i) no significant change in the pH value occurred after conver-
sion of the liquid to solid gel at 37 °C, and also (ii) that the
addition of Se-NPs did not lead to any undesired pH-sensitive
chemical reactions occurring, which could have otherwise
changed the structure or pH of the polymeric matrix during
the gelation process. In the typical gelation mechanism as
reported earlier,'® as the temperature increases, it leads to an
increased ionic strength vig the ionization of B-GP, causing a
change in the pH to provide a favorable environment in which
the 3D gel network can form while enhancing the polymer-
polymer interactions through a hydrophobic effect. Therefore,
hydrophobic interactions are a key factor to form gels consist-
ing of CS/Coll/Se-NPs and B-GP at 37 °C.

This journal is © The Royal Society of Chemistry 2024
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Fig. 2 TEM micrograph of the prepared Se-NPs at (a) 2 microns and (b) 500 nm magnification. (c) Intense orange-colored Se-NPs solution and (d)
particle-size analysis of the prepared Se-NPs measured by dynamic light scattering.

Rheological analysis. Rheology analysis was used to investi-
gate the gelation and elastic behavior of the prepared Se-NPs-

200+

functionalized hydrogels. The rheology was assessed by mea-
suring the storage modulus (G’) and loss modulus (G”") as a
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(a)—(c) Storage modulus and loss modulus of the prepared hydrogel solutions as a function of temperature. The intersection points are indicative

of the gel formation temperature. (d)-(f) Changes in the viscosity of the hydrogel solution as a function of stress.
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function of temperature from 20 °C to 38 °C (Fig. 3(a)—(c)). The
variation of both the G’ and G” curves did not change with the
addition of Se-NPs, and mainly the curves contained two
regions. The growth rate of G’ was much higher than that of
G’, signifying that the evolution of the gel structure primarily
contributed to the increase in the elasticity of the prepared
hydrogel systems.*> The gelation temperature of the prepared
hydrogels is defined as the temperature at the crossover of the
G' and G". Fig. 3(a)-(c) shows the gelation temperature of
the prepared hydrogels along with the values of G’ and G” in
the temperature range of 20-38 °C. The functionalization of the
prepared hydrogels with Se-NPs resulted in an increase in G’,
which implied an increase in the elasticity of the hydrogel. In
the second and last region, the increasing temperature led to an
increase in ionic strength via the ionization of B-GP, causing
a change in the pH to provide a favorable environment for
the elastic 3D gel network to form. This driving force behind
the process was the reduction in CS/Coll solubility, and the
increased hydrophobic interactions.'®

The injectability (the ability to be extruded) of the formu-
lated elastic hydrogels was also evaluated from rheological
analysis by a flow sweep test at room temperature. In
Fig. 3(d)-(f), it can be seen that all the prepared hydrogels
exhibited a rapid decrease in viscosity upon the application of
shear stress. The thermoresponsive and injectable properties of
the prepared hydrogels offer a promising potential to be used
in a minimally invasive approach for bone tissue engineering
applications.

4.1.3. ATR-FTIR analysis. In order to illustrate interactions
between the components in the hydrogels, ATR-FTIR spectra
were recorded. Fig. 4 shows the ATR-FTIR spectra of the Se-NPs
and Se-NPs-functionalized freeze-dried hydrogels. The observed
vibration bands together with their corresponding structural
units are provided in Table 3. The Se-NPs were characterized by
ATR-FTIR to confirm the presence of functional groups respon-
sible for the synthesis and stability of the Se-NPs. The Se-NPs
showed an intense peak at ~3350 cm™ " attributed to hydroxyl
group stretching of the aromatic ring of ascorbic acid. Other
peaks observed were at 1740 cm™ ' representing stretching of a
C=O0 aldehyde group, 1630 cm ' due to amide and C-H
vibrations of a CH, group, and 1405 cm ' (C-H), 1240 cm
(secondary OH bending), and 1053 cm ' (C=0) stretching
vibrations.*>** All the observed peaks and bands in the Se-
NPs spectrum confirmed the formation of stable Se-NPs. In the
prepared hydrogels, the presence of amide I (stretching vibra-
tions of C—=0) bands in the wavenumber range of 1620-
1700 cm ' was generally due to CS and Coll, while those at
1510-1580 cm ™ for amide II corresponded to N-H bending and
C-N stretching vibrations, and those at 1350-1380 cm ™' were
mainly related to C-N stretching.*® The FTIR spectrum of the Coll-
CS scaffolds with Se-NPs was similar with the bands of Se-NPs,
albeit slightly different in intensity due to the interactions between
the Se-NPs and CS/Coll polymeric matrix. It could be clearly
observed from Fig. 4 that the prepared Se-NPs-functionalized
hydrogels showed a broadband signal at ~3200 cm™ ' corres-
ponding to the stretching of intermolecular bonded OH combined
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Fig. 4 ATR-FTIR spectra of the prepared Se-NPs and Se-NPs-
functionalized freeze-dried hydrogels.

