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Chapter 5 

Antibacterial efficacy  

The current chapter investigates the antibacterial activity of 1- and 2-D HA nanocrystals, such 

as HA nanorods, nanoplates, and thin nanoplates, using E. coli and S. aureus bacteria. The 

antibacterial activity of various concentrations and morphologies of HA nanocrystals is 

evaluated using a number of quantitative and qualitative techniques. The bactericidal effect of 

HA nanocrystals is assessed through the quantification of ROS generation (O2
–• and H2O2) 

within bacterial cells using SOD and catalase assays. Also, the ROS-induced damage to 

cellular components, like proteins and lipid membranes is evaluated utilizing Lowry protein 

estimation and LPO assays. In addition, the detailed mechanism behind the morphology-

dependent antibacterial activity of HA nanocrystals has also been explored by considering 

various factors, such as concentration, size, ion release, particle agglomeration, crystallinity, 

and surface charge.  

5.1. Antibacterial reponse 

5.1.1.  Quantitative assessment 

5.1.1.1.  Bacterial viability 

Fig. 5.1A presents a comparative evaluation of the viability of E. coli and S. aureus bacteria 

treated with various concentrations of HA nanorods (HA5), nanoplates (HA9.5), and thin 

nanoplates (HA-6h). Statistical analyses show that the bacterial viability on the control sample 

is significantly higher than all the concentrations of different morphological HA nanocrystals, 

revealing the strong antibacterial potential of HA nanocrystals. However, the antibacterial 

effectiveness of HA nanocrystals varies depending on their morphology and concentration. For 

HA nanorods, 0.2 and 20 mg/ml are optimal concentrations for achieving a good antibacterial 

response. However, for HA nanoplates and thin nanoplates, the antibacterial response is 

significantly high for all the chosen concentrations (0.2, 2 and 20 mg/ml). From a 
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morphological perspective, HA nanorods exhibit higher antibacterial response i.e., 16.1 and 10 

% reduction in bacterial viability for both types of bacteria, as compared to HA nanoplates and 

thin nanoplates at a sample concentration of 0.2 mg/ml. In contrast, HA thin nanoplates 

demonstrate greater antibacterial response than HA nanorods and nanoplates at chosen 

concentrations of 2 and 20 mg/ml, and the antibacterial activity of HA nanoplates lies in 

intermediate stage to HA nanorods and thin nanoplates for all chosen concentrations. Among 

all the samples, 20 mg/ml concentrated HA thin nanoplates and 0.2 mg/ml concentrated HA 

nanorods possess the highest and slightly lower antibacterial response for both the bacterial 

cells, respectively.  

To further clarify the aforementioned variation in the antibacterial activity of HA nanorods, 

nanoplates, and thin nanoplates, their corresponding antibacterial ratio for similar bacteria is 

also evaluated using equation (2.2), as shown in Fig. 5.1B. 
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Figure 5.1. (A) The histogram plot, representing the quantitative assessment of antibacterial 

response towards different concentrations of HA nanorods, nanoplates, and thin nanoplates 

for (a) E. coli and (b) S. aureus bacteria. (B) The corresponding antibacterial ratio for E. coli 

and S. aureus bacteria, treated with different concentrations of HA nanorods, nanoplates, and 

thin nanoplates. The mark (*) represents the significant difference in mean absorbance of all 

morphologies of HA nanocrystals at concentrations of 0.2, 2 and 20 mg/ml with respect to 

control at p ≤ 0.05. The marks (i), (ii) and (iii) represent the significant difference in mean 

absorbance of HA nanoplates and thin nanoplates as well as control as compared to HA 

nanorods at concentrations of 0.2, 2, and 20 mg/ml at p ≤ 0.05, respectively. The marks (♣), 
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(♣♣), (♣♣♣) indicate the significant difference in mean absorbance of HA nanorods and 

nanoplates as well as control as compared to HA thin nanoplates at concentrations of 0.2, 2, 

and 20 mg/ml, at p ≤ 0.05, respectively. The marks (@), ($) and (&) show the significant 

difference in mean absorbance of HA nanorods, nanoplates and thin nanoplates, respectively, 

among the different concentrations. 

