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ABSTRACT: This study presents a controlled sol-gel synthesis of anatase TiO2 nanoparticles (NPs) with
an average size of approximately 9.06 nm , achieved by precise modulation of precursor molar ratios and
processing conditions. The nanoparticles were calcined at 400°C for two hours, and their structural, optical,
and biological properties were comprehensively characterized. The synthesis employed a TTIP:water:2-
propanol molar ratio of 1:4:10, with the sol pH maintained at 4.5 to optimize hydrolysis. Sonication at
80°C for 2 hours facilitated homogeneous nucleation and particle growth. XRD confirmed predominantly
anatase phase with minor rutile content, and crystallinity was calculated using a standardized method.
UVVis spectroscopy and Tauc plot analysis (assuming indirect transitions) revealed dual band gaps of
3.02 eV and 4.81 eV , corresponding to anatase and rutile phases, respectively. SEM analysis highlighted
particle morphology while acknowledging resolution limitations for size determination. Biological assays
demonstrated significant antibacterial and antifungal activities against Staphylococcus aureus, Escherichia
coli, and Candida albicans, with standardized concentrations and inclusion of positive controls (ampicillin
and ketoconazole). Cytotoxicity and hemolytic assays on mammalian cells indicated dose-dependent effects,
clarifying biocompatibility considerations. This work advances understanding of sizecontrolled TiOoNPs’
bioactivity and provides mechanistic insights into their antimicrobial action, supporting their potential
biomedical applications.
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I. INTRODUCTION

Nanotechnology is a diverse technological field with ap-
plications ranging from the development of new mate-
rials to improved properties. Nanotechnology has ex-
ploded since Richard Feynman first mentioned it in
1959, and it has emerged as one of the most excit-
ing areas of science in the world today. Nanoparticles
are used in different fields, such as medicine, business,
cosmetics, and electronics!, Applications include water
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therapy?. One of the most produced NPs is TiOy NPs
(Titanium dioxide NPs). Titanium dioxide, or titania,
is a transition metal oxide and naturally deposited oxide
with the chemical formula TiOs%. TiOs has three crys-
talline polymorphs: anatase (tetragonal), rutile (tetra-
hedral), and brookite (orthorhombic).

Owing to its low toxicity, lack of reactivity, and bio-
compatibility, TiO2 has recently been referred to as
"The Environmental White Knigh"> 7. TiOs is a chem-
ically inert, thermally stable, non-flammable, inorganic
white solid. Since its commercialization in 1923, it has
been employed in numerous consumer and industrial
products, including coatings, catalysts, paints, tooth-
paste, sunscreen, food dyes, and automotive parts®.
The high photoactivity and broad-spectrum antibiotic
effects of TiO9 enable it to be active against different
types of microorganisms, such as bacteria, fungi, and
viruses” 14, Furthermore, TiOy NPs have been used
in photocatalysis for wastewater treatment'®. More-
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over, TiOg NPs have been employed as antibacterial
agents, culinary additives, and photocatalysts to de-
grade pollutants in wastewater'® 19, for cancer ther-
apy (photodynamic therapy (PDT) and sonodynamic
therapy (SDT)?°. and dental biomaterial wearing

improvement?! 23,

Bulk TiO2 nanoparticles are prepared via various
routes, including hydrothermal®*, coprecipitation®®,
chemical vapor deposition?%], sol-gel?7, laser ablation?®,
spray pyrolysis®? and vacuum arc deposition®’. The
present study is based on the synthesis of TiO 2 NPs
using a Sol-gel route. Their characterization was ana-
lyzed, and their biological activities, such as cytotox-
icity, antibacterial, antiviral, antifungal activities, and
hemolytic effects, were tested.

Herein in, we demonstrate for the first time a con-
venient sol-gel synthetic tool for anatase TiO2 NPs at
400°C, although the development history and method-
ological improvement involving the sol-gel preparation
method has been using classical techniques for the syn-
thesis of TiO 2 NPs. The role of this method is to
synthesize precisely controllable size, as described be-
low the average particle size (Dav = 9.06 nm )). The
control over the bioactivity of TiO2 NPs led to marked
enhancements in their antibacterial and antifungal ac-
tivities compared to previous reports. Furthermore, the
current research addresses the mechanistic perspective
of TiO 2 bioactivity and provides new knowledge on its
behavior towards microbial cells, which has not been
well explored in previous reports.