with NH groups.’® Symmetric stretching vibrations appeared at
2857 cm™ " corresponding to aliphatic CH, groups. However, the
peaks at ~1560 and ~1400 cm ™' could be attributed to N-H
and O-H bending, respectively, while the peaks at ~1740 and
~1050 cm ! corresponded to C-O and COO stretching.”’” A red-
shift in the spectrum of the prepared hydrogels could be seen with
the addition of Se-NPs (Fig. 4), as reported in Table 3. In addition,
a shift at higher wavenumber was observed corresponding to
vibrations of the hydroxyl groups of the polymer, indicating their
participation in the stabilization of the Se-NPs. Also, the peak at
1630 cm™ ! in the Se-NPs spectrum was shifted to 1644 cm ™,
indicating the formation of Se-O bonds in the Se-NPs-
functionalized hydrogels, which also implied the stabilization of
the Se-NPs inside the polymeric matrix.*®

4.1.4. SEM analysis. The highly porous and homogeneous
interconnected structure of the prepared freeze-dried hydrogels
was analyzed by SEM. Fig. 5 shows representative SEM images of
the S0, S1, and S2 hydrogels. The microstructures of the hydrogels
showed the presence of precipitations of crystals on the surface of
the polymeric matrix due to B-GP, suggestive of the presence of
ammonium phosphate or sodium phosphate due to coating the
polymer chains with the divalent B-GP. Moreover, the images
indicated the porous structure. The SEM showed that the func-
tionalization of the prepared hydrogels with Se-NPs improved the
overall morphology (pore structure and interconnectivity) with the
presence of bright Se-NPs on the surface. The interconnectivity
and stable internal pore channels provide space for infiltrating
cells. The pore size and porosity are advantageous for cell adhe-
sion, ingrowth, and proliferation. Furthermore, the importance of
a porous structure has been well established in the literature
concerning tissue regeneration,*”®'

4.2. Biological analysis

4.2.1. Invitro biocompatibility and osteogenic potential of
rMSCs with Se-NPs and hydrogels. For bone tissue engineering
with the combination of hydrogels with stem cells, excellent
cytocompatibility is one of the most important prerequisites for
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Table 3 Observed vibrations in the ATR-FTIR spectra as a function of the wavenumber (cm™)

Structural units

Se-NPs position

SO position  S1 position  S2 position  Ref.

Stretching of C-O-C between the rings and C-H out of —
plane vibrations and bending of PO, group

Stretching of C-O-C between the rings and C-H out of —
plane vibrations

Symmetrical stretching and bending of PO,*~ bond —
and GP aliphatic P-O-C stretching

C—0O stretching vibrations, aliphatic P-O-C stretching —

C=0O stretching vibrations 1053
Secondary OH bending 1240
Bending vibrations of CH, 1405

