Chapter 5

Synthesis, mechanical, electrical, polarization induced antibacterial and cellular
response of 4555 BG - NKN composite

This chapter describes the effect of incorporation of varying amounts (0 — 30 vol. %) of
piezoelectric NKN secondary phase in 45S5 bioglass on mechanical, dielectric and electrical,
antibacterial and cellular functionality of 45S5 bioglass. The chapter starts with phase
evolution of sintered samples using XRD and FTIR techniques. Mechanical properties such
as hardness, fracture toughness, flexural and compressive strength were measured for
optimally sintered composite samples. The dielectric and electrical measurement (dielectric
constant, loss ac conductivity and impedance analyses) of the processed composite reveal the
similar behavior to that of the natural bone. The effect of polarization induced charge and
external electric field on antibacterial and cellular response has been discussed, while cells
are cultured on the developed composites.

5.1 Phase evolution

X-Ray diffraction (XRD) patterns of the sintered specimen for pure BG, NKN and BG — (10
— 30) NKN composites are shown in Fig. 5.1. XRD pattern of sintered base BG specimen
confirms the formation of hexagonal crystalline phase of sodium calcium silicate (#79-1088).
XRD pattern of NKN also confirms the formation of phase pure NagsKosNbO3; (#77-0038).
XRD patterns of the BG— (10 - 30) NKN composites suggest that there is no dissociation of
BG and NKN phases as well as any reaction between BG and NKN phases has not taken

place [Fig.5.1].
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Fig. 5.1 X-Ray diffraction patterns for sintered (a) 45S5 BG, (b) NKN, (c) BG - 10 NKN, (d)

BG - 20 NKN and (e) BG - 30 NKN composite samples.
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Fig. 5.2 Fourier transform infra-red (FTIR) spectra for sintered (a) 45S5 BG, (b) NKN, (c)

BG - 10 NKN, (d) BG - 20 NKN and (e) BG - 30 NKN composite samples.
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FTIR analyses of the BG sample reveal the characteristic vibrational bands of BG at ~ 450
cm™, 939 cm™ and 1040 cm?, corresponding to Si-O-Si bonding.Eror! Bookmark not defined. 1
characteristic band at ~574 cm™ is associated with P-O bands [Fig.5.2]. FTIR spectra of NKN
reveal the presence of the Nb-O octahedron peak at 524 cm™ [1]. Overall, the FTIR spectra of
BG-NKN composites corroborate well with those of the XRD results.

5.2 Mechanical properties

5.2.1 Hardness and fracture toughness

The densification of the sintered BG and BG — (10 - 30) NKN composite samples were
measured to be 96.95 + 0.46, 97.4 + 0.41, 98.74 £ 0.31 and 96.97 £ 0.38 % with respect to
the theoretical density of the samples. It can be noted that above a threshold of 20 vol. %
NKN in BG, the densification of the composite is observed to decrease which subsequently,
affects the mechanical and electrical response. Fig. 5.3 (a) shows the variation of Vickers
hardness as well as fracture toughness for BG— x NKN (x = 0 - 30 vol. %) composites. The
hardness values of pure BG, and BG — (10 - 30) NKN composites were obtained to be (0.23
+ 0.11), (3.58 + 0.32), (4.06 £ 0.38) and (2.86 £ 0.112) GPa, respectively. Among the

sintered samples, BG - 20 NKN shows the maximum hardness value, which can be

associated with the highest densification of BG - 20 NKN among all the composites.
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Fig. 5.3 Variation of mechanical properties of BG with addition of NKN (a) Hardness and

Fracture toughness (K,c), (b) Compressive and flexural strengths.

The fracture toughness of BG and BG — (10 - 30) NKN composites were calculated to be
0.30 + 0.09, 1.64 + 0.13, 3.31 + 0.20 and 0.95 + 0.15 MPa.m"?, respectively. The fracture
toughness of BG has been significantly enhanced by the incorporation of NKN piezoelectric
secondary phase in BG. Maximum fracture toughness was obtained for the BG - 20 NKN
composition. Beyond this limit (> 20 vol. % NKN), the fracture toughness started to decrease
with further addition of piezoelectric secondary phase. Liu et al. [2] demonstrated that the
addition of up to 5 vol. % of lithium tantalate in alumina enhances the fracture toughness of

the composite (upto 5.4 MPa.m'?

