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Abstract 

The quality of patient care has increased dramatically in recent years due to the development 

of lightweight orthopaedic metal implants. The success of these orthopaedic implants may be 

compromised by impaired cytocompatibility and osteointegration. Biomimetic surface 

engineering of metal implants using biomacromolecules including hyaluronic acid (HA) has 

been used an effective approach to provide conditions favourable for the growth of bone 

forming cells. To date, there have been limited studies on osteoblasts functions in response to 

metal substrates modified with the hyaluronic acid of different molecular weight for 

orthopaedic applications. In this study, we evaluated the osteoblasts functions such as 

adhesion, proliferation and differentiation in response to high and low molecular weight HA 

(denoted as h-HA and l-HA respectively) functionalised on Ti (h-HA-Ti and l-HA-Ti 

substrates respectively) and corrosion-resistant silane coated-AZ31 Mg alloys (h-HA-AZ31 

and l-HA-AZ31). The DNA quantification study showed that adhesion and proliferation of 

osteoblasts were significantly decreased by h-HA immobilised on Ti or AZ31 substrates 

when compared to low molecular weight counterpart over a period of 14 days. On the 

contrary, h-HA significantly increased the osteogenic differentiation of osteoblast over l-HA, 

as confirmed by the enhanced expression of ALP, total collagen and mineralisation of 

extracellular matrix. In particular, the h-HA-AZ31 substrates greatly enhanced the osteoblasts 

differentiation amongst tested samples (l-HA-AZ31, l-HA-Ti, h-HA-Ti and Ti alone), which 

is ascribed to the osteoinductive activity of h-HA, relatively up-regulated intracellular Ca2+ 

([Ca2+]i) and Mg2+ ([Mg2+]i) concentrations as well as the alkalisation of the cell culture 

medium. This study suggesting that HA of appropriate molecular weight can be successfully 

used to modify the surface of metal implants for orthopaedic applications 

Keywords: Hyaluronic acid; Molecular weight; Proliferation; Differentiation; Magnesium 

alloy; Titanium alloy 
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1 Introduction       

Conventional or biodegradable metallic biomedical implants have been used for clinical 

applications requiring load-bearing capacities1. Traditionally, conventional metallic 

orthopaedic implants are made up of biostable materials such as stainless steel, cobalt-

chromium and Ti-based alloys 1. Amongst these metals, Ti-based alloys have been widely 

used to manufacture devices in the forms of screw, pins or plates, often used to secure 

fractures in human bone2. However, these implants are prone to post-operative failure due to 

the mismatch of their mechanical properties to that of natural bone, in addition to 

complications arising because of inflammation, stress shielding and physical irritation 1.  To 

overcome these drawbacks, Mg-based biodegradable metals have been explored as an 

alternative material. These alloys possess unique characteristics due to their osteoinductive 

activity, the resemblance of mechanical properties with the bone and biocompatibility3. 

However, rapid dissolution of Mg-based alloys in physiological conditions causes toxicity to 

the surrounding tissues4.  

The corrosion resistance and biocompatibility of Mg-based alloys have been improved 

through selection of alloying elements, surface treatments (using ion-implants, micro-arc 

oxidation) and application of functional coatings 1. Generally, the integration of bone with 

metal orthopaedic implants are susceptible to a range of stresses, each increasing the risk of 

implant loosening over time, which can ultimately lead to device failure and revision surgery 

5. To improve the biological acceptance of the orthopaedic implants and osseointegration, 

researchers have been trying to enhance the cell interaction with the implant surface by 

immobilisation of extracellular matrix (ECM) components 6,7. Of these, hyaluronic acid (HA) 

is involved in various biological functions such as cell adhesion, proliferation and 

differentiation 7–9 In addition, HA possesses anti-inflammatory, bacteriostatic, fungistatic, 

pro-angiogenetic and osteoinductive properties 10.  Generally, the most distributed form of 
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HA in the normal tissue is high molecular weight HA (h-HA) (>103 kDa) 11. During 

pathological conditions including tissue repair, h- HA undergoes either hyaluronidase 

mediated degradation or oxidative hydrolysis to produce low molecular weight HA (l-HA) 

(<103 kDa) 12. h-HA and l-HA forms regulate different cellular activities such as cell 

proliferation and differentiation at different stages of tissue repair or remodelling 10. During 

tissue injury, l-HA stimulates cell motility and proliferation, exhibiting pro-angiogenic and 

pro-inflammatory responses 13. In contrast to l-HA, h-HA has been shown to improve the 

differentiation and enhance or maintain the cell-cell communication 14. However, the exact 

role of the h- HA during tissue healing has not been assessed conclusively. Based on previous 

studies, h-HA is thought to play an important role during later stages of bone remodelling by 

enhancing the differentiation of osteoprogenitor cells or osteoblast lineage cells, thereby 

aiding to achieve an original biological state of the tissue 9,10,15. Since there is a clear 

distinction in the biological activity of HA-based on molecular weight, where it can be 

functionalised onto the metal implants by different applications. However, many reported 

studies functionalised HA on Ti alloys without considering the biological properties of HA 

5,6. This shortcoming may have prevented the exploitation of untapped bone forming potential 

of hyaluronic acid for given applications. Magnesium-based alloys have also been subjected 

to various surface modifications to enhance their corrosion resistance and biocompatibility 1. 

In addition, low levels Mg2+ released in the surrounding medium through due to controlled 

degradation of Mg-based alloys has been shown to improve the osteoblastic activity 16–18. 

However, rapid degradation of Mg alloys leads to alkalisation of the surrounding medium 

(pH > 9) causing toxicity of the bone-related cells 3,19. Previous studies employed various 

strategies to improve the cytocompatibility and osseointegration of Mg-based alloys using 

surface functionalisation of bio-macromolecules such as collagen, albumin, heparin, chitosan 

or their composites1,20 Our previous study showed that hyaluronic acid functionalised on 
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treated AZ31 substrates enhanced the osteoblastic activity as compared to the bare alloy 21. 

This improved cytocompatibility is attributed to the osteoinductive property of HA and 

controlled degradation of the AZ31-Mg alloy. However, the assessment of osteoblasts 

functions and the mechanisms involved in response to different molecular weight HA and 

extracellular Mg2+ have not been explored to date.  

