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Abstract
Nanoparticles offer exciting potential roles in targeted drug delivery mechanisms, allowing for precise 
and controlled release of medications into particular cells or tissues with minimal adverse effects. This 
study examined the antimicrobial activity of green-synthesised titanium nanoparticles from Prosopis 
cineraria leaf extract and determined their bactericidal properties by means of a live/dead assay. The 
bio-synthesized titanium dioxide (TiO2) nanoparticles showed a peak at 2θ values of 25.52° in X-ray 
diffraction, while scanning electron microscopy revealed it to be smooth and irregular in shape. Energy 
dispersive X-ray spectroscopy analysis of TiO2 nanoparticles calcined at 550 °C confirmed the presence 
of only titanium and oxygen, with no detectable impurities. Atomic and weight percentages of titanium 
and oxygen were 23.54% and 47.96%, and 76.46% and 52.04%, respectively. The bio-synthesized TiO2 
nanoparticles was assessed for antimicrobial activity against bacterial strains and fungal isolates. The 
Titanium oxide‚ NPs exhibited effective antibacterial activity, with Pseudomonas aeruginosa showing the 
highest inhibition zone (13 mm), followed by Escherichia coli (12 mm), Staphylococcus aureus (11 mm), 
and Bacillus subtilis (9 mm) at a concentration of 80 µl. For antifungal activity, the highest inhibition 
zone (17 mm) was observed against Penicillium chrysogenum, followed by Candida albicans (15 mm), 
Aspergillus niger (12 mm) and Trichoderma reesei (9 mm) at 80 µl. The synthesised TiO2 nanoparticles 
successfully inhibited the bacterial cells and showed green (live) and red (dead) fluorescence in the 
live/dead cell viability assay. The green-synthesised titanium NPs could inhibit bacterial and fungal 
growth, highlighting their potential use in biomedicine and healthcare.
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INTRODUCTION

	 Nanotechnology has gained considerable 
attention due to its transformative potential 
across diverse sectors such as electronic systems, 
renewable energy, environmental management, 
drug delivery, and bio-imaging.1 In medicine, 
nanoparticles (NPs) have exhibited notable 
effectiveness in achieving targeted drug delivery 
by allowing controlled and precise drug release 
with minimal side effects.2 Among the various 
approaches, the eco-conscious fabrication of 
nanoparticles using natural resources, such 
as plant extracts, offers an eco-friendly and 
sustainable method that has recently garnered 
increased interest.3 Metal NPs possess active 
surface sites that enhance their utility for drug 
delivery, analytical detection, and catalysis.4 Their 
unique characteristics render them valuable in 
various industries, including electronics, energy, 
medicine, and environmental technology.5

	 In particular, titanium dioxide (TiO2) 
NPs are highly valued owing to their exceptional 
characteristics and versatile range of applications. 
In the biomedical sector, titanium’s biocompatibility 
and corrosion resistance make it the preferred 
material for implants, such as joint replacements 
and dental devices.6 TiO2 NPs can also enhance 
drug-loading efficiency and therapeutic outcomes 
in drug delivery systems7 and serve as effective 
catalysts owing to their reactive surface chemistry.8

	 Prosopis cineraria, also known as Khejri 
tree, has been studied for its antimicrobial 
properties, with its leaves and bark exhibiting 
significant antibacterial activity due to the 
involvement of flavonoids and tannins.9 Research 
has shown that distinct plant parts exhibit 
antibacterial effects against specific bacterial 
strains.10 This species plays a crucial ecological 
and medicinal role in arid regions of India, the 
Middle East and South Asia, offering benefits 
such as nitrogen fixation, soil stabilisation, 
and resistance to erosion.11 The presence of 
phytochemicals-such as phenolic acids, flavonoids, 
and tannins-contributes to its antioxidant, 
antibacterial, anti-inflammatory, and antidiabetic 
properties.12 Traditionally used in medicine, P. 
cineraria is known for treating numerous diseases 
and contains a wide spectrum of bioactive 
constituents, including proteins, saponins, 

