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Abstract: The present study emphasizes the stabilization of
the biologically active anatase form of titanium dioxide
(TiO,) nanoparticles (NP). TiO, NP require stringent condi-
tions for chemical synthesis and are usually a mixture of
biologically inactive bulk rutile and the active bulk anatase
forms. We utilized the culture pellet of the Exiguobacterium
aestuarii SBG4 MH185868 to synthesize and stabilize the
anatase form of TiO, NP. The NP showed A5 at ~350 nm
and scanning electron microscope micrographs indicated
their oval and spherical shape. Steric stabilized anatase
TiO, NP exhibited substantial cytotoxicity of up to 80%
reduction in cell viability at 100 ug against cervical cancer
derived HeLa and SiHa cell lines, whereas the rutile form
showed least cytotoxicity. Clonogenic inhibition assay of
HelLa cells showed dose-dependent decline with a 75% reduc-
tion in colony formation at 100 pg TiO, NP and cell migration
assay revealed significant inhibition in recovery of the wound/
scratch in presence of anatase form of TiO, NP (10-33% at
24h and 42-79% at 48 h). Co-incubation of HeLa cells with
anatase TiO, NP in chorioallantoic membrane of embryonated
chick eggs prevented the formation of new capillaries (20 + 5%
compared with control groups), indicating appreciable anti-
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angiogenic activity of the NP. Further, TiO, NP tagged with
doxorubicin and paclitaxel exhibited enhanced cytotoxicity
against cancer cells at very low concentrations of 9 and
120 nM itself, indicating their anti-tumor potential. In conclu-
sion, biomimetic anatase TiO, NP have significant anti-prolif-
erative and anti-angiogenic activity and can have potential
application in tagging with generic anti-cancer drugs for
enhanced cytotoxicity against cancer cells.

Keywords: titanium dioxide, nanoparticles, clonogenicity,
cell migration, anti-angiogenic activity

1 Introduction

Nanotechnology is one of the most intensely researched
areas because of its wide range of potential applications in
the fields of biomedicine, agriculture, environment, indus-
tries, cosmetics, food products, optics, and electronics. They
are of great significance as they effectively act as a bridge
between bulk materials and atoms or molecules [1].

Titanium dioxide (Ti0O,) nanoparticles (NP), also known
as ultrafine titanium dioxide, are believed to be one of the
three most utilized nanomaterials, along with silicon
dioxide and zinc oxide NP. They are used in diverse areas
ranging from paints, plastics, sunscreens, cements, foods,
cosmetics, surgical implants, drugs, and other products
due to their impeccable UV absorption and photocatalytic
sterilizing properties. The photocatalytic activity of TiO,
NP can be used in decomposing organic compounds in
wastewater [2,3]. In the field of nanomedicine, TiO, NP
are currently under investigation for the treatment of
acne, recurrent condyloma accuminata, atopic dermatitis,
hyperpigmented skin lesions, and other nondermatolo-
gical diseases [4].

Due to their exclusive chemical and physical proper-
ties, TiO, NP are manufactured on a large scale for indus-
trial applications to meet the ever-increasing demand.
Compared to NP produced by conventional means, which
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are known for adverse effects on cell viability or phy-
siology, biosynthesized NP have some exclusive properties
and can be employed with minimum side effects when long
term or chronic exposure is avoided [5]. In recent years, NP
biosynthesis involving microorganisms or plant extracts,
along with eco-friendly chemical procedures and mild con-
ditions of temperature and pressure have been proposed.
Bacteria can mediate the synthesis of NP because of their
ability to reduce TiO, into NP form with minimum proces-
sing variables [6-10]. Keeping in view of the ubiquitous
importance of titanium and environmental issues related
to the production of TiO, nanopowders, the present work
reports an eco-friendly approach for the synthesis of nano-
Titania. The “biomimetic” method utilized in the study is
supported by the fact that majority of the bacteria inhabit
ambient environments of varying temperature, pH, and
pressure; NP synthesized through these processes have
higher catalytic reactivity, greater specific surface area
and stability. Bacterial synthesis of TiO, NP can be both
intracellular and extracellular. The intracellular method
involves microbial enzymes, wherein NP are transported
into microbial cells through metal ion transporters, whereas
extracellular synthesis of NP involves trapping of the metal
ions on to the cellular surface and their reduction in the
presence of microbial enzymes [11]. A marine isolate Exiguo-
bacterium aestuarii SBG4 MH185868, which was previously
isolated and used for the synthesis of gold and selenium NP,
has been utilized in this study [12]. Total cell lysate was used
to synthesize the NP, which were characterized based on
various structural properties, stability and storage condi-
tions using common preservatives and evaluated for their
biological activity.

Recent studies indicate that selenium, gold, silver, and
magnetic NP may be used for targeted drug delivery in
cancer therapy [13]. TiO, NP have versatile medical appli-
cations such as in joint replacement surgeries, topical
emulsions, creams, oral medications, and surgical implant
cancer therapy, due to their low toxicity [14]. Titanium
exposure is generally considered harmless and least pene-
trative. However, its crystalline forms, namely, bulk ana-
tase, rutile or bulk anatase-rutile forms, have varying bio-
logical activities. Rutile forms are known to be chemically
inert and therefore have insignificant biological activity,
whereas bulk anatase form is shown to be much more
stable with appreciable bioactivity [4]. Several studies
have indicated that the application of NP in medicine can
synergistically improve the effectiveness of many existing
therapies. Conjugation of drugs with NP can enhance their
selective accumulation in diseased tissues. Since TiO, NP
are non-toxic to normal cells and have high biological
activity against cancer cells, they can be efficiently utilized

DE GRUYTER

by conjugation with cytotoxic drugs in cancer treatment.
Preparation of TiO, NP by chemical synthesis is laborious,
results in hazardous by-products, and requires high tem-
perature and pressure. In addition, it results in a mixture
of the inert rutile form and the bioactive anatase form. The
main focus of the present study is biomimetic synthesis
and optimization of TiO, NP in their bulk anatase form
and their subsequent analysis of biological activity [15].

