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A B S T R A C T   

The present study investigates the consequences of incorporation (30 vol %) of piezoelectric Na0.5K0.5NbO3 
(NKN) and BaTiO3 (BT) phases and surface polarization (20 kV at 500 ◦C) on in-vitro antibacterial and cellular 
response of borate bioactive glass (1393B3, BBG). XPS analyses elucidated that the surface chemistry of opti
mally processed composites remains unaffected after surface polarization treatment. The piezoelectric BT and 
NKN enhance the antibacterial activity of BBG by ~ (53, 57%) and (51, 54%) for E. coli and S. aureus bacteria 
stains, respectively. The SEM images of bacteria, adhered on unpolarized and polarized surfaces demonstrate 
bacteria specific response. The combined action of piezoelectric phase and surface polarization increases the 
growth rate of osteoblast like MG-63 cells on negatively polarized BBG- BT (30 vol %) and BBG- NKN (30 vol%) 
composites by ~ 76 and 82% respectively. Overall, the piezoelectric secondary phase incorporated in BBG as 
well as surface polarization increases the cellular and antibacterial response significantly.   

1. Introduction 

In the last few decades, remarkable research efforts have been made 
towards the development of novel biomaterials to regenerate the func
tional tissues in the fields of prosthetic dental care and reconstructive 
plastic surgery [1]. Such studies attempted to develop a biocompatible 
implant which can influence gene expression, osteogenic differentiation, 
cellular proliferation etc. after dissolution in the extracellular matrix 
[2]. Bioactive glasses such as, 45S5, 1393 etc. are widely used in or
thopedic applications due to their reasonable bioactivity and osteo
conductivity [3–6]. Such glasses make strong bond with soft tissues and 
bone, in vivo [7]. The bioactive glasses, such as 1393 and 45S5 support 
osseointegration, angiogenesis and bone regeneration [8]. However, 
these bioactive glasses gradually and partially convert into bone-like 
apatite crystals during in-vitro bioactivity tests [9]. The development 
of borate bioactive 1393 B3 glass became an efficient alternative for 
silicate-based bioactive glasses in the field of biomaterials [10]. The 
boron content in such bioactive glass rapidly alters the reaction rate 
[11]. The borate bioactive glasses attracted significant attention due to 
their rapid formation/growth ability of bone-like apatite than 
silicate-based bioactive glasses [12]. Furthermore, it has been demon
strated that borate-based glasses promote healing, differentiation and 
cell proliferation [13]. However, the risk of infection is quite high in 

most of the bioactive glasses. The bacterial infection causes complica
tions in ~2.5% of knee and hip replacement surgeries and ~10% of joint 
replacement surgeries [14]. To overcome such serious issue, modifica
tion on reactive properties of bioactive glasses has been made to prevent 
microbial colonization and subsequent implant failure [15]. The incor
poration of metal ions such as zinc, copper and silver etc., in bioactive 
glass enhances the antibacterial properties [16]. The incorporation of Ag 
(3 wt %) in 76S bioactive glass increases the antibacterial response 
against Escherichia coli (E. coli) by releasing the Ag+ ions, which interact 
with the outer lipopolysaccharides layer of bacterial cells and damage 
the outer membrane [17]. It has been observed that doping of Cu ions in 
mesoporous bioactive glass increases the antibacterial efficiency 
(~75%) against E. coli (gram-negative) bacteria, after 24 h of incubation 
[18]. However, excess amount of these antibacterial modifiers can 
change the reaction rate of bioactive glass [19]. It has been demon
strated that borate-based bioactive glass has inherent antibacterial 
property as compared to silicate-based bioactive glass [20]. The pres
ence of borate (B2O3) in B3 bioactive glass is enough to reduce the 
bacterial infection [21]. However, the potentiality of borate bioactive 
glass as antibacterial material remains unclear due to lack of sufficient 
data [22]. In another study, it has been reported that incorporation of 
15 wt % silicate based bioactive glass in resin-based dental composite 
reduces the bacterial penetration by ~28%. However, for borate 
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bioactive glass, it is reduced by ~43% [23]. To overcome such issue, 
various antibiotics have been used during/after surgery to stop the 
bacterial colonization [24]. In orthopedic surgery, PMMA (poly methyl 
methacrylate) cement generally complied as antibiotic carrier to prevent 
bacterial infection. However, non-biodegradable PMMA deliver a sur
face for secondary bacterial infection [25]. 