alkaloids, and terpenoids, supporting its potential 
for broader pharmacological applications.13 These 
findings highlight the importance of P. cineraria in 
traditional medicine and its potential applications 
in modern medicine and nutrition because of 
its antimicrobial properties. P. cineraria exhibits 
antimicrobial activity attributable to bioactive 
compounds present in its various parts, making 
it a valuable candidate for further research and 
potential utilisation in healthcare and nutrition.
	 T h e  a n t i m i c r o b i a l  e f f i c a c y  o f 
green-synthesised NPs is often attributed 
to phytochemicals—such as flavonoids and 
alkaloids—present in the extracts of plants and 
used in their synthesis, as seen with P. cineraria, 
whose bioactive compounds impart antimicrobial 
properties to the resulting NPs.14 Silver NPs (AgNPs) 
formulated through P. cineraria have shown strong 
antibacterial activity against Staphylococcus 
aureus and Escherichia coli, owing to a combined 
mechanism of oxidative stress, membrane 
disruption, and inhibition of DNA replication.15 
Studies on green synthesis using P. cineraria pod 
waste have confirmed the role of flavonoids and 
phenylpropanoids as reducing and capping agents, 
with Ag and silver copper NPs exhibiting strong 
antibacterial properties and up to 93% conversion 
efficiency in linalool epoxidation.16 Similarly, 
Prosopis laevigata extracts-rich in phenols, 
flavonoids, and alkaloids-have demonstrated 
potent antibacterial and antifungal effects in 
vitro.17 Alcoholic extracts from P. cineraria have 
also been effective against bacteria isolated from 
mastitis cows, with inhibition zones reaching 
20.11 mm against S. aureus.18 In another case, 
silver oxide NPs synthesised using P. cineraria bark 
extract exhibited broad-spectrum antibacterial 
activity, as confirmed by scanning electron 
microscopy (SEM) analysis and X-ray diffraction 
(XRD).19

	 The use of P. cineraria  in green 
nanotechnology shows promise in a range of 
applications owing to its capacity to enhance 
nanoparticle functionality. These NPs have been 
investigated for application in drug delivery 
systems, water purification, and antimicrobial 
coatings.20 Their biocompatibility and stability 
make them suitable for carrying therapeutic agents 
to targeted tissues, while their antimicrobial 
properties support environmental applications 
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such as water decontamination.21 The TiO2 
NPs synthesised from P. cineraria extracts are 
especially valuable because of their ability to 
combat microbial infections and their relevance in 
the biomedical field. These nanoparticles exhibit 
strong antimicrobial efficacy against a broad 
spectrum of bacteria,20 and have shown efficacy 
against therapy-resistant infectious agents such 
as E. coli and S. aureus, owing to their capability 
to disrupt cell membranes and instigate oxidative 
stress.22 Additionally, they possess antifungal 
potential, making them useful in treating infections 
and preventing microbial growth on medical 
devices.23

	 In drug delivery, TiO2 NPs derived from 
P. cineraria demonstrate robust structure with 
substantial drug-loading efficiency. The surface 
may be altered to facilitate targeted delivery, and 
the bioactive compounds from the plant aid in 
preserving NP stability in biological environments, 
reducing premature drug release.24 These NPs can 
also be functionalised to bind specific receptors 
on tumour cells, enhancing delivery precision 
and enabling cancer therapy with minimal toxicity 
to healthy cells.25 Beyond healthcare, TiO2 NPs 
also have industrial and energy applications 
due to their strong photocatalytic properties. 
Dye-sensitised solar cells increase efficiency by 
boosting light absorption and facilitating better 
electron transport,26 and the bioactive compounds 
in P. cineraria further boost their sensitising 
capabilities, contributing to environmentally 
friendly solar technologies.27

	 In coatings, TiO2 NPs provide antimicrobial 
and ultraviolet-blocking effects, making them 
suitable for textiles, packaging, and medical 
applications.28 The bioactive compounds in P. 
cineraria contribute to improving the functionality 
of these coatings, ensuring long-term protection.20 
Moreover, green-synthesised NPs are increasingly 
applied in diagnostics and imaging. TiO2 NPs 
obtained from P. cineraria have photo-luminescent 
properties, making them ideal as contrast agents 
for techniques such as fluorescence microscopy 
and magnetic resonance imaging, with minimal 
toxicity.29 AgNPs synthesised from other plant 
extracts, such as Moringa oleifera, have also been 
incorporated into wound dressings, demonstrating 
strong antibacterial activity and promoting 
healing, offering a safe alternative to conventional 

antimicrobial agents.30 This study aimed to explore 
the green-synthesised titanium NP obtained from 
the leaf extract of P. cineraria and investigate their 
antimicrobial activities. The bactericidal property 
of the synthesised NP was also determined by 
using a live/dead cell viability assay.

