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ARTICLE INFO ABSTRACT

Keywords: Bone tissue engineering has come on the scene to overcome the difficulties of the current treatment strategies. By

3D Scaffold combining biomaterials, active agents and growth factors, cells and nanomaterials, tissue engineering makes it

Bone possible to create new structures that enhance bone regeneration. Herein, hyaluronic acid and alginate were used

Biomaterials . . . . . . s

Nanocla to create biologically active hydrogels, and montmorillonite nanoclay was used to reinforce and stabilize them.
y

Tissue Engineering The developed scaffolds were found to be biocompatible and osteogenic with mMSCs in vitro, especially those
SDF-1 reinforced with the nanoclay, and allowed mineralization even in the absence of differentiation media. More-
over, an in vivo investigation was performed to establish the potential of the hydrogels to mend bone and act as
cell-carriers and delivery platforms for SDF-1. Scaffolds embedded with SDF-1 exhibited the highest percentages
of bone regeneration as well as of angiogenesis, which confirms the suitability of the scaffolds for bone. Although
there are a number of obstacles to triumph over, these bioengineered structures showed potential as future bone

regeneration treatments.

1. Introduction

Tissue engineering (TE) is an interdisciplinary field with the formi-
dable aim of restoring or substituting damaged tissues. To that end, TE
involves different areas such as biology, engineering, nanotechnology or
material science, creating neo-tissues or organs that can improve the
path of health-issues (Vacanti, et al., 2020). In the case of bone, current
strategies lack the power to mend tissue-involving pathologies, since the
ongoing treatments are insufficient to heal the tissue completely
(Dimitriou, et al., 2011; Salgado, et al., 2004). TE can be an ideal
approach to remedy these issues and provide medicine with new and
advantageous materials and techniques (Salgado, et al., 2004; Vacanti,

et al., 2020).

Among the different advantages, TE allows for the design and
fabrication of bioengineered scaffolds that can be a suitable approach to
restore bone (Vacanti, et al., 2020). A three-dimensional (3D) scaffold
that works as a temporary matrix for bone growth, supplying the tissue
with an adequate environment, architecture and possibly growth factors
to induce cell proliferation and tissue regeneration (Amiryaghoubi,
et al., 2020; Salgado, et al., 2004). Between the wide varieties of scaf-
folds, hydrogels have stood out for their exclusive properties. These
structures consist of highly hydrated 3D polymeric networks with spe-
cific features that boost the regeneration: biocompatibility, biodegrad-
ability and the ability to mimic the native milieu (Bai, et al., 2018; Lee
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and Mooney, 2001). Despite their favorable characteristics, conven-
tional hydrogels are not biomechanically ideal (Zhang and Kha-
demhosseini, 2017), which limits their application in bone tissue
engineering.

In order to emend the aforementioned obstacle, nanomaterials has
exhibited great potential to provide favorable properties facilitate
regeneration with the use of novel. These materials interact covalently
or physically with polymer chains, and provide strength and enhancing
biological abilities (Deo, et al., 2015). Following this line, scientists have
added 2D nanosilicates — also called nanoclays — to improve the
hydrogels stiffness. Not only do those nanoparticles have the ability to
improve mechanical properties, but they also induce osteogenesis,
which directly affects the effectiveness of the manufactured systems
(Gaharwar, et al., 2019). Furthermore, due to the electrostatic in-
teractions between the nanoclays and other molecules, they have been
employed to create combinatorial delivery-platforms (Erezuma, et al.,
2021; Khatoon, et al., 2020; Ogay, et al., 2020).

Myriad of natural factors such as stromal cell-derived factor 1 (SDF-
1), bone morphogenic protein (BMP), transforming growth factor f
(TGF-p) or insulin-like growth factor type 1 (IGF-1) have been studied
and used for bone tissue engineering purposes (Garg, et al., 2017).
Among them, the employment of SDF-1 -also called C-X-C motif che-
mokine 12 (CXCL12) - has to be highlighted. This growth factor is
associated with several activities in the human body, among which the
recruitment and retention of progenitor cells on the injury site aligns
well with the scope of the current study, namely bone regeneration
(Gilbert, et al., 2019; Lau and Wang, 2011).

