Chapter 6
Antibacterial and Cellular Response of BBG - based Composites
This chapter discusses the effect of incorporation of piezoelectric BT/ NKN as secondary
phase in borate bioglass on it’s antibacterial and cellular response. In addition, the effect of
surface polarization on antibacterial and cellular response has also been examined. The
formation of pure phase BBG and their composites has been examined using X-ray
diffraction analyses. The quantitative and qualitative analyses for both, the antibacterial
and cellular response have been performed to examine the detailed in-vitro response of the
developed composites. The mechanisms for antibacterial and cellular response on BBG and
their composites have also been discussed elaborately.
6.1. Phase evolution
The X- ray diffraction (XRD) patterns of sintered BBG, BBG-30 vol. % NKN and BBG-30
vol. % BT composites are represented in Fig. 6.1. The XRD patterns were analyzed using X-
pert high score software and indexed as per the standard JCPDS data. The XRD patterns
reveal the formation of single phase of BBG (monoclinic), NKN (monoclinic) and BT
(tetragonal). In case of composite samples, characteristic peaks of BBG, NKN and BT were

observed without any reaction between the constituent phases.
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Fig. 6.1. The XRD patterns for sintered (a) BBG, (b) BBG-30 vol. % NKN and (c) BBG-30
vol. % BT composites.

6.2. In-vitro antibacterial response

6.2.1. MTT assay

The quantitative assessment of antibacterial response for E. coli and S. aureus bacteria,
cultured on BBG and BBG-x NKN/BT (x = 30 vol.%) composites are represented in Fig.
6.2. The statistical analyses reveal that the developed BBG and BBG-NKN/BT composite
samples demonstrate significant reduction in viability of E. coli bacteria, as compared to
control sample [represented as (*) in Fig 6.2 (a)]. However, for S. aureus bacteria, the
unpolarized and polarized BBG and BBG-30 vol. % NKN/BT composites demonstrate
significant reduction in viability [represented as (*) in Fig 6.2 (b)]. It is clearly observed that

incorporation of piezoelectric NKN and BT as secondary phases in BBG significantly
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increases the antibacterial response for both, E. coli and S.aureus bacteria. The optical
density, measured for both, E. coli and S.aureus bacteria significantly reduced on
unpolarized and polarized BBG, BBG-30 NKN/BT composites, while compared with
unpolarized BBG [represented as (**) in Fig 6.2]. In addition, the surface polarization also
affects the antibacterial response of BBG and its composites. The negatively polarized
surfaces of BBG, BBG-30 NKN/BT composites illustrate significant reduction in optical
density of E. coli bacteria. However, for S.aureus bacteria, positively polarized surfaces of
BBG, BBG-30 NKN/BT composites demonstrate significant reduction in optical density. It
is clearly observed that the optical density of E. coli bacteria significantly reduces on
polarized BBG-30 NKN/BT samples [represented as (#) in Fig 6.2 (a)] as compared to
negatively polarized BBG. However, for S.aureus bacteria, all the developed samples show
significant difference in optical density, except BBG-30 BT [represented as (#) in Fig 6.2
(b)], as compared to negatively polarized BBG. On the other hand, the optical density of E.
coli bacteria reduces significantly on unpolarized and polarized BBG-30 NKN/BT
composites [represented as (##) in Fig 6.2 (b)] as compared to positively polarized BBG.
However, for S.aureus bacteria, the optical density reduces significantly on polarized BBG-
30 NKN/BT composites [represented as (##) in Fig 6.2 (b)]. Overall, the MTT results
demonstrate that incorporation of NKN/BT as secondary phase as well as polarization

increases the antibacterial behavior of BBG and its composites.