Study objectives
•	 To synthesise TiO2 NPs using a green synthesis 

method by employing a natural reducing and 
stabilising agent from the P. cineraria leaf 
extract.

•	 To characterise the synthesised TiO2 NPs 
using techniques such as SEM, XRD, and 
energy dispersive X-ray spectroscopy (EDX) 
to determine their structural and elemental 
properties.

•	 To assess antimicrobial activity of bio-
synthesized TiO2 NPs against selected Gram-
positive and Gram-negative bacterial strains, 
and fungal isolates.

•	 To evaluate the minimum inhibitory 
concentration (MIC) of TiO2 NPs for both 
bacterial and fungal strains to assess their 
concentration-dependent antimicrobial 
effectiveness.

•	 To investigate the bactericidal effect of TiO2 
NPs using confocal laser scanning microscopy 
(CLSM) through live/dead cell viability assay.

•	 To explore the biomedical applications of P. 
cineraria-mediated TiO2 NPs as eco-friendly 
and effective antimicrobial agents.

MATERIALS AND METHODS

Sample preparation
	 P. cineraria leaf powder (10 g) was mixed 
with 50 mL of distilled water to create a paste, then 
the supernatant was extracted by centrifugation, 
performed at 15,000 rpm for 15 min. Separately, 
0.1 M titanium tetraisopropoxide was added to 
150 mL lukewarm purified water and sonicated 
for 20 min. The plant extract was gradually added 
to this solution, and colour changes were noted 
during magnetic stirring. After 24 h, the TiO2 NPs 
were centrifuged, air-dried, and calcined at 550 
°C for 4 h. Subsequently, the NPs were weighed 
and characterised using Fourier transform infrared 
spectroscopy, transmission electron microscopy, 
and ultraviolet-visible spectroscopy
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Characterisation
X-ray diffraction
	 XRD was performed on physiologically 
reduced silver-nitrate solutions drop-coated on 
glass slides using an X’Pert Pro diffractometer 
with the following specifications: Cu Ka radiation, 
40 kV, and 30 mA. The software utilised for the 
analysis was X’Pert HighScore Plus. The material to 
be analysed was finely ground and homogenised, 
and bulk composition and normal mass piece were 
obtained in accordance with the procedure.31 A 
thin layer of the produced AgNPs was placed on 
the XRD grid for investigation after they had been 
dried into a pellet.

Scanning electron microscopy
	 Operating at an extremely high tension 
or accelerating voltage of 20 kV, a SEM (Carl ZEISS 
EVOR-18, Germany) with a width of 8.5 mm was 
used to examine the real sizes and aggregation 
condition of the nanomaterial. Sample discs 
were loaded with minuscule amounts of the test 
ingredients one at a time. Before placing the 
materials on the specimen stage, sputter coating 
(gold coating) was applied to them using a Quorum 
Q150RS rotary pumped sputter coater to improve 
the image under a SEM.

Energy dispersive X-ray spectroscopy
	 Particles were separated through 
centrifugation of 20 ml of the sample suspension 
prepared in de-ionised water for 20 min at 10,000 
rpm. The pellets were obtained and oven-dried 
at 50 °C to eliminate residual moisture. The dried 
powder sample was used for the EDX analysis. The 
titanium oxide NPs synthesised using leaf extract 
were dried and drop-coated onto a carbon film 
for the EDX examination. Hitachi S-3400 N SEM 
outfitted with a Thermo EDX detector was used 
for analysis.