In this context, Hasany et al, published an extensive study on double
cross-linked nanoclay-reinforced hydrogels (Hasany, et al., 2018). The
authors combined hyaluronic acid (HA), alginate and 2D nanoclays —
Laponite (LP), montmorillonite (MMT) and sumecton (SUM) - to create
63 different hydrogel formulations. Their promising results showed that
some of these hydrogels — the ones with MMT- were able to carry and
enhance osteogenic differentiation of human mesenchymal stem cells
(hMSC) even in a differentiation-factor-free media. Furthermore, they
demonstrated that those structures are more resilient, shear-thinning,
load-bearing and shock absorbing in comparison to pristine hydrogels.
When it comes to osteogenic properties, the MTT-incorporated hydro-
gels display excellent potential, as evident from the increased ALP
enzyme activity and the formation of mineralized matrix with the same
composition as in vivo (Hasany, et al., 2018). This study has the focus on
scaffolds characterization, biomechanical properties and in vitro exper-
iments, without leaving evidence of the in vivo performance of them.

The present work has the objective of further advancing the study of
HA-Al (C2) and HA-AI-MMT (M2) hydrogels and evaluating their in vitro
potential and in vivo efficiency. Furthermore, the ability of hydrogels to
act as cell-carriers and releasing platforms for SDF-1 was tested. Our
study has followed the path of the previous work (Hasany, et al., 2018),
but adding new aspects that expand the potential application of these
scaffolds in bone tissue engineering.

2. Materials & methods
2.1. Nanocomposite hydrogel fabrication

C2 and M2 hydrogels were formed using thiol-modified hyaluronic
acid (HA, HyStem® Cell Culture Scaffold Kit, Sigma-Aldrich), 8-arm
PEGacrylate (8PEGA, MW = 10 kDa, Creative PEGworks) and alginate
(Al, pharmaceutical grade, FMC Biopolymer, U.K.), as described previ-
ously (Hasany, et al., 2018). In the case of M2, montmorillonite (MMT,
BYK) was used as the reinforcing nanoclay.

Initially, stock solutions of each component were prepared before
proceeding to the scaffolds fabrication according to the following con-
centrations: HA 1.1% (w/v), Al 4% (w/v), 8PEGA 9% (w/v) and MMT
2.3% (w/v). To start preparing the hydrogels first HA and Al were mixed
(together with MMT in the case of M2 hydrogels). Then, 8PEGA solution
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was added and the mixture was gently pipetted together. Finally, the
forming hydrogel was deposited on silicon molds to create round shaped
systems. Afterwards, to activate the second crosslinking mechanism 2%
(w/v) calcium chloride (CaCly) solution was added on the top of the
hydrogels. When crosslinking was completed, all samples were cleansed
with Dulbecco’s Phosphate-Buffered Saline (DPBS, Sigma-Aldrich,
Spain).
Final concentrations of each component can be found in Table 1.

2.2. Protein adsorption studies

Previously prepared and freeze-dried C2/M2 scaffolds were utilized
for this study. Hydrogels were reconstituted in DPBS and weighted
before starting the experiment. Then, hydrogels were dipped in a Bovine
Serum Albumin (BSA, Sigma-Aldrich) solution (1 mg/ml) for 24 h at
37 °C under constant shaking. Later, scaffolds were washed multiple
times with DPBS to remove all the unbound protein. To detach and
measure BSA protein the scaffolds were then immersed/submerged in an
SDS (Sigma-Aldrich) solution of 2% (v/v) overnight and the BSA con-
centration in each sample was quantified. MicroBCA™ (Thermo Sci-
entific) assay was performed according to manufacturer’s protocol and
the results were displayed as ug BSA adsorbed per mg hydrogel.

2.3. Cell cultures

Murine bone marrow-derived mesenchymal stem cells (mMSCs,
C57BL-6 J) were cultured in DMEM (30-2002, ATTC) supplemented
with fetal bovine serum (FBS 10%) and penicillin/streptomycin (P/S
1%) obtained from Fisher Scientific, Spain. Mouse L-929 fibroblasts
were cultured with EMEM (30-2003™, ATTC) enriched with FBS 10%
and P/S 1%. In both cases cells were harvested and used upon reaching
confluence.

2.4. Fabrication of cell-laden scaffolds

mMSCs were utilized at passage 10-15 for all cell viability, differ-
entiation and mineralization studies. mMSC suspension was mixed with
C2 or M2 solution before the addition of 8PEGA and therefore prior to
forming the hydrogels. The cellular concentration per hydrogel was 5 x
10° cells/ml. In order to confirm that cells were homogeneously
distributed within the scaffold, images were taken using TE2000-S mi-
croscope (Nikon).