Amide II, N-H bending and C-N stretching vibrations —
of CS and Coll

Amide I, stretching vibrations of C=0 collagen, over- 1630
lapping stretching vibrations of amide I and molecular

water

Stretching of C=0 aldehyde group 1740
C-H stretching vibrations

OH vibrations of adsorbed water, stretching vibrations 3350
of N-H and C-H groups overlapped with broad O-H
vibrations, O-H stretching of the aromatic ring of

ascorbic acid

Fig. 5 Representative SEM images of Se-NPs-functionalized freeze-dried
hydrogels at 50 pm magnification. Arrow indicates the presence of bright
Se-NPs and B-GP crystals on the surface of the hydrogels.
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532 519 519 49-51
— — 647 52
— — 737 51, 53 and 54
976 976 948 33, 45, 51 and 52
1060 1065 1054 43-45
— — — 43 and 44
1412 1401 — 43, 55 and 56
1560 1560 1567 45, 51 and 56
— — 1644 10, 46 and 57
— — — 43 and 44
2857 2857 2857 55, 56 and 58
3210 3180 3180 33, 43, 44, 51 and 59

scaffold materials in order to support cell attachment. Fig. 6(a)
shows the cell viability of rMSCs in 2D and on hydrogels using
the Alamar blue assay. Alamar blue is based on the reduction of
resazurin to fluorescent resorufin after intracellular intake,
which produces bright red fluorescent, which is used to quan-
tify cell viability (%). The results showed negligible cytotoxicity
in 2D and across the formulated hydrogel range with lower and
higher concentrations of Se-NPs. Recently, Tian et al.®® devel-
oped injectable thermosensitive Se-containing hydrogels to
carry MSCs for the treatment of limb ischemia, and reported
that the prepared hydrogels exhibited favorable biocompatibility,
biodegradability, and antioxidant properties at a 2 pM concen-
tration of Se. Above 2 pM, they observed an increase in cytotoxi-
city, but in our prepared hydrogels with Se-NPs at 2.53 mM of
concentration, we found negligible toxicity due to the stable
polymeric matrix. Next the pico green assay was carried out to
quantify the proliferation of rMSCs in 2D (Fig. 6(b)) and on the
hydrogels (Fig. 7(a)). After culturing for 1 day, similar levels of
proliferation were observed between SO and S1. Interestingly, the
cell proliferation exhibited an increasing trend in a time-
dependent manner, and the DNA content at day 7 was three
times as many as that at day 1 in 2D and on the hydrogels. The
DNA content in the 3D hydrogels increased significantly due to
the stable polymeric matrix and local delivery of Se-NPs, which
minimize toxicity. Therefore, cells cultured on the hydrogels
showed a better proliferation than those on the 2D platform
(p < 0.001). Coll and CS having high biocompatibility and
degradability play an important role in cell growth, differentia-
tion, and migration, as reported by Liu and Sun® and Kaur et al.*°

Nanorough Se was reported to promote healthy osteoblast
adhesion on titanium disks by Holinka et al.®* Therefore, the
excellent cytocompatibility could be attributed to the chemical
components and porous structure of the hydrogels, which
provide the suitable environment to support cell adhesion,
spreading, and proliferation.®®> Nonetheless, the results indicate
that the formulated hydrogels were cell-adhesive and provide a
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Fig. 6 (a) Alamar blue activity of the prepared Se-NPs with rMSCs in 2D. (b) DNA quantification of rMSCs in 2D with Se-NPs. Error bars indicate the
standard deviation observed for three experimental measurements (*p < 0.01, **p < 0.005, ***p < 0.001).

favorable microenvironment for cell proliferation and survival.
Another contributing factor may be the highly interconnected
pore structure, which facilitates not only infiltrating cells but
also oxygen and nutrients diffusion, which can contribute posi-
tively to the health of growing cells. Thus, the combined bioac-
tivity, biocompatibility, and microstructure of the formulated
hydrogels may be the reason for the improved cell proliferation.