Recently, piezoelectric sodium potassium niobite (Na0.5K0.5NbO3) 
and barium titanate (BaTiO3) has been incorporated in hydroxyapatite 
(HA) to improve the antibacterial as well as cellular properties [26–29]. 

It has been reported that the incorporation of piezoelectric phase en
hances the proliferation of osteoblast-like cells on polarized 1393 
bioactive glasses by ~78%, after incubation of 7 days [30]. In this 
perspective, the present study demonstrates the influence of addition of 
NKN and BT (30 vol %) as secondary phase in borate bioactive glass 
(1393B3, BBG) on in-vitro cellular and antibacterial response. In addi
tion, the effect of polarization on surface chemistry of processed com
posite system was examined using XPS. The polarization induced 
cellular as well as antibacterial response was also examined. Towards 
the end, the mechanisms, responsible for cellular as well as antibacterial 
response, have been discussed. 

2. Materials and methods 

2.1. Materials synthesis 

2.1.1. Synthesis of borate bioactive glass (1393 B3) 
Borate bioactive glass, 1393B3 (BBG) with composition of 56% B2O3, 

5.5% Na2O, 18.5% CaO, 11.1% K2O, 3.7% P2O5, 4.6% MgO was pre
pared using melt quench method. For this synthesis, MgO (99% assay, 
Loba Chemie, CaCO3 (99% assay, Loba Chemie), Na2CO3 (99% assay, 
Sigma Aldrich), K2CO3 (99% assay, Sigma Aldrich), (NH4) H2PO4 (99% 
assay, Loba Chemie) and boric acid (99.5% assay, Loba Chemie) were 
used as raw materials. Initially, stoichiometric amounts of each reagent 
were mixed in mortar pestle. Following this, the mixed powder was 
melted at 1300 ◦C/2 h. The melted slurry was then quenched in 
deionized water at room temperature. The obtained glassy samples were 
dried at 100 ◦C/12 h and then ball milled for 16 h in ethanol with zir
conia balls to get the bioactive glass powder. 

2.1.2. Synthesis of BBG -BT and BBG -NKN composites 
The composites of BBG-x BT and BBG-x NKN (x = 30 vol %) were 

developed using solid state mixing route. BBG powder was mixed with 
NKN and BT powders separately and roll milled (using ethanol as milling 
medium) for 12 h at 600 rpm. Following this, the mixture was dried at 
100 ◦C. The dried cake was then crushed in mortar pestle to obtain the 
powder. The pellets of 12 mm diameter were prepared using uniaxial 
hydraulic pressing machine and the green samples were sintered at 
650 ◦C/10 min. The sintered pellets were polished for various 
characterizations. 

2.2. Phase identification and microstructural analyses 

The phase verification of the sintered compacts was done using X-ray 
diffraction (Rigaku Miniflex II Diffractometer, Cu-kα, XRD) method 
between the range of 20–80◦. In addition, the Fourier transform infrared 
(FTIR) spectra (Bruker, Model Tensor 27, Germany, Spectrometer) was 
recorded between the range of 3000–400 cm− 1. The scanning electron 
microscope (SEM, Zeiss, EVO 18 Research) was used forexamining the 
surface morphology of BBG, BBG-NKN/BT (30 vol %) composite 
samples. 

Fig. 1. The XRD patterns for sintered (a) BBG, (b) BBG-30 vol % NKN and (c) 
BBG-30 vol % BT composites. 

Fig. 2. FTIR spectra of sintered (a) BBG, (b) BBG-30 vol % NKN and (c) BBG-30 
vol % BT composites. 

