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Abstract: Background: To succeed in biomedical implant surgery, materials mmst be biocompatible
Willemite nanoparticles can be used in biomedical applications. MTT assay shows that willemite
nanoparticles have non-toxic interaction between Hela (Cervical cancer) cell lines and the willemite
found to be biocompatible for further applications in-vive systems. In depth cell particle interaction
was carried ont, by using staining technique coupled with inverted microscopy. The antibacterial test
was performed against Gram-negative Escherichia coli (E.coli, ATCC 8739) and Gram-positive
Staphylococcus aureus (S.aureus, ATCC 6538). The optimal properties with excellent antibacterial
ability can be achieved when willemite nanoparticles concentration is between 0.30 ppm and 2.3
ppm. According to the obtained results, the synthesized nano composite powder confirms biocom-
patibility of willemite, which could be an attractive candidate for biomedical applications

Method: Pure Willemite Nanoparticles were synthesized via the modified sol-gel method. Synthe-
sized powder was studied by Thermo gravimetric analysis (TGA). X-ray diffraction (XRD), scanning
electron microscopy (SEM), Energy dispersive X-ray spectroscopy EDS, and transmission electron
microscopy (TEM) with SAED techniques. The in vitro biocompatibility of willemite was studied.
The biocompatibility of the Willemite nanoparticles was studied using Hela (Cervical cancer) cell
lines with MTT assays up to24 h.

Resulf: Willemite nanoparticles were synthesized by facile sol-gel method. The synthesis method is
cost-effective and easy to scale up. The results of this work demonstrate the applicability of wil-
lemite nanoparticles in the biomedical field. The antibacterial rate increased from 65% to 99% while
the cell viability decreased from 98% to 70 % when the willemite nanoparticles concentration varied
from 0.05 to 190 ppm. Furthermore, the cytotoxicity studies show that the willemite has lower cyto-
toxicity. Hence, if is revealed that willemite nano crystals are potentially applicable as bone substitu-
tion materials in tissue engineering.

Conclusion: Willemite nanoparticles possess effective in vitro noncytotoxicity and antibacterial
activity. The favourable properties with excellent cytocompatibility and antibacterial ability can be
achieved when willemite concentration is between 0.30 ppm and 2.3 ppm. The antibacterial wil-
lemite is non-toxic to the living cells and tissues even if the particles are internalized by cells. Wil-
lemite is an excellent candidate in the biomedical field. Novel willemite nano crystals may provide
new opportunities for anon-cytotoxic implant with antibacterial ability in bone tissue engineering.

Keywords: luminescence bio ceramic, Willemite, Sol-Gel Synthesis, Hela (Cervical cancer) cell lines, MTT, Antibacterial ac-
tivity, biomedical application.

1. INTRODUCTION

Nowadays. scientists and engineers are actively engaged
in developing nanocrystalline ceramic to enhance their
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biological and mechanical properties for their use in bio-
medical applications. Developments in materials science
research have given a new set of methodologies and systems
for applied biomedical research. Calcium based bio ceramic
materials have been usually used in the biomedical field for
more than 40 years to repair damaged hard tissue [1]. In the
health care industry, ceramic materials have been used for a
long time for manufacturing chemical ware, diagnostic in-
struments, eyeglasses, tissue culture flasks, thermometers,
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fibre optics for endoscopy. Only few elements of periodical
table are used in the production of bio ceramics from the
whole periodic table (alumina, carbon, compounds contain-
ing silicon and zirconia).

In modern day pottery, main constituent of crystalline
glazes is zinc orthosilicate. Zinc orthosilicate is also known
as Willemite [2]. To implant artificial bone, ceramic material
should be resorbable, easy to shape, possessing osteoinduc-
tive with mechanical properties. Willemite is known as glass
ceramics, having strong chemical durability, good mechani-
cal strength, high luminescence efficiency, highly thermal
stabilities and high colour purity. These properties of wil-
lemite are suitable for different engineering applications and
willemite ceramic material has all these properties [3-4].
Willemite subsists in a, 8 and y-Zn,Si0, phases, with emis-
sion of colours: green, yellow and red colour emission re-
spectively. All the phases of zinc silicate minerals are found
abundantly in the earth crust. Recently research on Willemite
have been considered to be biologically and technologically
important; because of the reliable properties of ceramic ma-
terial having good thermal conductivity , good mechanical
strength , electrical conductivity, low coefficient of thermal
expansion and dielectric properties [5].