Due to the low bioavailability of inorganic selenium, organic
selenium, a type of selenium that is present in nutrition/foods,
is generally more bioavailable than inorganic selenium, and so
is more easily absorbed and utilized by the body. Due to these
properties, nano-selenium is attracting a lot of interested from
researchers. Studies have shown that Se-NPs functionalized
with ruthenium(u) and citric acid accelerate stem cell differ-
entiation toward osteogenic lineage.®®®® In vitro research has
also shown inhibitory effects of selenium on the growth of
many cancer cell lines, but not on normal cells, through

B S0 m s1
(@) 4 (b) s
£ 150 gwo
: g
§100 gm
3 a

regulating reactive oxygen species as an antioxidant.*>*>*° As

reported by Hou et al.,”° the osteogenic potential of Se-NPs is
concentration-dependent in 2D, and we therefore investigated
whether the inclusion of Se-NPs without any functionalization
into CS/Coll hydrogel would enhance the osteogenic differen-
tiation of rMSCs.

Because of their improved cell viability and ability to support
cell spreading and proliferation, only Se-NPs-loaded hydrogels
were assessed for effects on the osteogenic properties by
measuring calcium mineralization and the expression level of
osteogenic-related genes. Calcium mineralization was assessed
at days 7, 14, 21, and 28 days post-seeding, as shown in
Fig. 7(c). The calcium mineralization of rMSCs on the Se-NPs-
loaded hydrogels followed a concentration-dependent trend,
whereby with increasing the concentration of Se-NPs, miner-
alization was significantly enhanced compared to the control
hydrogel. The calcium mineralization of rMSCs was also

B s2 k% % %k

250+

Calcium(ng/ml)

o
o
1

Day 7 Day 28

Fig. 7 (a) Alamar blue activity, (b) DNA quantification, (c) calcium mineralization of the prepared hydrogels with rMSCs. (d)-(f) Representative
microscopic images (10x) of ARS on the hydrogels after 28 days with rMSCs. Error bars indicate the standard deviation observed for three experimental
measurements (*p < 0.01, **p < 0.005, ***p < 0.002, and ****p < 0.001).
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Fig. 8 Evaluation of gene expression by gRT-PCR: (a) ALP, (b) RUNX2, and (c) OCN with rMSCs at days 7, 14, 21, and 28. Error bars indicate the standard
deviation observed for three experimental measurements (***p < 0.002 and ****p < 0.001).

assayed by Alizarin red staining (Fig. 7(d)—(f)). The above results
demonstrated that the Se-NPs enhanced the osteogenic
potential of the prepared hydrogels. To further investigate the
osteogenic effects of the prepared hydrogels, the osteogenic-
related gene expression levels were examined. The osteogenic-
related gene expression level of the early (RUNX2, ALP) and late
(OCN) markers were increased in all the prepared hydrogels
from day 14 to 28, as shown in Fig. 8. Notably, the gene
expression levels were significantly higher in the Se-NPs-
loaded hydrogels (S1 and S2) compared to in SO.

4.2.2. Invitro biocompatibility and osteogenic potential of
rMSCs®"* with Se-NPs and hydrogels. To identify whether or
not post-menopausal osteoporotic bone marrow-derived cells
showed in vitro self-renewal and osteogenic potential, we stu-
died the effect of our prepared Se-NPs and hydrogels on OVX
bone marrow-derived rMSCs®". Fig. 9(a) and (b) shows the cell
cytotoxicity of rMSCs®Y™ and DNA quantification in 2D with the
Se-NPs-supplemented medium. Fig. 10 shows the cell cytotoxi-
city (a) and DNA quantification (b) of the Se-NPs-functionalized
hydrogels. Our results showed that the Se-NPs and hydrogels
were non-toxic to rMSCs°V*. Interestingly, the cell proliferation
and DNA content increased with the addition of Se-NPs in the
culture medium as well as in the hydrogels, but only for lower
concentrations (1.26 mM). The higher concentration (2.53 mM)

of Se-NPs decreased the DNA content in 2D as well as with the
hydrogels, as shown in Fig. 9(b) and 10(b). It was observed from
the obtained data that the rMSCs®¥* tended to have slower
growth characteristics compared to rMSCs (healthy) as given
above. This indicates that the induction of osteoporosis by
means of ovariectomy resulted in lower proliferation rates and
reduced the capacity of regeneration with the hydrogels. Gore-
gen et al.”" reported similar results upon comparing the growth
of sham-derived stem cells and OVX bone-derived stem cells in
2D. They observed that the OVX-derived cells showed slower
growth characteristics when investigated by MTT assay. The
osteogenic differentiation potential of the prepared Se-NPs and
loaded hydrogels with rMSCs®** was investigated for up to
28 days.