Fig. 3. SEM images of fractured (a) BBG, (b) BBG-30 vol % NKN and (c) BBG-30 vol % BT composites. Scale bar corresponds to 2 μm.  
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2.3. Electrical polarization 

The sintered and polished pellets of BBG and BBG- NKN/BT (30 vol 
%) composites were poled using high temperature corona poling setup. 
The polarizing temperature and voltage were set to be 500 ◦C and 20 kV, 
respectively. The samples were heated up to 500 ◦C and a polarizing 
voltage of 20 kV (for 30 min) was applied. Thereafter, the samples were 
left in the chamber with the exposure of similar electric field, till it 
reaches to room temperature. 

2.4. X-ray photoelectron spectroscopy (XPS) 

The XPS analyses was done to observe the effect of surface polari
zation on surface chemistry of prepared BBG/BBG-30 vol % NKN/BT 
composites. The XPS of unpolarized and polarized samples were per
formed using X-ray photoelectron spectrometer system. 

2.5. In-vitro antibacterial response 

The gram-negative [Escherichia (E.) Coli] and gram-positive [Staph
ylococcus (S.) Aureus] bacteria were obtained from Chandigarh (Micro
bial Type Culture Collection), India. The procured bacteria were revived 
in their respective growth media (nutrient broth) before seeding [26]. 

2.5.1. MTT assay 
MTT [3-(4, 5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bro

mide] assay generally used to quantitatively assess the antibacterial 
response of developed samples. The unpolarized substrates were auto
claved at 121 ◦C of temperature and 20 psi of pressure for 30 min. The 
polarized samples were sterilized with ethanol (70%) and washed with 
1x PBS (phosphate buffer saline), before seeding. The sterilized pellets 
were cultured in 24 well plates with 200 μL of bacterial culture. After 

this, 500 μl of culture media was added. The bacterial cultured pellets 
were incubated for 8 h at 37 ◦C. After incubation, the culture media was 
removed and pellets were washed twice with 1x PBS. The equal amounts 
(500 μl) of reconstitute MTT (1:10 in PBS) was added in each well and 
further incubated at 37 ◦C for 2 h. The MTT solution was replaced with 
solvent [(500 μl of dimethyl sulfoxide (DMSO)] from each well to 
dissolve purple color formazan crystals [31]. The absorbance of solution 
(DMSO) was measured using ELISA microplate reader (Bio-red) at 595 
nm [26]. The statistical analyses were performed using SPSS 20 software 
at statistically significant value, p ≤ 0.05. 

2.5.2. Live/dead ratio 
Live/dead ratio suggests the ratio of viability of live to dead cells 

using the absorbance, measured in MTT assay [32]. The percentage of 
viable cells were calculated as, 

Viability (%) =
mean absorbance of the samples

mean absorbance of control
× 100 (1) 

The live/dead ratio for E. Coli and S. Aureus bacteria was calculated 
as [26], 

live
/

dead ratio =
Live cells (viability %)

1 − live cells ( viability %)
(2)  

2.5.3. Nitro blue tetrazolium (NBT) assay 
The produced superoxide anions (reactive oxygen species) were 

quantified using NBT assay [33]. The unpolarized and polarized BBG-x 
NKN/BT (x = 30 vol %) composites were cultured with E. coli and 
S. aureus bacteria. Further, NBT was added and incubated again for 1 h. 
The obtained blue colored precipitate was dissolved in DMSO solution 
and the absorbance was recorded at 595 nm [34,35]. 

Fig. 4. The obtained and Gaussian fitted XPS spectra for unpolarized and polarized BBG (a, b) B 1s spectra, (c, d) P 2p spectra, (e, f), K 2p, (g, h) Ca 2p, (i, j) C, (k, l) O 
1s, (m, n) Mg 1s, (o, p) Na 1s spectra, respectively and q represents the obtained XPS spectra for unpolarized and polarized BBG. 
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Fig. 4. (continued). 
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2.5.4. 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 SEM. Sterile samples 
of BBG-x NKN/BT composites were seeded with 200 μl diluted bacterial 
strain and incubated for 12 h. Thereafter, the samples were washed 
thrice with 1 x PBS. After this, 0.25% gluteraldehyde was added (for 30 
min) to fix the cells on solid substrate. The samples were then 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%. The dried samples were coated with gold to examine under SEM. 

