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A B S T R A C T   

Currently, bio-natural injectable hydrogels are receiving a lot of attention due to their ability to control, adjust, 
and adapt to random bone defects, in addition, to their ability to mimic the composition of natural bones. From 
such a viewpoint, this study goal is to prepare and characterize the injectable hydrogels paste based on the 
natural alginate (Alg) derived from brown sea algae as a polysaccharide polymer, which coupled with nano 
biogenic-hydroxyapatite (n-HA) prepared from eggshells and enriched with valuable trace elements. The vis
cosity and mechanical properties of the paste were investigated. As well as the in-vitro study in terms of water 
absorption and biodegradability in the PBS, biocompatibility and the capability of the injectable Alginate/n- 
Hydroxyapatite (Alg/n-HA) to regenerate bone for the most suitable injectable form. The injectable hydrogel 
(BP -B sample) was chosen for the study as it had an appropriate setting time for injecting (13 mins), and suitable 
compressive strength reached 6.3 MPa. The in vivo study was also carried out including a post-surgery follow-up 
test of the newly formed bone (NB) in the defect area after 10 and 20 weeks using different techniques such as 
(SEM/EDX) and histological analysis, the density of the newly formed bone by Dual x-ray absorptiometry 
(DEXA), blood biochemistry and the radiology test. The results proved that the injectable hydrogels Alginate/n- 
Hydroxyapatite (Alg/n-HA) had an appreciated biodegradability and bioactivity, which allow the progress of 
angiogenesis, endochondral ossification, and osteogenesis throughout the defect area, which positively impacts 
the healing time and ensures the full restoration for the well-mature bone tissue that similar to the natural bone.   

1. Introduction 

Invasive reconstruction surgery using fixed-shaped synthetic im
plants for defective bone treatment has shown some severe complica
tions, especially in cases of irregular, asymmetrical or twisted shape 
defects induced by trauma or massive tumor resection [1]. This is 
because it's impossible for surgeons to fit the implant into that random 
space. Hence, the outline of the defect margin must be adjusted to match 

the inserted implant, which creates a larger defect area. This adjusting 
process necessitates a prolonged healing stage, higher morbid rate and 
intolerable pain for the patient. In contrast, injectable natural or syn
thetic polymers can be easily introduced into the defect area through a 
small insertion by a syringe. The most important benefit gained using 
this injectable technique includes; the creation of a smaller wound site 
combined with a superior healing stage and endurable pain for the pa
tient [2–6]. Injectable polymeric materials can simply diffuse, fill and 
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adapt to the randomly shaped defect. Once they settled inside the 
irregular space, they absorb water and swell forming a solidified gel with 
a well-organized and interconnected porous frame. 

Injectable hydrogels are prepared using different techniques 
including; ionic interaction, thermal gelation, photo-polymerization, 
and chemical, and physical self-assembly [4,5,7]. Recently various 
types of natural or synthetic polymers based injectable and in situ- 
forming self-setting hydrogels were used extensively in the biomedical 
field as bone tissue engineering scaffolds and/or drug delivery systems 
[8–15]. Hydrogels created from natural polymers are more biocompat
ible and have superior biological behaviour over those originating from 
synthetic polymers [16,17]. The main advantage of applying hydrogels 
made from natural sources in bone engineering is that they have unique 
compositions that closely resemble that of the native bone extracellular 
matrix, which can mimic the real biological microenvironment in bone 
defect [18]. This reduces inflammation and immune body reaction to the 
implant while facilitating cell attachment, spreading and proliferation 
on their matrixes during the initial stage of bone healing, which induces 
faster bone regeneration. 

Hydrogels made from natural polymeric sources have shown weak 
mechanical properties combined with high degradation rates, which 
limit their usage in the field of hard tissue engineering. Currently, 
inorganic materials, such as hydroxyapatite prepared in the form of 
particles or fibers are added to the natural polymeric structures to create 
composite hybrid hydrogels with improved mechanical properties, more 
suitable degradation rate, and closer structure to the natural bone 
[19–23]. It is anatomically considered a composite hybrid material 
consisting of a natural polymer (collagen) entangled with an inorganic 
component (hydroxyapatite crystals). In addition, natural polymers like 
alginate can support endochondral ossification but they cannot induce 
angiogenesis, osteogenesis and bone regeneration, as they are bio-inert 
and accordingly unable to integrate well with normal bone [24,25]. On 
the other hand, hydroxyapatite is bioactive, osteoinductive, and osteo
conductive [26–28]. It has a great capacity to stimulate angiogenesis, 
and osteogenesis and accelerate bone formation besides mineralization. 
Therefore, it is expected that combining alginate with hydroxyapatite 
will produce suitable injectable hydrogel for hard tissue regeneration, 
which is characterized by optimized mechanical properties besides 
excellent capacity for bone regeneration and defect reconstruction. The 
addition of hydroxyapatite particles to injectable alginate can accelerate 
the in-situ gelling mechanism due to hydrogen bond formation between 
hydroxide groups of hydroxyapatite and carboxylic acid groups of the 
polymer. Moreover, alginate can be ionically cross-linked by mono, di, 
or multivalent ions, which can further improve its mechanical and 
degradation properties [5,29]. Also, ionic crosslinking can provide 
alginate-based hydrogels with excellent anti-bacterial properties [30]. 
Bio-natural injectable hydrogels are currently attracting much interest 
because they can adjust, correct, and adapt to irregular bone defects and 
mimic the composition of natural bones. To our knowledge, the previous 
studies of hydroxyapatite/alginate compositions are mainly based on 
chemical sources, while that based on hydroxyapatite/alginate com
posites from natural resources lack in-vivo testing [31]. Accordingly, the 
main goal of the current study is to fabricate injectable hydrogel pastes 
based on the inorganic and organic composition of natural resources 
enriched with valuable trace elements. Accordingly, the main objective 
of the study is to prepare and characterize natural injectable hydrogels 
using various amounts of alginate, that were obtained from brown algae 
and were cross-linked by calcium ions, which were combined with nano- 
hydroxyapatite derived from eggshells. The viscosity, setting time and 
mechanical properties of the prepared injectable hydrogels were stud
ied. The simulated body fluid was used to evaluate the in-vitro, water 
absorption, degradation and bioactivity of the hydrogels. Moreover, the 
effect of the prepared sample on cell viability and attachment was 
evaluated. The bone healing capacity and safety evaluations of inject
able hydrogels were examined via the injection of the hydrogels in the 
rabbit bones. Fabricating bio-natural injectable hydrogels paste based 

on natural resources enriched with valuable trace elements (originated 
from eggshells) and has both inorganic (Biogenic hydroxyapatite pre
pared by co-precipitation methods) and organic (Alginate: derived from 
brown sea algae as a polysaccharide polymer) components has a great 
potential to regulate, correct, and adapt to irregular bone defects besides 
their capacity to stimulate bone regeneration by mimicking the 
composition of natural bones hydroxyapatite/alginate compositions 
mainly based on chemical sources. However, the main hydroxyapatite/ 
alginate compositions mainly based on chemical sources. However, the 
main goal of this current study is fabricated injectable hydrogels past 
based on natural resources enriched with valuable trace elements for 
both of inorganic and organic composition such as alginate (Alg) that 
derived from brown sea algae as a polysaccharide polymer. In addition, 
nano biogenic-hydroxyapatite (HA) as inorganic compound prepared 
from eggshells by co-precipitation methods. Currently, Bio-natural 
injectable hydrogels are currently attracting a lot of interest because 
of their capacity to regulate, correct, and adapt to irregular bone defects 
as well as their capacity to mimic the composition of natural bones. 

2. Materials and methods 

2.1. Materials 

The materials used are: 
Calcium chloride dihydrate CaCl2⋅2H2O (Sigma), was chosen as a 

source for Ca2+ ions (cross-linker), Molecular Weight 147.01, EC 
Number, MDL number, PubChem Substance ID, Sodium alginate salts, 
from brown algae, purchased from (Sigma-Aldrich) Germany, 
A1112–100 G, P code 10011146, CAS 9005-38-3, Lot # 051 M 1684 V. 
Reagent-grade NaCl, NaHCO3, KCl, Na2HPO4.2H2O, MgCl2.6H2O, 
CaCl2, Na2SO4, Na2HPO4, KH2PO4 and HCL which were used for the 
preparation of biological fluids (SBF) solution utilized for evaluations 
the bioactivity behaviour of the developed injectable hydrogels BP-B. 

2.2. Methods 

2.2.1. Preparation of nano-hydroxyapatite (n-HA) from eggshell 
Nano biogenic hydroxyapatite from (eggshell) with a particle size 

ranging between 35 and 122 nm prepared according to Naga et al. 
procedures [32]. 

2.2.2. Preparation of injectable hydrogel Alg/n-HA 
A 3 % aqueous solution of Alg was prepared by dissolving 3 g Alg in 

80 ml distilled H2O + 20 ml CaCl2.2H2O as a cross-linker. The concen
tration of Alg (3 %) was chosen on the bases of a previous study [26], 
and the viscosity at room temperature for Alg (3 %) equal 230 (Cp). 
Different proportions of the prepared Alg solution ranging between 1, 2 
and 4 ml were used to prepare the Alg/n-HA paste’ batches, Table 1. The 
advantage of using gelling agents (alginate salt) is to transmit viscous 
flow on wetting. The present study, converts the nano-hydroxyapatite 
powder into a uniform injectable paste, biocompatible, while it didn't 
affect the setting properties of the hydrogel. On the other hand, it has 
manifested toxicological safe [33] and its pharmacologically helpful 
impact on bone substitution [34]. 