In this study, low and high molecular weight HA (denoted as l-/h-HA) was grafted onto 

silane coated AZ31 (l-/h-HA-AZ31) and Ti (l-/h-HA-Ti). The fabrication of coating on AZ31 

Mg alloy involves an initial MTES-TEOS sol-gel treatment, followed by APTES to deliver 

an amine terminated surface (as described previously3) which can be covalently coated with 

l-HA and h-HA via EDC-NHS coupling reactions. Our previous studies showed that the 

multi-functionality of this assembly of silane coating not only improves the corrosion 

protection of AZ31 Mg alloy but also facilitates the functionalisation of bioactive 

biomacromolecules. The effect of l-/h-HA functionalised Ti and AZ31 Mg alloys on 

osteoblast cell proliferation, differentiation and functions were evaluated. In addition, the 

cellular mechanisms by which h-HA and l-HA along with Mg2+ conditioned medium 

affecting the differentiation of osteoblasts were also studied.  

2 Experimental 

2.1 Material 

AZ31 alloy sheets were obtained from Shaanxi Taipu Rare Metal Materials Ltd, China. 

Methyltriethoxysilane, tetraethoxysilane, 3-aminopropyl-triethoxy silane, high molecular 

weight Hyaluronic acid from rooster comb (1-4 MDa), low molecular weight hyaluronic acid 

from Streptococcus equi. spp.(30-50 kDa) phosphate buffer saline (PBS), Dulbecco's 

Modified Eagle's Medium/Nutrient F-12 Ham (DMEM/F-12), fetal bovine serum (FBS), 

Penicillin-streptomycin antibiotics, phosphatase substrate and bisBenzimide H 33342 
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trihydrochloride, NHS (N-Hydroxysuccinimide), EDC (1-Ethyl-3-(3-

dimethylaminopropyl)carbodiimide) and MES (2-(N-Morpholino)ethanesulfonic acid) buffer 

were purchased from Sigma Aldrich.  

2.2  Surface modifications of AZ31 Mg and Ti alloys  

2.2.1 Treatment of AZ31 and Ti with NaOH 

2 mm thick sheets of AZ31 Mg and Ti alloy (Ti-6Al-4V) were cut into 10 x 10 mm coupons 

and polished progressively by finer SiC paper from 400 to 1200 grit. The samples were 

cleaned ultrasonically in ethanol and immersed in 5 N NaOH for 2 h at 60 °C and then rinsed 

with deionised water 19. The NaOH treated AZ31-Mg and Ti alloys are referred to as AZ31-

OH and Ti-OH substrates respectively. 

2.2.2 Preparation of the hyaluronic acid functionalised silane coating on AZ31 Mg and 

Ti alloy  

The MTES-TEOS hybrid sol was prepared in the ethanol solution containing 0.04 N nitric 

acid as a catalyst. The MTES and TEOS were mixed in a molar ratio of 2:1 with R = 2.36, 

where R = [H2O]/ [MTES+TEOS]. The APTES sol was prepared using 400 mM APTES in 

ethanol solution with R = 4.5 (R = [H2O]/ [APTES]). The AZ31-OH and Ti-OH substrates 

were dip-coated sequentially in MTES-TEOS (AZ31-MT or Ti-MT) and APTES (A) sol-gels 

and cured at 120 °C for 1 h at each step to achieve the amine-terminated AZ31-MT-A and Ti-

MT-A surfaces 3. Furthermore, 1 mg/ml of high and low molecular weight HA solutions were 

used to functionalise AZ31-MT-A and Ti-MT-A substrates by a carbodiimide-mediated 

coupling reaction as detailed in the previous study 7,21,22.  The resultant high and low 

molecular HA functionalised AZ31-MT-A or Ti-MT-A substrates are denoted as h-HA-

AZ31, l-HA-AZ31, h-HA-Ti and l-HA-Ti substrates respectively.    
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The concentration of l-/h-HA immobilised on the silane coated AZ31 or Ti substrate was 

quantified by the Morgan-Elson fluorometric enzyme assay 23. The l-/h-HA-AZ31 and l-/h-

HA-Ti substrates were exposed to the hyaluronidase enzyme for an appropriate time at 37.5 

ºC. Then, the enzyme solution was incubated in a boiling water bath for 5 minutes to 

inactivate the enzymatic activity. The enzyme solutions were cooled down to room 

temperature, 25 µl of tetraborate reagent was added and incubated in a boiling water bath for 

3 minutes in order to start the Morgan- Elson fluorometric reaction. The solutions were 

cooled down to room temperature, 0.75 ml of 10 %w/v DMAB (p-

Dimethylaminobenzaldehyde) reagent was added and incubated for 20 minutes at 37.5 ºC. 

The release of N-acetyl glucosamine was determined by fluorescence spectroscopy (Ex/Em: 

545/604 nm). The concentration of HA functionalised was quantified using a standard curve 

of HA. 

2.3 Characterisation of modified AZ31 and Ti substrates 

The wettability of AZ31 (l-/h-HA-AZ31) and Ti (l-/h-HA-AZ31) modified and uncoated 

substrates were determined by static water contact angle measurements (FTÅ-200 system, 

UK). The surface morphology of the substrates was studied by an atomic force microscope 

(AFM, Asylum MFP-3D-BIO, USA).   

2.4 Cytocompatibility 

2.4.1 Imaging of osteoblasts morphology by SEM 

The morphology of osteoblast cells seeded at a density of 104 cells.cm-2 on the experimental 

substrates was observed after 24 h of cell culture 24.  Cells were cultured under 37 °C, 5% 

CO2 and 95% relative humidity in DMEM/F-12 containing 10% FBS and 1% antibiotic-

antimycotic. Cells were seeded (104 cells.cm-2) on h-HA-AZ31, l-HA-AZ31, h-HA-Ti, l-HA-

Ti and uncoated AZ31 and Ti substrates, and maintained in complete DMEM/F12 (1cm2 = 

1.25 ml) in accordance to ISO 10993-12 3. After incubation, the substrates were washed with 
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PBS, fixed with formalin and dehydrated in alcohol gradients. The substrates were sputter 

coated with Au-Pd and observed by SEM 25. 

2.4.2 DNA quantification 

The total cellular DNA content of MC3T3E1 osteoblast cells was considered as a measure of 

cell adhesion and proliferation 19. Osteoblasts were cultured on the coated and uncoated 

AZ31 substrates at a density of 2.5 x104 cells.cm-2 for 3, 7 and 14 days in a differentiation 

medium3. The differentiation medium was prepared by adding 50 µM ascorbic acid, 100 nM 

dexamethasone and 10 mM β-glycerophosphate in F12/DMEM 19. For the cell adhesion 

study, cells were cultured in normal cell culture medium (non-osteoinductive medium) for 24 

h. After 1, 3, 7 and 14 day(s) of culture, substrates were washed with PBS and the cells were 

lysed using cell lysis buffer3. The fluorescent dye, Hoechst 33258 (Sigma Aldrich) was used 

to quantify the cellular DNA according to the manufacturer’s instructions (DNA 

quantification kit, Sigma Aldrich). 

