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Chapter 4 

Cytocompatibility and osteogenic response  

This chapter focuses on cytocompatibility and osteogenic activity of 1- and 2-D HA 

nanocrystals to evaluate the significant variation in their biological response. Additionally, the 

influence of morphology of HA nanocrystals on their surface oxygen vacancy, surface charge, 

and wettability is analyzed using XPS, zeta potential, and contact angle measurement, 

respectively. The variation in ion release behavior of HA nanocrystals is explained on the basis 

of their crystallinity. Further, the role of surface charge, hydrophilicity, ion release, and the 

size of different morphological HA nanocrystals on hemocompatibility, cell adhesion, 

proliferation, and differentiation is also thoroughly discussed. 

4.1.  Particle size and zeta potential measurement 

To further verify the particle sizes of these nHA morphologies, Dynamic light scattering (DLS) 

particle size analyses were performed. Fig. 4.1A depicts the hydrodynamic size of HA 

nanorods, nanoplates, and thin nanoplates, which were measured to be 361 – 568 nm, 230 – 

267 nm, and 768 – 1406 nm, respectively. The sizes of larger HA nanorods and thin nanoplates 

align well with FESEM results. However, the smaller particles might not appear in DLS 

particle size measurement due to agglomeration. The zeta potential measurement for HA 

nanorods, nanoplates, and thin nanoplates was also conducted to evaluate their surface charge 

and colloidal stability (Fig. 4.1 B). The zeta potential values were measured to be – 6.1, – 44.2 

and – 48.1 mV for HA nanorods, nanoplates, and thin nanoplates, respectively. A higher 

negative zeta potential value indicates the minimum agglomeration in solutions due to 

repulsive force among the charged particles. It suggests good colloidal stability of HA 

nanoplates and thin nanoplates. It is well reported that the crystal structure of HA is such that 

the major exposed surface of HA nanorods is a (b)- crystallographic plane which is enriched 

with Ca2+ ions [1-3]. Therefore, the surface charge should be positive or less negative. In 
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contrast, the major exposed surface of HA nanoplates and thin nanoplates is c-plane, i.e., higher 

density of PO4
3– and OH– ions. Apparently, their surface charge should be negative or less 

positive. The zeta potential values for these HA samples align well with the crystallographic 

characteristics of HA. 

 

Figure 4.1. Particle size and surface charge assessment. (A) DLS particle and (B) zeta 

potential plots of HA nanorods, nanoplates, and thin nanoplates.   

4.2.  XPS analyses 

Fig. 4.2 A (a – c)  displays the survey XPS spectra of HA nanorods, nanoplates, and thin 

nanoplates where typically four types of elements: Ca2p, P2p, O 2p, and C1s are visible. The 

binding energy of C1s was observed at 284 eV, which is well-matched with the reported value 

[4, 5]. Based on the analyses of high-resolution individual peaks of Ca 2p and P 2p, it was 

deconvoluted into two predominant 2p3/2 and 2p1/2 peaks whose binding energies corresponded 

to (346.4, 350 eV) and (132.2, 133.4 eV) for HA nanorods, (346.3, 350 eV) and (132.1, 133 

eV) for HA nanoplates, and (346.6, 350.3 eV) and (132.2, 133.4 eV) for HA thin nanoplates, 

respectively [5]. Three of them showed similar peak positions of Ca 2p and P 2p. In addition, 

the auger peaks of O KLL were also revealed. 
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Figure 4.2. Surface chemistry analyses of different morphological HA nanocrystals. (A) XPS 

survey spectra of HA nanorods (a), nanoplates (b), and thin nanoplates (c); (B) High resolution 

XPS spectra of O1s for HA nanorods (a), nanoplates (b), and thin nanoplates (c).      

