Chapter 4
Antibacterial and Cellular Response of Hydroxyapatite (HA) and HA- x ZnO (x = 3.0,
4.5, and 7.5 wt. %) Composites
This chapter discusses the effect of incorporation of varying amount of ZnO (0.0, 3.0, 4.5
and 7.5 wt. %) in HA matrix on antibacterial and cellular response. The phase
evolution, FTIR and microstructural analyses of fabricated HA- x ZnO (0.0, 3.0, 4.5 and
7.5 wt. %) composites have been discussed. Further, the effect of addition of ZnO on
dielectric and electrical properties has been discussed. In addition, the combined effect
of surface polarization and optimal ZnO addition in HA on antibacterial as well as
cellular response has also been explored.
4.1. XRD analysis
Fig. 4.1 represents the x-ray diffraction patterns for HA and HA-x ZnO (x=3, 4.5 and 7.5
wt. %) composites. The major diffraction peaks of HA is observed at, 20 = 31.86°,
32.28°, 32.98° and 34.12°. These values correspond to the single phase hexagonal HA
structure (JCPDS # 09-0432). On the other hand, the diffraction peaks corresponding to
ZnO appears at 20 = 31.83 °, 36.36 °, and 56.62 °, which is similar to the XRD pattern of
wurtzite hexagonal ZnO (JCPDS # 79-2205). In the composite samples, the diffraction
peaks, corresponding to only HA and ZnO phases were observed which represents the
thermochemical stability of HA-ZnO composites under the optimal processing

parameters.
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Fig. 4.1. The X- ray diffraction patterns for (a) HA, (b) HA-3.0 wt. % ZnO, (c) HA-4.5

wt. % ZnO and (d) HA-7.5 wt. % ZnO composite samples.

4.2. Fourier transform infrared spectroscopic analysis

Fig. 4.2. illustrates the FTIR spectra of sintered HA-x ZnO (x = 0.0, 3.0, 4.5 and 7.5 wt.

% ZnO) composites. The characteristic bands, corresponding to PO,> in HA appears at

1089, 1023, 962, 604, and 560 cm™[1]. The adsorption bands, corresponding to COs*

appears at 1415 and 1450 cm™ [2]. The band at 874 cm™ represents the HPO,* [3]. The

stretching and bending modes of vibration, corresponding to hydroxyl group (OH"), are

observed at 3572 and 630 cm™, respectively [4].
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Fig. 4.2. Fourier transform infra-red (FTIR) spectra for (a) HA, (b) HA-3.0 wt. % ZnO,
(c) HA-4.5 wt. % ZnO and (d) HA-7.5 wt. % ZnO composite samples.

4.3. Microstructural analysis

Fig. 4.3 represents the SEM images of fractured HA and HA-x ZnO (x = 3.0, 4.5, 7.5 wt.
%) composite surfaces. The brittle mode of fracture has been observed in HA and
composite samples. The average grain size of HA and HA-x ZnO (x = 3.0, 4.5, and 7.5
wt. %) composites were calculated to be + 0.89, + 0.96, £ 0.99 and = 1.28 um,
respectively. The energy dispersive X-ray (EDX) analyses confirm the presence of ZnO
in the composite samples. The fractured surfaces reveal good densification of the sample

at the optimal processing parameter.
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Fig. 4.3. Scanning electron micrographs of fractured (a) HA, (b) HA-3.0 wt. % ZnO, (c)
HA-4.5 wt. % ZnO and (d) HA-7.5 wt. % ZnO composite surfaces.

4.4. Dielectric measurements

The dielectric and electrical measurements of pure HA as well as the composites were
performed using Alpha-A High-Performance Frequency Analyzer, in the temperature
and frequency range of 30- 500°C and 0.1Hz-1MHz, respectively. For dielectric
measurements, 10 mm diameter and 1.5 mm thickness pellets were prepared. The
samples were mirror polished and electroded using Ag paste, which were then cured at

700°C for 5 min.
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The AC conductivity of HA and HA-ZnO composites were calculated with the help of

recorded data for dielectric measurement using the equation (4.1) [5],

d
Ooc = wCKtan 8 (4.1)

Where, ® is angular frequency (o = 2xnf), tan o is dielectric loss, C, d and A are
capacitance, thickness and area of the samples, respectively.