Cell-laden hydrogels were cultured with normal media (Diff -)
-DMEM (30-2002) supplemented with FBS 10% and P/S 1%- or differ-
entiation media (Diff 4+ ) -DMEM (30-2002) enriched with FBS 10%, P/
S 1%, dexamethasone (0.5 uM), ascorbic-acid (200 uM) and p-glycer-
ophosphate (10 mM) obtained from Sigma-Aldrich, Spain.

2.5. Biocompatibility assay

Biocompatibility of the manufactured scaffolds was performed using
mouse L-929 fibroblasts, as explained by Echave and co-workers
(Echave, et al., 2019), which were performed according to ISO 10993
guideline (Biological evaluation of medical devices guideline: cytotox-
icity on extracts and cytotoxicity by direct contact). The viability was
measured in the case of both cell-scaffold direct and indirect interaction
—contact with extracts. Metabolic activity of the cells was evaluated

Table 1
Scaffolds composition (%(w/v)).

Component Concentration % (w/v)
HA 0.50
Al 0.35
8PEGA 0.80
MMT 0.29
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trough CCK-8 assay and the absorbance was determined using Tecan
Infinite M2000 microplate reader at 450 nm. To normalize the data,
metabolic activity of the cells without any contact with scaffolds or their
extracts was hold as 100% of viability.

2.6. Live/Dead viability assay

Cell-laden scaffolds were stained at days 1, 5, 7, and 14 using a Live/
Dead evaluation kit (Life Technologies) guided by manufacturer’s pro-
tocol. Live cells (stained with Calcein-AM) were seen as green, whilst
dead cells (stained with ethidium homodimer-1) were seen as red.
Fluorescence micrographs were taken using Nikon TMS confocal laser
scanning microscope.

2.7. Alkaline phosphatase (ALP) activity

To evaluate the intracellular alkaline phosphatase (ALP) activity of
the encapsulated cells at week 1, 2 and 3, BCIP/NBT (ThermoFisher,
Spain) solution was employed. Before staining, cell-laden scaffolds were
treated with 1.6 M sodium citrate for 12 h to cleave the ionic links be-
tween the alginate chains and make the scaffold clearer. Then, the
scaffolds were washed three times with DPBS, and the samples were
completely covered with the staining solution and incubated in a light-
protected environment and at room temperature (RT) for 2 h. Afterward,
scaffolds were again washed three times with DPBS. Stained scaffolds
were observed under Nikon AZ100 microscope and optical images were
taken. Image J software was used as a tool to analyze the images. The
black-violet stained area was estimated applying a threshold. The entire
area of the scaffold was considered as 100% and scaffolds at day 1 were
utilized to normalize data.

2.8. Alizarin red S staining and quantification

Extracellular calcium deposition was stained and measured by
Alizarin Red S (ARED) staining. Staining solution was prepared by dis-
solving 1 g of ARED powder (Sigma-Aldrich) in 50 mL of mili-Q water.
To complete the staining solution, pH was fine-tuned to 4.2 + 0.1 and
the solution was filtered through a 0.45 pm filter.

Before staining, cells were fixed in 4% paraformaldehyde around 30
min. Later, scaffolds were washed with DPBS three times and completely
immersed in the staining solution for 1 h at RT without light. Afterward,
scaffolds were washed multiple times with DPBS and they were let
overnight to remove un-bond ARED.

Images were taken using Nikon AZ100 microscope and bonded
ARED was measured using HCI as extracting agent. Once all ARED was
extracted, it was quantified at 490 nm with Tecan Infinite M2000, using
a calibration curve. The values of each condition were normalized to the
control hydrogels (samples at day 1).

2.9. Scanning electron microscopy (SEM) and energy dispersive X-ray
spectroscopy (EDAX) analysis

To determine the apatite mineral formation within the scaffolds,
SEM and EDAX were employed. The hydrogels were first washed,
lyophilized (48 h), and cross-sectioned. Before SEM imaging, all samples
were sputter-coated with gold (10 nm). Then, images were achieved
with SEM (AFEG 250 Analytical ESEM (FEI Quanta FEG 250)) operating
at an accelerating voltage of 5 kV to confirm mineralization.

The EDAX analysis was performed in advance to gold sputtering by
utilizing an energy-dispersive X-ray spectrometer (EDX; Oxford In-
struments 80 mm? X-Max silicon drift detector) connected to SEM in-
strument operating at an accelerating voltage of 15 kV. Elemental
compositions of scaffolds were reported in weight percentage, and cor-
responding Ca/P ratio was estimated by dividing the calcium weight
percentage by that of phosphorous.

