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Abstract: The green synthesized Titanium dioxide (TiO2) nanoparticles were examined for their
antibacterial efficacy against five bacterial isolates (Isolate B, C, D, E, and G) from the wound infection
site. These isolates were biochemically analyzed using Hi-Medial kits KB003 and KB009, followed by
molecular characterization by 16S rRNA sequencing. The Isolates B, C, and D were identified as
Staphylococcus aureus, whereas Isolate E was Pseudomonas aeruginosa and Isolate G was Escherichia
coli. The results obtained from the antibacterial efficacy of green synthesized nanoparticles revealed
that these nanoparticles actively inhibited all the bacterial isolates. Pseudomonas aeruginosa strain E
was most sensitive against all the nanoparticles, whereas Escherichia coli strain G was least sensitive.
The bactericidal ability could be attributed to how ROS (reactive oxygen species) interacts with lipid
membranes, ultimately resulting in the peroxidation of lipids and subsequent cell membrane rupture,
causing the cell's death. Reactive oxygen species (ROS) production could be linked to the effectiveness
of hydroxyl radical (OH) generation within the anatase phase of TiO2 nanoparticles. Upon interacting
with the cell, highly reactive OH radicals are produced by the anatase phase of titanium dioxide
nanoparticles. This is why they have a brief lifespan, from the moment they are produced. They
immediately interact with the outer surface of the bacteria until the titanium dioxide particles penetrate
the cell.

Keywords: titanium dioxide; green synthesis; nanoparticles; Leucas indica; antibacterial efficacy;
isolation; reactive oxygen species.

Abbreviations: TiO,/PE: nanoparticles synthesized via a green synthesis utilizing petroleum ether
extract; TiO2/BZ: nanoparticles synthesized via a green synthesis utilizing benzene extract;
TiO2/MeOH: nanoparticles synthesized via a green synthesis utilizing methanol extract; TiO2/W:
nanoparticles synthesized via a green synthesis utilizing water extract; DW: Distilled water; Amp:
Ampicillin; Cfz: Cefazolin; Str: Streptomycin.

© 2025 by the authors. This article is an open-access article distributed under the terms and conditions of the Creative
Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).

1. Introduction

Titanium dioxide, known as titania, belongs to the transition metal oxide family with
the chemical formula TiO2 [1]. Titanium dioxide has been considered one of the most
appropriate semiconducting materials with a wide scope of mechanical applications, such as
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photocatalysts. It is very cost-effective and has a high surface-to-volume ratio, and its non-
poisonous property makes it the most suitable material [2]. Titanium dioxide (TiO2)
nanoparticles have many applications due to their high photo-stability, oxidation strength, and
negligible toxicity [3]. It is used in cosmetics such as sunscreens to protect skin from ultraviolet
rays [4]. It also has various applications in the field of photocatalysis, gas sensors, water
treatment, solar cells, photoelectrochemical cells, and protective coatings on optical elements
[5]. Itis widely used in paints, coatings, plastics, papers, inks, foods, medicines, and toothpaste
[6]. The chemical synthesis of nanoparticles, such as solvothermal reduction, chemical
reduction, and electrochemical reduction, is costlier, toxic, difficult to separate, hazardous, and
employs high pressure and energy [7]. Besides these, green synthesis of nanoparticles has been
adopted as an alternate method that utilizes biological materials such as plant crude extract as
reducing agents [8]. Phytochemicals in the crude extracts of plants act as capping agents in the
green synthesis of nanoparticles. A synergetic effect will be provided when the particles are
coated with phytophenolic compounds of the crude extracts utilized in the biomedical field [9].
Although several methods, such as the thermal decomposition method, hydrothermal and
solvothermal method, microwave-assisted method, polyol method, sonochemical method,
liquid-liquid interface method, phase-transfer method, biosynthesis method, template-directed
synthetic method, etc., are there for the nanomaterial synthesis for the present study sol-gel
procedure is considered because of it has ability to control the surface properties and texture of
the material, stoichiometry, of the precursors, tailorable microstructure, relatively low
annealing temperature, utilizes inexpensive and simple apparatus [10,11].

The extensive exploitation of antibiotics leads to several drug-resistant bacteria causing
delayed healing or much worse circumstances. So, there is a need to develop certain novel
kinds of medications under such conditions. The main focus of the study is to prepare an
alternative medication or compound that can be used with conventional medicine against
wound infection-causing pathogens. For the present study, extracts of the herb Leucas indica
were utilized to prepare TiO2 nanoparticles as it is widely utilized for wound healing and
treating wound infection. The botanical name of Guma, Tumba, or Dandokalos is Leucas
indica, which falls under the Lamiaceae family. It can be found throughout India, mainly in
roadside wastelands, riverbanks, and rocky hills. This plant is characterized by its pubescent
branching and erect herb structure. Its leaves are long and narrow, while its flowers have four
stamens and are white. In the Garhwal region of Uttarakhand, it has been traditionally used as
a remedy for treating wounds. The leaves of this plant are squeezed and placed on wounds to
obtain wound healing [12]. Extensive research has been conducted on the chemical components
of this plant. Chemical analysis of various parts of the plant showed the presence of
carbohydrates, alkaloids, steroids, flavonoids, triterpenoids, fatty alcohol, etc. [13].