2 Materials and methods

2.1 Chemicals

All the chemicals and media components used in the study
were purchased from Hi-Media (Mumbai, India) and Sigma-
Aldrich (USA).

2.2 Cell lines

HeLa and SiHa cells were procured from National Centre
for Cell Science, Pune, India, and propagated in Dulbecco’s
Modified Eagle’s Medium (DMEM) high glucose (Gibco,
USA), supplemented with 10% fetal bovine serum (FBS)
and 1X, antimycotic (Himedia, India).

2.3 Experimental set up for titanium NP
synthesis

Total cell protein (TCP) of E. aestuarii SBG4 MH185868 was
prepared from log 8 CFU ml™" of cell pellet obtained from
an overnight grown culture in tryptophan enriched banana
peel extract (TEBP medium containing dried banana peel
extract [8%, serving as both carbon and nitrogen source]
enriched with tryptophan [0.2 mM], 10% — NaCl and pH -
6.5), which is a cost-effective culture medium developed at
our laboratory and according to our previous protocol [12].
Brief procedure of TCP preparation involves the cultivation
of E. aestuarii in TEBP at 37°C for 24 h. The culture super-
natant was separated by centrifugation at 6,000xg for
10 min at 4°C and the total cell pellet obtained was utilized
for NP synthesis.

The experimental set-up for parameter optimization
was designed using ‘one factor at a time’ (OFAT) method
to choose the dynamic variables, studying influence of one
factor at a time, keeping the other factors constant and
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their importance in synthesis of better quality TiO, NP. The
parameters optimized were in the following sequence:
first, TCP in varying concentrations (2.5-10%) was taken
with rest of the parameters constant (200 mM salt, pH —
7.5, no preheating step), followed by the optimization of
titanium dioxide salt in 25-200 mM range TCP - at pH -
7.5. Preheating of salt solution prior to the addition of TCP
enhanced the synthesis [7]. The NP synthesized by opti-
mized parameters were used for further characterization.

2.4 Characterization of NP

The TiO, NP synthesized after optimization were character-
ized by UV-Vis spectroscopy (Epoch, India) for their surface
plasmon resonance (SPR) in the range of 300-500 nm [11] at
a resolution of 1nm to determine SPR absorbance maxima
(Amax)- The NP samples with variable interactions were
checked for the presence of functional groups using Fourier
transform infrared (FTIR) analysis (SHIMADZU, India) at a
resolution of 4 cm™ in KBr pellets and analysis ranging in
400-4,000 cm™, to determine the vibration and rotation of
molecules influenced by infrared radiation at a specific
wavelength [16]. The x-axis of the spectrum represents the
wave number while the y-axis represents absorbance or
transmittance.

TiO, NP were centrifuged and applied onto clean glass
slides and dried (process repeated multiple times until
glass slide was completely covered with NP layer). The
slides were used for X-ray Diffraction (XRD) analysis to
confirm their crystalline nature (Philips X-pert pro, India)
(40kV and 30 mA current with 2.2 KW Cu anode radiation
(k = 1.540 A). The morphological analysis of the NP was
carried out using scanning electron microscope (SEM)
(Carl Zeiss, AG, India) with different magnifications. Energy
dispersive X-ray spectroscopy (EDX) analysis of elemental
TiO, NP was carried out with the same instrument from 0
to 12keV [7]. The effective surface charges on the TiO, NP at
different variables like pH and steric stabilized NP potentials
and polydisperse index values were measured using zeta
analyser (Horiba scientific, NP analyser SZ-100) [17].

2.5 Formulation for steric stabilization

The TiO, NP were synthesized as described earlier, fol-
lowed by nanosuspension preparation in sterile distilled
water subsequently stabilized by adding 1% (w/v or v/v)
of polymers like polyethylene glycol (PEG-4000) and gly-
cerol, ethyl alcohol, Tween-20 (non-ionic surfactant), and
hydrochloric acid — 0.1N (HCl as buffering agent). These
compounds act as stabilizers, emulsifiers, tonicity adjusters,
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and cryo-protectants for long-term storage and preventing
agglomeration due to steric stabilization [18,19]. PEG, gly-
cerol, or Tween 1% (w/v or v/v) were either used individu-
ally or in combination with HCl or ethyl alcohol or both with
above-mentioned stabilizers are represented in Table 2.
After adding stabilizers to the NP, suspensions were homo-
genized and Kkept in an orbital shaker at 120 rpm, at room
temperature for 5h, to ensure the homogeneity followed by
preservation at 4°C [11]. The stability was checked every 5
days of preservation, and after 3 months, the samples
showing good stability in terms of SPR absorption maxima
(Amax) Were analyzed for Zeta potential.