International Journal of Pharmaceutics 623 (2022) 121895
2.10. Fourier transform infrared spectroscopy (FTIR) analysis

Scaffolds were washed multiple times and lyophilized prior to the
assay. FTIR spectra was taken using a PerkinElmer Spectrum 100 FTIR
spectrometer assembled with a diamond crystal attenuated total
reflectance accessory after background subtraction. Transmittance
spectra of lyophilized samples were collected over the range of
4000-500 cm™! with 16 scans at a resolution of 4 cm™!. PerkinElmer
Spectrum software was employed to correct the background and
normalize all the data. Four parts of each sample were measured, and
the averaged spectra were calculated for the study.

2.11. X-ray powder diffraction (XRD) analysis

Samples were washed and lyophilized before analysis. XRD analysis
was performed using a HUBER G670 X-ray powder diffractometer
(Germany) using the image plate detection method in the Guinier ge-
ometry. Analysis was carried out in the 26 range of 10—80° at a step size
of 0.005°, and diffractometer was equipped with secondary mono-
chrome and Cu X-ray tube. The sealed tube X-ray generator was oper-
ated at 40 kV and 40 mA to provide Cu Kal radiations of wavelength
1.54056 A.

2.12. In vivo studies

The animal experiments were carried out in conformity with the
European Directive (2010/63/UE) on Care and Use of Animals in
Experimental Procedures. Furthermore, animal protocols were previ-
ously accepted by the Ethics Committee for Animal Care of the Uni-
versity of La Laguna (CEIBA2014-0128). The surgeries were performed
under isoflurane anesthesia. Analgesia comprised buprenorphine (0,01
mg/kg) subcutaneously previous to surgical procedures and paraceta-
mol (200 mg/kg) was administered in the drinking water, for 3 days
post-surgery. Besides, posterior to surgical recovery, animals were
conceded free movement, food and water. Four experimental groups
were used for each type of scaffold (C2/M2): controls with empty lesion,
blank scaffolds, scaffolds embedded with mMSCs and scaffolds with a
final concentration of 50 ng/ml of SDF-1 (Abcam).

2.12.1. Animal surgery

Animals were subjected to a surgery to produce a defect on calvaria
bone tissue and subsequently, scaffolds with different treatments were
implanted. In brief, calvaria bone was exposed and a 4 mm circular area
was created using a biopsy punch. Then, a 4 mm circular transosseous
defect was produced with a trephine bur (Rodriguez-Evora, et al., 2013).
The scaffolds were introduced in the defects and skin of every animal
was stapled. 8 weeks after implantation animals were sacrificed by CO,
inhalation and defect area was extirpated.

2.12.2. Histology, histomorphometry and immunohistochemistry

In order to find out scaffolds ability to regenerate previously created
critical size defect, extracted samples were prepared for histological
analysis as previously reported (Hernandez, et al., 2012). Shortly,
samples were fixed with 4% paraformaldehyde solution, decalcified
with Histofix® Decalcifier (Panreac, Barcelona, Spain) and dehydrated
using graded series of ethanol, and, finally, embedded in paraplast®.
Longitudinal sections of 5 um thick were obtained from each samples
with a microtome (Shandon Finesse 325). Sections were stained with
hematoxylin-erythrosin for new bone analysis. Bone mineralization was
assessed with VOF trichrome staining, in which red and brown tie in-
dicates advanced mineralization, while, less mineralized, newly formed
bone stains blue (Martinez-Sanz, et al., 2011). Sections were analyzed
through LEICA DM 4000B light microscopy. Computer based image
analysis software Leica Q-win V3 Pro-image Analysis System (Barcelona,
Spain) was used as a tool to evaluate extracted sections. A region of
interest (ROI) within the lesion was delimited (12.5 mmz) for
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quantitative evaluation of new bone formation. The latter was expressed
as repair percentage with respect to the original defect area within the
ROL