It has been reported that completely biocompatible exter-
nal material can be placed within a living body without any
side effect. The only autogenous substances are manufac-
tured by the body itself and any other foreign substance initi-
ates various types of reactions [6]. The reactions occurring at
the biomaterials surfaces lead to time dependent changes in
the surface properties of the implanted biocompatible mate-
rials and the tissues at the interface. In order to develop new
biocompatible materials, it is essential to study the in vitro
and in vivo host responses. Likely bio ceramics and biomate-
rials react with their surrounding environment and, ideal bio
ceramics and biomaterials they should not make any adverse
effect on the neighbouring tissues.

Zinc is an important trace element which has different
roles in luman and different animal’s growth such as in-
creasing calcium content, bone protein and alkaline phospha-
tase activity as well as it plays important role in bone me-
tabolism [7-9]. Deficiency of zinc is collateral with bone
defects and bone growth slowness both in humans and ani-
mals [10-11]. Moreover zinc has been shown to stimulate
osteoclast and bone formation activity inhibition. The bioac-
tive glass containing ZnO could enhance bone formation
[12-14]. The in vitro study showed that the ceramic sup-
ported bone marrow stromal cells adhesion and spreading.
Also, from MTT tests demonstrated that cells on zinc silicate
showed a significantly higher proliferation rate than on the
controls after 7 days of culture [15].

It has been reported many routes, to synthesis of Wil-
lemite such as sol-gel synthesis [16], hydrothermal method
[15], solid-state reaction method [17] and ball mill [18]. sol-
gel synthesis method was performed with a solvent such as,
ionic liquid, water and alcohol, advantage of this method is it
works at lowest temperature. Sol-gel methods are performed
in a solvent at ambient pressure; while in hydrothermal and
solvothermal methods tend to use high temperatures and
high pressures. Tt is reported that crystallization of Willemite
requires temperatures of around 100°C.The main advantage
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of so-gel method to providing characteristic such as uniform
shapes, spherical particles by varying experimental condi-
tions [19]. It is reported that the nanostucture of a calcined
powder depends mainly on the sol-gel synthesis methods
conditions [20]. Sol gel methods having some advantages of
sol-gel procedure are simple preparation, short time-to prod-
uct, low cost and the possibility of reducing the operating
temperature and preparing different types of maierials [21]

In the present study, Willemite was prepared by a modi-
fied sol-gel method. This work focus to study the bioactivity
of Willemite nanoparticles, under the different physical and
biological conditions. The biocompatibility of Willemite was
evaluated with different concentration by cytotoxicity as-
sessments. Cytotoxicity of the synthesized nanomaterials has
been evaluated with Hela (Cervical cancer) cell lines for 24
and 48 hr using MTT assays method. Hela cervical cell lines
and Willemite nanoparticle interactions were found out in
depth on inverted microscope. by staining techniques using
acidic isopropanol as stain.

2. EXPERIMENTAL
2.1. Chemical

In modified sol-gel synthesis method Tetraethyl or-
thosilicate (Si (OC-Hs)y; TEOS, purity >99%, Sigma-
Aldrich) and Zinc chloride (ZnCl, purity =98.5%, Thomas
baker), distilled water and HCl were used. All chemicals
used without further purification and all are analytical grade.

2.2. Synthesis of Willemite

Nano crystalline Willemite (WM) was synthesized by
using modified sol-gel method. In this method, Tetraethyl
orthosilicate (Si(OC-Hs)s) was partially hydrolysed at a mo-
lar ratio of TEOS: water(40 ml:0.25ml) and 4 ml conc. HCI
was added as a binder in the solution. After that, 27.256 gm
of zmc chloride dissolved in pre-hydrolysed solution. This
mixed solution stirred for by a magnetic stirrer to form ho-
mogeneous solution. When the mixed solution became ho-
mogeneous it is refluxed at 35°C up to gel formation. This
Formed gel dried in the oven at 300°C to form powder. The
resulting dry gel powder was then annealed in the tempera-
fure range of 600°—1200°C for 2 h with a constant heating
rate of 10°C min. The synthesis of the Willemite nanoparti-
cles was performed through a modified sol-gel method re-
ported elsewhere [22].