Similar to the proliferation study, calcium mineralization
decreased with increasing the Se-NPs concentration, as shown
in Fig. 10(c), and ARS was further done on the hydrogels to
confirm the results, as shown in Fig. 10(d)-(f). The differences
between the osteogenic potentials of the S0, S1, and S2 hydro-
gels were highly significant (p < 0.001). qRT-PCR analyses
showed that the expressions of ALP, RUNX2, and OCN were
upregulated in the hydrogels compared to the control, as
shown in Fig. 11. It is obvious from the data that the S1
hydrogel had a greater osteogenic differentiation potential with
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Fig. 9 (a) Alamar blue activity of the prepared Se-NPs with rMSCs®V* in 2D. (b) DNA quantification of rMSCs in 2D with Se-NPs. Error bars indicate the
standard deviation observed for three experimental measurements (*p < 0.01, **p < 0.005, ****p < 0.001).
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Fig. 10 (a) Alamar blue activity, (b) DNA quantification, (c) calcium mineralization of the prepared hydrogels with rMSCsOV*. (d)-(f) Representative
microscopic images (10x) of ARS on the hydrogels after 28 days with rMSCs. Error bars indicate the standard deviation observed for three experimental
measurements (*p < 0.01, **p < 0.005, ***p < 0.002, and ****p < 0.001).

rMSCs®¥%. The lower osteogenic potential of tMSCs®¥™ com-
pared to the healthy rMSCs was related to the altered mesench-
ymal stem cells dynamics, as reported by Rodriguez et al.”>”?
The upregulation of gene expressions in S1 indicate that the
status of cells with the S1 hydrogel was more toward the
osteogenic lineage to compensate for the proceeding bone loss.
The present in vitro study is preliminary research but further
studies are necessary to clarify whether the in vivo biocompat-
ibility of rMSCs®¥* is also good enough for the regeneration of
hard and soft tissues. Our findings though give an indication
that rMSCs from post-menopausal osteoporotic hosts could be
an option for cellular and genetic therapies for bone regenera-
tion and to develop clinical strategies.

4.2.3. Invitro biocompatibility assessment and cell surface
marker analysis. The primary objective of this experiment was
to examine the biocompatibility with the hydrogel system in a
co-culture. All the samples showed a high-intensity green signal
from Calcein AM staining, which indicated cellular viability,
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and no dead cells were observed in all the prepared hydrogels,
as shown in Fig. 12. All the fibroblast exhibited the typical
healthy fibroblasts morphology, which consisted of an extra-
cellular projection that was spindle-shaped and elongated, as
well as a significant Calcein AM signal. As shown, we can
conclude that the hydrogels demonstrated a high level of
compatibility with mouse embryonic as well as adult healthy
fibroblasts.

After confirming the biocompatibility, we looked into a wide
variety of cell surface markers for rat BMSCs. Positive (CD73,
CD90, and CD105) as well as negative (CD34 and CDA45)
markers were expressed by rat BMSCs along with the surface
marker (CD73). Upon comparing the results, it was found that
CD73+ mouse BMSCs exhibited a greater ‘“‘stemness” and a
greater tendency for osteogenic development in vitro.”* In the
process of repairing bone fractures in mice, CD73+ BMSCs
showed an increased potential to promote fracture healing.”>”®
We found that the expression of CD73 was noticeably higher in
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Fig. 11 Evaluation of gene expression by gRT-PCR: (a) ALP, (b) RUNX2, and (c) OCN with rMSCs®¥* at days 7, 14, 21, and 28. Error bars indicate the
standard deviation observed for three experimental measurements (**p < 0.005).
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and (C, F and ) represent S2 hydrogel results. All the samples were captured at 63x magnification in triplicate.