The high-resolution analyses of XPS spectra of O 1s orbital for HA nanorods, nanoplates, and 

thin nanoplates were also performed (Fig. 4.2 B). The O 1s peak was deconvulated into three 

distinct peaks centered at binding energy of  530.3, 531.2 and 532 eV for HA nanorods, 530.2, 
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531 and 532 eV for HA nanoplates, and 530.4, 531 and 532.3 eV for HA thin nanoplates. The 

highest intense peaks of O 1s correspond to lattice oxygen (OL), related to the P–O bond in all 

three nHA samples. Whereas the moderate intense peaks at 531 eV are attributed to adsorbed 

oxygen (Oobs) at O vacant sites, indicating the presence of O vacancy (OV) in all three samples 

[6].  The ratio of adsorbed oxygen to lattice oxygen (Oobs/Olatt) provides the amount of surface 

oxygen vacancy on nHA samples [7]. It is clearly observed that the area of OV peak increases 

as the morphology of HA nanocrystals changes from nanorods to nanoplates and nanoplates to 

thin nanoplates. Additionally, Oobs/Olatt was calculated to be 0.13, 0.22 and 0.35 for HA 

nanorods, nanoplates and thin nanoplates, respectively. It clearly reveals that HA thin 

nanoplates have higher concentrations of oxygen vacancies than HA nanorods and nanoplates. 

In the hexagonal crystal structure of HA, the a (b)-plane is enriched with Ca2+ ions, and the c-

plane is enriched in PO4
3– and OH– ions, as already mentioned in the previous section. For a 

(b)-axis oriented HA nanoplates and c-axis oriented HA nanorods, the primary exposed surface 

is c-plane and a (b)-plane, respectively [1, 2]. Apparently, HA nanoplates with major exposed 

c-facet are more prone to forming oxygen vacancies due to the higher number of oxygen atoms 

on their surface than a (b)-facet. Previous studies suggest that the ease of oxygen vacancy 

formation is inversely proportional to the thickness of HA nanoplates [8, 9]. Consequently, the 

concentration of oxygen vacancies is higher in HA thin nanoplates. The smallest peaks (OH) of 

HA nanorods, nanoplates and thin nanoplates are assigned to the surface hydroxyl (O–H) bond.  

4.3.  Ion leaching response 

The concentration of Ca2+ and P5+ ions, leached from HA nanocrystals after immersion in SBF 

solution for 3, 5, and 7 days, are depicted in Fig. 4.3 A. Figs. 4.3 A (a) and (b) clearly indicate 

that the leaching of Ca2+ and P5+ ions from HA nanorods, nanoplates, and thin nanoplates 

increases continuously up to the concentrations of (3.034, 2.627 and 3.163 ppm) and (8.618, 

7.075 and 8.911 ppm), respectively, over a period of 7 days. The leaching rate of HA thin 
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nanoplates and nanorods is significantly higher than HA nanoplates. Such leaching behavior 

of HA nanorods, nanoplates, and thin nanoplates is directly related to their crystallinity, which 

was calculated to be ~ 89, 97 and 86 %, respectively. Higher crystalline nHA suggests lower 

dissolution ability [10-12]. 

 

Figure 4.3. (A) Ion release profile of Ca2+ (a) and P5+ (b) from HA nanorods, nanoplates, and 

thin nanoplates in simulated body fluid (SBF); and (B) Contact angle measurement of HA 

nanorods, nanoplates, thin nanoplates, and control in DI water, PBS and DMEM media. The 

mark (*) represents the statistically significant variation (at p ≤ 0.05) in mean contact angle 

values on HA nanorods, nanoplates, thin nanoplates, with respect to control in all liquid media. 

The mark (●) indicates statistically significant variation (at p ≤ 0.05) in mean contact angle 

values for HA nanoplates, thin nanoplates, and control as compared to HA nanorods. The mark 
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(@) denotes the statistically significant variation (at p ≤ 0.05) in mean contact angle value on 

HA nanorods, nanoplates, and control with respect to HA thin nanoplates. (C) Digital images, 

representing the contact angle measurement of HA nanorods, nanoplates, thin nanoplates, and 

control in DI water, PBS and DMEM media.  