). However, beyond 5 vol. % (threshold limit) addition
leads to decrease in toughening effect. The piezoelectric toughening i.e., energy dissipation
and domain switching has been suggested to provide additional toughening in such
piezoelectric composite systems [3]. In a typical piezoelectric material, the dipoles are

randomly oriented in a particular region, called domain, which is separated by another

domain via domain boundary. When the propagating crack approaches the piezoelectric
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secondary phase in the matrix, the dipoles tend to align in a particular direction, owing to the
piezoelectric effect. In the process of dipole alignment, the crack dissipates energy which
consequently, toughens the material [4]. Hwang et al. [5] demonstrated the domain switching
of lead lanthanum zirconate titanate (PLZT) on the application of mechanical and electrical
stimuli. The mechanical load deforms the crystals and changes the domain alignment by 90°
(maximum) whereas, the electric field changes the domain alignment by 180° [5].

5.2.2 Compressive and flexural strengths

The compressive strength of the sintered BG and BG — (10 - 30) NKN composites were
obtained to be 9.14 + 3.84, 40.45 + 3.51, 128.38 £ 7.06 and 135.15 + 6.68 MPa, respectively
[Fig. 5.3 (b)]. The addition of piezoelectric NKN secondary phase in 45S5 BG significantly
enhances the compressive strength. The maximum compressive strength (135.15 *+ 6.68
MPa) was obtained for BG - 30 NKN composite. The flexural strength of the sintered BG
and BG — (10 - 30) NKN composite samples was obtained to be 22.19 + 0.25, 26.64 + 0.46,
28.91 £+ 0.46 and 19.92 + 0.44 MPa, respectively. The maximum flexural strength was
obtained for BG-20 NKN composite system [Fig. 5.3 (b)]. The piezoelectric secondary
phases dissipate the crack energy by their domain switching. The domain wall motion or
domain switching of piezoelectric secondary phase has been suggested as one of the possible
strengthening mechanisms [4]. It is well known that the compressive strength of the ceramics
is generally higher. In addition, incorporation of NKN secondary phase in BG can produce
more grain boundaries and hinder the dislocation movement which consequently, provide
additional strength [6,7]. Beyond the threshold limit of secondary phase, relative density
decreases and as a result, strength decreases despite of higher content of piezoelectric

secondary phase [8]. For example, the addition of up to 5 vol. % of lithium tantalate in
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alumina has been reported to enhance the flexural strength of the composite (upto 438 MPa).
However, beyond 5 vol. % (threshold limit) addition leads to decrease in strengthening effect
[2].

Overall, it is observed that the addition of piezoelectric NKN secondary phase in BG
enhances the hardness, fracture toughness, compressive strength and flexural strength
significantly.

5.3 Dielectric and electrical behavior

5.3.1 Dielectric measurement

Fig. 5.4 illustrates the variation of dielectric constant (g) and loss tangent (D) with
temperature for pure BG and BG — (10 - 30) NKN composites at few selected frequencies. At
room temperature and 10 kHz of frequency, dielectric constant and loss for BG and BG - (10
- 30) NKN have been measured to be (13, 0.09), (15, 0.15), (13, 0.16) and (19, 0.11),
respectively, which are comparable to the dielectric constant of natural bone (8-10) [9,10]. It
is observed that the dielectric constant and loss values for monolithic BG are almost constant
in the lower temperature (< 100°C) region, irrespective of frequency [Fig. 5.4 (a)]. With
further increase in temperature, €, and D increases with temperature. However, this increase
in more prominent at lower frequencies than at higher frequencies. All the sintered BG - (10 -
30) NKN composite samples reveal almost similar dielectric behaviour [Figs. 5.4 (b), (c) and
(d)]. Dipolar polarization can be suggested as one of the possible polarization mechanisms
for such frequency dispersion in dielectric constant [Fig. 5.4] [11,12]. The hopping of the
alkali ions (Na* ions) play an important role in governing the polarization in BG [13 -16]. In
BG, the hopping of Na* ions occurs by two ways. First, due to higher acidity of PO,* ions,

alkali Na* ions migrate towards the interstitial positions near the region of phosphate (PO,%)
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or silicate ions to get more stable position [17] Secondly, Na* ions migrate due to the local

distortion which create the free volume in BG glassy phase and allow the cationic movement

