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ABSTRACT 
INTRODUCTION: In-situ photo-cured hydrogels for bone regeneration offer an advantage compared to solid scaffolds or membranes 
is that it can be used by minimally invasive techniques and can fill irregularly shaped defects easily. 
OBJECTIVE: was to prepare an injectable photo-curable hyaluronic acid hydrogel scaffold loaded with bioactive nano-hydroxyapatite 
using riboflavin as a natural source photoinitiator for bone regeneration and to investigate the effect of addition of nano-hydroxyapatite 
on the physiochemical and mechanical properties of the prepared hydrogel. Also, the osteogenic potential of the prepared hydrogels was 
assessed in a rabbit model.  
MATERIALS AND METHODS: Two groups were prepared, (Group I) photo-cured hyaluronic acid as a control group and (Group II) 
photo-cured hyaluronic acid/nano-hydroxyapatite. Laboratory characterization tests: FTIR, XRD, SEM, mechanical, swelling and 
degradation rate tests were performed. Cell viability % using the MTT assay was used to assess the biocompatibility. In vivo bioactivity 
was assessed in a rabbit model and histomorphometric analysis was done. 
RESULTS: Statistical analysis of results revealed that the addition of nano-hydroxyapatite increased significantly the mechanical 
properties of the hydrogels. SEM images demonstrated that the addition of nano-hydroxyapatite caused the formation of inter-connected 
pores. MTT assay showed that hydrogel extract didn’t affect cell viability after 48h. Histomorphometric analysis results revealed that the 
photo-cured (GMA-HA/HAP) hydrogel increased the osteogenic potential by one and a half folds compared to the control group and this 
proved its bioactivity. 
CONCLUSION: Results suggest that the prepared photo-cured hyaluronic hydrogel is a promising biomaterial to deliver bioactive 
nano-hydroxyapatite and has an osteogenic potential. 
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INTRODUCTION 
Traditional methods for repairing bone defects include 
autografts, allografts, and xenografts, which despite being 
used widely, had several disadvantages that limited their 
clinical applications. Autografts offer a limited supply with 
multiple postoperative complications while allografts and 
xenografts have an increased risk of disease transmission 
and host rejection (1). 

Synthetic bone scaffolds (alloplasts) are 
increasingly being used in bone regeneration applications to 
overcome the disadvantages of the previous types. Different 
alloplasts such as polymers, metals, ceramics and 
composites can be used for bone regeneration. Injectable 

hydrogels; a type of alloplasts,  are hydrophilic networks of 
cross-linked polymers that offer an advantage compared 
solid scaffolds or membranes is that they can be used by 
minimally invasive techniques and have the  ability to fill 
irregular bone faults (2). In-situ visible light photo-curing 
has become one of the attractive techniques to prepare 
injectable hydrogels for bone regeneration applications. 
Hyaluronic acid is a negatively charged hydrophilic 
polysaccharide, made of  D-glucuronic acid and N-acetyl-
D-glucosamine which acts as an essential constituent of the 
extracellular matrix (3). For hyaluronic acid to be photo-
cured, the addition of a methacrylate group with (C=C) is 
achieved by reacting with glycidyl methacrylate. 
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Modification of hyaluronic acid is mandatory to improve its 
low mechanical properties and fast rate of degradation to 
promote its applicability (4). This can be done by adding 
fillers such as silanized nano-hydroxyapatite. Nano-
Hydroxyapatite is a bioactive element essentially required 
for bone regeneration by osteoconduction or by serving as a 
scaffold for filling bony faults. Hydroxyapatite surface 
allows osteoblastic cell adhesion, growth, and 
differentiation thus new bone is formed by the creeping 
substitution from surrounding bone (5). 

Riboflavin or vitamin B2, is found in the human 
body, it is biocompatible and absorbs light in the range of 
330 - 470 nm, thus it can act as a natural alternative to 
synthetic photoinitiators. Riboflavin has the ability to 
produce superoxide radicals which can consequently initiate 
a polymerization reaction (6). The null hypothesis to be 
tested is that the addition of nano-hydroxyapatite to photo-
cured hyaluronic acid hydrogels will have no effect on the 
physiochemical, mechanical and osteogenic properties. 