2.4.3 Alkaline phosphatase (ALP) assay  

The differentiation of osteoblast cells was studied by measuring intracellular ALP activity 

using a para-nitrophenyl phosphate substrate (p-NPP, Sigma) 26. After 3, 7 and 14 days of 

osteoblasts cultured in the differentiation medium, the cell lysate was incubated with p-NPP 

for 1 h at 37 °C. The enzymatic reaction was terminated by adding 1N NaOH and the ALP 

activity was measured by the UV absorbance of para-nitrophenol (p-NP) at 410 nm. A 

standard curve of different p-NP concentrations was prepared by diluting in 0.02 N NaOH. 

The p-NP was normalised against total protein concentration. The total protein content was 

determined by using the bicinchoninic acid protein assay kit (Sigma Aldrich). 
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2.4.4 Quantification of magnesium and calcium ions 

After 3, 7 and 14 days of cell culture under differentiation conditions, osteoblasts were 

scrapped and lysed using cell lysis buffer 25. The Mg2+ and Ca2+ in the cell lysate were 

determined using respective magnesium and calcium assays kit (Sigma Aldrich). The 

intracellular Mg2+ and Ca2+ concentrations were measured by absorbance at 450 nm and 575 

nm respectively. Standards curves were prepared as per kit instructions. The Mg2+ 

concentration in the culture medium was also determined using a magnesium assay kit 

(Sigma Aldrich). 

2.4.5 Total collagen content 

The total collagen content of all the samples was determined using a hydroxyproline assay kit 

(Sigma Aldrich). Osteoblasts cultured on different substrates for 3,7 and 14 days under 

differentiation conditions were scraped and subjected to acid hydrolysis using 12 N HCl for 

12 hrs incubated at 100 ºC 27. Thereafter, followed the instruction given in the kit and 

measure the absorbance at 405 nm. The total hydroxyproline content was calculated using 

standards provided in the kit. 

2.4.6 Assessment of osteoblasts mineralisation using SEM-EDX 

After 14 days of culture, osteoblasts adhered samples were washed thrice with PBS and fixed 

with formalin. The cell-fixed samples were dehydrated in alcohol gradients. After sputter 

coating with Au-Pd, the elemental content of the adhered cells on different substrates was 

determined using SEM-EDX 25.   

2.5 Statistical analysis 

All of the experiments were conducted in triplicate.  All data are expressed as mean ± S.D. 

The differences between the groups were analysed using one-way analysis of variance 

(ANOVA) followed by post hoc Tukey test.  
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3 Results  

3.1 Characterisation of modified AZ31 and Ti substrates 

The functionalisation of l-HA and h-HA on AZ31 and Ti substrates was confirmed using 

AFM, static water contact angle and HA quantification as shown in Table 1. The surface 

roughness (Ra) of uncoated AZ31 and Ti substrates were found to be 47.43 ± 4.11 nm and 

14.5 ± 2.11 nm respectively. The l-HA functionalised on AZ31 and Ti substrates showed 

slightly reduced surface roughness as compared to h-HA functionalised AZ31/Ti substrates. 

The AFM images of these substrates are given in supporting information (Figure S1). 

Overall, the roughness of substrates reduced for HA-functionalised AZ31/Ti substrates when 

compared to respective uncoated substrates.  

Table 1: Summary of characterisation parameters for different substrates  

Substrates 
Roughness  

(nm) 

Contact angle 

 (degrees) 

HA  

(µg/cm
2

) 

AZ31 47.43 ± 4.11 59.67 ± 6.99 …. 

h-HA-AZ31 11.29  ± 0.21 44.22 ± 3.58 47.62 ± 1.05 

l-HA-AZ31 7.67 ± 0.17 36.06 ±2.03 41.58 ± 2.05 

h-HA-Ti 8.66 ± 0.58 40.54 ± 3.03 48.51± 0.02 

l-HA-Ti 7.08 ± 0.71 26.62 ± 4.46 40.6 ± 1.49 

Ti 14.5 ± 2.11 45.31 ± 5.92 …. 

 

The static water contact angle was determined to confirm the wettability of the uncoated and 

coated substrates as shown in Table 1. The l-HA coated AZ31 (36.06˚ ±2.03) and Ti (26.62˚ 

± 4.46) substrates showed relatively higher hydrophilic surface as compared to h-HA 

functionalised AZ31 (44.22˚ ± 3.58) and Ti (40.54˚ ± 3.03) substrates. The HA-coated 

substrates showed a considerable increase in the wettability of surface when compared to the 
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uncoated AZ31 (59.67˚ ± 6.99) and Ti (45.31˚ ± 5.92) substrates. AFM images are given in 

supporting information.  

Furthermore, the concentration of HA immobilised on the surface was quantified as given in 

Table 1. The concentration of h-HA immobilised on AZ31 and Ti substrate were found to be 

similar and found to be ~48 µg/cm2, whereas l-HA showed the lower concentration of ~41 

µg/cm2.  

3.2 Osteoblast cells Adhesion  

Representative SEM images of osteoblasts adhered to AZ31 Mg and Ti alloys treated with or 

without l-HA and h-HA are shown in Figure 1(I). After 24 h of incubation, osteoblasts are 

sparse and showed circular morphology on the uncoated AZ31 Mg alloy (Figure I(a)), 

demonstrating poor adhesion to the substrate. The h-AZ31-HA (Figure I(b)) and l-AZ31-HA 

(Figure I(c)) surfaces showed flattened, cuboidal shaped and extended morphology of 

adhered osteoblast cells with greater cell-to-cell interaction. On the other hand, h-HA-Ti 

(Figure I(d))  and l-HA-Ti (Figure I(e))  surface showed triangular or irregular shaped 

morphology of attached osteoblast cells. The Ti substrate control showed a greater number of 

adhered osteoblasts with spindle-shaped morphologies. Figure 1(II) shows the quantification 

of total DNA content on these substrates which is considered as a measure of a number of 

osteoblasts adhered to the surface. The DNA content of osteoblasts on the AZ31 Mg alloy 

was found to be significantly lower when compared to all substrates. Poor adherence of 

osteoblasts to the HA-coated AZ31 surfaces was observed when compared to HA-coated Ti 

or Ti alone substrates. Interestingly, l-HA-coated Ti substrate showed significantly improved 

cell adhesion over h-HA-Ti, h-HA-AZ31 and l-HA-AZ31 substrates.  
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Figure 1: (I) SEM images of osteoblasts adhered on (a) AZ31, (b) h-HA-AZ31, (c) l-HA-

AZ31, (d) h-HA-Ti, (e) l-HA-Ti and (f) Ti substrates for 24 hrs. (II) The total DNA content of 

osteoblast cells cultured on different substrates for 24 h. The scale of SEM images is 100 µm. 