2.6 Biocompatibility - in vitro analysis of NP
2.6.1 Cytotoxicity

The cytotoxicity of TiO, NP in both rutile (pH - 7.5) and
anatase (pH - 9.0) forms was assessed in the cervical
cancer cell lines, HeLa and SiHa, and human foreskin fibro-
blast (HFF) cell line (normal cell line) by performing the
3-(4,5-dimethylthiazol-2-y1)-2,5-diphenyltetrazolium bromide
(MTT) assay [20]. Approximately 15,000 cells per well (HeLa)
were seeded in a flat-bottomed 96-well plate supplemented
with 200 pl of Dulbecco’s Modified Eagle Medium (DMEM) +
10% Fetal Bovine Serum (FBS) and incubated in a 5% CO,
incubator at 37°C for 24 h. The spent media was replaced
with fresh serum-free media and incubated for 8 h. The cells
were then treated with increasing concentrations of both
TiO, NP forms (1-100 pg'ml™). Each set of concentrations
was maintained in triplicates and after 24 h of incubation,
the cells were replaced with fresh DMEM containing MTT
(0.5mgml™ for reduction by metabolically active cells, in
part by the action of dehydrogenase enzymes, to generate
reducing equivalents such as NADH and NADPH. The plate
was incubated for 4 h in the dark, after which medium was
removed and 100 pl of dimethyl sulfoxide (DMSO) was
added to each well. The plate was kept in dark for 5min
and the optical density (OD) was measured at 570 nm using
microplate reader (Agilent, USA) (to calculate cytotoxicity
using the following equation:

(control OD - sample OD)

x 100 @
control OD

Cytotoxicity(%) =

2.6.2 Clonogenic inhibition assay

Clonogenic assay or colony formation assay is an in vitro
cell survival assay based on the ability of a single cell to
grow into a colony. HeLa cells seeded onto a six-well plate
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(1 x 10* per well) were treated with TiO, NP (5-100 pg-ml™),
according to the protocol described by Rafehi et al. with
slight modifications [20,21]. The treated cells were incu-
bated in 5% CO, at 37°C for an incubation period of 7-10
days and observed for visible colony formation. After
appropriate incubation time, cells were fixed and stained.
A brief procedure for fixing and staining involves removing
the spent media and washing with Dulbecco’s phosphate-
buffered saline (DPBS) followed by fixing with 5ml of 10%
neutral buffered formalin solution for 15-30 min. Five milli-
liters of 0.01% (w/v) crystal violet was immersed in distilled
water for 30-60 min. Excess crystal violet was washed with
DPBS, and the plate was left for drying. Cell counting was
performed using Image] software (Fiji Version 1.5a), and the
percentage of clonogenic inhibition was calculated.

2.6.3 Cell migration assay

HeLa cells were cultivated in a six-well plate until they
reached a single-layer confluency and the linear wounds
or scratches were made gently using 10 ul micropipette tips
[22]. The cells were washed with Dulbecco’s phosphate-
buffered saline (DPBS) and incubated in fresh media at
37°C for 48 h. The wound was monitored by a microscope
(EVOS Cell Imaging systems, Thermo Scientifics, India)
and gap widths were measured using Image] (Fiji version
1.5a) software. Scratch width percentage was calculated to
determine the cell migration at different concentrations of
TiO, NP.

2.6.4 Hen egg chorioallantoic membrane (CAM) assay

The anti-angiogenic property of biomimetic TiO, NP was
investigated using embryonated hen egg CAM layer as an
in vivo model. Briefly, fertilized chicken eggs were procured
(Venkateshwara Hatcheries Pvt Ltd, Telangana, India) and
incubated at 37°C under 80% humidity from days 7 to 11. On
day 11, the eggs were surface sterilized using surgical spirit,
and the blood vessels were marked using an egg candler. A
minute hole was made using a sterile needle along the side
of the egg. One million (1 x 10°) HeLa cells in approximately
100 pl of DPBS were injected carefully on to the CAM layer
using an insulin syringe and sealed with latex wax [23], After
72h of incubation, the cells were harvested by gently
breaking the egg shell and carefully separating the CAM
layer placed onto a Petri dish. Changes in angiogenesis
were quantified by counting the number of new blood ves-
sels branching out of the main vessel. The anti-angiogenic
effect of NP is calculated as the relative number of arterial
branches compared with appropriate controls.
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2.6.5 Synthesis of nanoconjugates and cytotoxicity
analysis on Hela cells

Concentrations ranging from 0.05 to 1.8 uM of doxorubicin
(DX) and 0.03-1.2 pM of paclitaxel (PTx) were added to TiO,
NP (1.25 uM) and incubated at room temperature for 24 h.
After 24 h of incubation, the reaction mixture was centri-
fuged at 8,000 rpm, unbound or excessive drug was aspi-
rated, and pellet was resuspended in PBS. The tagging of
drugs was confirmed by SPR band by the absorbance and
comparison of tagged NP to bare TiO, NP [24]. The cyto-
toxicity of the DX-loaded NP, PTx loaded NP, and bare NP
was evaluated by the MTT assay [20].

2.6.6 Statistical analysis

All the optimizations and in vitro and in vivo studies were
performed thrice independently and in triplicates for each
treatment. The resultant data were evaluated by ANOVA
—single factor (p < 0.05).

3 Results and discussion

The present study utilizes the marine bacterial isolate
E. aestuarii SBG4 MH185868, previously isolated at our
laboratory to synthesize titanium dioxide NP by employing
the TCP of E. aestuarii SBG4 [11].