4.4.1. Dielectric behavior

The dielectric response of HA and HA-xZnO (x = 3.0, 4.5, 7.5 wt. %) composites in the
temperature range of 35 to 500 °C at a few selected frequencies are represented in Fig.
4.4. The dielectric constant of HA [Fig. 4.4 (a)] is observed to be poorly dependent on
temperature up to 200 °C. However, the dielectric constant increases with temperature in
the high temperature region (> 200 °C). The dielectric loss curve shows almost similar
behavior. In case of HA-3 ZnO composite, diffused maxima at about 100 °C [Fig. 4.4
(b)] and another in the higher temperature (350- 400 °C) region can be seen. For HA-x
ZnO (x = 4.5 and 7.5 wt. % ZnO) composites, almost temperature independent dielectric
constant [Fig. 4.4 (c and d)] has been observed up to ~ 250 °C, which is followed by peak
with further increase in temperature. The peak observed at about 400 °C represents the
dynamic stabilization of hexagonal phase due to reorientation of OH" ions [6]. The
dielectric loss of HA-x ZnO composites shows the similar behavior to that of dielectric
constant. The dielectric behavior of HA at lower temperature (< 100 °C) depends upon
the processing based structural defects such as, OH and O ions, and vacancies [7].
However, at higher temperature (> 500 °C), migration of OH" ions are responsible for

conduction [8].
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Fig. 4.4. Variation of dielectric constant and loss with temperature for (a) HA, (b) HA-
3.0 wt. % ZnO, (c) HA- 4.5 wt. % ZnO and (d) HA- 7.5 wt. % ZnO at few selected
frequencies.

The phase transformation of HA, from monoclinic to hexagonal occurs at 210°C, because
of the orientation of OH" ions [9]. Above 300°C, thermal defects and hydroxylation of

HA [Eq. (4.2)] are responsible for the observed dielectric response [10].

Cag(HPO4)(PO4)5(OH) = 3C33(P04)2 + H20 (4’2)

Oxygen in form of O, and O ions are adsorbed on the surface of ZnO at lower
temperature. However, with increasing the temperature, the rate of release of adsorbed
oxygen increases [11]. Consequently, a large number of oxygen vacancies are formed,
these oxygen vacancies are accumulated with grain boundary and increase the

polarization at higher temperature [12]. The room temperature dielectric constant and
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loss values for HA, HA-3 ZnO, HA-4.5 ZnO and HA-7.5 ZnO composites are (17.9,
0.11), (16.3, 0.53), (4.6, 0.04) and (17, 0.11), respectively, measured at a frequency of 10
kHz. The dielectric constant of ZnO has been reported to be 8.5 at room temperature and
frequency of 10 kHz [13]. The dielectric constant of natural human bone has been
suggested to be around 10 [14]. The measured values of the dielectric constant have been
compared with those of the calculated from existing theoretical models. The dielectric
constant values for HA-3.0 ZnO, HA-4.5 ZnO and HA- 7.5 ZnO composites were
calculated using parallel and series Wiener bounds [Egs. (4.3) and (4.4)] as well as

logarithmic mixture rule [Eq. (4.5)] as [15],

acomposite = VHASHA + VZnOi':ZnO (4" 3)

1 V V;
_ HA + Zn0 ( 4. 4)
8composite €HA €zno

108 o mposite = VHA 108 EHA + Vzno l0gezn0  (4.5)

Where, € and V is the dielectric constant and volume fraction, respectively.

It is clearly observed from Fig. 4.5 that the experimental values of dielectric constant for
HA-x ZnO composites are lower than those, calculated using the Egs. (4.3), (4.4) and
(4.5) at room temperature and frequency of 10 kHz. The connectivity between HA and
secondary phase (ZnQ) can be one of the reasons for such deviation in dielectric constant
values. The small amount of ZnO in HA results in 0-3 connectivity between ZnO and

HA phases in HA-ZnO composite.

The Landaure’s expression for 0-3 connectivity for binary system is given as [16],
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Where, V1 and V2 are the volume fractions of constituent phases, €; &; and ¢. are the
dielectric constants of ZnO, HA and composite, respectively. For perfect 0-3
connectivity, F should be zero. The value of F for HA-3.0 ZnO, HA-4.5 ZnO and HA-7.5
ZnO composites is calculated [Eq. 4.6] to be 0.027, 0.49, and 0.078, respectively. The
effective dielectric constant of polyphase materials can also be calculated by Maxwell-
Garnet equations [17].