4.4.  Contact angle measurement 

The surface wettability of HA nanocrystals as per morphology (HA nanorods, nanoplates, and 

thin nanoplates) was assessed using contact angle measurement in various liquid solutions, 

such as DI water, PBS, and cell growth media with respect to glass coverslip as a control, as 

shown in Fig. 4.3B and C. Statistical analyses revealed that HA nanocrystals exhibited a 

significantly higher contact angle (indicating lower hydrophilicity) in DI water compared to 

growth media and PBS. Among the solutions, HA nanocrystals displayed the highest 

hydrophilicity in PBS, moderate in growth media, and lowest hydrophilicity in DI water. While 

assessing the contact angle as per morphology, the hydrophilicity of HA nanorods, nanoplates, 

and thin nanoplates increased sequentially across all liquids. Specifically, the contact angle 

reductions were observed as 39.29 %, 46.53 %, and 65 % in PBS and 17.29 %, 40 %, and 57.06 

% in growth media for HA nanorods, nanoplates, and thin nanoplates, respectively, with respect 

to control. Finally, these results demonstrate that surface wettability of HA nanocrystals is 

morphological dependent with plate-like nanostructure exhibiting better hydrophilicity than 

rod-like one. This variation can be attributed to the difference in surface charge of HA nanorods 

(– 6.1 mV), nanoplates (–44.2 mV), and thin nanoplates (– 48.1 mV). A higher negatively-

charged surface correlates with enhanced hydrophilicity [13]. Furthermore, surface oxygen 

vacancy also contributes to hydrophilicity through the adsorption of dissociative water 

molecules, leading to the formation of –OH groups on each oxygen vacancy. Such chemisorbed 

–OH groups enhance the interaction (Vander walls and hydrogen) between H2O and – OH, 

which consequently improves the hydrophilicity [14-16]. The degree of hydrophilicity of HA 
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nanorods, nanoplates, and thin nanoplates is similar in order to their number of oxygen 

vacancies, which is in agreement with XPS result.   

4.5.  Hemocompatibility 

Hemocompatibility assesses how well materials interact with RBCs with minimal or no adverse 

reaction. In order to investigate the biocompatibility of HA nanocrystals, the hemolysis assay 

was performed, which evaluates the amount of hemoglobin, released from raptured RBCs when 

exposed to HA samples. Fig. 4.4 depicts the percentage of hemolysis of RBCs after interaction 

with different morphologies of HA nanocrystals; nanorods, nanoplates, and thin nanoplates at 

concentrations of 0.2, 2 and 20 mg/ml. The results show that the hemolysis (%) gradually 

increases with increasing the nHA concentration from 0.2 to 2 mg/ml for all the morphologies, 

followed by a sharp increase when the concentration reaches 20 mg/ml. At concentrations of 

0.2 and 2 mg/ml, the hemolysis for HA nanorods, nanoplates, and thin nanoplates is (1.2, 0.7 

and 1.1 %) and (1.6, 1.6, and 1.5 %), respectively. In these cases, lysis of RBCs is less than 2 

%, indicating the non-hemolytic property of HA nanorods, nanoplates, and thin nanoplates at 

concentrations of 0.2 and 2 mg/ml. Even at a concentration of 20 mg/ml, the hemolysis is 4.6, 

3.7, and 4.2 % for all respective nHA morphologies, which remained under 5 %, i.e., 

hemocompatible as per ASTM-F756-00 standard. Specifically, HA nanorods damage a higher 

number of RBCs than HA nanoplates and thin nanoplates. Moreover, HA nanoplates show the 

lowest RBC damage at a concentration of 20 mg/ml. Such significant variation in hemolysis 

(%) as per nHA shape is related to surface charge, crystallinity, and release of Ca2+ ions. The 

surface charge on HA nanorods, nanoplates and thin nanoplates were calculated to be – 6.1, – 