Regarding immunohistochemical analysis, sections were depar-
affined and rehydrated in Tris-buffered saline (TBS) (pH 7.4, 0.01 M
Trizma base, 0.04 M Tris hydrochloride, 0.15 M NaCl), which was
employed for further incubations and rinse steps. Sections were incu-
bated with citrate buffer (pH 6) at 90 °C for antigen retrieval, afterwards
incubated in 0.3% hydrogen peroxide in TBS buffer during 20 min.
Posterior to a rinse step, sections were blocked with 2% FBS in
TBS-0.2% Triton X-100 (blocking buffer). The indirect immunohisto-
chemical analysis was carried out by incubating sections with osteo-
calcin (OCN) polyclonal antiserum (1/100) (Millipore, Barcelona,
Spain) in blocking buffer overnight, at 4 °C. Sections were washed three
times and incubated with biotin-SP-conjugated donkey anti-rabbit F
(ab0) fragment (1/500) (Millipore, Barcelona, Spain) using blocking
buffer for 1 h followed, after another rinse step, by incubation in
peroxidase-conjugated streptavidin (1/500) (Millipore, Barcelona,
Spain) for 1 h. Tris-HCl buffer (0.05 M, pH 7.6) containing 0.005% of
3.3’ diaminobencidine (Sigma, Poole, UK) and 0.01% hydrogen
peroxide was used to reveal peroxidase activity. The specific antiserum
was replaced with normal serum to confirm reaction specificity.

OCN staining was analyzed using ImageJ (NIH, Bethesda, MD)
computer-based image analysis software. Measurement of OCN staining
was obtained by employing a fixed threshold to select for positive
staining within the ROI. Positive pixel areas were divided by the total
surface size (mm?) of the ROI and values were normalized with blank
scaffolds and were reported as relative staining intensities.

Neovascularization was determined using blood vessel density and
vessel surface area within the ROI. To that aim, sections were labeled
with an anti-CD34 monoclonal antibody (1/50) (DAKO, Barcelona,
Spain) in blocking buffer, overnight at 4 °C. Sections were washed three
times before incubating them with biotin-SP-conjugated donkey anti-
rabbit F(ab0) fragment (1/500) (Millipore, Barcelona, Spain) in block-
ing buffer for 1 h. Afterwards, another rinse step was done and samples
were incubated in peroxidase-conjugated streptavidin (1/500) (Milli-
pore, Barcelona, Spain) for 1 h. Tris—HCl buffer (0.05 M, pH 7.6) con-
taining 0.005% of 3.3’ diaminobencidine (Sigma, Poole, UK) and 0.01%

9 Cc2 M2

DAY 5

: ----

Fig. 1. C2 and M2 hydrogels. (A) Optical images of C2 and M2 embedded with mMSCs after 1 h of fabrication. Scale bar = 175 um. (B) Protein adsorption study. *p
< 0.05 Data represent mean =+ standard deviation (n = 5). (C) Biocompatibility assay as described by the guideline ISO 10993, graphs show the viability of mMSCs
within C2/M2 scaffolds for both direct contact and the contact with the extracts. *p < 0.05 Data represent mean =+ standard deviation (n = 5) (D) Live/Dead assay
during 1, 5, 7 and 14 days for both C2 and M2 scaffolds. Scale bar = 100 pm.

@ DAY 1
Cc2
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hydrogen peroxide was employed to reveal peroxidase activity. Reaction
specificity was validated by replacing the specific antiserum with
normal serum. Blood vessel density was defined in absolute values and
vessel surface area in mm? based on the quantitative evaluation of the
ROL

2.13. Statistical analysis

Statistical analysis was realized with SPSS.25 software. Normal dis-
tribution of the data was evaluated using Shapiro-Wilk test. For normal
distribution of the data, particularly for differences between two groups
Students t-test was employed, while one-way ANOVA and Tukey as post-
hoc test were applied for multiple comparisons. Besides, non-normally
distributed data was analyzed with Mann-Whitney nonparametric
analysis or Kruskal-Wallis test with Dunns multiple comparisons tests. P
values < 0.05 were considered as significant and illustrated by different
symbols. Data are expressed as mean + standard deviation.

3. Results & discussion
3.1. Fabrication and protein adsorption studies of the 3D scaffolds

In this study, nanoreinforced double-crosslinked 3D scaffolds have
been successfully synthetized, characterized and tested for bone tissue
engineering purposes. The simple mixing technique was efficiently
applied for the biofabrication of combinatorial systems which were
compounded of HA and Al in the case of C2 and HA, Al and MMT
nanoclay in the case of M2. As seen in Fig. 1a, C2 hydrogels were
completely translucent, while M2 hydrogels had some opacity due to the
nanoclay, yet both hydrogels showed a homogeneous distribution of
cells.