Antimicrobial activity
	 The antibacterial properties of TiO2 NPs 
were investigated in vitro using agar well diffusion 
method against bacterial strains Gram-positive 
S. aureus (MTCC 3381) and Bacillus subtilis 
(MTCC 10619), and Gram-negative Pseudomonas 
aeruginosa (MTCC 0424) and E. coli (MTCC 
443).32 The antifungal activities were examined 
against Trichoderma reesei (MTCC 164), Candida 

albicans (MTCC 183), Penicillium chrysogenum 
(MTCC 5108), and Aspergillus niger (MTCC 872). 
The bacterial medium was Mueller-Hinton agar 
No. 2 (Hi Media, India), and fungal media was 
Sabouraud’s dextrose agar (Merck, Germany). 
Then, 20, 40, 60, and 80 µL of plant-AgNPs were 
added for every 6 mm until the well was full. At 
37 °C, the plates were incubated for the entire 
night. As antibacterial and antifungal medications, 
ciprofloxacin and ketoconazole were employed, 
respectively. For both bacterial and fungal 
species, the extract’s antimicrobial spectrum was 
calculated using the zone size surrounding each 
well. Inhibition zone diameter of the agents were 
compared to those of the commercial control 
antibiotics.

Minimum inhibitory concentration
	 Using the method of agar well diffusion, 
the MIC of TiO2 NPs were determined.33 Strains 
of bacteria and fungi were sub-cultured in the 
appropriate culture media plates. In the wells of 
an agar plate, 30 µl of the material was serially 
diluted twice using dimethyl sulfoxide (DMSO). 
Using sterile 0.9% saline water, a standardised 
inoculum (1.5 × 108 CFU/mL, 0.5 McFarland) was 
created. Using the seeded agar plates, wells were 
made. The 6 mm well was filled with varying 
concentrations of the PC-TiO2 NPs solution. The 
plates were incubated for the whole night at 
37 °C. Zone sizes surrounding each well were 
used to calculate the extract’s antimicrobial 
spectrum against the bacterial species. The MIC 
of the extract for the tested microbiological 
species was determined by calculating the zone 
of inhibition with the smallest diameter that 
exhibited detectable growth inhibition. Each MIC 
test was conducted in triplicate.

Live/dead cell viability assay using confocal laser 
scanning microscopy
	 CLSM was employed to observe how 
bio-synthesized TiO2 NPs interacted with S. 
aureus, B. subtilis, E. coli, and P. aeruginosa, 
aiming to evaluate their potential bactericidal 
activity. Following 12 and 24 h of incubation, the 
treated culture suspensions were collected by 
centrifugation (5000 rpm, 20 min). Phosphate-
buffered saline was used to re-suspend the cell 
pellets. Acridine orange (5 mg/mL) and ethidium 
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bromide (3 mg/mL) were combined in equal 
amounts in ethanol to create the staining solution. 
After mixing 10 µL of the re-suspended solution 
with 20 µL of the staining solution for 15 min, the 
mixture was incubated at 37 °C. The final step 
in the procedure was mixing acridine orange (4 
µL) and ethidium bromide (6 µL) staining dyes 
individually with 100 µL of each bacterium pellet, 
which were then incubated for 15 min at 37 °C. 
Prior to being examined using CLSM, clear glass 
slides were used to hold the prepared test bacterial 
samples.34

Statistical analysis
	 Three duplicates of each treatment were 
carried out, and the mean ± standard error (SE) 
was used to present the data.
SE = SD / √N
Here, SD = standard deviation
N = no. of observations or sample sizes

RESULT AND DISCUSSION

	 The manufacture of titanium NPs from 
P. cineraria leaf extract is described in this paper. 
Water was used as the solvent for producing the 

leaf extract. The leaf extract was incorporated into 
a titanium isopropoxide solution, which caused 
the solution’s colour to change noticeably from 
yellow to orange. This orange hue demonstrated 
that titanium isopropoxide had been successfully 
reduced to TiO2 NPs. The white hue of TiO2 NPs 
was obtained by calcining the manufactured NP 
in a muffle furnace. Following production, the NPs 
were thoroughly characterised using XRD, SEM, 
and EDX analysis.

Characterisation of Titanium nanoparticle
X-ray diffraction
	 XRD is widely implemented in NP 
characterisation due to its ability to offer insights 
into crystal structure, dimensions and nanoparticle 
formulation. In this study, the crystallinity and 
phase of the prepared TiO2 NPs were analysed 
using XRD and the peaks were observed at 2θ 
values of 25.52°, 38.17°, 48.38°, 54.22°, 55.17° and 
63.03°. The sharpest narrow peak of the sample 
was identified by 2θ, which confirmed an anatase 
structure at 2θ = 25.52° (Figure 1). Similarly, 
green-synthesised TiO2 NP from the capping 
agent Erythrina variegata leaf aqueous extract 
was analysed, where the XRD results confirmed 