3.1 Optimization of process parameters

The reduction of metallic salts into the corresponding NP
depends on several factors. The first crucial step involves
reducing components of TCP that induce biomineraliza-
tion, the concentration of the precursor metallic salt, and
environmental conditions such as pH and temperature. All
these conditions influence NP size, morphology, and func-
tional groups stabilizing the TiO, NP. Hence, it is crucial to
optimize these factors individually during biosynthesis to
increase the overall quality and efficiency of particles [25].
The synthesis of nanosized TiO, colloidal particles was
thus confirmed with SPR absorbance maxima (Aya%) ~350
(Figure 1a—-d),

3.2 TCP size

The quantity of biological derivatives involved in the cap-
ping of NP synthesis and stabilization of TiO, NP requires
optimization [26]. The E. aestuarii SBG4 cell pellet obtained
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Figure 1: Biogenic TiO, nanoparticles were synthesized by incubating TiO, (100 mM) with total cell protein (TCP) obtained from E. aestuarii SBG4

MH185868 culture. The quality of the nanoparticles was assessed by measuring their Ay« while changing various parameters as shown at the end of
synthesis. (a) Optimization of TCP percentage using 100 mM of TiO, salt on day 5 of incubation. (b) Optimization of TiO, salt concentration —25-200
(mM) with fixed TCP concentration on day 3. (c) Effect of preheating followed by incubation at varying temperatures for the synthesis of TiO, NP at
optimized TCP and TiO, concentration. (d) Effect of varying pH on TiO, NP production after optimized preheating conditions with optimized TCP and

TiO, concentrations.

after 24 h culture grown in TBPE was used for the synthesis
of TiO, NP. The TCP of the cell pellet was used in a range of
2.5, 5.0, 7.5, and 10% (volume of culture used to obtain TCP).
Among these, 10% TCP demonstrated optimum NP synth-
esis with 100 mM of TiO, salt concentration, when incu-
bated for 5 days and the milky white colloidal solution
indicated synthesis of TiO, NP, which were analyzed by
measuring SPR absorbance maxima (Ayay) ~350 repre-
sented in Figure la [20]. Further optimization of TiO, NP
synthesis was carried out with the aim to obtain nano-
spheres with appreciable biocompatibility, uniform size
and shape, and so on. In addition, shortening the duration
of synthesis was the focus of next experiments to prevent
undesirable changes in NP due to prolonged incubation, such
as aggregation/agglomeration and denaturation of TCP com-
ponents responsible for the reduction of TiO, [18,19].

3.3 Optimization of salt precursor
concentration

The titanium dioxide salt (precursor salt) concentration
has significant effect on the biosynthesis of NP. To analyze
the effect of TiO, salt concentration for NP synthesis,
varying concentrations of TiO, salt were used, ranging
from 25 to 200mM and incubated at time intervals of
24h from days 1 to 5 at 37°C (Figure 1b). Optimum Apax
was observed for synthesized NP at day 3 at 200 mM TiO,
concentration, which did not change subsequently by day
5. This indicates the optimization and shortening of dura-
tion of NP synthesis from 5 days to 3 days at 200 mM of TiO,
concentration. The results signify that the precursor salt
has a vital role in optimal yield of NP and shortening the
duration of synthesis [25].
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3.4 Effect of preheating and temperature for
the synthesis of NP

After optimization of salt concentration, further studies
were conducted to decrease the duration of synthesis of
TiO, NP. Titanium dioxide is amorphous and thermostable
in nature and must be properly solubilized for a uniform
distribution during NP synthesis using TCP. Solubilization
of TiO, was aided by preheating at 50°C for 30 min, fol-
lowed by the addition of 10% TCP after which the mixture
was incubated at various temperatures (25, 37, and 50°C).
The synthesis of NP was confirmed by recording Apax
change in Figure 1c. Preheating contributed to the short-
ening of duration from 3 days to 1 day after optimization of
salt concentration. After preheating, incubation at various
temperatures did not show much effect on NP synthesis,
which can be observed in terms of the absorption maxima
and uniformity of the observed peaks at all temperature
(25, 37, and 50°C). Further synthesis of TiO, NP was carried
out at 37°C after preheating.

3.5 Effect of pH on the biogenic synthesis of
TiO, NP

The pH and redox potential of membrane proteins play a
vital role in activation of membrane bound oxidoreduc-
tases, which provides a favorable condition for reduction
of TiO, salt concertation to TiO, NP [7]. In the current work,
we have focused on influence of pH on controlled NP
synthesis. Prior to the addition of 10% TCP, sterile distilled
water adjusted to various pH values ranging from 4.0 t0 9.0
was utilized, followed by the addition of 200 mM TiO, salt
and 10% TCP and incubated at 37°C for 24 h (1 day). Figure
1d represents the NP synthesis at varying pH values. pH 4.0,
7.5, and 9.0 were further characterized by XRD, SEM, and
zeta potential, and pH 5.5 and 6.5 were omitted due to
presence of aggregation of NP.

3.6 Characterization of TiO, NP
3.6.1 Nature and morphology of TiO, NP

To understand the influence of pH on crystalline nature of
the TiO, NP, XRD analysis for the NP were synthesized by
the following optimized conditions: preheating TiO, salt
(200 mM) solution at 50°C at pH 4.0, 7.5, and 9.0 using
10% TCP was utilized. XRD analysis exhibited 26 (°) and
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lattice plane of 25.22 (101) plane was identified as standard
peak representing the only rutile form at a size of 14.77 nm
at pH — 4.0 (Figure 2a), whereas Figure 2b represents pH —
7.5 with 20 (°) and lattice plane 25.58 (101), 29.48 (100), 42.33
(111), 44.19 (210), and 62.89 (204), confirmed mixture of bulk
rutile nature, and size range of 12-100 nm. At pH 9.0, bulk
anatase was the predominant form with characteristic
peak at 25.3 (101) followed by 37.8 (004), 48.07 (200), 53.8
(105), 55.08 (211), 62.7 (204), and 75.02 (215), which are the
planes in a size range of 18-27nm (Figure 2c) [26]. The
pattern obtained in the study fits well with the data of Joint
Committee for Powder Diffraction Studies (JCPDS). The XRD
spectra for TiO, NP revealed the 26 (°) values (Figure 2d) and
the spectra demonstrated broad diffraction peaks indicating
very small sized crystallite. Though the rutile form is a more
stable crystallite compared to anatase, anatase is known for
its metastability, which means that it can transform to rutile
at certain temperature and additionally has biological
activity.