2. Method and Materials

2.1. Preparation of TiO5.

Titanium dioxide nanoparticles were synthesized by employing the sol-gel technique,
utilizing titanium isopropoxide (Sigma Aldrich >97%) as the titanium precursor. As per the
method demonstrated by Liu et al., (2003), preparation was accomplished with some
modifications [14]. To initiate the synthesis, 10 mL of ethanol was used to suspend four
separate extracts, then individually mixed with 5 mL of Titanium isopropoxide. Under vigorous
stirring at room temperature for 12 hours, each suspension was slowly added dropwise to a
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solution containing ethanol, HCI, and deionized water (in a ratio of 30:1.66:1). The resulting
solutions were further precipitated and subjected to recovery by centrifugation under ethanol
medium. The resulting precipitate was subjected to a drying process at a temperature of 70°C,
followed by annealing in a muffle furnace at 500°C [14]. The herb Leucas indica was collected
from the prominent town Devprayag in Tehri Garhwal district in Uttarakhand, India. Further
authentication was obtained from the Botanical Survey of India located in Dehradun,
Uttarakhand, with the assigned accession number 116608. To synthesize TiOz, titanium
isopropoxide (Sigma Aldrich) was used as a precursor. Biochemical characterization Kits
KBO003 and KB009 were utilized for the biochemical tests of isolates. Muller Hilton agar and
Nutrient broth (Central Drug House) were used as culture mediums.

2.1.1. Material characterization.

To analyze the crystal structure and phase identification of TiO2, a Bruker AXS D8-
Advanced diffractometer equipped with CuKal radiation source of wavelength 1.540 A was
utilized. XRD patterns were observed in the 20° to 80° range with a step size of 0.02.
Microstructural analysis was conducted on the specimens using a Carl Zeiss Ultra plus Field-
Emission Scanning Electron Microscope operated at an accelerated voltage of 15.00 Kv.FTIR
analysis was used in particle range 400 to 4000 cm?. Cary 5000 UV-Vis-NIR
Spectrophotometer observed the optical properties of synthesized nanoparticles.

2.2. Isolation of bacteria.
2.2.1. Sample collection.

The specimens were collected from 10 different patients with wound infections from
City Hospital, Haridwar. Collected specimens were kept in an ice pack for further processing.
The pour plate technique was employed to screen bacterial isolates on nutrient agar plates,
which were subsequently subjected to incubation at 37°C for 24 hours.

2.2.2. Biochemical characterization.

Biochemical characterization of all the isolates was done using KB009 TM HiCarbo
Kit (KBO09A / KB009B1 / KB009C) and KB003 TM Hi25 Enterobacteriaceae Identification
Kits produced by HiMedia Laboratories. Both kits cover 45 biochemical tests, including major
tests for biochemical characterization. Biochemical tests are based on substrate utilization and
changes in pH. Upon incubation test, organisms undergo metabolic changes confirmed by the
change in color of the media, which is likewise visible spontaneously or by adding a reagent.

2.3. Molecular characterization.
2.3.1. DNA extraction.

The isolation of genomic DNA from isolated bacteria was carried out by the
cetyltrimethylammonium bromide) CTAB method as described by Wilson [15]. 5 ml of a broth
culture of isolated bacterial strains was centrifuged for 2 min. Pellets that were formed by
centrifugation were retained, and supernatants were discarded. To achieve a concentration of
100 pg/ml of proteinase K in 0.5% sodium dodecyl sulfate, the pellets were mixed with 567 pl
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of T.E. (Tris-EDTA) buffer and supplemented with 10% sodium dodecyl sulfate (SDS) and 30
pl of proteinase K (20 mg/ml). The resulting mixture was then incubated at 37°C for 1 hour.
After the incubation, 5 M NaCl was added to each sample at the concentration of 100 pl.
Afterward, 80 pl of CTAB/NaCl solution was introduced and left to incubate at 65°C for 10
minutes. After the incubation, 0.7 ml of chloroform/isoamyl alcohol in the ratio 2:1 was added,
and the samples were subjected to centrifuge again for 5 min. The supernatant was collected in
the fresh vial, and phenol/chloroform/isoamyl alcohol was added in the ratio of 25:25:1. Whole
solution was centrifuged for 5 min. The supernatant was again transferred to a fresh vial, and
0.6 ml of isopropanol was added to precipitate nucleic acids. Vials were vortex until the DNA
precipitate was visible. DNA pellets were transferred to the fresh tube containing 70% ethanol,
followed by heat sealing under a Bunsen burner. DNA samples were washed with 70% ethanol
by repetitive centrifugation for 5 min each cycle, and the supernatant was discarded. Pellets
were dried by lyophilization and re-dissolved in 100 ul of T.E. buffer.