 
MATERIALS AND METHODS 
Materials  
Hyaluronic acid (HA) (Mw = 10,000–15,000 g/mol) was 
obtained from (Shanghai Jiaoyuan Industry, Shanghai, 
China). Glycidyl methacrylate (GMA), 3-
Aminopropyltriethoxysilane (APTES), riboflavin 5′-
monophosphate sodium salt hydrate (RF), triethyl amine 
(TEA), diphenyliodonium chloride (DPIC), nano-
hydroxyapatite (HAP) (size <200 nm) and Van Gieson’s 
stain were purchased from (Sigma Aldrich, Missouri, USA). 
Tetrabutyl ammonium bromide (TBAB) was purchased 
from (MP Biomedicals, Eschwege, Germany). 2-
Dimethylaminoethyl methacrylate (DMAEMA) was 
obtained from (Acros organics, New Jersey, USA). Acetone 
was purchased from (Tedia, Ohio, USA). RPMI 1640 
medium was purchased from (Lonza, Maryland, USA). 
MTT was purchased from (Thermo Fisher scientific, 
Massachusetts, USA). Methyl methacrylate and Stevenel’s 
blue stain were purchased from (Loba chemie Ltd., India). 
Methods  
1.Preparation of glycidyl methacrylate-hyaluronic acid 
(GMA-HA) copolymer  
To prepare methacrylated hyaluronic acid copolymer 
(GMA-HA) to be used to prepare photo-curable hydrogels, 
1g hyaluronic acid (HA) dissolved in 60 ml water was 
reacted with 3ml glycidyl methacrylate (GMA) in the 
presence of 3 ml triethyl amine as a catalyst and 3g tertbutyl 
ammonium bromide as a phase transfer catalyst  under 
magnetic stirring at 70˚ C for 2 hours (7, 8). After cooling to 
room temperature, the mixture was precipitated in acetone 
then the GMA-HA precipitate was freeze-dried and stored 
at 4˚C for preparation of hydrogel groups. 
To confirm the methacrylation of hyaluronic acid, proton 
nuclear magnetic resonance (1H-NMR) spectroscopy was 
used. The NMR spectrum was recorded at 300 Hz using a 
1H-NMR device (NMR-DRX400, Brucker, Germany) by 
dissolving 50 mg of (GMA-HA) copolymer in 1 ml of 
deuterium oxide (9). 
2.Silanization of nano-hydroxyapatite surface 
Nano-hydroxyapatite (HAP) surface was chemically 
modified before addition to the (GMA-HA) polymer 
solution to ensure homogenous distribution and adequate 

bond with the hyaluronic acid hydrogel matrix. First, 5 
wt.% aminopropyl triethoxysilane (APTES) was added to 
50 ml ethyl alcohol (90%) and heated at 70˚C for one hour. 
Then, 3g nano-hydroxyapatite (< 200 nm) was added and 
further mixed for one hour, followed by ultra-sonication for 
30 minutes. The mixture was then centrifuged, and the 
precipitate was washed twice with water to eliminate free 
unreacted APTES, then dried in an oven overnight at 70˚C 
(10).   
3.Preparation of photo-cured hyaluronic acid hydrogel 
groups 
To prepare group I hydrogel, GMA-HA copolymer (12.5 
%, wt./v) was dissolved in 4 ml distilled water and photo-
cured by LED lamp (2000 mW/cm2, Denjoy DY 
400,Shanghai,China) utilizing a photoinitiating system, 
composed of (1 wt. % ) riboflavin 5′-monophosphate 
sodium salt hydrate (RF) as a photoinitiator, (0.025 %, v/v)  
dimethylaminoethyl methacrylate (DMAEMA) as a 
coinitiator, and (0.5 wt.%) diphenyl iodonium chloride 
(DPIC) as an accelerator (Table 1). The mixture was kept 
under stirring for 30 minutes in a brown glass vial to avoid 
premature polymerization from the surrounding light. To 
prepare hydrogel discs for laboratory characterization, the 
mixture was injected into polytetrafluorethylene molds and 
photo-cured by LED lamp at zero distance irradiation 
exposure (Figure 1). 