2.2.3. In-vitro test 
In order to evaluate the samples' in-vitro bioactivity, the formation of 

an apatite layer over the examined samples (BP-B) injectable hydrogel 

Table 1 
The batch composition for the Alg/n-HA injectable hydrogel.  

Alg/n-HA samples code Alginate, ml n-HA, g Dis. H2O, ml 

BP-A  1  5  1.5 
BP-B  2  5  1 
BP-C  4  5  0.5  
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sample surface after immersion in simulated bodily fluid (SBF) at 37 ◦C 
was examined. SBF solution having pH 7.4 was composed based on the 
protocol of Kokubo and Takadama [35]. After immersion of the samples 
in SBF solution for (1,3,7, 14, 21 and 28 days) with a solid/liquid ratio of 
1.5 mg/ml at a constant medium, the concentration of the calcium and 
phosphorus ions was measured by inductively coupled plasma–optical 
emission spectrometry (ICP–OES) (5100 ICP–OES torch, Agilent, 
Australia). The pH values were also measured for the abovementioned 
immersion times. Three measurements for each time were performed, 
and the average value was determined. Additionally, a scanning electron 
microscope (SEM- Quanta FEG 250, Netherlands) with an attached en
ergy dispersive x-ray spectroscopy (EDS) unit was used to examine the 
microstructure of the apatite layer formed on the sample surface. 

The produced BP-B sample injectable hydrogel weight loss % in 
phosphate buffer saline solution (PBS) at pH = 7.4 for 1 up to 4 weeks at 
37 ◦C, was tested to estimate its in vitro degradability. The final weight 
loss of the studied samples was calculated using the following formulas 
Motwani et al., [36]: 

WL = [(W0 − Wt)/W0 ] × 100  

where, W0 is the initial weight of the hydrogel sample, and Wt is the dry 
weight at the measured studied time (t). 

The weight difference between the initial sample weight before 
soaking in PBS solution and its weight after immersion in the PBS was 
used to calculate the water absorption percentage. The excess solution 
was removed carefully with filter paper. The water absorption % was 
calculated by the following equation described by Macedo et al. [37]. 

Water absorption% = [(Ww − Wd)/Ww ] × 100  

where, Wd: the dry weight of the hydrogel sample and Ww: the wet 
sample weight after soaking for various periods in PBS solution. For 
three samples, the degradation and water absorption tests were 
repeated, and the average value was taken to guarantee the accuracy of 
the measurements. 

2.2.4. Characterizations 
The chemical composition of the n-HA was investigated using X-ray 

fluorescence spectroscopy (XRF, PW 2404, Malvern Panalytical Ltd., 
UK). The apparent porosity and bulk density of the injectable hydrogel 
(BP -A, BP –B, and BP –C) were estimated using the Archimedes 
method (ASTM C-20) [38]. The phase composition of the samples was 
analyzed using X-ray diffraction (XRD) using monochromatic Cu-Ka 
radiation (XRD, X'Pert-PANalytical, UK). The best injectable hydrogel 
BP-B sample was investigated with a transmission electron microscope 
(TEM) JEOL, JEM-2100-HR, Japan to determine the grain particle size. 
FTIR analysis of Alg/n-HA hydrogel (BP –B sample) was carried out 
using an FT/IR- 6100 Fourier transform Infrared Spectrometer from 
JASCO, at a range of 400–4000 cm− 1. The crushing strength of the Alg/ 
n-HA injectable hydrogel was measured using a universal testing ma
chine (Tinius Olsen 25 ST, United Kingdom, Twin column Load cell 25 
KN, serial no. ST-AF-02026 GB, Honey Crock Lane, Salford, surrey RH1 
DZ) with a crosshead speed of 0.5 mm/min, as stated by DIN EN 6872 
[39]. Then-HA powders were sterilized under ultraviolet (UV) light 
2028 ABOUOKEILET AL for 30 min in a laminar flow before usage. 
Viscosity measurements were studied at different temperatures of 25, 
37, 50, and 60 o C for the polymeric (Alg). The Viscosity of the polymeric 
(Alg) solutions was measured using a Brookfield Viscometer (Model DV- 
III Ultra, UK). To examine the effect of adding polymeric (Alg) solutions 
to the nano-hydroxyapatite powder, their mixtures were placed in the 
built-in stainless-steel container attached to a temperature controller. 
Then, measurements were done using the S23 spindle at 30 RPM under 
uniform temperature. While the setting times test was done according to 
International Standards ISO 9917-1 (2003 E) [40]. 

2.2.5. MTT (cytotoxicity) assay test 
All cytotoxicity studies were performed on bone osteosarcoma cell 

line (HOS), which were cultured in a complete growth Dulbecco's 
modified Eagle's medium (DMEM) supplemented with 10 % FBS, L- 
glutamine (2 mM), streptomycin (100 μg/ml), and penicillin (100 IU/ 
ml) in the CO2 incubator at 37 ◦C, 5 % CO2, and saturating humidity. For 
evaluation of Alg/n-HA (BP –B sample) injectable hydrogel cytotox
icity, cells were seeded at a concentration of 5000 cells per well into a 
96-well tissue culture plate and incubated overnight under the condi
tions described above. The cells were treated with samples at concen
trations (200, 100, 50,25 μg/ml) for 48 h. After the incubation, 40 μL 
from MTT was added to each well and incubated for 4 h. Afterwards, 
100 μL of DMSO was added to extract formazan produced by living cells. 
The absorbance of DMSO has measured at the wavelength 595 nm by a 
plate reader (Lab systems Multi-scan MS). The percentage of cytotoxicity 
[41] was calculated using the following equation: 

%Cytotoxicity = [1 − (AVx/AVNC) ]× 100  

2.2.6. Cell attachment 
To explore the cell adhesion on the surfaces of Alg/n-HA injectable 

hydrogel, the injectable hydrogel samples were placed and fixed in the 
bottom of each well of a 24-well plate and then sterilized with UV light 
in laminar flow for 25 min. Posteriorly, bone osteosarcoma cell line 
(HOS) from American Type Culture Collection (ATCC) were then seeded 
onto the surfaces of the samples at a density of 20 × 103 (200 μl of cell 
suspension) and cultured with Dulbecco's Modified Eagle's Medium 
(DMEM; Invitrogen, Carlsbad, CA, USA) supplemented with 10 % fetal 
bovine serum (FBS; Hyclone, Logan, UT, USA) and 1 % penicillin/ 
streptomycin (P/S; Gibco, Grand Island, NY, USA) in a humidified 
incubator at 37 ◦C and 5 % CO2. Before cell culture on the material 
surface, at 70 % assemblage, the cells were harvested by trypsinization 
and used for experiments. Samples containing cells were taken out after 
incubating the plates for 48 h, rinsed twice with phosphate-buffered 
solution (PBS) to remove the non-attached cells, and subsequently 
fixed with 2.5 % glutaraldehyde overnight for 2 h. at 4 ◦C. Then, the 
samples were rinsed in 0.1 M PBS, transferred to the critical-point dryer, 
and dried with CO2. The dried samples were sputtered with a thin layer 
of gold for monitoring of cell morphology using an electronic micro
scope (QUANTA FEG250) at an acceleration voltage of 20.00 kV. 

2.2.7. Animal model design 
Twenty-one healthy adult male white rabbits with an average weight 

ranging between 1.9 and 2.5 kg were appointed for the experiments. The 
rabbits were treated according to the ethical guidelines of the Interna
tional Animal Care and Use Committee (IACUC), National Research 
Centre of Egypt with approval number (15/039). For the in vivo study, a 
5 mm cavity was created in the midst of each rabbit's femur as in Fig. 1. 
The rabbits were assorted randomly into 2 categories. 

Category 1 (Control): Consisted of 7 non-implant rabbits, living in 
the same conditions as the implanted rabbits. 

Category 2: Consisted of 14 rabbits having femur holes implanted 
with sanitized injectable hydrogel Alg/n-HA (BP-B). This category is 
split into two subgroups:  

• Ten weeks post-surgery subgroup: containing 7 rabbits that were 
sacrificed after 10 weeks post-operation.  

• Twenty weeks post-surgery subgroup: containing 7 rabbits that were 
sacrificed after 20 weeks post-operation. 

2.2.7.1. Follow up postoperative. Following up the postoperative con
sists of two main aspects; 1) femur bone analyses and 2) blood 
biochemistry examinations. 

2.2.7.1.1. Femur bone analysis:. a) Clinical evaluation 
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Attention was paid to the rabbits to be sure that they haven't any 
general or topical inflammation or complexities after surgery and 
throughout the study interval.  

b) Radiology test 

The implanted sites were imaged by X-ray along the sidelong and 
anteroposterior (AP) sites to define the variations that took place in the 
bones during the study. Mobile X-ray Apparatus was utilized for the 
study.  

c) Bone mineral density test (BMD) 

Bone density measurement is used to personate and monitor the 
curing of skeletal diseases like osteoporosis and so on. A dual x-ray 
absorptiometry (DEXA) machine (Norland Medical Systems Inc., XR-46, 
Fort Atkinson, Wisconsin, Model 434 A063, USA) was employed for 
BMD analysis. Three bone samples are examined simultaneously and in 
the same scan.  

d) Scanning electron microscope and energy-dispersive X-ray analysis 
(SEM and EDS) 

The recently-formative bones were examined by SEM (JEOL JSM- 
T20) coupled with EDS Unit to assess the bone's calcium/phosphorus 
ratio.  

e) Histologic estimation for bone renovation 

For the histology estimation, samples were outfitted according to the 
method explained by Banchroft et al.; 1996 [42]. The samples were 
examined by the naked eye, then by using a light microscope (Olympus 
BX61, Hamburg, Germany) connected to a high-resolution digital cam
era (Olympus, E330, Imaging Corp).  

f) Blood biochemistry tests 

The implanted rabbit's pathological attitudes were tracked by 
biochemical tests, which embraced kidney and liver tasks, antioxidant 
estimation, free radical biomarker, tumor markers, erythrocyte (RBC), 
hemoglobin level (Hb), platelets count (PLT), and leucocyte count 
(WBCs).  

g) Statistical analysis 

The results of the implanted rabbits' group and the control rabbits' 
group were compared using the Program IBM SPSS statistical package 
Version 21.0 US. The results data were presented as mean values ±
standard deviation (SD). Comparison between the two groups was per
formed using an independent t-test and the p-value is considered sta
tistically considerable if ≤0.05. 