160



1@ I
1.50 ### 150 1® Unpolarized surface
x% i 8 N- polarized surface
# ## & P-polarized surface
#
1 * * %
o > N
B 100 £ 100 \
g g \
a a \
E = §:.‘:
g £ \
o & N
‘\g
050 0.50 §
\
X
N
§
0.00 § - ;
0.00 2 . 3 &
o, &, %”‘o e 880'30 330*3
0(’01 eo 4 BT 04,47"
Samples

Samples

Error bar : 95 % CI Error bar : 95 % CI

Fig. 6.2. The antibacterial response (MTT assay) of (a) E. coli and (b) S.aureus bacteria,
cultured on unpolarized and polarized BBG-x NKN/BT (x = 30 Vol. %). The symbols (*) and
(**) represent the statistically significant difference among all the samples with respect to
control sample (glass cover slip) and unpolarized BBG respectively, at p < 0.05. The
symbols (#) and (##) represent the statistically significant difference among all the samples
with respect to N- polarized and P-polarized BBG, respectively, at p < 0.05.

6.2.2. Live/dead ratio

Live/dead ratio measures the ratio of viability of live to dead cells using the absorbance,
measured in MTT assay. The percentage of viable cells were calculated as,

Viability (%) = mean absorbance of the samples x 100  (6.1)
1abiiity L70) = mean absorbance of control '

The live/dead ratio for both, the bacteria, was calculated as,

Live cells (viability %)
1 — live cells ( viability %)

live/dead ratio = (6.2)
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Fig. 6.3 represents the live/dead ratio for E. coli and S.aureus bacteria, cultured on
unpolarized and polarized BBG-x NKN/BT (x = 30 vol. %) composite samples. The
incorporation of piezoelectric NKN/BT as secondary phase in BBG reduces the live/ dead
ratio for BBG-30 NKN/BT composites. The statistical analyses demonstrate that live/dead
ratio for both, E. coli and S.aureus bacteria significantly decreases on unpolarized and
polarized BBG-30 NKN/BT composites as compared to unpolarized BBG [represented as
(*) in Fig 6.3)]. Irrespective of addition of piezoelectric NKN/BT secondary phases,
polarized surfaces also demonstrate bacteria specific antibacterial response. The live/dead
ratio for E. coli bacteria significantly reduced on negatively polarized surfaces. However,
positively polarized surfaces demonstrate significant reduction in live/dead ratio for S.
aureus bacteria. It is observed that negatively polarized BBG- 30 NKN sample demonstrates
minimum (~ 1.58) live/dead ratio for E. coli bacteria. However, positively polarized BBG-
30 NKN sample has minimum (~ 1.82) live/dead ratio for S.aureus bacteria. Overall, the
addition of piezoelectric NKN/BT as secondary phase as well as polarization induced

surface charge reduces the live /dead ratio for both, E. coli and S. aureus bacteria.

162



8.00 _(a)*** (b) * * %
“a B Unpolarized surface £ Unpolarized surface
& N- polarized surface EE N polarized surface
[ P-polarized surface 800 [ P-polarized surf
6.00 | *
6.00
[~} * % .2 _
-] "
: :
I . : :
® e 2 100 | * %k ‘%
| e == 3w
= il H * %k
‘ HHH * kK
2.00 ea = —_—
- CEETT % % %
2.00 HH R
i i
000 | H 1 H 0.00
BBG BBG-30 BT BBG - 30 NKN BBG BBG-30 BT BBG - 30 NKN
Samples Samples
Error bar : 95 % CI Error bar : 95 % CI1

Fig. 6.3. Live/dead ratio for (a) E. coli and (b) S.aureus bacteria, while cultured on
unpolarized and polarized BBG-x NKN/BT (x = 30 vol. %) composites. The symbol (*)
represents the statistically significant difference among all the samples with respect to
unpolarized BBG, at p < 0.05. The symbols (**) and (***) represent the statistically
significant difference among all the samples with respect to N- polarized and P-polarized
BBG, respectively, at p < 0.05.