44.2 and – 48.1 mV. Less negative surface charge of HA nanorods means a more positively-

charged surface. Thereby, it interacts more strongly with RBCs (negatively charged), leading 

to larger destruction of cell membrane than HA nanoplates and thin nanoplates [17]. Despite 

of the highest surface charge, HA thin nanoplates lyse a larger number of RBCs as compared 
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to nanoplates. Less crystalline HA thin nanoplates possess better dissolution ability than HA 

nanoplates, which, in turn, release more concentration of Ca2+ ions, as confirmed by ICP-MS 

experiments. The elevated concentration of Ca2+ ions exerts a high-pressure gradient inside and 

outside of RBCs due to osmotic shock. Through such pressure gradient, Ca2+ ions enter the 

RBCs and activate the Ca2+-dependent K+ channel (Gardos channel) that efflux K+ ions. It 

facilitates the loss of intracellular fluid, which results in the RBCs shrinkage and potential 

hemolysis of RBCs [18, 19].  

 

Figure 4.4. Comparative assessment of hemolysis on HA nanorods, nanoplates, and thin 

nanoplates. The mark (*) represents the significant difference (at p ≤ 0.05) in the mean value 

of hemolysis (%) on nanoplates and thin nanoplates as compared to HA nanorods. The mark 

(@) indicates the statistically significant variation (at p ≤ 0.05) in mean values of hemolysis 

(%) on HA nanorods and nanoplates as compared to thin nanoplates. 
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4.6.  Cellular response 

 

4.6.1.  Cell viability evaluation 

The viability of MG-63 cells on different morphological HA nanocrystals at various 

concentrations of 0.2, 2 and 20 mg/ml was quantitatively evaluated using MTT assay for 3, 5 

and 7 culture days (Fig. 4.5). Statistical analyses demonstrated that all the nHA morphologies; 

HA nanorods, nanoplates, and thin nanoplates exhibit significantly higher cell viability as 

compared to control after 3 days of incubation. However, no significant variation in cell 

viability was observed among the various nHA concentrations and their respective 

morphologies. With continuous incubation for 5 days, cell viability in the control group has 

increased by 59.6 % with no considerable enhancement in cell viability on 0.2 and 2 mg/ml 

concentrated HA nanorods, nanoplates, and thin nanoplates. Even, cell viability on HA 

nanorods and thin nanoplates at concentrations of 0.2 and 2 mg/ml was slightly reduced. On 

similar incubation periods (5 days), the cell viability of MG-63 cells, treated with higher 

concentration, i.e., 20 mg/ml of nHA, appreciably increased by 45.1, 94.2 and 19.1 % (with 

respect to 3 culture days) for HA nanorods, nanoplates and thin nanoplates. HA nanoplates 

possess significantly higher cell viability than HA nanorods and thin nanoplates. On incubating 

the cells with nHA samples up to 7 days, the cell viability on HA nanorods, nanoplates, and 

thin nanoplates further increased by (132.8, 153 and 60 %), (156, 71 and 52 %), and (50.5, 29.3 

and 21 %) at concentrations of 0.2, 2 and 20 mg/ml, respectively. The lower cell viability was 

observed at 2 mg/ml concentrated nHA compared to 0.2 and 20 mg/ml. In addition, HA 

nanoplates exhibit higher cell viability than HA nanorods, thin nanoplates and control at all 

concentrations. HA thin nanoplates revealed the lowest cell viability (even as compared to the 

control sample) with no considerable variation among their concentrations. These results 

suggest that HA nanoplates promote cell growth and proliferation more effectively than HA 
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nanorods and HA nanoplates. The high cell proliferation on HA nanorods is also observed, 

which is intermediate to HA nanoplates and thin nanoplates.  

Figure 4.5. Viability of MG-63 cells on different concentrations (0.2, 2 and 20 mg/ml) of HA 

nanorods, nanoplates, thin nanoplates, and control samples for 3, 5, and 7 culture days. The 

mark (*) denotes the statistically significant variation (at p ≤ 0.05) in mean values of optical 

density of HA nanorods, nanoplates, and thin nanoplates, with respect to control at all 
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concentrations. The marks (@) and ($) indicate statistically significant variation (at p ≤ 0.05) 

in mean values of optical density of HA nanorods and nanoplates among the different 

concentrations, respectively. 