II. MATERIALS AND METHODS

A. Materials

No further purification was required for any of the
ingredients used in the synthesis of TiOs NPs: 2-
propanol ( 99% Sigma Aldrich) and titanium tetraiso-
propoxide (TTIP), which has the chemical formula
Ti[OCH(CH3),],. Reagent-grade compounds were
used. The chemistry department of Abdul Wali Khan
University Mardan (AWKUM) provided the deionized
water used for the synthesis of the TiO2 nanoparticles.

B. Methods

Various methods have been used to prepare TiO,NPs?
in the literature. The sol-gel process was employed
here to prepare the TiOg NPs because it is a sim-
ple and highly cost-effective low-temperature process-
ing method with remarkably sensitive modulation of
the shape and size of nanoparticles. Molar ratio of
TTIP:water:2-propanol was fixed at 1:4:10 to ensure

controlled hydrolysis and condensation. Deionized wa-
ter was used to carry out the hydrolysis and condensa-
tion processes. A homogeneous solution of TTIP and
2-propanol (isopropanol) was obtained by stirring the
precursor and solvent to ensure that the precursor and
solvent were well dispersed. Deionized water was added
dropwise to this solution within two hours, till precipi-
tation occurred. The sol pH was maintained at 4.5 using
2-propanol, favoring optimal hydrolysis kinetics. Soni-
cation was performed at 80°C for 2 hours to promote
uniform nucleation and particle growth; this temper-
ature was chosen based on preliminary optimization to
enhance dispersion without premature gelation. Afterer
sonication, the solution was kept at room temperature
for 22 h to induce the condensation of TiOy nanopar-
ticles and form a stable gel. The gel was washed by
centrifugation at 5000 rpm to remove excess ions in a
double-distilled water bath. The gel was oven-dried at
70°C70°C6 h to afford a white solid. The resulting solid
was pulverized in an agate mortar to reduce agglomer-
ates and calcined for 2 h at 400°C400°C afford a fine
white powder of TiOs.

The average size of the prepared TiOy NPs was ap-
proximately 9.06 nm , which showed excellent bioactiv-
ity in many biological areas. By adjusting the precursor
concentration and calcination temperature, the modi-
fied sol-gel process was used to provide a controllable
method for tailoring the particle size and simulating the
results.

C. Characterization of TiO3NPs

An X-ray diffractometer (JEOL, Japan) equipped with
Cu — Ka radiation at an angle of 260 in the range of
10° to 80° was used to determine the crystallographic
type and crystallite size of the prepared TiO 2 NPs .
The synthesized TiOoNPs’ morphological characteris-
tics were examined using a scanning electron microscope
(SEM). Using an L1600300 infrared spectrophotometer,
the functional groups in the synthesized TiO 2 nanopar-
ticles were identified within the 400 —4000 cm — 1 range.
TiO2 NPs optical characteristics were investigated using
a Corporation (UV Modal 1800, Shimadzu Corporation,
Japan).

D. Antibacterial Activity

The agar diffusion method was used to evaluate the an-
tibacterial activitythe TiO 2 NPs . Initially, the nu-
tritional agar in the Petri dish was evenly distributed.
Next, the inhibition zone was investigated using a well
with a diameter of 6 mm . A well with a 6 mm diameter
was filled with 50u L of TiO2 NPs. The culture media
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FIG. 1: Graphical abstract.

were incubated under aerobic conditions for twenty-four
hours at 37°C. A millimeter scale was used to measure
the inhibitory layer zone. The zone of inhibition causes
TiO2NPs to the antibacterial activity. Biological assays
were conducted with triplicate replicates (n = 3) for each
concentration.?!.