6.2.3. Nitro blue tetrazolium (NBT) assay

The produced superoxide anions (reactive oxygen species) were quantified using NBT assay
[1]. The unpolarized and polarized BBG-x NKN/BT (x = 30 vol. %) composite samples
were cultured with E. coli and S. aureus bacteria. 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 [2]. The absorbance of these dissolved diformazan was taken at 595 nm, which is

directly proportional to the produced O% [36].
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Fig. 6.4 represents the superoxide ions, produced on unpolarized and polarized BBG-x
NKN/BT (x = 30 vol. %) composite samples, while cultured with E. coli and S. aureus
bacteria. It is clearly observed that positively charged surfaces demonstrate higher
superoxide production as compared to negatively polarized and unpolarized surfaces. The
statistical analyses suggest that incorporation of piezoelectric NKN (30 vol. %) in BBG
matrix increases the superoxide production significantly on unpolarized samples for both, E.
coli and S. aureus bacteria. However, for addition of BT in BBG matrix, the superoxide
production for both, the bacteria significantly increased on polarized surfaces only. The
superoxide production for E. coli bacteria increased by about 48.32, 76.24 and 113.43 % on
positively charged BBG, BBG-30 BT and BBG-30 NKN composite samples, respectively,
while compared with unpolarized BBG. Similarly, for S. aureus bacteria, superoxide
production was increased by about 72.45, 131.35, and 150.47 % on positively charged
BBG, BBG-30 BT and BBG-30 NKN composite samples respectively, while compared with
unpolarized BBG. It is observed that positively polarized surfaces are more prominent for
generation of superoxide ions [3]. The polarized surfaces generate micro electric
field which promote the ROS generation [4]. The produced ROS can damage the outer
structure of bacterial cells as well as DNA and proteins. The electric field, generated by
polarization disrupts the Fe- S clusters [5]. The damage of Fe- S clusters produces H,0,
indirectly through Fenton reaction (Eq. (6.3 and 6.4), these hydroxyl radicals can damage
the DNA of bacterial cells [6].
0; + Fe3t - 0, + Fe?* (6.3)

H,0, + Fe?* > OH: + OH™ + Fe?™  (6.4)
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Overall, it can be concluded that positively polarized surfaces have higher superoxide

production as compared to unpolarized and negatively polarized surfaces.
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Fig. 6.4. Super oxide generation on unpolarized and polarized surfaces of BBG-x BT/ NKN
(x = 30 vol. %) composites, while cultured with (a) E. coli and (b) S. aureus bacteria. The
symbol (*) represents the statistically significant difference among all the samples with
respect to unpolarized BBG at p < 0.05. The symbols (**) and (***) represent the
statistically significant difference among all the samples with respect to N- polarized and P-
polarized BBG, respectively, at p < 0.05.

6.2.4. Bacterial adhesion test

The adhesion of E. coli and S.aureus bacteria, cultured on BBG-x BT/ NKN (x = 30 vol. %)
composites was observed using scanning electron microscopy. The sterile samples of
unpolarized and polarized BBG-x BT/ NKN composites were seeded with 200 pl diluted
(three fold serial dilution) bacterial strain and incubated for 12 h at 37 °C. The seeded
samples were prepared for SEM. After incubation, the samples were washed thrice with
phosphate buffer saline (1 x PBS). Following this, 0.25 % gluteraldehyde was added to fix
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the cells on solid substrate. The samples were then incubated for 30 min at room
temperature. The samples were again washed thrice with 1 x PBS. After this, the bacterial
cells, adhered on the samples were dehydrated using ethanol series of 30 %, 50 %, 70%, 90
%, and 100 % for 10 minutes each. The samples were then dried and sputter coated with
gold to examined under SEM (Zeiss, EVO 18 Research).

Fig. 6.5 represents the scanning electron microscopic images of E. coli bacteria, adhered on
BBG-x BT/ NKN (x = 30 vol. %) composite samples. It is clearly observed that the addition
of NKN/ BT as secondary phase in BBG matrix reduces the adhesion of E. coli bacteria [Fig
6.5 (a-e)]. Irrespective of addition of secondary phase, polarized surfaces also reduce the
bacterial adhesion. The negatively polarized surfaces of all the developed compositions
demonstrate lower adhesion of E. coli bacteria as compared to unpolarized and positively
polarized surfaces [Fig.6.5 (d-f)]. However, positively polarized surfaces of all the
compositions demonstrate lower bacterial adhesion as compared to unpolarized BBG [Fig
6.5 (g-1)]. The electrostatic interaction between negatively charged surface and E. coli
bacteria (negatively charged) is responsible for lower adhesion of E. coli bacteria on
negatively charged surfaces. The microscopic images of E. coli bacteria adhered on
unpolarized and polarized surfaces of BBG-x BT/ NKN composite support the MTT assay

results.
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Fig. 6.5. The scanning electron microscopic images, demonstrating the adhesion of E. coli
bacteria on unpolarized and polarized BBG-x BT/ NKN (x = 30 vol. %) composite sample
surfaces (scale bar corresponds to 2 yum).