2.3. Characterizations

Crystal phase identification and structural analysis of
Willemite was studied by X-ray diffraction (Philip-3710)
with Cu-Ka radiation. X-ray diffraction patterns were
analyzed by using software X-pert high score plus. To calcu-
late crystalline size gaussian fit of the most intense peak was
selected to determine the full width at half maximum for
determination of crystallite size (D) by debye-scherrer equa-
tion.

t=0.90/p cos B (@)

Where, t 1s crystallite size, o 1s the wavelength of Cu-Ka
radiation, B is FWHM and q is the diffraction angle of
strongest peak.
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The morphology of particle was determined using scan-
ning electron microscopy (JSM-T330 Jeol) operating at 20
kV and a profilometer (Dektak 6M, Veeco). Particle size was
observed by using by using transmission electron micro-
scope (TEM, JEOLJEM-2100) with resolution of 2.4 A. The
elemental analysis was done by energy dispersive spectros-
copy (EDS, JEOL ISM 6360).

2.4. Biocompatibility Study
2.4.1. Cell Culfure

Cytotoxicity (in vitro) of Willemite nanoparticle was
carried out on Hela (Cervical cancer) cell lines by using
MTT assay. Cell lines were obtained from National Centre
for Cell Sciences, Pune (India). In vitro cytoxicity study was
carried out at National Toxicology Centre Pune (ISO10993/
USP 32 NF 27). Target cell lines were grown in MEM cul-
ture medium with Antibiotics and 10% FBS [foetal bovine
serum, kanamycin (0.1 mg/mL™)], penicillin- G (100U/mL
1, and sodium bicarbonate (1.5 mg mL™) at 37°C in a 5%
CO» atmosphere.

2.4.2. MTT Assay

The Hela (Cervical cancer) cells were incubated with a
concentration of 1x10° cells/ml in medium in a 96-well mi-
crotiter plate (cell count was taken on Neubauer’s chamber)
for 24 h. Fresh media was replaced by the old media, after 24
h and different proportions of Willemite particles 0.2, 0.4,
0.6, 0.8 and 1mg per ml of cultured media). Then, the total
medium was incubated at 37°C in a 5% CO, atmosphere for
24 h. After 24 h, to confirm the non-contamination and some
other parameters Incubation plates were observed under an
inverted microscope. Then, 10 ul of 5 mg/ml MIT solution
was added into each well including control wells. The plates
were wrapped in aluminium foil and incubated for 4 hr at 37
°C in a 5% CO; atmosphere for metabolization of MTT with
the nanoparticles and cell media. After 4 h incubation plates
were removed and observed under inverted microscope and
photographs were taken. The entire medium was then re-
moved by flicking the plates and only the anchored cells
remained in the wells. Then the cells were washed with
phosphate buffer saline (PBS) and the formazan formed was
extracted in 200 pl acidic isopropanol in each well and after
1 hr, absorbance was measured at 492 nm from which cell
viability was calculated. The experiments were replicated
three times and the mean data were graphically presented as
mean = SD. Obtained relative cell viability (%) compared
with control well containing cells without nanoparticles are
calculated by the following equation:

Relative cell Vlabl]ﬂy (%) = [A:bso‘rbaﬂce] ttsted’( [Aabwrbmce] control
=100 (1)

2.4.3. Anfibacterial Activity Assay

The antibacterial activity test of Willemite nanoparticles
with the concentration of 0.2, 0.4, 0.6, 0.8, 1.0 ppm, respec-
tively was carried by bacteriological plate counting methods.
The antibacterial test was performed against Gram-negative
Escherichia coli (E.coli, ATCC 8739) and Gram-positive
Staphylococcus aureus (S. aureus, ATCC 6538). The bacte-
rial strains were purchased from National Chemical labora-
tory, Pune. The bacteria were cultured in liquid nutrient
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broth medium at 35-37°C for 12 h and adjusted to a concen-
tration of about 10" CFU/mL. In an autoclave at 121°C for
20 min all laboratory supplies were sterilized. sterile sample
(0.5 g of each) was dispersed in a centrifugal tube containing
Biiffered sodium chloride-peptone (BECP) (9 mL) and bacte-
ria suspension (1 mL) are incubated at 30-35°C for 4. 8, 12,
16,32, 48 and 72 h. For subsequent bacteria counting, 100
uL of the suspension was extracted from the centrifugal wbe.
The extracted suspension was inoculated into solid nutrient
agar medium for 24 h incubation at 35°C. Total bacterial
colonies were counted.

