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ABSTRACT

Three dimensional biodegradable porous polymer/ hydroxyapatite scaffolds play vital role in tissue engineering.
This study is focused to develop a highly porous biocompatible composite scaffold using hyaluronic acid (HA)
and Hydroxyapatite (HAp). The hyaluronic acid (HA) sponges cross-linked with 1, 4-butanediol diglycidyl
ether (BDDE) were synthesized using freeze-drying technique and the mineralization of hydroxyapatite on the
HA sponges were carried out by immersing the HA sponges in the simulated body fluid (SBF) solution for
various period of time. The morphology of HA/HAp composites were studied using scanning electron
microscopy (SEM) and the presence of hydroxyapatite was confirmed by energy dispersive X-ray (EDX)
studies. The chemical and thermal properties were studied using ATR-FTIR and TGA studies respectively. The
results showed that the HA/HAp composites had an open porous structure with pore size in the range of 30-300
um. Most of the composites showed excellent porosity above 90%, which is an important requirement for tissue
engineering applications. The hydroxyapatite crystals were polygonal shaped with sizes in the range of 0.5-5.0
um. The possible chemical interaction between HA andHAp was confirmed by FTIR. The mass loss of
HA/HAp composites were shown by TGA curves. These results suggest that the HA/HAp composite scaffolds
fabricated by freeze-drying method might be a suitable biomaterial for bone tissue engineering applications.

Introduction

Tissue engineering involving glycosaminoglycans (GAGSs) are extremely promising due to their
excellent bioactivity including cell adhesion, proliferation and non-toxicity, leading to scaffolds
which mimic the extra cellular matrix." Numerous biomaterials have been developed using
(GAGs) to improve the human life that are used as implants in different dysfunctions like,
atherosclerotic arteries, decaying teeth and arthritic hips.” Several types of (GAGSs) are widely
§t4udied including, hydroxyethyl cellulose, heparin, keratin sulphate, hyaluronic acid and so on."

Hyaluronic acid (HA) is a high molecular weight poly-anionic glycosaminoglycan with excellent
water retention property, found in various body tissues supporting their structural and
physiological characteristics. HA is also the primary extra cellular matrix (ECM) component of
brain tissue. HA has repeating disaccharide units of glucuronic acid and N-acetyl-D-glycosamine
linked by alternating glycosidic bonds p-(1,4) and B-(1,3) and can interact with various specific
binding proteins.> HA has showed special role in the formation of ossification centres, skeletal
growth in the developing limb and tibial growth plate.® Hyaluronic acid alone is used as a
scaffold” or mixed with various polymers and inorganic materials to form composites like HA,
chitosan/collagen sponges with calcium phosphate,® HA/aragonite', HAJsilk fibroin®, HA/
collagen and EDAC/NHS,* HA/ silk fibroin and chondroitin,®* HA/ chitosan.’? A perfect
inorganic material in composite scaffolds for bone substitute is hydroxyapatite which has
excellent osteo conductivity, bioactivity and biocompatibility.** Calcium hydroxyapatite initiates
the mineralization process and also reported to improve the cell response to the implanted
material.

Scaffolds in tissue engineering are fabricated by various techniques including self-assembly
electro-spinning, freeze-drying, phase separation, solvent casting and particulate leaching
(SCPL).***" Freeze-drying technique is widely used to produce scaffolds with various sizes of
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interconnected pores. Highly porous structure is obtained by this low temperature dehydration
process which removes most of the water from the sample under vacuum.
Porous HA exhibits strong bonding to the bone, the pores provide a mechanical interlock leading
to a firm fixation of the material. Bone tissue grows well into the pores, thus increasing strength
of the HA implant. A porous hydroxyapatite coating facilitates bone growth through a highly
convoluted interface. When pore sizes exceed 100 um, bone grows through the channels of
interconnected surface pores, thus maintaining the bone's vascularity and viability.**Various
polymer/ hydroxyapatite composites have been studies including collagen/Hap, chitosan,
collagen, and hyaluronic acid with hydroxyapatite™® but so far there is no report on hyaluronic
acid mineralized with hydroxyapatite. Usually hyaluronic acid is cross linked with 1,4-
butanedioldiglycidyl ether (BDDE) in order to make it water insoluble and improve their stability
in aqueous environment as well as to improve their mechanical stability. These polymers with
soft character can be used in non-load bearing bone regeneration strategies. Therefore, this study
aims to develop composite scaffolds from HA and HAp using freeze-drying technique. This
study contributes to the understanding of the effect of in-situ mineralization time in SBF solution
on the porosity, thermal and chemical properties of HA cross linked by BDDE.

