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Abstract

In situ injectable hydrogels are effectively employed to fill irregular cavitary bone defects with initiating bone growth in
targeted areas. Herein, an injectable composited hydrogel composed of collagen and alginate cross-linked in situ using
different concentrations of calcium sulfate (0.15, 0.3 and 0.6%, wt./v) was synthesized. Recently, CaSOy is frequently
supported as a bone graft material for bone regeneration, owing to its biocompatibility and osteoconductive properties.
Moreover, hydroxyapatite (Hap) after salinization-step by (3-Aminopropyl) triethoxysilane (APTES) was incorporated for
further enhancing the osteoconductive property of injected hydrogels. All fabricated hydrogels were characterized by SEM,
FTIR and XRD analyses. While physiochemical characteristics of hydrogels were assessed through swelling index, hydrolytic
degradability and thermal stability measurements. In vitro bio-assessments, e.g., antimicrobial activity, cytotoxicity and cell
adhesion tests using osteoblast-like cells (MG-63) were investigated. Results showed that addition of Hap offered better control
of gelation time and formed uniform hydrogels, additionally improved significantly thermal stability, which leads to hindering
of swelling index, prolonging hydrolytic degradability rates and significantly enhanced the antimicrobial activity of hydrogel;
compared to hydrogel free-Hap. Hap-loaded Col-Alg—CaSOy4 hydrogel with the highest concentration of CaSO4 recorded an
enrichment of cell viability among all hydrogel samples. Notably, In vitro cell adhesion test showed that MG-63 cells adhered
adequately with all hydrogels. The results support the approach of using an injectable Hap-loaded Col/Alg hydrogel cross-
linked with CaSQOy as an alter and novel technique to enhance bone tissue regeneration, host—implant integration, quick/simple
technique and easier for clinical handling.
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1 Introduction

B Elbadawy A. Kamoun
ekamoun @kfu.edu.sa Biomaterials engineering can offer a substitute solution for
bone regeneration and repair [1]. A general idea about tissue
engineering includes fabricating of a biomaterial scaffolds
integrate with the cells, where it intacts and suitable for the
signaling factors [2].
This biocompatible construct can be implanted into the
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body to promote tissue regeneration. The scaffold can be
composed of either natural, synthetic, or both polymers and
can be fabricated into a hydrogel, fibrous or 3D structure [3].
It has been widely studied in the hope of reaching the optimal
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construct. Many tissue engineering designs for orthopedic
applications are using the approach of injectable hydrogel
in situ cross-linking forming systems. In comparison with
other forms of scaffolds, injectable hydrogel has a unique
property that it can reach defects or areas of the body using
a minimally invasive needle implantation procedure and has
the ability to occupy the space of any type of defect geometry
and prevent the entrance of the fibrotic tissue [4]. In addition,
the injectable hydrogel can be used as a carrier for stem cells,
growth factors and therapeutic agents such as drugs [3]. Bio-
compatibility is the most important requirement of optimal
injectable hydrogel to perform its application without induc-
ing immunologic response or avoiding being cytotoxic for
the transparent cells, tissues or organs. Injectable hydrogel
should also be biodegradable, have mechanical properties
close to the bone, and have adhesive and cohesive properties
to intact inside the defect [4, 5]. In terms of clinical han-
dling, it should be easily prepared during the surgical time
and has rapid gelation time. Furthermore, from an industrial
point of view, it should also be cost-effective and be stable
during storage [6]. Fabricating a hydrogel with these optimal
characteristics considers being a promising candidate for the
tissue engineering field.

Cross-linking techniques of materials in scaffolds have
been widely investigated [7, 8]. Sol-gel polymerization,
including photo-polymerization, thermal, enzymatic, chem-
ical cross-linking systems and different additional mech-
anisms, are applied to allow the creation of cross-linking
between materials [3, 6, 7]. Radical chain polymerization is
meant that photo-initiators or redox initiators are involved to
generate free radicals to initiate the cross-linking process [7].
Similarly, most thermo-gelation and chemical cross-linking
systems involve the modification of polymeric chains with
non-degradable backbones, such as N-isopropylacrylamide
(pNiPAAm), glutaraldehyde are used in thermo-gelation
and chemical gelation techniques, respectively [6, 9—11].
However, these types of modification or initiators introduce
side groups or cross-linker. They have potential cytotoxic
agents and cause additional adverse immune responses.
These types of cross-linking systems are less biocompati-
ble for purposes of injectable hydrogel and causes toxicity
toward the cells [6, 8]. Therefore, using injectable systems
without involving toxic photo-initiators or polymeric mod-
ifications for example, ionic cross-linked systems has more
applicability as biocompatible injectable hydrogel. Ionic
cross-linked injectable hydrogel systems including cheap and
cost-effective natural polymers such as alginate are exten-
sively studied and have been used in various biomedical
purposes such as wound dressing, cell therapies and bone
engineering scaffolds [12].

Natural polysaccharide such as alginate can be extracted
from natural sources, such as Macrocytis pyrifera (kelp) as
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a type of brown algae and has a linear copolymer struc-
ture, which has chemical compound consists of repeated
blocks of (1-4) linked «-L-guluronate (G blocks) and 8-
D-mannuronate (M blocks) with various proportions and
sequential arrangements of MG blocks [3]. It was recorded
by Grant et al. that the G blocks of alginates form an egg-
box structure when interacting with calcium, barium and
strontium [13]. The divalent cations cause the two deproto-
nated carboxylate groups of one G block to be bonded with
two hydroxyl groups of another [12]. Hence, sol-gel transi-
tion of alginate occurs due to the lateral egg-box multimers
cross-linked and the concentration of divalent cations highly
influences the rate and kinetics of cross-linking [14]. The dis-
advantage of applying alginate as a hydrogel In vitro, it limits
cells to attach, because of its highly hydrophilic and nega-
tively charged properties [15], which hinders its application
in bone regeneration. Therefore, fabrication of hydrogel, that
resembles the natural bone, increases its osteogenic potential
and bone regeneration. Many studies studied to support the
alginate properties by another copolymers such as chitosan
and collagen [12, 16].