3. Results and discussion 

3.1. The chemical composition of the nano-hydroxyapatite powder from 
eggshell 

The chemical composition of the n-HA produced from eggshells, as 
revealed from XRF analysis, includes CaO and P2O5 as main oxides. In 
addition, essential trace elements such as Sr, Zn, Cu and Ce in addition to 
the main components; calcium and phosphorus oxides (Table 2). Since 
natural HA contains trace elements similar to the elemental composition 
of human bone, accordingly it is a non-stoichiometric composition 
compared to synthetic HA [43]. It is well known that the presence of 
vital trace elements in the HA can accelerate and improve bone growth. 
For example, in vitro studies have demonstrated that biomaterials 
enhanced with Sr improved both the bioactivity and osteoblast adhe
sion, as well as the proliferation, and differentiation more than materials 
lacking Sr [44,45]. Moreover, in vivo studies indicated better new bone 
formation at the bone-implant interface surface, together with acceler
ated healing, and osseointegration compared to Sr-free materials 
[46,47]. Also, a lot of studies have indicated the advantages of the 
presence of Zn on bone remodelling, bone matrix synthesis, and 

Fig. 1. Represents the surgical procedures.  
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mineralization in growing rats' bones [48]. It also found that the regu
lation of bone formation and skeleton development is greatly influenced 
by copper [49]. While the presence of Ce improved the angiogenic and 
osteogenic characteristics and has antibacterial, anti-inflammatory and 
antioxidant effects [50]. 

3.2. Characterization of alginate/n-hydroxyapatite hydrogel 

3.2.1. Microstructure of prepared injectable hydrogel 
To select the optimum conditions for the control of and regulate the 

initial plasticity and injectability and maintain the shape stability of the 
injectable hydrogel and help in handling the injectable hydrogel; the 
hydroxyapatite powder was converted to an injectable form by adding 
different amounts of the alginate as illustrated in Table 1. The SEM as in 
Fig. 2 of the fabricated pastes showed that with increasing alginate 
content, the injectable hydrogel (BP-A) sample was mostly composed of 
hydroxyapatite and contained comparatively small amounts of alginates 
when compared to injectable hydrogel (BP-C) samples. 

On the other hand, the apparent porosity the compressive strength 
and setting time measurements, Table 3, illustrated that BP-C had a 
faster setting time (9 mins) and a higher compressive strength (7.9 MPa) 
than BP-A, which had a slower setting time (20 mins) and a lower 
compressive strength of (5.9 MPa). Otherwise, the paste (BP-B) sample 
had an appropriate setting time for injecting (13 mins), and compressive 
strength reached 6.3 MPa. 

Additionally, visual observation as in Fig. 2 during the rheological 
test showed that the BP-A sample possessed high fluidity, fragility and 
brittle appearance and is difficult to handle. While the injectable 
hydrogel BP-C sample failed to apply due to low plasticity and its phase 
separation. Accordingly, the injectable hydrogel (BP-B) was the most 
suitable paste to be used in an injectable form, as it has an appropriate 
setting time and compressive strength, and it does not suffer from non- 
phase separating during injection from the syringe. In addition, it keeps 
the stability of the injectable shape after injections from the syringe as in 
Fig. 2. 

3.2.2. Rheological and mechanical measurement 
The results showed that the addition of polymeric gelling agents 

(Alg) increased the net viscosity at the same temperature for all the 
injectable hydrogel BP-A and BP-B, and BP-C. It also noticed that the 

increase in the temperature up to 50 ◦C decreased the viscosity. At 60 ◦C 
all the pastes' viscosity was decreased, which may be due to the solidi
fication of the pastes. The final results confirmed that the viscosity of the 
injectable hydrogel (BP-B) is the suitable and easier one to handle where 
normal suitable values of viscosity in the range of 100–2000 (Pa⋅s) is 
generally acceptable [51,52]. As BP-B injectable hydrogel possessed a 
suitable setting time; adequate slow for the surgeon to complete the 
implantation, yet adequate speedy for the completion of the surgery in 
time without both shrinkage and cracking the paste; we chose it as the 
best composition for carrying up the remaining tests of our study. The 
results agree with the results of Bendtsena, et al., 2017 [53]. 

The apparent porosity and the bulk density of different injectable 
hydrogel were determined as clarified in Table 3. The specimens with 
the lowest content of cross-linked alginate (BP-A) and highest water 
content showed the highest Apparent porosity (54.50 ± 4.13 %) and the 
lowest bulk density (1.01 ± 0.11). While the specimens with the highest 
content of cross-linked alginate (BP-C) and lowest water content showed 
the lowest Apparent porosity (19.03 ± 1.97 %) and the highest bulk 
density (2.03 ± 0.04). According to the abovementioned results, the 
injectable hydrogel (BP –B) was the most suitable paste to be used in an 
injectable form. 

3.3. Characterization of alginate/n-hydroxyapatite (BP-B) injectable 
hydrogel 

3.3.1. XRD analysis 
The produced alginate/n-hydroxyapatite injectable hydrogel was 

subjected to an X-ray diffraction (XRD) examination, which revealed 
that the HA had the standard diffraction pattern of a well-crystalline HA 
phase. The HA-produced X-ray diffraction values can be compared to 
those in the JCPDS (005–0586) standard data, Fig. 3 (a). Otherwise, due 
to the amorphous nature of the alginate, its XRD patterns could not be 
identified. 

3.3.2. IR analysis and TEM 
Fig. 3 (b) illustrates the FT-IR spectra of the nano biogenic HA 

powder calcined at 900 ◦C for 2 h (black spectrum). It is easy to 
distinguish the characteristic bands of the phosphates group (PO4) 3− at 
(1025, 600 and 565 cm− 1(υ4), 469.7 cm− 1(υ2), 964 cm− 1 symmetrical 
stretching mode (υ1), and1090 cm− 1asymmetric stretch mode (υ3) 

Table 2 
Chemical composition of hydroxyapatite powder prepared from eggshell.  

Chemical composition 

Oxide (wt%) CaO P2O5 SiO2 MgO SiO3 Al2O3 K2O Fe2O3 Cl LOI  
70.85 27.18 0.26 0.23 0.11 0.08 0.03 0.02 0.02 1.22  

Trace elements (ppm) Sr Zn Cu Ce Zr Ni Co La Ga Te Ba Cr 
156.6 14.2 5.9 23.2 1.8 0.5 3.0 19.5 0.2 10.7 8.4 1.4  

Fig. 2. SEM micrographs for the prepared injectable hydrogel a) BP -A, b) BP -B, and c) BP -C.  
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[54,55]. The hydroxyl group (OH)− band is found as a stretching mode 
band at 3572.23 cm− 1 and 630 cm− 1) [56]. While, small bands appeared 
at 1467.86, and 876.25 cm− 1 corresponding to vibration mode (υ3), (υ2) 
of carbonate group (CO3)2− . The carbonate group appeared because of 
the calcination process of the nano HA produced from eggshells. 

Fig. 3 (b) indicates the FT-IR of the sample BP-B injectable hydrogel 
(red spectrum). It is easy to recognize the peculiar bands of alginate salt 
(Alg) at 1628 cm− 1 for the asymmetric carboxyl (COO)− and 1467.06 
cm− 1 for symmetric carboxyl (COO)− bands. Also appeared an interac
tion between the Ca2+ in the cross-linked calcium chloride (CaCl2) and 
the carboxyl groups (COO)− in the alginate (Alg) structure called “egg 
box” [–COO− ]–Ca2+–[–COO− ] [chelating structure, which could be 
used as useful bands to follow up the changes in the structure of poly 
alginate]. These linkage sites work as nucleation sites for attaching 
nano-hydroxyapatite during the mixing of the injectable hydrogel BP-B 
[57]. While, the stretching vibration for (C–H)2 bands appeared at 

2851.02, 2924, and 1628 cm− 1. 
Based on the TEM analysis of the Alginate/n-hydroxyapatite inject

able hydrogel, indicated that the particle size was in the nano-size and it 
ranged from 54.99 to 94.88 nm Fig. 3 (c). 

3.4. In-vitro study 

The incubation of the injectable hydrogel (BP-B) in phosphate buffer 
saline solution (PBS) at pH = 7.4 for 1 up to 4 weeks, indicated that the 
weight loss increased gradually from the first week of the incubation 
period to the third week to reach 13.08 % of its initial weight, and then 
slightly decreased at the fourth week to 12.47 %, Fig. 4 (a). It has been 
shown that the tendency of the biomaterials to degrade has an important 
effect on the development of implantation sites on the biomaterial 
framework, which stimulate the growth of new bone and promote bone 
substitution and regeneration [26,36]. 

