
                                                                                                                                                                Journal of 
  Environmental 
Research Article Nanotechnology 

J. Environ. Nanotechnol., Vol. 15(1), 262-269 (2026) 
https://doi.org/10.13074/jent.2026.03.2531784 

Optimization of Anodization Time for TiO2 Nanotubes 
and their Antibiofilm Activity against Staphylococcus 
aureus and Pseudomonas aeruginosa 

R. Hemalin Subala1,9, D. Henry Raja1,9, N. SheenKumar2, D. Jonas Davidson3,                                       

M. Amalanathan4*,9, M. Sony Michael Mary5,9, V. S. Shali5,9, D. Shiney Manoj6, A. Seema7 and 

lexmi S.8  
1Department of Physics, Scott Christian College, Nagercoil, TN, India 
2Department of Physics, St Xavier's Catholic College of Engineering, Nagercoil, TN, India 
3CSIR-CECRI, Karaikudi, TN, India 
4Department of Physics and Research Centre, Nanjil Catholic College of Arts and Science, Kaliyakkavilai, TN, India 
5Department of Physics, Annai Velankanni College, Tholayavattam, TN, India 
6Department of Physics, Christian College, Kattakada, Thiruvananthapuram, KL, India 
7Department of chemistry, Mar Ephraem College of Engineering and Technology, Elavuvilai, Kanyakumari, TN, India 
8Departmentof Physics, Sanatana Dharma College Alappuzha, KL, India 
9Affiliated to Manonmaniam Sundaranar University, Abishekapatti, Tirunelveli, TN, India 

Received: 26.09.2025        Accepted: 12.11.2025       Published: 30.03.2026 

*nathan.amalphysics@gmail.com 

ABSTRACT 

This study presents a novel investigation into the synthesis and optimization of titanium dioxide nanotube (TiO2) 

nanotubes (TNTs) fabricated via electrochemical anodization at varying times (1, 2, and 3 hours) under a constant 20V 

potential. Comprehensive characterization by FESEM, XRD, and EDX confirmed the formation of highly ordered anatase-

phase nanotubes, with the 2-hour anodization condition yielding the most uniform morphology and superior antibacterial 

efficiency. Anti-biofilm activity was assessed against Staphylococcus aureus and Pseudomonas aeruginosa using Microtitre 

Plate Assay, showing significant inhibition rates of 45.7% and 61.18% at 500 ug/mL, respectively, compared to controls. 

These findings underscore the optimized time’s critical role in enhancing TiO2 nanotubes antibiofilm properties. Furthermore, 

the study highlights potential improvements through incorporating silver and graphene nanocomposites to further boost 

antimicrobial performance, marking a significant advancement in biomedical implant surface modification.   

Keywords: Titanium dioxide; Nanotubes; Anodization; Biofilm inhibition; Antimicrobial nanomaterials; Staphylococcus 

aureus; Pseudomonas aeruginosa. 

 

1. INTRODUCTION 

Microbial infections remain a critical global 

health issue, especially due to the formation of persistent 

biofilms on medical devices and human tissues. 

Pathogens such as Staphylococcus aureus and 

Pseudomonas aeruginosa are known for their ability to 

form resilient biofilms that protect them from host 

immune responses and antibiotic treatments, leading to 

chronic infections and healthcare-associated 

complications. Biofilm-related infections pose a 

significant global health risk, particularly with the rising 

use of invasive medical devices, leading to post-operative 

complications and device malfunctions (Pollán et al. 

2020). Nanotechnology offers promising solutions in this 

regard, with titanium dioxide (TiO2) nanostructures 

attracting significant attention for their antimicrobial 

activity (Opolot et al. 2024; Kunrath et al. 2024; Jedi-

soltanabadi et al. 2018). TiO2 exists in anatase, rutile, and 

brookite phases, with anatase being the most effective 

photocatalyst (Aravind et al. 2021a). Upon light 

activation, TiO2 produces reactive oxygen species that 

damage bacterial cells, leading to broad-spectrum and 

sustained antimicrobial effects (Jedi-soltanabadi et al. 

2018). These properties have led to its application in 

antibacterial coatings, self-cleaning surfaces, and 

biomedical devices. 