Collagen is the most ample protein in mammals as well
as is the most frequently utilized in tissue engineering in dif-
ferent forms like sponges, fibrous membranes or hydrogel
matrices; also, its main source is bovine tissue [17]. Col-
lagen hydrogel is suitable for bone regeneration because
of its porous structure, enhancement of cell attachment,
hydrophilicity, biodegradability and permeability [18, 19].

Calcium sulfate (CaSO4) was used as a cross-
linker/gelling agent for alginate to form sol—gel polymeriza-
tion [3]. CaSOy is one of the frequently utilized materials for
bone tissue regeneration [20]. Most of the animal and clinical
studies showed the accomplishment of using CaSO4 as bone
graft material for more than one hundred years due to its bio-
compatibility without inducing the inflammatory responses
[20, 21]. The advantages of CaSO4 were found as it possesses
osteoconductive and biodegradable properties in comparison
with other cement materials [22]. However, the low mechan-
ical property of CaSOy is one of its drawbacks, mechanical
properties such as bending strength and fracture toughness
[23]. Therefore, the greatest used approach to increase the
mechanical property of scaffold is by adding Hap [24].

Hydroxyapatite or calcium phosphate Cajo(PO4)s(OH),
nanoparticle is a natural substance present in the extracellu-
lar matrix composition of teeth, bone and tendons, which is
the main factor for their high mechanical property [25]. The
key advantage of Hap is its osteo-inductive properties, which
allow integration of host tissue with the biomaterial forming
an adequate interface without the formation of an inert sur-
face. This offers a faster and better tissue integration and
hence, higher capability of tissue regeneration [24]. How-
ever, bone growth usually occurs on the surface of Hap, due
to its partial bioactivity. Hence, functionalization of Hap with
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free amino acids has shown a promising way to increase its
bioactivity [24, 26]. One of the known research-based tech-
niques to bind free amino acids is by adding 3-aminopropyl
triethoxysilane (APTES) to Hap particles [26].

This work aims to develop In sifu injectable composite
hydrogel without inducing toxic cross-linkers to heal bone
fractures and cavity defects. Hydrogels explored optimal
properties e.g. cost-effectiveness, biocompatible, biodegrad-
able, antimicrobial, in addiiton hydrogels have suitable
gelation rate and quick time preparation for easier clinical
handling. We investigated the addition of different concen-
trations of CaSOy as an alternative cross-linker to Hap-loaded
and unloaded collagen/alginate composite hydrogel to obtain
injectable hydrogel with optimal physical properties. Appro-
priate biological characteristics including biocompatibility
and cell attachment were assessed and discussed to prove its
biological prospective as injectable regenerative biomaterial.

2 Materials and Methods
2.1 Materials

Calcium sulfate anhydrous (CaSO4) (Mwt. 136.14 g/mol)
was purchased from Alpha Chemika, India. Collagen A
(Mwt 300 KD) in a liquid form (1 mg/ml) and alginic acid
sodium salt powder, viscosity 1%, H,O, Mwt. 120-190 KD),
nano-hydroxyapatite (Hap) (< 200 nm particle size (BET)
containing 5 wt. % silica as dopant) and 3-aminopropy] tri-
ethoxysilane (APTES) were obtained from Sigma-Aldrich
Co., Steinem, Germany. The tested human pathogens (Pseu-
domonas aeruginosa, Escherichia coli, Bacillus cereus,
Staphylococcus aureus, Candida albicans and Candida kru-
sei) were received from Bioprocess Development Dep,
GEBRI, SRTA-City, Alexandria, Egypt.

2.2 Salinization Reaction of Hydroxyapatite (Hap)
with APTES

Russo et al. functionalized Hap nanoparticles by using
APTES [26] as surface modifier agent. Typically, 1.1 g of
Hap is dispersed well in 12.5 ml of deionized water (DW)
under continuous stirring for 2h at 60 °C, resulting in the
Hap hydrolysis. Then, 2 ml of APTES is added in a drop-
wise manner 0.07 ml/min (~ 1.0 ml every 15 min) to get
milky suspended solution of Hap. The suspended Hap solu-
tion is incubated at 60°C for overnight. The suspension is
centrifuged at 3000 rpm for 30 min, and then, APTES-Hap
is washed with DW several times to get rid any unbounded
APTES. After the washing steps at 60 °C, APTES-Hap is
dried for 6 h, and then, it is grounded by using a porcelain
mortar and the resultant APTES-Hap is stored in a dry and
cold environment to be used for further steps.

Table 1 Compositions of Col-Alg-CaSO4 hydrogels and physical
observation of formed composite hydrogels

Col-Alg—CaSO4 composite hydrogels

Col: Alg, (w/v, %)  CaSOg4, (W/v, %)  Physical observation

0.01: 0.8 0 No hydrogel formed
0.07 No hydrogel formed
0.15 Homogenous hydrogel
formed
0.30 Homogenous hydrogel
formed
0.60 Preparatory and sudden

hydrogel formed

Table 2 Additional effect of CaSO4 concentrations on the formation of
Col-Alg-Hap-CaSO, composite hydrogels

Col-Alg-Hap-CaSO4 composite hydrogel

Col: Alg: Hap, (w/v, %) CaSOy4 (W/v, %) Physical
observation
0.01: 0.8: 1.6 0 No hydrogel
formed
0.15 No hydrogel
formed
0.30 Homogenous
hydrogel formed
0.60 Homogenous
hydrogel formed