[18].
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Fig. 5.4 Variation of dielectric constant and loss with temperature for (a) BG, (b) BG -10

NKN (c) BG - 20 NKN and (d) BG - 30 NKN at frequencies of 10 KHz, 100 kHz and 1 MHz,

respectively.
Alkali metals (Sodium and Potassium) volatilized during sintering of NKN and

superoxidation process occur during cooling of the sample in air atmosphere, due to which
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conduction mode changes from ionic to electronic p type conduction (via holes) in grain
boundary region, [19]
During sintering,
2My + 05 © M0 T +2Vy + Vg (5.1)

During cooling,
zv1(4+v(‘;°+%oz<—>zvl(,l +05 + 2h° (5.2)
Combining egs. (1) and (2), one can obtain
2Mpy + %Oz(gas) o M,0(gas) +2Vy + 2h° (5.3)
Where, M denotes the alkali metal, VV and h denote the vacancy and hole, respectively.

However, the p type conduction decreases due to less volatilization of alkali metals and

generation of the oxygen vacancies at reduced atmosphere suggest the n type conduction in

the sintered samples [19].

05 > 70,+V, + 2¢€ (5.4)
The measured dielectric constant values of BG — (10 - 30) NKN composites have been
compared with those of the values, calculated from the existing theoretical models [Fig. 5.5].
Dielectric constant of the samples were calculated using parallel and series Wiener bounds
[20] as well as logarithmic mixture rule [21] as,

€composite = VBGEBG T VNKNENKN (5.5)

1 Vi Vi
— BG + NKN ( 5 6)
scomposite €BG ENKN

loge, =ZX;Viloges; (5.7)
Where, V and ¢ are the volume fraction of corresponding phase and dielectric constant,

respectively.
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Fig. 5.5: Comparison of dielectric constant between parallel and series Wiener bounds, log

mixture rule and present study at frequencies of (a) 10 kHz, (b) 100 kHz and (c) 1 MHz.

Newnham et al. [22] suggested that the connectivity between matrix and secondary phase
influences dielectric and mechanical properties of the composites. For lower content of
secondary phase, it can be connected with matrix phase via 0-3 connectivity. For 0-3

connectivity in the binary systems, Landauer suggested an expression as, [23]

Foy, —_fc ,y 527 % 5.8
T le 4+ 2¢, e, + 2g, 5-8)

Where, V; and V, are the volume fractions of the constituent phases. €, €2 and ¢ are the

dielectric constant of secondary phase, matrix and composite, respectively. It has been
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reported that the value of F must be zero for perfect 0-3 connectivity [23]. From eq. 5.8, the
calculated values of F for BG - (10 - 30) NKN composite system were 0.003, 0.101 and
0.122, respectively, at 10 kHz of frequency. The non-zero values of F indicate the higher
level connectivity between NKN and BG phases. Jayasundere and Smith [24] suggested that
with increase in the content of piezoelectric secondary phases in the composite, the
interaction between piezoelectric phases takes place. For such condition, the following
expression can be used to calculate the dielectric constant of composite,

£1V1 + SZVZ [ 381 ] [1 + BVZ(SZ - 81)

e — &€y +2£1 & + 281 (5 9)
V. + V. [L] 14 3Va(e2 — &) '
1 2 £2+2£1 £2+ 281

Using eq. 5.9, the dielectric constant values for BG — (10 - 30) NKN composites were
calculated to be 15.38, 18.54 and 22.42, respectively. In case of polyphase ceramics, the
effective dielectric constant of the samples can be calculated using the following expression
[25],