The morphology of rutile and anatase NP revealed by
SEM analysis and micrographs confirms the spherical shape
of TiO, NP produced by E. aestuarii SBG4 MH185868 at dif-
ferent pH values 4.0, 7.5, and 9.0 (Figure 3a—c). An average
size of TiO, NP reported at various pH are 4.0-70: +10 nm
and 7.5 and 9.0: 60 + 5nm (Table 1). Homogeneity of the
nanospheres was observed with the grain size falling mostly
in submicron range and the EDX revealed the presence of
elemental titanium (Figure 3d) [7].

3.6.2 Stability of TiO, nanosuspension

Zeta potential is an indicator of physical stability of nano-
suspensions which is a result of the degree of repulsion
between similarly charged particles in the formulation that
prevents particle aggregation during storage [27]. In this
study, zeta potential of NP synthesized at various pH con-
ditions and steric stabilized nanosuspensions of both ana-
tase and rutile forms were analyzed and polydisperse
index (PDI) values and surface charge of particles were
determined to check if nanosuspensions were monodis-
perse or polydisperse.

3.6.3 Influence of pH on zeta potential during synthesis

The zeta potential of NP synthesized at various pH condi-
tions were found to have maximum potential >~70 mV and
PDI in the range of 0.5-0.7, due to strong repulsive forces
[28]. The zeta potentials were measured as — pH 4.0:
=78 mV, pH 7.5: -73mV, and pH 9.0: -76 mV (Table 1).
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Figure 2: X-ray diffraction analysis of TiO, NP synthesized using E. aestuarii SBG4MH185868 showing 26 values. The spectra demonstrated broad
diffraction peaks indicating very small sized crystalline nature of TiO, NP synthesized at (a) pH 4.5 (rutile phase), (b) pH 7.5 (major rutile form), and (c)
pH 9.0 (Major anatase form). (d) A list of 28 values obtained at pH 4.5, 7.5, and 9.0.

Among all the values, pH 7.5 showing bulk rutile form and
pH 9.0 showing bulk anatase form had acceptable PDI
values of ~0.5, which represents monodisperse nature of
the nanosuspension, whereas pH 4.0 showed PDI values
>0.5 indicating their polydisperse nature. Hence, bulk rutile
(pH - 7.5) and bulk anatase (pH - 9.0) forms were selected
for further studies. During long-term refrigeration of NP, the
phenomenon of Brownian movement in colloidal suspen-
sions leads to the aggregation of NP in aqueous suspension.
A similar observation was made when dried NP were resus-
pended in water [29]. In this context, nanosuspensions with
various known cryoprotectants were tested for steric stabi-
lization of NP as explained below.

3.6.4 Influence of steric stabilizers during preservation

The zeta potential of steric stabilized nanosuspensions are
usually reported to be low, around -28 to -2mV or even
nearer to zero. Low zeta potential does not impact NP
aggregation [19,23]. The stabilizer forms a layer around

the NP which may decrease the attraction between the
particles leading to decline in zeta potential, but it tends
to increase the steric distance between the particles there
by increasing the hydrophilicity and prevention of particle
aggregation during long term storage conditions [29,30]. In
the current study, the compounds used for steric stabiliza-
tion were PEG, glycerol, and Tween-20 1% (w/v or v/v)
which were tested individually along with HCl or ethyl
alcohol for testing synergetic effect (Table 2). As a primary
step for analysis, all the sets of formulations were observed
for aggregation, followed by measuring SPR absorption
maxima (Ayax) using spectral scanning. A shift in absor-
bance peak in SPR band either red or blue (rutile/anatase)
represents a decrease/increase in the refractive index sur-
rounding the NP due to the modification by different sta-
bilizers [31-33]. The formulations showing constant Apax
~350 nm were considered to have good stability and were
further analyzed for zeta potential. The colloidal solution
treated with HCl lead to precipitation and it was not con-
sidered as stabilizing due to a shift in the SPR Ay« The
combined effects of stabilized nanosuspensions
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Figure 3: Scanning electron micrographs (SEM) of TiO, NPNp synthesized using E. aestuarii SBG4 MH185868 at 200 nm resolution, showing spherical morphology
of NP synthesizsed at different pH (a) pH - 4.0, (b) pH - 7.5, and (c) pH — 9.0, respectively. (d) EDX data confirmed the presence of Titanium.

Table 1: Influence of pH on stability of biogenic TiO, NP synthesis as
observed by X-ray diffraction and measurement of zeta potential

Table 2: Influence of steric stabilizers on biogenic TiO, NP synthesis
assessed by measurement of zeta potential

Influence of pH

Influence of steric stabilization

S.no pH Crystallite Zeta PDI Average S.no Bulk Steric Zeta PDI SPR
nature (XRD) potential particle crystallite  stabilizer potential (Amax
(mV) size (nm) nature (mV) - nm)
1 4.0 Rutile -78.1 0.6 88110 1 Rutile PEG + Ethyl -24.70 0.1 360
2 6.5 Rutile -71.0 06 90+10 2 Anatase alcohol -17.30 0.07 360
3 7.5 Bulk Rutile -73.0 0.5 51+10 3 Rutile Glycerol -25.47 0.1 350
4 9.0 Bulk Anatase -76.0 0.5 61+10 4 Anatase -22.45 0.1 350
5 Rutile Tween -64.20 03 350
6 Anatase -15.10 0.08 360

outperformed those of individual stabilizers. Specifically,
nanosuspensions stabilized with PEG and ethyl alcohol
exhibited zeta potentials of -24.7mV for the rutile form
and -17.3 mV for the anatase form, consistent with findings
from earlier research [33]. Additionally, the SPR A« shifted
by 5-10 nm from 350 nm, with a PDI of 0.1 for rutile and 0.07
for anatase. Given that glycerol, like PEG, is an effective and
cost-efficient dispersing agent, we also used it in combina-
tion with ethyl alcohol. This resulted in shift in zeta potential