2.6. In-vitro cellular response 

For in-vitro cellular response, MG-63 cells were procured from NCCS 
(National Centre for Cell Science) Pune, India. The cells were cultured in 
DMEM (Dulbecco’s modified Eagle’s medium), 15% FBS (fetal bovine 
serum) and 1% antibiotics. The cultured cells were incubated in hu
midified CO2 (5%) incubator (Thermo scientific Heracellvios 160i CO2 
incubator) at 37 ◦C. After incubation, trypsin was added to detach the 
adhered cells from the flask wall, which was counted using hemocy
tometer. The sterilized samples were seeded with 104 cells and left for 

Fig. 4. (continued). 
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30 min in biosafety cabinet. Following this, 500 μL of respective growth 
media were added and incubated for 3, 5 and 7 days. 

2.6.1. MTT assay 
MTT assay measures the viability of MG-63 cells, according to ISO 

10993-5 standard. The MG-63 cells (104 cells) were added with 
respective media in 24 well plate containing dried samples. The samples 
were incubated in CO2 incubator for 3, 5 and 7 days, respectively. 
Following this, 1x PBS was added to wash the samples which was further 
incubated with reconstituted MTT. The formazan crystals were dis
solved in dimethyl sulfoxide. The absorbance of obtained solution was 
measured at 595 nm using ELISA micro plate reader, which indicates the 
viability of live cells. The viability of MG-63 cells was calculated as [36], 

Cell viability=
Mean absorbance of sample
Mean absorbance of control

× 100 (3)  

2.6.2. Morphological analyses 
Polarization induced morphological change of MG-63 cells was 

examined using fluorescent microscope (Nikon Eclipse LV 100 ND). The 
sterilized samples were seeded with 104 cells/well and incubated in CO2 
incubator for 3 days at 37 ◦C. After incubation, the cells were fixed with 
paraformaldehyde (30 min, 3.7%). The cells were permeabilized by 
Triton X-100 and blocked with BSA (bovine serum albumin). Alexa 
Fluora (488 Phalloidin) and DAPI fluorescent dyes were used for stain
ing the cytoskeleton and nucleus of cells, respectively, as per the stan
dard protocol. 

3. Results and discussion 

3.1. Phase identification and microstructural analyses 

The XRD patterns of sintered BBG, BBG-30 vol % NKN and BBG-30 
vol % BT composite samples are represented as Fig. 1. The XRD patterns 
were analyzed using X-pert high score software and indexed as per the 

standard JCPDS data. The XRD analyses revealed the formation of phase 
pure BBG (monoclinic), NKN (monoclinic) and BT (tetragonal) samples 
[27,29,37]. In case of composite samples, characteristic peaks of BBG, 
NKN and BT were observed without any reaction between the constit
uent phases. 

Fig. 2 represents the FTIR spectra of sintered powder samples of BBG, 
BBG-30 vol % NKN/BT compositions. The broad resonances, known for 
borate bioactive glass network, are observed in the range of 1350–1450 
cm− 1, 900–1100 and 690-720 cm− 1 [Fig. 2(a)]. The bending and 
stretching (B–O) modes of vibration for BO3 groups are appeared at 
1350- 1450 cm− 1 and 690-720 cm− 1, respectively. Whereas, the band 
appears at 900-1100 cm− 1 attributes the stretching (B–O) of BO4 groups. 
The broad resonance of NbO at ~524 cm− 1 [Fig. 2 (b)] confirms the 
presence of NKN in BBG-30 vol % NKN composite. The presence of Ti–O 
and Ba–O bands in the FTIR spectra of BBG-30 vol % BT composite 
[Fig. 2 (c)] confirms the presence of BT in composite samples. The 
resonance appeared at 592 and 452 cm− 1, correspond to bending and 
stretching vibrations of Ti–O, respectively [26,38]. However, vibration 
of Ba–O bands is observed at ~430 cm− 1 [39]. 