2 &;
€mVm [— + 3,

3 ]+siVi
|+,

Seff = 2 £ (5 10)

Vi [§ + 3g,

Where, Vi, Vi, em, and ¢ are the volume fraction and dielectric constant of matrix and
secondary phase, respectively. The effective dielectric constants for BG — (10 - 30) NKN at
10 kHz (room temperature) were calculated to be 15.08, 17.39 and 19.98, respectively (using
eq. 5.10). The measured values of dielectric constant for the BG - (10 - 30) NKN composites

are deviated about 0.5, 33 and 5 % deviation with those of the calculated values.
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5.3.2 AC conductivity measurement

Fig. 5.6 represents the variation of ac conductivity with frequency (1 kHz — 1 MHz) at few
selected temperatures for monolithic BG and BG — (10 - 30) NKN composite system. It is
observed that the ac conductivity of the sintered samples increases with frequency up to
200°C after a lower frequency (1 Hz - 1 kHz) plateau region. For higher temperatures (>
200°C), the plateau region appeared to shift towards higher frequency (10 kHz) range. At
500°C, almost constant value of ac conductivity is observed in the measured frequency range.
In the lower frequency region, a significant increase in conductivity with temperature is

observed [15].
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Below the glass transition temperature, the conduction is due to formation and migration of

monovalent cationic vacancy or Na* ions. Whereas, the conduction above the glass transition
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temperature is due to migration of free volume, created by local deformation in glassy
phase.™ The room temperature values of ac conductivity for BG — (10 - 30) NKN composite
are measured to be 7.28x107, 1.47x10°® and 9.87x10° (ohm cm)™ respectively, at 10 kHz.
The ac conductivity of the natural bone has been reported in the order of 10™° (ohm cm)™.2°
It has been suggested that the concentration of mobile alkali ions in BG and hopping of the
alkali cations (Na") through interstitial sites or holes are responsible for the electrical
conduction in BG [27,28]. Kobayashi et al. [19] reported the volatilization of alkali ions and
formation of oxygen vacancies during the sintering of NKN are one of the possible reasons
for the observed conduction in NKN (egs. 5.1 — 5.4).

5.3.3 Impedance Analyses

Fig. 5.7 shows the complex impedance plots i.e., Nyquist plot for BG and BG — (10 - 30)
NKN composites at temperatures of 100°C [Fig. 5.7(a)], 200°C [Fig. 5.7(b)] and 300°C [Fig.
5.7(c)] [29]. The Nyquist plot represents the contribution of grain and grain boundary in the
terms of their respective resistances and capacitances. For the sintered composite samples,
the centre of semicircular arc lies below the real impedance axis which shows the
involvement of multiple relaxation processes [Fig. 5.7 (a, b and c)] [30]. Grain and grain
boundary contributions are attributed in high and low frequency phenomenon, respectively
[31]. The resistances of the grain and grain boundary have been obtained using Z - view
software. Figs. 5.7 (d - f) illustrate the variation of grain and grain boundary resistances with
inverse of temperature. Activation energy has been calculated from the slope of log (Rg, Rgn)
and 1000/T plot. The activation energies of grain (Eg) and grain boundary (Egs) resistances
are calculated to be 0.59, 0.86, 0.94 and 0.76, 0.93, 1.06 eV, for BG- x NKN (10, 20 and 30

vol. %) composites, respectively. The calculated values of activation energies suggest that
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the hopping of oxygen vacancies and alkali ions (Na") migration are the primarily

responsible for conduction in BG — x NKN composite systems [26,19].
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Fig. 5.8 represents the impedance and modulus spectroscopic behavior of BG, BG — (10 - 30)
NKN composites, respectively which reveal the spectrum of conduction mechanisms [32,33].
The maxima of impedance and modulus spectroscopic plots are not positioned at the same
frequency for all the measured samples, which suggest the long range as well as localized
conduction in the samples [26]. Modulus spectroscopy shows the relaxation peaks which are
shifted to the higher frequency region with increase in temperature and satisfy the relation