2.3 Preparation of Injectable Col-Alg-CaSO,4
Composite Hydrogel

Col-Alg—CaSO4 hydrogels are fabricated by utilizing the
stock solution of 0.1% collagen (wt./v), and 2% alginate
(wt./v) in DW and CaSOy is prepared with adding differ-
ent concentrations of (0, 0.07, 0.15, 0.3, 0.6%, wt./v) in DW
under ultra-sonication to obtain the full dispersion solutions
as shown in Table 1. The gelation time is monitored by the
test tube-tilting method [3]. Every 30 s, the falcon tube is
tilted 90° after initial mixing time and when the composite
solution does not move any longer, this is assigned as the
gelation point [1]. It is noticed that there is no difference or
a correlation in the gelation time and the period time of algi-
nate/collagen which were mixed before addition of CaSOy,
where the average period was around one hour.

The bioactive salinized-Hap NPs are similarly incorpo-
rated as a suspended solution in DW into the hydrogel with
a fixed concentration of 1.6% (wt./v) and different concen-
trations of CaSQOy4 as shown in Table 2. Gel yield is also
determined to obtain the percentage of formed hydrogel from

@ Springer




Arabian Journal for Science and Engineering

each solution through calculating the final weight of hydro-
gel formed (Wf) vs. the initial weight (Wi) of the solution
before hydrogel formed [27], as given formula in Eq. (1).

w
Gelyield(hydrogel%) = (—f)x 100 )
wi

2.4 Characterizations of Injectable Col-Alg-CaS0,4
Composite Hydrogel

All prepared composite hydrogels are subjected to a series
of characterization tests: FTIR: The functional groups and
chemical structure of alginate, collagen, modified Hap and
all fabricated hydrogels are analyzed by FTIR (IR, 8400s Shi-
madzu, Japan) with IR fingerprints recorded 4000-400 cm ™! .
XRD: The composition of inorganic components present
in the composite hydrogels is determined by using X-Ray
diffraction (XRD, Malvern Panalytical Empyrean 3). Scans
are collected with a scan rate of 0.21 per minute with Cu Ka
X-ray (A = 1.54056 A, 40kV, 250 mA). SEM: The morpholo-
gies of different composite hydrogel surfaces are analyzed by
(SEM, Joel GSM-6610LYV, Japan). All samples are investi-
gated without coating using low vacuum during investigation
and low voltage at 5 kV to avoid samples-shrinkage and
deformed. TGA: Thermal stability of the composite hydro-
gel is conducted using a TG analyzer ((TGAS0, Shimadzu,
Japan) to determine the weight loss %. Dried hydrogels are
investigated under N; gas at heating rate of 10 °C/min and
temperature ranged 25-550 °C.

2.5 Physiochemical Properties of Injectable
Col-Alg-CaS0,4 Composite Hydrogel

2.5.1 Swelling Index (SI)

Each hydrogel is weighed (W1) and immersed into a beaker
with 10 ml of PBS. The samples’ weight is recorded at inter-
val times by removing from DW and wiping off the extra
water [24]. The swollen hydrogels are re-weighed (W2) ver-
sus the weight change of each hydrogel, as given in Eq. (2).

SI=(W2—W1)/W1 2)

2.5.2 Hydrolytic Degradation Index (DI)

To investigate the relative amount of weight loss (%) from
different composite hydrogels, each hydrogel is designed in a
fixed format and weighed. Each part is put in 10 mL of buffer
and retained in an incubator at room temperature for interval
times. Subsequently, each part is wiped off extra buffer and
re-weighed, after that compared with the original weight.

@ Springer

The degraded hydrogels are re-weighed (W2) and the loss of
each hydrogel is determined depending on the weight loss
for each hydrogel as given in Eq. (3) [24].

DI = (W1 —W2)/W1 A3)

2.6 In Vitro Evaluation of Composite Hydrogels
2.6.1 Antimicrobial Activity

Antimicrobial bioassays In vitro: well diffusion method and
the micro-broth-dilution assay are used [28], to evaluate the
antimicrobial potency of various composites made of Hap,
collagen, alginate and CaSOg.

Well-Diffusion Method The antimicrobial activities of all of
those formulations are evaluated using the agar well diffusion
method, as previously described [29]. The pathogen cultures
are recharged by inoculating them in a rich LB Broth medium
produced by dissolving (10 g of tryptone, 10g of NaCl and
5 g of yeast extract in 1L of DW). These cultures are then
incubated for 24h at 37 °C and 200 rpm. Following that, an
aliquot of these pre-cultures (2 x 103 CFU/ml) is prepared
with sterile saline (0.8% NaCl). A sterile Petri dish was filled
with 1ml of these pre-cultures and then gently mixed with
20 ml of the molten LB medium. After the agar plates had
solidified, a sterilized cork-borer was used to drill wells into
the plates (6 mm). The wells are then filled with 100 wl
of each formula. The plates are refrigerated for 30 min to
permit the formula to completely diffuse into the agar. These
plates are further incubated at 37 °C for 24h. The inhibition
zone is determined to estimate the inhibitory impact after the
incubation period.

Broth Micro-Dilution Method 0.5 McFarland turbidity stan-
dards are used, where an overnight culture pathogen was
produced by LB broth [4]. Except the control samples, all
these cultures are treated with distinct formulations. These
tubes are then cultivated for one night at 200 rpm and 37 °C.
On a timely manner, aliquots of each culture and its con-
trols are sampled to estimate the quantitative evaluation of
the absorbance of turbidity at 600 nm. All attempts that are
carried out triplicated to reduce errors and get the mean +
SD.