Fig. 3 represents the morphology of fractured BBG and BBG-30 vol % 
NKN/BT composite samples. Brittle mode of fracture has been observed 
for all the composites. Also, the densification of BBG composites is 
observed to increase with addition of secondary phases. 

3.2. X-ray photoelectron spectroscopy (XPS) analyses 

The XPS patterns of BBG samples are shown as Fig. 4 The binding 
energies of associated elements such as B, P, K, Ca, C, O, Mg and Na were 
analyzed before and after polarization. The binding energy of B was 
measured to be ~191 eV as B 1s spectrum for both, unpolarized and 
polarized BBG samples [Fig. 4 (a, b)] [40]. The peak, corresponds to P 2p 
spectrum, shows the binding energy of 135 eV for both, unpolarized and 
polarized BBG samples [Fig. 4 (c, d)] [41]. The K 2p spectrum shows two 
different binding energies (K 2p1/2–295.4 eV) and K 2p 3/2–292.6 eV) 
[Fig. 4 (e, f)] [42]. Similarly, Ca 2p spectrum was deconvoluted into two 

Fig. 4. (continued). 
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Fig. 5. The obtained and Gaussian fitted XPS spectra for unpolarized and polarized BBG- 30 vol% NKN composite (a, b) B 1s spectra, (c, d) P 2p spectra, (e, f), K 2p, 
(g, h) Ca 2p, (i, j) C, (k, l) O 1s, (m, n) Mg 1s, (o, p) Na 1s, (q, r) Nb 3d spectra and (s, t) represent the combination of all obtained XPS spectra for unpolarized and 
polarized BBG, respectively. 
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Fig. 5. (continued). 
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states i.e., (Ca 2p1/2–349.53 eV) and (Ca 2p3/2b–347.6 eV) [Fig. 4 (g, h)] 
[43]. The separation between the binding energies of Ca 2p1/2 and 
Ca2p3/2 was ~3.5 eV. The Ca 2p3/2 spectra represent the presence of Ca 
2+ ions in the prepared composition [44]. The binding energies of C, 
associated with O − C = O and C–C, were measured to be ~ 
(284.0–285.2 eV) for both, unpolarized and polarized BBG samples [45]. 
The binding energies for O 1s (~530 eV), Mg 1s (~1304 eV) and Na 1s 
(~1073.93 eV) was measured for both, unpolarized and polarized BBG 
samples [46–48]. It was observed that the binding energies of associated 
elements in BBG were unaffected after polarization. The Ca/P ratio of 
unpolarized and polarized BBG was calculated using Casa XPS software 

and found to be ~1.81 and 1.62, respectively. The XPS analyses confirm 
that surface chemistry of prepared BBG samples were remain unaffected 
after polarization treatment. Fig. 5 represents the XPS spectra for un
polarized and polarized BBG-30 vol % NKN composite samples. It has 
been noticed that the binding energies of BBG elements (in BBG-30 vol 
% NKN composites) such as Mg, C, Ca, Na, O, P, B and K were similar as 
observed in pure BBG samples [Fig. 5 (a-p)]. The Nb 3d spectra were 
deconvoluted into two states i.e., Nb 3d 3/2 and Nb 3d 5/2 with binding 
energies of ~207.47 eV and 204.67 eV [Fig. 5 (q, r)], respectively, for 
both, unpolarized and polarized samples [49]. The Ca/P ratio for 
BBG-NKN (30 vol %) composites were calculated to be ~1.79 and 1.59 