4.6.2.  Cell adhesion 

The adhesion of MG-63 cells on HA nanorods, nanoplates, and thin nanoplates at different 

concentrations (0.2, 2 and 20 mg/ml) was analyzed depending on the spreading area and 

morphology of adhered cells after 3 days of incubation (Fig. 4.6). From Fig. 4.6A, cells adhered 

on the control surface exhibit an elongated and polygonal shape. The spreading of cells is 

observed to be higher in the case of HA nanorods, and nanoplates at a concentration of 0.2 

mg/ml as compared to the control. However, HA thin nanoplates at the same concentration 

show less elongated and nearly round-shape cell morphology. It indicates a smaller spreading 

area for HA thin nanoplates than HA nanorods and nanoplates (Fig. 4.6B). As the concentration 

of nHA increases from 0.2 to 2 mg/ml, the spreading area of cells on HA nanorods and 

nanoplates decreases. Specifically, least cell adhesion is observed on the surface of HA 

nanorods as compared to HA nanoplates and thin nanoplates. A further increase in the 

concentration of HA nanocrystals from 2 to 20 mg/ml supported the cell adhesion. The 

spreading area of cells enhanced on HA nanorods and nanoplates. Specifically, HA nanoplates 

show larger, more elongated, and flattened cell morphology. It has a significantly higher 

spreading area than HA nanorods and thin nanoplates. The highest cell density is observed on 

HA nanoplates (20 mg/ml). These results demonstrate that HA nanoplates at a concentration 

of 20 mg/ml better support cell adhesion and proliferation. 



12 
 

 

Figure 4.6. (A) Qualitative cellular assessment of MG-63 cells at different concentrations (0.2, 

2 and 20 mg/ml) of HA nanorods, nanoplates, thin nanoplates as well as control samples after 

3 days of incubation (Scale bar: 100 µm); and (B) Spreading area of MG-63 cells, adhered on 

control, HA nanorods, nanoplates, and thin nanoplates.   

4.6.3.  Osteogenic differentiation   

Fig. 4.7 represents the ALP expression of MG-63 cells exposed to various concentrations (0.2, 

2 and 20 mg/ml) of HA nanorods, nanoplates, and thin nanoplates over periods of 7 and 14 

days. Statistical analyses found that after 7 days, the ALP activity of all similar morphologies 

of HA nanocrystals at concentrations of 0.2 and 2 mg/ml was lower than that of the control 

group. An increase in concentration from 2 to 20 mg/ml resulted in a significant rise in ALP 

expression for HA nanorods and nanoplates compared to the control, except HA thin 

nanoplates. ALP activity also varied among different shapes of nHA. At 0.2 mg/ml 

concentration, ALP activity of HA nanorods is 143.6 and 380 % higher than HA nanoplates 

and thin nanoplates, respectively, which possess no considerable variation among them at nHA 

concentration of 2 mg/ml.  In contrast, at 20 mg/ml, HA nanoplates showed 13 and 103 % 
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higher ALP expression than HA nanorods and thin nanoplates. The HA thin nanoplates showed 

lower ALP activity at all nHA concentrations. After a continuous incubation for 14 days, ALP 

expression on the control surface was reduced with an absorbance value from 0.59 to 0.09. 

However, on varying the incubation period from 7 to 14 days, ALP activity on HA nanorods, 

nanoplates, and thin nanoplates drastically enhanced. The ALP expressions on respective nHA 

morphologies are similar in order, as observed in 7 days of incubation. Overall, 0.2 mg/ml 

concentrated HA nanorods and 20 mg/ml concentrated HA nanoplates represent excellent ALP 

activity. It indicates that HA nanorods (0.2 mg/ml) and HA nanoplates (20 mg/ml) significantly 

enhance the osteogenic differentiation of MG-63 cells compared to other concentrations of HA 

nanocrystals. As a result, they have the potential to promote new bone formation.  

