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Chapter 5 

Effect of doping and surface charge on the antibacterial response of Mg1-

xCaxSi1-xZrxO3 (x = 0 - 0.4) bioceramics 

This chapter discusses the effect of surface charge and co-substitution of Ca and Zr in 

MgSiO3 [Mg1-xCaxSi1-xZrxO3 (x = 0 - 0.1, 0.2, 0.3, 0.4); MCSZO-X, X=0 – 4] on their 

antibacterial response. The MCSZO-X bioceramics were synthesized using solid-state route. 

The influence of Ca and Zr co-doping on crystallite size of MCSZO-X has been analysed 

using X-ray peak profile analyses. The surface charges were developed by corona poling (30 

min) of sintered MCSZO-X samples as well as HA samples at temperature and voltage of 

500ºC and 20 kV, respectively. In addition, the antibacterial response of MCSZO-X ceramics 

was evaluated by measuring of reactive oxygen species (ROS), the levels of superoxide 

dismutase, catalase, and level of protein and lipid peroxide. 

5.1. Crystalline Size and lattice strain analyses 

The discs were optimally sintered at different temperatures like, MCSZO-0 at 1380 °C for 6 

h, MCSZO- X (X = 1 – 3) at 1350°C for 3 h and MCSZO - 4 at 1320º C for 3 h.  The XRD 

analyses of sintered MCSZO-X (X = 0 - 4) and HAP samples revealed the formation of pure 

phases with some minor peaks of CaSiO3 and CaMgSiO3 (JCPDS #19-0239) [1, 2]. The 

crystallite size and strain for MCSZO -X samples were calculated from the diffraction data 

using Scherrer, modified Scherrer (Figure. 5.1), size-strain plot (SSP) (Figure. 5.2) and 

Williamson-Hall (WH) plot (Figure. 5.3). The average crystal size and strain for MCSZO-X 

samples were computed [Table 5.1].  
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Figure. 5.4 represents the EDS spectra of MCSZO- X powder, which confirm the presence of 

Mg, Ca, Si, Zr and O ions. 

 

Figure 5.1.  Modified Scherrer plots for MCSZO – X (X = 0 - 4) bioceramics. (a) X = 0, (b) X 

= 1, (c) X = 2, (d) X = 3, and (e) X = 4. 
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Figure 5.2.  Size -strain plots for MCSZO – X (X = 0 -4) bioceramics. (a) X = 0, (b)X = 1, (c) 

X = 2, (d) X = 3 and (e) X = 4. 
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Figure 5.3.  Williamson-Hall plots for MCSZO – X (X = 0 -4) bioceramics. (a) X = 0, (b)X = 

1, (c) X = 2, (d) X = 3 and (e) X = 4. 
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Overall, the crystallite size, calculated from various approaches, (scherrer, modified Scherrer 

methods, W- H plot and SSP plot method), the SSP plot method offers more close values of 

size and strain as the high-intensity points are closer to the linear fit. 

 

Figure 5.4. EDS spectrum of MCSZO-X (X = 0 – 4) powders. (a) X= 0, (b) X= 1, (c) X= 2, 

(d) X= 3, and (e) X= 4. 
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Table 5.1: The crystallite size and lattice strain for the developed MCSZO-X (X = 0 – 4) 

bioceramics using X-ray peak profile analyses. 

Crystallite 

size (D) 

in nm 

Methods Samples 

MCSZO-0 MCSZO-1 MCSZO-2 MCSZO-3 MCSZO-4 

Scherrer Method 

(nm) 

 

38 ± 13.4 35 ± 6.8 36 ± 20.5 33 ± 12.4 34 ±17.3 

Modified 

Scherrer method 

(nm) 

 

41 39 38 28 33 

 

Williamson- 

Hall plot (nm) 

69 64 63 37 39 

Size-strain 

Plot (nm) 

63 59 58 54 57  

 

Lattice 

Strain (ε) 

Williamson- 

Hall plot 

3.7 ˣ 10-3 3.3 ˣ 10-3 3.2 ˣ 10-3 2.2 ˣ 10-3 2.9 ˣ 10-3 

Size-strain 

Plot 

3.7 ˣ 10-3 3.3 ˣ 10-3 3.2 ˣ 10-3 2.2 ˣ 10-3 2.9 ˣ 10-3 

 