For preparation of group II hydrogel, (0.5 mg/ml) 
of silanized nano-hydroxyapatite (Table 1) was added to the 
polymer-photoinitiating system, stirred for 30 min. and then 
ultra-sonicated for 15 min. to ensure homogenous 
distribution and then photo-cured by LED lamp (Figure 1). 
4.Laboratory characterization of photo-cured hydrogel 
scaffolds  
a) Fourier-transform infrared spectroscopy (FTIR)  
FTIR spectra of silanized nano-hydroxyapatite powder, un-
cured (GMA-HA) copolymer powder and photo-cured 
hydrogels lyophilized powder of the two groups, were 
recorded by (Shimadzu FTIR-8400S, Kyoto, Japan). 
Transparent discs were prepared by mixing the  powder to 
be tested   with potassium bromide (KBr ) and then pressing 
into discs .The FTIR spectra were recorded between 4000 
and 400 cm-1(11). The degree of conversion (DC %) of the 
two groups was calculated from FTIR spectra based on the 
ratio of GMA conjugated (C=C) transmittance peak area 
(ѵ~1535 cm-1) to carbonyl ester group peak area (ѵ~1710 
cm-1) as a reference before and after curing of the specimens 
(11, 12), according to the following equation: 
  𝑫𝑫𝑫𝑫 % = 1 −
( (1535 𝑐𝑐𝑐𝑐−1 1710𝑐𝑐𝑐𝑐−1 ) 𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 ⁄

(1535 𝑐𝑐𝑐𝑐−1 1710 𝑐𝑐𝑐𝑐−1⁄ ) 𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 
 ) × 100.                                        

b) X-ray diffraction (XRD) 
XRD patterns of silanized nano-hydroxyapatite and 
lyophilized hydrogel powder of the two groups were 
obtained using an x-ray diffractometer (Shimadzu XRD-
6100, Kyoto, Japan) using copper K-alpha energy. The 
patterns were recorded in between (10˚-70˚) at a speed of 5˚ 
min -1 (13). 
c) Surface morphology  
The surface morphology of lyophilized hydrogel discs was 
examined by a scanning electron microscope (SEM), 
(JEOL, JSM-6360LA, Tokyo, Japan). Hydrogel discs were 
immersed in distilled water for 24 h to swell and then 
lyophilized at (-90 ˚C). The lyophilized hydrogel discs were 
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then gold coated using an ion sputter coater and examined 
(11). Transmission electron microscope (TEM), (JEM 2100, 
JEOL, Tokyo, Japan) was used to ensure homogenous 
distribution of silanized nano-hydroxyapatite  after 
ultrasonic dispersion of modified  powder into  ethanol (14).  
d) Mechanical properties  
A rheometer (HAAKE MARS III, Thermo-Fisher 
Scientific, Massachusetts, USA) was used to measure the 
mechanical properties of the photo-cured hydrogels. The 
polymer-photoinitiating mixture for each of the two groups 
(n=5) was photo-cured in-situ the measuring plate, forming 
photo-cured hydrogel discs (5mm thick and 25mm in 
diameter) and the storage modulus (G′) was measured by 
measuring the oscillatory shear and rotational flows at 25˚C 
with a frequency sweep ranging from 0.1 to 10 Hz (15). 
e) Measurement of equilibrium swelling   
For each group, hydrogel discs (n=5) were placed in 
distilled water and weighed daily to determine increasing 
weight and volume due to swelling. Repetition of this step 
was done till no change in the hydrogel discs’ weight was 
found and the discs reached the equilibrium swelling state. 
The discs were freeze-dried and the water uptake (%)  was 
determined as follows (16): 
Water uptake (%) = Ws−Wo