 

Figure 4.7. The ALP expression of MG-63 osteoblast cells on HA nanorods, nanoplates, and 

thin nanoplates at concentrations of 0.2, 2 and 20 mg/ml, for 7 and 14 culture days. The asterisk 

(*) indicates a statistically significant variation (at p ≤ 0.05) in mean absorbance values of HA 

nanorods, nanoplates, and thin nanoplates with respect to control at all concentrations. The 

mark (i) indicates the statistically significant variation (at p ≤ 0.05) in HA nanoplates, thin 

nanoplates, and control as compared to HA nanorods. The mark (♠) represents the statistically 
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significant variation (at p ≤ 0.05) in HA nanorods, nanoplates, and control with respect to HA 

thin nanoplates. The marks (@), ($) and (&) indicate the statistically significant variation (at 

p ≤ 0.05) in HA nanorods, nanoplates, and thin nanoplates among the different concentrations, 

respectively. 

4.7.  Discussion 

In cell culture experiments, both quantitative and qualitative results showed that HA nanoplates 

enhance osteoblast cell adhesion and proliferation more effectively than HA nanorods and thin 

nanoplates across all nHA concentrations (0.2, 2, and 20 mg/ml). Such significant variation in 

cellular response of various shapes of HA nanocrystals seems to depend on several factors, 

such as surface charge, hydrophilicity, and released ions. The zeta potential measurement 

reveals that surface charges on HA nanorods, nanoplates, and thin nanoplates are – 6.1, – 44.2, 

and – 48.1 mV, respectively. It is possible that higher negatively-charged HA nanoplates 

initially interact electrostatically with number of cations, such as H+, K+, and Ca2+, present in a 

biological fluid, which subsequently interacts with negatively-charged receptor proteins that 

facilitate cell adherence. In contrast, the comparatively lower negative charge on the surface of 

HA Nanorods attracts variety of anions (Cl– and HPO4
–) from the biological fluids. As a result, 

this diminishes the ability of negatively-charged receptor proteins to bind with the cells [20-

22]. Naqshbandi [23] et al. suggested a similar mechanism, i.e., higher cell adhesion on a 

negatively-charged surface primarily dependent on the adsorption of surrounding cations. 

Another study also highlighted the positive impact of negatively-charged surfaces on the 

growth of osteoblast cells [24]. It is well-known that the hydrophilic surface also enhances the 

functions of bone cells, such as cell adhesion, proliferation, and growth [25-28]. The contact 

angle measurements demonstrated the degree of hydrophilicity in DMEM media. HA thin 

nanoplates exhibited the highest hydrophilicity, While HA nanoplates and nanorods showed 

moderate and lowest hydrophilicity, respectively. Interestingly, despite of highest zeta 
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potential and hydrophilicity, HA thin nanoplates demonstrated the lowest cytocompatibility. 

According to previous reports, elevated concentrations of extracellular Ca2+ ions induce a toxic 

effect on cell growth and proliferation. An et al.[29] reported the 4.22 % apoptotic rate for 

human dental cells after 24 h of incubation with 9 mM Ca2+ ions. Jaworska et al.[30], recently, 

revealed 30 % reduction in viability of MC3T3 osteoblast-like cells after 2 h of exposure to 

extracellular Ca2+ ions at a concentration of 6.25 mM. Palepšienė et al.[31] observed the slight 

decrease in cell viability even at 0.01 mM of extracellular Ca2+ ions The optimal concentration 

of intracellular Ca2+ ions plays an essential role in cell growth, proliferation, and regulating the 

cellular metabolism. To maintain the optimal condition of intracellular Ca2+ ions, the 

extracellular Ca2+ concentration is ~ 1 mM [32]. In our study, ICP-MS data revealed the 

leaching behavior of Ca2+ ions from nHA samples. HA thin nanoplates released the highest 

concentration of Ca2+ ions into biological fluids, while HA nanorods and nanoplates released 

moderate and the lowest amounts, respectively. The concentration of released Ca2+ ions from 

HA nanoplates is insufficient to disturb the optimal concentrations (1 mM) of extracellular 