5.2. Measurement of surface charge 

Thermally stimulated depolarization current (TSDC) spectrum [Figure 5.5] was used to 

evaluate the charge, produced on the surface of MCSZO-X electret samples as [3], 

 

Where β, T and I represent the heating rate, temperature and current, respectively. The 

surface charge densities, calculated for MCSZO-X electrets are 0.25, 0.29, 0.32, 0.17, 0.16 

µC/cm2, respectively. 
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Figure 5.5. Thermally stimulated depolarization current (TSDC) plot for MCSZO-X (X = 0 – 

4) electrets. 

5.3. Antibacterial response 

The in vitro antibacterial response of MCSZO-X (X= 0 - 4) electret samples were evaluated 

with E. coli and S. aureus bacteria. For this purpose, both, quantitative and qualitative 

analyses as follows. 

5.3.1. Quantitative assessment 

5.3.1.1. MTT assay 

The results of MTT assay for both, E. coli and S. aureus bacteria, cultured on the surface of 

uncharged, MCSZO-X electrets and HA samples are shown in Figure. 5.6. The co-doping of 

Ca2+ and Zr4+ in MgSiO3 increases the antibacterial response. In comparison to uncharged 

HA, statistical analyses demonstrate that all uncharged and MCSZO-X electrets exhibit 

significantly higher antibacterial responses.  
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The viability of both, S. aureus and E. coli bacteria on uncharged MCSZO-X samples are 

decreased by (14, 17, 23, 36, 35 %) and (16, 19, 25, 40, 39 %), respectively, in comparison to 

uncharged HA [Figure. 5.6 (a and b)]. However, negative end of MCSZO-X electrets 

decreased the bacterial viability of both, S. aureus and E. coli by (21, 22, 27, 39, 37 %) and 

(29, 37, 39, 51, 48 %) than the uncharged HA. The negative end of MCSZO-X electrets 

decreased the viability of S. aureus and E. Coli by (18, 20, 24, 37, 36 %) and (17, 27, 29, 44, 

40 %) than negative end of HA electrets, respectively. However, negative end of HA electrets 

reduced the viability of S. aureus and E. coli by 3.17 % and 14.19 % as compared to their 

uncharged HAP samples, respectively. Although, positive end of MCSZO-X electrets 

decreased the viability of S. aureus and E. coli bacteria by (26, 33, 35, 46, 42.8 %), and (24, 

25, 30, 43, 42.2 %), in comparison to positive end of HAP electrets, respectively.  However, 

positive end of HAP electret samples decreased the viability of both, S. aureus and E. coli 

bacteria by 13 % and 4 % as compared to their uncharged HAP samples. This suggests that 

formation of electret enhances the antibacterial response. 
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Figure 5.6.  Optical density (OD) of E. coli (a) and S. aureus (b) bacteria towards 

uncharged, negative and positive ends of MCSZO-X (X = 0 - 4) electret surfaces and HAP 

control. (*) indicates statistically significant variation, at p ≤ 0.05, among all MCSZO-X 

samples in comparison to uncharged HA. Similarly, (**) indicates statistically significant 

variation, at p ≤ 0.05, among all MCSZO-X samples, as compared to the positive end of HA 

electret surfaces. (#) indicates statistically significant variation, at p ≤ 0.05, among all 

MCSZO-X samples, compared to the negative end of HA electret surfaces. The (&) indicates 

the significant variation, at p ≤ 0.05, among all the uncharged MCSZO-X samples, as 

compared to positive and negative end of MCSZO-X electret surfaces. (U- uncharged, P-

Positive end of electrets, N- Negative end of electrets). 