.t = 1, where, ® and t are frequency and relaxation time, respectively [26].
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Fig. 5.8. Impedance and modulus spectroscopic plots for (a) BG, (b) BG - 10 NKN, (c) BG -

20 NKN and (d) BG - 30 NKN composites.

The variation in spectroscopic peaks suggests that hopping of the charge carriers (Na* ions

and oxygen vacancies) due to thermal stimulation is the possible conduction mechanisms.
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Space charge and dipolar polarization mechanisms are responsible for the variation of peaks
with respect to the position and amplitude in frequency scale [Figs. 5.8 (a-e)]. During
sintering of the samples, oxygen vacancies, alkali ions and other defects are created in NKN

and BG due to which mobility of the space charge increases [19,18].

5.4 Antibacterial behavior

5.4.1 MTT assay

Fig. 5.9 shows the antibacterial response of unpolarized and polarized monolithic BG and
BG — (10 - 30) NKN composite system against gram positive (S. aureus) [Fig. 5.9 (a)] and
gram negative (E. coli) bacteria [Fig. 5.9 (b)]. It is observed that the mean optical density for
both the bacterial cells decreases with addition of the piezoelectric NKN as the secondary
phase in BG [Fig. 5.9]. Statistical analyses reveal the significant difference in mean optical
density of uncharged, positively and negatively charged BG — (10 - 30) NKN composites
than monolithic BG. Statistically significant reduction in the mean optical density of cells on
unpolarized and polarized BG - (10 - 30) NKN composites are observed with respect to BG

[represented as * in Fig. 5.9 (a)].
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Fig. 5.9. Antibacterial response of unpolarized, positively and negatively polarized BG, BG -
10 NKN, BG - 20 NKN, BG - 30 NKN composites, against (a) gram positive (S. aureus) and
(b) gram negative (E. coli) bacteria. Asterisk (*), (**) and (***) marks represent the
significant difference in optical density of bacterial cells for the unpolarized, negatively and
positively charged composite samples at p < 0.05, with respect to the monolithic BG.

As far as the influence of polarization on antibacterial response is concerned, positively
charged BG - (10 - 30) NKN significantly decreases the mean optical density of S. aureus
bacteria as compared to the negatively and positively charged BG [represented as ** and
*** respectively, in Fig. 5.9 (a)]. About 46 % population of S. aureus bacterial cells have
been reduced on the positively charged surfaces of BG - 30 NKN composite samples.
Similarly, for gram negative (E. coli) bacteria, the optical density of cells on BG - (10 - 30)
NKN decreases with respect to those on uncharged BG [represented as * in Fig. 5.9 (b)].
Statistical analyses reveal that the mean optical density of E. coli, adhered on negatively
charged surfaces of BG - (10 - 30) NKN composite significantly decreases with respect to

negatively as well as positively charged BG [represented as ** and ***, respectively, in Fig.
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5.9 (b)]. A layer of lipopolysaccharides and peptidoglycan in outer cell membrane of gram
negative and gram positive bacteria, respectively, are reported to possess the negative
charges [34,35]. Teichoic acids, embedded in peptidoglycan layer of gram- positive bacterial
cell wall, are responsible for negative charge on the bacterial cell surface. The carboxylate
and phosphate groups in teichoic acid contribute to the net negative charge [36]. Due to
electrostatic interaction, negatively charged surface is expected to repel the bacterial cells
and interact with positively charged surfaces of the sample [37]. The interaction of positively
charged surfaces with bacteria has been reported to depolarize the cell membrane. Such
depolarization leads to the abrupt change in the permeability of membrane which results in
cell death. It has been suggested that the polarized surfaces increase the generation of
reactive oxygen species (ROS) which induces antibacterial response [38]. ROS contains
peroxides, superoxides, hydroxyl radical singlet oxygen, alpha oxygen etc. which are toxic in
nature and damage the bacterial cells [39,40].