3. RESULTS AND DISCUSSION

3.1. XRD Analysis

Fig. (1) Shows XRD pattern of the pure Willemite re-
corded in the 2 theta range 10-90 ° and at step size of 0.02.
XRD spectra show that the synthesized Willemite material
structure corresponds with the rhombohedral structure with
space group R-3. All XRD peaks were matched with (JCDPS
no. 00-037-1485). The lattice parameter calculated from the
reflection of the (113) plane and confirms the formation of
phase pure Willemite particles Standard. The intense (113)
peak was chosen for calculating the average particle size of
the sample using the Scherrer formulae [23]. The most im-
portant observation is that the effective broadening of peaks
in Willemite shows the fine nano crystalline nature. The re-
sult shows that the crystallite size was 38.42 nm, also
broadening of the peaks suggest nano crystalline nature of
the sample. XRD of Willemite shows similar peaks with
previously reported work [24].

(113)

Inlensity(a.u.)
(220)

F

.

20 40 60
20(degree)

Fig. (1). XRD pattern of Willemite nanoparticles.

3.2. SEM Analysis

Fig. (2) shows the SEM images of Willemite nanoparti-
cles. The morphology observed for Willemite nanoparticles
reveals that the particles are in good agglomerated and sur-
face morphology is clean. Moreover one should observe the
absence of large aggregates. It has been reported that SEM
images of Willemite shows an aggregation and irregularity in
shape and size [25,26]. It has been reported that crystal size
distribution of bone plays an important role in bone fracture
[27].

The EDS analysis shows in Fig. (3) that the as synthe-
sized Willemite nanoparticles contain Zn, Si and O without
any impurity. The EDS spectra show that samples are with
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their stoichiometry and elemental signals as expected. This
implies that the prepared samples are pure in nature. The
elemental composition estimated from EDS analysis is tabu-
lated in Table 1.
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Fig. (2). SEM image of Willemite.

Tablel. Atomic percentage composition.
Name Zn Si (8]
Willemite 1423 20.58 5815

1 2 < | 4

Fig. (3). EDS spectrum of Willemite.

3.3. TEM Analysis

The size and shape of the Willemite nanoparticles was
observed in Fig. (4). It shows the TEM micrograph of Wil-
lemite nanoparticles with uniform particle size and cylindri-
cal rod-like shape. The Willemite nanoparticles with homo-
geneous microstructure, around 150-160 nm in diameter and
length is around 200 nm, particles seem to good aggregates.
The diameter of Willemite nanoparticles are slightly larger
than the observed crystallite sizes calculated from XRD, Due
to the presence of nano crystalline swface layers. Grain
growth was obtained due to high calcination temperature
[28]. In SAED pattern (inset of Fig. 4) the diffraction ring
pattern are well observed and are match with XRD analysis.
The selected area Electron diffraction (SAED) pattern shows
bright ring patterns indicating the polycrystalline nature of
nano particles which is in good agreement with XRD results.
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Fig. (4). TEM image of Willemite (Inset: corresponding SAED
pattern).