€zno
38HA

2
enaVual 3 + 1 + €zn0Vzno
eff = 2

€
VHA[§ + 3(29:(:\] + Vzno

(4.7)

The effective dielectric constant of HA- 3.0 ZnO, HA- 4.5 ZnO and HA- 7.5 ZnO
composites were calculated using the above expression at the frequency of 10 kHz and
room temperature are 17.1, 17.6 and 19.9, respectively. The measured value of dielectric
constant for HA-x ZnO (x =3.0, 4.5 and 7.5 wt. % ZnO), composites deviated about 4.6

%, 72 % and 1.45 %, respectively, with those of the calculated [Eq. 4.7] values.
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Fig. 4.5. Comparison of experimental values for HA-xZnO (x= 3.0,4.5 and 7.5 wt.%)
with those of the values, obtained using theoretical models (Egs. 4.5-4.7) at frequencies

of (a) 10 kHz, (b) 100 kHz and (c) 1 MHz.
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4.4.2. AC conductivity behavior

Fig. 4.6 represents the variation of ac conductivity with inverse of temperature at
frequencies of 10 kHz, 100 kHz, and 1 MHz for HA and HA-ZnO composites. A
diffused maximum in the temperature range of 100- 250°C is observed for HA.
However, for HA-3.0 ZnO and HA-7.5 ZnO composites, the maxima is observed in the
temperature range of 60-200°C and 60-120°C, respectively. The sharp peaks [Fig. 4.6 (b,

c), @ 10 kHz], is observed at about 400°C, due to dielectric relaxation in the samples

[18].
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The diffused maxima shift towards higher temperature with increase in the frequency.
The ac conductivity values for HA, HA-3.0 ZnO, HA-45 ZnO and HA-7.5 ZnO
composites at room temperature and frequency of 10 kHz are 1.29 x 108 5.65 x 10°,
6.82 x 10® and 4.29x10° (ohm cm)™. For natural bone, ac conductivity has been
reported to be in the range of 10™° to 10°(ochm cm)™[19]. It has been suggested that the
conduction of HA at lower temperature (< 100°C), is due to the migration of protons (H
") in adsorbed water [20]. However, at higher temperature (> 300°C), dehydration of
OH' ions are responsible for conduction [21]. The increase in conductivity at higher
temperature is associated with the hopping of H* at O sites [Eq. (4.8)] [22]. In HA, two
proton conduction mechanisms have been suggested. Firstly, protons conduct via OH"
sites along c-axis (Eq. 4.9). Another mechanism involves conduction of protons via PO4>
tetrahedra [23]. The second mechanism is feasible due to comparatively shorter distance
(0.307 nm) between the PO,> tetrahedra and OH" ions (Eq. 4.10) with that of adjacent
OH- ions (0.344 nm) sites [24]. In addition, in first mechanism, conduction can be
hindered by the defects at OH" sites which are created due to the dehydration of the

lattice OH" ions along c-axis.

Ca;o(P04)6(OH); = Ca;o(PO,4)¢ Op + H,0 (4.8)

OH™ + OH™ - 02~ + HOH (4.9)

20H™ + [PO37] - 03 + [HPO4]?>~ + OH — 03 + [P04]3~ + HOH + [ oy_ (4.10)

Where, [Jrepresents the vacancy.
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Fig. 4.6. Variation of ac conductivity with inverse of temperature for compositions (a)
HA, (b) HA-3.0 wt. % ZnO, (c) HA-4.5 wt. % ZnO and (d) HA-7.5 wt. % ZnO.
4.4.3. Impedance analysis
Fig. 4.7 represents the complex plane impedance response for HA and HA-3.0 ZnO
composite. The impedance analyses were performed to understand the behavior of grain
and grain boundary in the entire spectrum as a function of resistance and capacitance
[25]. It is clearly observed from Fig. 4.7 (a, b) that the centers of semicircular arcs
appear below the x-axis which shows the multiple relaxation processes i.e., non-Debye
type relaxation in the samples [26]. The intercepts of semicircles on the real axis give
information about the grain and grain boundary resistances [27].
In case of non-Debye type relaxation behavior, the constant phase element (CPE)