Fig. 5. (continued). 
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for unpolarized and polarized samples, respectively. The XPS spectra of 
BBG-30 vol % BT composite samples are represented as Fig. 6. The peaks 
of Mg, C, Ca, Na, O, P, B and K elements have similar binding energies as 
observed in BBG and BBG-3- vol. % NKN composite for both, unpolar
ized and polarized samples [Fig. 6 (a-p)]. The XPS spectra of BBG -30 vol 
% BT was fitted using Gaussian function and found that the Peaks of Ti4+

in BaTiO3 possess two states i.e., Ti 2p 3/2 and Ti 2p1/2 with binding 
energies of ~457.7 and 463.4 eV, [Fig. 6 (q, r)], respectively [50]. 
Similarly, the peaks of Ba were splitted into two peaks i.e., Ba 3d 3/2 
(~794.2 e V) and Ba 3d 5/2 (~779.4 eV) [Fig. 6 (s, t)] for both, unpo
larized and polarized samples [51]. The binding energies of Ba 3d 3/2 
and Ba 3d 5/2 were separated by ~1.5 eV [52]. The binding energy, 
corresponding to Ba 3d 5/2 spectrum confirms the perovskite phase of Ba 
in BT samples [53]. The Ca/P ratio for unpolarized and polarized 

BBG-30 vol % BT composites was calculated to be ~1.8 and 1.58, 
respectively. The XPS analyses for BBG and BBG-30 vol % NKN/BT 
composites suggest that surface polarization does not affect the surface 
chemistry of processed composite samples. 

3.3. In-vitro antibacterial response 

3.3.1. MTT assay 
The quantitative analyses of E. coli and S. aureus bacteria, cultured on 

BBG and BBG-x NKN/BT (x = 30 vol %) composites are represented in 
Fig. 7 The viability of E. coli bacteria significantly reduces on developed 
BBG and BBG-NKN/BT composite samples as compared to control 
sample [correspond to (*) in Fig. 7 (a)]. However, for S. aureus bacteria, 
the unpolarized and polarized BBG and BBG-30 vol % NKN/BT 

Fig. 6. The obtained and Gaussian fitted XPS spectra for unpolarized and polarized BBG- 30 vol% BT composites, (a, b) B 1s spectra, (c, d) P 2p spectra, (e, f), K 2p, 
(g, h) Ca 2p, (i, j) C, (k, l) O 1s, (m, n) Mg 1s, (o, p) Na 1s, (q, r) Ti 2p, (s, t) Ba 3d spectra and (u, v) represent the combination of all obtained XPS spectra for 
unpolarized and polarized BBG, respectively. 
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Fig. 6. (continued). 
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Fig. 6. (continued). 
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Fig. 7. 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 %) samples. The sym
bols (*) 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.   

Fig. 8. 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. 

Fig. 9. 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. 
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composites demonstrate significant reduction in viability [represented 
as (*) in Fig. 7 (b)]. The incorporation of NKN/BT as secondary phases 
enhances the antibacterial response of the prepared composite. The 
optical density, measured for both, E. coli and S. aureus bacteria signif
icantly reduced on unpolarized and polarized BBG, BBG-30 NKN/BT 
composites, while compared with unpolarized BBG [represented as (**) 
in Fig. 7]. In addition, the surface polarization also affects the antibac
terial 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. In case of S. aureus bac
teria, 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. 7 (a)] 
as compared to negatively polarized BBG. However, for S. aureus bac
teria, the developed samples show significant difference in optical 
density, except BBG-30 BT [represented as (#) in Fig. 7 (b)], as 
compared to negatively polarized BBG. In contrast, optical density of 
E. coli bacteria reduces significantly on unpolarized and polarized BBG- 
30 BT/NKN composites [represented as (##) in Fig. 7 (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. 7 (b)]. Although, MTT results demonstrate 
that addition of NKN and BT as secondary phases as well as polarization 

increases the antibacterial behavior of BBG and their composites. NKN 
incorporation in BBG matrix, on the other hand, has a better antibac
terial response than BT. 

3.3.2. Live/dead ratio 
Fig. 8 represents the live/dead ratio for E. coli and S. aureus bacteria, 

cultured on BBG-x NKN/BT (x = 30 vol %) composite samples. The 
incorporation of piezoelectric NKN/BT as secondary phase in BBG re
duces 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. (8)]. The polarized surfaces also demonstrate bacteria specific 
antibacterial response. The live/dead ratio for E. coli bacteria signifi
cantly 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 min
imum (~1.82) live/dead ratio for S. aureus bacteria. Overall, the addi
tion 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. 