2.3.2. 16S rRNA gene amplification.

The amplification of the 16S rRNA gene required the universal primers 27F (5°-
AGAGTTTGATCMTGGCTCAG3’) and 1492R (5TACGGYTACCTTGTTACGACTT3)
was employed. 0.1uM of each primer was mixed in the reaction mixture that contains 5 pl of
10X buffer, 1.5 mM MgClz, 200 uM dNTPs (deoxyribonucleotide triphosphate), 2.5U Taq
polymerase, and 20 -40 ng template DNA making the volume of 35 pl.

The following conditions were provided for PCR: the process began with an initial
denaturation at 94°C for 2 minutes, followed by 35 cycles consisting of 1 minute at 94°C, 1.5
minutes at 55°C, and 1 minute at 72°C. A final extension was then performed at 72°C for 3
minutes. The PCR product formed after the reaction was visualized on 1% agarose gel after
staining with EtBr (Ethidium Bromide) under UV light [16].

2.3.3. 16S rRNA gene sequencing and phylogenetic analysis.

The purified microbial gene fragments were sequenced at Macrogen, Inc., South Korea.
Sequencing was accomplished using an automated sequencer 23 ABI 3730XLs works on the
principle of Sanger sequencing. Sequencing primers 785F 5' (GGA TTA GAT ACC CTG
GTA) 3'as forward and 907R 5' (CCG TCA ATT CMT TTR AGT TT) 3' as reverse were used
for the analysis. The sequences that were acquired underwent a BLAST analysis (Basic Local
Alignment Search Tool) to compare them with the NCBI database. After submitting the
sequences to the NCBI database, an accession number was generated for each sequence.
Afterward, the neighbor-joining method used MEGA software to construct phylogenetic trees
from the evolutionary distances.

2.3.4. Extraction of plant extract.

After drying in the shade for 15-16 days, the leaves of the plant were ground into a
coarse powder, and 200 g of the powder was placed in a Soxhlet apparatus for extraction with
four different solvents: petroleum ether, benzene, methanol, and water [17].
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2.3.5. Antimicrobial activity.

The turbidity was adjusted to McFarland standards of 0.5 in nutrient broth to prepare
the bacterial inoculum for antibacterial activity. The well diffusion method was used to
measure the antibacterial activities of the samples. Four wells of 6 mm diameter were punched
by sterile cork borer on Muller Hilton agar plates and further seeded with stock bacterial
cultures [18]. Distilled water was used to disperse the powdered nanoparticle composites to a
50 pg/ml concentration. The resulting mixture was exposed to UV light for an hour, and 45 pl
of each sample was added to the wells. As positive controls, antibiotic disks of cefazolin (30
mcg), streptomycin (10 mcg), and ampicillin (10 mcg) were used, while distilled water was
used as the negative control. All the plates were tested in triplicates and incubated at 37°C for
24 hours. The results were recorded by means of the zone of inhibition in mm.

3. Results and Discussion

3.1. Structural and morphological studies.

The X-ray diffraction (XRD) pattern for four different samples, namely TiO2/PE,
TiO2/BZ, TiO2/M, and TiO2/W, was analyzed. The XRD peaks observed corresponded to the
anatase phase of TiO2, which was confirmed by comparison to JCPDS card no. 21-1272.
(Figure 1) shows that an increase in peak width indicates a decrease in particle size. Using the
Scherer formula, the average crystallite size of the particles was calculated and reported in

nanometers.
0.9A

d= (1)
Lcos6

The formula used to calculate the mean diameter of the particles involves several
parameters:

The parameter 'd' denotes the average diameter of the particles, ‘A’ refers to the
wavelength of radiation, 5’ represents the angular full width at half maximum (FWHM) of the
peak, and '©" signifies the diffraction angle. In the XRD pattern analysis of chemically
synthesized TiO2 and TiOz2/plant extract composites, reflections on 101, 004, 200, 211, 204,
and 215 were observed, indicating the presence of the anatase phase. The average crystallite
sizes of TiO2 composites with petroleum ether extract, benzene extract, methanol extract, and
water in four different extracts were found to be in the range of 17-30 nm, 21-33 nm, 19-29

nm, and 7-15 nm, respectively (Figure 1).
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Figure 1. XRD pattern (a) TiO./PE; (b) TiO2/BZ; (c) TiO./M; (d) TiO2/W.
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Figure 2 displays the surface characteristics of the samples that were examined using
field-emission scanning electron microscopy (FESEM). Specifically, Figure 2(a) corresponds
to TiO2/PE, 2(b) to TiO2/BZ, 2(c) to TiO2/M, and 2(d) to TiO2/W. Upon magnification of 100
nm, spherical-shaped particles in agglomerated form were observed. The agglomeration
phenomenon is caused by the particles' elevated surface energy and the Van der Waals
attractive forces between them. Thus, the particles agglomerate in order to reduce their surface
energy, as previously reported by Gosens et al. [19]. The average grain size of the particles, as
determined by Image J software, was found to be 15-30 nm. These results are in agreement
with those obtained through XRD analysis.

i -~ ¥ b

Figure 2. FESEM images of (a) TiO2/PE; (b) TiO2/BZ; (c) TiOx/M; (d) TiO2/W.
3.2. FTIR analysis.

FTIR images of green synthesized TiO2 were displayed in Figure 3 (a) TiO2/PE, (b)
TiO2/BZ, (c) TiO2/M, and (d) TiO2/W. During FTIR analysis, the bands were observed at 3700
cm?, 3600 cm?, 3603 cm?, 3595 cm?, 3590 cm™?, and 3273 cm-1, which shows strong OH
stretching vibrations. Weak bonds of OH stretching were observed at 3190 cm™, 3192 cmand
3050 cm™®. The band observed at 2928 cm™ corresponds to C-H stretching, and at 2853 cm™
CHzand 2727 cm™ show N-H stretching. H-bonded NH vibrations were observed at 2600 cm”
!, The band observed at 2190 cm™ and 2140 cm™ corresponds to weak CZC stretching. A
combination of hindered rotation and OH bending was observed at 2100 cm™. The origin of
vibrational bands at 1997 cm™ and 1953 cm™ shows the bands corresponding to the 2" order.
At 1736 cm™, C=0 stretching was observed [20, 21]. The vibrational band at 1636 cm™
corresponds to the bending modes of TiOH [22]. The band at 1592 cm™ corresponds to C=N,
whereas 1517 cm™* corresponds to the vibrational band of amide. The vibrational band at 1430
cm corresponds to CH2, deformation of NH was observed at 1412 cm™, and asymmetric
stretching of the phosphate group was observed at 1224 cm™. At 1156 cm™, C-O stretching
was observed; 1145 cm* corresponds to C-OH. Vibrational absorption of Ti-O-Ti linkage was
observed at 1000 cm™ - 500 cm™ [23] (Figure 3).
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Figure 3. FTIR Image of green synthesized TiO; (a) TiO2/PE; (b) TiO2/BZ; (c) TiOx/M; (d) TiO2/W.

3.3. UV-Visible analysis of nanoparticles.

The optical property of synthesized nanoparticles was observed by UV visible

spectroscopy. The following equation analyzed the band energy of synthesized nanoparticles:
Eg=1239.8/Ah  (2)

Where Eg = Bandgap (eV), A = Wavelength (nm).

The absorption spectrum peaks were observed around 319-360 nm wavelength. The
U.V. absorption measurement showed the band absorption of TiO2-P.E. at 3.4 eV, TiO2-BZ at
3.6 eV, TiO2-MeOH at 3.8 eV, and TiO2- W showed bandgap 3.6 eV. The absorption spectrum
depicts a hypsochromic shift. This blue shift is attributed to a decrease in crystallite size [24]
(Figure 4).
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Figure 4. U.V. Visible spectra of green synthesized TiO; (a) TiO,/PE; (b) TiO2/BZ; (c) TiO./M; (d) TiOz/W.
3.4. Bacterial morphological and biochemical studies.

The microbes isolated from the patients having wound infection were screened based
on their growth, and the five best-grown cultures were labeled as Isolate B, Isolate C, isolate
D, Isolate E, and Isolate G. The Gram’s staining technique was used to characterize the isolates
(Figure 5) morphologically. Table 1 shows the evaluation of Gram’s staining results of isolated
bacteria. Isolate B, Isolate C, and Isolate D showed spherical morphology. They appeared in
spherical bunches and retained a purple color. Isolates E and G appeared to be rod-shaped and
retained a pink color. Based on morphological characterization, Isolates B, C, and D were