to —25.47 mV for rutile and -22.45 mV for anatase. SPR absor-
bance shift was not observed for both the forms and PDI
values were ~0.1, which represent monodispersing environ-
ment in the formulation even after long term storage for 2
months [30]. As glycerol tends to increase positive charge on
the particles therefore the potential charge increases from >
-73 £ 3to -21+ 2mV and since glycerol is a smaller molecule
than PEG, it did not alter the SPR A%, Which confirms that
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morphology is unaltered. Tween-20 which is a non-ionic
surfactant [12] did not show promising results with anatase
form of TiO, NP (-15.1 mV, PDI value 0.08) individually or in
combination with ethyl alcohol, even though rutile form
showed excellent stability (-64.2mV, PDI value 0.3) with
Tween-20 + ethyl alcohol [19]. Rutile form was stable in
the presence of all the three stabilizers, but the anatase
form was best stabilized by glycerol in combination with
ethyl alcohol which was concluded using zeta potential
values and observed values for PDI, SPR An.x, and visual
difference in particle aggregation. Based on these observa-
tions, the combination of glycerol with ethyl alcohol was
concluded as the best cryoprotectant stabilizer for pro-
longed storage of TiO, NP.

3.6.5 FTIR analysis

The spectral FTIR analysis of biogenically synthesized
TiO,NP (Figure 4a and b) reveals the functional groups
(carboxyl, hydroxyl, amines, and amide) which stabilize
the NP by capping around the nanospheres. The IR spec-
trum shows the functional groups by characteristic intense
peaks of at 3,524.06, 3,443.05, and 3,421.83 em™? for rutile
form and 3,419.9 and 3,441.12 for anatase form corre-
sponding to the surface water molecules and interacting
hydroxyl group (Ti-OH) [14]. The 2,453.54 cm " of rutile and
the 2,474.75 and 1,842.08 cm™ of anatase peak correspond
to C-H stretch. The rutile peaks around 1,629.90, 1,545.03,
1,500.67, 1,469.81, 1,442.8, 1,431.23 to0 1,028.09 cm ™ signals and
anatase peaks around 1,629.90, 1,491.02, 1,469.81, 1,383.01 to
1,051.24 cm ™! stretch represent C=0 and strong stretching of
N-H vibrations due to the presence of amide and amine
groups around the nanospheres. Signals close to 1,261.49 cm™
correspond to the C-O stretch vibrations, possibly due to the
presence of an alcohol or carboxylic acid group. The C-N
stretching vibrations of aliphatic amine signals were obtained
around 1,05124cm™. The signals in the range of 669.32-
472.58 cm™* represent vibrations for TiO, NP due to the Ti-O-Ti
bond, and intense peak around 669.32 cm ™ denotes rutile form
and 561.30 cm™ as anatase form, which agrees with the XRD
spectra. The above information therefore indicates the contri-
bution of components of total cell lysate in stabilizing and
capping of the NP [8].

3.6.6 Biocompatibility and in vitro toxicity of rutile and
anatase forms

After characterization of the crystalline rutile and anatase
forms of TiO, NP, they were assessed for biological activity

Stabilization of anatase form of TiO, Np =— 9

in terms of toxicity by MTT assay, wound healing assay,
clonogenic cell proliferation assay, etc. Previous studies
headed by Chahardoli et al. demonstrated significant anti-
tumor activity in breast cancer and melanoma cells when
TiO, NP were tagged with plant extracts or biomolecules like
quercetin, caffeic acid, trans-ferulic acid, etc., in both rutile
and anatase forms [33-36]. Several studies have indicated
the crystal structure of TiO, NP in anatase forms to have
higher cytotoxic activity due to its hexagonal crystal struc-
ture coordinated with oxygen [37]. This results in its high
photocatalytic activity and ability to generate high amounts
of reactive oxygen species (ROS) and enhanced cytotoxicity.
To understand the ability of the anatase TiO, NP, further
experimentation was therefore carried out.

3.7 Analysis of cytotoxicity of TiO, NP

As reported by several studies, NP such as gold, silver,
selenium, titanium, and platinum exhibit anti-proliferative
activity in cancer cells and tend to inhibit cancer progres-
sion [38]. Since TiO, NP demonstrated good shape and sta-
bility, we further analyzed their cytotoxicity against HeLa
and SiHa (cervical cancer) cell lines. The decrease in cell
viability or an increase in cytotoxicity may be due to apop-
tosis induced by the NP [39]. HeLa and SiHa cells exposed
to TiO, NP (1-100 ug'ml™) showed dose-dependent cyto-
toxicity (Figure 5) in anatase form, where cytotoxicity
was observed at even low concentrations of 5 pyg-ml™" and
to a degree of up to 80% at a higher concentrations of
100 ug'ml . Rutile form in general is inert and therefore
showed minimum cytotoxicity, whereas anatase form seems
to show significant cytotoxicity, probably by inducing the
release of high amounts of ROS due to intracellular damage
[38,40] Interestingly, HFF cells, which are non-cancerous
normal cell line model, were unaffected by the NP indicating
that they may have selective toxicity against cancer cells.
The IC;, value for the anatase form was observed to be
6 ugml ™. Hence, the stabilized anatase form has high cyto-
toxicity even at low concentrations and has a good potential
for anti-cancer application. Since the NP showed similar
effects of toxicity against both HeLa and SiHa cells, further
studies were conducted on HeLa cells. Mainly, analyses
were performed to confirm the biological activity of the
bulk anatase form.