comparison to with the SO hydrogel, as shown in Fig. 13, expression profile of RUNX2 in the prepared hydrogels. The
confirming the increase in calcium accumulation and gene anti-inflammatory properties of the hydrogels were shown to
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Fig. 13 Immunostaining of CD105, CD90, CD73 (positive), and CD45, CD34 (negative) on rat BMSCs in a trans-well co-culture setup with respective to
the prepared hydrogels. Images (A, D, G, J and M) represent the SO hydrogel, images (B, E, H, Kand N) represent the S1 hydrogel, and images (C, F, |, L and
O) represent the S2 hydrogel results. All the samples were captured at 63x magnification in triplicate.

have a correlation with higher levels of CD73 expression;
whereas the expressions of CD105 and CD 90 did not change
under any circumstances in all the prepared hydrogels.

Hu et al”® studied the in vitro potential effect of Se-NPs on
osteoblast differentiation at different concentrations from 0 to
2048 ppm. They found that Se-NPs at a concentration of 64 ppm
or below promoted osteoblast differentiation, whereas at higher
concertation they inhibited the expression of RUNX2. Similarly, in
the ARS assay, a high concentration of Se-NPs demonstrated
diminishing effects due to the downregulation of Smadl and
BMP2 genes, leading to impaired osteoblast differentiation. In
the present work, it was observed that incorporating Se-NPs into
a hydrogel matrix promoted osteoblast differentiation even at a
higher concentration of Se-NPs, within the same time interval.
Therefore, our synthesized materials may have an important role in
the field of bone regeneration, with additional advantages of being
biocompatible and having a bone mimicking polymeric matrix
combined with Se-NPs. The encapsulation of Se-NPs within the
hydrogels enhances the stability of the Se-NPs and protects them
from uncontrolled degradation in the biological environment. This
encapsulation also improves the bioavailability of the Se-NPs,
ensuring more effective delivery to the target site or tissue. The
prepared hydrogel matrix can be designed to respond to specific
stimuli (such as pH, temperature), allowing for precise control over
the release kinetics of any encapsulated drugs in future research.

5. Conclusion

This study successfully developed Se-NPs-functionalized hydrogels
with advanced osteogenic capabilities. All the hydrogels were

9280 | J Mater. Chem. B, 2024, 12, 9268-9282

found to be thermoresponsive with a sol-gel transition occurring
at the physiological temperature of 37 °C. CS and Coll were cross-
linked with each other through B-GP and integrated with Se-NPs,
which enhanced the crosslinking through Se-O covalent bonds
and resulted in optimal thermoresponsive and injectability prop-
erties. The Se-NPs-integrated hydrogels were non-toxic and signifi-
cantly increased cell proliferation and osteogenic differentiation
compared to pure CS/Coll (S0) in both types of MSCs tested
in vitro. We used rMSCs°** as a model to achieve efficient MSCs
differentiation into osteoblasts with negligible cytotoxicity. Nota-
bly, the cell proliferation and osteogenic differentiation in
MSCs®Y* were found to be Se-NPs-concentration-dependent.
Specifically, 2.56 mM Se-NPs treatment negatively affected the
proliferation of rMSCs°"*. Cell surface marker staining showed
the potential of the prepared hydrogels for regeneration. We
established a positive correlation between a higher CD73 expres-
sion with RUNX2 and increased calcium mineralization. Thus,
taken together, our formulated hydrogels could be very promising
as novel therapeutic biomaterials for repairing diseased bone.

To further validate the results, in vivo studies are necessary
to understand the long-term effects and potential for clinical
translation. Future research should also focus on elucidating
the precise molecular mechanism for more targeting and
efficient therapeutic strategies. The use of Se-NPs-loaded hydro-
gels in regenerating other types of tissues beyond bone, such as
cartilage/muscle, could open a new research area for regenera-
tive medicine. Se-NPs possess intrinsic anti-inflammatory and
antioxidant properties, which can be beneficial for treating
inflammatory diseases and reducing oxidative stress in various
clinical conditions. These properties can enhance the thera-
peutic outcomes when used in drug-delivery systems.

This journal is © The Royal Society of Chemistry 2024
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