2.6.2 Cytotoxicity Test

All hydrogels with different composition can be represented
as follows: Col-Alg—-CaSO4 (0.15%) Col-Alg—CaSOq4
(0.30%), Col-Alg—CaSO4 (0.60%), Col-Alg—CaSO4
(0.30%)-Hap and Col-Alg—CaSQy4 (0.60%)-Hap, which are
tested for their biocompatibility on human osteoblast cell



Arabian Journal for Science and Engineering

line, e.g., (MG-63 cells) using MTT assay as earlier reported
by Salim et al. [24]. MG-63 cell line is sub-cultured and kept
in DMEM media containing (FBS (10%)), and antibiotics
(100 TU/mL penicillin/streptomycin was obtained from
Lonza, Belgium) at 37 °C under a humidity of 5% CO».
Lastly, cells were passaged usually by trypsinization (i.e.,
trypsin/versine, and 0.05%, Lonza). The hydrogels were
soaked in a culture medium at an extraction ratio of 1 mg/ml
and incubated at 37 °C under a humidified atmosphere
with 5% CO,, for 24h, as was previously demonstrated by
Thi-Hiep et al. [30]. MTT test based on dye reduction by
mitochondrial dehydrogenases of live cells into insoluble
formazan crystals is carried out typically. Briefly, cell mono-
layers are incubated with hydrogels for 48h before exposure
to MTT solution in PBS (5 mg /mL) and incubated for 4h.
DMSO (100 mL per well) was added under shaking for
10 min to remove the formazan crystals. The measurement
of absorbance is at 540 nm against blanks (media only) in
a microplate reader. Cell survival index is determined by
matching the optical density (OD) of DMSO control wells
with ODs of the samples and shown as viability % to the
control. The dose-response experiment is performed on
samples producing > 50% loss of cell viability after cell
treatment with two-fold serial dilutions (200, 100, 50, 25,
12.5 and 6.25 pg/mL) of samples. All tests are done in
triplicates and the relative cell viability (%), compared to
control wells containing MG-63 without hydrogels, was
determined via the following formula: (A) test/(B) control
x 100%.

2.6.3 Cell Adhesion Test

Cell adhesion test for MG-63 on composite hydrogel is
done as previously described elsewhere [31]. Briefly, plates
are coated with composite hydrogels with different com-
positions labeled as HA1; Col-Alg—CaSOy4 (0.15%), HA2;
Col-Alg—CaSO4 (0.30%), HA3; Col-Alg-CaSO4 (0.60%)
HA4; Col-Alg-Hap- CaSO4 (0.30%) and HAS; Col-Alg-
Hap-CaSO4 (0.60%). Five hundred 1 of MG-63 suspension
at density of (1 x 10%) cells/ml is seeded into 24-well
hydrogel-coated plate. MG-63 cells are incubated at 37°C
under 5% CO» for 3h. After washing the cells with PBS
twice, the adhered cells are fixed using 15% formalin in PBS
for 15 min. After fixation, cells are washed twice with PBS
and stained for 15 min with 0.05 g/ml crystal violet at 37°C.
The plates are shaken gently at room temperature for 10 min,
where the cells number in each well are counted in three
microscopic fields (magnification x 10) and images are taken
using ZEISS Axio Observer 5.

2.7 Statistical Analysis

All data are collected from at least three distinct experi-
ments and are reported as means and standard deviations
(M =+ SD). The results of each group are statistically com-
pared by one-way analysis of variance (ANOVA) software and
Tukey multiple/post hoc comparisons test (P value < 0.05) via
Minitab 18-Graph pad software.

3 Results and Discussion

3.1 Gelation Time and Gel Yield (%) of Formed
Col-Alg-CaS0,4 Composite Hydrogels

The average gelation time of Col-Alg—CaSO4 composite
hydrogel with different CaSO4 concentrations (0, 0.15, 0.30
and 0.60%, wt./v) is shown in Fig. 1. Basically no hydro-
gel formed with hydrogel containing CaSO4 concentration
less than 0.15 wt./v % is noticed, and as CaSQO, increases
from 0.15 to 0.60%, the gelation time decreases significantly
from 40 to 15 s. However, increasing the gelation time causes
more inhomogeneous hydrogel, due to rapid alginate gela-
tion, which caused difficulty of the calcium ions to diffuse
through the immediate gelled formed parts, leading to unre-
acted alginate. The alteration of the gelation time with CaSO4
concentration is recorded, due to the increase in the calcium
concentration which allow more calcium ions to cross-link
the G blocks of alginate through forming the egg-box struc-
ture in a shorter time [3].

Moreover, addition of salinized Hap to the hydrogel pro-
longs the gelation time as function of CaSOy4 concentrations
in hydrogels, comparing to the hydrogel without adding Hap.
Results show that no hydrogel was formed in case Col-Alg-
Hap-CaSOg4 with 0.15 wt./v, % of CaSOg. It was explained
that the main composition of Hap is calcium phosphate which
is an extra source of calcium to react with alginate and form-
ing hydrogel. However, calcium in Hap has higher stability
and lower solubility than the free CaSQOj. It was noticed that
the stability of calcium ion in CaSO4 compound is lower than
that in calcium phosphate [3], causing quicker gelation time.
It was previously tested that the usage of a calcium source
with lower solubility and high stability leads to a gradual
increase in gelation rate, avoiding an immediate gelation [3].
Interestingly, addition of Hap reduced the gelation time from
30 to 10 s, when CaSQy is increased from 0.30 to 0.60 wt./v,
% (Fig. 1). Also, the gel yield/gel fraction was measured
to get the most completely gelled solution and to exclude
any excess of unbounded material. As shown in Table 3, the
gel yield of the different fabricated hydrogel composition
was more than 66%. HA1; Col-Alg—CaSO4 (0.15%), HA2;
Col-Alg—CaS04 (0.30%), HA3; Col-Alg—CaSO4 (0.60%),