Figure. 5.7 shows the antibacterial ratio of E. coli and S. aureus bacteria on uncharged, 

MCSZO-X electrets and HA pellets. In the case of E. coli bacteria, antibacterial ratio is 

calculated to be (29, 33, 37, 50, 48 %), (37, 38, 42, 53, 52 %), and (40, 47, 49, 60, 57 %) on 

the uncharged, positive and negative ends of MCSZO-X electrets, respectively. Nevertheless, 

for the uncharged, positive and negative ends HA of electrets, it was 17 %, 19 %, and 28 %, 

respectively. However, the antibacterial ratio of S. aureus bacteria on the uncharged, positive 
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and negative ends of MCSZO-X electrets are (20, 23, 28, 40, 39 %), (30, 38, 39, 50, 47 %), 

(29, 28, 32, 43, 42 %), respectively, while it was only 7 %, 19 % and 10 % on the surfaces of 

uncharged, negative and positive ends of HA electrets. The results suggest that, the 

antibacterial ratios of the uncharged and MCSZO-X electrets are considerably higher than 

those of HAP samples, respectively, for both, S. aureus and E. coli bacteria.  

 

Figure 5.7. Antibacterial ratio for E. coli (a) and S. aureus (b) bacteria towards uncharged, 

negative and positive ends of MCSZO-X (X = 0 - 4) electret surfaces and HAP control. (*), 

(**) and (***) indicate significant variation among all the uncharged, positive and negative 

ends of MCSZO-X electret surfaces with those of HA, at p ≤ 0.05, (@) indicates the 

significant variation in negative end of MCSZO-X electret surfaces with respect to their 

corresponding uncharged surfaces of MCSZO-X samples, at p ≤ 0.05. ($) indicates the 

significant variation in positive end of MCSZO-X electret surfaces with respect to 

corresponding uncharged surfaces of MCSZO-X samples, at p ≤ 0.05. (U- uncharged, P-

Positive end of electrets, N- Negative end of electrets). 
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Overall, the MTT results demonstrate that the surfaces of MCSZO-X electrets reduce the 

bacterial adhesion by the action of electrostatic field. With increasing the concentration of Ca 

and Zr in MCSZO-X bioceramics, the antibacterial activity is observed to increase.  

5.3.2. Qualitative assessment 

5.3.2.1. Live/ dead assay 

Figure. 5.8 and Figure. 5.9 demonstrates population of a live / dead bacterial cells, adhered on 

the surfaces of uncharged, MCSZO-X electrets and HAP samples, culture with both, E. coli 

and S. aureus bacteria. It is clearly seen that the population of S. aureus and E. coli bacteria 

on all the uncharged and MCSZO-X electrets represent higher number of dead bacterial cells 

in comparison to uncharged HA. The density of live bacteria is lower on the positive and 

negative ends of MCSZO-X electrets, in comparison to their uncharged MCSZO-X samples 

for E. coli [Figure. 5.8]. and S. aureus [Figure. 5.9]. The average number of the dead bacterial 

cells for S. aureus and E. coli was found to increase from about 45 to 70 and 25 to 60, 

respectively, with increasing the concentrations of Ca and Zr (X = 0 - 3) on positive electret 

surfaces of MCSZO-X sample. However, no significant change in number of dead bacterial 

cells was observed on further increasing the concentration of Ca and Zr from X = 3 to 4, 

which is in well agreement with MTT results. It has also been observed that with increase in 

the concentration of Ca and Zr from 0 to 0.3, the density of live bacterial cell decreases. 
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Figure 5.8.  Fluorescence microscopy images, revealing the live and dead stain of E. coli 

bacteria, cultured towards uncharged, positive and negative ends of MCSZO -X (X = 0 – 4) 

electret surfaces as well as HA samples. (U- uncharged, P P-Positive end of electrets, N- 

Negative end of electrets, scale bar: 100 µm). 
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Figure 5.9.  Fluorescence microscopy images, revealing the live and dead stain of S. aureus 

bacteria, cultured towards uncharged, positive and negative ends of MCSZO -X (X = 0 – 4) 

electret surfaces as well as HA samples. (U- uncharged, P P-Positive end of electrets, N- 

Negative end of electrets, scale bar: 100 µm). 