Table 3 
Effect of increasing of alginate polymer addition on the apparent porosity, bulk density, setting time, compressive strength and viscosity on the produced injectable 
Alg/n-HA hydrogel.  

Samples Apparent porosity, % Bulk density, g/cm3 Setting time, min. Compressive strength, MPa Viscosity (Pa–S) at different Temperature 

25 ◦C 37 ◦C 50 ◦C 60 ◦C 

BP- A 54.50 ± 4.13 1.01 ± 0.11  9 7.9 ± 2.4  865  815  799  755 
BP-B 29.93 ± 0.89 1.97 ± 0.02  13 6.3 ± 1.8  1960  1392  1370  1350 
BP-C 19.03 ± 1.97 2.03 ± 0.04  20 5.9 ± 1.29  3800  2890  2046  1788  

Fig. 3. X-ray diffraction patterns (a); FTIR (b); TEM image for the injectable hydrogel BP -B hydrogel (c).  

Fig. 4. Showed (a) weight loss % and (b) water up take % versus different immersion times (weeks) in PBS for injectable hydrogel BP-B.  
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Water absorption is one of the most significant features of hydrogel 
polymers utilized in tissue engineering applications. It offers the 
aqueous environment required for biomaterials to encourage cell 
adhesion, growth, and differentiation [58]. Fig. 4 (b) showed the water 
absorption of the developed injectable hydrogel BP-B increased gradu
ally from the 1st week of immersion time to the 3rd week to reach 57.58 
% of its initial weight, followed by a small decrease in the fourth week to 
reach 53.78 %. The water absorption of injectable hydrogel BP-B 
increased gradually and then nearly fixed at a long immersion period 
due to many reasons; 1) the presence of Alginates which are charac
terized by hydrophilic properties, including two main functions groups; 
(COOH) that interact directly with water (HOH), and (COO− ) function 
group that cross-linked with Ca2+ ions [knowing as an egg-box struc
ture] with increase the time of immersion Ca2+ ions release and replaced 
by a hydrogen bond (H+) from water solution [26,59]. 2) OH− function 
group in hydroxyapatite (HA) also played a part in water absorption. 

Fig. 5 displays the change in SBF composition and its corresponding 
pH variation after the immersion of injectable hydrogel BP-B paste for 
28 days. As illustrated, from the initial day to the 3rd immersion day, 
Ca2+ and PO4

3− concentrations in SBF highly decreased from 146 mg/l, 
and 60 mg/l to 86 mg/l and 42 mg/l, respectively, followed by an in
crease on the 7th immersion days. Then a gradual decrease on the 14th 
day was noticed. While, on the 21st immersion day, another increase 
was observed. At the end of the immersion period, a decrease in Ca2+

and PO4
3− concentrations were detected reaching 97 mg/l and 48 mg/l, 

respectively. The changes in the Ca2+ and PO4
3− ions concentration in the 

SBF solution could be attributed to the occurrence of two processes. The 
first is the degradation process, which took place at the initial period of 
immersion and resulted in an increase in the ions concentration. And the 
second is the development of the hydroxyapatite particles on the sample 
surfaces, which caused the Ca2+ and PO4

3− ions concentration to 
decrease. It was noticed that the measured pH values for the studied 
injectable hydrogel at all immersion times are quite near to the levels 
advised for biomedical applications. 

The bioactivity of the studied injectable hydrogel BP-B was evalu
ated by SEM examination. The SEM image reveals that before immersion 
in SBF solution; the material had no crystalline HA formation on its 
surface Fig. 6 (a). After 28 days of immersion in SBF, the surface of the 
injectable hydrogel was completely covered with well-crystalline apatite 
particles on its surface, Fig. 6 (b). Moreover, the surface of the fabricated 
injectable hydrogel BP-B was subjected to an EDS examination before 
and after immersion in SBF solution. The results revealed that the 

existing Ca and P elements after immersion in SBF had a molar ratio of 
(Ca/P = 1.65) which is near to the hydroxyapatite ratio (Ca/P = 1.67), 
and higher than that obtained for the Ca/P before immersion in SBF 
solution (Ca/P = 1.54). 

3.4.1. In vitro cells based assays 
In vitro cell-based assays are considered valuable techniques that can 

provide more information about the ability of cells to interact with 
material surfaces through attachment, spreading, reproducing, and 
differentiation. This can help determine the materials' overall biological 
behaviour and predict their capacity for bone regeneration in animals. 
In vitro, cell-based assays resemble and mimic the in vivo environment 
to a greater extent. Hence, they are used to assess cell viability, 
attachment, collagen production, and mineral deposition in the bone 
matrix, thus, providing evidence of in vitro bone-like tissue formation. 

The cytotoxic effect of the Alg/n-HA injectable paste on bone oste
osarcoma cell line (HOS), was evaluated by subjecting the cells to 
different concentrations (200, 100, 50,25 μg/ml) of Alg/n-HA injectable 
hydrogel (BP –B sample) for 48 h. The percentages of cell viability at 
these concentrations were provided in Fig. 7 (a). It is seen that cell 
viability is high at all concentrations. The measured percentage of cells 
viability at 200, 100, 50 and 25 μg/ml is 89.5 ± 3, 96.5 ± 4, 100.5 ± 5 
and 104.3 ± 6, respectively. Results indicated that the sample is 
biocompatible and has no toxic effect on cells. Fig. 7 (b) shows the 
morphology of treated cells with different sample concentrations (100 
and 200 μg/ml) compared to untreated cells. Both treated cells and 
normal untreated cells had similar morphology. 

Cell attachment and spreading on the sample surface are provided in 
Fig. 8 (a-d). It is seen that cells were able to adhere, attach and spread on 
the surface (indicated by black arrows) forming a sheet or a layer that 
almost covered the sample, some small grooves were also noted, which 
were filled with cells (indicated by red arrows). Moreover, as indicated 
by EDX analysis (data not shown), spherical carbonated apatite particles 
were also formed on the surface of the sample. These apatite particles 
originated due to cell-induced minerals deposition forming apatite 
nodules [60]. That apatite particles are also driven by back-precipitation 
of Ca2+ and PO4

3− from surrounding tissue culture media. These (Ca2+

and PO4
3− ) ions were formerly released from the dissolution of biogenic 

hydroxyapatite inside the sample. 

3.5. In-vivo evaluations 

3.5.1. SEM/EDX 

3.5.1.1. Ten weeks post-surgery for injectable hydrogel BP-B and control 
group. SEM images taken at different magnifications for defect areas 
grafted with injectable hydrogel BP-B are shown in Fig. 9 (a-f). A large 
part of the defect area was closed and various types of newly formed 
bone can be detected growing at the edges of the bone defect as seen in 
Fig. 9 (a) and (b). They included; 1) mature bone showing well- 
developed Haversian systems as noticed through an area marked by a 
red star indicating that active remodelling is being carried out at this 
early stage of bone healing, 2) bone tissue proceeding through the 
progress of maturation, as evident by the formation of primary osteon 
structures as seen in the area identified by a yellow star, 3) immature 
bone known as osteoid tissue containing few osteocytes in lacunae 
spreading within the area indicated by a white star. This osteoid area 
was further magnified in Fig. 9 (c) and (d). In addition, a massive 
organic matrix (dark grey area donated by a black star) consisting of 
extensive arrays of organized collagen fibers with several hydroxyapa
tites (HA) crystals deposited on its surface is observed near the edge of 
the defect, which is fully spread and intensely propagated inside the 
defect. This organic collagenous matrix is magnified in Fig. 9 (e), where 
several hydroxyapatite crystals are seen deposited as indicated by red 
arrows. Moreover, the area within a red square in Fig. 9 (a) was 

Fig. 5. The mean values for Ca2+ and PO4
3− ionʼ concentrations (mg/l) for the 

injectable hydrogel BP-B immersed in SBF, versus different immersion times. 
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magnified in Fig. 9 (f), where several osteoblasts and osteoclasts are seen 
sited at the edge of the healing defect indicating active bone formation 
and remodelling Fig. 9. 

Fig. 10 shows an overview of the entrance of bone defect (a). 
Mineralized collagen fibers are seen attempting to bridge the remaining 
gap between defect edges (pointed out by the red arrow). In addition, a 
primary osteon structure (enclosed within a black circle) is seen to 
develop near the entrance. The figure also shows the inner part of defect 
(b), where a sheet composed of numerous gatherings of osteoblasts 

(surrounded by a blue square) is seen spreading on the sample as well. 
This indicated that the sample is considered safe and compatible with 
cells. Moreover, small pieces of bone fragments (indicated by blue ar
rows) are seen growing on the implanted sample. Taking a closer look at 
the innermost part of the defect area, a bone-forming cell (enclosed in a 
red circle) is seen anchoring its filopodia on the surface of the material 
(a) which indicates active engagement with injectable material. Finally, 
intensive mineralized collagen fibers are seen scattered deeply through 
the defect and on the surface of the implanted sample. They have several 

Fig. 6. SEM micrograph of injectable hydrogel (BP-B) before (a) and after (b) immersion in SBF solution for four weeks with their respective energy-dispersive X-ray 
analysis (EDS). 

Fig. 7. Shows (a) the percentage of cells viability using different concentrations of injectable hydrogel (BP -B sample), and (b) the morphology of treated cells 
compared to untreated ones 

A.M. El-Kady et al.                                                                                                                                                                                                                             



International Journal of Biological Macromolecules 253 (2023) 126618

9

Fig. 8. Shows the interaction and attachment of cells to injectable hydrogel (BP -B) sample.  