Fig. 6.6 represents the SEM micrographs of S. aureus bacteria, adhered on BBG-x BT/ NKN
(x = 30 vol. %) composite samples. The adhesion of S. aureus bacteria depends upon
incorporation of piezoelectric NKN/BT as secondary phase in BBG matrix. It is clearly
observed that unpolarized surfaces of BBG-30 vol. % BT and BBG-30 vol. % NKN
composite samples demonstrate lower adhesion of S. aureus bacteria, as compared to
unpolarized BBG sample surface [Fig. 6.6 (a-c)]. In addition, the polarized surfaces of all

the compositions reduce the bacterial adhesion as compared to unpolarized BBG sample.
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The negatively polarized surfaces of all the compositions demonstrate lower adhesion of S.

aureus bacteria.

BBG-30BT
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Fig. 6.6. The scanning electron microscopic images, demonstrating the adhesion of S.
aureus bacteria on unpolarized and polarized BBG-x BT/ NKN (x = 30 vol. %) composite
sample surfaces (scale bar corresponds to 2 um).

All the above mentioned results confirm that the incorporation of piezoelectric BT and NKN
as the secondary phases in BBG matrix enhances the antibacterial behavior. However, it has
been reported that BBG itself exhibits antibacterial nature due to the presence of network
modifier elements such as Mg, K in BBG [7, 8]. It has been demonstrated that these network
modifiers have the tendency to dissolve in the culture solution which alter the pH of the

solution [9].
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It has been demonstrated that the presence of borate (B,O3) in BBG can reduce the bacterial
infection [10]. In addition, piezoelectric BT and NKN are known to be antibacterial and
biocompatible materials [11]. Apart from incorporation of piezoelectric secondary phases,
polarization induced surface charges are also responsible for such antibacterial response
[12]. Outer membranes of the gram positive and gram negative bacterial cells possess
lipopolysaccharides and peptidoglycan with negative charge [13]. The surface charge,
induced by the polarization interact with cell membrane and repel the gram negative bacteria
due to having more negative charge than gram positive bacterial cells [14]. On the other
hand, positively charged surface neutralizes the negative charge of bacteria and alter the
architecture of lipid layer by enhancing the permeability of cell membrane which
consequently, damage the bacterial cells and lead to cell death [15]. Therefore, electrostatic
interaction between charged surface and bacterial cell membranes is one of possible factors
for such antibacterial behavior of BBG and BBG — BT/NKN composite samples [16,17].
The hydrophilicity of polarized surface can also be an influential factor for such type of
antibacterial behavior [18]. It has been reported that polarization increases the hydrophilicity
of surfaces; such surfaces resist the bacterial adhesion [19].

6.3. Cell culture study

In-vitro cellular response of prepared compositions was observed using human osteoblast
like MG-63 cells. The quantitative analyses were done using MTT assay whereas,
qualitative analyses were done by taking fluorescence microscopic images of cells, adhered
on prepared sample surfaces.

6.3.1. MTT assay
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Fig. 6.7 represents the viability of MG-63 cells in terms of optical density, after 3, 5 and 7
days of incubation. The viability of MG-63 cells increases with addition of piezoelectric
secondary phase in BBG matrix up to 7 days of culture.