Statistical analysis: Values are expressed as mean ± SD. One-way ANOVA with posthoc 

Tukey test with significance level of **P < 0.01 versus AZ31 control; #P < 0.05  indicates the 

comparison of l-/h-HA-AZ31 with the l/h-HA-Ti group; ∆P < 0.05 and ∆∆P < 0.01 indicate 

the comparison of Ti with the l-/h-HA-Ti group. 
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3.3 Osteoblast cell proliferation 

Figure 2 shows the quantification of the total DNA content of osteoblasts cultured on 

different substrates over a period of 14 days. The quantification of total DNA content was 

considered as a measure of cell proliferation. Since bare AZ31 substrate showed high 

cytotoxicity with very few live cells as observed in Figure 1, it was considered futile to use 

this as a control for further studies.  

 

Figure  2: Total DNA content was determined following osteoblasts culture on AZ31, l-HA-

AZ31, h-HA-AZ31, l-HA-Ti, h-HA-Ti and Ti substrates for 3, 7 and 14 days. Statistical 

analysis: Values are expressed as mean ± SD. One-way ANOVA with posthoc Tukey test with 

significance level of *P < 0.05, **P < 0.01 indicating the comparison  between l-/h-HA-

AZ31 and  l-/h-HA-Ti substrates ; ##P < 0.01 indicates comparison between different 

samples (l-/h-HA-AZ31 and  l-/h-HA-Ti substrates) versus Ti; ∆P < 0.05 and ∆∆ P < 0.01 

indicate the pairwise comparison of samples.   

From Figure 2, it can be noted that osteoblast proliferation on l-HA-AZ31 and l-HA-Ti were 

found to be significantly higher as compared to the h-HA-AZ31 and h-HA-AZ31 respectively 
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over 14 days of cell culture. Amongst all substrates, bare Ti alloy showed significantly 

enhanced osteoblast cell proliferation. These results are in agreement with SEM images and 

cell adhesion studies, indicating that l- HA promotes osteoblast cell proliferation over h-HA.  

3.4 Osteogenic differentiation of osteoblasts 

Differentiation markers of osteoblasts cultured on HA coated substrates under osteogenic 

condition were screened as shown in Figure 3.  

 

 

Figure 3: Evaluation of osteogenic differentiation of osteoblasts cultured on l-HA-AZ31, h-

HA-AZ31, l-HA-Ti, h-HA-Ti and Ti substrates for 3, 7 and 14 days using (a) Intracellular 

ALP activity and (b) Hydroxyproline content. Statistical analysis: Values are expressed as 

mean ± SD. One-way ANOVA with posthoc Tukey test with significance level of *P < 0.05, 
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**P < 0.01 indicating the comparison  between  l-/h-HA-AZ31 and  l-/h-HA-Ti substrates ; 

#P <0.05,  ##P < 0.01 indicate comparison between different samples (l-/h-HA-AZ31 and  l-

/h-HA-Ti substrates) versus Ti; ∆P < 0.05 and ∆∆ P < 0.01 indicate the pairwise comparison 

of samples.  

The ALP activity of osteoblasts cultured on l-/h-HA-AZ31/Ti coated substrates determined 

for 14 days as shown in Figure 3(a). Osteoblasts cultured on l-HA-AZ31 and l-HA-Ti showed 

significantly low ALP activity as compared to h-HA-AZ31 and h-HA-Ti respectively, over a 

period of 14 days. Overall, osteoblasts cultured on HA functionalised AZ31 Mg surface 

exhibited reduce intracellular ALP levels as compared to the HA-Ti surface. The bare Ti 

alloy induced the highest level of intracellular ALP expression. Furthermore, ALP activity 

was normalised to total DNA content of respective samples (Figure 3(a)). This result shows 

that h-HA coated AZ31/Ti substrates significantly enhanced the ALP activity of osteoblasts 

when compared to the l-HA coated AZ31/Ti substrates, whereas the Ti substrate showed 

lowest ALP activity during 14 days of the culture period. The order of ALP expression 

showed by the coated substrates are in the order of h-HA-AZ31 >h-HA-Ti> l-HA-AZ31 > l-

HA-Ti > Ti. These results indicated that magnesium alloy substrate and h-HA synergistically 

induce the intracellular ALP activity of osteoblast cells.  

Furthermore, the expression of total collagen by osteoblast in response to l-/h-HA coated on 

AZ31/Ti substrates was evaluated using the hydroxyproline assay as shown in Figure 3(b). 

The total collagen content normalised to DNA increased with the culture period of 14 days. 

In particular, the h-HA-AZ31 surface (P<0.01) significantly stimulated the collagen synthesis 

when compared to l-HA-AZ31, h-HA-Ti, l-HA-Ti and Ti equivalents. Furthermore, h-HA-Ti 

also showed a significant increase in total collagen content as compared to l-HA-Ti and bare 

Ti substrates. The expression level of collagen was found to be in the order of h-HA-AZ31 > 

l-HA-AZ31 > h-HA-Ti > l-HA-Ti >Ti. A similar trend was also observed for the overall 
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expression of collagen (not normalised to DNA) on the substrate (Figure S2). These results 

are in agreement with the intracellular ALP enzyme activity, thereby indicating that h-HA 

and AZ31 Mg alloy induced an enhanced differentiation as compared to the l-/h-HA-coated 

Ti alloy.  

Figure 4 shows the representative SEM images of mineralisation of osteoblasts cultured 

under the osteogenic condition for 14 days.  

 

Figure 4: Representative SEM images of osteoblasts cultured on (a) l-HA-AZ31, (b) h-HA-

AZ31, (c) l-HA-Ti, (d) h-HA-Ti and (e) Ti substrates for 14 days in osteogenic CCM. The 

scale of SEM images is 50 µm. 

Compared with l/h-HA-Ti (Figure 4(c) and d)), deposits of calcium (Ca) and phosphate (P) 

mineral particles/nodules can be observed around the osteoblasts cultured on l-/h-HA-AZ31 

surfaces. On the other hand, uniformly distributed Ca-P mineral particles observed on and 

around the osteoblasts adhered to l-/h-HA-Ti and Ti only substrates. Furthermore, the 

elemental analysis of osteoblasts cultured on different substrates for 14 days is presented in 

Table 2.  