5.1.2.  Qualitative assessment 

5.1.2.1.  Colony-counting  

Fig. 5.2A (a and b) shows the outcomes of a colony counting test, used to qualitatively assess 

the antibacterial potential of different morphological HA nanocrystals at various concentrations 

(0.2, 2 and 20 mg/ml) against E. coli and S. aureus bacteria, respectively. The antibacterial 

effect was evaluated by counting the number of bacterial colonies (CFUs) on agar plates. 

Results clearly demonstrate a significant reduction in CFU formation on agar plates after 

exposing both the bacteria to 0.2, 2 and 20 mg/ml of concentrations of HA nanocrystals, i.e., 

HA nanorods, nanoplates, and thin nanoplates. Following the number of CFUs, HA nanorods, 

nanoplates, and thin nanoplates at a concentration of 0.2 mg/ml, show antibacterial response in 

descending order. In contrast, at concentrations of 2 and 20 mg/ml, the same morphologies 

show antibacterial activity in ascending order. Notably, at 2 mg/ml, HA nanocrystals are more 

prone to bacterial growth across all morphologies, with HA nanorods exhibiting the least 

antibacterial activity. HA thin nanoplates at 20 mg/ml demonstrate the highest antibacterial 

potential. A slightly poor antibacterial response is observed for HA nanorods at 0.2 mg/ml. The 

corresponding antibacterial ratio is also calculated using equation (2.3) which is depicted in 

Fig. 5.2B. 
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Figure 5.2. (A)  The digital images, representing the number of colonies on agar plates for E. 

coli and S. aureus bacteria, treated with HA nanorods, nanoplates, and thin nanoplates at 

various concentrations of 0.2, 2 and 20 mg/ml. (B) The antibacterial ratio of corresponding 

HA treated E. coli and S. aureus bacteria.  
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5.1.2.2.  Live-dead assay 

The population of live and dead bacteria, E. coli and S. aureus, treated with different 

morphological HA nanocrystals, i.e., HA nanorods, nanoplates, and thin nanoplates, at various 

concentrations (0.2, 2 and 20 mg/ml), were assessed using fluorescence microscopy. From Fig. 

5.3, it is observed that the population of dead bacteria is higher on HA nanorods than on HA 

nanoplates and much higher than on HA thin nanoplates for both the bacteria at a sample 

concentration of 0.2 mg/ml. Clearly, the antibacterial activity of HA nanorods, nanoplates, and 

thin nanoplates is decreasing in order for both bacteria. However, on increasing the HA 

concentration from 0.2 to 2 mg/ml, the density of live bacterial cells increases for all the 

morphologies, showing less antibacterial activity than at the concentration of 0.2 mg/ml. Also, 

HA nanorods, nanoplates, and thin nanoplates demonstrate antibacterial response in increasing 

order. On further increasing the HA concentration from 2 to 20 mg/ml, the density of live 

bacteria again decreases for all the respective morphologies, which is even lower than bacteria, 

treated with 0.2 mg/ml of HA. At 20 mg/ml concentration, thin HA nanoplates show a higher 

antibacterial response than HA nanorods and nanoplates. Overall, HA nanorods at a 

concentration of 0.2 mg/ml and thin nanoplates at a concentration of 20 mg/ml show a higher 

antibacterial response than other samples for both the bacteria. This result is in good agreement 

with MTT and colony-counting results.  
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Figure 5.3. Fluorescence microscopic images of stained live and dead bacteria, E. coli (a) and 

S. aureus (b), after treating with HA nanorods, nanoplates, and thin nanoplates at various 

concentrations of 0.2, 2 and 20 mg/ml.  

5.1.3.  ROS assessment 

5.1.3.1.  Superoxides estimation 

The production of superoxide anions (O2
•–) within E. coli and S. aureus bacterial cells, treated 

with various concentrations of different morphological HA nanocrystals viz. nanorods, 

nanoplates, and thin nanoplates was assessed using SOD assay (Fig. 5.4). The statistical 

analyses reveal that, at 0.2 mg/ml, HA nanorods produce considerably higher superoxides than 