explains the variation from Debye-type relaxation process [28]. The value of CPE were
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calculated using the expression C = (Rl‘“CQ)l/“, where, R and C, are the resistance and
capacitance, respectively, used to define the CPE by varying n; n > 0 for non ideal case
[29].The resistance and CPE are represented as parallel combination and each
combination has a time constant to describe the relaxation behavior. The maxima in each
semicircular arc are used to obtain the relaxation frequency of the circuit. The relaxation
frequencies of grains and grain boundaries for HA have been calculated to be (8, 0.3
kHz), (1.9, 0.3 kHz), (22, 0.4 kHz), (52, 0.5 kHz) and (140, 0.4 kHz) at temperatures of
400,425, 450,475 and 500°C, respectively. Similarly, for HA-3 ZnO composite, the
relaxation frequencies of grains and grain boundaries have been calculated to be (41,
0.32 kHz), (18, 0.3 kHz), (20, 0.18 kHz), (8.1, 0.23 kHz) and (60, 0.84 kHz),
respectively, at similar temperature. Fig. 4.7 (c, d) represents the plot of grain and grain
boundary resistances (log Rq and log Rys,) with inverse of temperature for HA and HA-
3.0 ZnO composite, respectively. The activation energies of both samples were
calculated with the help of linear fitting of [log Rg /log Rg, Vs 1000/T] plot. For HA and
HA-3.0 ZnO composite, the activation energies of grains and grain boundaries are (1.36,
1.44 eV), and (1.18, 1.98 eV), respectively. Yamashita et al. [30] reported the activation
energy of HA to be 1.86 eV. The activation energy for H" and O,* conduction has been

reported to be 0.5 and 1.5 eV, respectively [31].

97



b

th
)
(=)

(a) 0 400°C (b) 0 400°C

O 425°C O 425°C

2.0 R, R, M d50°C 154 A\ 450°C

~ 4759C —_ v 475°C

S 5] v 500°C G & 500°C

% o, cr, &3 > 10

) o
N N

7'(10° Q)
8 8
(¢) = R, (d) ®-Rg
. ~ -®-R Egh=198¢eV @
G ® Ry, E,—lddeV o % 7 % g/_/.” ''''
T 6 i > P
a4 ® x 6 ./// ”
25 ® g
. e —a &> 54
e 4 B 3pev @ E. - 1.18eV
_— J0¢ g
o0 _ g 2
& L L 3
—_— 34
1.30 1.35 140 145 1.50 130 135 140 145 150
1000/T (K)™ 1000/T (K)™*

Fig. 4.7. Complex plane impedance plots for compositions, (a) HA (b) HA-3 wt. % ZnO,
(c) and (d) represent the variation of resistances of grain and grain boundaries with the
inverse of temperature.

4.5. Antibacterial response of HA-xZnO composites

45.1. MTT assay

The viability of E. coli and S. aureus bacteria on unpolarized and polarized HA and HA-
xZnO (x = 4.5 and 7.5 wt. %) composites are shown in Fig. 4.8 (a) and 4.8 (b),
respectively.

It is observed that the viability of E. coli and S. aureus bacteria decreases significantly
with addition of ZnO in HA-xZnO (x= 3, 4.5, 7.5 wt. %) composites. As far as the

combined effect of ZnO addition and polarization is concerned, more pronounced
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reduction in viability of both, E. coli and S. aureus has been observed on negatively and
positively charged HA- 7.5 ZnO composites, respectively. These results suggest that the
antibacterial response of the charged surface depends upon the charge polarity and
bacteria. The population of E. coli and S. aureus bacteria are reduced by (9.62, 14, and
37.5%) and (8.69, 14.19, and 24.69 %) with the addition of ZnO in HA-x ZnO (x = 3.0,
4.5 and 7.5 wt. %) composite, respectively, as compared to HA. After polarizing the
samples, viability of E. coli and S. aureus bacteria decreased by 23, 10, and 15.4, 19 %,
respectively, on negatively and positively charged HA as compared to uncharged HA.
The viability of E. coli bacteria on negatively and positively charged HA-x ZnO (x = 3.0,
4.5 and 7.5 wt. %) composites are reduced by (31.5, 43.7, 53%) and (20, 23, 41.3 %)
respectively, as compared to uncharged HA. However, for S. aureus bacteria, negatively
and positively charged surfaces of similar composition demonstrate (26, 29.6, 39.7 %),
and (36, 41, 52%) reduction in viability, respectively with respect to uncharged HA.
Overall, it has been observed that the combined action of ZnO addition and polarization

significantly reduces the viability of E. coli and S. aureus bacteria.
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Fig. 4.8. The viability of (a) E. coli and (b) S.aureus bacteria on unpolarized and
polarized HA- xZnO composites. Asterisk (*) mark represents the statistically significant
difference among all samples with respect to uncharged HA at p < 0.05. Asterisk marks
(**) and (***) represent the statistically significant difference among all samples with
respect to negatively charged and positively charged HA, respectively, at p < 0.05.