Fig. 9. SEM images taken for defect area ten weeks post-surgery at different magnification, which was filled with injectable hydrogel BP-B.  
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hydroxyapatite crystals attached to their backbone. The deposited 
crystals originated from diffused calcium and phosphorous ion from 
hydroxyapatite within the injectable hydrogel Alg/n-HA sample due to 
its degradation and as a result of osteoclasts activity as well, which 
creates a surrounding environment heavily concentrated with these 
ions. This will lead to back-precipitation of ions and initiate the growth 
of hydroxyapatite crystals on collagen fibers and material surfaces as 
well. Moreover, collagen fibers and alginate components of the 
implanted composite sample have numerous carboxylate groups 
spreading over their backbone. These groups carry negative charges 
which will facilitate calcium ion's attraction from the surrounding 
environment and attachment to collagen and alginate backbones, which 
can accelerate the induction process of HA crystals as calcium ions can 
work as seeds for crystals growth. 

EDX analysis of mature bone tissue (a), osteoid tissue (b), and 
organic matrix enriched with HA crystals (c) are presented in Fig. 11 (a- 
c). The analysis was conducted to evaluate the progress of bone 
mineralization of the newly developed tissue and document the 
improvement of bone maturation. EDX analysis has shown that calcium 
and phosphorous contents increased in the following order; mature 
bone> osteoid tissue> organic matrix. Calcium atomic % of mature 
bone, osteoid tissue and the organic matrix is 12.15, 8.78 and 1.69 %, 
respectively, whereas, phosphorous atomic % is 7.33, 5.06, and 1.08 %, 
respectively. At the same time, carbon atomic % for organic matrix 

recorded the highest value among mature bone or osteoid tissue indi
cating that it's richer with organic materials and not completely covered 
with hydroxyapatite crystals relative to mature or osteoid tissue. In 
addition, the calculated Ca/P atomic ratio of mature bone, osteoid tissue 
and organic matrix from EDX analysis is 1.66, 1.74, and 1.57, respec
tively. These values are very close to that of hydroxyapatite of normal 
bone. 

SEM images taken at different magnifications for defect areas of the 
control group are seen in Fig. 12 (a-e). A large central portion of the 
defect area was not closed, the newly formed bone was seen lying down 
around the hole, and it started growing from the edges of the defect 
moving towards its central part. This newly induced bone was not 
entirely connected and entangled with normal old bone as the defect 
border was clearly distinguished from old bone by a very slight outline 
space. However, a small portion of the developed new bone was able to 
link and joined the old normal bone (area surrounded by the blue 
rectangle). Moreover, a few Haversian systems (pointed by yellow 
arrow) are noticed scattered through new bone indicating that some 
remodelling was taking place. In addition, a large section of defect 
margin was filled with organic matrix and/or occupied with parallel 
collagen fibers as indicated by areas enclosed within the red and yellow 
dotted rectangle). These areas are further magnified in Fig. 12 (b and c, 
respectively). Taking a closer look inside the central part of the defect 
area shows a fibrous connective matrix (indicated by green arrows) 

Fig. 10. Shows a magnified over view of the entrance of defect (a) and the inner deep-seated part of the defect (b).  

Fig. 11. Shows EDX analysis of mature bone tissue (a), osteoid tissue (b), and organic matrix enrich with HA crystals (c).  
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filling the central hole, where a few precipitations of hydroxyapatite 
crystals (pointed out by red arrows) are seen on its surface. EDX analysis 
was carried out for newly developed bone (area marked by a black star) 
and is provided in Fig. 12 (f). EDX analysis has shown that Ca/P atomic 
ratio of newly formed bone is 1.8, which is slightly higher than that of 
normal bone. This higher ratio is attributed to that the newly formed 
bone is still not completely remodeled, as this process is responsible for 
trimming excess bone and creating channels for blood vessels passage to 
deliver food and oxygen to cells. In addition, it might be due to that the 
newly formed bone is not well mineralized (having reduced phospho
rous content) or carbonate groups are substituting some of the phos
phate groups of hydroxyapatite crystals in bone tissue. 

3.5.1.2. Twenty weeks post-surgery for injectable hydrogel BP-B and con
trol group. SEM images for the grafted defect areas with injectable 
hydrogel BP-B showed that it is nearly closed, only a small space is still 
not completely bridged as seen in Figs. 13 (a) and (b). A small piece of 
bone (pointed by a red arrow) is seen formed at the edge of the defect 
trying to connect between its borders. In addition, the newly grown bone 
at the defect surface is mostly converted into a well-mature and 
mineralized bone (areas donated by a black star) as several well- 
developed Haversian systems are seen scattered through bone tissue as 
indicated by white arrows in Fig. 13 (b). Still, very few parts of gener
ated mineralized bone are going through maturation having limited 
osteon structures (area donated by a white star). At this advanced stage 

Fig. 12. (a-e) SEM images taken at different magnifications for defect areas of the control group for 10 weeks post-surgery.  

Fig. 13. (a-f) Shows SEM images taken for defect area at different magnification, the images are taken twenty weeks post-surgery.  
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of healing (20 weeks), the osteoid tissue (area donated by the yellow 
star) and collagenous organic matrix (areas donated by a red star) are 
limited and less noticed at the surface of the defect relative to the early 
stage of healing (10 weeks) as they mainly are transformed into mature 
bone. The area located within the red square seen in Fig. 13 (b) was 
further magnified in Fig. 13 (c). The magnified figure shows the progress 

of bone healing, where some mature bone fragments (indicated by red 
arrows) are seen penetrating and growing over the limited parts occu
pied by osteoid tissue (indicated by green arrows) and collagenous 
organic matrix (indicated by orange arrows). Furthermore, Haversian 
systems (located within yellow circles) are seen developed through the 
penetrated mature bone fragment indicating that active remodelling is 

Fig. 14. (a-d) Shows different areas of developed bone at surface of the defect 20 weeks post-surgery (e) and EDX analysis of mature bone formed at the defect area.  
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being carried out as well. Fig. 13 (d) shows higher magnified views of 
Haversian systems (white arrows) and some osteocytes (black arrows) 
are seen located within their lacunae. The magnified view of the 
collagenous organic matrix is provided in Fig. 13 (e), where, several 
hydroxyapatite crystals are deposited on the matrix (blue arrow) or 
attached to collagen fibers. Also, small pieces of bone are seen grown on 
the organic matrix (red arrow). Some primary osteon structures are also 
created within the organic matrix (located within yellow circles). They 
can allow blood vessels to penetrate through the matrix to deliver ox
ygen and nourishment to cells. Finally, the innermost part of the defect 
area is indicated by yellow arrows in Fig. 13 (a) and (b), which were 
magnified in Fig. 13 (f) to evaluate the type of growing tissue within the 
defect. It is seen that both mature bone tissue and organic matrix are 
present. Yet, at this advanced stage of bone healing (20 weeks) the 
mineralized tissue is more expanded and occupied a larger space than at 
the early time point (10 weeks). Additionally, Haversian systems (sur
rounded by a yellow circle) are located through mineralized tissue inside 
the defect area indicating that active remodelling is taking place deep in 
the defect area beside bone remodelling at the surface of the defect. 

Fig. 14 (a-d) shows different areas of developed bone at the surface of 
the defect 20 weeks post-surgery, which was filled with injectable 
hydrogel BP-B, where blood vessels (indicated by yellow arrows) are 
seen originating from well-developed Haversian systems (located within 
red circles). Fig. 13 (b) shows a few osteoclasts and one giant bone 
resorbing cell involved with active remodelling (located within the red 
square), also limited parts of formed bone are still immature bone (area 
enclosed within the yellow square). Figs. 14 (c) and (d) illustrate 
magnified views of osteoclasts (indicated by blue arrows) and one giant 
bone resorbing cell (denoted by white arrow) anchoring itself to the 
bone, where resorption pits and cavities are created. It is well-known 
that osteoclasts are responsible for removing excess mineralized bone 
tissue creating channels for the passage of blood vessels to deliver ox
ygen and food to cells [60]. EDX analysis of mature bone formed at the 
defect area 20 weeks post-surgery is provided in Fig. 14 (e). The analysis 
shows that Ca/P atomic ratio is 1.6 which is comparable to that of hy
droxyapatite of normal bone. 

SEM images for the defect areas of the control group showed that 
more bone was generated in the defect area 20 weeks post-surgery than 
that induce 10 weeks post-surgery as provided by Fig. 15 (a-e). 

Additionally, the defect border of the control group was well integrated 
with normal old bone at 20 weeks, and its margin was no longer sepa
rated or distinguished from surrounding old bone. Moreover, the 
developed bone became more mature at this higher time interval (20 
weeks), and showed numerous Haversian systems (indicated by red ar
rows). Taking a closer look at the void area at the center of the defect, we 
can see parallel collagen fibers arranged at the side of the defect marked 
by black stars in Fig. 15 (b and c), besides small pieces of new bone are 
present as observed in Fig. 15 (b) (enclosed within the blue square). 
Moreover, few collagen fibers were trying to bridge the gap between the 
defect sides (pointed by the blue arrow) as noticed in Fig. 15 (b). The 
area inside the blue square is magnified in Fig. 15 (d and e), at which, a 
few pieces of growing bone are clearly noted (indicated by green ar
rows). EDX analysis of mature bone formed at the defect area of the 
control group 20 weeks post-surgery is provided in Fig. 15 (f). The 
analysis showed that Ca/P atomic ratio is 1.75, which is slightly higher 
than that of normal bone indicating that more bone remodelling is still 
needed to achieve the Ca/P atomic ratio of normal bone. 