HA nanoplates and thin nanoplates for both, E. coli and S. aureus bacteria. Increasing the 

concentration of HA nanocrystals from 0.2 to 2 mg/ml results in a drastic reduction in the 

superoxide production for similar bacteria. At this concentration, the superoxide production for 

both the bacteria, cultured with HA nanorods is higher than HA nanoplates and lower than HA 
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thin nanoplates. On further increasing the concentration of HA samples from 2 to 20 mg/ml, 

the number of superoxide ions for both the bacteria, again increases for all morphologies. At 

20 mg/ml of HA concentration, the variation in superoxide production as per morphology is 

same as the variation observed at 2 mg/ml, with the highest superoxide production in HA thin 

nanoplates. Higher concentration of superoxide ions increases oxidative stress within bacterial 

cells, which disturbs the normal metabolic process of bacterial cells through oxidative damage 

of intracellular components that ultimately causes bacterial death [68].  

 

Figure 5.4. The absorbance plot, demonstrating the concentration of superoxide anions (O2
•–

) for E. coli and S. aureus bacterial cells after treating with HA nanorods, nanoplates, and thin 

nanoplates at various concentrations of 0.2, 2 and 20 mg/ml. The mark (*) represents the 

significant difference in mean absorbance for all the morphologies of HA nanocrystals at 0.2, 

2 and 20 mg/ml with respect to control, at p ≤ 0.05. The marks (i), (ii) and (iii) represent the 

significant difference in mean absorbance of HA nanoplates and thin nanoplates as well as 

control as compared to HA nanorods at concentrations of 0.2, 2, and 20 mg/ml, respectively, 

at p ≤ 0.05. The marks (♣), (♣♣), (♣♣♣) indicate the significant difference in mean absorbance 

of HA nanorods and nanoplates as well as control as compared to HA thin nanoplates at 

concentrations of 0.2, 2, and 20 mg/ml, respectively, p ≤ 0.05. The marks (@), ($) and (&) 



9 
 

show the significant difference in mean absorbance of HA nanorods, nanoplates and thin 

nanoplates, respectively, among the different concentrations.   

5.1.3.2.  Evaluation of H2O2 dissociation 

The catalase activity per sec was measured to evaluate the rate of dissociation of H2O2 by 

catalase enzyme for both, E. coli and S. aureus bacteria, after culture with various 

concentrations of HA nanorods, nanoplates, and thin nanoplates. Their comparative statistical 

analyses are depicted in Fig. 5.5. The highest catalase activity on the control surface indicates 

the fastest rate of H2O2 dissociation as compared to all the developed HA morphologies, 

resulting in a relatively low number of reactive H2O2 within both the bacterial cells, which 

ultimately enhances the resistance towards bacterial death. The significant reduction in catalase 

activity occurred on 0.2 and 20 mg/ml concentrated different morphological HA nanocrystals 

compared to the control sample. However, similar bacteria, treated with 2 mg/ml of HA 

samples, show no sharp decrease in catalase activity compared to the control. On treating both 

the bacteria with 0.2 mg/ml concentrated HA samples, their catalase activity increases when 

moving to HA nanorods to nanoplates and further to thin nanoplates. At 20 mg/ml, the catalase 

activity for both the bacteria significantly increases when the morphology changes from 

nanorods to nanoplates. However, it decreases when the morphology shifts from HA 

nanoplates to thin nanoplates. The overall analyses confirm that bacteria, cultured with HA 

nanorods (0.2 mg/ml) and HA thin nanoplates (20 mg/ml) possess significantly less catalase 

activity than control and other HA samples. The lower catalase activity is directly related to a 

slower rate of H2O2 dissociation, which means a larger number of toxic H2O2 within the 

bacterial cells, leading to less resistance towards bacterial death.  
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Figure 5.5. The histogram plot representing catalase activity per second for evaluation of 

dissociated H2O2 of E. coli and S. aureus bacteria after treating with HA nanorods, nanoplates, 

and thin nanoplates at various concentrations of 0.2, 2 and 20 mg/ml. The mark (*) represents 

the significant difference in catalase activity for all the developed morphologies of HA 

nanocrystals at 0.2, 2 and 20 mg/ml with respect to control, at p ≤ 0.05. The marks (i), (ii), and 

(iii) represent the significant difference in catalase activity of HA nanoplates and thin 

nanoplates as well as control as compared to HA nanorods at concentrations of 0.2, 2, and 20 

mg/ml, respectively, at p ≤ 0.05. The marks (♣), (♣♣), (♣♣♣) indicate the significant difference 

in catalase activity of HA nanorods and nanoplates as well as control as compared to HA thin 

nanoplates at concentrations of 0.2, 2, and 20 mg/ml, respectively, at p ≤ 0.05. The marks (@), 

($) and (&) show significant differences in the catalase activity of HA nanorods, nanoplates 

and thin nanoplates, respectively, with varying concentrations.  