@ Springer




Arabian Journal for Science and Engineering

Fig. 1 Effect of different CaSO4 45 -
concentrations in formed
Col-Alg—CaS0O4 and 40 A
Col-Alg-Hap?CaSO4 on the ® Col-Alg-Hap-CaSO, composite
average gelation time of formed 35 1 ——
composite hydrogels
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=z # Col-Alg-CaSO, composite
E 25 4 hydrogel
c
S 20 A
kc
[}
O 15 A
10 +
5 -
0
0.15% 0.30% 0.60%
CaSO, (w/v, %)
Table 3 Additional effect of
CaSO4 concentrations on the gel Composite hydrogels Col: Alg w/v, %)  Hap (w/v, %) CaSO4 (W/v, %)  Gel yield
yield % of formed (%)
Col-Alg-Hap-CaSO,4 composite
hydrogels HAT1; Col-Alg—CaSOy4 (0.15%) 0.01: 0.8 0.15 94
HAZ2; Col-Alg—-CaSO4 (0.30%) 0.30 96
HA3; Col-Alg—CaSO4 (0.60%) 0.60 96
HAA4; Col-Alg-Hap-CaSOq4 1.6 0.30 86
(0.30%)
HAS; Col-Alg-Hap-CaSO4 1.6 0.60 66
(0.60%)

HAA4; Col-Alg-Hap-CaSOy4 (0.30%) and HAS; Col-Alg-Hap-
CaSOy4 (0.60%).

3.2 FTIR Analysis of Col-Alg—CaS0O4 Composite
Hydrogels

Figure 2 shows the spectra of different Col-Alg—CaSO4 com-
posite hydrogels. As realized, the alginate spectrum shows
different characteristics bands, such as COO-modes, found
at v 1428 and 1628 cm~!, also stretching C—O modes hap-
pened at v 1080 cm™!, as well as OH vibration peak at v 3465
cm~!. Furthermore, blended OH group of carboxyl occurred
at v 889 cm~!. Addition of collagen leads to a shift of COOH
absorption bands to a higher wavenumber. After addition of
collagen and alginate together, it was shown that a disap-
pearance of NH group at v 3423 cm™! linked to collagen
spectrum and disappearance of distinct band of OH group of
alginate spectrum, which is found as an obvious indicator for
successful entanglement between OH group of alginate and
NH group of collagen. By comparing spectra of Col-Alg-
Hap-CaSOy4 hydrogel and either alginate or collagen only,
a distinct shift to a slightly lower wavenumber occurred. It

Springer

was elsewhere reported that the proposed shift was an indi-
cation of the bond between organic and inorganic phases in
the hydrogel, which supports that NH of salinized Hap was
bonded with carboxyl and OH group of collagen and alginate
[32].

The salinization reaction of Hap is confirmed by FTIR
analysis, as shown in Fig. 3. The vibrational peak of PO 3
groups of unmodified Hap is recorded at v 1200-965 cm™!
and v 600-500 cm™!. APTES- Hap nanoparticles is indicated
by the appearance of distinct intensive band in the region of
v 1100-1200 cm ™" which shows the presence of asymmetric
stretching of siloxane group Si—O-Si. Additionally, the ver-
ification of salinization reaction of Hap is confirmed by the
presence of v 1390 cm~!, which indicates to NH, formation
[26].

3.3 XRD Analysis of Modified Hap-APTES

XRD is used to elucidate the active components of the
modified Hap with APTES. X-ray diffraction patterns of
unmodified Hap, APTES and modified APTES are shown in
Fig. 4. The modified Hap shows typical diffraction patterns
of unmodified Hap nanoparticles, which are in agreement
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Fig.2 FTIR spectra of collagen, alginate and selected Col-Alg—CaSO4 composite hydrogel
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with inorganic crystal structure database standards (ICSD)
reference (26,204) and previous reported results [33]. Sharp
characteristic peaks of nano-Hap are shown at 26 around
25°,29°,32° 46° and 49°. In the addition of APTES to func-
tionalize Hap, all detected diffraction peaks of Hap-APTES
overlapped with the diffraction peaks of unmodified Hap and
APTES [19, 26].

3.4 SEM Investigation of Col-Alg-CaSO, Composite
Hydrogels

Wavenumber (cm'1)

Fig.3 FTIR spectra of unmodified hydroxyapatite (Hap), Hap-APTES

and APTES
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4000 3500 3000 2500 2000 1500

—
1000

SEM investigation is always employed to provide insight of
morphology and the surface featured structural of hydrogels.
Figure 5 shows the surface morphology of various hydrogels
and its porous structure. Figure 5 shows that the addition
of Hap in hydrogels formulas of HA4 and HAS exhibits

T
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Fig.4 XRD patterns of unmodified hydroxyapatite (Hap), Hap-APTES and APTES
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Fig.5 SEM images of selected composite hydrogels. HA1: Col-Alg—CaSO4 (0.15%), HA2: Col-Alg—CaSO4 (0.30%), HA3: Col-Alg—CaSOy4
(0.60%), HA4: Col-Alg-Hap-CaSOy4 (0.30%) and HAS: Col-Alg-Hap-CaSOy4 (0.60%); (original magnification X300 at 15 kV with scale 300 pm)

a rougher and irregular surface compared to HA1, HA2 3.5 Physicochemical Properties of Col-Alg-CaS0O,

and HA3 hydrogels. Previously, incorporation of Hap par- Composite Hydrogels
ticles and surface roughness improved cell attachment and
enhancement of cell proliferation and osteogenic differenti-  3.5.1 Swelling Index

ation [24, 34, 35].
Swelling study of prepared hydrogel is one of the most critical
factors for adaptation of biomaterial inside the body [24]. The

> 9 Springer
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Fig.6 Swelling index of Col-Alg—CaSO,4 composite hydrogels without
and with hydroxyapatite

swell-ability degree of scaffold is an important indicator for
how the material will perform under high humidity condition
inside the body [36]. The formed hydrogels are hydrophilic
that can soak the surrounded water at 37 °C and allow the
formation of porous structure, aiding in adequate nutrition
and oxygen movement inside and outside the cells as well
as allowing cell signaling [24]. All selected hydrogel is able
to swell in distilled water and PBS. There is a significant
difference between the swelling degradability among the five
hydrogel formulas, as shown in Fig. 6.