3.8 Clonogenic assay

The colony formation assay or clonogenic inhibition assay
is the method to determine cell reproductive death or cell
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Figure 4: FTIR spectra of TiO, NP after optimization of pH, preheating temperature and TCP concentration. The analysis revealed the functional
groups involved in the nanosphere formation and the presence of reducing groups responsible for the reduction of TiO, NP. (a) Rutile form and (b)
anatase form.



DE GRUYTER

Stabilization of anatase form of TiO, Np == 11

120
100
I
+
80
2 T
(5]
B 1
3 60
2 T
o
=
s T 1 1
o
X 40 ! I 1
i 1 i
20| ” I 1 :
. a— ,:: 1 T * T
I I
0 L
1 2 5 10 25 50 100
Concentration of TiO, (ug)
=@ (Rutile) HelLa (Anatase) Hela (Rutile) SiHa
(Anatase) SiHa (Rutile) HFF (Anatase) HFF

Figure 5: Graph depicting the effect of biogenic rutile and anatase TiO, NP on cervical cancer cell lines - HeLa and SiHa, as assessed by the MTT assay.

proliferation in the presence of any agent, such as in this
study, TiO, NP. The assay performed using anatase form of
TiO, NP showed exponential effect on the relative colony
formation capacity of growing HeLa cells in a dose-depen-
dent manner. Anatase TiO, NP treatment enhanced cell
death and inhibited colony formation capability on HeLa
cell population (Figure 6a). The decline in relative colony
formation was found at concentrations starting from
50 ugml ™ at 50% and decreased to 25% at 100 pyg-ml™*
(Figure 6b). Several previous studies have reported clono-
genic inhibition in the presence of NP, although at higher
concentrations, ranged above 100 ugml™. Furthermore,
most studies have utilized surface-modified NP comprising
known anti-cancer molecules, such as DX. Here, we report
the use of bare bulk anatase form of TiO, NP showing
significant clonogenic inhibitions, especially at lower con-
centrations with minimal cytotoxicity to normal cells [41].

3.9 Suppressed Hela cell migration

Cell migration and invasion play an important role in dis-
ease progression in cancer, which translates to metastatic
effect of malignancy. Many forms of cancer, although trea-
table, fail to prevent remission in patients undergoing che-
motherapy and recovering temporarily. This is due to inva-
sive and metastatic activity of malignant cells, which remain

dormant, hiding in visceral organs and resulting in metas-
tasis over a period. With incidence of cancer rising every
year all over the world, there is an urgent requirement of
alternatives to suppress metastatic properties of cancer cells
[42]. In this context, bulk anatase TiO, NP were used to test
the effect on migration and invasiveness of HeLa cells. The
NP showed significant inhibition on invasiveness of HeLa
cells as observed from the prevention of recovery of wound/
scratch [40]. The ability of HeLa cells to proliferate for cov-
ering the wound decreased drastically in the presence of
anatase form of TiO, NP (10-33% at 24h and 42-79% at
48h) when compared with untreated cells, which showed
up to 60% recovery of wound at 24 h and 90% at 48 h (Figure
7a and b) [37]. It is possible that the NP have cytotoxic effects
that cause increased ROS generation, resulting in reproduc-
tive efficiency of cancer cells, thereby resulting in inhibition
of cell migration [40].

3.10 In vivo model system for anti-
angiogenic effect of TiO, NP

Since it was observed that the anatase TiO, NP in bare form
could exert cytotoxicity, exhibit clonogenic inhibition, and
inhibit cell migration, further investigations to understand
if the anatase form can prevent angiogenesis were ana-
lyzed. For this, in vivo model of fertilized hen egg was



12 — Sandhya Vidya Sagar Mudrakola et al.

DE GRUYTER

PO AN
O ks
R

(b)

—
L N -~ W - - B )
=T N — A ]

N
o)

(=]

Relative Colony formation(%)

UT S

TiO, Np (pg/ml)

10 25 S50 100

Figure 6: Dose-dependent inhibition of Hela cell proliferation upon treatment with biogenic TiO, NP, as assessed by clonogenic assay. (a)
Representative images of HeLa cell colonies obtained post 7 days treatment with TiO, NP and analyzed for effect on single-cell clonal proliferation
after colonies were stained with crystal violet. (b) Quantification of the results.

used to carry out CAM assay. The CAM of 11-day-old eggs
was overlaid with HeLa cells in the presence of TiO, NP
and formation of new capillaries around the HeLa cells
grafted around the CAM layer was analyzed (Figure 8a
and b). Since HeLa cells are highly proliferative, they

should promote formation of new capillaries. Concurrently,
angiogenesis was prominent in untreated eggs grafted with
only HeLa cells, and the effect was considered 100% angio-
genesis. This gradually decreased with increased concentra-
tions of NP. The group of 100 pug NP/egg had significantly
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Figure 7: Effect of biogenic TiO, NP on Hela Cell migration. HeLa cells were grown to 80% confluency and treated with varying concentrations of
biogenic TiO, NP. In vitro wound healing assay was performed by making a straight-line scratch across the HelLa cell monolayer and the gap width of
the wound was measured at 24 and 48 h time intervals. (a) Representative microscopic images (10x magnification) of wounds made and treated with
varying TiO, NP concentrations, at 0, 24, and 48 h post treatment. (b) Quantification of the results.

reduced angiogenesis (20 + 5%) [43]. NP controls did not
show any toxicity against CAM of inoculated eggs with the
survival rate of 90 + 5%, which was like healthy untreated
controls. These findings therefore indicate the anti-tumor,
anti-proliferative, and anti-angiogenic properties of TiO, NP,
comparable with NP synthesized from gold, selenium, silver,
etc. [44]. As the study shows significant anti-cancer proper-
ties of the NP, they are safe and strong candidates for for-
mulating anti-cancer molecules, possibly, also for coating or
tagging with other anti-cancer drugs, such as DX, for syner-
gistic effect [39].