The goal of this research is to create nanotubes 

with specific properties by optimizing anodization 

parameters, including time, voltage, annealing 

temperature, and electrolyte composition. By creating 

well-aligned nanotubes through field-assisted oxidation, 

migration, and dissolution processes, anodization 
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improves a material's performance by forming an oxide 

layer on its surface. TiO2 nanotubes have a number of 

benefits over other nanostructures, such as spheres, 

sheets, rods, and wires, thanks to their shape, which 

resembles test tubes with an open top and a closed, 

curved bottom. A high surface-to-volume ratio and 

reduced charge carrier recombination rates (electron-hole 

pairs) are two of these benefits (Rathi et al. 2018; Pollan 

et al. 2020; Surya et al. 2020; Farrell et al. 2007). The 

anodization process is simple, cost-effective, and allows 

precise control over growth parameters, such as potential, 

pH, electrolyte chemistry, and time. These parameters 

strongly influence the chemical and physical properties 

of anodic TiO2 nanotubes, enabling the modification of 

the nanotube morphology to achieve the desired 

characteristics (Raja and Arsha, 2024; Mohan et al. 

2020). Research has shown that anodization time 

significantly affects nanotube morphology, with more 

extended anodization periods resulting in longer 

nanotubes (Montakhab et al. 2020; Kahlmeter, 2003). 

Furthermore, applying agitation during anodization can 

have detrimental effects on the surface ordering and 

synthesis of nanograss-free TNTs (Torres et al. 2023; 

Ayal, 2019; Chernozem et al. 2016; Garg et al. 2022; Han 

et al. 2009; Mazzarolo et al. 2012; Meyer et al. 2003). 

The present study aims to optimize the 

anodization parameters, particularly anodization time, to 

synthesize TiO2 nanotubes and evaluate their anti-biofilm 

activity. This research will contribute to developing TiO2-

based materials with enhanced antimicrobial properties 

for combating biofilm-related infections, particularly 

those caused by S. aureus and P. aeruginosa. 

2 MATERIALS AND METHODS 

2.1 Materials 

The anode was made of analytical-grade, 99.7% 

pure titanium foil that measuring 3 cm by 1 cm (L x W) 

with a thickness 0.25 mm. It was procured from Sigma-

Aldrich, United States. Analytical-grade ethylene glycol 

(C2H6O2, 99%) and ammonium fluoride (NH4F, 98%) 

were obtaining from SRL Chemicals to prepare 

electrolyte solutions. These chemicals were used as 

received without further purification. A DC power unit 

(Aplab) was employed to apply the potential, and 

deionized water from the Millipore Milli-Q system was 

used throughout all experiments. 

2.2 Synthesis of Time-varying TiO2Nanotubes 

The titanium surface was mechanically polished 

and the foil was thoroughly cleaned with ethanol and 

distilled water to get rid of contaminants. Platinum was 

chosen as the cathode and dry titanium foil as the anode 

in an electrochemical cell. All reactions were carried out 

at room temperature (27°C). At least 2.5 centimeters 

separated the two electrodes. The DC power supply's 

positive and negative terminals were linked to the 

platinum and titanium electrodes, respectively. An 

organic electrolyte was made in order to create the 

TiO2nanotubes. Ethylene glycol, 0.5 wt% % NH4F, and 2 

vol% H2O make up the solution. To prevent unintended 

reactions, the titanium foil was insulated on all surfaces 

except a defined area 1 cm2, which was left exposed to 

the electrolyte. Parafilm and Scotch tape were used as 

insulating materials. Three distinct anodization times—

one, two, and three hours—were used in the experiment, 

all while keeping the anodization potential constant at 

20V. After post-treatment, the samples were rinsed with 

ethanol and a tiny bit of distilled water to get rid of the 

sediments. For the produced NTs to successfully form a 

crystalline structure, they were annealed at 430°C. The 

samples were labelled as H1, H2, and H3, corresponding 

to anodization times of one, two, and three hours, 

respectively. 

2.3 Characterization Methods 

The morphology and elemental content of the 

photoanodes were investigated using Field Emission 

Scanning Electron Microscopy (FESEM, Apreo S 

LoVac, Thermo Fisher scientific), which was powered by 

an EDX and operated at a voltage of about 20 KV. Using 

a D8 ADVANCE Bruker apparatus and Cu Kα radiation 

(λ=1.5417Å), X-ray diffraction (XRD) was used to 

investigate the crystal structure and phase purity of the 

produced photoanodes. X'Pert High Score software was 

then used for analysis. 

2.3.1 Microtitre Plate Assay (MTP) for Biofilm Inhibiion 

Sessile bacterial adhesion was quantified using 

the microtiter plate assay following the method described 

by (O’Toole, 2011). Briefly, 96-well flat-bottom 

polystyrene microtiter plates were filled with 180 µL of 

Brain Heart Infusion (BHI) broth, and 10 µL of an 

overnight culture of the pathogenic bacteria was added to 

each well. Test samples (sample H3) were added at 

concentrations ranging from 500 to 0.9 µg/mL, in 10 µL 

volumes, alongside control wells without test samples. 