https://nanobioletters.com/ 7 of 17


https://doi.org/10.33263/LIANBS142.096
https://nanobioletters.com/

https://doi.org/10.33263/LIANBS142.096

Gram’s positive cocci, and isolates E and G were Gram’s negative rods. Figure 5 shows the
morphology of the isolated bacteria (a) Isolate B (b) Isolate C (c) Isolate D (d) Isolate E (e)
Isolate G. Table 2 shows the results of 46 biochemical tests of isolated bacteria, which includes
45 biochemical test results from both the kits (KB003 and KB009) and the catalase test was
performed separately.
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Figure 5. Morphology of the isolated bacteria (Magnification -1000X) (a) Isolate B, Gram-positive cocci; (b)
Isolate C, Gram-positive cocci; (c) Isolate D, Gram-positive cocci; (d) Isolate E, Gram-negative rods; (e) Isolate
G, Gram-negative rods.

Table 1. Morphological characteristics of the isolates.

S. No. Isolates Morphology Grams staining

1 Isolate B Spherical Gram-positive

2 Isolate C Spherical Gram-positive

3 Isolate D Spherical Gram-positive

4 Isolate E Rod-shaped Gram-negative

5 Isolate G Rod-shaped Gram-negative
Table 2. Biochemical characterization of isolated bacteria.

S. No. Biochemical tests Isolate B Isolate C Isolate D Isolate E Isolate G
1 ONPG - - - - -
2 Citrate utilization + + + + +
3 Lysin utilization + + + - +
4 Methyl red - - - - +
5 Voges Proskauer + + + - +
6 Nitrate reduction + + + + +
7 Indole - - - - -
8 Oxidase - - - + -
9 Catalase + + + + +
10 H2S production - - - - -
11 Lactose - - - - +
12 Xylose - - - - +
13 Maltose - - - + +
14 Fructose + + + + +
15 Dextrose + + + + +
16 Galactose - - - + +
17 Raffinose - - - - -
18 Trehalose + + + + +
19 Melibiose - - - + +
20 Sucrose + + + + +
21 L- Arabinose - - - - +
22 Mannose - - - + -
23 Inulin - - - - -
24 Sodium gluconate - - - +
25 Glycerol - - - + +
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S. No. Biochemical tests Isolate B Isolate C Isolate D Isolate E Isolate G
26 Salicin - - - - +
27 Dulcitol - - - - -
28 Inositol - - - - -
29 Sorbitol - - - - -
30 Mannitol - - - + -
31 Adonotol - - - - -
32 Erythritol - - - - -
33 a—Methyl-D-glucoside - - - -

34 Rhamnose - - - - +
35 Cellobiose - - - +

36 Melezitose - - - + -
37 a—Methyl-D- Mannoside -
38 Esculin + + + + +
39 D-Arabinose - - - +
40 Malonate - - - - -
41 Sorbose - - - - -
42 Ornithine utilization + + + + +
43 Phenylalanine ) ) ) ) )

deamination

44 Saccharose utilization + + + + +
45 Arabitol utilization - - - - -
46 Glucose utilization - - - - -

3.5. Molecular studies.

Molecular characterization of the isolated bacteria was done by 16S rRNA sequencing.
In this scenario, the genome of isolates was amplified by universal primers:

27F (5’- AGAGTTTGATCMTGGCTCAG3’) for forward.

1492 R (5'TACGGYTACCTTGTTACGACTTZ) for reverse.

16S rRNA gene amplicons of “Isolate B, Isolate C, Isolate D, Isolate E, and Isolate G”
were subjected to sequencing to identify up to species level. On Comparison with sequences in
the NCBI public database using BLAST search accession no. MK503460 for Isolate B,
MK503462 for Isolate C, MK503463 for Isolate D, MK503459 for Isolate E, and MK765005
for Isolate G were allotted.

99% Staphylococcus aureus|DSM 20231
Staphylococcus aureus strain ATCC 12600
W MK503460.1 Staphylococcus aureus strain B
Staphylococcus aureus|ATCC 35844|
93% ' Staphylococcus aureus NR 036828.1
9% -——————————— Staphylococcus simiae|NCTC 13838|
Staphylococcus petrasiilNRL/St 12/356|
e E Staphylococcus petrasiijlCCM8418)
96% — Staphylococcus petrasi|SEQ110|

Staphylococcus epidermidis|NCTC 11047|

o Staphylococcus saccharolyticus|ATCC 14953
- Staphylococcus capraelATCC 35538|
age, Staphylococcus capitis|ATCC 27840
97% Staphylococcus capitis|GTC 727)

Figure 6. Staphylococcus aureus strain B 16S ribosomal RNA gene, partial sequence, and neighbor-joining tree
based on 16S ribosomal RNA sequence showing the relationship between Isolate B and its closely related
species.

