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KEYWORDS Abstract Hydrogels have been employed in regenerative treatments for decades because of their
Injectable scaffold; biocompatibility and structural similarity to the native extracellular matrix. Injectable hydrogels
Zn,SiOy; with interconnected porosity and specific internal structures are momentous for tissue engineering.
Cartilage repair; Here, we develop a group of injectable hydrogels comprised of oxidized alginate (OA)/gelatin
Inorganic reinforcement; (GEL) strengthened by modifying the amount of Zn,SiO4 nanoparticles. The physicochemical char-
Rheological properties acteristics of OA/GEL/Zn,SiO4 hydrogels were studied by mechanical strength, swelling ratio, and

morphology. The outcomes revealed that the mechanical characteristics of hydrogels containing a
higher amount of Zn,SiO4 (0.12 wt%) improved more than five times than the hydrogels fabricated
without Zn,SiOy4. The in vitro degradation outcomes manifested the degradation of the hydrogel
comprising 0.12 wt% Zn,SiO4 NPs was slower than one without NPs, and remaining masses of
hydrogels depend on different contents of Zn,SiO4 NPs. The hydrogel containing Zn,SiO4 NPs
exhibited less cytotoxicity and good cell attachment than the hydrogels prepared without the
nanoparticles. The cell viability and attachment show that the nanocomposite hydrogels are bio-
compatible (>96%) with great cell adhesion to osteosarcoma cell line MG63 depending on the
presence of Zn,SiO4. The superior physical, chemical as well as mechanical characteristics of the
hydrogels containing Zn,SiO4 NPs along with their cytocompatibility suggest that they can intro-
duce as good candidates as scaffolds in tissue engineering.
© 2022 The Author(s). Published by Elsevier B.V. on behalf of King Saud University. This is an open
access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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tively (Temenoff & Mikos, 2000). Lately, tissue engineering affords an
inherent treatment to reconstruct tissue injuries with the most encour-
aging procedures of autogenic cell/tissue transplant in surgical opera-
tion (Tan et al., 2014). In this manner, in situ forming gel
frameworks are injected into the injury sections to repair joint func-
tions and improved cartilage and bone reconstruction, which con-
tribute a suitable condition for the transfer of living cells (LeBaron
and Athanasiou, 2000).

Injectable and in situ forming hydrogels are broadly used in carti-
lage tissue engineering because of its notable benefits of relationships
to the extracellular matrix (ECM), providing unusual imperfections
to be supplied with and simple at the combining cells via facile blend-
ing (Gheysari et al., 2020; Tan et al., 2012; Yan et al., 2014). Hydrogels
are typically accepted as an injectable scaffold matrix since they are
easily implanted by a needle to obtain minimally invasive therapy
(Tan et al., 2013). Additionally, 3D hydrogel networks have the bene-
fits of absorbing a high volume of water to create a swelling framework
instead of being crumbled (Balakrishnan & Jayakrishnan, 2005).

Injectable hydrogels, each synthetic or natural, can be injected in
fluid—structure and consequently cross-linked with chemical or physi-
cal cross-linkers. In situ formable self-crosslinking hydrogels are
quickly managed by minimally invasive transfer (Ketabat et al.,
2017; Liow et al., 2016b; Naghizadeh et al., 2018). The in situ gelation
and injectability of the hydrogels, as well as their minimally invasive
characteristic, enhance patient convenience (Balakrishnan et al.,
2014; Liow et al., 2016a). Natural scaffolds have a greater impact on
cell adhesion, division, and migration correlated to synthetics (Dou
et al., 2014). Sodium alginate or alginic acid (AL) is a water-soluble,
linear polymer driven of seaweed and comprises of alpha-L-
guluronic acid and beta-D-mannuronic acid blocks. Alginate and its
derivatives are widely employed in cartilage tissue engineering owing
to high viscosity, stability, and the gelation ability in aqueous solu-
tions. Besides, oxidized alginates (OA) provide further functional
groups and a quicker degeneration degree for controlled drug delivery
(Fan et al., 2011). In addition, natural proteins, including gelatin are
broadly utilized in drug delivery and tissue engineering because of its
high-grade biodegradation, biocompatibility and cell attachment
(Chen et al., 2017; Gheysari et al., 2020; Karvandian et al., 2020). In
spite of their numerous benefits, the hardness of hydrogels is usually
twice less than cartilage (100-1000 kPa) (Levental et al., 2007). These
weak mechanical attributes restrict their utilization of space-filling
frameworks applied for the transfer of cells and bioactive compounds.