Wo
  X 100 

Where, Ws is the weight of swollen hydrogel disc and 
W0 is the weight of freeze-dried hydrogel disc.  
f) Rate of degradation   
For each group, hydrogel discs (n=5) were placed in 
phosphate buffer solution (pH=7.4) at 37˚C and the solution 
was changed daily. After 28 days, hydrogel discs were 
taken from the PBS, washed with distilled water to remove 
salts and then lyophilized. The percentage weight loss 
(%WL) of hydrogel discs was calculated using the 
following equation:  
%WL = ((Wi-Wf)/Wi) × 100 
Where, Wi is the initial dry weight of hydrogel disc and Wf 
is the weight of the dry hydrogel disc after placement in 
phosphate buffer solution. Then the remaining weight % 
was calculated by subtracting (% WL) from 100% (17). 
g) Cell viability (%)  
Effect of swollen hydrogel extract on cell viability % 
human peripheral blood mononuclear cells (PBMCs) was 
determined using dimethylthiazole 
diphenyltetrazolium bromide (MTT) assay, which is a 
colorimetric assay for measuring cell metabolic activity. 
PBMCs cells (1.0×103) were seeded into 96-well sterile 
flat bottom tissue culture micro-plates and cultured in 
RPMI-1640 media, supplied with 10% fetal bovine 
serum and incubated at 37°C in 5% CO2 for one day. 50 
µl of swollen hydrogel extract from each group was 
added to the cells and incubated for 48 hours. After 
incubation, the hydrogel extract was removed, and the 
cells were washed thrice with PBS to remove debris and 
non-viable cells. 200 µl of MTT solution was added per 
well and incubated for 5 h. Purple Formazan crystals 
were then dissolved in 200 µl/well of dimethyl sulfoxide 
(DMSO) and the absorbance (A) was measured at 630 
nm using an ELISA microplate reader. The cell viability 
(%) was calculated using the following equation, where 
(A) is the absorbance and the control are wells 
containing cells without hydrogel extract (18, 19): 
Cell viability % = (A) test/ (A) control × 100  

5. In vivo bioactivity assessment and histomorphometric 
analysis 
Bioactivity of the prepared hydrogels was assessed in 
vivo in a femoral defect in a rabbit model. Six New 
Zealand white rabbits were used as test subjects, three 
rabbits per group. Surgical procedures were performed 
according to the guidelines set out by the Ethics 
Research Committee of the Faculty of Dentistry, 
Alexandria University (IRB No.: 00010556-IORG 
0008839). For each group, autoclave sterilized (5 minutes 
at 118˚C) hydrogels (20) were injected into a surgical 
defect (4 mm in diameter and 5 mm in depth) in the right 
and left femur of each rabbit and photo-cured in-situ for 
10 seconds.  
After six weeks, rabbits were euthanized, and the right 
and left femur of each rabbit were obtained. Femur heads 
were fixed in 10% buffered formalin, then dehydrated in 
ascending concentrations of ethyl alcohol from (70-
100%), followed by clearing in xylene and finally 
embedding in methyl methacrylate. 100 µm thick 
undecalcified sections were obtained using a precision 
cutter and stained using Van Gieson’s and Stevenel’s 
blue stains (21). Histomporphometric analysis was done 
using ImageJ software (National institute of 
health,USA), to calculate new bone area % in a region of 
interest (ROI), according to the following equation (22): 
New bone area %= 𝑵𝑵𝑵𝑵𝑵𝑵 𝒕𝒕𝒕𝒕𝒕𝒕𝒕𝒕𝒕𝒕𝒕𝒕𝒕𝒕𝒕𝒕𝒕𝒕𝒕𝒕 𝒂𝒂𝒂𝒂𝒂𝒂𝒂𝒂 

𝑹𝑹𝑹𝑹𝑹𝑹 𝒂𝒂𝒂𝒂𝒂𝒂𝒂𝒂 
 

Statistical analysis  
Statistical analysis of data was done using Tukey’s post-
hoc test for comparison between the two groups, at a 
significance level of 0.05. Analysis of data was done by 
(IBM SPSS version 20.0). 
 
Table 1: Composition of the photo-cured hydrogel 
groups. 