4.5.2. Kirby-Bauer disk diffusion method

The antibacterial activity of unpolarized and polarized HA-x ZnO (x = 3, 4.5, and 7.5 wt.
%) composites were also investigated using disc diffusion method. This assay was
performed according to Kirby-Bauer disk diffusion method. Both, E. coli and S. aureus
bacteria were cultured in agar plates. Following this, unpolarized and polarized samples
were placed over the cultured agar plate and the inverted plate was incubated for 12 h at
37 °C. The colony formation on the unpolarized and polarized surface of the samples was
observed. The scrub from the area under the samples were transferred with inoculation
loop to a new agar plate and further incubated for 12 h. The bacterial colonies were
observed after incubation. Figs. 4.9 and 4.10 represent the results of Kirby-Bauer test for
antibacterial activity of both, E. coli and S. aureus bacteria on unpolarized and polarized

HA and HA- x ZnO (x = 3.0, 4.5, and 7.5 wt. %) composites, respectively. It is clearly
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observed that the colony formation on agar plates for both the bacteria decreases with
increasing the ZnO content in HA matrix. In addition, the polarization of samples further
reduces the bacterial growth for both the bacteria. The zone of inhibition, observed under
the samples, are not significantly differentiable [Figs 4.9 (e-h) and 4.10 (e-h)] and
therefore, the swab under the samples was further used for striking using sterilized
inoculation loop in a new agar plate to visualize the bacterial growth [Figs. 4.9 (i-l) and
4.10 (i-1)]. 1t is clearly observed that the bacterial growth decreases with increase in the
ZnO content in HA matrix for both, E. coli and S. aureus bacteria, which further
decreases after polarization treatment. It is evident that the swab under negatively
charged samples has lower growth as compared to positively charged and uncharged
samples for E. coli bacteria. However, for S. aureus bacteria, positively charged surface
demonstrates lower bacterial growth as compared to uncharged and negatively charged
samples. Overall, this result demonstrates that the growth of both the bacteria decreases

remarkably with ZnO addition in HA and subsequent, polarization.
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Fig. 4.9. The Kirby Bauer test performed for unpolarized (U), positively (P) and
negatively (N) polarized HA-x ZnO (x = 3.0, 4.5, 7.5 wt. %) composites on agar culture
plate, using E. coli bacteria, (a-d) represent the cultured agar plates, after incubation of
12 h, (e-h) area under the samples and (i-1) represent the colony formation, after

transferring swab from the area under the samples on agar plates.
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Fig. 4.10. Kirby Bauer test performed for unpolarized (U) positively (P) and negatively
(N) polarized HA-x ZnO (x = 3.0, 4.5, 7.5 wt. %) composites on agar culture plate,
using S. aureus bacteria, (a-d) represents the cultured agar plates, after incubation of 12
h, (e-h) area under the samples and (i-l) represent the colony formation, after
transferring swab from the area under the samples on agar plates.

4.5.3. NBT assay

The NBT assay was performed to quantify the polarization induced superoxide anions
(O%) production [32]. The samples were cultured with E. coli and S. aureus bacteria and
after required incubation period, 300 ul of NBT solution was added in the samples and
incubated further for 1 h. The O® ions dilute NBT and produce a blue color precipitate
(diformazan) which was dissolved in DMSO solution [33]. The absorbance of these

dissolved diformazan was taken at 595 nm, which is directly proportional to the
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produced O% [36]. Figs. 4.11 (a) and (b) represent the production of O% ions in E. coli
and S. aureus bacteria, cultured on unpolarized and polarized surfaces of HA and HA-x
ZnO (x = 3, 4.5 and 7.5 wt. %) composites, respectively, after specific incubation period.
The statistical analyses reveal that the production of O% ions on positively charged
surface is significantly higher than negatively charged and uncharged surfaces. It has
been reported that polarized piezoelectric sodium potassium niobate (NKN) surface
produces micro electric field on its surfaces which generates ROS and kill the bacteria
[79]. Overall, the NBT assay suggests that positively charged surface produces more O*
ions for both, E. coli and S. aureus bacteria as compared to negatively charged and