In tissue engineering, one of the most promising challenges is to
provide living constructs that can integrate with the surrounding tis-
sues. Over the past years, different types of scaffolds and bioreactors
have been designed to overcome the limitations related to the static
culture systems, such as limited diffusion and inhomogeneous cell-
matrix distribution (D’Amora et al., 2016). As already recognized,
scaffolds should possess a set of chemical, biochemical and morpho-
logical cues to promote and control specific events at the cellular
and tissue levels. On the contrary, the ideal feature of a bioreactor is
that it should supply suitable levels of oxygen, nutrients, cytokines,
growth factors, and mechanical stimulation for cell migration and scaf-
fold colonization. A valuable candidate for tissue engineering applica-
tions should be a 3D additive-manufactured scaffold, which could
satisfy the above reporting requirements. It will provide a morpholog-
ically controlled and tailored structure with interconnected pores of
different sizes (D’Amora et al., 2017; De Santis et al., 2015; Gloria
et al., 2020).

So far, various approaches have been promoted to improve the
mechanical characteristics of hydrogels, for instance, concentration
of polymer, polymerization degree, along with particles, fibers embed-
ding, or carbon nanotubes (Boyer et al., 2018). It has been proven that
the reinforcement of natural polymers with inorganic nanostructures
can improve the mechanical behaviors of the hydrogels
(Radhakrishnan et al., 2015; Wu et al., 2016). Generally, bioactive
ceramics such as bioactive glasses (BG) (Sergi et al., 2020), LAPO-
NITE® (Eslahi et al., 2016), SiO, NPs (Zaragoza & Asuri, 2019) with

superior bioactivity and biocompatibility, have been used as reinforce-
ments to improve the mechanical characteristics of hydrogels
(Rahaman et al., 2011). Very recently, Emami et al. (Emami et al.,
2021) found that hydroxyapatite NPs enhance rheological and tough-
ness properties of gelatin/oxidized alginate hydrogels when used as
bone scaffolds. Several researches focused on gelatin/alginate hydro-
gels reinforced with TiO, and tricalcium phosphate (TCP) (Urruela-
Barrios et al., 2019) as well as graphene oxide (GO) (Purohit et al.,
2020) showed enhanced mechanical properties. So far, there are a
few inorganic components, for instance, carbon nitride quantum dots
(Ghanbari et al., 2021a), layered double hydroxides (Fu et al., 2010;
Hu & Chen, 2014; Nourafkan et al., 2017), clay minerals (Chen
et al., 2004; Okay & Oppermann, 2007; Tjong, 2006), zirconium oxide
nanoparticles (NPs) (Ghanbari et al., 2021), metal oxide NPs (Al-
Nayili and Albdiry 2021; Kadhem and Al-Nayili, 2021; Al-Nayili,
et al., 2021; Bhardwaj et al., 2008), silica nanoparticles (Wang et al.,
2012), carbon nanotubes (Zhang et al., 2009), and nitrogen-doped car-
bon dots (Ghanbari et al., 2021b) have been studied on mechanical and
chemical properties of hydrogels. Herein, Wilmette (Zn,SiO,), an inor-
ganic zinc-rich silicate bioceramic that possesses a chemical composi-
tion comparable to minerals found in native bone composition
(Amiri et al., 2016; Ardeshirylajimi et al., 2013; Jamshidi Adegani
et al., 2014), is introduced as reinforcement to enhance the mechanical
features of OA/GEL hydrogels. In this research, a group of biodegrad-
able and biocompatible injectable hydrogel combination systems,
namely Oxidized Alginate/Gelatin (OA-GEL) by adding zinc silicate
nanoparticles as a reinforcement (Zn,SiO4 NPs) has been reported.
A comparative study was done with the same. The mechanical
strength, swelling ratio and biodegradation were studied to obtain an
optimum and stable hydrogel. The as-synthesized hydrogels cross-
linked wusing N-hydroxysuccinimide (NHS) and l-ethyl-3-(3-
dimethylaminopropyl) carbodiimide (EDC) including Zn,SiO4 nanos-
tructures can be apply for the reconstruction of cartilage and bone,
wherever the hydrogel precursors provide efficacy in nutrients, the
facility of injection, cell transport, cytocompatibility, generation, and
cell adhesion.