99%

—
0.0020

NCBI-BLAST results identified Isolate B, C, and D as Staphylococcus aureus
(Staphylococcaceae) with 99% similarity, Isolate E as Pseudomonas aeruginosa
(Pseudomonadaceae) with 99%, and Isolate G as Escherichia coli (Enterobacteriaceae) with
99%. Isolate B and Isolate C were closely related to Staphylococcus aureus strain ATCC
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12600, having accession no. NR_115606 and S. aureus strain NBRC 100910, having
accession no. NR_113956 (Figures 6 and 7). Isolate D was closely related to S. aureus strain
DSM 2031 (Figure 8). Isolate E was closely related to P. aeruginosa strain JCM 5962 (Figure
9). Isolate G was closely related to E. coli strain ATCC 1175 (Figure 10).

29% | Staphylococcus aureus|ATCC 35844|

99% Staphylococcus aureus strain MVF-7
209, Staphylococcus aureus|DSM 20231|
99%' Staphylococcus aureus strain NBRC 100810
9% Il MK503462.1 Staphylococcus aureus strain C
Staphylococcus epidermidis|NCTC 11047|
Staphylococcus saccharolyticus|ATCC 14953
Staphylococcus capraelATCC 35538|
Staphylococcus capitis|GTC 727|
Staphylococcus warnerilATCC 27836
Staphylococcus caeli|82B|MH431939|

- Staphylococcus haemolyticus|MTCC 3383
g0 I: Staphylococcus hominis|DSM 20328|
98% Staphylococcus hominis|GTC 1228

e —

98%

0.0020

Figure 7. Staphylococcus aureus strain C 16S ribosomal RNA gene, partial sequence, and neighbor-joining tree
based on 16S ribosomal RNA sequence showing the relationship between Isolate C and its closely related
species.

99% | Staphylococcus argenteus|MSHR1132|
Staphylococcus aureus subsp |[DSM 20231
Il MK503463 1 Staphylococcus aureus strain D
Staphylococcus aureus subsp [ATCC 35844|

99%

29% ' Staphylococcus aureus strain MVF-7
99% L Staphylococcus simiae|NCTGC 13838
’— Staphylococcus epidermidis|NCTC 11047|

o Staphylococcus saccharolyticus|ATCC 14953|
5% == Staphylococcus caprae|ATCC 35538|
a9% Staphylococcus capitis|ATCC 27840]
97% Staphylococcus capitis|GTC 727|

Staphylococcus warner|ATCC 27836|
Staphylococcus haemolyticus|MTCC 3383
99% Staphylococcus gallinarum|ATCC 35539|

—
0.0020

Figure 8. Staphylococcus aureus strain D 16S ribosomal RNA gene, partial sequence, and neighbor-joining tree
based on 16S ribosomal RNA sequence showing the relationship between Isolate D and its closely related
species.

95% Pseudomonas sediminis|PIl11/NIQUO1000015|
95% Pseudomonas pharmacofabricae|ZYSR67-Z|
o5% Pseudomonas sagittarial JCM 18195]
Pseudomonas alcaligenes|NBRC 14159
Pseudomonas citronellolis|NBRC 103043]
Pseudomonas nosocomialis|A31/70]

Pseudomonas benzenivorans|DSM 8628|
Pseudomonas otitidis|MCC10330]

Pseudomonas aeruginosalJCM 5962
495%{ Hl MK503459.1 Pseudomonas aeruginosa strain E
Pseudomonas aeruginosa strain NR 117678.1
[ Pseudomonas furukawaiilKF707]|
a5 | Pseudomonas resinovorans|LMG 2274|

95%

]
0.0050

Figure 9. Pseudomonas aeruginosa strain E 16S ribosomal RNA gene, partial sequence, and neighbor-joining
tree based on 16S ribosomal RNA sequence showing the relationship between Isolate E and its closely related
species.
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Figure 10. Escherichia coli strain G 16S ribosomal RNA gene, partial sequence, and neighbor-joining tree
based on 16S ribosomal RNA sequence showing the relationship between Isolate G and its closely related
species.