 
Figure 1: (A) Injectable photo-cured hyaluronic acid 
hydrogel (B)Injecting hydrogel into mold (C) Photo-
curing using LED lamp for 10 seconds (D) Photo-cured 
hydrogel disc. 
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RESULTS 
Methacrylation of hyaluronic acid (GMA-HA) was 
verified by the appearance of methacrylate protons of 
GMA and methyl group of hyaluronic acid at in the 1H-
NMR spectrum and the degree of methacrylation was 
calculated to be (~36 %).  FTIR spectra of APTES 
modified nano-hydroxyapatite is shown in (Figure 2A). 
Two peaks of phosphate functional groups (PO4 3- ) were 
detected at wavelengths (ѵ ~1030 and 603 cm-1). Other 
peaks shown at (ѵ ~3440cm -1) and at (ѵ~1640 cm -1) 
corresponded to the stretching and bending modes of the 
hydroxyl group (OH), respectively. Presence of Si-O at 
(ѵ ~850 cm-1 ), Si-O-Si at (ѵ ~1100 cm-1),C-H at (ѵ 
~1460 cm-1), N-H at (ѵ ~3200 cm-1) and Si-OH at (ѵ 
~3436 cm-1 ) all confirmed surface modification of nano-
hydroxyapatite by APTES. 

FTIR spectrum of un-cured (GMA-HA) (Figure 
2B) showed the appearance of a band at (ѵ ~3450 cm-1) 
which is attributed to (OH and NH) stretching regions of 
hyaluronic acid. The bands at (ѵ ~1631, 1402, and 1068 
cm-1) correspond to the amide carbonyl group (NC=O), 
carboxylic group (COO) and hydroxyl group (OH) of 
hyaluronic acid, respectively. The spectrum also shows 
the appearance of transmission bands of conjugated 
aliphatic (C=C) of GMA at (ѵ~1535 cm -1). In group I 
and II, photo-curing led to the breakdown of (C= C) and 
a decrease in the intensity of transmission bands at 
(ѵ~1535 cm-1) (Figure 2C and 2D). Degree of conversion 
was calculated to be (92.30±0.67) % for group I and 
(51.0±1.0) % for group II with a statistically significant 
difference (Table 2). In both groups, hydrogel discs (8 
mm in diameter and 5 mm in height formed after 10 
seconds of irradiation with LED lamp.  

XRD patterns of modified nano-hydroxyapatite 
(Figure 3A) showed the appearance of hydroxyapatite 
characteristic peaks at 2Ɵ (31.77˚, 32.19˚ and 32.90˚). 
The pattern of group I (Figure 3B) shows the amorphous 
nature of hyaluronic acid while the pattern of group II 
(Figure 3C) shows the semi-crystalline nature due to 
addition of crystalline nano-hydroxyapatite to amorphous 
hyaluronic acid with hydroxyapatite characteristic peaks. 
SEM images revealed that, the surface morphology of 
group I photo-cured hydrogel (Figure 4A) seems to be 
compacted, dense and somewhat regular. However, the 
addition of hydroxyapatite to group II (Figure 4B) led to 
the formation of interconnected polyhedral pores that 
mimic bone trabecular structure. The average pore size 
diameter was calculated to be (~100 µm). TEM images 
revealed the homogenous distribution of silanized nano-
hydroxyapatite with no agglomeration, further 
confirming the successful surface modification of nano-
hydroxyapatite (Figure 5). 

The addition of nano-hydroxyapatite to group II 
showed a 2-fold increase in the storage modulus 
(7.56±0.34) KPa, than in group I (3.48±0.36) KPa with a 
statistically significant difference (Table 2). The 
equilibrium swelling state for the both groups was 
reached after 5 days, regardless the hydrogel 
composition. Group I showed less water uptake (97.04  ±
0.11) % with a significant difference compared to group 

II (98.46 ±0.18) % (Table 2). The remaining weight % of 
group I and II was (51.0 ±1.0) % and (51.30 ±0.84) % 
respectively. There was no significant difference in the 
degradation rate after 28 days between the two groups. 
MTT assay of PMBCs showed that the prepared 
hydrogels were biocompatible after incubation of cells in 
hydrogel extract after 48 hours. The cell viability % of 
group I was (75.60 ±0.27) %, which was higher than that 
of group II (73.50 ±0.27) % with a statistically significant 
difference (Table 2). 