2. Materials and methods

2.1. Materials

Sodium alginate (low viscosity derived from brown algae), potas-
sium periodate, ethylene glycol, ethanol, n-propanol, gelatin (type
B from bovine skin), zinc nitrate hexahydrate (Zn(NOs),-6H,0),
silver nitrate (AgNO;), sodium chloride (NaCl), acetone,
tetracthyl orthosilicate (TEOS), N-hydroxysuccinimide
(NHS), 1-Ethyl-3-(3-dimethylaminopropyl)  carbodiimide
(EDCQC), Ethylene glycol (EG), tetracthylpentamine (TEPA) were
acquired from Merck and Sigma-Aldrich Company and
employed without additional refinement.

2.2. Alginate oxidation

2.01 g of sodium alginate and 11.2 ml of n-propanol were
blended with DI-water in a 250-mL beaker to obtain 225 ml
in total. The mix was kept at 30 °C in the dark under stirring
(5 h) to dissolve alginate completely. 1.16 g of Potassium peri-
odate (KIO,4) dispersed in 30 ml DI-water was combined with
alginate solution. The mixture was kept in the dark for 24 h.
The reaction was quenched by adding 1 ml of Ethylene glycol
(EG), and the mix was agitated for another 30 min. 6.5 g of
Sodium chloride (NaCl) was dissolved in the above suspension
to purify the polymer, which was next gently added to 400 ml
agitated ethyl alcohol. The white precipitate was dissolved in
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DI-water with 3.3 g of NaCl and reprecipitated in 250 ml ethyl
alcohol. The precipitate was dissolved in DI-water again and
precipitated in 200 ml acetone. Eventually, the precipitate
was rinsed in agitated ethyl alcohol for 15 min, refined, and
dried at 25 'C (Rogalsky et al., 2011). The lack of periodate
was controlled by combining 500 pL fractional of the dialyzate
to 500 pL of a 1% silver nitrate solution, and assuring the
nonexistence of any precipitate (Balakrishnan &
Jayakrishnan, 2005). Fig. 1 shows the oxidation mechanism
of alginate to oxidized alginate.

2.3. Synthesis of zinc silicate (Zn,SiO4) nanostructures

7Zn,Si04 nanostructures were fabricated by the reaction within
TEOS and Zn(NO3),-6H,0 with a stoichiometric ratio of 2:1
under sonication. In summary, 1.0 ml of TEOS was dissolved
in 10.0 ml of ethanol. The mixture was combined with the bea-
ker containing zinc nitrate and stirred for 10 min. Following,
diluted TEPA was added dropwise to the mentioned solution
(pH was set on 10) below ultrasound for 15 min. The white
powder was filtered and rinsed with ethanol three times and
calcined at 900 °C for 2 h.

2.4. Preparation of OA|GEL|Zn,SiO4 hydrogels

In a typical procedure, 4 ml of 6 wt% of OA solution was agi-
tated with 4 ml of 15 wt% of GEL at 37 °C. The cross-linker,
including a mixture of 0.1 g EDC and 0.05 g NHS, was added
to the above solution. The first gelation was observed in 4-5 s
and kept at 37° C, resulting in the creation of a perfect gel after
2 min. Different weight percentages of Zn,SiO4 (0.12, 0.06, and
0.03 wt%) was added to the 4 ml of 6 wt% of OA solution and
agitated for 5 min. Next, 4 ml of 15 wt% of GEL was added to
the suspension and stirred for another 5 min. The final solu-
tions were mixed for 2 min by adding EDC and NHS as

cross-linker agents. The samples were freeze-dried for 30 h.
Three-dimensional scaffolds with a diameter of about 2 cm
and a thickness of 1 cm were produced.