It is observed that the swelling ratio after three days of
HA1 hydrogel is 45%, which is significantly lower than HA2
hydrogel of 80%. This indicated that the concentration of
CaSOQq as a cross-linker increases, more polymer chains are
being formed, increases the surface area of the composite
hydrogel and the number of hydrophilic functional groups
including carboxylic, amide and alcohol groups in the poly-
meric network is also increased. This leads the composite to
have a higher capacity of allowing the solvent, water, to pen-
etrate the void spaces of the polymeric chain network body
[36]. However, HA3 hydrogel shows an opposite behavior
of the mentioned results, where it records lower swelling
ratio than HA?2 hydrogel and this could be due to increase
the added concentration of CaSQy. It is indicated before that
there is basically an inverse relationship between the cross-
linking degree and swelling degree of hydrogel or biomaterial
[37]. The decrease in swelling ratio of HA3 could be owing
to increase in the cross-linker causes more cross-linking of
alginate with calcium ions of CaSOj.

It is observed that Hap addition does not expressively
affect the swelling rate of HA4 hydrogel (ca. 80%), with
similar swelling rate as HA2 (79%). However, it is observed
that the swelling degree of HAS is recorded ~ 45% at day
3, and is the slowest swelling rate compared to other hydro-
gels. This demonstrates that the addition of Hap with increase
in the concentration of CaSO4 reduces the swelling degree
of hydrogel. Likely, increasing the concentration of ceramic
material including incorporated Hap and CaSOy4 into the
scaffold reduced the swelling rate, owing to the interaction

120
100
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20
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30 —HA4
25
20 -4 — —1

15 v
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— HAS5

Biodegradability ratio %

Time (days)

Fig. 7 Hydrolytic degradation of Col-Alg—CaSO4 composite hydrogels
without and with hydroxyapatite over 8 and 45 days, respectively

between Hap/CASO4 NPs with the OH groups of polymers
[24], which lead to swelling reduction.

3.5.2 Hydrolytic Degradation (%)

Alginate, collagen, Hap and CaSQy are generally biocompat-
ible and have lower toxicity potential at the molecular, cel-
lular or organ level. Therefore, they do not create unwanted
toxic by-products after its degradation process [36]. The time
of degradation should complement with the time of newly
bone tissue ingrowth inside the defect [31]. As shown in
Fig. 7, the degradation rate of hydrogel in PBS solution at
37 °C is determined by calculating the weight loss. Notably,
increasing the concentration of CaSO4 has an inverse rela-
tionship against degradation rate of composite hydrogels.
Weight loss (%) of Col-Alg—CaSO4 (0.15%) hydrogel shows
the fastest degradability; however, Col-Alg—CaSO4 (0.6%)
shows the slowest degradability; depending on the concen-
tration of CaSQO4. Moreover, addition of Hap causes slower
degradation compared to hydrogels without Hap. However,
both composites with Hap, Col-Alg-Hap-CaSO4 (0.3 and
0.6%) exhibit the least degradation ratios, around 25 and
16%, respectively, at day 45. Meanwhile, Col-Alg—CaSOy4
(0.15%, 0.30% and 0.6% of CaSQOy4) shows complete degra-
dation at day 6th, 7th and 8th, respectively. This concludes
that the addition of Hap NPs in composite hydrogels causes
additional cross-linking, leading to a reduction of the mate-
rial’s elasticity behavior [36].

@ Springer




Arabian Journal for Science and Engineering

HA1

= 3972 1:
HA 2 \ Jo«w HA 3

HA 4 1

wwwwww

Weight (%)

HA5

Fig.8 TGA thermographs of Col-Alg—CaSO4 composite hydrogels

3.6 TGA Results of Col-Alg-CaS0, Composite
Hydrogels

TGA results in Fig. 8 show a slight weight loss in all hydro-
gels at temperature less than 100 °C, due to the dehydration
of moisture, humidity or solvent traces removal in vari-
ous hydrogels. It also recorded a sharp decrease in mass at
200-300 °C in all hydrogel’s formulas. Composite hydrogels
coded HA4 and HAS show ~ 8-25% mass loss, compared
to samples coded HA1, HA2 and HA3 which show mass
loss ~ 40-50% in the second degradation stage between 200
and 300 °C. This indicates that the addition of Hap NPs into
hydrogel provides as a filler action, which causes significant
improvement in thermal stability of hydrogels compared to
hydrogels Hap free. These observations are consistent with
previous results [24]. Notably, HA3 hydrogel exhibits the
least thermal stability, due to the inhomogeneity of formed
composite hydrogel. There is no significant difference of the
mass loss for HA1 and HA2 which indicates that an increase
in CaSOy4 concentration did not affect the thermal stability,
unlike the Hap NPs incorporation which enhanced sharply
the thermal stability of accompanied composite hydrogels
[38].

3.7 Antimicrobial Activity of Col-Alg-CaS0O,4
Composite Hydrogels

The bone scaffold-associated infection is a mutual postoper-

ative difficulty, which offers a major challenge in orthopedic
surgery [39]. Therefore, assessment of antimicrobial potency

Springer

of the composite’s hydrogel should be assessed carefully.
In the current bioassay, the diameters of inhibition zones
are generated by the tested formulas (HA1, HA2, HA3,
HA4, HAS and HAG6): Collagen (0.01%)/alginate (0.8%)
against Pseudomonas aeruginosa, Escherichia coli, Bacillus
cereus, Staphylococcus aureus, Candida albicans and Can-
dida krusei, respectively, were photographed and measured,
are shown in Fig. 9 and are summarized in Table 4.