5.1.3.3.  ROS-induced damaged proteins 

The overproduction of ROS damages intracellular components of bacteria, such as bacterial 

membrane, proteins, DNA and nucleic acid, which consequently leads to bacterial death. 

Therefore, the amount of intracellular damaged proteins is measured using Lowry method. Fig. 
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5.6 demonstrates histogram plots for the amount of ROS-induced damaged proteins of E. coli 

and S. aureus bacteria after treatment with HA nanorods, nanoplates, and thin nanoplates at 

varying concentrations of 0.2, 2 and 20 mg/ml. Statistical analyses reveal that both the bacteria, 

treated with 0.2 and 20 mg/ml concentration of HA nanocrystals, possess significantly higher 

quantities of damaged proteins than the control. At 0.2 mg/ml concentration, HA nanorods 

damage the highest amount of proteins of similar bacterial cells as compared to HA nanoplates 

and thin HA nanoplates. In contrast, at 20 mg/ml, HA thin nanoplates produce the highest 

amount of damaged protein as compared to HA nanorods and nanoplates. More specifically, 

the damaged proteins in 20 mg/ml of HA thin nanoplates are slightly lower as compared to 0.2 

mg/ml of HA nanorods. It indicates the first highest production of ROS, i.e., O2•– and H2O2 in 

the case of 0.2 mg/ml of HA nanorods and second in 20 mg/ml of HA thin nanoplates, as 

compared to control and other samples, which is well aligned with SOD and catalase results. It 

confirms that the amount of ROS production is directly proportional to oxidative damage 

within bacteria.  
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Figure 5.6. Concentration of oxidative damaged proteins (n mol/mg) of E. coli (a) and S. 

aureus bacteria (b), after treated with HA nanorods, nanoplates, and thin nanoplates at various 

concentrations of 0.2, 2 and 20 mg/ml. The mark (*) represents the significant difference in 

concentration of damaged proteins for all morphologies of HA nanocrystals at 0.2, 2 and 20 

mg/ml with respect to control, at p ≤ 0.05. The marks (i), (ii) and (iii) represent the significant 

difference in concentration of damaged proteins of HA nanoplates and thin nanoplates as well 

as control, as compared to HA nanorods at concentrations of 0.2, 2, and 20 mg/ml at p ≤ 0.05, 

respectively. The marks (♣), (♣♣), (♣♣♣) indicate the significant difference in concentration 

of leaked proteins of HA nanorods and nanoplates as well as control as compared to HA thin 

nanoplates at concentrations of 0.2, 2, and 20 mg/ml at p ≤ 0.05, respectively. The marks (@), 

($) and (&) show the significant difference in concentration of damaged proteins of HA 

nanorods, nanoplates and thin nanoplates, respectively, among the different concentrations.    

5.1.3.4.  MDA estimation  

The ROS-induced lipid damage of E. coli and S. aureus bacteria has been measured in terms 

of MDA formation. Fig. 5.7 represents the comparative assessment of MDA levels, formed in 

both the bacteria, when treated with different concentrations of HA nanocrystals (nanorods, 
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nanoplates, and thin nanoplates) as compared to the control material. 0.2 mg/ml concentrated 

HA nanocrystals produce the highest amount of MDA in HA nanorods, followed by HA 

nanoplates, and HA thin nanoplates. However, on increasing the concentration from 0.2 to 2 

mg/ml, the MDA levels for all three morphologies sharply decreased to nearly MDA levels, as 

observed in control samples. On further increasing the concentration from 2 to 20 mg/ml, MDA 

levels increased again, with HA thin nanoplates showing the highest MDA, followed by HA 

nanorods and HA nanoplates. The results indicate that 0.2 mg/ml of HA nanorods and 20 mg/ml 

of HA thin nanoplates significantly promote LPO compared to the control and the rest of the 

samples, leading to corresponding lipid damage. These observations are also in good agreement 

with SOD and catalase results. 