Figure 1. X-ray diffraction graph of synthesised titanium dioxide nanoparticles
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Table 1. Antibacterial activity of titanium nanoparticles synthesized from Prosopis cineraria leaf extract

Bacteria				    Inhibition zone (mm)
		  Standard	 20 µl	 40 µl	 60 µl	 80 µl

Gram-positive	 Staphylococcus aureus	 30	 7 ± 0.23	 8 ± 1.52	 10 ± 0.67	 11 ± 1.05
	 Bacillus subtilis	 30	 Nil	 Nil	 7 ± 0.15	 9 ± 1.03
Gram-negative	 Escherichia coli	 30	 Nil	 10 ± 0.48	 11 ± 1.51	 12 ± 2.10
	 Pseudomonas aeruginosa	 30	 9 ± 0.74	 9 ±1.61	 10 ± 2.15	 13 ± 0.45

Table 2. Antifungal activity of synthesized titanium nanoparticles from Prosopis cineraria 
leaf extract

Fungi			   Inhibition zone (mm)
	 Standard	 20 µl	 40 µl	 60 µl	 80 µl

Candida albicans	 40	 11 ± 0.51	 12 ± 1.23	 13 ± 0.94	 15 ± 2.06
Trichoderma reesei	 40	 Nil	 Nil	 Nil	 9 ± 0.97
Penicillium chrysogenum	 40	 11 ± 0.35	 14 ± 1.07	 15 ± 0.15	 17 ± 1.48
Aspergillus flavus	 40	 Nil	 Nil	 9 ± 0.64	 12 ± 1.94

Table 3. Minimum bacterial inhibitory concentration of synthesized titanium 
nanoparticles

Bacterial strain	 Concentration (mg) ± standard error of mean

Staphylococcus aureus	 200 ± 1.02
Bacillus subtilis	 600 ± 0.95
Escherichia coli	 300 ± 1.13
Pseudomonas aeruginosa	 100 ± 0.51

Table 4. Minimum fungal inhibitory concentration of synthesized titanium 
nanoparticles

Fungal strain	 Concentration (mg) ± standard error of mean

Candida albicans	 100 ± 0.12
Trichoderma reesei	 700 ± 0.94
Penicillium chrysogenum	 100 ± 1.23
Aspergillus flavus	 550 ± 0.75

the structural characteristics of the synthesised 
TiO2 NPs by showing various peaks. The maximum 
peak appeared at 2θ value of 25.28°, which 
corresponds to an average size of TiO2 of 7.91 
nm.35 Also another study aimed for the formation 
of (TiO2) NPs using Luffa acutangula  leaf extract 
and characterised the nanoparticle structure using 
XRD analysis where the diffraction angle (2θ) were 
observed at 25.47° (101), 28.30° (110), 29.51° 

(222), 31.65° (100), 40.42° (111), 48.98° (200) and 
54.69° (105), respectively indicating the crystalline 
structure of nanoparticle.36 The synthesised 
titanium oxide NP from Pouteria campechiana leaf 
extract, as analysed by the XRD pattern, obtained 
diffraction peaks for 110, 101, 111, 210, and 211, 
indicating the structural configuration of the 
crystal in the nanoparticle.37
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Scanning electron microscopy
	 High-resolution topographic images and 
surface morphology of NPs can be obtained using 
SEM. In this study, green-generated TiO2 NPs from 
P. cineraria leaves were measured using SEM 
images, and topographical analysis was performed 
based on a surface study, which revealed that the 
synthesised TiO2 NPs were smooth and irregular 
in shape (Figure 2). In another study, TiO2 NPs 
were generated from the aqueous extract of E. 
variegata leaves, and SEM analysis was used to 
evaluate the morphological aspects of the TiO2 

NPs.35 The synthesised TiO2 NP was verified by 
the SEM. The size and shape of the titanium 
oxide NP, synthesised from P. campechiana leaf 
extract, was studied through SEM analysis and 
the size ranged 73-140 nm with a polydisperse 
structure.37 White TiO2 NPs were created using 
an extract from Azadirachta indica. The size and 
surface morphology of the NPs were examined 
using SEM, which showed that they were spherical 
and ranged 25-87 nm in size.38 Greenly produced 
TiO2 NPs were prepared from Mentha arvensis 
leaf extract. Their size, surface characteristics, 