Following inoculation, the plates were incubated at 370C 

for 24 hours to allow biofilm formation. After incubation, 

the content of each well was carefully removed, and the 

wells were rinsed with 0.2 mL of phosphate-buffered 

saline (PBS, pH 7.2) to remove loosely attached bacteria 

    % Biofilm inhibition =
Control OD − Test OD

Control OD
X 100      … (1) 

3. RESULTS AND DISCUSSION 

The titanium foil exhibited a progressive color 

change from light grey to blue, then greenish-blue, and 

eventually purple during anodization. This color 

variation is caused by optical interference of light waves 

reflected from the varying thickness of the oxide layer 

(TiO2) formed on the surface (Alipal et al. 2021). The 



 R. Hemalin Subala et al. / J. Environ. Nanotechnol., Vol. 15(1), 262-269 (2026) 

264 

interference effects arise as the oxide layer thickness 

during anodization, resulting in constructive and 

destructive interference at different wavelengths that 

produce visible hues corresponding to the oxide 

thickness. This progressive color shift indicates the 

formation and growth of the anodic oxide layer, which 

correlates with the development of TiO2 nanotubes.By 

employing diverse post-treatment techniques, Chin Lai et 

al. were able to produce TiO2 nanotubes (TNTs) in a 

variety of morphologies. They displayed FESEM 

pictures of TNTs that had been cleansed by 

ultrasonography in water for a minute and then allowed 

to dry at room temperature. Remarkably, comparable 

pictures were also produced under ordinary 

circumstances by simply rinsing the nanotubes with pure 

water (Lai and Sreekantan, 2012). 

3.1 FESEM Analysis 

FESEM analysis confirmed the preparation of 

highly ordered TiO2 nanotubes. This analysis examined 

the surface characteristics of the prepared samples.The 

chemical reaction involved in the anodization process 

can be described as follows (equation 2 and 3 below) 

(Brudzisz et al. 2021). 

                                 Ti4++2H2                TiO2 + 4e⁻+4H⁺                    … (2) 

            TiO2+ 6 NH4F + 4 H+             [TiF6] +2H2O+6NH4
 +        … (3) 

At the onset of anodization, a dense oxide layer 

forms on the titanium surface as described by equation 2. 

Titanium metal is oxidized under an applied potential, 

allowing it to react with O2
- ions from water (H2O) to 

create the initial oxide layer. The subsequent thickening 

of this oxide layer is regulated by field-assisted ion 

transport, involving O2
- from water in the electrolyte and 

Ti⁴⁺ ions from the underlying titanium. Since the oxide 

layer is highly resistive to charge flow, this reduces the 

electric field strength and results in a decrease in current. 

Concurrently, chemical etching of the oxide layer by 

fluoride ions (as shown in equation 3) leads to the 

development of a porous oxide layer, ultimately resulting 

in tubular structures through the continuous chemical 

dissolution of the field-assisted oxide layer. Fluoride ions 

can form a water-soluble TiF6
2- complex, according to 

equation 3, which facilitates the dissolution of the formed 

TiO2. Over time, this porous oxide layer deepens due to 

ongoing chemical etching, eventually leading to the 

formation of distinct tubular structures. By carefully 

adjusting the anodization parameters that influence both 

field-assisted oxidation and chemical etching reactions, 

we propose that the growth rate of the tubes can be 

optimized. 

3.1.1 Effect of Anodization Time 

The morphology and length of TiO2 nanotubes 

(TNTs) play a crucial role in their antimicrobial 

performance. Controlling the geometrical parameters of 

the nanotubes, including their length and inner diameter, 

is essential. The tube length of TiO2 NTs can be adjusted 

by varying the anodization time. 

In this study, nanotube formation began at a 

voltage of 20V, aligning with previous research showing 

that nanotubes generally develop at voltages above 10V. 

A working voltage of 20V was chosen, and the nanotube 

diameter and wall thickness were regulated by varying 

the anodization time while maintaining a constant 

voltage and temperature. The nanotube dimensions—

diameter, wall thickness, and length—were found to be 

highly influenced by the anodization time. 