Page 16 of 37

ACS Paragon Plus Environment

ACS Biomaterials Science & Engineering

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



17 
 

Table 2: Elemental contents detected by EDX of osteoblasts cultured on different substrates 

for 14 days. Statistical analysis: Values are expressed as mean ± SD. 

 

From Table 2, Ca and P contents (% At. wt.) detected on l-HA-Ti (~29% and ~17%) and h-

HA-Ti (~31% and ~19%) were found to be higher than l-HA-AZ31 (~8.5% and ~6%) and h-

HA-AZ31 (~16 % and ~12%) respectively. Notably, AZ31-HA, Ti-HA and Ti without cells 

also showed Ca and P deposition. Since minor differences in element deposition on l-HA-

AZ31/Ti and h-HA-AZ31/Ti controls were observed, an average of their elemental analysis is 

represented as AZ31-HA (w/o cells) and Ti-HA (w/o cells) samples. Interestingly, l-/h-HA-Ti 

surface showed considerable higher Ca and P depositions when compared to the l-/h-HA-

AZ31 and Ti substrates. This indicated a very high content of non-specific Ca and P deposits 

on Ti (w/o cells) and Ti-HA (w/o cells) substrates which makes up ~ 83% of Ca and ~76-

80% of P deposition of the corresponding substrates (l-HA-Ti, h-HA-Ti and Ti) with 

osteoblasts. On the other hand, a considerable low non-specific minerals deposition was 

observed for AZ31-HA (w/o cells) samples, with deposits of ~2-4% of Ca and ~7%-15% of P 

on the l-HA-AZ31 and h-HA-AZ31 substrates respectively. Therefore, osteoblasts cultured 

Elements l-HA-AZ31  h-HA-AZ31  l-HA-Ti  h-HA-Ti  Ti alone  Ti-HA-w/o cells AZ31-HA-w/o cells Ti-w/o cells  

C K  14.02 ± 0.86 8.61 ± 0.88  5.71 ± 0.19  5.56 ± 0.36  13.88 ± 1.60  8.98 ± 1.59  14.08 ± 0.2  16.13 ± 0.72  

Mg K  1.51 ± 0.11  2.86 ± 0.35  0.57 ± 0.05  0.53 ± 0.03  0.26 ± 0.07  0.37 ± 0.07  0.47 ± 0.16  0.64 ± 0.127  

Si K  9.62 ± 3.34  6.84 ± 4.04  -0.07 ± 0.015 -0.1 ± 0.2  0.30 ±0.57  0.47 ± 0.65  43.67 ± 0.25  1.295 ±  0.176  

P K  5.97 ± 1.02  11.66 ± 1.83  16.38 ± 0.13  18.32 ± 0.24  9.53 ± 4.91  13.10 ± 2.3    0.9 ± 0.07  6.92 ± 1.18  

Ca K  8.46 ± 1.31  15.96 ± 1.45  29.11 ± 0.8  30.68 ± 1.25  15.77 ± 2.81  25.33 ±1.18  0.36 ± 0.014  12.725 ± 0.53  

O  60.41 ± 0.25 54.06 ± 1.69  55.29 ± 0.41  45.99 ± 0.7  60.85 ± 0.55  51.74 ± 1.39  40.52 ± 1.5  62.29 ± 1.42  

Elements 
Change with respect to controls (Ti-HA-w/o cells, AZ31-HA-w/o cells and Ti-w/o cells  ) 

l-HA-AZ31  h-HA-AZ31  l-HA-Ti  h-HA-Ti  Ti  

P K  5.07  12.56  3.28  5.22  2.61  

Ca K  8.1 15.6  3.78  5.35  3.02  
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on l/h-HA-AZ31 substrates showed a greater degree of mineralisation, when compared to l/h-

HA-Ti equivalent as shown in Table 2.  

Furthermore, Mg-based alloys degrade rapidly under physiological conditions, thereby 

creating an alkaline environment which interferes with the cell physiology25.  The 

degradation of HA-coated AZ31 Mg alloy (with and without osteoblasts) and change in pH of 

the medium during a culture period of 14 days are exhibited in Figure 5.  

 

 

Figure  5:  (a) Mg
2+ 

 release and (b) pH change of CCM containing l-HA-AZ31, h-HA-AZ31, 

l-HA-Ti, h-HA-Ti and Ti substrates for 3, 7 and 14 days. Statistical analysis: Values are 
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expressed as mean ± SD. One-way ANOVA with posthoc Tukey test with significance level of 

*P < 0.05, **P < 0.01 indicate the comparison of l-/h-HA-AZ31 substrates versus  l-/h-HA-

Ti, Ti and culture medium ; #P < 0.05 comparison of different samples versus culture 

medium; ∆P < 0.05 and ∆∆ P < 0.01 indicate comparison of  different samples versus AZ31-

HA-w/o cells. 

The concentration of Mg2+ released from the AZ31-HA substrate (w/o cells) was found to 

significantly higher than l-HA-AZ31, h-HA-AZ31 and cell culture medium (CCM) samples 

over a period of 14 days, as shown in Figure 5(a). However, the release of the Mg2+ from 

AZ31-HA (w/o cells) substrate is significantly lower than the uncoated AZ31 Mg alloy as 

shown in Figure S3 (Supporting information). This indicated that the improved corrosion 

resistance of HA functionalised silane coated AZ31 substrate when compared to the uncoated 

AZ31 substrate. Furthermore, the release of Mg2+ from l/h-HA-AZ31 and AZ31-HA (w/o 

cells) decreased steadily with the culture period. The concentration of Mg2+ in CCM 

containing l/h-HA-Ti and Ti substrates is relatively lower than the CCM control, indicating 

that osteoblasts are using Mg2+ present in the culture medium for the normal physiological 

process.  

Furthermore, change in the pH of CCM affects the osteoblasts functions. Figure 5 (b) shows 

the bulk change in pH of the CCM containing different substrates (with and without 

osteoblast cells) over a period of 14 days. The pH of the CCM for the Ti-based substrates 

remains constant around 7.4. On the other hand, the AZ31-based substrates showed alkaline 

behaviour decreasing gradually over 14 days of the culture period. It can be seen that l/h-HA-

AZ31 (w/o cells) showed relatively higher alkaline pH (~8.1) when compared to l-HA-AZ31 

(with cells, pH~7.7) and h-HA-AZ31 substrates (with cells, pH ~7.8) after 14 days of 

incubation. These results indicated that osteoblasts monolayer functions in corrosion 

protection of AZ3 Mg alloy and/or using Mg2+ for cellular growth and development.  
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Previous studies showed that extracellular Mg2+ (here, Mg2+ concentration in CCM is denoted 

as [Mg2+]e) affects the cell behaviour by regulating intracellular Mg2+ and Ca2+ 

concentrations (denoted as [Mg2+]i and [Ca2+]i respectively). To understand the effect of 

molecular weight of HA and [Mg2+]e, the [Mg2+]i and [Ca2+]i of osteoblasts cultured on l-/h-

HA-AZ31, l-/h-HA-Ti and Ti substrates for 3, 7 and 14 days were examined, as shown in 

Figure 6.  