5.4. Enzymatic activity 

5.4.1. Super oxide dismutase (SOD) assessment 

Figure. 5.10 represents the production of superoxide on the surfaces of uncharged, positive, 

negative ends of MCSZO-X electrets and HA samples, cultured with both, E. coli and S. 

aureus bacteria. It can be clearly seen that the production of O2
- is lower on the surfaces of 

uncharged, negative end of MCSZO-X and HA electret samples as compared to positive end 

of MCSZO-X electrets and HA samples.  
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The formation of superoxide ion on the uncharged, positive and negative ends of MCSZO-X 

electrets, while cultured with E. coli bacteria, are (153, 160, 173, 185, 179 %), (234, 269, 

288, 331, 326 %), and (168, 180, 187, 206, 200 %), respectively, as compared to uncharged 

HA. On the other hand, for S. aureus seeded surfaces of uncharged, positive and negative 

ends of MCSZO-X electret samples, the formation of superoxide ion is (141, 147, 153, 164, 

155 %), (202, 224, 243, 273, 270 %), and (153, 162, 167, 18, 176 %), respectively, as 

compared to uncharged HA. It was suggested  that after polarisation, the electrostatic surface 

charge generate an electric field, which promotes ROS formation [4]. According to reports, 

the proteins, DNA, and lipids, of bacterial cells are damaged by ROS (H2O2, O2
-, OH, etc.) 

[5-8]. 

 

Figure 5.10. The content of superoxide (•O2
−) for E. coli (a) and S. aureus (b) bacteria 

towards uncharged, negative and positive ends of MCSZO-X (X = 0 - 4) electret surfaces and 

HA control. (*), (**) and (***) represent statistically significant variation observed among 

all the uncharged, positive, and negative ends of MCSZO-X electret surfaces, as compared to 

the uncharged, positive, and negative ends of HA electret surfaces, respectively, at p ≤ 0.05. 

(@) indicates statistically significant variation observed in negative end of MCSZO-X 
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electret surfaces, as compared to their uncharged counterparts, at p ≤ 0.05. (&) indicates 

statistically significant variation, observed on the positive end of MCSZO-X electret surfaces, 

as compared to their uncharged counterparts, at p ≤ 0.05. (U- uncharged, P-Positive end of 

electrets, N- Negative end of electrets). 

5.4.2. Catalase assessment 

Figure. 5.11 shows the catalase activity for E. coli and S. aureus bacteria, cultured with 

uncharged, positive, negative ends of MCSZO-X electrets and HA samples. The catalase 

activity demonstrates the time-dependent nature of H2O2 dissociation. In comparison to 

uncharged, positive and negative ends of HA samples, the surface of uncharged, positive and 

negative ends of MCSZO-X electrets bioceramics exhibit substantial reductions in catalase 

activity. Additionally, the statistical analyses furthermore demonstrate that positive end of 

MCSZO-X electret and HA samples have significantly lowered the catalase activity than 

uncharged and negative end of MCSZO-X electrets and HAP [Figure. 5.10. (a, b)].  
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Figure 5.11. Catalase activity for E. coli (a) and S. aureus (b) bacteria towards uncharged, 

negative and positive ends of MCSZO-X (X = 0 - 4) electret surfaces and HAP control. (*), 

(**) and (***) indicate significant variation among all the uncharged, positive and negative 

ends of MCSZO-X electret surfaces with respect to those of HAP, at p ≤ 0.05, (@) indicates 

significant variation in negative end of MCSZO-X electret surfaces, as compared to their 

uncharged counterparts, at p ≤ 0.05. (&) indicates significant variation in positive end of 

MCSZO-X electret surfaces, as compared to their uncharged counterpart, at p ≤ 0.05. (U- 

uncharged, P-Positive end of electrets, N- Negative end of electrets). 

The catalase activity on the surface of uncharged, negative and positive ends of MCSZO-X 

electrets, are (88, 75, 70, 62, 61 %), (76, 47, 45, 50, 48 %) and (41, 30, 23, 19, 17%) as 

compared to uncharged HA, respectively, while cultured with E. coli bacteria. Also, the 

catalase activity on the surface of uncharged, negative and positive ends of MCSZO-X 

electrets, are (93, 87, 88, 66, 68 %), (72, 66, 50, 42, 49 %) and (48 35, 26, 16, 22%) as 

compared to uncharged HA, respectively, while cultured with S. aureus bacteria. However, 

significant decrease in catalase activity has been observed on the positive end of MCSZO-X 

electrets for both, E. coli and S. aureus bacteria i.e., (41, 30, 23, 19, 17 %) and (48, 35, 26, 
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16, 21 %) respectively, in comparison to uncharged HA. It has been suggested that the 

decrease in catalase activity represents a slower dissociation of H2O2, resulting in the 

prolonged presence of reactive H2O2, which is toxic to bacterial cells [9-11].  