2. Experimental section
2.1. Materials
All materials used in this work are commercially available. The sodium salt of hyaluronic acid
was obtained from VivatisPharma (SWY Biotech Co., Ltd , China), with an average molecular
weight 500,000 Da. For synthesis and de-polymerization: 1, 4-butanediol diglycidyl ether
(BDDE) and hyaluronidase powder (3000 U/ mg) were purchased from SWY Biotech Co., Ltd ,
China). NaOH and NaCl were purchased from (SDF CL, sd fine- Chem Limited, India). KCI,
CaCl,.2H,0, HCI and MgCl,.6H,0 were purchased ( Research —lab fine Chem Industries , India)
NaH,P0O,4.2H,0 and NaHCO3; were purchased from Scharlau (ScharlauChemieS.A.,European).
All the chemicals were of highest purity and used without further purification. All the solutions
were prepared using Millipore water.
2.2. Preparation of cross-linked hydrogels
Cross linked hydrogels were prepared by adding 200 pl of 1,4-butanediol diglycidyl ether
(BDDE) into 9.8 ml of 0.25 M NaOH, (pH 13). 1.0 g of HA powder was added to the above
solution and mixed thoroughly at 40 °C for 2 h and then neutralized with 0.1 M HCI to a pH of
approximately 7.0.
The hydrogels were then dialyzed for two days against distilled water to remove BDDE residue
and non-reacted HA fragments. The cross-linked hydrogels were then lyophilized using ((MDF-
DU900V-PE, Panasonic Healthcare Co., Ltd , Japan.); the samples were first frozen at —80 °C in
an ultra-low temperature freezer (MDF-U3386S, SANYO Electric Co., Japan) for 4 h to ensure
complete freezing and then sublimed at —50 °C for 24 h under a vacuum of 5 mTorr. When all
free ice was removed, the temperature was increased to 25 °C and the samples were left for 2 h to
remove trace water molecules bound to them. The schematic is shown in figure 1.
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Figure 1. Scheme of HA/HAp composite preparation

2.3. Preparation of simulated body fluids (SBF) and mineralization of HA sponges

The 10x simulated body fluid solutions were prepared according to Tas and Bhaduri®® and Mavis
et al.** The chemical composition of 10x SBF solutions is listed in Table 1. All the chemicals are
reagent grade. The stock solution was prepared by adding the first five chemicals (Table 1) until
complete dissolution of each reagent in 900mL de-ionized water by continuous stirring at room
temperature. After the dissolution of the five chemicals, the volume of stock solution was made
up to1000mL and stored at room temperature in capped glass bottle for several months without
any precipitation. Before the scaffold mineralization, 200 mL of the stock solution was
transferred into a beaker and 0.168 g of NaHCO3; was added to the above solution. The pH of the
SBF solution was maintained at 7.0. 50 mL of this solution was transferred to a 100 mL glass
bottle and 1cm HA sponges was immersed in the solution for 3h, 6h, 12h and 18h at room
temperature, after which they were rinsed with de-ionized water to remove the salt residues.??

Table 1

Reagents for preparing 1 L of 10x SBF solution.?
S.NO Reagent Amount (g) Molarity (mM)
1 NaCl 58.443 1000
2 KCI 0.373 5
3 CaCl,2H,0 3.675 25
4 MgC|26H20 1.016 5
5 NaH,PO42H,0 0.250 3.62
6 NaHCO; 0.840 10

The comparison of the ionic concentration of the elements between the blood plasma and SBF
solution is shown in Table 2.