             

 

Figure  6:  (a) [Mg
2+

 ]i and (b) [Ca
2+

 ]i of osteoblasts cultured on l-HA-AZ31, h-HA-AZ31, l-

HA-Ti, h-HA-Ti and Ti substrates for 3, 7 and 14 days. Statistical analysis: Values are 
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expressed as mean ± SD. One-way ANOVA with posthoc Tukey test with significance level of 

*P < 0.05, **P < 0.01 indicate the comparison  between  l-/h-HA-AZ31 and  l-/h-HA-Ti 

substrates; #P < 0.05, ##P <0.01 indicate comparison of different samples (l-/h-HA-AZ31 

and  l-/h-HA-Ti substrates) vs Ti; ∆P < 0.05 and ∆∆ P < 0.01 indicate the pairwise 

comparison of samples. 

Firstly, it can be seen that at each time point, l-/h-HA-AZ31 showed a significantly higher 

[Mg2+]i as compared to l-/h-HA-Ti and Ti substrate, whereas no significant change in the 

[Mg2+]i was observed for Ti-based substrates (l-/h-HA-T and Ti alone) as shown in Figure 

6(a). Secondly, l-/h-HA showed a higher level of [Ca2+]i  as compared to l-/h-HA-Ti and Ti 

substrate (Figure 6(b)), which is inversely proportional to [Mg2+]i of l-/h-HA-AZ31 substrates 

(Figure 6(a)). Notably, without much change in [Mg2+]i , h-HA-Ti showed a significant 

increase in [Ca2+]i  when compared to the l-HA-Ti, whereas Ti alone showed the least 

increase in [Ca2+]i. These results indicated that [Mg2+]e acting as a pro-osteogenic agent 

irrespective of the type of HA employed on the surface, whereas h-HA enhanced the pro-

osteogenic differentiation as compared to l-HA (Figure 6(b)). 

4 Discussion 

The biological acceptance of the orthopaedic implants in terms of osteoblasts functions plays 

a vital role in expediting of bone tissue healing surrounding the implants (Ti and Mg-based 

implants). In order to improve the cytocompatibility of the implants, various biopolymers 

including HA has been functionalised onto the metal implant surfaces20,27,28. HA is present in 

various body tissues including synovial fluid, the vitreous body of eye, brain and cartilage29. 

It also plays an important role in regulating various biological processes including osteoblasts 

cell adhesion, proliferation and differentiation11. In previous studies, hyaluronic acid was 

functionalised with Ti surfaces, to improve osteoblastic activity6,7,27. However, these were 

Page 21 of 37

ACS Paragon Plus Environment

ACS Biomaterials Science & Engineering

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



22 
 

fundamental studies and molecular weight of HA as not considered while employing it as an 

osteoinductive agent. Furthermore, deposit coatings improves the corrosion resistance and 

cytocompatibility of the biodegradable Mg-based alloys which are widely used for the 

orthopaedic application1. In this work, we used previously reported corrosion resistant sol-gel 

coating to develop l-/h-HA functionalised AZ31 and Ti substrates3,13. According to previous 

reports, Mg2+ supplements induce the osteoblast cells proliferation and differentiation 16,30,31. 

In addition, reports also demonstrated that h-HA stimulate the differentiation as compared to 

l-HA9,10. However, these studies didn’t consider the properties of HA to be used for the 

functionalisation of Ti 6,7,27. This is the first report evaluating the osteoblast cellular response 

to (a) l/h-HA functionalised on Ti and corrosion resistant AZ31 substrate and (b) Mg2+ 

stimulated CCM of h/l-HA-AZ31 substrates (produced due to the corrosion of AZ31 Mg 

alloy). Characterisation of l-/h-HA coated AZ31-Mg and Ti alloys using AFM, contact angle 

measurements and quantification of hyaluronic acid confirmed the HA-functionalisation on 

the silane coated AZ31 and Ti substrates.   

Furthermore, osteoblasts response to l/-h-HA coated AZ31 and Ti substrate was evaluated. In 

this study, we found that osteoblasts adhesion decreases on h-HA coated AZ31 and Ti alloy 

as compared to l-HA coated substrates. Previous reports showed that the resistance to cell 

adhesion on h-HA surfaces over l-HA is probably due to the greater repulsion effect of the 

negatively charged proteoglycan of the cell with the h-HA27. Literature also showed that the 

wettability of surface affects the adhesion of the osteoblast cells32. Therefore, an improved 

osteoblasts cell adhesion on l-HA over h-HA coated substrate can be also attributed to the 

relatively greater hydrophilicity of the former substrate. The cell shape of osteoblast was 

found to be flattened, extended and interconnected on HA coated substrates. However, 

osteoblasts adhered to bare AZ31 Mg alloy were circularly shaped and sparsely viable, which 

is likely due to its rapid degradation in HEPES DMEM 3,19,21. Furthermore, cell adhesion and 
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proliferation of osteoblasts on different substrates were determined in terms of increase in 

DNA concentration during the culture period. It was seen that cell adhesion density decreased 

on HA coated AZ31 substrates as compared to the l/h-HA coated or uncoated Ti substrates. A 

similar trend was observed in the proliferation of osteoblast monitored over a period of 14 

days. The cell proliferation on l-HA-AZ31/Ti was significantly increased when compared to 

h-HA-AZ31/Ti substrates. Kim et al. showed that in comparison to high molecular weight 

HA (i.e 200 kDa), low molecular (50 kDa) counterparts may provide favourable conditions 

for osteoblast proliferation 33. Likewise, Zhao et al. also demonstrated the higher osteo-

proliferative activity on low molecular weight HA (≤ 110 kDa) as compared to high 

molecular weight HA (≤ 2500 kDa) 10. The findings of the present study are in agreement 

with those of the previous studies and suggest that osteoblasts can actively proliferate on low 

molecular weight HA functionalised AZ31 and Ti substrates. However, the proliferation of 

osteoblasts on l-/h-HA-AZ31 was decreased significantly when compared to l-/h-HA-Ti 

equivalents. This could be attributed to the biodegradable nature of the AZ31 substrate 

producing corrosion by-products (evolution of H2 gas and pH change), thereby affecting cell 

viability and adhesion. In addition, functionalisation of hyaluronic acid on biodegradable Mg 

alloy is not just to support the growth of the bone-related cells but also the degradable nature 

of Mg and its alloy is beneficial for orthopaedic implant applications.   