It was clearly observed that the amounts of formed new bone for the 
control group at both time intervals were less than that found in the 
defects area grafted with injectable hydrogel BP-B at the same time in
tervals. This provided evidence of the high capacity of injectable 
hydrogel BP-B for faster bone regeneration, remodelling and defect 
integration. 

The natural healing process of long bone fractures is carried out 
through two main phases: endochondral bone formation, which is 
concerned with the production of the temporary cartilaginous matrix to 
provide stability for the defect area. This phase is carried out by chon
drocytes as they can function properly under low oxygen conditions 
caused by the destruction of blood vessels in the defect area [61,62]. The 
second phase known as intramembranous ossification starts by recruit
ing osteoblasts and osteoclasts to the defect site through the newly 
developed blood vessels to laydown collagenous organic matrix and 
osteoid tissue to proceed with bone regeneration beside remodelling 
[61,62]. One remarkable feature of treating bone defects using a highly 
porous hydrogel is improving angiogenesis by allowing the newly 
developed blood vessels to penetrate from the surface of the implant 
towards its central part. Providing sufficient oxygen alongside nutrition 
to cells at an early stage of the restorative process is responsible for the 

Fig. 15. (a-e) SEM images for the defect areas of the control group 20 weeks post-surgery.  
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completion of the endochondral ossification and bone healing sooner 
[26,63,64]. Additionally, using in-site gelling natural polymeric mate
rial such as alginate can replicate the native cartilaginous tissue secreted 
or induced by chondrocytes in the stage of endochondral ossification. 
Hence, these gelling materials can provide the stability to defect area 
and provide a matrix for chondrocytes to adhere, spread and start 
secreting collagen fibers. In return, it will control the duration time 
required for the termination of endochondral ossification, and accel
erate the starting point of the osteogenesis stage. Overall, the progress of 
angiogenesis, endochondral ossification, and osteogenesis throughout 
the defect area will have a positive impact on reducing the healing time 
while ensuring the full restoration of well-mature bone tissue similar to 
the natural bone. 

Also, hydroxyapatite nanoparticle (n-HA) has shown excellent 
osteoconductive, osteoinductive, oncogenic and immune-modulatory 
properties [26–28,65]. Immune-modulatory impact of n-HA is found 
to be responsible for directing the anti-inflammatory natural immune- 
mediated responses towards tissue repair and regeneration action 
[65]. These essential and indispensable properties of n-HA have an 
additional positive impact on speeding up the bone regeneration process 
observed herein. Moreover, natural polymers such as alginate include 
carboxylate groups which can initiate calcium precipitation and regu
lation of the in-situ bio-mineralization, which imitates the natural pro
cess of bone mineralization in the body [66,67]. On the other hand, the 
release of calcium and phosphorous ions from the hydroxyapatite 
nanoparticles included within the alginate gel improved and accelerated 
bone mineralization [26]. 

In vitro, bioactivity evaluation in simulated body fluid as in Fig. 6 has 
confirmed the ability of the Alg/n-HA sample to induce a well- 
mineralized hydroxyapatite layer on its surface. This layer is recog
nized and accepted by the bone cells as a part of normal bone inside the 
body. Thus, they become attached to the hydroxyapatite layer starting 
the bone formation alongside the remodelling process, and hence, it 
becomes transformed into fully mature bone [26–28]. Moreover, the 
induced hydroxyapatite layer on bioactive materials has a well- 
documented ability for protein adsorption (such as fibronectin) which 
are responsible for anchoring bone cells to the material surface [68]. An 
additional advantage of using an Alg/n-HA injectable hydrogel BP-B 
sample for bone healing is the presence of biogenic hydroxyapatite 
nanoparticles (n-HA) prepared from a natural source (eggshell). The 
used n-HA showed that it contains some trace elements in its composi
tion [as in Table 2]. It is to be stated that the presence of trace elements 
such as manganese, cobalt, nickel, copper and chromium has a positive 
effect on bone regeneration and mineralization by stimulating angio
genesis at an early stage of bone healing [69 –73]. Copper-containing 
bioactive materials have shown beneficial biological activity by sup
porting cell adhesion, cell migration, chondrogenesis and osteogenesis, 
while at the same time providing unique antibacterial actions as well 
[74,75]. Additionally, it has a vital role in upregulating collagen pro
duction and cross-linking, which can affect bone matrix stability and 
strength [76]. The presence of strontium, gallium, zinc and lanthanum 
has also been documented in the n-HA. Those metals can induce the 
proliferation of bone marrow-derived mesenchymal stem cells and 
stimulate their osteogenic differentiation, which is essential for bone 
regeneration and mineralization [77–83]. In turn, bioactive materials 
incorporating one or more of these ions have shown the capacity to 
improve bone restoration and hasten defect healing [84–88]. They have 
shown the ability to reduce inflammation as well [89]. While the mag
nesium (Mg2+) present in the n-HA will excellently immune-modulatory 
action via stimulating the transformation of macrophages from the M1 
phase (pro-inflammatory induction phase) to the M2 phase (anti-in
flammatory and tissue regenerative phase) [90–93]. This transformation 
at the defect site is highly vital for shifting the host response from 
inducing an acute inflammatory response (implant failure) towards a 
regenerative reaction by stimulating the osteogenic process leading to 
bone formation induction. M2 macrophages are responsible for 

provoking an immunomodulatory reaction that supports extracellular 
matrix production, bone remodelling and tissue healing [94]. The 
immune-modulatory response of magnesium is carried out by encour
aging the production of different cytokines such as; anti-inflammatory 
(IL-10) and pro-osteogenic (TGF-β1 and BMP-2) cytokines, which are 
responsible for generating a more constructive osteoimmune microen
vironment that effectively prompts the proliferation and differentiation 
of bone marrow mesenchymal stem cells towards osteogenic linkages 
[95]. Finally, the existence of SiO2 as a modifier for the n-HA increased 
the bioactivity and ameliorated the capability for bone regeneration 
[96]. Therefore, the release of various vital and essential elements from 
implanted injectable hydrogel Alg/n-HA samples inside the defect area 
is probably responsible for its advanced bone healing properties docu
mented in this work. 

3.6. Histological evaluation 

3.6.1. Ten weeks post-surgery injectable hydrogel BP-B and control group 
Longitudinal histological sections (4 μ) were sliced deeply through 

the bone defect to evaluate the regeneration progress across the inner 
space or area within the defect 10 weeks after implantation injecting the 
Alg/n-HA hydrogel (BP –B sample), as provided in Fig. 16 (a-c) and (b). 
New bone (NB) is found surrounding the Alg/n-HA sample and on the 
material surface as well (indicated by a black arrow). Several osteocytes 
in lacunae were noticed (indicated by red arrows) distributed through 
the newly developed bone in Fig. 16 (a). Collagen fibers became highly 
organized around a central canal forming several primitive osteon 
structures as indicated by green arrows in Fig. 16 (a). The figure also 
shows multinucleated giant cells on the sample surface (denoted by blue 
arrows) besides numerous osteoblasts indicating the injectable hydrogel 
Alg/n-HA sample is not toxic to cells and revealing that active bone- 
forming/remodelling processes are taking place by these cells. The 
area enclosed within the blue square in Fig. 16 (a) was magnified in 
Fig. 16 (b). The magnified view showed a primitive osteon structure 
(located within a blue circle) that is surrounded by a few osteoblasts 
(blue arrow) is seen in the magnified view as well. It also shows some 
multinucleated giant cells (red arrow) involved in the active remodel
ling of newly developed bone tissue and material resorption. Fig. 16 (c) 
showed several osteoblasts (blue arrows) and osteoprogenitor cells 
(green arrows) scattering through the bone defect and on the material 
surface. They were engaged in secreting collagen fibers and extracellular 
bone matrix, which confirms that the active bone regeneration process is 
being carried out by cells through the defect area. 

Longitudinal histological sections taken from the defect area of the 
control group 10 weeks post-surgery are provided in Fig. 17 (a and b). As 

Fig. 16. Shows longitudinal histological sections taken from the internal part of 
bone defects grafted with Alg/n-HA injectable hydrogel (BP-B) at 10 weeks (a- 
c) and 20 weeks (b) post-surgery. 
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seen from the figure, new bone (donated by black stars) is formed near 
the border of the defect, where very few Haversian canals are noticed 
(marked by a black circle) in Fig. 17 (a). In addition, collagen fibers are 
organized beside the developed new bone (indicated by the blue arrow). 
In contrast, primitive cartilaginous tissues are found filling most of the 
central part of the defect area (pointed by black arrows) indicating that 
this part of the defect is still going through an early stage of endo
chondral bone formation. Moreover, fibrous connective tissue (indicated 
by the green arrow) is seen scattered in this central part as well. The area 
inside the blue square in Fig. 17 (a) is further magnified in Fig. 17 (b), 
where cartilaginous tissues is well observed (indicated by black arrows) 
and fibrous connective tissue is clearly noted. 