uncharged surfaces.
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Fig. 4.11. The superoxide production in (a) E. coli and (b) S. aureus bacteria on
unpolarized and polarized HA-x ZnO composites. Asterisk (*) mark represents the
statistically significant difference among all samples with respect to uncharged HA, at p
< 0.05. Asterisk marks (**) and (***) represent the statistically significant difference
among all samples with respect to negatively charged and positively charged HA,

respectively, at p < 0.05.
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4.5.4. Atomic absorption spectroscopy (AAS) test

The release of Zn** ions in culture media were examined using AAS test. The samples
were dipped in nutrient broth (culture media) and incubated for 12 h. After incubation,
the samples were removed and the culture solution was filtered using 0.22 micron
syringe filter. The filtered solution was used for AAS test. The AAS test was performed
in AA7000 Shimadzu atomic absorbance spectrometer. Fig.4.12 represents the
concentration of Zn*" ions, released from HA-x ZnO (x = 3, 4.5, and 7.5 wt. %)
composites, while immersed in culture media for 12 h. It is clearly observed the Zn®*
concentration increases with increasing the ZnO content in the composite. The
significant enhancement in the concentration of Zn?* ions is obtained among all the
samples as compared to HA-3 wt. % ZnO composite [represented as (*) in Fig.4.12].

It is observed that HA-7.5 wt. % ZnO composite, released more Zn** ions as compared to

both HA - x ZnO (x = 3.0, 4.5 wt.%) composites, after incubation of 12 h at 37 °C.

501

*
*
407
307
20 A
1.0 1
00
les

Zn** concentration (ppm)

HA-3 ZnO HA-4.5 7Zn0C HA-7.5 7Zn0O

Samp!
Emror bar : 95 % CI

Fig. 4.12. Content of Zn** ions, released from HA-x ZnO (x = 3.0, 4.5, and 7.5 wt. %)
composites in nutrient broth after incubation of 12 h. Asterisk mark (*) represents the

significant difference among all samples with respect to HA -3.0 ZnO, at p < 0.05.
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4.5.5 Live-dead assay

The fluorescent microscopy images for both, E. coli and S. aureus bacteria, adhered on
uncharged, positively and negatively charged surfaces of HA, HA-x ZnO (x = 3.0, 4.5
and 7.5 wt. %) composites are shown in Figs. 4.13 and 4.14, respectively. The
population of live bacteria decreases with increasing the ZnO content in composite for
both, E. coli and S. aureus bacteria. It is observed that the adherence of E. coli bacteria
on negatively charged surface is lower than that of positively and uncharged surfaces.
However, for both the bacteria, positively charged surface demonstrate more dead
bacteria as compared to uncharged and negatively charged surface (Figs. 4.13 and 4.14).
It is observed that positively charged HA-7.5 ZnO composite have more dead bacterial
cells for both, E. coli and S. aureus bacteria as compared to other samples. Overall, the
combined action of ZnO addition and polarization in HA-x ZnO composites increases

the number of dead bacterial cells for both, E. coli and S. aureus bacteria.
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Fig. 4.13. Fluorescent microscopy images of live and dead E. coli bacteria, while
cultured on uncharged, positively and negatively charged HA and HA-x ZnO (x= 3.0, 4.5
and 7.5 wt. %) composites. Live bacteria (green) are stained with SYTO 9 dye and dead

bacteria (red) are stained with propidium iodide (scale bar corresponds to 100 pum).
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Fig. 4.14. Fluorescent microscopy images of live and dead S.aureus bacteria, while
cultured on uncharged, positively and negatively charged HA and HA-x ZnO (x = 3.0,
4.5, and 7.5 wt. %) composites. Live bacteria (green) are stained with SYTO 9 dye and
dead bacteria (red) are stained with propidium iodide (scale bar corresponds to 100
um).