Fig. 10. 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 μm). 
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3.3.3. Nitro blue tetrazolium (NBT) assay 
Fig. 9 represents the superoxide ions, produced on BBG-x BT/NKN (x 

= 30 vol %) composite samples, while cultured with E. coli and S. aureus 
bacteria. The positively charged surfaces reveal higher superoxide pro
duction as compared to negatively polarized and unpolarized surfaces. 
The statistical analyses suggest that incorporation of NKN (30 vol %) 
piezoelectric in BBG matrix enhances the superoxide production 
significantly on unpolarized samples for both the bacteria. However, in 
BBG-BT composite, the superoxide production for both the bacteria 
significantly increased on polarized surfaces only. The superoxide pro
duction for E. coli bacteria increased by about 48.32, 72.40 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 [54]. The polarized 
surfaces generate micro-electric field which promote the ROS generation 
[55]. The produced ROS can damage the outer structure of bacterial 
cells as well as DNA and proteins. The electric field, generated by po
larization, disrupts the Fe– S clusters [56]. The damage of Fe– S clusters 
produce H2O2 through Fenton reaction (Eqs. (4) and (5)) which can 
injure the DNA of bacterial cells [57]. 

O−
2 +Fe3+→O2 + Fe2+ (4)  

H2O2 +Fe2+→OH. + OH− + Fe2+ (5) 

Overall, it has been observed that positively charged surfaces can 
produce higher amount of superoxide as compared to unpolarized 
surfaces. 

3.3.4. Bacterial adhesion test 
Fig. 10 represents the scanning electron microscopic images of E. coli 

bacteria, adhered on BBG-x BT/NKN (x = 30 vol %) composite samples. 
It is clearly noticed that the incorporation of NKN/BT in BBG reduces the 
adhesion of E. coli bacteria [Fig. 10 (a-i)]. Regardless of secondary phase 
addition, polarized surfaces also reduce the bacterial adhesion. The 
negatively charged surfaces of all the developed samples demonstrate 
lower adhesion of E. coli bacteria as compared to unpolarized and 
positively polarized surfaces [Fig. 10 (d-f)]. However, positively polar
ized surfaces demonstrate lower bacterial adhesion as compared to un
polarized BBG [Fig. 10 (g-i)]. The interaction between negatively 
charged surface and E. coli bacteria (negatively charged) is responsible 
for lower adhesion of E. coli bacteria on negatively charged surfaces 
[35]. The microscopic images of E. coli bacteria, adhered on BBG-x 
BT/NKN composite support the MTT assay results. 

Fig. 11. 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 μm). 
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Fig. 11 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 addition 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. 11 (a-c)]. In addition, 
the polarized surfaces of all the compositions reduce the bacterial 
adhesion as compared to unpolarized BBG sample. 

The above-mentioned results confirm that the addition of piezo
electric 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 K, Mg [58,59]. It has been demonstrated that these 
network modifiers have the tendency to dissolve in the culture solution 
which alter the pH of the solution [60]. 

It has been demonstrated that the presence of borate (B2O3) in BBG 
can reduce the bacterial infection [61]. In addition, piezoelectric BT and 
NKN are known to be antibacterial and biocompatible materials [62]. 
The prepared composite releases sodium and potassium molecules or 
ions in the bacterial extracellular matrix due to presence of NKN sec
ondary phase. It has been suggested that these ions exhibit the physi
ochemical characteristics which are unfavorable for bacterial growth. 
For example, potassium is hygroscopic in nature which soaks the 
intracellular water when interact with bacterial cell wall and conse
quently, inhibit the bacterial growth [29,63,64]. Apart from incorpo
ration of piezoelectric secondary phases, polarization induced surface 

charges are also responsible for such antibacterial response [65]. Outer 
membranes of the gram-negative and gram-positive bacterial cells 
possess negative charge [66]. The surface charge induced by the po
larization interact with cell membrane and repel the gram-negative 
bacteria due to more negative charge as compared to gram positive 
bacterial cells [67]. 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, damages the bacterial cells and lead to cell death [68–70]. 
The hydrophilicity of polarized surface can also be an influential factor 
for such type of antibacterial behavior [71]. It has been reported that 
polarization increases the hydrophilicity of surfaces and such surfaces 
resist the bacterial adhesion [72]. 