5.4.2 Kirby-Bauer test

Antibacterial response was also analysed in terms of zone of inhibition and colony formation
using Kirby — Bauer test. In this test, firstly the equal bacterial suspension (50 ul) was seeded
on nutrient agar plate. Following this, the polarized samples were placed onto culture so that
positively, negatively and unpolarized surfaces of the samples were in direct contact with the
culture. The samples were then incubated for 24 h at 37°C. After stipulated time period,
culture plates were observed to evaluate the zone of inhibition in the vicinity of sample
surface and images were captured using high resolution camera. Following this, a swab,
below the sample surface was collected and transferred to fresh nutrient agar plates using

sterile inoculation loop, and incubated further for 24 h at 37°C. After incubation, plates were
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visually observed for colony formation [41]. Figs. 5.10 and 5.11 demonstrate the antibacterial
response of polarized BG, BG — 10 NKN, BG — 20 NKN and BG — 30 NKN samples
qualitatively for S. aureus and E. coli bacteria in terms of inhibition zone and colony
formation, respectively, which were obtained using Kirby-Bauer method. It has been clearly
observed that positively polarized samples illustrate larger zone of inhibition as compared to

negatively polarized and unpolarized samples [Figs. 5.10 (e), (f), (g) and (h)].

Fig. 5.10 Antibacterial response of unpolarized (U), negatively (N) and positively (P)
polarized BG and BG-(10-30) NKN composite samples for S. aureus bacteria, observed
using Kirby-Bauer method. (a), (b), (c) and (d) illustrate the cultured samples after 24 h of

incubation in agar plate with S. aureus bacterial cells. (e), (f), (g) and (h) represent the area
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under the incubated samples. (i), (j), (k) and (I) represent the colony formation (bacterial

growth after transferring the swab from the area under the samples to a new agar plate).

BG-10NKN BG-20NKN BG-30NKN

Fig. 5.11. Antibacterial response of unpolarized (U), negatively (N) and positively (P)
polarized BG and BG-(10-30) NKN composite samples for E. coli bacteria, observed using
Kirby-Bauer method. (a), (b), (c) and (d) illustrate the cultured samples after 24 h of
incubation in agar plate with E. coli bacterial cells. (e), (f), (g) and (h) represent the area
under the incubated samples. (i), (j), (k) and (I) represent the colony formation (bacterial

growth after transferring the swab from the area under the samples to a new agar plate).
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The transferred swab, in new plates, also shows no or very negligible bacterial colony for the
swab collected beneath the positively polarized sample in comparison to negatively polarized
and unpolarized samples [Figs. 5.10 (i), (j), (k) and (I)]. It can, therefore, be suggested that
positively polarized samples offer more antibacterial response for S. aureus, irrespective of
bioglass composition. While observing different bioglass compositions, it can also be
suggested that BG — 30 NKN [Figs 5.10 (d), (h) and (l)] offers better antibacterial response as
compared to BG [Figs. 5.10 (a), (e) and (i)], BG — 10 NKN [Figs. 5.10 (b), (f) and (j)] and
BG-20 NKN [Figs. 5.10 (c), (g9) and (k)] which reflects the efficacy of NKN itself as an
antibacterial material. Similar behavior has been observed for negatively charged samples
against gram negative (E. coli) bacterial cells. BG — 30 NKN [Figs. 5.11 (d), (h) and ()]
exhibit better antibacterial response than BG — 10 NKN [Figs. 5.11 (b), (f) and (j)] and BG —
20 NKN [Figs. 5.11 (c), (g) and (k)].