Table 2
lonic concentration | Na* | K | Ca®* Mg”™ | HCO3 |CI" |HPO4 |S04”
(mM)
Blood plasma 142 |5 2.5 1.5 27 103 |1 0.5
SBF 142 |5 2.5 15 4.2 148 |1 05
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2.4. Porosity study

The porosity of the HA/HAp scaffolds was measured using water displacement method. The
scaffolds were cut in 1 cm x 1 cm x 1 cm sizes and immersed in a known volume (V1) of water
in a Falcon tube for 30 min. The total volume of water and the water impregnated scaffold was
recorded as V2. The water-impregnated scaffolds were then removed from the Falcon tube and
the residual water volume was recorded as V3. Experiments were carried out in six replicates for
all types of scaffolds. The porosity of the scaffolds was obtained in Eq. (1):3

0 :V1—V3 0
Porosity % =——=x 100%

2.5. Characterization

2.5.1. Scanning electron microscope (SEM) study

The microstructures of porous scaffolds were characterized by Scanning Electron Microscopy
(SEM) (JEOL JSM 6510LA, Japan) at an accelerating voltage of 15 kV. The dried scaffolds were
sputter coated with a thin layer of platinum in double 30 s consecutive cycles at 45 mA to reduce
charging and produce conductive surfaces (JEOL, JFC-1600, Japan). The pore sizes were
measured manually.

2.5.2 Porosity of scaffolds

Porosity measurements of the HA/HAp sponges were completed by using liquid displacement
method with millipore water as a displacement liquid.

2.5.3. ATR-FTIR analysis

ATR-FTIR spectroscopic analysisof HA/HAp sponges was performed on Spectrum One (Bruker,
USA) spectrophotometer over a range of 400 to 4000 cm—1 at a resolution of 2 cm—1 with 100
scans per sample.

2.5.4. TGA study

TGA was performed using (SDT Q600 V20.9) where about 5 mg of sample was heat treated from
30 to 750 °C at a heating rate of 10 °C/min with nitrogen as purge gas.

2.5.5. X-ray diffraction study

XRD is a useful method toinvestigate the crystallinity and to determine the obtained phases for
the prepared scaffolds. The XRD measurements were carried out using powder X-ray diffraction,
model D8Discover. The selected samples were milled in an agate mortar before measuring. XRD
patterns of the specimens were examined by utilizing Cuka = 1.54056 A° radiation. The applied
current and voltage were 40 mA and 40 kV. XRD was taken at 26 angle range of 10-80 and the
operation condition was scan move size 0.02 (26) and scan move time 1 s.

3. Results and discussions

3.1. Scanning electron microscopy (SEM) with energy dispersive X-ray spectroscopy (EDX)

The microstructures of pure HA and the mineralized HA that was immersed in SBF solution at
different periods of time are illustrated as in Figure 2. The size and shape of the pores on the
scaffold together with the porosity play a very important role in tissue engineering.?® All the
sponges showed porous structure with interconnected pores. These type of materials are very
important in tissue engineering since the nutrients flow easily inside the pores and help in the cell
proliferation homogeneously on the surface and the inside region of the scaffolds.?* The HAp
crystals were observed on the surface of the HA sponges as well as the inner surface of the pores.
This shows that the crystallization has been carried out homogeneously for the entire volume of
the HA sponges by this in-situ method. The SEM images of the HA/HAp sponges showed that
the pore size were in the range of 100-300 um and the size of the crystals were in the range of
0.5-5.0 um. The crystals were polygonal in shape, with rectangle and square shape being
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dominant. Increase in the immersion time in SBF solution did not result in the increase in size of
the hydroxyapatite crystals but the amounts of the crystals were increased. The results show that
even with 3 h of immersion it is possible to get hydroxyapatite crystals in the range of 0.5-5.0
pum. Overall, these results suggests that the HA/HAp sponges with this pore size can serve as an
excellent scaffolds for tissue engineering.?