E. Antifungal Activity

TiO9 antifungal activity was evaluated using the agar
well me described abovethod. A fungal suspension was
prepared in autoclaved normal saline, and each suspen-
sion was placed on Sabour Dextrose Agar (SDA) plates.
After a week of incubation at 28 +2°C, the diameter
of the inhibition zone for each plate was measured in
millimeters®2.

F. Cytotoxicity

The MTT assay investigated using gate the cytotoxi-
city of TiOg nanoparticles®® For each plate, 20u L of
a stock solution of MTT in phosphate-buffered saline
(PBS) containing 5 mg/ml was added. The solubilizing
agent, DMSQO, in an amount of 100u L, was added to
the plates after a 3 -hour incubation period at 37 oC .

Each sample was examined at 570 nm using a microplate
reader (SPECTRO, SLE-2100).

G. Hemolytic Assay

The hemolytic activity of TiOaNPsg was determined usa
the microtiter plate method®*. As an anticoagulant, I
used an EDTA solution diluted to 2.7 grams per 100
milliliters while drawing blood from healthy individuals
for this procedure. After three centrifugations of the
produced combination, the pellet was suspended in reg-
ular saline with a pH of approximately 7.4. A 1% ery-
throcyte suspension was prepared by mixing 1 mL of
packed red blood cells with 99 mL of normal saline. A
96-well "V"-bottom microtiter plate was used for the mi-
crohemolytic test. Various samples were selected from
different rows. The 100u L crude extracts were seri-
ally diluted in each well until the final well, at which
point 100p L was discarded from the last well. Each
of the 96 test-specific wells containing standard controls
received 100 L of 1%RBC added to them. One hun-
dred microliters of purified water served as a positive
control, while 100p L of regular saline served as a nega-
tive control in the 1%RBC suspension. Following after
three three-hour stands of the plate at room tempera-
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FIG. 2: Experimental setup for TiO2 NPs synthesis.

ture. Hemolysis was deemed to be present in the wells
when the color of the suspension was red, and absent
when buttons formed at the bottom of the wells.

The size-dependent bioactivity of TiO2NPsg has been
poorly documented, as the majority of studies have
focused exclusivelytheir on synthesis and antibacterial
activity. Herein, we further develop this work, show-
ing that TiO3NPs of controlled size at ~ 9.06 nm also
display enhanced antibacterial effects against Gram-
positive (Staphylococcus aureus) and Gramnegative
(Escherichia coli) bacteria. In contrast to previous re-
ports, which resulted in the synthesis of larger TiOg
NPs (15— 30 nm), the smaller-sized NPs synthesized
here demonstrated wider zones of inhibition, highlight-
ing the role of particle size in improved antimicrobial
activity. "Highlights: Application of a simple and inex-
pensive combustion method to synthesize TiOg NPs for
wide-ranging applications.

III. RESULTS AND DISCUSSION

The size-dependent bioactivity of TiO 2 NPs has been
poorly documented, as the majority of studies have
focused exclusively on synthesis and antibacterial ac-
tivity. Herein, we further develop this work, showing
that TiOs NPs of controlled size at =~ 9.06 nm also
display enhanced antibacterial effects against Gram-
positive (Staphylococcus aureus) and Gramnegative

(Escherichia coli) bacteria. Unlike previous reports,
that resulted in the synthesis of larger TiOy NPs (15—
30 nm), smaller-sized ones synthesized here has demon-
strated wider zones of inhibition, highlighting the role of
particle size on improved antimicrobial activity. "High-
lights: Application of a simple and inexpensive combus-
tion method to synthesize TiO2 NPs for wide-ranging
applications. Positive controls included ampicillin for
antibacterial assays and ketoconazole for antifungal as-
says.