2.5. Swelling behavior and degradation

The water absorption of hydrogels was evaluated by the gravi-
metric technique. Approximately 0.2 g (M) of the scaffolds
were incubated in 12 ml PBS (pH = 7.4) for one day to accom-
plish equivalent swelling. The floating solution was removed,
and the swollen scaffold was weighed (M) (Karvandian
et al., 2020):

SR(%) = (W — Wo)/ Wy x 100 (1)

Mass degradation/erosion degrees were additionally evalu-
ated likewise at various periods up to 21 days. All tests were
accomplished five times.

2.6. Materials characterizations

Fourier transform infrared spectroscopy (Shimadzu Varian
4300 spectrophotometer) was utilized to investigate the chem-
ical composition of oxidized alginate and the fabricated hydro-
gels applying KBr pellets in the wavenumber between 4000 and
400 em™!. A field emission scanning electron microscopy
(TESCAN MIRA 3 FE-SEM) was used to study the morpho-
logical and structural of lyophilized hydrogels. The lyophilized
hydrogels were cross-sectioned, coated by gold (Au), and
detected by FE-SEM at an accelerating voltage of 15 kV.
High-resolution transmission electron microscopy (EM 208,
Philips HR-TEM with an accelerating voltage of 100 kV)
was utilized to observe carbon nitride quantum dots. A Phys-
ica MCR 300 Rheometer (Anton Paar Ltd., Austria) was uti-
lized to measure the oscillatory rheological properties of the
hydrogels.
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2.7. Mechanical properties

A Rheometer (Physica MCR 300, Anton Paar Ltd., Austria)
was applied to evaluate the rheological characteristics of scaf-
folds employing a parallel plate of a round disc with a gap of
0.5 mm and a diameter of 25 mm. An amplitude sweep was
directed at a constant angular frequency of 1 Hz to determine
the boundary of linear viscoelastic behavior. The strain ampli-
tude was held at 0.1% throughout the experiment. The partic-
ipation of the solid-like form (storage modulus (G’)) and
liquid-like form (loss modulus (G*‘)) were recorded by temper-
ature sweep in the range of 20-50 ‘C at a rate of 1 ‘C/min to
evaluate temperature of gelation. Angular frequency was
1 Hz. Every following rheological experiment was carried
out under simulated physiological circumstances (at 37 °C in
PBS pH = 7.4), according to the possible use of scaffolds.
The oscillatory rheological measurement as a time function
was carried out at a constant frequency of 1 Hz to estimate
the gelation time. The gelation time or gel point was desig-
nated as the time that the storage modulus (G’) and loss mod-
ulus (G”) were equal (Macaya et al., 2011). The scaffolds were
swollen in 2 ml PBS for 1 h and transferred to the rheometer
platform. Following, frequency sweep analyses were con-
ducted in the linear viscoelastic region to determine the
dynamic viscoelastic behavior at 37 “C on a wide range of fre-
quencies (0.1-100 Hz).

o

2.8. In vitro biological assays

In vitro biocompatibility of the hydrogels was estimated utiliz-
ing 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bro-
mide (MTT assay), which depends on the mitochondrial
MTT reduction to produce an insoluble dark blue formazan
production. The samples were incubated in 1 ml of RPMI
1640 culture medium (Sigma-Aldrich) at 37 °C supplied by
10% (w/w) fetal bovine serum (FBS) for 24 and 72 h to achieve
the extracts of the as-dried hydrogels. The growth medium
(RPMI and FBS) was utilized as the control under similar con-
ditions. The MG63 cells were cultivated in 96-well plates at a
density of 1 x 10* MG63 cells per sample. The growth medium
was substituted by the hydrogels extract. The extract was
removed after 24 h. 100 pL of the MTT solution (0.5 mg/
mL) was added to all wells and incubated for another four
hours at 37 °C. Then, the solution was eliminated, and
100 pL isopropanol was consequently added to liquefy the
MTT crystals. The absorbance of the solutions was measured
with a microplate spectrophotometer (Biotek Powerwave XS2,
USA) at 570 nm.