It has been reported that the chemical composition and structure of outer cell wall of
both, gram negative and gram-positive bacteria are different [34]. The cell wall of gram-

negative bacteria has an outer layer of lipopolysaccharides [35]. However, a thick
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peptidoglycan layer is present in gram positive bacteria. Gram negative bacteria have
more negative charge as compared to gram positive bacteria due to the presence of
lipopolysaccharides layer [36]. The zeta potential for E. coli and S. aureus bacteria has
been reported to be -49 and -31.7 mV, respectively [37].The adhesion of E. coli bacteria
on negatively charged surfaces reduce due to electrostatic repulsion [38]. In another
study, it has been reported that ZnO dissolved in culture media and produces reactive
oxygen species (ROS) such as OH", H,0,, 0%, and Zn** ions [39]. ROS reacts with lipid
layer of the cell wall and destroys the cell structure which leads to the death of bacterial
cells [40]. Zn®* ions diffuse into the cell wall and damage the outer peptidoglycan layer
[41]. It has been suggested that the polarization increases the hydrophilicity of surfaces,
irrespective of charge polarity [42]. Such hydrophilic surfaces reduce the adhesion of
bacterial cells [43]. Tan et al. [44] reported that positively charged surface promotes the

ROS generation through the electrolysis reactions (Eq. 4.11- 4.14) as,

2H, 0 > 0, + 4H" + 2e~ (4.11)
2H,0 > OH™ + H* (4.12)
0, +H, 0 +2e~ —» HO; + OH™ (4.13)

HO; +H,0+2e” > H,0, +OH™  (4.14)

It has been demonstrated that generation of ROS increases the permeability of cell which
can penetrate the cell wall and disrupts the bacterial cell membranes. Fig.4.15
schematically represents the mechanism for antibacterial response on polarized HA and

HA-x ZnO (x = 4.5 and 7.5 wt. %) composites, as discussed above [45].

109



Lipopolysacchande layer Peptidoglycan layer

Negatively charged Electrolysis at cathode
outer cell wall ROS

2H,0——* O, HMH*2e

20,0 *OH +H-

Electrostatic Q%%O
repulsion
_______ + + + + + +
Negatively Charged Surface P"S“‘;ely Ch"fged Uncharged Surface
+++++++ P T2

Fig. 4.15. Schematic diagram, illustrating the proposed mechanism for antibacterial
response of gram positive and gram negative bacteria on polarized HA-x ZnO (x = 3.0,
4.5, 7.5 wt. %) composites.

4.6. In-vitro cellular response

4.6.1. MTT assay

The viability of osteoblast-like SaOS2 cells on unpolarized and polarized HA and HA-
xZnO (x = 3, 4.5 and 7.5 wt. %) composites are demonstrated in Fig.4.16. The statistical
analyses reveal that the viability of SaOS2 cells significantly increases with addition of
ZnO in HA-x ZnO (x = 3, 4.5, and 7.5 wt. %) composites. The viability of SaOS2 cells
significantly increases on all unpolarized and polarized samples after 3, 5 and 7 days of
incubation as compared to uncharged HA [represented as (*) in Fig 4.16]. As far as the
influence of polarization is concerned, negatively charged surface demonstrated
significant enhancement in viability of SaOS2 cells with respect to uncharged and
positively charged surfaces for the same sample after 3, 5 and 7 days of
incubation[represented as (**) and (***) in Fig 4.16]. It has been observed that the

viability of SaOS2 cells on HA-xZnO (x = 3, 4.5 and 7.5 wt. %) composites are
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increased by (32, 25, 12 %), (23, 61, 41 %), and (11, 19, 28 %) with respect to HA after
incubation of 3, 5 and 7 days, respectively. In contrast, the viability of SaOS2 cells on
negatively and positively charged HA is increased by (31, 18, 75 %), (9, 7, 46 %) after
incubation of 3, 5 and 7 days, respectively. As far as the combined effect of ZnO
addition and polarization is concerned, the negatively charged HA-xZnO (x = 3, 4.5 and
7.5 wt. %) composite shows (47.2, 68, 77 %), (44.7,74,70%) and (70.3, 64, 62.5 %)
enhancement in viability of SaOS2 cells as compared to uncharged HA after 3, 5, and 7
days of incubation, respectively. However, positively charged surfaces of similar
composition demonstrate (41.4, 32, 34 %), (33, 67, 65 %) and (41, 28, 51 %)
enhancement in viability of SaOS2 cells after similar incubation conditions. Overall, the
negatively charged HA-x ZnO composite demonstrate the pronounced enhancement in

the viability of SaOS2 cells as compared to uncharged and positively charged surfaces.