Swelling behaviour, degradation rates, porosity and mechanical
properties of C2/M2 scaffolds were studied in a previous work (Hasany,
et al.,, 2018). It has been demonstrated that the wettability of both
hydrogels as well as porosity and physiological stability meet the re-
quirements; remarkably, M2 exhibited enhanced mechanical properties.
These results confirmed that the systems are able to favor the proper
transport of nutrients and oxygen, at the same time mimic the load-
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bearing environment of the native bone tissue.

To delve into the abilities that these scaffolds may own, a protein
absorption study was done. Apart from the correct micro- and nano-
architecture, scaffolds used in bone tissue engineering must show
proper protein adsorption capacity. Once a tissue engineered construct
is implanted, interaction with native media occurs together with the
adsorption of proteins (Chang, 2011). The latter may favour cell-scaffold
interaction, which can lead to better cell adhesion, survival and prolif-
eration (Bilginer, et al., 2021; Chang, 2011). In this study, M2 scaffold
showed an advantageous and significant protein adsorption capacity in
contrast to C2 (Fig. 1b), which can be attributed to the electrostatic
bonds generated between the MMT and the protein.

3.2. In vitro biocompatibility studies

Amidst all the requirements that tissue-engineered scaffolds must
meet, biocompatibility is among the most important ones (Naahidi,
et al., 2017; Stamnitz and Klimczak, 2021). Herein, two different studies
were used to determine the biocompatibility of the systems. First, direct
and indirect cytotoxicity studies were carried out following the guide-
line ISO 10,993 (Biological evaluation of medical devices guideline:
cytotoxicity on extracts and cytotoxicity by direct contact) with L-929
fibroblasts. No cytotoxic effects were seen in the test groups (Fig. 1c),
although C2 hydrogels showed more biocompatibility in comparison
with M2 when it comes to the extracts. All hydrogels passed the stipu-
lated threshold of 70% viability normalized to control, thus it could be
concluded that the bioengineered systems are biocompatible.

Nevertheless, and in order to obtain more information about the
issue, a live/dead assay was carried out with mMSCs for 2 weeks
(Fig. 1d). Qualitative fluorescent images revealed that most cells remain
viable for 14 days, both in C2 and M2 hydrogels, ratifying the proper
biocompatibility of all scaffolds and their suitability as tissue-engineered
systems. It is certain that the fluorescence intensity decreases over time
and this is due to the fact that both scaffolds gradually become more
opaque during the culture period.

e Day 1 Day 7 Day 14 Day 21
o i R 7 R T » -

Day 35 / Diff +
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3.3. ALP and ARED stainings

Once the main characteristics of the scaffolds, as well as their
biocompatibility were investigated with promising results, their bioac-
tivity was studied. First, a three-week ALP staining study was carried out
to determine whether mMSCs had differentiated to osteoblasts. ALP is an
enzyme found in the membrane of osteoblasts and plays a primary role
in mineralization. It is considered an early marker of osteogenesis and
gives an idea about the differentiation of mMSCs (Noda, 1993). As seen
in Fig. 2a/b, an increase in the stained area can be noted with differ-
entiation media in every week. Although the C2 hydrogels show more
advantage in the first week, the M2 ones stand out more in the long term
(week 2), to end up matching with C2 in the third week, which may lead
to conclude that both hydrogels display a similar overall efficacy.
Nonetheless, an increase in ALP was marked on the third week even
without the differentiation media in both types of hydrogels. The latter
may indicate that the scaffolds themselves provide osteogenic proper-
ties. For further analysis, ARED staining was performed at week 5. Once
the cells are differentiated into osteoblasts, they produce calcium de-
posits which can be detected by ARED staining (Ghosh, et al., 2019).
Optical images showed the increase of calcium depositions during time,
especially in the M2 group with differentiation media (Fig. 2c). Once the
photos were taken, the absorbed ARED of each sample was extracted and
quantified. Fig. 2d indicates that M2 scaffolds with differentiation media
showed significantly higher ARED absorption compared to C2/M2
scaffolds with normal media, demonstrating the possible efficacy of M2
scaffolds for bone regeneration.