Composite hydrogels codes, such as HA1, HA2, HA3,
HA4 and HAS, do not inhibit any of pathogens that are
tested. All tested composite hydrogels did not exhibit any
detectable antifungal activity against either Candida albicans
or Candida krusei (Table 5). Notably, only HA4 and HAS
composite hydrogels demonstrated limited antibacterial effi-
cacy. However, HAS hydrogel (Col/Alg/Hap/0.60%CaSQO4)
has the largest zone of inhibition against E. coli, recording
6.54 & 1.45 mm. When the examined formulations are com-
bined with pathogens in the liquid phase using the broth
micro-dilution experiment, no synergistic impact is observed
(Fig. 10). However, HAS5 hydrogel demonstrates only min-
imal antimicrobial efficacy against all tested pathogens. As
illustrated in Table 5, E. coli has the highest growth inhibition
rate (36.86 = 4.41%), followed by Pseudomonas aeruginosa
(28.69 £ 5.65%). This is due to the presence of Hap NPs as
previously reported that Hap has limited antibacterial effect.
However, the most direct and effective to increase the antibac-
terial effect is by integrating antibiotic delivery system into
hydrogels [39].
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Fig.9 Inhibition zones formed by composed hydrogels of (HA1):
Col (0.01%)/Alg (0.8%)/CaSO4 (0.15%), (HA2): Col (0.01%)/Alg
(0.8%)/CaS0O4 (0.30%), (HA3): Col (0.01%)/Alg (0.8%)/CaSOy4

(0.60%), (HA4): Col (0.01%)/Alg (0.8%)/Hap (1.6%)/CaSOy4 (0.30%),
(HAS): Col (0.01%)/Alg (0.8%)/Hap (1.6%)/CaSO, (0.60%) and

(HA®6): Col (0.01%)/Alg (0.8%) against (A) Pseudomonas aeruginosa,
(B) Escherichia coli, (C) Bacillus cereus, (D) Staphylococcus aureus,
(E) Candida albicans and (F) Candida krusei. The assays were per-
formed in triplicate, and the data are shown as the mean of three data
points with standard error (SE)

Table 4 Inhibition zones generated against human pathogens, the tested hydrogels were coded as (HA1): Collagen (0.01%)/alginate (0.08%)/CaSOy4
(0.15%), (HA2): Collagen (0.01%)/alginate (0.08%)/CaSO4 (0.30%), (HA3): Collagen (0.01%)/alginate (0.08%)/CaSO4 (0.60%), (HA4): Hap
(1.6%)/Collagen (0.01%)/alginate (0.08%)/CaSO4 (0.30%), (HAS): Hap (1.6%)/Collagen (0.01%)/alginate (0.08%)/CaSO4 (0.60%), and (HA6):

Collagen (0.01%)/alginate (0.08%) (Significant differences P < 0.05)

Multidrug-resistant human pathogens

Inhibition zone (mm =+ SD)

HAl HA2 HA3 HA4 HAS* HA6
Pseudomonas aeruginosa 0+0 0+0 0+0 1.24 £0.24 4.36 £0.09 0+0
Escherichia coli* 0£0 0+0 0+0 3.07 £ 0.89 6.54 £ 1.45 0+0
Bacillus cereus 0+0 0+0 0+0 2.09 £ 1.02 245+ 0.01 0+0
Staphylococcus aureus 0+0 0+0 0+0 0.25 £ 0.09 1.56 £ 0.07 0+0
Candida albicans 0+0 0+0 0+0 0+0 0+0 0+0
Candida krusei 0£0 0+0 00 0£0 0+0 0+0

3.8 Cytotoxicity Test of Col-Alg-CaSO, Composite
Hydrogels

Results show that all tested composite hydrogels promote the
proliferation of MG-63 cells significantly in a concentration
dependent manner, compared to MG-63 without hydrogels

as a positive control after one day of incubation with differ-
ent concentrations using serial dilutions (200, 100, 50, 25,
12.5 and 6.25 pg/mL), as shown in Fig. 11. Interestingly,
HAS hydrogel contains Hap along with the highest concen-
tration of CaSO4 (0.6%) shows the highest cell viability
at all dilutions on MG-63 cells among all tested hydro-
gels. Increasing CaSOy is the main precursor in increasing
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Maximum growth inhibition rate (% =+

SD)

Optical density (at 600 nm £ SD)

Table 5 Turbidity and maximum growth inhibition rate (%SD) achieved against human pathogens