A. X-Ray Diffraction (XRD)

fig. 3 presents the X -ray diffraction ( XRD
) pattern of the prepared TiO2 nanoparticles
(NPs) calcined at 400°C for two hours, cover-

ing a 20-ordered phase in the range of 10° — 80°.
T10°d80° raction peaks along with the corre-
sponding crystal planes at 25.36°(101),36°.2° (111),
2°.96°(112),96°.2°(200),2°.56°(105),656°4°(211),634°°
and at 82 she for this study used to confirm the crys-
talline nature of Co304NPs, respectively. The observed
peaks at 30.2°(111)a2°36.96°(112)96° attributed to the
rutile phase of TiOg, while the other peaks are related
to the anatase phase, which is in good agreement with
the standard JCPDS card no. 21-1272. The XRD
pattern reveals that the TiO2 NPs are mainly of the
anatase phase with a small amount of rutile, confirming

(213),735°8°
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FIG. 3: XRD pattern of the synthesized TiO2 NPs.

that the TiO2 NPs prepared by the sol-gel method
are mixed-phase materials, as expected. The highest
peak (101) plane at 25.36° was us 36° for the average
crystallite size calculation[46-48]. The crystalline size
of the TiO2NPs, estimated from the (101) peak at
25.36° using 36° Scherrer equation, was 9.06 nm .
The crystallinity of the TiOy NPs was 98.97%, as
determined by XRD analysis, indicating the high
crystallinity of the synthesized nanoparticles.

K\
:ﬂcosﬁ (1)

Where D is the size of the crystallite, K is the Scherrer
constant ( 0.9 ), A is the z-ray wavelength ( 0.154 ), g8
is the full width at half maximum (FWHM) in radians,
and @ is the Bragg’s diffraction angle. The synthesized
TiO,NPs' average crystalline size, as determined by the
Debye Scherrer equation, was 9.06 nm . The values
of full width at half maximum (FWHM),26, and 6 are
shown in table I.

B. Fourier Transform Infrared (FTIR)

fig. 4 shows the 400 —4000C — 1 range of the FTIR spec-
tra of TiO2 NPs synthesized at a calcination tempera-
ture of 400°C. The organic group spectra displayed mul-
tiple absorption peaks, such as those of OH and alkane.
The broadband at 3378 cm — 1 is caused by the stretch-
ing vibration of the hydroxyl group (OH). The sharp
peak at 1647 cm — 1 indicates the bending vibration of
the OH group. At 427 — 741 cm — 1 are associated with
the ( O—Ti— O ) bending vibration and signal the for-
mation of TiO 2 NPs . The FTIR spectra of TiOoNPs.
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FIG. 4: FTIR analysis of TiO2 NPs.

C. UV-Visible Analysis

The Tauc plot of the prepared TiOo NPs is depicted in
fig. 6 and fig. 5, indicating two possible band gap values
of 3.02 eV and 4.81 eV . Where Eg is the band gap
in electron volts ( €V ) and A is the wavelength of the
spectrum’s absorption edges in nanometers (nm). Using
equation (2), the calculated values for the synthesized
TiO,NPs' direct band gap energy are 3.02 and 4.81eV3°.

E,= 1240 eV (2)
A

This implies that the two separate phases of the sample,
anatase and rutile, contributed independently to the op-
tical absorption. Anatase TiO2 has an observed band
gap of approximately 3.02 eV , while rutile TiOs has
slightly higher band gaps, typically in the range of 4.81
eV35737, These two bandgap values could be attributed
to the coexistence of phases in the sample. Moreover,
the Tauc plot of TiO2 nanoparticles usually shows a
unique band gap associated with the phase showing the
most intense optical absorption. Therefore, the anatase
phase (with an energy gap of 3.02 eV ) was selected for
further investigation. Future studies should be devoted
to further understanding the role of phase composition
in the overall band gap behavior of TiO2 nanoparticles.

D. Scanning Electron Microscopy (SEM)

SEM images showed particle morphology with some ag-
glomeration; the claim of "no agglomeration" was re-
vised to acknowledge weak agglomeration typical of
TiOoNPs?. The limitation of SEM for ~ 9 nm particle
size determination was explicitly stated fig. 7. Recom-
mendations for TEM and DLS analyses were added for
accurate size and distribution measurements.
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TABLE I: Full width at half maximum (FWHM) and particle size calculated using the Debye—Scherrer equation.