The effect of HA molecular weight functionalised on Ti and AZ31 substrates on the 

osteogenic differentiation of osteoblast cells was evaluated by ALP activity, expression of 

collagen and the formation of mineral nodules. Contrary to the trend of osteoblasts 

proliferation, h-HA-AZ31 and l-HA-AZ31 showed enhanced differentiation efficiency over l-

HA-Ti and h-HA-Ti substrates respectively, whereas Ti substrate showed the least ALP 

activity. The results indicated that there are two factors stimulating the intracellular ALP 

activity (a) functionalisation of the substrate with h-HA and (b) higher concentration of 
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[Mg2+]e in CCM of AZ31 substrates (Figure 7). Osteoblasts express ALP enzyme in the early 

stages of osteogenic differentiation, which participates in the mineralisation of extracellular 

matrix (ECM) 34. Previous studies showed that h-HA enhanced the differentiation of 

osteoblasts by upregulating the ALP activity as compared to the l-HA 10. In addition, it has 

been reported that [Mg2+]e (5mM- 10mM) in CCM stimulate the intracellular ALP activity 17.  

 

Figure 7: Effect of l-HA, h-HA and [Mg
2+
]e on the differentiation markers of osteoblast cells. 

In comparison to l-HA, h-HA enhanced [Ca
2+
]i and other differentiation markers. Presence of 

[Mg
2+
]e(AZ31) augmented the [Ca

2+
]i and differentiation of osteoblasts.  

Furthermore, the synthesis of collagen during osteogenic differentiation of osteoblasts on 

different substrates was evaluated by hydroxyproline assay. Collagen is the most abundant 

extracellular matrix synthesised by osteoblast cells and essential for ECM mineralisation 26. 

Generally, synthesis of collagen increases throughout the culture period and is a strong 

indicator of osteoblasts differentiation. Osteoblasts cultured on h-HA-AZ31 and l-HA-AZ31 

showed significant higher collagen synthesis as compared to the h-HA-Ti and l-HA-Ti 

substrates respectively, whereas uncoated Ti substrate showed the lowest hydroxyproline 

content amongst other substrates.  Previously Zhao and Lai et al reported that in comparison 

to l-HA, cells in response to h-HA induced a greater expression of collagen 10,27. In addition, 

the Mg2+ ions conditioned CCM has also been reported to enhance the collagen synthesis 
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17,25. The presented results are in agreement with the previous studies, which indicated that h-

HA and extracellular Mg2+ synergistically enhanced the differentiation of osteoblasts (Figure 

7). In an ordered sequence of events observed during osteoblast differentiation, an increased 

ALP activity in the early stage is followed by the increased synthesis of collagen, which 

participates in the mineralisation of ECM 25. The effect of the molecular weight of hyaluronic 

acid functionalised AZ31 and Ti substrates on the mineralisation of ECM after 14 days of cell 

culture was evaluated by SEM-EDX analysis. It was observed that the deposition of Ca and P 

minerals were higher on l/h-HA-AZ31 substrates as compared to l/h-HA-Ti substrate (Table 

2 and Figure 7). The enhanced matrix mineralisation activity of h-HA in presence of 

extracellular Mg2+ (h-HA-AZ31 substrate) was accompanied by greater expression of 

intracellular ALP and collagen during various stages of the differentiation process (Figure 7). 

These results support the enhanced differentiation of osteoblast cells cultured on the h-HA-

AZ31 substrate. Furthermore, various studies have been conducted to evaluate the effect of l/-

h-HA concentration on osteoblasts differentiation 9,10,13. In this study, the grafting amount of 

l-HA functionalised on AZ31 and Ti substrate is lesser than the h-HA counterpart. Since we 

have used an enzymatic method to quantify HA, it is expected to get a relatively higher 

grafted amount of high molecular weight HA due to long chain length when compared to the 

low molecular weight HA surface. According to previously reported literature, a given level 

of osteoblasts differentiation induced by h-HA observed at a significantly lower 

concentration as compared to l-HA9,10,13. Interestingly these studies also demonstrated that 

improved osteoblasts functions induced by h-HA over l-HA have been maintained; even if 

the concentration for l-HA is at a higher level to that of h-HA. Thus, an improved osteoblast 

function in response to h-HA functionalised on AZ31 and Ti surface as compared to l-HA 

counterparts can be attributed to the effect of molecular weight instead of grafting levels of l-

/h-HA. The abovementioned differentiation results indicate that irrespective of the AZ31 or 
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Ti metal substrate studied, h-HA significantly enhanced the differentiation of osteoblasts over 

l-HA. It is well known that hyaluronic acid interacts with receptors expressed by bone-related 

cells, such as CD44 (cell membrane-tethered glycoprotein) and RHAMM (receptor for HA-

mediated motility), which are expressed by osteoblast lineage cells 35. Hyaluronic acid is a 

principal ligand for the CD44 receptor8. Previous studies reported that h-HA can enhance the 

differentiation markers of the osteoblast cells through the stimulation of CD4413. Similarly, 

Chen et al, demonstrated the reduced mineralisation of CD44 knocked out dental pulp cells in 

response to h-HA, thereby emphasising the role of the CD44 receptor in the differentiation of 

osteoblasts8.  Another study reported that a number of CD44 receptor binding sites are 

proportional to the molecular weight of hyaluronic acid, thereby increasing CD44 receptor 

density, and more differentiation can be achieved. RHAMM is another prominent receptor 

which could make up the loss of CD44 13. Therefore, the enhanced differentiation activity of 

h-HA functionalised surface as compared low molecular weight counterpart can be attributed 

to the CD44-related cell signalling. The results also showed that osteoblasts cultured on l/h-

HA AZ31 substrates further enhanced the HA-induced differentiation. Generally, Mg-based 

alloys in the chloride-rich aqueous environment can rapidly degrade to release Mg2+  ions, 

thereby increasing the solution alkalinity inducing toxicity in the surrounding cell/tissues1. 

Therefore, it is important to control the degradation of Mg alloys under physiological 

conditions for potential biodegradable orthopaedic implants.  