In order to study the architecture of the cells attached to the
hydrogels, cross-section SEM images of the samples have been
recorded. The hydrogels were put in a Petri dish, and incu-
bated in the existence of DMEM and MG63 cells at 37 °C
for 24 h. After incubating, the hydrogels were rinsed multiple

o
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times by PBS and set by 2.5% glutaraldehyde solution for 4 h
at 4 °C. Eventually, the samples were lyophilized and coated
with Au for FESEM surveys.

3. Result and discussion

3.1. FTIR data

FTIR spectroscopy is applied to study the various functional
groups existence and the type of chemical bonds in the struc-
ture (Ul-Islam et al., 2012). Hence, the FTIR spectra of AL,
OA, and their composite scaffolds were conducted to confirm
the existence of gelatin, alginate, and their chemical crosslink-
ing in the injectable hydrogel. The FTIR spectra of OA, AL,
and the composite hydrogels are presented in Fig. 2, designat-
ing several bands of multiple functional groups. This spectrum
showed a specific band for —OH stretching vibration at
3376 cm™! from alginate (Aljohani et al., 2018).The other
small band at 3406 cm ™', somewhat overlaid by ~OH stretch-
ing, was allocated to the N—H stretching of gelatin. The broad
absorption band at 3410 cm™!, ascribed to O-H and N-H
stretching, moved to a lower wavenumber at 3376 cm ™!, show-
ing an increment in the hydrogen bonding. These differences
are comparable to the previous studies (Majidi et al., 2018)
and designate good molecular compatibility and the presence
of intermolecular interplays among gelatin and alginate. The
presence of the aldehyde group (-CHO) was confirmed at

1723 cm™'. In some cases, this peak is not identified due to
the hemiacetal configuration of —OH groups with free -CHO
groups on the nearby D-glucuronic acid subunits (Jejurikar
et al., 2012; Vieira et al., 2008). The specific absorption peaks
between 1000 and 1700 cm™" were allotted to different func-
tional groups of gelatin and alginate. The bands at 1631 and
1389 cm ™! were assigned to asymmetric and symmetric stretch-
ing vibrations of carboxylic acid, respectively of alginate. The
band at 1114 cm™' was allocated to N-H bending mode of
gelatin (Khan et al., 2016; Luo et al., 2015). The absorption
band at 582 cm ™! is related to symmetric stretching vibration
of Zn-O (Chandra Babu et al., 2017). The Zn,SiO, bonds
overlay with characteristic bands of AL and GEL and are
not observable in the spectra because of the low content of
Zn,Si04 in the hydrogel system. Based on the proposed
cross-linking mechanism of OA and GEL chains, the aldehyde
groups within the OA chain covalently bind to amine groups
of lysine and hydroxylysine in gelatin through Schiff base for-
mation, allowing the fabrication of three-dimensional (3D)
scaffolds (Sarker et al., 2017).

3.2. Characterization of Zn»SiOy4

Fig. 3(a-b) reveals the TEM images of ZnO NPs. As can be
seen, nanoparticles in the range of 20-60 nm with an average
diameter of ~36 nm are composed.The XRD pattern of Zn,-
SiOy is in perfect agreement with the Rhombohedral structure
of willemite with the reference code of 70-1235 (Fig. 3c).

Table 1 Rheological properties and pore size of the hydrogels at 37 °C and frequency of 1 Hz.

Storage modulus (Pa)

Loss modulus (Pa) Pore size (um) Ref

Sample

Crosslinked0.00 wt% Zn,SiO4 1801 + 83

0.03 wt% Zn,SiOy4 3565 + 65

0.06 wt% Zn,SiOy4 6720 £+ 70

0.12 wt% Zn,SiOy4 10074 + 24

Crosslinked OA/GEL by Borax contain 10 wt% HAP 6600

11.52 £ 0.32 216.7 This work
555 + 24 166.3 This work
1068 + 28 164.4 This work
1466 + 41 139.3 This work

(Emami et al., 2021)
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Fig. 5 Cross-section morphology of freeze dried hydrogels (a) uncrosslinked, (b) crosslinked, (c) containing 0.03 wt% Zn,SiOy, (d)
0.06 wt% Zn,Si0y, (e) 0.12 wt% Zn,Si0y, and (f) pore size distribution diagram of the hydrogels (p < 0.01).
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3.3. Rheological properties