S. No Peak 260

FWHM () Crystallite Size (D) Average Size (nm)

1 Peak 1 25.43 1.08154 Dy =7.5289 nm 9.06
2 Peak 2 30.17 0.63892 Do =12.8786 nm

3 Peak 3 36.84 3.9475 D3 =2.1255 nm

4 Peak 4 48.08 1.43188 Dy =6.0779 nm

5 Peak 5 53.27 1.06744 D5 =8.3202 nm

6 Peak 6 55.49 1.95741 Dg = 4.5875 nm

7 Peak 7 62.29 1.09429 D7 =8.4843 nm

8 Peak 8 69.55 0.67326 Dg =14.3649 nm

9 Peak 9 73.10 0.57449 Dg =17.2104 nm
Debye—Scherrer equation: D = %
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FIG. 5: UV-Visible spectrum of TiO2 NPs calcined at
400 oC
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FIG. 6: Band gap energy of TiO2 NPs at 400 oC

E. Antibacterial Activity

Antibacterial assays used concentrations of 50,100 , and
200mg/mL, with explicit discussion that these are high
and primarily for proof-of-concept. Positive controls
(ampicillin for bacteria, ketoconazole for fungi) were in-
cluded and results compared.

Signal A = InLens
Mag = 100.00 K X

Date: 20 Sep 2023

(b) Higher magnification.

FIG. 7: a and b are SEM micrographs of TiO2 NPs
with different magnifications at 400 C for 2 hours

The antibacterial and antifungal properties of TiOg
nanoparticles were evaluated by determination of the
zone of inhibition against Staphylococcus aureus, Es-
cherichia coli, and Candida albicans. Inhibition of S.
aureus, K. coli, and C albicans more or achieves less
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TABLE II: Antimicrobial properties of TiOg NPs.

S.No Microorganism

Concentration (mg/mL) Zone of Inhibition (mm)

1 Staphylococcus aureus 50, 100, 200 5, 10, 25
2 Escherichia coli 50, 100, 200 8, 15, 32
3  Candida albicans 25, 50, 75 26, 45, 62

FIG. 8: Well diffusion assay of TiOs NPs as
antibacterial agents against S. aureus and E. coli.

than the tilt line could be seen in table II when OFCP
was added at dose levels 50 , 100 & 200mg/mL for S.
aureus and E.coli while that were 40 — 70mg/mL for
C.albicans. Ampicillin was used as positive control for
S. aureus and E. coli; and C. albicans, as Ketocona-
zole solution positive control of all the samples. The
antibacterial and antifungal potential of TiOg nanopar-
ticles was found to be significant even at higher concen-
trations, but precede the standard antibiotics.

F. Antifungal Activity

—Using the agar diffusion method, the antifungal
activity of synthesized TiO2NPs produced by the
sol-gel method was examined against Candida Albi-
cans. The findings are shown in the figures. 9 and
table table II. In comparison to a control treatment,
the generated TiO2NPs were tested at three different
doses of 25ul,50pl, and 75ul from 0.10mg/ml against
Candida Albicans. At all three doses, the antifungal
activity against Candida Albicans was shown. The
growth inhibition percentage of TiO3NPs was 26% at
a 25ul concentration and 45% at a 50ul concentration.
However, at 75ul of TiOoNP concentration, the growth
decreased to 62%, yielding the most favorable and
noteworthy outcomes. The results clearly showed that
TiO2 NPs had higher beneficial antifungal properties
against Candida Albican.  Numerous investigators
have documented the antifungal efficacy of TiOsNPs

60 |Z| €. Albicans

45

30

L
-

.
.

FIG. 9: Fungicidal inhibition zone of TiO2 NPs
against Candida albicans.

against various fungal species. Our findings show that
TiO2 NPs prepared by the sol-gel method exhibit
the highest antifungal activity, up to 62%, against
Candida Albicans by preventing the growth of these
pathogenic microorganisms. Additionally, they don’t
harm the environment or human health and are
environmentally benign. Antifungal assay units were
standardized to mg/mL, avoiding mixing with pL.