In vivo bioactivity assessment of the prepared 
hydrogels revealed that group II increased the osteogenic 
potential by one and a half folds (43.63± 4.55%), 
compared to the control group (26.76± 2.52), (Table 2). 
Microscopic pictures revealed that in group II, lamellar 
bone trabeculae formed by creeping substitution from the 
original bone, filling the center of the defect (Figure 6C). 
In group I, few bone islands were formed in the 
periphery of the surgical defect (Figure 6A). The 
osteocytes formed in group II (Figure 6D), were smaller 
in size and more organized than in the control group I 
(Figure 6B). 
 
Table 2: ANOVA using Tukey’s post hoc test to 
compare between groups. 

 
a,b indicate significant difference between groups 
(p<0.05) 

Figure 2: 1H-NMR spectrum of GMA-HA copolymer 
where, (a,b,c) are methacrylate protons of GMA and (d) 
is methyl proton of hyaluronic acid. 

 
 
Figure 3: FTIR spectra: (A) Silanized nano-
hydroxyapatite (B) Un-cured GMA-HA copolymer (C) 
Photo-cured GMA-HA (group I) (D) Photo-cured GMA-
HA/HAP (group II) 
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Figure 4: XRD patterns (A) Silanized nano-
hydroxyapatite ,(B) Photo-cured GMA-HA (group I) ,(C) 
Photo-cured GMA-HA/HAP (group II).Arrows showing 
characteristic peak of nano-hydroxyapatite at 32◦ . 

 
 
Figure 5: SEM images (A) Photo-cured GMA-HA 
(group I), showing dense compact surface, (B) Photo-
cured GMA-HA/HAP (group II) , showing porous 
structure . 

 
 
Figure 6: TEM image of silanized nano-hydroxyapatite 
showing homogenous distribution. 

 
 
DISCUSSION 
In this study, photo-cured hyaluronic acid hydrogel 
scaffold loaded with bioactive nano-hydroxyapatite was 
successfully prepared using a new three component 
photoinitiating system based on riboflavin as a 
photoinitiator, DMAEMA as a coinitiator and DPIC as 
an accelerator. Irradiation time was 10 seconds, which is 
thought to be clinically acceptable. Previous studies that 

used riboflavin as a photoinitiator to photo-cure 
hydrogels, reported an irradiation time of 40-120 seconds 
(9, 23). 

Riboflavin (vitamin B2) was used as a natural 
photoinitiator with a concentration of (1% wt.). It was 
noticed that increasing the concentration of riboflavin 
above this concentration, led to no hydrogel formation 
upon visible light irradiation. This might be attributed to 
the formation of an opaque solution that hinders the 
irradiation light penetration as riboflavin is orange-
yellow in color (24). DMAEMA was used as a 
coinitiator because riboflavin is a type II photoinitiator 
that needs an electron donor to be activated. DPIC was 
used as an accelerator to improve photopolymerization 
kinetics by reacting with inactive riboflavin radicals to 
produce an active radical to further initiate the 
polymerization reaction (25). 

Methacrylated hyaluronic acid was successfully 
prepared with a degree of methacrylation of 36 %. This 
result is consistent with that of Bencherif et al., who 
prepared methacrylated hyaluronic acid hydrogels with 
degrees of methacrylation ranging from (14-90 %) and 
studied its influence of on the properties of prepared 
hydrogels. They found that a degree of methacrylation  
of (32%) was adequate to produce hydrogels with short 
irradiation time, adequate water uptake, controlled 
degradation and high mechanical properties (26). 

Surface of nano-hydroxyapatite was modified 
by APTES to increase the interfacial adhesion with 
hyaluronic acid, to be able to produce stable hydrogels. 
Modification was confirmed by the FTIR spectrum 
which revealed the presence of APTES functional groups 
and TEM images showed the homogenous distribution 
with no agglomeration. XRD patterns, revealed three 
major characteristic peaks of nano-hydroxyapatite in the 
prepared hydrogel at 2Ɵ (31.77˚, 32.19˚ and 32.90˚ ) 
which confirmed its presence in the prepared hydrogel. 
This finding is similar to that of Bakry et. al who 
distinguished nano-hydroxyapatite from brushite crystals 
using three major peaks (27). 