 

 

Fig. 1: Top view FESEM image of the samples prepared at (a)1 
hour (b) 2 hours and (c)3 hours 

As shown in Fig (1), the TiO2 nanotube arrays 

exhibit a highly organized structure, with an average 

inner diameter of approximately 40 nm, as determined 

using ImageJ software. The most uniform porous 

structure was achieved at anodization times of 60 and 120 

minutes. Continuous exposure to fluoride ions interacts 

within the pores, expanding them and facilitating the 

formation of aligned nanotubes. This reaction enhances 

the growth and overall organization of the nanotubes 

 

Fig. 2: Cross-sectional view FESEM image of the samples 
prepared at (a) 1 hour and (b) 2 hours 

(a) (b) (c) 
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Table (1) presents the TNT tube length as a 

function of anodization time (Mahmud et al. 2015; 

Chernozem et al. 2016; Regonini et al. 2012; Bhadra et 

al. 2020; Aravind et al. 2021b). Increasing the 

anodization time to 180 minutes results in longer 

nanotubes, as shown in Figure (2). However, prolonged 

anodization leads to over-dissolution of the nanotube 

tops, causing structural degradation, as shown in Figure 

3. While fluoride ion etching enlarges pores allowing 

nanotube elongation, overextended anodization causes 

pore wall thinning and top dissolution, accounting for the 

apparent contradiction pore expansion and nanotube 

narrowing. Initially, controlled anodization promotes the 

growth of uniform and well-defined nanotubes. 

However, excessive anodization can introduce 

detrimental effects. One primary issue is the increased 

heat generation during the process, which can disrupt 

nanotube stability. Elevated temperatures may induce 

thermal effects that distort the nanotubes, causing them 

to lose their original shape and develop irregularities. 

 

Fig. 3: Cross-sectional view FESEM image of the sample 
prepared at 3 hours 

Table 1: Tube length vs anodization time at 20V 

Sample 
Anodization 

Time (minutes) 

Anodization 

Voltage (V) 

Tube 

Length 

(µm) 

H1 60 20 1.2 

H2 120 20 1.3 

H3 180 20 2.3 

3.2 XRD Analysis 

The anodized samples were analyzed for their 

phase composition and structure using X-ray diffraction 

(XRD). The identified diffraction peaks correspond to 

pure titanium metal (JCPDS No. 00-044-1294) and the 

TiO2anatase phase (JCPDS No. 21-1272), closely 

resembling previously reported patterns for titanium and 

anatase TiO2 are made in Fig.4. 

 

Fig. 4:  X-ray diffraction (XRD) spectrum for the prepared 
samples 

For sample H1, anodized for one hour, anatase 

phase peaks were observed at 2θ = 25.65°, 38.32°, 

53.34°, and 71.18°, corresponding to the (101), (112), 

(105), and (220) planes, indicating a highly crystalline 

anatase TiO2 phase. Titanium metal phase peaks were 

detected at 2θ = 38.32°, 40.53°, 63.35°, 70.95°, and 

76.51°, corresponding to the (002), (101), (110), (103), 

and (112) planes.In sample H2, anodized for two hours, 

anatase phase peaks appeared at 2θ = 38.62°, 38.78°, 

53.18°, 53.3°, and 76.56°, indexed to the (112), (115), 

and (301)showing an increase in crystallinity with 

prolonged anodization time. The titanium metal phase 

was identified with peaks at 2θ = 35.4°, 40.53°, 63.30°, 

and 77.70°, corresponding to the (100), (101), (110), and 

(201) planes. For sample H3, anodized for three hours, 

anatase phase peaks were found at 2θ = 25.70°, 38.25°, 

38.83°, 48.39°, 53.41°, 55.41°, and 63.35°, indexed to the 

(101), (112), (200), (105), (211), and (204) planes, 

indicating a highly crystalline anatase phase. Titanium 

metal peaks appeared at 2θ = 35.5°, 40.5°, 71.0°, and 

77.74°. Additionally, rutile phase peaks emerged at 2θ = 

54.35° and 76.60° corresponding to the (211) and (301) 

planes, suggesting the onset of anatase-to-rutile phase 

transformation with extended anodization. This phase 

transformation is significant as anatse TiO2 is often more 

photcatalytically active, whereas rutile has greater 

thermal stability, impacting the functional properties of 

the synthesized nanotubes. XRD analysis confirmed the 

crystalline nature of the resulting structure (Sun et al. 

2016; Rojviroon et al. 2021; Abisharani et al. 2019, Chen 

et al. 2018, Abish et al. 2024). 

Additionally, the XRD patterns verified that no 

other phases, like brookite, were present. The anodization 

process promoted the growth of the titanium oxide layer, 

resulting in a thin oxide layer relative to the substrate 

thickness. As a result, X-rays were able to penetrate the 

oxide layer easily, causing the titanium diffraction peaks 

to dominate. 
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3.3 Composition Analysis by EDX 

An acceleration voltage of 15 keV was used in 

energy dispersive X-ray analysis to conduct elemental 

characterization of the resulting nanotubular layers. The 

EDX elemental analysis of the Titania NTs samples 

revealed only the presence of titanium and oxygen. As 

shown in the EDX spectra of the tube bundles in Fig.5, 

the composition consisted solely of titanium and oxygen. 