5.4.3. Evaluation of protein concentration  

Figure. 5.12 demonstrates the protein level for E. coli and S. aureus bacteria, while cultured 

with uncharged, positive, negative ends of MCSZO-X electrets and HA samples. The 

concentrations of protein have been observed to be lower on the surface of uncharged, 

positive, negative ends of MCSZO-X electrets, as compared to HA samples. In MCSZO-X 

electret samples, the amounts of S. aureus bacterial protein leakage from uncharged, positive 

and negative ends of electrets are (137, 151, 171, 202, 201 %), (241, 268, 283, 341, 350 %), 

and (160, 179, 196, 240, 231 %), respectively. However, it was 203 % and 114 % on positive 

and negative ends of HA electret samples, as compared to uncharged HA. Also, the amounts 

of damaged protein from the uncharged, positive and negative ends of MCSZO-X electrets, 

are (128, 154, 142, 175, 1880 %), (214, 229, 238, 292, 285 %), and (145, 166, 179, 210, 195 

%), respectively, in comparison to uncharged HA, for E. coli bacteria. However, it was 170 

% and 112 % on surfaces of the positive and negative ends of HA electrets. The decrease in 

protein concentration indicates that free radicals damage the cell walls. It is evident that the 

concentration of protein decreases on surface of positive end of electret in comparison to it’s 

negative end and uncharged surface for both, S. aureus and E. coli bacteria, which indicates 

the percentage of higher number of free radicals on positive end of MCSZO-X and HA 

electrets. Overall, this result also demonstrates the bacterial damaged induced by ROS on the 

surface of positive end of MCSZO-X electret samples, which is significantly higher on the x 

= 0. 3 and x = 0. 4 samples. (i.e., higher Ca and Zr contents). 
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Figure 5.12. Protein leakage for E. coli (a) and S. aureus (b) bacteria towards uncharged, 

negative and positive ends of MCSZO-X (X = 0 - 4) electret surfaces and HA control. (*), 

(**) and (***) indicate significant variation among all the uncharged, positive and negative 

ends of MCSZO-X electret surfaces with respect to those of HA surfaces, at p ≤ 0.05, (@) 

indicates significant variation in negative end of MCSZO-X electret surfaces, as compared to 

their uncharged counterparts, at p ≤ 0.05. (&) indicates significant variation in positive end 

of MCSZO-X electret surfaces, as compared to their uncharged counterparts, at p ≤ 0.05. (U- 

uncharged, P-Positive end of electrets, N- Negative end of electrets). 

5.4.4. Lipid peroxidation (LPO) assessment 

Figure. 5.13 shows the content of MDA on uncharged, positive, negative ends of MCSZO-X 

electrets and HA pellets, cultured with both, S. aureus and E. coli bacteria. The production of 

ROS closely related to the MDA level [12]. According to statistical analyses, S. aureus and 

E. coli bacteria exhibit significantly higher MDA concentrations on uncharged, positive and 

negative ends of MCSZO-X electrets sample, than on uncharged, positive and negative ends 

of HAP electrets, respectively [Figure. 5.13 (a, b)]. The MDA concentration was found to be 

(126, 152, 163, 249, 233%), (233, 281, 290, 445, 444%), and (157, 175, 204, 298, 295%) on 
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the uncharged, positive, and negative ends surfaces of MCSZO-X electrets, respectively, 

while cultured with S. aureus bacteria. However, the MDA concentration for negative and 

positive ends of HAP electrets are (210 % and 302 %), respectively, as compared to 

uncharged HA. 