Figure 5.7. Concentration of MDA (nmol/mg), produced on LPO of E. coli and S. aureus 

bacteria after treatment with HA nanorods, nanoplates, and thin nanoplates at various 

concentrations of 0.2, 2 and 20 mg/ml. The mark (*) represents the significant difference in 

concentration of MDA for all the developed morphologies of HA nanocrystals at 0.2, 2 and 20 

mg/ml with respect to control, at p ≤ 0.05. The marks (i), (ii), and (iii) represent the significant 

difference in concentration of MDA of HA nanoplates and thin nanoplates as well as control 
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as compared to HA nanorods at concentrations of 0.2, 2, and 20 mg/ml, respectively, at p ≤ 

0.05. The marks (♣), (♣♣), (♣♣♣) indicate the significant difference in concentration of MDA 

of HA nanorods and nanoplates as well as control as compared to HA thin nanoplates at 

concentrations of 0.2, 2, and 20 mg/ml, respectively, p ≤ 0.05. The marks (@), ($) and (&) 

show the significant difference in concentration of MDA of HA nanorods, nanoplates and thin 

nanoplates, respectively, among the different concentrations.  

5.1.4.  Mechanism for morphology-induced antibacterial response  

Based on MTT results (Fig. 5.1), HA nanorods possess better antibacterial potential than HA 

nanoplates and thin nanoplates at a concentration of 0.2 mg/ml, which was further confirmed 

by qualitative tests, such as colony counting method (Fig. 5.2) and live-dead assay (Fig. 5.3). 

At 0.2 mg/ml, the higher concentration of ROS (O2
•– and H2O2) is produced in HA nanorods 

as compared to HA nanoplates and thin nanoplates (Figs. 5.4 and 5.5). It allows corresponding 

oxidative damages in a similar manner for the above respective morphologies, as confirmed by 

ROS-induced protein leakage and MDA levels (Figs. 5.6 and 5.7). It clearly revealed that the 

overproduction of ROS is mainly responsible for the antibacterial activity of different 

morphological HA nanocrystals at 0.2 mg/ml. The difference in ROS generation among HA 

morphologies can be directly correlated to their size. The dimensions of HA nanorods and 

nanoplates are (70 – 500 × 22 – 62) nm2 and (200 – 500 × 60 – 250 × 7 – 66) nm3, respectively. 

However, the length of thin nanoplates is up to a micron scale with thickness down to ~7 nm. 

Clearly, a larger number of HA nanorods have a size of less than 100 nm, making them more 

susceptible to ROS generation due to their ease with cellular internalization and high surface 

area-to-volume ratio [28, 30, 69, 70]. Within bacteria, the electron donor sites of HA 

nanocrystals interact with molecular oxygen O2 and convert to O2
•– radical, which further 

generates toxic ROS, such as H2O2 and •OH [28, 29]. Smaller particles also promote ROS 

production by deactivating defense enzymes, and disturbing the electron-transfer process and 
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mitochondria function [71]. Therefore, HA nanorods have higher antibacterial activity at 0.2 

mg/ml. However, the larger-sized HA nanoplates and thin nanoplates possess reduced 

antibacterial potential at this concentration. 

At HA concentration of 2 mg/ml, the variation in antibacterial activity for HA nanorods, 

nanoplates, and thin nanoplates is in increasing order, differing from the trend observed at 0.2 

mg/ml (Fig. 5.1). At this concentration, NPs internalization ceased due to their agglomeration 

and antibacterial effect primarily results from the combined action of Ca2+ ion release and 

electrostatic repulsion between HA nanocrystals and bacterial cells. In the cellular metabolic 

process, the Ca2+ ions increase the metabolic rate (ATP synthesis) of bacterial cells by 

activating the enzymes related to the Krebs cycle and oxidative phosphorylation in 

mitochondria, which would consume more molecular oxygen, resulting in enhanced ROS 

generation as a byproduct. This leads to oxidative stress and, ultimately, cell apoptosis [72, 73]. 