The rheological characteristics of nanocomposite hydrogels
were determined via a frequency sweep technique to investigate
the viscoelasticity. As presented in Fig. 4a, all the samples
showed similar linear rheological performances. The loss mod-
ulus (G*) and storage modulus (G’) were improved by expand-
ing the quantity of Zn,SiO,4. The G” was higher than G” with a
kind of significance for all the hydrogels across the entire fre-
quency range, which designated the durability of the 3D net-
work in the hydrogel through the Schiff-base reaction.
Besides, it was remarked that the addition of strengthening
material to adjust the viscoelastic behavior of the hydrogels
at higher amount of Zn,SiO, became more effective than
low amounts (Fig. 4a and Table 1). The addition of Zn,SiO4

not only improves G’ of hydrogels by more than fivefold but
also boosts the G** notably. It could be noticed that G’ incre-
ments quickly with the extended Zn,SiO,4 content, presumably
because of the increment in the crosslinking degree, which
reduces the movement of macromolecular chains. By compar-
ing the G’ values of OA/GEL hydrogels reinforced by 10 wt%
of hydroxyapatite NPs (Emami et al., 2021) and 0.06-0.12 wt
% of Zn,SiO4 NPs, it was found that low concentrations of
Zn,Si04 NPs are more effective to improve the mechanical
properties of the scaffolds.

The time of gelation is one of the major parts of the inject-
able hydrogels for their usage. The time sweep of the hydrogel
was carried out to examine the gelation operation at 37 °C (hu-
man body temperature). Prior to gelation, the storage modulus
is less than the viscous modulus, which indicates a solution
behavior and the dominant viscous properties when the gela-
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Fig. 6 (a) Swelling ratio of the hydrogels, (b) in vitro biodegradation after various incubation times in PBS at 37 C.
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tion is started. G* progresses faster than G* by increasing the
time. This means that the liquid phase has turned into a jelly
phase with excellent elasticity. The time of gelation is 2 min
(120 s), which is sufficient for operating as an injectable
hydrogel.

Fig. 4c presents the thermosensitive performance of cross-
linked scaffold. The temperature was boosted from 20 to
50 °C within a rate of 2 °C/min. The G* and G’ values were
drawn versus temperature in Fig. 4c. G’ is less than G” at
the lower temperature, while the G’ amounts are higher than
the corresponding G** values at the higher temperature. The
gelation temperature can be determined by the crossover of
G’ and G” as presented in Fig. 4c. The data verify that the
gelation temperature of the hydrogel is 37 °C. This suggests
that human body temperature can change liquid to gel.

3.4. Morphology of microstructures

As presented in Fig. 5, the SEM images exhibit the microstruc-
ture of the nanocomposite hydrogels among different concen-
trations of Zn,SiO4. The microstructure of all hydrogels
manifested a porous structure. The interior architecture of
the hydrogels is strictly correlated to the Zn,SiO4 content.

The pore size reduces with increasing the content of Zn,SiO4
because of increasing crosslink density and the decrease in
the distance among polymer chains. The pore size distribution
was estimated by digimizer software and the average pore size
was irregular for all scaffolds ranging from 139 pum (cross-
linked with 0.12% of Zn,SiO4) to 216 pum (uncrosslinked),
which is suitable for tissue engineering (Lien et al., 2008).

3.5. Swelling and degradation

Fig. 6a exhibits the swelling degree of the nanocomposite
hydrogels after 24 h. The swelling capability of hydrogels is
lessened by adding Zn,SiO4 NPs. The hydrogel without rein-
forcement possesses the highest swelling degree (1076%) in
24 h. The hydrogels comprising 0.03 wt% to 0.12 wt% of Zn,-
SiO4 unveiled a swelling ratio of decreasing from 1031 to
838%, sequentially. The small decrease was recognized in the
swelling degree by growing the quantity of Zn,SiO4 NPs owing
to the straight interaction amongst the hydrogel network and
ansi04.