3.4. In-vitro cytocompatibility 

3.4.1. MTT assay 
Fig. 12 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 phase in BBG matrix. 

The polarization of the developed sample surfaces also favors the 
proliferation of MG-63 cells after incubation of up to 7 days. The optical 
densities of all the samples, expect unpolarized BBG, demonstrate sig
nificant enhancement as compared to control sample, after incubation of 
3, 5, and 7 days [correspond to (*) in Fig. (12)]. In addition, the nega
tively charged surfaces of all the compositions illustrate higher prolif
eration of MG-63 cells as compared to unpolarized and positively 

Fig. 12. The viability of osteoblast-like MG- 
63 cells, cultured on BBG, and BBG – x BT/ 
NKN (x = 30 vol %) composites after incu
bation for (a) 3 (b) 5 and (c) 7 days. The 
symbols (*) and (**) represent the statisti
cally significant difference among all the 
samples with respect to control sample (glass 
cover slip) and unpolarized BBG, respec
tively, 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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polarized sample surfaces of respective composition and culture periods. 
The viability of MG-63 cells on negatively polarized BBG, BBG-BT (30 
vol %) and BBG-NKN (30 vol %) 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 to unpolarized BBG 
sample. Overall, it is observed that viability of MG-63 cells increases 
with incubation period, addition of BT/NKN as secondary phases as well 
as polarization induced surface charge. 

3.4.2. Cell morphology 
The adhesion of MG-63 cells on BBG-x (x = 30 vol %) BT/NKN 

composite was observed using fluorescence microscopic images. Fig. 13 
represents the adhered MG-63 cells on 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. 13 (a- 
c)]. Irrespective of addition of secondary phases, the polarized surfaces 
also enhance the cell density. The negatively polarized surfaces have 
higher cell density while compared with unpolarized and positively 
polarized surfaces of the same sample [Fig. 13 (d-f)]. The density of 
adhered MG-63 cells is observed to be maximum on BBG-30 vol % NKN 
composite samples [Fig. 13 (f)]. Overall, the negatively polarized sur
faces have higher cell density in comparison to unpolarized and posi
tively polarized surfaces. 

It has been reported that BBG releases K+, Na+, BO3
3− and PO4

3−

ions after immersion in physiological solution. The presence of Ca2+ ions 
in the media react with released BO3

3− and PO4
3− ions and start the 

formation of hydroxyapatite layer [73,74]. In addition, released ions 
promote the osteogenic gene expression [75]. It has been observed that 
the proliferation of MG-63 cells increases with incorporation of piezo
electric BT/NKN in BBG. Apart from addition of piezoelectric secondary 
phases, the polarized substrates also increase the cell viability. 

The negatively charged NKN and BT surfaces attract Ca2+ ions, 
present in the media and these ions react with the charged proteins, 
available in the cell medium and support the adhesion of MG-63 cells 
[76]. The negatively charged surfaces of HA-30 vol % BT, and HA-30 vol 
% NKN composites demonstrate higher adhesion and proliferation of 
MG-63 cells [27,77]. 

4. Conclusions 

The BBG was successfully synthesized using melt quench method and 
BBG-NKN (30 vol %) and BBG -BT (30 vol %) composites were prepared 
using solid state mixing route. The XRD analyses confirm the formation 
of pure phase BBG. The distinct phases of BT and NKN were observed in 
composite samples. The BBG demonstrates inherent antibacterial prop
erty due to presence of boron. The incorporation of piezoelectric BT/ 
NKN (30 vol %) in BBG enhances 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 proliferation and 
adhesion of MG-63 cells. Overall, it can be concluded that the addition of 
piezoelectric BT/NKN (30 vol %) in BBG and polarization increases the 

Fig. 13. 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 μm). 
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antibacterial activity as well as cell proliferation. 
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