x2005% * 100pm

L, ’\

Figure 2. SEM micrographs of the surface morphology of porous scaffolds (a) HA immersed in
SBF for 3 h, (b) HA immersed in SBF for 6 h, (c) HA immersed in SBF for 12 h, (d) HA
immersed in SBF for 18h and only HA
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The EDS was performed to confirm the mineral phase. Figure 3 shows the EDS image of the
HA/HAp sponges after 12 h incubation in the SBF. The major elements in the mineralized
scaffolds consist of carbon (C), oxygen (O), phosphorus (P) and calcium (Ca). The peaks of
carbon and oxygen could be from HA and the phosphorus and calcium could be from the
hydroxyapatite mineral phase. The Ca/P ratio is nearly 2, which is similar to the native bone
which is 1.67.%% It has been reported that calcium phosphate present in the scaffold improves the
cell response after implantation.?” This result suggests that bone like apatite has been deposited
on the surface of HA sponges.
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Figure 3. EDS image of the HA/HAp sponges after 12 h incubation in the SBF
3.2. Porosity of scaffolds
One of the most important features to evaluate the biomaterial properties for tissue engineering is
the porosity of the scaffolds. Porosity of each material was calculated and the results are
tabulated in Table 3. All the sponges were highly porous and the porosity decreased with increase
in the mineralization time. The maximum porosity of 95.83 % was observed for 3 h immersion
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and the minimum porosity of 81.42% was shown for the 18 h immersion. This decrease in the
porosity might be due to the increase in the deposition of the hydroxyapatite minerals on the
walls of the sponges. High material porosity is required for cells and nutrient flow. Usually
scaffolds with porosity above 90% are suitable for tissue engineering.?The results suggest that
these highly porous materials would favor the cell growth and proliferation and make these
sponges very special for tissue engineering.

Table 3. Porosity of HA/HAp sponges with different immersion time in SBF solution

S.No | Specimen Porosity
HA/HAp sponges with different [ %
immersion time in SBF

1 3hr 95.83
2 ehr 93.88
3 12hr 92.10
4 18hr 81.42

3.3. ATR-FTIR spectroscopy analysis

Information about the molecular structure of the polymer and the changes involved during the
mineralization process in the polymer can be obtained by the infrared spectroscopy from the
position and shape of the bands. The FTIR spectra of HA/HAp sponges with different immersion
time in SBF solution is shown in Figure 4. All the sponges showed broad peaks around 3400 cm™
to 3450 cm™ due to the abundant —OH groups in the polysaccharide chain. The sharp peaks
around 1650 cm™ represented the C=O group of both the amide and carboxylate moieties
respectively. The peak value was in the range of 1610 cm™ to 1655 cm™ HA with the highest
value of 1655 cm™ for HA/HAp sponges with immersion time of 3 h in SBF solution and lowest
value of 1610 cm™ for HA/HAp sponges with immersion time of 18 h in SBF solution.

The carbonate group (COs*) peaks of HAp appear at 1417, 1413, 1417and 1415cm-1 for for 3h,
6h, 12h and 18h of immersion in the SBF solution respectively, suggesting that these are type B
carbonate apatite.”>?® Peaks observed in the range of 1030-1150 cm™ are from hydroxyapatite.
FTIR spectra showed characteristic bands at 567, 960 to 1200 cm™ corresponding to PO4% group
of calcium phosphate.® The peaks at 3343 cm™ corresponds to the hydroxyl group and peaks at
2900 cm™ and 1300 cm™ are due to the C-H and ether linkage The characteristic absorption
bands of PO, are formed as P-O stretching at 1041 cm-1 and 1151cm-1 after 3h immersion; 1040
cm-1 and 1141cm-1 after 6h immersion; 1041 cm-1 and 1153cm-1 after 12h immersion; and
1035 cm-1 and 1143cm-1 after 18h immersion.*

With increase in the mineralization time the intensity of the absorption bands of PO, increased.
This shift after mineralization is due to the new bond formation. This is a proof that the bond
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between the polymer HA and HAp involves this group. In conclusion, the presence of HA and
HAp showed mix major peaks confirmed the interaction of both polymers HA and HAp.
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Figure 4. FTIR spectra of HA sponges treated with SBF solution at different time periods. a) 3 h,
b)6hc)12h,d) 18 hand (e) 24 h.