5.4.3 Live / dead ratio

Fig. 5.12 demonstrates the live/dead ratio for gram positive [Fig. 5.12 (a)] and gram negative
[Fig. 5.12 (b)] bacterial cells on unpolarized and polarized BG and BG - (10 - 30) NKN
composite samples. It has been observed that the live/dead ratio for both the bacterial cells
decreases with addition of the piezoelectric NKN as the secondary phase in BG [Fig. 5.12].
The live/ dead ratio for unpolarized and polarized BG - (10 - 30) NKN composites are

observed to be significantly decrease with respect to BG [represented as * in Fig. 5.12 (a)].
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Fig. 5.12 Live/dead ratio for (a) gram positive (S. aureus) and (b) gram negative (E. coli)
bacterial cells, cultured on unpolarized, negatively and positively polarized BG, BG - 10
NKN, BG - 20 NKN and BG - 30 NKN composites. Asterisk (*), (**) and (***) marks
represent the significant difference in live/dead ratio for bacterial cells on the unpolarized,
negatively and positively polarized composite samples at p < 0.05, with respect to the

monolithic BG.

Irrespective of addition of secondary phase, polarization induced positively charged BG - (10
- 30) NKN significantly decreases the live/dead ratio for S. aureus bacteria as compared to
the negatively and positively charged BG [represented as ** and ***, respectively, in Fig.
5.12 (a)]. Similarly, the live/dead ratio for gram negative (E. coli) bacteria, cultured on BG -
(10 - 30) NKN composites decreases with respect to those on uncharged BG [represented as
*in Fig. 5.12 (b)]. Statistical analyses reveal that live/dead ratio for E. coli on negatively

charged surfaces of BG - (10 - 30) NKN composites significantly decreases with respect to
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negatively as well as positively charged monolithic BG [represented as ** and ***,
respectively, in Fig. 5.12 (b)].

5.4.4 Nitro blue tetrazolium (NBT) assay

Fig. 5.13 represents the superoxide production by gram positive [Fig. 5.13 (a)] and gram
negative [Fig. 5.13 (b)] bacterial cells, cultured on unpolarized and polarized BG, BG — 10
NKN, BG — 20 NKN and BG — 30 NKN composites. Statistically significant difference in

superoxide production can be clearly seen for BG — NKN composites as compared to BG.
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Fig. 5.13. Reactive oxygen species (superoxide), generated by (a) gram positive (S. aureus)
and (b) gram negative (E. coli) bacterial cells, cultured on unpolarized, negatively and
positively polarized BG, BG - 10 NKN, BG - 20 NKN, BG - 30 NKN composites. Asterisk (*),
(**) and (***) marks represent the significant difference in superoxide production by the
bacterial cells, cultured on the unpolarized, negatively and positively polarized composite

samples at p < 0.05, with respect to pure BG.
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The statistical analyses revealed that the superoxide production was enhanced on unpolarized
and polarized BG - (10 - 30) NKN composite samples, in comparison to unpolarized and
polarized BG samples (represented as *, ** and ***, respectively in Fig. 5.13). Besides this,
the statistical significant difference in superoxide production was also increased on positively
polarized surface in comparison to unpolarized and negatively polarized surfaces,
irrespective of composition and bacteria type. It has been reported earlier that, electric field
created due to polarization, induces the electrolysis of water, which leads to ROS
generation.** Superoxide destabilizes ferrous (Fe**) ion by damaging iron—sulphur clusters in
proteins present in bacterial cell which generate hydroxyl radicals by reacting with hydrogen
peroxide (Fenton reaction, Fe** + H,0, ™ Fe** + HO" + OH") [43- 45]. These radicals
generate oxidative stress which damage the cellular component of bacteria [46]. The ROS

generation can be explained by the following equations [47],

H,0 +2e” — H, + 20H" (5.11)
HZ + 2H + 2 - H202 (512)
2H,0 — 0, +4H* + 2e" (5.13)

In addition, the polarized substrates increase the hydrophilicity of the surface, irrespective of
their polarity [48]. Such increase in hydrophilicity also play an important role in reducing the

bacterial adhesion [48].
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5.5 In vitro cytocomapatibity