3.6.2. Twenty weeks post-surgery for injectable hydrogel BP-B and control 
group 

Fig. 16 (d) shows the longitudinal histological sections taken from 
the internal part of the bone defect grafted with injectable hydrogel Alg/ 
n-HA, 20 weeks post-surgery. At this advanced stage, more space is 
shown to be occupied by the newly developed bone. Well-developed 
Haversian canals (blue arrows) are found distributed through new 
bone indicating that some parts of regenerated bone inside the defect 
area are transformed into mature bone. Still, some parts remain imma
ture, which contained several osteocytes in lacunae (indicated by red 
arrows). Extensive spreading of bone cells is seen through the defect 
area and over the implanted samples (areas enclosed within green 
squares). New bone is grown on the surface of the sample as well. 
Additionally, red blood cells are seen on the sample indicating the 
passage of blood vessels through the implanted porous material, which 
can easily deliver oxygen and food to the cells. Some osteoclasts are seen 
engaged with the active remodelling at the border of the newly devel
oped bone (denoted by black arrows) indicating that bone remodelling is 
continued through this advanced stage. 

Longitudinal histological sections taken from the defect area of the 
control group 20 weeks post-surgery are seen in Fig. 17 (c and d). 
Several well-developed Haversian canals are noted (enclosed within red 
circles). No cartilage tissue was seen during this stage indicating that 
endochondral bone formation has ended and intramembranous bone 
formation is now in progress through this longer time interval (20 
weeks). A large part of the defect is still osteoid tissue showing several 
osteocytes in lacunae (blue arrows). The area enclosed within a green 
square is magnified in Fig. 17(d). It is clearly seen that the upper parts of 
the defect are covered by parallel collagen fibers that are still not well 
interconnected. 

Comparing between Alg/n-HA injectable hydrogel (BP –B sample) 
and control reveal that injectable hydrogel was able to accelerate both 
endochondral bone formation and intramembranous bone formation in 
defect area than the control group (defect was left empty). 

3.7. Bone mineral density measurements 

Bone mineral density (BMD) of the regenerated defect area grafted 
group with Alg/n-HA injectable hydrogel (BP –B sample) and control 
group was measured at 10- and 20 weeks post-surgery and results are 
represented in Fig. 18. The figure clearly shows that BMD increases with 
the duration of the grafting period both grafted group and control one. 
The measured BMD values for the defect area, grafted with Alg/n-HA 
injectable hydrogel (BP –B sample) at 10 and 20 weeks are 0.265 ±
0.05 and 0.344 ± 0.02, respectively. This increase in BMD is attributed 
to the improvement of bone maturation and mineralization with time. 
SEM examination of defect areas confirmed that less osteoid tissue and 
organic matrix existed at the advanced grafting stage (20 weeks) relative 
to the (10 weeks) stage. However, statistical analysis reveals that the 
difference in BMD values between two grafting time points is not sig
nificant (p > 0.05). This insignificant difference is attributed to the fact 

Fig. 17. Shows longitudinal histological sections taken from the internal part of bone defects grafted with Alg/n-HA injectable hydrogel (BP-B) at 10 weeks (a and b) 
and 20 weeks (c and d) post-surgery. 
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that the bone maturation and/or mineralization process occurred during 
the early few weeks (10 weeks) and continued through the advanced 
stage of implantation (20 weeks). This fact is confirmed by SEM exam
ination and histological evaluation. Both techniques have confirmed the 
presence of mature bone alongside immature bone in the defect area at 
the early grafting period. This mature bone becomes highly expanded 
through the defect area at the end of the advanced stage of grafting trials 
(20 weeks). For control group, the recorded BMD at 10 and 20 weeks are 
0.224 ± 0.0135 and 0.297 ± 0.012, respectively. Comparing between 
BMD values of bone defects grafted with Alg/n-HA injectable hydrogel 
(BP –B sample) and those of control group indicated that grafted defects 
have higher values than defects of control group at both time interval. 
However, the difference is not significant at an early stage (10 weeks). 
This may be attributed to that both the grafted defects and empty holes 
of control group were able to regenerate sufficient amount of mature 
bone around defect margin at this early time interval. On the other hand, 
the difference between BMD values recorded for grafted defects with 
hydrogel and that of control group is found to be significant (p = 0.046) 
indicating that the generated bone in grafted defects is more mineralized 
and mature that that present in defects of control group at this higher 
time interval (20 weeks). These results proved the advantage of using 
injectable hydrogel for defect regeneration and augmentation, espe
cially at higher time interval. 

3.8. Radiology test 

The radiographic image for the injectable hydrogel (BP-B) group 
after implantation for 10 weeks displayed a partially filled radiopacity. 
On the other hand, after 20 weeks of implantation, the radiopacity hole 
was almost full of newly formed bone (osteogenesis). So, it may be 
concluded that the injectable hydrogel (BP-B) group after implantation 
for 10 weeks possesses the highest radiolucency, tracked by the group 
implanted for 20 weeks displayed almost natural radio-opacity as in 
Fig. 19 (c-d). 

Fig. 19 (a-b) shows an X-ray of rabbit femur bone specimens from the 
control group after 10 and 20 weeks of implantation in both ante
roposterior and lateral views. The radiopacity only shows a radiolucent 
hole defect that does not extend to the compacta of the opposite side of 
the bone, indicating that bone formation is not entirely filling the 
marrow cavity. 

3.9. Blood biochemistry studies 

The following examinations were performed to estimate the 
implanted the health situation of the rabbits implanted for 10 and 20 

weeks: liver and kidney functions, antioxidants profile, systemic 
inflammation, assessment for indicators of tumor progression, and 
hematology. 

3.9.1. Liver function tests 
It was noticed that the aspartate aminotransferase (ALT) level post

operative for the treated group injected with injectable hydrogel (BP-B) 
for 2.5–5 months was increased in comparison to the control group, 
Table 4. The ALT level increase is non-significant as the p-value equals 
0.616. This increment is due to the rabbit's ageing during the experiment 
[97–99]. 

Furthermore, aspartate aminotransferase level (AST) for the group 
injected with injectable hydrogel (BP-B) for 2.5 and 5 months increased 
postoperative when compared to the control group, Table 4. But this 
increase is within the normal range as p value = 0.172, (p > 0.05), and 
the normal range of AST for rabbits is (10–98 IU/L). Alkaline phos
phatase (ALP) is responsible for several vital functions and the increase 
in the activity of ALP refers to bone disease (ex, metastatic bone disease 
and fractures of bone). The ALP level of the treated group with injectable 
hydrogel (BP-B) for 2.5 months did not change on comparing with the 
control group. While ALP level was increased for the rabbits implanted 
for 5 months when compared to the control group. After 5 months the p- 
value was 0.122, which denoted the non-statically significance and the 
ALP value was in the normal range for healthy rabbits (10–96 IU/L), 
Table 4. The obtained results manifested the absence of unusual liver 
function results, which indicated that injection with Alg/n-HA injectable 
hydrogel (BP-B) did not cause fibrosis or injury of liver disease [99,100]. 

3.9.2. Kidney function tests 
Creatinine level (Creat) of the rabbits implanted with injectable 

hydrogel BP-B for 2.5 and 5 months was decreased compared to that for 
the control rabbits' group, P-value is <0.05, which means that the dif
ference is non-significant. While tracing the urea level in the rabbits 
grafted with injectable hydrogel BP-B for 2.5 and 5 months indicated a 
decrease when compared to the control rabbits' group. However, the 
variations were statistically not significant (p > 0.05). Total serum cal
cium (Ca2+) shown in Table 3 displayed an increase during the short 
time of implantation (2.5 months), but it decreased after 5-month im
plantation. It is believed that the increase in the total Ca2+ level at the 
short time of implantation is due to the usage of a Ca cross-linker in 
addition to the saturation of the implant with Ca2+. However, there is no 
significant difference (p > 0.05). Otherwise, the serum phosphorus 
(HPO4 

− ) level was lower than that of the control group whether the 
implant was for 2.5 or 5 months and the statistical difference was not 
considerable p > 0.05. The kidney function results proved that the im
plantation of the injectable hydrogel (BP-B) for 2.5 or 5 months and the 
ions that were released did not cause a toxic effect on the kidney func
tion, so the renal function is normal. 

It is well known that phosphorus content in the blood influences the 
blood's calcium level. The increase in the calcium content led to a 
decrease in the phosphorous content [101]. Their existence in a balance 
keeps the bones well and powerful, while excess phosphorus withdraws 
the calcium from bones to preserve blood balance. 

3.9.3. Antioxidants profile 
It includes serum lipid hydroperoxide levels (LIP), serum glutathione 

reductase level (GSH), and superoxide dismutase (SOD). 
The present study declared that GSH activity was slightly increased 

after 2.5 months of implantation of injectable hydrogel (BP-B) in the 
rabbits, while its value decreased after 5 months. The statistical differ
ence is not considerable (p > 0.05), Table 4. The results are in agreement 
with Ragab et al., 2013 results [102]. On the other hand, the current 
results indicated that the LIP level for both implantation periods pointed 
out a decrease in LIP activity than that for the control group. Still the 
difference in un considerable statistically (p > 0.05), Table 4. The SOD 
level for the group injected for 2.5 months decreased compared to the 

Fig. 18. Shows bone mineral density (BMD) of the regenerated defect area of 
grafted group with Alg/n-HA injectable hydrogel (BP –B sample) and control 
group measured at 10- and 20 weeks post-surgery. 
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Fig. 19. Showing the radiographic (X-ray) picture in the femur bone of the rabbits for a) control group with hole defect after 10 weeks, b) control group after 20 
weeks, c) group implanted with BP-B injectable hydrogel after 10 W, and d) group implanted with injectable hydrogel BP-B after 20 weeks for both Anteroposterior 
view, and lateral view. 
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control group. While the group injected for 5 months displayed 
increased SOD levels than the control group. The increment in the SOD 
level was not significant as the p-value =0.53. The obtained results agree 
with many authors [102,103]. 