Multidrug-resistant human pathogens

@ Springer

HAI HA2 HA3 HA4 HAS* HA6

Control

28.69 £ 5.65
36.86 £ 4.41
21.13 £2.07
18.06 £ 8.53
6.89 £+ 3.94
520 £9.45

325+ 0.18
2.09 £ 1.07
236 £0.21
2.19 £ 0.08
35+234

246 +0.33

293 +0.32
254 £0.11
235+£0.34
32+£1.07

3.19 £2.04
2.81 £0.33
243 £0.51
317 £1.12
392+1.29
4.12+2.16

3.82 +1.03
2.45 £ 0.65
235 +£0.31
3.25£1.09
4.07 £1.32
398 £1.11

385+ 1.24
2.34 £0.25
252 +£1.21
3.16 £0.95
3.56 £ 1.04
4.09 £2.17

3.45 £ 1.09
2.36 £0.36
2.65 £ 1.04
3.21 £0.97
396 £1.23
4.23 +£0.67

Pseudomonas aeruginosa

1.49 £ 0.03
2.09 £0.11
2.63 £0.46
3.68 £0.7
4.01+03

Escherichia coli *

Bacillus cereus

Staphylococcus aureus

3.82 £2.05
424 +£0.34

Candida albicans

4.19 £ 1.83

Candida krusei

The tested hydrogels were coded as (HA1): Collagen (0.01%)/alginate (0.08%)/CaSO4 (0.15%), (HA2): Collagen (0.01%)/alginate (0.08%)/CaSO4 (0.30%), (HA3): Collagen (0.01%)/algi-
nate (0.08%)/CaSO4 (0.60%), (HA4): Hap (1.6%)/Collagen (0.01%)/alginate (0.08%)/(0.30%), (HAS): Hap (1.6%)/Collagen (0.01%)/alginate (0.08%)/CaSO4 (0.60%), and (HA6): Collagen

(0.01%)/alginate (0.08%) (Significant differencesP < 0.05)

the cell viability of bone cells. This suggestion is based on
previous studies which showed that CaSO4-based scaffolds
promote clearly the osteo-conductivity for bone regenera-
tion to promote previously bone healing for critical-sized
bone defects [17]. Additionally, MG-63 cultured with CaSOq4
upregulates genetic expressions that are involved in many
cellular functions including cell cycle regulation, signaling
transduction, immunity and lysosomal enzyme production
[40]. Furthermore, it is observed that addition of Hap shows
increasing the cell viability of MG-63 as well. These results
are similar to previous reported findings, which showed
that Hap NPs have a smaller grain size and higher sur-
face area to allow more cells and proteins to attach on the
scaffold surface [34]. In addition, the combination of Hap
with scaffolds such as alginate and collagen enhances its
brittleness, as well as enhances its osteo-conduction fur-
ther [34]. Hence, it enhances the ideal properties of a bone
subtitle thereby, thus enhancing bone healing and regenera-
tion.

However, cells treated with HA3 with 0.6% CaSQO,4 with
the same concentration are present in HAS, it demonstrates
the least cell viability and this result is expected due to the
rapid gelation rate of CaSO4 causing unreacted alginate with
CaSOy [3]. However, HAS with similar concentration of HA3
is observed; unlikely the addition of Hap helps in lower-
ing the gelation rate allowing CaSOy4 to be dispersed more
evenly throughout the solution for a longer time, this allowed
homogenous hydrogel distribution and hence more bounded
CaSOq4 with alginate.

3.9 Cell Adhesion Test of Col-Alg-CaS0,; Composite
Hydrogels

Basically, cell adhesion is a complex route that is intri-
cate in migration, tissue remodeling and wound healing.
These processes occur when cells attach to extracellular
matrix components through adhesion receptors, in order to
bind to the cytoskeleton. Cell motility, proliferation and
differentiation and survival are untimely affected by cell
adhesion. Results revealed that all tested composite hydro-
gels coded HA1, HA2, HA3, HA4 and HAS clearly allow
the adhesion of MG-63 cells, as shown in Fig. 12. Also,
all tested composite hydrogels clearly enhance the initial
adhesion of cells onto the hydrogel surface. Based on the
current and previous results, collagen is a key player for
cell adhesion. Collagen I is a major component of extra-
cellular matrices, which has Arg-Gly-Asp (RGD) groups that
responsible for the interaction between cell and microenvi-
ronment [41, 42]. Meanwhile, CaSOy4 is osteo-conductive
materials act as a main material which permits bone cells
(osteoblasts and osteoclasts) to fasten, migrate, grow and/or
differentiate [43]. Furthermore, Hap is also considered
as a component that promotes cell adhesion. Based on
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Fig. 11 Cell viability (%) of Col-Alg—CaSO4 composite hydrogels, on
osteoblast-like cells (MG-63 cell line) after one day of incubation. Data
are presented as mean £ SD and are subjected to one-way ANOVA
followed by post hoc (LSD) test at P < 0.05. * is significantly different
and is marked by the star symbol for major differences compared to
other hydrogels

previous results, addition of Hap causes increase in the
expression levels of eEF1Ba, y-actin and adhesion-related
proteins through stimulating cell attachment in case of Hap-

coated silicone rubber, in comparison with non-coated one
[44].

4 Conclusions

A novel injectable composite hydrogel containing the nec-
essary components to promote bone tissue regeneration
and suitable for clinical handling in surgical settings, was
successfully prepared and optimized.

Collagen, alginate and CaSO4 with/without Hap NPs
incorporation can form a successful injectable hydrogel
without inducing toxic cross-linkers or external factors
such as high temperature/change in pH and have rapid
gelation rate. As observed from the presented results, addi-
tion of high concentration of CaSO4 in the composite
hydrogel showed direct proportion in the gelation rate,
low swelling index and high cell viability of osteoblast-like
cells (MG-63); and has an inverse effect on the degradation
rate of formed composite hydrogel.

Incorporation of Hap lowered and significantly controlled
the gelation rate and allowed formation of more uniform
hydrogel. Hydrogels with Hap showed significant swelling
index, enhancement in the thermal stability, as well as
improvement in the cell viability and antimicrobial activity
of the composite hydrogel.

Injectable hydrogels can apply for a wide range of bone
regeneration applications; particularly filling the irregular
defects such as the cavitary bone defects and enhancing
bone growth in this area. Such results support the use of the
synthesized injectable hydrogel in the future as a carrier for
mesenchymal stem cells/growth factors to further improve
bone formation.
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Fig. 12 Inverted microscope images of MG-63 cell line adhered on Col-Alg—CaSO4 composite hydrogel without and with hydroxyapatite using
crystal violet staining, (image scale 100pm, and original magnification X200)
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