In group II, it was noticed that increasing nano-
hydroxyapatite concentration above (>0.5 mg/ml), led to 
the inhibition of photo-curing of hydrogels, owing to the 
increased opacity of the polymer solution that hindered 
irradiation light penetration. The addition of nano-
hydroxyapatite led to a decrease in the degree of 
conversion from 92 % to 51%. This can be attributed to 
the decrease of light penetration, owing to the increased 
opacity of the polymer-photoinitiating system mixture 
after the addition of nano-hydroxyapatite. This result is 
consistent with Letiune et al. who found that the addition 
of nano-hydroxyapatite above a certain concentration to 
an experimental adhesive resin decreased the degree of 
conversion without affecting mechanical properties (28).  
SEM images revealed a dense, compact and regular 
surface of group I. This result is in accordance with the 
degree of conversion results. The addition of nano-
hydroxyapatite to group II led to the formation of 
interconnected polyhedral pores with a size of 100 µm 
that mimics bone trabecular structure which is essential 
for angiogenesis and cell growth. This pore size is 
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sufficient for bone ingrowth as mentioned by Siaz et al 
(29).  
The addition of (0.5 mg/ml) nano-hydroxyapatite to 
group II, increased the storage modulus by 2 folds. These 
results are consistent with Bouropoulos et al. who found 
that the addition of (0.5 % wt.) nano-hydroxyapatite to 
calcium alginate hydrogels increased the dynamic 
mechanical properties. They also found that addition of 
nano-hydroxyapatite above this concentration led to 
deterioration of mechanical properties owing to 
uncontrollable agglomeration of the nano-hydroxyapatite 
(30). 
Group I showed less equilibrium swelling than group II. 
This result is in accordance with the SEM images which 
showed a dense and compact surface in group I, while in 
group II the interconnected porous structure led to more 
water uptake and swelling. This equilibrium swelling 
percentage is thought to be clinically acceptable because 
excessive swelling can lead to excessive pressure on 
tissues, opening of the surgical site and postoperative 
complications (31). 

Degradation rate results showed that both 
hydrogels lost half of their weight after 28 days. The 
addition of nano-hydroxyapatite controlled the 
degradation rate but with an advantage of introducing a 
porous structure into the hydrogel which is essential for 
angiogenesis and bone formation. MTT assay data 
revealed that the cell viability % PBMCs cell lines 
decreased in both groups after 2 days but still remained 
within the range of accepted cell viability % of  (>70%) 
according to ISO 10993-5(E) (32). Group I showed a 
higher cell viability % than group II. This may be 
attributed to the presence of APTES around the surface 
of nano-hydroxyapatite that led to a slight decrease in 
cell viability but still remained higher than the accepted 
range.  

Histomorphometric analysis results confirmed 
the in vivo bioactivity of the prepared hydrogel (group 
II). The addition of nano-hydroxyapatite increased the 
osteogenic potential by one and a half folds, compared to 
the control group. New bone formed by creeping 
substitution from the adjacent original bone, filling the 
center of the defect. The results are in accordance with 
that of Nageeb et.al who confirmed the in vivo 
bioactivity of an injectable in-situ crosslinked hyaluronic 
acid hydrogel loaded with nano-hydroxyapatite in a 
rabbit model (22). 

The null hypothesis was rejected as the addition 
of nano-hydroxyapatite to photo-cured hyaluronic acid 
hydrogels increased the mechanical properties, increased 
the porosity and water uptake and controlled the 
degradation rate. Also, the addition of nano-
hydroxyapatite increased the osteogenic potential of the 
prepared hydrogel which proved its in vivo bioactivity. 

 
CONCLUSION 
Injectable photo-cured hyaluronic acid hydrogel loaded 
with bioactive nano-hydroxyapatite was prepared using a 
new three component photoinitiating system composed 
of riboflavin, DMAEMA and DPIC. The irradiation time 
to form stable hydrogels was 10 seconds, which is 
thought to be clinically acceptable. The incorporation of 

nano-hydroxyapatite led to the formation of 
interconnected polyhedral pores in the hydrogel, which 
mimics bone trabecular structure. Also, the addition of 
nano-hydroxyapatite increased significantly the 
mechanical stability by 2 folds. The prepared hydrogels 
were biocompatible as evident by cell viability %. In 
vivo bioactivity assessment revealed the osteogenic 
potential of the prepared hydrogel. 
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