Likewise, for E. coli bacteria, the MDA concentration has been calculated to be (152, 174, 

209, 284, 273 %), (349, 405, 504, 679, 668 %) and (255, 256 292, 322, 308 %) on the 

uncharged, positive and negative ends of MCSZO-X electrets, respectively. However, the 

MDA concentration for positive and negative ends of HA electret are (302% and 302 %), 

respectively, in comparison as uncharged HA. 
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Figure 5.13. Concentration of MDA for E. coli (a) and S. aureus (b) bacteria towards 

uncharged, negative and positive ends of MCSZO-X (X = 0 - 4) electret surfaces and HA 

control. (*), (**) and (***) indicate significant variation among all the uncharged, positive 

and negative ends of MCSZO-X electret surfaces as compared to those of HA, at p ≤ 0.05, 

(@) indicates significant variation in negative end of MCSZO-X electret surfaces, as 

compared to their uncharged counterparts, at p ≤ 0.05. (&) indicates significant variation in 

positive end of MCSZO-X electret surfaces, as compared to their uncharged counterparts, at 

p ≤ 0.05. (U- uncharged, P-Positive end of electrets, N- Negative end of electrets). 

5.5. Discussion 

Overall, the key findings show that the antibacterial activity of MCSZO-X (X = 0 - 4) 

bioceramics are influenced by number of factors, including the bacterial type, surface charge 

polarity, and doping of Ca2+ and Zr4+. From X-ray peak profile analyses, it has been 

confirmed that with increasing the concentration of Ca and Zr from 0.1 to 0.3 in MgSiO3 

bioceramics, the crystallite size decreases from 38 - 33, 41 - 28, 69 - 37 and 63 - 54, as 

calculated from Scherrer, modified Scherrer, WH and SSP plots. Whereas, for the 
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concentration of Ca and Zr from 0.3 to 0.4, the crystallite size increases from 33 - 34, 28 - 33, 

37 - 29 and 54 - 57 nm. Moreover, these changes appear due to the lattice contraction and 

distortion in MgSiO3 ceramics. It has been revealed that the generation of oxygen vacancies 

decreases the crystallite size [13]. Consequently, the reduction in crystallite size, in the 

compositional range 0.1 to 0.3, can also be attributed to an increase in oxygen vacancy [Table 

5.1]. Moreover, the present study also demonstrated that decrease crystallite size shows an 

increase in antibacterial properties.  

The average number of the dead bacterial cells for S. aureus and E. coli was found to increase 

from about 45 to 70 and 25 to 60, respectively, with increasing the concentrations of Ca and 

Zr (X = 0 - 3) on positive electret surfaces of MCSZO-X sample. However, no significant 

change in number of dead bacterial cells was observed on further increasing the concentration 

of Ca and Zr from X = 3 to 4, which is in well agreement with MTT results. 

It has been examined that the positive end of MCSZO-X electrets shows a higher amount of 

ROS such as superoxide and lipid peroxidation [Figure. 5.10 and Figure. 5.13] in comparison 

to their uncharged, negative end of MCSZO-X electrets as well as uncharged and HA electret 

samples. The formation of superoxide ion on the uncharged, positive and negative ends of 

MCSZO-X electrets, was increased with increasing the concentration of Ca and Zr from 0 to 

3. While on increasing the concentration of Ca and Zr from 3 to 4, the formation of 

superoxide ion decreases, respectively for both E. coli and S. aureus bacteria [Figure 5.10]. 

The catalase activity is also lower on the positive end of MCSZO-X electrets in comparison 

to their uncharged and negative end MCSZO-X electret surfaces as well as uncharged and 

HA electrets [Figure. 5.11]. The positive end of MCSZO-X electrets demonstrates larger 

number of dead bacterial cell due to the higher concentration of ROS generation which 

damaged the DNA, and proteins of bacterial cells [14]. It has also been observed that the 

leakage of bacterial proteins is considerably more on the positive end of MCSZO-X electrets, 
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in comparison to their corresponding uncharged and negative end of HA electret samples 

[Figure. 5.12] which indicate that the positive end of electret surfaces leads to the remarkable 

higher destruction in the cytoplasmic component of bacterial cell [Figure. 5.14].  