3.4. Mineralization studies

With the aim of studying the mineralization of the samples after 5
weeks of incubation, SEM, EDAX, FTIR and XRD studies were per-
formed. SEM images showed no mineralization on C2 hydrogels with
normal media, while all the other ones —especially M2 with differenti-
ation media- showed clear mineralization structures within the scaffolds
(Fig. 3a). To further confirm the data, FTIR and XRD analysis were
conducted. From the FTIR results, V4(PO‘3() peak was observed in all
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Fig. 2. ALP and ARED stainings. (A) Optical images of scaffolds stained with BTCPT showing intracellular ALP for three weeks, both with normal media (-) and
differentiation media (+) Scale bar = 150 um. (B) Semiquantitative analysis of BTCP stained area of each group. **p < 0.01 (C) Alizarin Red staining after 5 weeks of
incubation, both with normal media (Diff -) and differentiation media (Diff + ). Scale bar = 150 pym. (D) Quantitative analysis of bonded ARED, displayed as
absorbance values. *p < 0.5 **p < 0.01. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 3. Mineralization studies. (A) SEM images showing the mineralization of each type of hydrogel in different culture medias (Diff - and Diff + ). Scale bar = 10 um.

(B) FTIR spectra and (C) XRD analysis.

samples except in C2 with normal media, which supports the SEM re-
sults. Similar outcomes can be deduced from XRD analysis, where two
important hydroxyapatite-related peaks (002) and (211) were recog-
nized in almost all the samples, except in C2 ones with normal media.

Namely, it can be concluded that few or no mineralization takes
place on C2 with normal media, but mineralization occurs when the
scaffold came into contact with osteoinductive media. Singularly, M2
scaffolds showed mineralization even without the differentiation media,
although the mineralization is greater in samples incubated in differ-
entiation media, which confirms the ability of these structures to
enhance mineralization.

In addition to what has been stated, EDAX analysis was performed to
investigate the chemical composition of hydrogels (Fig. 4 and Table 2).
As in previous studies, with exception of C2 hydrogels in normal media,
all the groups showed a Ca/P ratio close to that of hydroxyapatite (2.16)
and natural bone (Zaichick and Tzaphlidou, 2003), which confirmed the
presence of the minerals. In contrast to ARED staining quantification,
EDAX analysis revealed a higher Ca/P ratio in M2 scaffolds even without
osteoinductive media, suggesting that those scaffolds themselves
—without an inductive environment- could be able to boost osteogenic
differentiation and bone mineralization.

On the whole, mineralization studies bring to light the osteogenic
ability of M2 scaffolds, which could be attributed to the addition of
nanoclay and its already known osteogenic properties (Erezuma, et al.,
2021).

3.5. In vivo studies

Once the potentiality of scaffolds in vitro was confirmed, in vivo tests
were performed (Fig. 5a). For that purpose, 4 experimental groups were
designed for each type of scaffold (C2, M2): empty lesion, blank scaf-
folds, scaffolds embedded with mMSCs and scaffolds loaded with SDF-1.
In this way, we aimed to study the efficacy of scaffolds to regenerate
bone as well as their usefulness to act as delivery-platforms for cells or
biomolecules such as SDF-1.

Regarding bone repair ability, histological analysis 8 weeks post-
implantation showed little repair response in the control group (empty
defects) with the presence of bone neoformation in some areas of the
margin and some connective tissue occupying a large part of the defect
site (Fig. 5a). Animals implanted with blank hydrogels (C2/M2) showed
an increase in bone neoformation with respect to the control group. New
bone was mainly observed in the periphery of the defect, while the



L Erezuma et al. International Journal of Pharmaceutics 623 (2022) 121895

Fig. 4. EDAX analysis of (A) C2 with normal media, (B) M2 with normal media, (C) C2 with differentiation media and (D) M2 with differentiation media.

central area was filled by relative amounts of connective tissue. With without significant differences between them in each case.

scaffolds embedded with cells, slightly better results were obtained Nevertheless, the repair responses obtained with C2 and M2 hydro-
(Fig. 5b). Repair percentages for each group was found as follows: 23.4 gels containing SDF-1 were significantly higher; these groups displayed
and 28.8 with C2 hydrogels, and 18.3 and 25.4 with M2 hydrogels, repair percentages between 42.1 and 36.1 with C2 hydrogel and M2
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Table 2
EDAX analysis of different experimental groups after 5 weeks. Ca and P results
were showed as weight percentage.

Sample Ca (%) P (%) Ca/P Ratio
Mean SD Mean SD
Diff - Cc2 0.81 0.21 0.50 0.25 1.62
M2 7.10 3.06 3.23 1.45 2.20
Diff + C2 15.88 3.91 8.78 2.01 1.80
M2 7.99 4.50 3.78 2.35 2.11

hydrogels respectively, and important areas of the defect were filled by
neoformed bone with similar histological characteristics to the adjacent
host tissue (Fig. 5c), although no statistically significant differences
were found between C2 and M2.