Figure 2. Scanning electron microscopy micrographs of synthesized titanium dioxide nanoparticles from a scale 
size of (A) 500 nm, and (B) 10 µm

Figure 3. Energy dispersive X-ray spectrometry graph of synthesized titanium dioxide nanoparticles
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and shape were examined using SEM, revealing 
an average size of 20-70 nm, uniform distribution, 
smooth, and spherical in shape, respectively.39

Energy dispersive X-ray spectrometry
	 EDX determination of titanium and 
oxygen showed peaks of TiO2 NPs at 550 °C. No 
other contaminants were detected within the 

Figure 4. Antibacterial activity of titanium nanoparticles against (A) Bacillus subtilis, (B) Escherichia coli,  
(C) Pseudomonas aeruginosa, and (D) Staphylococcus aureus

Figure 5. Antibacterial activity of titanium nanoparticles against Staphylococcus aureus, Bacillus subtilis, Escherichia 
coli, and Pseudomonas aeruginosa
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EDX detection range. The titanium and oxygen 
atomic percentages were 23.54% and 76.46%, 
respectively, whereas the weight percentages 
were 47.96% and 52.04%, respectively (Figure 3). 
EDX-used for elemental makeup analysis of NPs 
is frequently combined with SEM or transmission 

electron microscopy. When exposed to an 
electron beam, it detects the distinctive X-rays 
that the components in the sample release. The 
EDX spectra provide qualitative and quantitative 
information on the chemical elements present 
in the NPs. This technique helps determine the 

Figure 6. Antifungal activity of titanium nanoparticle against (A) Aspergillus flavus, (B) Candida albicans,  
(C) Penicillium chrysogenum, and (D) Trichoderma reesei

Figure 7. Antifungal activity of titanium nanoparticles against Candida albicans, Trichoderma reesei, Penicillium 
chrysogenum, and Aspergillus flavus
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elemental composition, identify impurities, and 
study the elemental distribution within the NPs. 
EDX mapping can provide spatial information on 
the distribution of elements at the nanoscale 
level. Since no traces of any other impurities could 
be detected within the EDX detection limit, the 
current study’s EDX analysis of TiO2 NPs at 550 °C 
reveals peaks for titanium and oxygen.
	 Similarly, TiO2 NPs that were greenly 
produced from the aqueous extract of E. variegata 
leaves were examined in the TiO2 EDX spectrum, 
which revealed peaks for the elements titanium, 
oxygen, and carbon.35 They concluded that 
the existence of minerals in the E. variegata 
extract were the cause for the observed carbon 
peak. Titanium NPs were bio-synthesized from 

Trigonella foenum-graecum’s aqueous leaf 
extract, and the presence of various elements 
was verified using EDX spectra, which showed the 
existence of titanium and oxygen molecules at a 
peak of 0.452 keV and 0.525 keV.40 Additionally, 
another study used L. acutangula leaf extract 
to synthesise TiO2 NPs and used EDX to identify 
the components of TiO2 NPs. Around 0.5 and 0.6, 
peaks were discovered, which were associated 
with the binding energies of titanium and 
oxygen.36 In synthesised titanium oxide NP from P. 
campechiana leaf extract, and the EDX spectrum 
results revealed the presence of elements such 
as titanium and oxygen in the major portion, and 
in minor states, the elements such as calcium, 
magnesium, and aluminium were also analysed.37

Figure 8. Minimum bacterial inhibitory concentration of synthesized titanium nanoparticles

Figure 9. Minimum fungal inhibitory concentration of synthesized titanium nanoparticles
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Antimicrobial activity
Antibacterial activity
	 The significance of the antimicrobial 
properties of bio-synthesized NPs is multifaceted 
and has broad implications in various fields. bio-
synthesized NPs have demonstrated antibacterial 
activity, offering a potential alternative to 
traditional antibiotics. This is especially significant 
in the context of antibiotic resistance, as NPs 

may combat drug-resistant bacterial strains.41 In 
the present work, antibacterial activity of green-
synthesised titanium NP was studied (Table 1), 
and the results revealed successful inhibition of P. 
aeruginosa, E. coli, B. subtilis, and S. aureus growth 
with maximum inhibition of 10 mm against E. coli 
at 40 µl concentration. However, the maximal zone 
of inhibition was recorded against P. aeruginosa 
(13 mm) at 80 µl (Figures 4 and 5). 