111



150.00

1

(a) [l Uncharged surface
[3] Positively charged Surface
5 Negatively charged surface

100.00

% Viability

50.00

0.00

HA HA-37n0  HA-4.5 7ZnO 0.00 = o
Samples
Exror Bars: 95%Cl
()l Uncharged surface
150,00 Positively charged surface
2 Negatively charged surface
|
| ok ok o _— .
* ok o oy

100.00

% Viability

50.00

0.00

Fig. 4.16. The percentage cell viability of SaOS2 cells on unpolarized and polarized HA-
xZnO (x = 3, 45 and 7.5 wt. %) composites after (a) 3, (b) 5 and (c) 7 days of
incubation, respectively. Asterisk (*) mark represents the significant difference among
all the samples with respect to uncharged HA, at p < 0.05. Asterisk marks (**) represent
the statistically significant difference between polarized surfaces with respect to
unpolarized surfaces for the same sample, at p < 0.05 and Asterisk (***) mark
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with respect to positively charged surfaces for the same sample, at p < 0.05.

112



4.6.2 Morphological study

Fig. 4.17 represents the fluorescent microscopy images of stained nucleus of SaOS2
cells, adhered on unpolarized and polarized HA and HA- x ZnO (x = 3, 4.5, and 7.5 wt.
%) composites, after incubation of 3 days. The cell density of SaOS2 cells increases with
increasing the ZnO content in HA-x ZnO (x = 3.0, 4.5, and 7.5 wt. %) composites. In
addition, the negatively charged surface evident more cell density as compared to
positively charged and uncharged surfaces of each composition. Overall, the combined
effect of ZnO addition and polarization can be suggested to increase the proliferation of

Sa0S2 cells.
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Uncharged Positively charged Negatively charged

Fig. 4.17. Fluorescent microscopy images of SaOS2 cells (stained nucleus), adhered on
uncharged, positively and negatively charged HA and HA-x ZnO (x = 3.0, 4.5 and 7.5
wt. %) composites (scale bar corresponds to 100 pum).

It has been reported that the proliferation of MC3T3-E1 osteoblast cells enhances on
negatively charged HA as compared to uncharged HA, after 7 days of incubation
[46,47]. Bodhak et al. [48] demonstrated that the proliferation of human osteoblast cells
(hFOB) on negatively charged HA is almost doubled as compared to positively charged

HA after incubation of 11 days.
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The adhesion of cell with substrate depends upon the interaction between media
proteins and nature of the substrate surface [49]. Selective adsorption of cations such as,
Ca’, Na*, Mg" and K" on negatively charged surfaces attract the proteins (Fig. 4.18) and
promotes the formation of bone like apatite layer which increase the cell proliferation
[50,51]. In contrast, positively charged surfaces, interact with anionic groups such as,
HPO,* and HCO3* which act as anti-adhesive agents [52]. These anions do not promote
the formation of apatite layer [53].

Proteins
Cells

Anions
Antiadhesive Molecules (HCO?-)

Zn2+
- Zn?t an
Cations - -

T I DD WO @
________ +++++++ +
Negatively Charged Surface Positively Charged Surface Uncharged Surface
+++++++ 4+ = - = = = - =

@ ®) ©

Fig. 4.18. Schematic diagram, illustrating the proliferation of SaOS2 cells on HA-x ZnO
(x =3, 4.5 and 7.5 wt. %) composite; (a) on negatively charged surface, cations interact
with proteins and promote cell proliferation, (b) on positively charged surface, adhesion
of anionic groups reduces cell proliferation, and (c) on unpolarized surfaces, cations
and anions floats and normal cell adhesion take place.

4.7. Closure

This chapter demonstrated the successful fabrication of HA — x ZnO composite with pure
phase HA and ZnO without any dissociation. The ac conductivity and dielectric constant
of developed composites are measured to be almost similar to those of the natural bone.
The addition of ZnO in HA matrix significantly reduces the viability of E. coli and S.
aureus bacteria. The viability of E. coli bacteria on negatively charged HA-7.5 wt. %
ZnO composite reduces by approximately 53 %. However, positively charged HA-7.5

wt. % ZnO composite shows 52 % reduction in viability of S. aureus bacteria. The
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viability of human osteoblast-like SaOS2 cells on negatively charged HA and HA-7.5
ZnO composites increases by approximately 31.4 and 70.5 %, respectively, with respect

to uncharged HA, after incubation of 7 days.
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