3.6. Antibacterial activity.

The TiO2/PE nanoparticles among the isolates gave maximum zone of inhibition
against Pseudomonas aeruginosa strain E (23.66£0.88 mm) followed by Staphylococcus
aureus strain D (19.66+£0.33 mm), Staphylococcus aureus strain B (14.00+£0.00 mm),
Staphylococcus aureus strain C (12.33£0.66 mm) and Escherichia coli strain G (09.33+0.33
mm). TiO2/BZ nanoparticles gave maximum inhibition against Pseudomonas aeruginosa strain
E (17.66+£0.88 mm), followed by Staphylococcus aureus strain C (10.33£0.66 mm),
Staphylococcus aureus strain B, D and Escherichia coli strain G (10.00£0.00 mm). The
maximum inhibition was noticed for TiO2/MeOH nanoparticles against Pseudomonas
aeruginosa strain E (19.33+£0.88 mm) followed by Staphylococcus aureus strain D (15.00+0.00
mm), Staphylococcus aureus strain B (13.00+£0.00 mm), Staphylococcus aureus strain C and
Escherichia coli strain G (12.00£0.00 mm). The TiO2/W nanoparticles gave maximum
antibacterial potential against Pseudomonas aeruginosa strain E (21.00+£0.00 mm) followed by
Staphylococcus aureus strain D (11.66+0.33 mm), Staphylococcus aureus strain B (11.00+0.00
mm), Staphylococcus aureus strain C (10.33+0.33 mm) and Escherichia coli strain G
(10.00£0.00 mm) The statistically significant differences in the different zone of
inhibitions for each treatment was determined by the ANOVA test. The results reveal
an F-value of 7.8009 and a p-value of 0.0000539, indicating the significant differences between
the treatments (Table 3) (Figures 11-13).

Table 3. Zone of inhibition(diameter in mm) for different isolates and treatments.

S. No. Zone of inhibition (diameter in mm)

Isolates | TiO2/ PE TiO2/ BZ TiO2/ M TiO2/ W DW Amp Cfz Str
B 14.00£0.00 | 10.00+0.00 | 13.00+0.00 | 11.0040.00 - 08.00+0.00 | 12.66+0.33 | 17.00+0.57
C 12.33+0.66 | 10.33+0.66 | 12.00£0.00 | 10.33%0.33 - 10.00£0.00 | 15.00+0.00 | 25.33+0.33
D 19.66+0.33 | 10.00+0.00 | 15.00+0.00 | 11.66+0.33 - 09.66+0.33 | 15.66+0.33 | 24.33+0.33
E 23.66+0.88 | 17.66+0.88 | 19.33+0.88 | 21.00+0.00 - 08.00+0.00 | 08.00+0.00 | 24.33+0.88
G 09.33+0.33 | 10.00+0.00 | 12.00+0.00 | 10.00+0.00 - 07.00+0.00 | 09.66+0.33 | 30.00+0.00
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Antibacterial activity of nanoparticles

Zone of Inhibition (mm)

|

Ti02/ PE Ti02/BZ Tio2/ M TiO2/ W Amp Cfz Str

oOlsolate B olsolateC olsolateDd olsolateE olsolate G

Figure 11. The graphical representation shows the comparison of the zone of inhibition between antimicrobial
agents used against isolated pathogens from wounds, i.e., (a) Staphylococcus aureus strain B; (b)
Staphylococcus aureus strain C; (c) Staphylococcus aureus strain D; (d) Pseudomonas aeruginosa strain E; ()
Escherichia coli G.

Figure 11. The antibacterial screening of Leucas indica aerial parts extracts nanoparticles (1. Benzene, 2.
Water, 3. Petroleum ether, and 4. Methanol) against isolated pathogens from wounds, i.e., (a) Staphylococcus
aureus strain B; (b) Staphylococcus aureus strain C; (c) Staphylococcus aureus strain D; (d) Pseudomonas
aeruginosa strain E; (e) Escherichia coli G.

Figure 12. The antibacterial screening of positive control (1. Cefazolin (30 mcg), 2. Ampicillin (10 mcg), and
Streptomycin (10 mcg)) against isolated pathogens from the wound, i.e. (a) Staphylococcus aureus strain B; (b)
Staphylococcus aureus strain C; (c) Staphylococcus aureus strain D; (d) Pseudomonas aeruginosa strain E; (e)

Escherichia coli G.
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The general mechanism of the sol-gel process employs the network formation of oxides
through the condensation reaction between the reactant and precursor in the liquid medium.
Process accompanying several stages starting right from the colloidal solution of precursor and
reactant typically known as “sol”. Sol gradually turns into a more or less diphasic (liquid and
solid) gel-like substance, which is further transformed into gel [25]. It is a process in which
low temperature is utilized to obtain better results. Among the molecular precursors, metal
alkoxides are more adaptable precursors for synthesizing metal oxides. Metal oxides are
usually synthesized by hydrolysis, condensation, and polycondensing of the metal alkoxides.
Livage proposed an acceptable reaction mechanism (1988) [26].

The overall reaction is written as:

M(OR)n + nH20 - M(OH)n + nROH 3)

Due to the high electro-negativity of alkoxy groups (OR), metal atoms undergo
nucleophilic substitution reactions. Therefore, metal alkoxides are highly reactive with water,
resulting in the formation of hydroxides.