3.9.4. Systemic inflammation (Nitric oxide, NO test) 
This test is used to determine the degree of systemic inflammation 

from the grafted material injectable hydrogel (BP-B). The accumulation 
of the nitrite group is an indicator of nitric oxide production. The level of 
nitrite in the serum of the treated group for 2.5–5 months was lower than 
the control group. This decrease was not significant p = 0.746. The re
sults agree with Naga et al., 2015 [104] and are in the rabbit's normal 
range [105]. 

3.9.5. Assessment for indicators of tumor progression 
This profile includes both the arginase (ARG, u/ l) and ᾳ-L-Fucosi

dase (AFU, u/ l) activities level in the serum of rabbits injected with 
injectable hydrogel (BP-B). 

It was noticed that the ARG, u/ l activity level in the serum of 
injected rabbits was decreased than the control group for both injected 
periods, but the difference between injected animals and the control 
groups was not significant. On the other hand, the AFU level in the 
serum was lower than the control group for both injected periods as 
indicated in (Table 4). The difference between the AFU in the serum of 
the injected and control groups was insignificant. The obtained results 
proved that the degradation of injectable hydrogel (BP-B) has no 
oxidative influence and does not lead to the release of oxygen-free 
radicals that could destroy the living tissue, accordingly, the injectable 
Alg/n-HA injectable hydrogel is not a carcinogenic material. 

3.9.6. Hematology test 
The present study focused on the toxicity effect of injectable 

hydrogel (BP-B) on leukocyte count (WBCs), red blood cells (RBCs), 
hemoglobin levels (HB) and plate count (PLT) for the control and 
injected rabbits after 10- and 20-weeks post-operations. The results of 
Table 5 indicated that after 10 weeks the RBCs, WBCs and HA content 

were increased. Such an increase is due to the first step of natural 
healing, which names the defense mechanism of the living body against 
the implant. It is also noticed that the PTL count was decreased, but that 
reduction was within the normal range of rabbits' PTL count. Note: 
Values are expressed as a mean value ± standard deviation (SD) (N = 5). 
Significance level at ρ<0.05. 

Table 6 represented the effect of injectable hydrogel (BP-B) on the 
WBCs, RBCs, HB and PLT counts for the control group and the group 
injected with injectable hydrogel (BP-B) 20 weeks post-operation. The 
results pointed out a decrease in the RBCs, WBCs, HB levels and PLT 
counts. The observed decrease is unnoticeable and the injected rabbits 
showed normal blood count levels. The results proved that injecting 
rabbits with Alg/n-HA did not poison or affect the health of the rabbits 
and that all hematology test results displayed normal results [104]. 

It is worth concluding that injection of injectable hydrogel (BP-B) in 
the femur of the rabbits has no toxic effect on the rabbits' health and that 
the complete healing of the bone injected area of the rabbits was faster 
than the control group. In addition, no side effects on pathological at
titudes were noticed even after 20 weeks post operation. 

4. Conclusion 

We have successfully prepared and characterized bio-natural 
injectable hydrogels (Alg/n-HA composites) suitable for the replace
ment of irregular complicated bone shapes. The prepared injectable 
hydrogels can bone augmentations, they are utilizing pure nano- 
hydroxyapatite originating from eggshells, which was naturally 
enriched by suitable trace elements to mimic the composition of natural 
bones. The results displayed the following:  

• Different injectable hydrogel samples, BP-1, BP-2, and BP-3, were 
produced by mixing a specific weight of nano-hydroxyapatite pow
der with 1, 2, and 4 ml of alginate solution.  

• The physicomechanical properties examination revealed that the 
increase in the alginate solution content led to decreases in the 

Table 4 
Shows the biochemistry results for rabbits injected with Alg/n-HA injectable hydrogel BP-B for 10- and 20-weeks post-surgery.  

Test Normal Range Implantation time /Weeks 

10 20 

Control Treated Sig (ρ) Control Treated Sig(ρ) 

ALT (u/l) 55–260 24.80 ± 4.54 33.40 ± 0.75 0.01 37 ± 2.77 40.90 ± 2.31  0.62 
AST (u/l) 10–98 42.40 ± 5.97 46.60 ± 3.9 0.64 50.80 ± 1.59 52.20 ± 1.87  0.17 
ALP (Iu/l) 0–397 39.60 ± 2.58 39.90 ± 3.04 0.34 43.68 ± 0.95 50.50 ± 0.42  0.12 
UREA (mg/dl) 13–30 30.60 ± 0.60 17.20 ± 0.49 0.02 28.00 ± 1.06 13.60 ± 2.46  0.07 
CRAT (mg/dl) 0.5–2.6 1.12 ± 0.04 1.06 ± 0.10 0.14 0.94 ± 0.08 0.90 ± 0.07  0.89 
Ca2+ (mg/dl) 5.5–12.5 10.78 ± 0.90 11.90 ± 0.50 0.09 11.82 ± 0.72 10.90 ± 0.29  0.82 
P (mmol/l) 4–6 3.82 ± 0.71 2.74 ± 0.12 0.17 4.82 ± 0.34 2.98 ± 0.28  0.70 
LIP (nmol/ml) 5–10.8 7.46 ± 0.70 5.40 ± 0.25 0.12 7.82 ± 0.73 4.20 ± 1.46  0.35 
GSH (nmol/ml) 0.81–13.02 11.14 ± 0.66 13.10 ± 0.78 0.93 13.80 ± 0.58 10.40 ± 0.59  0.67 
SOD (U/L) 0.1–28.5 3.06 ± 0.74 2.09 ± 0.43 0.52 2.98 ± 0.14 3.10 ± 0.21  0.53 
NO (nmol/l) 3.12–19.36 6.83 ± 0.24 6.50 ± 0.23 0.87 8.28 ± 0.18 6.84 ± 0.17  0.75 
ARG (ng/ml) 1.8–30 70.20 ± 5.38 63.40 ± 0.92 0.98 65.80 ± 0.86 60.00 ± 3.88  0.17 
AFU (ng/ml) 0.6–8.5 3.300 ± 1.05 2.04 ± 0.254 0.146 5.60 ± 0.195 3.04 ± 0.802  0.21  

Table 5 
The toxicity effect of injectable hydrogel BP-B implant on red blood cells (RBCs), 
white blood cells (WBCs), Hemoglobin level (HB) and platelet counts (PLT), 10 
weeks post-operation.  

Samples 
after 10 W 

RBCs (nx106) 
N:(3.7–7.5) 
[106] 

WBCs(nx103) N: 
(5.20–16.5) 
[106] 

HB g/dl N: 
(10–17.4) 
[106] 

PLT (nx103) N: 
(112–795) 
[106] 

Control 5.38 ± 0.25 13.12 ± 0.18 12.46 ± 0.16 188.00 ± 0.51 
Alg/HA 5.78 ± 0.28 14.50 ± 0.15 12.82 ± 0.27 185.00 ± 0.64 
SIG (ρ) 0.45 0.58 0.12 0.29  

Table 6 
The toxicity effect of injectable hydrogel BP-B injection on the red blood cells 
(RBCs), white blood cells (WBCs), Hemoglobin level (HB) and platelet counts 
(PLT), 20 weeks post-operation.  

Samples 
After 20 W 

RBCs (nx106) 
N: (3.7–7.5) 
[106] 

WBCs(nx103) N: 
(5.20–16.5) 
[106] 

HB g/dl N: 
(10–17.4) 
[106] 

PLT (nx103) 
N:(112–795) 
[106] 

Control 7.38 ± 0.25 16.08 ± 0.11 16.68 ± 0.27 467.00 ± 7.90 
Alg/HA 6.69 ± 0.25 15.22 ± 0.66 15.46 ± 0.17 439.00 ± 2.35 
SIG (ρ) 0.72 0.07 0.16 0.36  
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compressive strength and increases in the setting time of injectable 
hydrogels.  

• The results showed that the addition of polymeric gelling agents 
(Alg) cross-linked with CaCl2.2H2O increased the net viscosity at the 
same temperature for all the prepared injectable pastes, and the 
injectable hydrogel (BP-B) is the suitable and easier one to handle.  

• The weight loss of injectable hydrogel (BP-B) increased gradually 
from the 1st week to the 3rd week to reach 13.08 % of its initial 
weight during the incubation in PBS solution, notably lowering to 
12.47 % by the end of the 4th week.  

• The water absorption of the developed BP-B injectable hydrogel 
increased gradually from the 1st week of immersion to the 3rd week 
to reach 57.58 % of its initial weight, followed by a small decrease to 
53.78 % in the 4th week.  

• After 28 days of immersion in SBF, SEM examination revealed that 
the composite hydrogel's surface was completely covered with well- 
crystalline apatite particles with a Ca/P ratio of 1.65, a value that is 
close to the hydroxyapatite ratio. Such a result proved that the 
studied hydrogels possessed high bioactivity.  

• In-vitro biochemical tests demonstrated no cytotoxicity effect.  
• In-vivo study indicated that the presence of trace elements such as 

manganese, cobalt, nickel, copper and chromium have a positive 
effect on bone regeneration and mineralization by stimulating 
angiogenesis at an early stage of bone healing.  

• Comparing between BMD values of bone defects grafted with Alg/n- 
HA injectable hydrogel (BP –B sample) and those of control group 
indicated that grafted defects has higher values than defects of 
control group at both time interval.  

• It is to be stated that the injectable form of Alg/n-HA injectable 
hydrogel (BP-B) used as implant material was biocompatible, non- 
toxic and enhanced bone formation. It was detected histologically 
and ultra-structurally by the formation of osteoblasts, blood vessels, 
collagen and calcium crystals. 
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