The results of the expression of OCN -marker of late osteogenesis and
mineralization- in the newly formed bone showed a direct correlation
with histological and histomorphometric results, being significantly

O
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CTRL M2

M2-CELLS M2-SDF-1
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higher in the groups implanted with hydrogels containing SDF-1, with
respect to the control and blank hydrogels (Fig. 6).

Finally, angiogenesis was examined, since it is an essential step for an
appropriate bone regeneration. The analysis of vascularization with
anti-CD34, a widely used indicator of neovascularization or formation of
new blood vessels, revealed a significant increase of vascular parame-
ters, blood vessel density and vessel surface area, in the experimental
groups implanted with hydrogels containing SDF-1 and cells, being
higher in the SDF-1 group, with respect to the control and blank
hydrogels (Fig. 7).

In this study, in vivo results did not fully harmonize with those ob-
tained in vitro. M2 scaffolds seemed to be more suitable in vitro, since
MMT conferred improved mechanical characteristics and protein
adsorption and mineralization abilities to the hydrogel. Nevertheless, C2
and M2 scaffolds did not obtain statistically significant differences in
vivo. These results could be explained by several potential reasons. First,
it is conceivable that the number of loaded cells in the hydrogels for the
in vivo experiments was lower than ideal to provide a differential
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Fig. 5. (A) Schematic illustration about in vivo studies. Some representative figures were taken from ‘Smart Servier Medical Art’ (https://smart.servier.com/). (B)
Graph displaying repair percentage of different experimental groups. Histograms represent the mean + SD. The same letters or symbol on different histograms
indicates significant differences between those groups. (C) Representative images in horizontal section with VOF staining technique, showing repair response with
both hydrogels (C2 and M2), in the different experimental groups 8 weeks postimplantation. Areas of regenerated new bone (NB) can be observed in all images, as
well as the bone microarchitecture. BMa: Bone marrow, CT: Connective tissue, DS: Defect site, NB: Newly formed bone. Scale bars = 500 um.
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performance in the case of M2 scaffolds. Second, it is also conceivable
that the enhanced mechanical stability of the M2 hydrogels could be
better adapted to a more demanded load-bearing animal model, in
which differences between C2 and M2 may clearly be more evident.
Third, it is unlike but can not be excluded that the dose of nanoclays
loaded in the hydrogels could have resulted in toxic effects in the mid
term for the enclosed cells. Indeed, there are several studies concerning
the potential toxicity of nanoclays (Maisanaba, et al., 2015), and
although there are studies approving its biocompatibility, there is still
no total certainty about it (Erezuma, et al., 2021). Last but not least, it is
necessary to consider that the correlation between in vitro and in vivo
studies carried out with biomaterials is not always ideal (Hulsart-Bill-
strom, et al., 2016). Although in vitro studies are vital in the search for
new treatments, they sometimes face difficulties to mimic the complex
native tissues (Bassi, et al., 2021), therefore results can not always be
translated.

It is worth noting that in vivo studies concluded the usefulness of
these hydrogels particularly as SDF-1 delivery-platforms for bone tissue
engineering purposes. Furthermore, it has been proven that SDF-1 could
be an effective tool when regenerating damaged tissues as it operated as
homing factor attracting progenitor cells to the injury site and enabling
worthier healing (Bianchi and Mezzapelle, 2020). The direct incorpo-
ration of the chemokine into 3D systems —as in the present study- or the
overexpression of it on stem cells are fruitful methods to improve bone
regeneration (Bianchi and Mezzapelle, 2020; Lau and Wang, 2011;
Yang, et al., 2018).

All over, although future studies are needed to provide further in-
sights on cell-carrier potentials, our results provide evidence that HA-
and alginate-based scaffolds can be a promising tool in the area of bone
tissue engineering.

4. Conclusion

In this study, nanoreinforced hyaluronic acid- and alginate-based
scaffolds were successfully fabricated, characterized and tested both in
vitro and in vivo. The simple mixing technique used to create them, and
their proved biocompatibility and bioactivity in vitro, leave evidence of
the potential of these structures for bone tissue engineering. Moreover,
in vivo studies confirmed their ability to regenerate bone, although no
significant differences were seen between the hydrogels with or without
the nanoclay. Overall, our results showed the utility and suitability of
these scaffolds to act as cell carriers and SDF-1 delivery-platforms for
bone tissue regeneration.
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