Ca2+ ions. However, the Ca2+ ions released from HA nanorods and thin nanoplates can exceed 

the extracellular concentration of Ca2+ ions over the intracellular concentrations. In this 

condition, Ca2+ ions influx into the cytoplasm from the extracellular microenvironment through 

a calcium channel in the cell plasma membrane. Such a rise in cytosolic Ca2+ ions 

concentrations allows the Ca2+ ions to influx into mitochondria, where it disturbs the normal 

metabolic process that leads to cell death (Fig. 4.8) [32, 33]. The concentration of Ca2+ released 

from HA thin nanoplates is even higher than HA nanorods. As a result, HA thin nanoplates 

showed the lowest cytocompatibility. 
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Figure 4.8. The schematic diagram, illustrating the effect of surface charge and release of 

calcium ions on the cellular response of HA nanocrystals.   

ALP activity test revealed that the osteogenic differentiation of MG-63 cells was influenced by 

both concentrations and the morphology of nHA samples. HA nanorods exhibited the highest 

osteogenic activity at a low (0.2 mg/ml) concentration of HA nanocrystals. In contrast, HA 

nanoplates showed the highest osteogenic activity at a high concentration of 20 mg/ml. 

Additionally, HA thin nanoplates displayed the lowest osteogenic activity at all concentrations. 

At low concentrations, the size of HA nanocrystals seems to play a predominant role in the 

osteogenic differentiation of MG-63 cells. The size of HA nanorods and nanoplates were 

measured to be ~ 70 – 500 nm and 200 – 500 nm, respectively. However, HA thin nanoplates 

are of micrometers in size. Shi et al.[34] suggested that smaller-sized particles can more easily 

enter within cells, where they are digested by lysosomes and release Ca2+ ions in cytoplasm. 

Such a concentration of cytosolic Ca2+ ions favours osteogenic differentiation [34, 35]. Their 

study showed a stronger osteogenic response with smaller HA nanocrystals (20 nm) than larger 

ones. Yang et al.[36] also reported the similar effects of particle size on osteogenic 
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differentiation of osteoblast cells. This data aligns with our result of higher osteogenic activity 

in HA nanorods compared to larger-sized HA nanoplates and thin nanoplates. On increasing 

the concentration of nHA from 0.2 mg/ml to 2 and 20 mg/ml, agglomeration of nHA particles 

increases. Unlike the size of HA nanocrystals, surface charge and ion release can 

synergistically play a dominant role at 20 mg/ml concentration of HA nanocrystals, which 

stimulates the osteogenic differentiation of osteoblast cells on HA nanoplates better than that 

of HA nanorods and thin nanoplates. In addition, surface oxygen vacancies also positively 

affect osteogenesis phenomenon by acting the active sites for the adsorption of hydroxyl ions. 

Few research studies demonstrated that such hydroxyl ions are essential for CaP deposition, 

stimulating osteogenic differentiation [37, 38]. The higher number of hydroxyl ions enhances 

the adsorption of Ca2+ and PO4
3− ions, leading to improved biomineralization. Our XPS data 

revealed the concentrations of oxygen vacancies in order— HA nanorods ˂ HA nanoplates ˂ 

HA thin nanoplates. Consequently, HA nanoplates exhibited better osteogenic activity than HA 

nanorods. The osteogenic differentiation of HA thin nanoplates should be higher as compared 

to HA nanorods and HA nanoplates due to their higher oxygen vacancy concentration. 

However, they showed the lowest osteogenic activity at all concentrations, which ascribed to 

elevated release of Ca2+ ions from HA thin nanoplates than HA nanorods and nanoplates. Such 

concentrations of Ca2+ inhibited the osteogenic differentiation [39, 40]. These findings are 

supported by previous study, reported by Zhang et al. [41]. Overall, HA nanoplates show 

superior cell adhesion, proliferation, and osteogenic differentiation as compared to HA 

nanorods and thin nanoplates. This indicates that HA nanoplates exhibit good biocompatibility 

and osteogenic activity. Such bone-mimicking morphology of HA nanocrystals can be a 

potential breakthrough biomaterial for bone tissue engineering applications. 
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