5.5.1 Cell Viability

Fig. 4.16 shows the MTT assay result for untreated and electric field (E-field) treated cells,
cultured on BG and BG - 30 NKN, after 3, 5, and 7 days of incubation. The variation in value
of mean optical density reflects the cells viability with respect to incubation period. It has
been shown that unpolarized BG — 30 NKN have the statistically significant difference in cell
viability as compared to monolithic BG. The statistical significant difference in cell
proliferation was observed for 5 and 7 days cultured cells in comparison to cells, incubated
for 3 days, irrespective of sample type and E-field treatment. It was also observed that
negatively polarized surface promote cell proliferation in contrast to positively polarized and
unpolarized surfaces, both in BG and in BG - 30 NKN. For 7 days of incubation, it has been
observed that negatively charged BG — 30 NKN composite shows the maximum cell viability
in terms of optical density. Also, within the same incubation period, the negatively charged
BG - 30 NKN composite exhibits the higher cell viability in comparison to unpolarized and
polarized pure BG sample. In addition, the cell viability further enhances by electrical
stimulation for negatively polarized surface. Therefore, it is concluded that polarization along

with external E-field, synergistically promote cell growth and proliferation.
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Fig.5.14. Combined effect of polarization and electric field treatment on viability of MG 63
cells, cultured on BG and BG-30 NKN composite. (*) and (#) represent the statistically
significant difference in optical density for negatively and positively polarized BG and BG —
30 NKN composite with respect to unpolarized BG and BG — 30 NKN composite, (**) and
(##) show the statistically significant difference in optical density for electric field treated
positively polarized BG and BG — 30 NKN composite with respect to positively polarized BG
and BG — 30 NKN composite and (***) and (###) show statistically significant difference in
optical density for electric field treated negatively polarized BG and BG — 30 NKN composite

with respect to negatively polarized BG and BG — 30 NKN composite.

It has been demonstrated by several researchers that polarization induced surface charge can

enhance osteoblast cell proliferation and new bone formation [49— 53] It was also reported
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that the negatively polarized BG surface shows higher osteobonding ability in comparison to
positively polarized surface [54-56] The cations like, Ca?*, present in media were attracted
towards negatively charged BG and promote the cell adhesion factors (integrin and
fibronectin protein), which accelerate the cellular functionality [57]. The electrostatic
interaction of Ca?*, PO,* ions with charged surface has been suggested as one of the possible
reasons that facilitate cell adhesion and proliferation in vicinity of charged surface. In
addition, external electrical stimulation further accelerate cell adhesion proliferation resulting
increased cell density [58,59]. A number of studies revealed that the electrical stimulation
open the voltage gated Ca®* channel which promote the intracellular Ca®* influx that
enhances the cell proliferation [60- 62]. The influx of Ca®" also activates Akt signaling
pathway, that further promotes cell proliferation and inhibit cell apoptosis [63]. Thus, the
activation of cell proliferation pathway as well as inhibition of apoptosis due to external
electric field is another factor for higher osteoconductivity on electrically treated samples.

Overall, present study reveals that the addition of piezoelectric NKN secondary phase in BG
improves the mechanical, electrical and dielectric behavior and antibacterial response as well

as in vitro cytocompatibility of BG-NKN composite system.

157



5.6. Closure

BG - (10 - 30) NKN with high densification were synthesized by solid state synthesis route.
Among all the developed compositions, BG - 20 NKN shows the maximum Vickers
hardness, fracture toughness and flexural strength due to additional toughening and
strengthening, provided by incorporation of piezoelectric NKN in BG. The dipolar
polarization is observed as dominant polarization mechanism in the measured range of
temperature and frequency. The complex impedance plots demonstrate the ionic conduction
mechanism owing to, hopping of Na* ions and oxygen vacancies in BG - NKN composite.
The addition of piezoelectric NKN secondary phase in BG improves the antibacterial
behavior of BG - NKN composite against S. aureus and E. coli bacterial cells. Statistical
analyses suggest that mean optical density on positively and negatively charged surfaces of
BG - NKN composite significantly decreases the viability of gram positive (S. aureus) and
gram negative (E. coli) bacterial cells. Irrespective of piezoelectric secondary phase, surface
charge and electrical field further enhances the cell adhesion and growth for BG — 30 NKN.
Overall, the incorporation of piezoelectric NKN in BG improves the electro-mechanical and

polarization induced antibacterial behavior of BG.
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