Fig. 6b shows in vitro degradation of scaffolds over incuba-
tion time in PBS at 37 °C. The amount of Zn,SiO4 NPs had a
notable impact on mass loss. The hydrogel without Zn,SiO4

100 @ 100% 96%

Cell viability (%)

100% 83%

W Control
Without Zn28i04
I With ZnzSi0s

73% 86%
0 I I
60
40
20
0
24 72

Incubation Time (h)

e

Filopodia extended

from cells

SEM MAG: 10.0 kx
Det: SE

WD: 5.37 mm | | l

SEM HV: 5.0 kV pm
BI: 15.00 Performance In nanospace

Date(m/dly): 00/22/20

Fig. 7
Zn,Si0y, and (c) without Zn,SiOy.

MIRAS TESCANR SEM MAG: 10.00 kx |

WD: 539 mm 11 MIRA3 TESCAN

SEM HV: 5.0 kV B
Bl: 15.00

Det: SE |
Date{midly): 08/22/20

m
Performance in nanospace

a) Cell viability of hydrogels with and without Zn,SiO4 NPs, FE-SEM images of cell-cultured hydrogels (b) with 0.12 wt%
( y of hydrog g ydrog



Nanocomposite scaffolds based on gelatin and alginate reinforced by Zn,SiO4 9

exhibited a quicker mass loss because of larger pore sizes and
destroyed in 21 days. The hydrogels containing 0.06% and
0.12% Zn,Si0,4 remained up to 21 days. The hydrogel com-
prising higher NPs content degraded slower than hydrogel
with lower Zn,SiO4 content. On day 21, the mass residual
degree of 0.06 and 0.12 wt% Zn,SiO4 hydrogels was 43%
and 97%, respectively. The existence of Zn,SiO4 drives to an
enhanced the density of crosslinking. We selected the
nanocomposite scaffold containing 0.12 wt% Zn,SiO4 as an
ideal hydrogel for further experiments.

3.6. Cell viability and attachment

The first step in examining the cytocompatibility of biomateri-
als is the MTT assay, which is a fast, sensitive, regulated, and
low-priced approach for determining cell proliferation and via-
bility or either a substance comprises notable amounts of bio-
logically toxic extracts. The impact of crosslinked hydrogel
and the hydrogel containing 0.12 wt% Zn,SiO4 on cytotoxicity
of MG-63 cells was studied by the MTT assay after 24 and
72 h. The cell viability of MG-63 cells on the hydrogels is
demonstrated in Fig. 7. According to the results of the cyto-

compatibility test, the cell viability of crosslinked hydrogel
was 73% and 86% after 24 and 72 h, respectively, while the
hydrogel containing 0.12 wt% Zn,SiO,4 exhibited higher cell
viability (96.5% and 83% after 24 and 72 h) than the hydrogels
without NPs. Hence, the hydrogels containing 0.12 wt% Zn,-
Si0,4 was not toxic to the MG-63 cells and could be applied for
bio-applications. The SEM images of the cell attachment on
the scaffolds without and with without Zn,SiO, NPs after
4 h incubation are illustrated in Fig. 6(b-c). The cells on cross-
linked hydrogel without NPs were attached in spherical form,
while the cells attached to the hydrogel containing 0.12 wt%
Zn,Si04 was more durable among groups of cells. The pres-
ence of filopodia extended from the cells to the hydrogel sub-
strate is shown in Fig. 7b, indicating the cell attachment to the
hydrogels. Furthermore, cell attachment to the hydrogel with
NPs was notably developed in the presence of Zn,SiO4 NPs,
due to the interaction of NPs and cells. Table 2 reviews the dif-
ferent hydrogels and their properties obtained for tissue engi-
neering. As demonstrated in this Table, OA/GEL/Zn,SiO4
hydrogels are comparable with other composites reported in
the literature and are less toxic than the cellulose—alginate
and Alginate-PVA-hydroxyapatite hydrogels.

Table 2 Different precursors and their characteristics obtained for tissue engineering.

Materials Cells Cell Special References
culture
Oxidized alginate- Osteosarcoma cell line  1— Viability = 97% after 3 days, adding Zn,SiO, increases cell viability, This work

gelatin-Zn,SiOy4 MG63 3 days cell attachment, and storage modulus.