3.11 Conjugation with TiO, NP enhanced DX
and PTx toxicity against cancer cells

The shift in A« to longer wavelength (data not shown)
was indicative of efficient and complete loading of DX and
PTx on TiO, NP. To evaluate the cytotoxicity of various
formulations against HeLa cells, the MTT assay was per-
formed. HeLa cells were treated with TiO, NP, DX, DX NP,
PTX, and PTx NP for 24 h. We observed anatase form exhi-
biting higher cytotoxicity than free DX or PTx. Further
results indicate that the cytotoxicity of both



14 — Sandhya Vidya Sagar Mudrakola et al.

DE GRUYTER

(@)

Untreated

Hela 2pug

(b)

Angiogenesis (%)

100

80

60

40

20

0
HC

NC HeLA 2 50 100
Control
TiO, Np (ug/ml)

10 20

Figure 8: Assessment of anti-angiogenic property of biogenic TiO, NP using hen egg chorioallantoic membrane (CAM) assay. Eleven-day-old
embryonated hen eggs were overlaid with HeLa cells in the presence or absence of biogenic TiO, NP and formation of new capillaries around the HelLa
Cells grafted into the CAM layer was assessed under a dissection microscope at 5x magnification. Untreated: CAM layer inoculated with PBS; TiO, NP:
(a) CAM layer inoculated with only TiO, NP; HeLa: CAM layer inoculated with only Hela cells; 2-100 ug labeled panels: CAM layer inoculated with
2-100 pg TiO, NP along with Hela cells. (b) Graphical representation of % angiogenesis.

nanoconjugates, i.e., DX NP and PTx NP, was higher than
free drug as shown in Figure 9a and b. The cytotoxicity of
0.125 uM (125 nM) NP exhibited around 77 + 5%. Free DX at
lower concentrations showed less cytotoxicity compared to
DX NP which showed cytotoxicity of 55 + 5% at 0.009 uM
itself. Free PTx even at higher concentration of 0.12 uM
showed cytotoxicity of 24.7 + 5%, whereas PTx NP conju-
gates showed relatively improved toxicity against HeLa
cells with 70 + 5% cytotoxicity at 0.12 uM. Previous studies

with anatase form of TiO, NP conjugated to bioactive com-
ponents like folic acid have been utilized for their enhanced
activity to target cancer cells. In such studies, anatase form
was utilized as it showed higher reactivity compared with
bulk rutile form, which is also due to higher phototoxicity of
the anatase form [45]. Current study confirms these obser-
vations as drug conjugated TiO, NP showed higher toxicity
than unconjugated NP. The phototoxicity of the anatase
form is due to the induction of ROS that may be contributing
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Figure 9: Graph depicting synergistic effect of conjugating biogenic TiO, with generic anti-cancer drugs DX and PTx on cell viability of cervical cancer
cells (HeLa) as assessed by MTT assay. TiO, NP, Dx NP (DX-conjugated NP), DX (doxorubicin), PTx NP (PTx-conjugated NP), and PTx (paclitaxel).

to the enhanced cytotoxicity, indicating its potential applica-
tion in chemotherapeutic drug formulations. Conjugation of
TiO, NP to DX and PTx may also contribute to their syner-
gistic effect in toxicity against cancer cells due to enhanced
generation of destructive ROS [46].

4 Conclusion

The present study explores the synthesis and optimization
of TiO, NP from E. aestuarii. TiO, is one of the most studied
photocatalytic materials due to its abundance, stability,
and relatively cheaper cost. Mainly, the optimization of
stable bulk anatase form was observed by pH-based synth-
esis for enhanced stability and biological activity. It exists
mainly in anatase, rutile, and brookite form in nature. Out
of these, the anatase form has high photocatalytic reac-
tivity and consequently, high biological activity. It is parti-
cularly stable and has high reactivity in nanoscale range
(101) and (001) [37].

The bulk anatase form optimized in this study inter-
estingly showed toxicity against cancer cells in terms of
migration, clonogenicity, and inhibition of angiogenesis.
Anatase form of TiO, NP showed significant inhibition of
invasiveness of HeLa cells in terms of migration and pro-
liferation in culture and by reducing their reproductive
efficiency. CAM assay confirmed that the probable mechanism
of anti-proliferative and anti-angiogenic activities of the
anatase form of TiO, NP was via an increase in ROS gen-
eration leading to cell death. Low cytotoxicity of both rutile

and anatase NP against the normal cell line HFF also sug-
gests their potential application in formulating new anti-
cancer drugs and designing targeted drug delivery system
with minimum or no side effects on normal cells or organs.
By optimization of conditions for obtaining bulk anatase
form, we have improved the biological activity of the TiO,
NP. We could also stabilize the rutile form which is inert
and has least toxicity against cancer cells. These two forms
can be useful for diverse applications. Specifically, bulk
anatase form has good cytotoxicity against cancer cells,
particularly cervical cancer cells (HeLa), suggesting poten-
tial application in designing NP-tagged anti-tumor drugs
for targeting cancer cells with minimum toxicity against
healthy blood cells. Furthermore, synergetic effect of NP
tagged with DX and PTx, which are known cancer drugs,
against cancer cells, when compared to free DX or PTx, was
observed. This has important implications, as toxicity
against healthy cells is a major challenge in designing
anti-cancer drugs, which are generally shown to have
severe side effects. In conclusion, further testing of gen-
eric anti-cancer drugs tagged with anatase TiO, NP opens
promising avenues for targeting cervical cancer cells.
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