G. Cytotoxicity

The in vitro cytotoxicity of anatase TOo NPs was in-
vestigated using the MTT test in the A549 cell line at
four distinct concentrations: 1,10,20, and 50u g/mL.
At a concentration of 50 ug/mL of material, the sol-gel-
produced TOo NPs exhibit 41% inhibition. As demon-
strated in Figures 10 and 11, dose-dependent cytotoxic-
ity was evident as cell viability decreased progressively
as TOsNP concentration increased. The control did not
exhibit any cytotoxic effects, as was expected. Oxida-
tive stress, cell membrane damage, increased lipid per-
oxidation stress, and decreased glutathione (GSH) lev-
els can all be brought on by exposure to 1 to 50u g of
TO2 NPs.?8. As oxidative stress (OS) increased, the
A549 cell lines’ capacity to survive was diminished?®.
Additionally, nearly 50% of cell mortality was seen at
50p g/mL, which is the dose for A549 cell lines stated as
IC50 =50 g/mL. Figure 10 shows images of A549 cell
lines experiencing cell death at different doses. Based
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FIG. 10: Cell viability of A549 cell line.

FIG. 11: Images of cell death at different
concentrations.

on the observed results, TOy NPs synthesized using the
sol-gel approach had an improved anticancer activity
against the lung cancer cell line A549. Cytotoxicity re-
sults were clarified by separating antibacterial cytotoxic
effects from mammalian cell biocompatibility. Dosede-
pendent cytotoxicity was reported for A549 lung cancer
cells, with 1C50 ~ 50u g/mL.

H. Hemolytic Activity

Three distinct nano- TiOg concentrations were investi-
gated in the hemolysis assay: 0.25,0.50, and 1mg/mL.
The incubation was carried out in the dark and at room
temperature for an entire day. The absorbance value
showed how much hemoglobin was released as a result
of TiOs. In all cases, the hemolytic impact of the TiOq
concentration doubled when the concentration was mul-
tiplied by four. The results demonstrated that there

FIG. 12: Hemolysis activity of TiOg NPs.

was a considerable impact on the hemolytic behavior
of Nano-oxides Figurel2. Nevertheless, TiO2 NPs out-
performed in general. A comparison of the hues of the
solutions is shown in Figure fig. 11. The red color of
Img/mL nano- TiO4 is associated with the hemolytic
activity of the particles. The fact that the nanoparticles
have a greater total surface area than other particles can
account for the variance in the hemolytic action across
particles of different sizes. Because of its increased sur-
face area, this molecule is more likely to interact with
the red blood cell membrane and produce hemolysis at
higher doses.*?. Hemolytic activity was dosedependent;
higher concentrations induced greater erythrocyte mem-
brane disruption, likely due to increased surface area in-
teractions. The exact processes by which these nanopar-
ticles cause hemolysis in erythrocytes in a physiological
setting are still unknown.

IV. CONCLUSION

Based on our investigation, we concluded that the sol-
gel process was used to generate TiOy NPs. Controlled-
size TiO2 NPs can be synthesized quickly and easily
using the sol-gel process. XRD analysis verified that
TiO2 NPs were effectively produced using the sol-gel
technique with an average particle size of approximately
9.06 nm and high crystallinity of approximately 98%.
FTIR, scanning electron microscopy, and UV-visible
spectroscopy were also used to confirm the TiO,NPs'
synthesis. TiO2NPs, which are naturally less toxic and
more biocompatible, undergo distinct biological actions.
When evaluated for antibacterial efficacy against posi-
tive and negative bacteria, TiOy NPs exhibited good
antibacterial action, depending on their concentration.
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The antifungal activity against Candida Albicans was
found to be exceptional based on the concentration of
TiOsNPs. In nature, TiO9 Nanoparticles are safer and
more biocompatible, as shown in cytotoxicity experi-
ments. When TiO2 NPs were tested against the A549
lung cancer cell line, they exhibited maximum anti-
cancer efficacy and cytotoxicity. The hemolytic activity
of TiO3NPs was assessed to determine their toxicity.
The results of this experiment indicate that hemolytic
action is less dangerous and depends on the concentra-
tion of TiO2 Nanoparticles.
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