Nano-fibrilated Fibroblasts, human 7 days  Cell proliferated with increased viability of ~ 85.7% in contrast (Markstedt

cellulose—alginate nasoseptal to ~ 72.8% on first day, cellulose in fibrillated form enables shear- et al., 2015)
chondrocytes thinning capability

Alginate-PVA- Mouse calvaria (MC) 14 days In vitro, viability = ~77% (after incubation) > ~22% for only (Bendtsen

hydroxyapatite 3 T3-El alginate, could endure structure for at least 14 days. Alginate et al., 2017)

hydroxyapatite had optimum mechanical, rheological and biological
characteristics, PVA- hydroxyapatite modulates viscosity thus
enhancing osteoconduction and viscosity

Na alginate-collagen

Chondrocytes from the 14—

Na alginate-collagen superior mechanical strength and bioactivity
than other combination

In vitro, initial viability > 98%, collagen increases cell adhesion and

In vitro, ~80% viability

Osteogenic tissue eng., viability = ~94% (chondrocytes) ~ 96%
(osteoblast), no observable proliferation in chondrocytes

In vitro, 80% proliferation, improved retention of proteins, alginate-
alginate sulfate tightly bound BMP-2, which aids adhesions and cell
viability, Ca presence and porosity-favorable for bone tissue

In vivo, PCL obstructs the growth of tissues, TGFf growth factor
for biological assistance
Viability = ~93% (post 14 days), printed structures start degrading

In vivo, ~70 viable cells, maintained integrity of the PCL scaffold
even after 21 days, composite mimics the natural characteristics of

or Na alginate- articular cartilage of 21 days
agarose rats
Alginate-PVA- Mouse calvaria (MC) 10 days
hydroxyapatite- 3 T3-El activity
collagen
Alginate-PLA short Human chondrocytes 14 days
fibers
Alginate-PCL Human nasal septum 7 days
cartilage chondrocytes
Alginate-alginate bone morphogenetic 7 days
sulfate protein-2, MC3T3-El
engineering
Alginate-PCL Chondrocytes 28 days
Na alginate-gelatin Rat Schwann cell line 14 days
(RSC96) after 14 days
Alginate-PCL Chondrogenic cell 21 days
ATDCS
cartilage
Alginate-gelatin- Glioma cells/stem cells 21 days

fibrinogen

3rd week showed accelerated growth mimicking the tumor spreading
and growth, cell viability = 86.92%

(Yang et al.,
2018)

(Bendtsen &
Wei, 2017)

(Kosik-
Koziot et al.,
2017)

(Shim et al.,
2012)

(Park et al.,
2018)

(Kundu

et al., 2015)
(Li et al.,
2018)
(Olubamiji
et al., 2017)

(Dai et al.,
2016)
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4. Conclusion

The injectable and biodegradable oxidized alginate/gelatin/Zn,;SiOy4
nanocomposite hydrogels have been crosslinked via EDC/NHS as
chemical crosslinking agents. Zn,SiO4 was homogeneously dispersed
in the hydrogel networks and had good impacts on stabilization of
the hydrogel networks, increasing mechanical properties, and hinder-
ing the weight loss through decreasing swelling ratio. The hydrogels
containing a higher amount of Zn,SiO,4 (0.12 wt%) showed improved
mechanical strength, lower swelling ratio, and less weight loss than the
hydrogels synthesized without Zn,SiO4. The porous structure of the
hydrogels exhibited interconnected pores in the range of 139—
216 pm. In vitro cell seeding on the hydrogels including the NPs
revealed higher viability through the culture time of 24 to 72 h than
the hydrogels without NPs. The outcomes of the MTT assay also
revealed that the hydrogels were not toxic to the cells and not only
improved cell proliferation but also retained the cell viability at a rea-
sonable level (>96%). Since the method of organic/inorganic compos-
ite hydrogel structure is attainable and usually conducted below
moderate conditions by developing bioactive and mechanical proper-
ties, we conclude that these injectable hydrogels will possess promising
applications in drug delivery, cartilage and bone tissue engineering.
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