The use of organic electrolytes in the tube fabrication did 

not affect the composition of the samples. No signs of 

contamination were observed in the TNTs' EDX spectra. 

The presence of Ti and O atoms confirms the successful 

electro-anodization of titanium metal to TiO2 

(Amalanathan et al. 2022, Rahimpour et al. 2021). 

 

Fig. 5: EDX spectrum of the samples prepared at (a) 1 hour(b) 
2 hours and (c) 3 hours 

3.4 Antibiofilm Efficacy of TiO2 Nanotubes 
Against S. aureus and P. aeruginosa 

The antibiofilm efficacy of titanium dioxide 

(TiO2) nanotubes was evaluated against Staphylococcus 

aureus (Gram-positive) and Pseudomonas aeruginosa 

(Gram-negative) by measuring optical density (OD) and 

calculating percentage inhibition at different 

concentrations. Statistical data are presented as mean OD 

values ± standard deviation (SD), with experiments 

performed in triplicate (n=3). 

For Staphylococcus aureus at 500 µg/mL 

concentration, the mean OD was 1.868 ± 0.12, 

corresponding to a modest inhibition rate of 45.7%. This 

moderate inhibition aligns with the thick but porous 

peptidoglycan layer of Gram-positive bacteria, allowing 

partial interaction with TiO2 nanotubes; however, robust 

antioxidative defense mechanisms potentially limit 

nanoparticle efficacy against biofilm formation. (Aravind 

et al. 2021). 

In contrast, Pseudomonas aeruginosa showed a 

higher susceptibility. At 500 µg/mL, the mean OD was 

0.771 ± 0.10, resulting in approximately 61.18% biofilm 

inhibition. Gram-negative bacteria possess this porous 

peptidoglycan layer and an outer membrane rich in 

lipopolysaccharides (LPS), which may facilitate 

enhanced interaction and nanoparticle entry, disrupting 

bacterial integrity. Moreover, oxidative stress from 

reactive oxygen species (ROS) generated by TiO2 

nanotubes contributes to this susceptibility. 

 

Fig. 6: MTP assay for biofilm formation in Staphylococcus 
aureus at different concentrations of TiO2 nanotubes 

 

Fig. 7: MTP assay for biofilm formation in Pseudomonas 
aeruginosa at different concentrations of TiO2 nanotubes 
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Table 2. presents the percentage inhibition of Staphylococcus aureus growth at different concentrations of TiO2 nanotubes 

S. 

No. 

Tested Sample 

Concentration 

(μg/ml) 

OD Value 

in 600 nm 
Percentage of Inhibition (in Triplicates) 

Mean 

Inhibition 

(%) 

1. Antibiotic 0.1043 95.424 95.702 96.502 95.876 

2. 500 µg/ml 1.887 44.34 44.55 48.34 45.74 

3. 250 µg/ml 2.222 0 0 0 0 

4. 125 µg/ml 2.281 0 0 0 0 

5. 62.5 µg/ml 2.710 0 0 0 0 

6. 31.25 µg/ml 1.043 0 0 0 0 

Figures 6-8 illustrate microtiter plate assays and 

optical density measurements, supporting these findings. 

To enhance antibiofilm efficacy, future work 

will focus on TiO2-based nanocomposites integrating 

silver and graphene. Silver nanoparticles are known for 

broad-spectrum antimicrobial action. And graphene 

disrupts biofilm structure significantly. Their 

combination with TiO2 is expected to produce synergistic 

effects yielding superior antibiofilm performance, as 

supported by recent literature. 

 

Fig. 8: OD measurements for biofilm formation in 
Staphylococcus aureus (top) and Pseudomonas aeruginosa 
(bottom) with TiO2 nanotubes 

4. CONCLUSION 

This study successfully synthesized highly 

ordered TiO2 nanotubes (TNTs) through anodization, 

with tunable morphology confirmed by FESEM and 

structural validation by XRD and EDX analyses showing 

pure anatase-phase TiO2. The TiO2 nanotubes exhibited 

concentration-dependent antibiofilm activity, 

demonstrating moderate inhibition of Staphylococcus 

aureus and limited notable effects against Pseudomonas 

aeruginosa. These differences reflect variations in 

bacterial cell wall composition and defense mechanisms. 

This work highlights the potential of TiO2 nanotubes as 

versatile antibacterial materials and provides a 

foundation for further optimization through 

nanocomposite development. 
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