The release rate of Ca2+ ions is directly linked with the crystallinity of HA nanorods, 

nanoplates, and thin nanoplates, which is calculated to be ~ 89, 97 and 86 %, respectively. The 

lower crystallinity causes higher dissolution [74-76]. Consequently, at 2 mg/ml, ROS 

production and their associated bacterial damage are the highest in HA thin nanoplates and the 

lowest in HA nanoplates (Figs. 5.4, 5.5, 5.6 and 5.7), resulting in minimum antibacterial 

activity for HA nanoplates as compared to HA nanorods and thin nanoplates. In contrast, both 

quantitative and qualitative tests revealed the least antibacterial activity for HA nanorods than 

HA nanoplates and thin nanoplates at 2 mg/ml (Figs, 5.1, 5.2 and 5.3). Apart from achieving 

the antibacterial response of HA nanocrystals (2 mg/ml) due to oxidative stress, generated by 

the release of Ca2+ ions, the electrostatic repulsion between HA nanocrystals and bacterial cells 

also contributes significantly to further enhance the antibacterial activity of HA nanoplates and 

thin nanoplates [77, 78].  
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It is well reported that hexagonal HA possess two oppositely charged crystal planes; positively 

charged a-plane (rich in Ca2+ ions) and negatively charged c-plane (enriched with PO4
3– and 

OH– ions) [79-81]. Since both, E. coli and S. aureus bacteria possess a negative charge [82], at 

2 mg/ml, bacterial adhesion is lower in HA nanoplates and thin nanoplates, as their major 

exposed surface of interaction with bacterial cells is along the negatively charged c-plane [Fig. 

3.9C (b3 and c3)]. However, the major exposed surface of HA nanorods for interaction with 

bacterial cells is along the positively charged a (b)-plane [(Fig. 3.9C (a3)], leading to more 

bacterial adhesions (Fig. 5.2 and 5.3). Several studies also observed a high number of adherent 

E. coli and S. aureus bacteria on positively charged surfaces [83]. The antibacterial activity of 

HA nanorods is only due to ROS production from Ca2+ ions release. While HA nanoplates and 

thin nanoplates showed antibacterial activity due to both, Ca2+ ions release and electrostatic 

repulsion. As a result, HA nanorods show the lowest antibacterial activity compared to HA 

nanoplates and thin nanoplates at 2 mg/ml (Fig. 5.1, 5.2, and 5.3). On further increasing the 

concentration of HA nanocrystals from 2 – 20 mg/ml, a similar variation for HA nanorods, 

nanoplates, and thin nanoplates is observed (Fig. 5.1). Even their antibacterial activity is 

significantly enhanced for both, E. coli and S. aureus bacteria. Treating the bacteria with 

increased HA concentration enhances the number of released Ca2+ ions and the degree of 

repulsion between HA nanocrystals and bacterial cells [84, 85]. 

It can, therefore, be suggested that the antibacterial activity of HA nanocrystals is morphology 

and dose-dependent. 

5.2. Summary 

In this chapter, antibacterial activity of various concentrations (0.2, 2 and 20 mg/ml) and 

morphologies of HA nanocrystals were evaluated using a number of quantitative and 

qualitative assays. The results revealed that HA nanorods and thin nanoplates exhibited good 

antibacterial response at concentrations of 0.2 and 20 mg/ml, respectively. Even 20 mg/ml 



17 
 

concentrated HA thin nanoplates showed the highest antibacterial response among all the tested 

concentrations and other samples. Moreover, the least antibacterial response was observed for 

HA nanorods at the concentration of 2 mg/ ml. The mechanism for the bactericidal effect of 

HA nanocrystals was also revealed by SOD, catalase, protein estimation and lipid peroxidation 

assays. The bactericidal effect of 0.2 mg/ml concentrated HA nanorods was due to over 

production of ROS within the bacterial cells. In contrast, 20 mg/ml concentrated thin HA 

nanoplates showed antibacterial potential due to the synergistic effect of ROS generation and 

their electrostatic repulsion with bacteria. It can, therefore, be suggested that HA thin 

nanoplates can be a potential antibacterial biomaterial to prevent prosthetic implant-related 

bacterial infection (Fig. 5.8). 

 

Fig. 5.8 Schematic diagram, demonstrating the antibacterial efficacy of different 

morphological HA nanocrystals  
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