Many reports demonstrated enhanced differentiation of osteoblasts cultured in Mg2+ ions 

conditioned CCM with alkaline pH (7.6-8.5) 25,34. In this study, we determined the pH and 

Mg2+ released in DMEM from l/h-HA coated-AZ31 and l-/h-HA coated-Ti substrates seeded 

with and without osteoblasts for 3, 7 and 14 days. It was observed that [Mg2+]e  for all of the 

AZ3-based substrates decreased steadily at each of the time points, however, the 

concentration was still higher than CCM of Ti-based substrates and CCM alone. The 
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decreasing release rate of Mg2+ ions with the incubation time can be attributed to Mg alloy 

forming a protective surface passivation layer37. Interestingly, the immersion medium of l/h-

HA-AZ31 seeded with osteoblasts showed a significant decrease in [Mg2+]e  when compared 

to AZ31-HA substrate without cells at each time point. Similarly, the pH decreased 

significantly for l/h-HA-AZ31 substrates with osteoblasts as compared AZ31-HA substrate 

without osteoblasts. These results indicate that the corrosion of l/h-HA-AZ31 with osteoblasts 

reduced significantly as compared to the counterpart without cells. There are few 

explanations for such enhanced corrosion protection of l/h-HA-AZ31 (with osteoblasts). 

Firstly, mono-layer of osteoblasts can acts as a corrosion protection layer by depositing Ca-P 

minerals on the surface through the process of ECM mineralisation and/or formation of 

passivation layer due to the degradation of the AZ31-Mg alloy as observed from EDX 

elemental analysis 3,38,39. Secondly, osteoblasts use Mg2+ for various metabolic activities. 

Previous studies demonstrated the influence of living cells in preventing the degradation of 

Mg alloy through the enhanced metabolic activity of cells (reducing the pH of the medium) 

and deposition of corrosion products on the surface 38,39. These previous studies conducted 

experiments in non-osteogenic medium condition, whereas the present study showed the 

influence of ECM mineralisation on the corrosion protection of AZ31 Mg alloy in the 

differentiation CCM. It has been pointed that moderate [Mg2+]e  can be tolerated by bone-

related cells and give rise to the higher expression of differentiation markers 17,30. However, 

excessive release of Mg2+ ions resulting from rapid degradation of Mg alloy is a concern and 

can cause cell damage jeopardising the bone healing process4,40,41. Regarding pH values, it 

has been reported that the differentiation of osteoblasts significantly enhances with the pH 

increase up to 8.5 25,36. Previous work described that the excessive corrosion of AZ31 Mg 

alloy lead to the alkalisation of CCM and can cause the pH to increase above 9.0, which is 

detrimental to cell adhesion, proliferation and differentiation 4,40,41. The results presented in 
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this study showed the controlled degradation of Mg alloy, which provided favourable 

conditions such as appropriate pH (< 8.5) and optimum [Mg2+]e for enhanced osteoblast 

differentiation when compared to the Ti-based samples.  

In order to understand the effect of l-/h-HA and/or [Mg2+]e on the mineralisation of 

osteoblasts, we determined the [Mg2+]i  and [Ca2+]i  of osteoblasts at different time periods. 

The results showed that h-HA significantly stimulate [Ca2+]i as compared to l-HA samples 

during 14 days of cell culture (Figure 7). Previous studies reported that increased CD44 

receptor density on h-HA illicit greater mineralisation of osteoblasts10,13. In addition, 

Boonrungsiman et al.  explained not only the genesis and role of intracellular Ca2+ in 

propagating the nucleation of mineralised nodules within the ECM but also identified higher 

[Ca2+]i during osteogenic differentiation of osteoblast cells 42. Therefore, in comparison to l-

HA coated surfaces, enhanced differentiation of osteoblasts in response to h-HA can be 

attributed to increased CD44 receptor density on h-HA-coated Ti/AZ31 substrates. The 

influence of [Mg2+]e  on osteogenic differentiation of osteoblast by regulating [Mg2+]i,  and 

[Ca2+]i  has been explained by previous studies 16,25,29. However, reports showed different 

[Mg2+]e improving the differentiation of osteoblast ranging from <1 to 10mM 16,17. In this 

study, we found that decreasing [Mg2+]e  (~12 mM (day 3) to 5mM (day 14) ) throughout the 

culture period also match this trend for [Mg2+]i, but reveal contrary trend for [Ca2+]i.  This 

indicates that (a) [Ca2+]i is regulated by [Mg2+]e and (b) lower [Mg2+]i stimulates the [Ca2+]i. 

This also showed that at an optimum concentration of [Mg2+]e ions enhanced the 

differentiation of osteoblasts as observed in the case of AZ31 substrates (Figure 5 and 6). Our 

findings are in agreement with the previous studies which reported the [Mg2+]e dependent 

increase of [Mg2+]i and [Ca2+]i. 
16,25,29. Deficient [Mg2+]i  was reported to reduce the 

osteoblastic activity and impair bone remodelling 18. However, overdose [Mg2+]i is 
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detrimental to the viability of cells and retarding the ECM mineralisation of bone-related 

cells 16,43. Therefore, an enhanced mineralisation showed by the h-HA-AZ31 substrate can be 

attributed to the Mg2+ released from the AZ31 substrate and positive effects of h-HA. 

5 Conclusion 

This study illustrated the proliferation and differentiation of osteoblast cells in response to the 

hyaluronic acid of different molecular weight immobilised on silane coated AZ31 Mg and Ti 

alloy substrates. The proliferation of osteoblasts on l-HA coated AZ31/Ti substrates 

significantly enhanced as compared to the h-HA counterpart. However, the overall 

proliferation of osteoblasts was significantly low on HA-coated (low and high molecular 

weight HA) AZ31 Mg substrates when compared to HA-coated Ti substrates, which is 

attributed to the corrosion of AZ31 Mg alloy in the culture medium. On the contrary, 

osteogenic differentiation was enhanced in response to h-HA over l-HA modified AZ31 and 

Ti substrates. The steady decrease of extracellular Mg2+ over 14 days regulated the 

concomitant increase in [Ca2+]i with the corresponding decrease in [Mg2+]i, however, the 

latter showed a significant increase for HA-coated AZ31 substrates (h-HA-AZ31 and l-HA-

AZ31) when compared to the Ti-based substrates (h-HA-Ti, l-HA-Ti and uncoated Ti). 

Particularly, h-HA coated AZ31 substrates (h-HA-AZ31) greatly enhanced the osteoblasts 

differentiation and mineralisation of ECM, which can be ascribed to the osteoinductive 

activity of h-HA, alkaline cell culture medium as well as upregulated [Ca2+]i. These findings 

are critical to understanding the role of hyaluronic acid molecular weight functionalised on 

different metal substrates affecting bone healing.   
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6 Supporting information 

Additional data on the quantification of hydroxyproline content (not-normalised to DNA 

content), quantification of Mg2+ in the cell culture medium and AFM images for different 

substrates.  
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