The bilayered structure of E. coli bacteria, which has a layer of peptidoglycan on the inside 

and a layer of lipopolysaccharides on the outside, making it more negative than S. aureus 

[15]. The negative charge on the bacterial membranes can be countered by the positive 

charge on the implant surface, which changes the structure of the lipid layer and increases the 

permeability of bacterial membrane. This causes the disintegration which, consequently, kill 

the cell membranes [Figure. 5.14][16, 17].  In an earlier study, it has been reported that the 

negative charge on the bacterial membrane is depolarized by the positive charged surfaces 

[18]. It induces cell death by altering the permeability of cellular membrane, which allows 

intracellular substances including glucose, proteins, and nucleic acids to flow out [18]. 

Additionally, because of electrostatic repulsion between negatively charged membrane of E. 

coli and negative end of electret surface, less number of bacterial cells was observed on the 

negative end of surfaces of MCSZO-X electret samples in comparison to positive end of 

MCSZO-X electrets and uncharged MCSZO-X samples [18, 19]. The negatively charged 

surface exhibited remarkable hydrophilicity, which decreases the bacterial cell population 

[20-23]. It has been reported that with the electrostatic repulsion, the hydrophilicity also plays 

an important role to enhance the antibacterial response [19, 20, 22, 24]. The charged surfaces 

generate a small electric field at the microscopic level and positive charged surfaces tend to 

produce higher levels of ROS such as OH-
, O2

-, and H2O2, which kill the bacterial cells [5, 

25]. In addition, Ca and Zr ions also promote ROS generation [26, 27]. Excessive oxidative 

stress can damage bacterial cell membranes as well as intracellular components such as, DNA 

and proteins, ultimately leading to cell death [Figure. 5.14][28].  
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From the above-mentioned observations, it has been suggested that with increasing the 

concentration of both, Ca2+ and Zr4+ in MCSZO-X (X = 0 – 4), antibacterial properties of 

prepared biocermics were enhanced.  

 

Figure 5.14. Schematic illustrating the mechanism of antibacterial response of negative (a) 

and positive (b) ends of electrets of MCSZO-X (X = 0 – 4) samples. (a) The electrostatic 

repulsion between negative end of electret and negatively charged bacterial membrane 

prevent the adhesion of bacteria (b) Production of reactive oxygen species (ROS) on the 

positive end of electret kill the bacterial cells by means of DNA damage, lipid layer 

distraction, membrane rupture [idea adapted from ref. 23].  

5.5. Closure 

Pure and Ca2+ and Zr2+ co-doped MCSZO-X (X = 0 - 4) bioceramics were developed by solid 

state synthesis route.  From X- ray peck profile analyses reveal that the value of crystallite 

size and lattice strain decreases for the composition, X = 0 to X = 3 which again decreases for 
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X = 3 to X = 4, as calculated from WH and SSP methods. MTT results suggested that the 

viability of both, S. aureus and E. coli bacteria, are decreased by (14, 17, 23, 36, 35 %) and 

(16, 19, 25, 40, 39 %), respectively, on uncharged surfaces of MCSZO-X samples in 

comparison to uncharged HA. Further, negative end of MCSZO-X electrets demonstrate 

reduction in bacterial viability of both, S. aureus and E. coli by (21, 22, 27, 39, 37 %) and 

(29, 37, 39, 51, 48 %) than the uncharged HA. Also, positive end of MCSZO-X electrets 

shows the decrease in bacterial viability of S. aureus and E. coli bacteria by (26, 33, 35, 46, 

42 %), and (24, 25, 30, 43, 42 %) respectively, in comparison to positive end HA electrets.  

In addition, the density of dead cell was higher on the surfaces of MCSZO-X electrets in 

comparison to their uncharged surfaces of MCSZO-X samples which confirm that surface 

polarization improves the antibacterial activity. Also, the from enzymatic activity results 

suggested that the positive end of MCSZO-X electrets, demonstrates higher number of dead 

bacteria cells in comparison to uncharged and negative end of MCSZO-X electrets. Overall, 

it has been confirmed that with increasing the concentration of Ca2+ and Zr4+ in MCSZO -X 

electrets, the antibacterial response enhances.  
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