3.4. Biocompatibility and Cell Particle Interaction Study
of Willemite Nanoparticles Cytotoxicity Study

3.4.1. Biocompatibility Study

For possible biomedical applications, toxicity is a very
critical factor to consider their potential. Willemite nanopar-
ticles were interact with Hela (Cervical cancer) cell lines, it
1s important factor to ensure that these nanoparticles are not
causing any adverse effect. The cytotoxicity study of Wil-
lemife nanoparticles were carried out on varying with differ-
ent concentrations and incubation time. Fig. (5) shows cyto-
toxicity data obtained for the Hela (Cervical cancer) cell
lines were treated with Willemite nanoparticles for 24 h and
48 h, respectively with the concentration of 0.2, 0.4, 0.6. 0.8,
and 1 mg.m]__1 at 37 °C in a 5% CO, atmosphere. The rela-
tive cell viability (%) compared with Control (well contain-
ing cells without nanoparticles) are calculated by the equa-
fion:

Relative cell viability (%) = [Altested/ [A contror > 100 (2)

From Fig. (5) it is observed that the cell viability slightly
decreases with increasing the Willemite nanoparticles con-
centration and incubation time. The cell cytotoxicity effect
of nanoparticles at different concentrations is well studied by
MTT assay and the mechanism of the cytotoxicity due to
presence of nanoparticles is reported in recent literature [29-
32]. Tt is reported that the presence of nanoparticles on the
cell surface directly affects the plasma membrane not on the
nucleus over a contact period of time and which causes the
lysis of the cell [33]. Nanoparticles are removed from cell
surface, MTT is used to stain the cells. MTT enters into the
cell lines and passes info the mitochondria where it 1s re-
duced to an insoluble, colored, formazan product because
viable cells reduce the yellow tetrazolium salt to a green dye.
The cells are then solubilized with an acidic isopropanol e.g.
organic solvent, and the released formazan is measured
through spectrophotometrically. In metabolic active cells
reduction of MTT can occur, viability of the cells is a meas-
ure of the level of activity. In cytotoxicity study two factors
should play important roles for the cell viability one is the
chemical stability and the other is their grain size. The small
size particles have an efficient inter facial interaction with
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the cell membrane As compared to larger size particles. It is
reported that the large particles exert a stronger impulse on
the cell surface and results in the reduction of cell viability
[34,35]. From the cytotoxicity study, it can be seen that there
was no drastic change in the cytotoxicity of Willemite
nanoparticles. Fig. (6) sows microscopic images by using
stains, Hela (Cervical cancer) cell lines was incubated with
Willemite nanoparticles for 24 h. The obtained results from
cytotoxicity experiments show betfter biocompatibility of
Willemite nanoparticles with a concentration up to
1 mg.mL_l.

100 Control .m

&

7o Cell viability
3 2

0.0 0.2 04 0.6 0.8 1.0
Concentration(mg/ml)

Fig. (5). Biocompatibility and cell particle interaction study on Hela
(Cervical cancer) cell lines of Willemite Cell viability study by
using MTT assay for 24 hand 48 h.

Fig. (6). Microscopic images by using stains, Hela (Cervical can-
cer) cell lines was incubated with Willemite nanoparticles for 24 h
(A to D represents cells treated with 0, 0.2, 0.6 and 1 mg,mL_1 Wil-
lemite nanoparticles, respectively).

3.4.2. Cell Particle Interaction Study

The staining technique coupled with microscopic obser-
vations gives more accurate results and is able to identify the
phenotypically intact cells, cellular morphology and dead
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cells qualitatively [36,37]. Here, Hela (Cervical cancer) cell
lines have been stained with acidic isopropanol and micro-
scopic images are obtained, which have been observed to
validate respective MIT data. After 24 h freatment of Wil-
lemite nanoparticles with cell lines, it is observed that, the
treated Hela (Cervical cancer) cells exhibit good proliferative
activity, as that of respective control (0.0 mg.mL ™) cells. It
is also observed that cell lines that, at | mg.mL™' concentra-
tion of Willemite nanoparticles, the percentage of cell stain-
ing was found more with isopropanol, which suggests the
loss of membrane integrity at higher concentration.