Figure 10. Confocal laser scanning microscopic images of bio-synthesized titanium dioxide nanoparticles treated and 
untreated pathogenic bacterial cells of Staphylococcus aureus, Bacillus subtilis, Escherichia coli, and Pseudomonas 
aeruginosa
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	 The well diffusion method was used 
similarly to assess in vitro antibacterial efficacy 
of P. cineraria methanolic bark extract against 
multidrug-resistant P. aeruginosa, E. coli, K. 
pneumonia, and S. aureus. The controls, both 
positive and negative, were the medicines 
DMSO and tetracycline, respectively. The 
crude extract yield as a percentage was 7.9%. 
When antimicrobial efficiency was assessed 
and compared with the common antibiotic 
tetracycline, the bark extract was remarkably 
potent against S. aureus and E. coli.42 The TiO2 
NPs derived from E. variegata aqueous extract 
were also investigated. Green-synthesised TiO2 
NPs’ antibacterial activity was investigated against 
four distinct pathogenic strains: Streptococcus, 
Staphylococcus, P. aeruginosa, and E. coli. The 
zones of inhibition for Gram-positive and Gram 
-negative bacteria were determined to be 7, 2, 
8, and 14 mm using the disk diffusion method. 
According to the findings, TiO2 NPs made from E. 
variegata leaves had the strongest antibacterial 
activity against P. aeruginosa.35

Antifungal activity
	 The synthesised NPs antifungal activity is 
significant because of their potential as alternative 
antifungal agents, applicability in biomedicine, role 
in enhancing existing antifungal treatments, eco-
friendly applications, and contribution to ongoing 
scientific advancements. NPs can also be used in 
agriculture and in the environment to combat 
fungal pathogens that affect crops and ecosystems. 
They offer an eco-friendly approach to control 
fungal diseases.43 As a result, the current study 
examined the synthetic titanium NPs’ antifungal 
activity (Table 2). The findings showed that the 
growth of P. chrysogenum, C. albicans, T. reesei, 
and A. niger was inhibited by a maximal inhibition 
zone of 11 mm against P. chrysogenum and C. 
albicans at 20 µl. At a dose of 80 µl, the greatest 
inhibition zone of 17 mm was seen against P. 
chrysogenum (Figures 6 and 7). 
	 The antifungal properties of Mentha 
arvensis leaf extract were evaluated using disc 
diffusion approaches in greenly produced titanium 
dioxide NPs against A. cuboid, A. fumigatus, and 
A. niger. A. niger was significantly inhibited by 
the produced TiO2 NPs. However, against other 

chosen pathogens, the NPs had no evident 
antifungal action.39 A study used a green strategy 
for the biocontrol of fungal strains, focusing on 
biosynthesising TiO2 NPs. They identified 19 fungal 
strains, including Aspergillus and Penicillium 
species. The findings demonstrated that TiO2 NPs 
efficiently and dose-dependently suppressed 
fungal growth at doses of 300, 200, and 100 µg/
mL, with varying inhibition zones.44 However, a 
few reports have been found on the antifungal 
activity of green-synthesised titanium NP and 
P. cineraria. This study is therefore the first to 
investigate the antifungal activity of P. cineraria 
and green-synthesised titanium NP.