The polarization of developed sample surfaces also favors the proliferation of MG-63 cells
after incubation of up to 7 days. The statistical analyses reveal that the optical densities of all
the samples, expect unpolarized BBG demonstrate significant enhancement as compared to
control sample, after 3, 5, and 7 days of incubation [ represented as (*) in Fig. (6.7)]. In
addition, the negatively polarized surfaces of all the compositions illustrate higher
proliferation of MG-63 cells after 3, 5 and 7 days of culture, as compared to unpolarized and
positively polarized sample surfaces of respective composition and culture periods. The
viability of MG-63 cells on negatively polarized BBG, BBG-30 vol. % BT and BBG-30 vol.
% NKN composites are calculated to be about (43, 109, 131% ) (81, 130, 178 %) and
(181, 252, 304 %) after 3, 5, and 7 days of incubation respectively, as compared with
unpolarized BBG sample, after 3 days of incubation. Overall, it is observed that viability of
MG-63 cells increases with incubation period, addition of piezoelectric BT/ NKN as

secondary phase as well as polarization induced surface charge.
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Fig. 6.7. The viability of osteoblast like MG-63 cells, cultured on BBG, and BBG - x
BT/NKN (x = 30 vol. %) composites after incubation of (a) 3 (b) 5 and (c) 7 days. The
symbols (*) and (**) represent the statistically significant difference among all the samples
with respect to control sample (glass cover slip) and unpolarized BBG, respectively, at p <
0.05. The symbols (#) and (##) represent the statistically significant difference among all the
samples with respect to P-polarized and N- polarized BBG, respectively, at p < 0.05.
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6.3.2. Cell morphology

The morphology of MG-63 cells, adhered on BBG-x (x = 30 vol. %) BT/NKN composite
samples were observed using fluorescence microscopic images. Fig. 6.8 represents the
morphology of MG-63 cells, adhered on the surface of unpolarized and polarized BBG-x
BT/NKN (x = 30 vol. %) composite samples, after 3 days of culture. The density of MG-63
cells increases with incorporation of piezoelectric NKN/BT (30 vol. %) on composite
sample surfaces as compared to unpolarized BBG [Fig. 6.8 (a-c)]. Irrespective of addition
of secondary phases, the polarized surfaces also enhance the cell density. The negatively
polarized surfaces have higher cell density as compared to unpolarized and positively
polarized surfaces of the same sample [Fig. 6.8 (d-f)]. The density of adhered MG-63 cells is
observed to be maximum on BBG-30 vol. % NKN composite samples [Fig. 6.8 (f)]. Overall,
the negatively polarized surfaces have higher cell density as compared to unpolarized and
positively polarized surfaces.

It has been reported that BBG releases K*, Na*, BO* and PO, ions after immersion in
physiological solution. The presence of Ca®* ions in the media react with released BO* and
PO, ions and start the formation of hydroxyapatite layer [20,21]. In addition, the released
ions promote the osteogenic gene expression [22]. It has been observed that proliferation of
MG-63 cells increases with incorporation of piezoelectric BT/ NKN as secondary phase.
Apart from addition of piezoelectric secondary phases, the polarized substrates also increase

the cell viability.
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Fig. 6.8. Fluorescence images of MG-63 cells, adhered on unpolarized and polarized
surfaces of BBG-x BT/NKN (x = 30 vol. %) composite samples, after incubation of 3 days
(scale bars corresponds to 100 pum).

The negatively charged NKN and BT surfaces attract the Ca®* ions present in the media and
these ions react with the charged proteins, available in the cell medium and promote the
adhesion and proliferation of osteoblast cells [23]. The negatively charged surfaces of HA-
30 vol. % BT, and HA-30 vol. % NKN composites demonstrate higher adhesion and

proliferation of MG-63 cells [24].
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6.4. Closure

The BBG was successfully synthesize using melt quench method and BBG-30 vol. % NKN
and BBG -30 vol. % BT composites were prepared using solid state mixing route. The XRD
analyses confirm the formation of single phase BBG. The distinct phases of BT and NKN
were observed in composite samples. The BBG demonstrates inherent antibacterial property
due to presence of boron. The incorporation of piezoelectric BT/ NKN (30 vol. %) in BBG
as secondary phase increases the antibacterial response. The adhesion of E. coli and S.
aureus bacteria on negatively polarized surfaces has been reduced due to electrostatic
repulsion between charge on bacterial membrane (negative charge) and material surface. On
the other hand, negatively charged surfaces promote the adhesion and proliferation of
osteoblast like MG-63 cells. Overall, it can be concluded that incorporation of piezoelectric
BT/ NKN (30 vol. %) in BBG matrix as well as surface polarization increases the

antibacterial and cellular response.
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