3.5. Antimicrobial activity

The antibacterial effect was evaluated for a Series of
time, the gram positive and gram negative bacteria were cul-
tivated with different concentration and by using bacteria
counting method they are re-cultivated on agar. The percent-
age bacterial survival for E. coli and S. aureus as a function
of time are shown in Fig. (7). The bacteria reduction of Wil-
lemite nanoparticles exhibits time and dose concenfration
dependent. Antibacterial rates of Willemite (0.05 ppm) are
improved from 45% to 55% for incubation time extended
from 1 h to 6 h. Moreover, the antibacterial rate increases
from 65% to 99% after 6 h incubation when the Willemite
concentration is enhanced from 0.05 ppm to 190 ppm. The
effective antibacterial ability is defined as a percentage of
bacteria reduction above 70% for S. aureus and E. coli. An-
tibacterial results shows that the antibacterial rates are 85%
and 93% when 0.30 ppm and 2.3 ppm Willemite nanoparti-
cles come in contact with S. aureus and E. coli bacteria. The
maximum concentration that exhibits effective antibacterial
is 2.3 ppm. The effective antibacterial activity of Willemite
reveals that high doping concentration of Willemite is not
necessary to achieve effective antibacterial activity, an ap-
propriate amount of Willemite nanoparticles doping can also
be adopted as an ideal option. The physical and chemical
characteristics such as surface properties, morphology and
chemical composition of surrounding medium can affect the
viability of bacteria [38]. The antibacterial activity of Wil-
lemite demonstrated the release of Zn™. The released of Zn+
will bind to proteins on the membrane, thereby causing
structural changes and damage to the Membranes. It was
reported that release Zn™ penetrates into cells and interacts
with nucleic acids, preventing proliferation process and caus-
ing bacteria death. In the present research work, in case of
Willemite (2.3 ppm) and (190 ppm). the antibacterial activity
shows about 90% and 99% with the accumulated Zn release
amowunt. However, the Willemite (0.30 ppm) also exhibited
85% bacteria reduction. This is due to the contact antibacte-
rial process that causes bacteria death at the surface of Wil-
lemite nanoparticles. When the bacteria come in contact with
Willemite nanoparticles, the bacteria were killed due to the
high concentration of Zn~ at Willemite surface. When the
Willemite nanoparticles concentration was 0.05 ppm accom-
panied by 60% antibacterial when 2.3 ppm, the antibacterial
activity was enhanced unceasingly to 90%. When Willemite
concenfration comes to 190 ppm, 99% of bacteria were
killed. The antibacterial properties of Willemite were mainly
depending on is concentration. Willemite nanoparticles
show good antibacterial activity at low concenfration within
appropriate time.
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Fig. (7). (a) E. colli (b) S. aureus survival (%) as a function of time
for Willemite Nanoparticles.

CONCLUSIONS

Willemite nanoparticles were synthesized by facile Sol-
Gel method. The synthesis method is cost-effective and easy
to scale up. The structural, composition, antibacterial and
cytotoxic properties of the Willemite nanoparticles have
been studied in great detail. Willemite nanoparticles having
pure phase and almost identical particle sizes. EDS analysis
confirmed the presence of pure Willemite with stoichiomet-
ric ratio. Willemite nanoparticles possess effective in vifro
noncytotoxicity and antibacterial activity. The antibacterial
rate increases from 63% to 99% while the cell viability de-
creases from 98% to 70% when the Willemite nanoparticles
concentration varies from 0.05 to 190 ppm. The favourable
properties with excellent cytocompatibility and antibacterial
ability can be achieved when Willemite concentration is be-
tween 0.30 ppm and 2.3 ppm. The preliminary cytotoxicity
study on Hela (Cervical cancer) cell lines of Willemite
nanoparticles synthesised by sol-gel method, here confirmed
that the biological effects are not only based on chemical
composition, in addition size, aggregation state, shape and
surface texture also play an important role. However, ob-
tained results are found to be very satisfactory and no ex-
treme results is noted regarding cell viability. From all these
observations, it can be stated that, study of biocompatibility
of Willemite nanoparticles towards Hela (Cervical cancer)
cell lines, Showed negligible cellular toxicity. The antibacte-
rial Willemite is non-toxicity to living cells and tissues even
if the particles are internalized by cells. The results of this
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work demonstrate the applicability of Willemite nanoparti-
cles in the biomedical field. Furthermore, the cytotoxicity
studies show that the Willemite lower cytotoxicity. Hence, it
is revealed that Willemite nano crystals are potentially appli-
cable as bone substifution materials in tissue engineering.
Willemite is an excellent candidate in the biomedical field.
Novel Willemite nano crystals may provide new opportuni-
ties for a non-cytotoxic implant with antibacterial ability in
bone tissue engineering.
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