Minimum inhibitory concentration
	 The MIC analysis of bio-synthesized NPs 
is a critical method used in microbiology and 
nanotechnology research. The bio-synthesized 
NPs efficiency in stopping the bacterial growth 
was evaluated with the aid of MIC analysis. It 
indicates the antimicrobial qualities of the NPs 
by quantitatively measuring the minimal dose 
needed to suppress bacterial development.45 The 
MIC of the generated TiO2 in this investigation was 
determined, in which the results indicated that P. 
aeruginosa showed minimum inhibition at 100 mg 
concentration (Figure 8 and Table 3). However, C. 
albicans and P. chrysogenum exhibited minimal 
inhibition at 100 mg concentration of titanium 
NPs (Figure 9 and Table 4). A study examined 
the antibacterial qualities of TiO2 quantum 
dots (TiO2Qds) produced by biosynthesising 
them using watermelon peel waste in an 
environmentally friendly manner. For B. subtilis, 
E. coli, C. neoformans, C. albicans, A. niger, 
and A. fumigatus, the TiO2Qds showed potent 
antibacterial action, with (MICs) of 15.62, 62.5, 
7.81, 7.81, 31.25, and 1.95 µg/mL, respectively.46 A 
study evaluated the antimicrobial properties of 
TiO2 NPs and investigated their environmentally 
friendly green synthesis using leaf extract from J. 
phoenicea, and found them to be effective against 
A. niger. E. coli, B. subtilis, S. aureus, P. digitatum, 
S. cerevisiae, and K. pneumoniae. The inhibition 
zones for K. pneumoniae and A. niger ranged 15.7-
30.3 mm, respectively. The lowest MIC was 20 µL/
mL and the lowest minimum bacterial inhibitory 
concentration was 40 µL/mL against A. niger.47
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Live/dead cell viability assay using confocal 
microscopy
	 Confocal microscopy is a powerful 
imaging technique widely used in cell biology 
and life sciences to assess live/dead cell viability. 
This method allows for high-resolution, three-
dimensional visualisation of cells and tissues, 
making it particularly valuable for studying 
the dynamics of investigated living cells.48 
The present study examined the bactericidal 
properties of eco-friendly synthesised TiO2 NPs 
by treating pathogenic bacteria of Gram-negative 
(E. coli and P. aeruginosa) and Gram-positive  
(S. aureus and B. subtilis) strains. CLSM was used 
to visually inspect the bacterial survival and cell 
membrane interaction of these bacteria following 
treatment with ethidium bromide and acridine 
orange dyes. The treated bacterial cells were 
red in colour (dead) and untreated bacterial cell 
membranes were green in colour (live) in the 
confocal microscopy images. The best results 
were observed for dangerous bacteria E. coli 
and P. aeruginosa with the high killing efficacy 
of synthesised TiO2 NPs against them attributed 
to phytochemical-mediated TiO2 NP synthesis 
(Figure 10).
	 In a study comparing Streptococcus 
pneumoniae and Staphylococcus epidermidis, bio-
synthesized NPs utilising the leaf extract of Psidium 
guajava showed the strongest antibacterial 
efficacy against E. coli and P. aeruginosa.  
CLSM, which visualises both living and dead 
bacterial cells was used to confirm the interaction 
of NPs with the bacterial membranes. The 
phytochemical-mediated synthesis was responsible 
for the remarkable killing efficacy of NPs against 
harmful bacteria.34

	 Another study used CLSM to investigate 
the activity and interaction against human 
infections of AgNPs synthesised from Aloe 
arborescens leaf extract. According to the findings, 
AgNPs causes bacterial cell death by damaging 
the cellular membranes of S. aureus and P. 
aeruginosa.49 In drug delivery research, the live/
dead assay is used to assess the effectiveness 
of NPs with drug delivery systems and their 
impact on target cells.50 However, no studies 
have been conducted on the live/dead assay of 
green-synthesised titanium NP and P. cineraria 
using confocal microscopy. This is the first study 

to utilise the live/dead assay of P. cineraria and 
green-synthesised titanium NPs.

CONCLUSION

	 The antimicrobial properties of titanium 
NPs prepared from the extract of P. cineraria 
leaves were explored. The successful synthesis 
of nanoparticle was achieved through XRD and 
SEM analysis in which the nanoparticle showed 
a peak at 2θ values of 25.52° in XRD, while 
SEM analysis showed that the synthesised TiO2 
NPs were smooth and irregular in shape. EDX 
confirmed the composition of the elements of 
TiO2 NPs, with titanium and oxygen as the primary 
elements. When the produced titanium NPs 
were tested for antibacterial properties, the TiO2 
NPs effectively stopped the development of B. 
subtilis, P. aeruginosa, S. aureus, and E. coli. The 
NPs effectively inhibited the growth of A. niger, C. 
albicans, P. chrysogenum, and T. reesei in the case 
of antifungal activity. In the live/dead cell viability 
assay, the synthesised titanium NPs successfully 
inhibited the bacterial cells and showed green 
(live) and red (dead) fluorescence. From the results 
of this study, it can be demonstrated that the 
titanium NPs synthesised from P. cineraria have 
the potential to inhibit bacterial and fungal growth 
and can be used effectively in the biomedical and 
health care sectors in the future.
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