3.7. Reaction mechanism.

In the first step, the nucleophilic addition of water molecules to the positively charged
metal atom occurs, which results in the substitution of the alkoxy group with the hydroxyl

group.

R

- 'O/—-M—OH + R-OH

H—— O +M-OR—sme O:—3m M-OR—3m HO-M~=--
J i
(4)
In the second step, a condensation reaction forms oxo and hydroxo bridges.
M R

M 0 + M-OR—= O: M-OR—»M-O-M-=e— :0—=M-O-M + R-OH

H H
H

M-OH + M €— :0O—»M—0 —M + H,0

H ' (5)

Here, both the reactions are quick and somehow have the same reaction rates.
Hydrolysis and condensation rates and the structure of the product can be influenced by acid
catalysts.

The antimicrobial efficacy of the synthesized nanoparticles was tested against 5 isolated
bacteria (Staphylococcus aureus strain B, C, D, Pseudomonas aeruginosa strain E, and
Escherichia coli strain G) from the patients suffering from the infection of the wound. Here,
we found that all the tested nanoparticles were surprisingly best at their antimicrobial efficacy
against all the isolates, even though most gave better results than antibiotics used as the positive
control. The isolated Pseudomonas aeruginosa Strain E was most sensitive against all the
synthesized nanoparticles, even though it gave better antimicrobial potential than ampicillin
and cefazoline. Similarly, isolated Staphylococcus aureus strains B, C, and D are also sensitive
to the synthesized samples. On the other hand, isolated Escherichia coli strain G was found to
be the least sensitive. Overall, titanium dioxide synthesized from petroleum ether extract gave
the best antimicrobial efficacy against all the test organisms except Escherichia coli strain G.
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The nanoparticles utilized for the antimicrobial efficacy were in the anatase phase. The
bandgap of the anatase phase of TiO2 nanoparticles is 3.2 eV and has been found to be the most
active form. Its photocatalytic process produces reactive species that are fatal to the microbes
[27]. When titanium dioxide particles are attached to the surface of a cell, there is a possibility
of direct transfer of electrons between the organism and the particles. Even very small particles
of titanium dioxide can enter the cell and facilitate electron transfer within the cell. However,
light is essential for photocatalysis as it may cause direct photochemistry from any ultraviolet
source. Photochemistry may also be enhanced by irradiation on microbes while adsorbed to
oxide surfaces [28]. Hence, prior to the antimicrobial activity testing, the synthesized
nanoparticles underwent ultraviolet radiation irradiation. The antibacterial properties of the
nanoparticles may stem from the reaction between reactive oxygen species (ROS) and lipid
membranes, resulting in the peroxidation of lipids and ultimately leading to the rupture of the
cell membrane and cell death. ROS generation may be because of the efficiency in the
production of OH in the anatase phase of TiO2 nanoparticles [29-30]. Upon interacting with
the cell, the anatase phase of TiO2 nanoparticles produces OH radicals, which are highly
reactive, which is why they are short-lived. At the moment of their generation, they
immediately interact with the outer surface of the bacteria until the titanium dioxide particles
penetrate the cell [27]. Figure (14) shows the schematic representation of the cell damage due
to ROS. Cell damage by the nanoparticles can be summarized by the following steps:

The production of reactive oxygen species by the titanium dioxide nanoparticles
induces the electron-hole pair under the radiation.

The nanoparticle’s large surface area generates an electrostatic force that allows it to
attach to the surface of bacteria cells, ultimately leading to peroxidation and damage to the cell.

As the cell wall gets damaged, cytoplasm flows out, helping nanoparticles to enter
inside the cell following the damage to the cell organelles [31].

The present study's significance lies in the extensive exploitation of antibiotics, which
has led to several drug-resistant bacteria causing delayed healing or much worse circumstances.
So, there is a need to develop certain novel kinds of medications under such conditions. The
current study focuses on preparing an alternative medication or compound that can be used
with conventional medicine against wound infection-causing pathogens.
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Figure 13. The image shows the damage to cells caused by the TiO, nanoparticles via (ROS). This ROS
generation triggers the electron-hole pair under UV radiation. An electrostatic force is exerted by the large
surface area of the nanoparticles, enabling them to attach to the bacterial cell surfaces, leading to peroxidation
and cell damage (Image courtesy: Author).
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4. Conclusion

In the present study, titanium dioxide nanoparticles were successfully synthesized by
using the crude extract of the herb Leucas indica. When subjected to the antibacterial activity
against isolated bacteria from the wound infection site, these green synthesized nanoparticles
gave potential results. This green synthetic approach is eco-friendly, economical, and cost-
effective. As far as its antimicrobial potential and drug delivery properties are concerned, it can
be utilized as one of the constituents of conventional topical ointments against skin and wound
infection pathogens.
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