3.4. Thermogravimetric (TGA) studies
Thermal degradation behavior of HA/HAp sponges were analyzed from the TGA curves as
shown in Figure 5. And the % mass losses for the sponges are shown in Table 4. The TGA
curves indicated significant weight loss for all the HA/HAp sponges when the temperature was
increased to 800 °C.

Table 4. The % mass losses for the sponges

Sample Stagel weight loss % Stagel weight loss %
HA/HAp sponges 94 30.2

with 3h immersion in SBF

HA/HAp sponges 8.9 29.5

with 6h immersion in SBF

HA/HAp sponges 8.1 21.6

with 12h immersion in SBF

HA/HAp sponges 8.0 20.18

with 18h immersion in SBF

The sponges showed the presence of three stages of weight loss when the immersion time was
less (3h and 6h) and two stages when the immersion time was increased to 12h or 18h. The
presence of three stages suggest that there are more than one degradation process.®® In the first
stage, the sponges showed lower values of % weight loss which was 9.41%, 8.9%, 8.1% and
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8.0% for 3h, 6h, 12h and 18h of immersion in the SBF solution respectively. The weight loss in
the second stage was more significant around 30.2%, 29.5%, 21.6% and 20.18% for 3h, 6h, 12h
and 18h of immersion in the SBF solution respectively. In the second stage, the onset of the
weight loss for the different HA/HAp sponges were 209 °C, 217 °C, 225 °C and 229 °C for 3h,
6h, 12h and 18h of immersion in the SBF solution respectively. The weight loss in the first stage
around 21.4 °C -229 °C is due to the evaporation of water bound to the HA/HAp sponges and
also due to the volatilization of small molecules from the sponges.® The weight loss in the second
stage is due to the physical transition or the chemical degradation of the HA/Hap sponges as a
result of C-C bond scission.®? Overall the thermal stability increased with increase in the
immersion time of the HA sponges in the SBF solution that results in the increase of the
hydroxyapatite mineralization.
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Figure 5. TGA analysis for HA/HAp sponges with different immersion time in SBF solution(a)
3h, (b) 6h (c) 12h and (d) 18h.

3.5. X-ray diffraction

The crystallinity of the hydroxyapatite deposited was characterized by XRD analysis. Figure 6

shows the XRD pattern of HA/HAp sponges with different immersion time in SBF solution(a)

3h, (b) 6h (c) 12h and (d) 18h. The major peaks appeared at 26 angle = 26.93, 31.37 and 45.15°
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relateg3tg4 (002), (211) and (222) planes, which refers to a good crystallization for hydroxyapatite
phase™
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Figure 6. X-ray diffraction patterns of HA/HAp sponges with different immersion time in SBF
solution(a) 3h, (b) 6h (c) 12h and (d) 18h.
4. Conclusion

Porous hyaluronic acid sponges cross-linked with BDDE were fabricated using freeze-drying
technique. Highly stable HA/HAp sponges were obtained by immersing the HA sponges in SBF
solution at different periods of time. The HA and the HA/HAp sponges showed interconnected
porous structure with diameter in the range of (100-300 um) and (0.5-5.0 pum) respectively. With
increase in the mineralization time the pore size decreased this is because of the increase in the
coating of the hydroxyapatite on the surface of the pores. The HA/HAp sponges showed high
porosity ranging from 85-95 %, which is an important requirement for tissue engineering
applications. The HA/HAp sponges were thermally stable. The FTIR and EDS confirmed the
formation of hydroxyapatite minerals on HA sponges. The in-situ mineralization of
hydroxyapatite was uniform throughout the HA sponges. These HA/HAp sponges will be a
promising material for bone tissue engineering.
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