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A major threat to world health is antimicrobial resistance,which has an effect on the 

performance of medical apparatus that are defenceless risk of implant-associated infections and 

biofilm establishment.Using an in -situ anodization technique,titanium dioxide (TiO2) nanotube 

arrays doped with graphene (G),zirconia(Zr), silver (Ag),and their mixtures are synthesized and 

thoroughly evaluated in this work. Phase retention,morphological homogeneity,and successful 

doping were validated by FESEM,EDX,and XRD characterization. Ag-doped TiO2 nanotubes 

showed the strongest antibacterial activity against Pseudomonas aeruginosa,according to 

antibacterial tests. This feature was explained by mechanisms including membrane rupture and 

silver ion release. Co-doped zirconia-graphene nanotubes demonstrated strong antibiofilm 

effectiveness by combining bacterial suppression with mechanical stability. These 

multifunctional doped TiO2 nanotube coatings have the potential to reduce implant-associated 

infections by exhibiting long-lasting antibacterial and antibiofilm properties at the local level. 

This study highlights how tailored nanostructured surfaces can be used to advance implant 

technologies that are resistant to drugs.  

 

1. INTRODUCTION 

Antibacterial activity has emerged as a critical area of research because of the concerning 

increase in antimicrobial resistance (AMR) and the related risk of infections during medical 

procedures and with implantable devices. Projections by the WHO suggest that, if left 

unaddressed, antimicrobial resistance may surpass cancer inmortality rates by mid-century, 
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potentially causing up to 10 million deaths annually[1]. Pathogens evade conventional 

antibiotics through resistance mechanisms like active efflux systems, enzymatic degradation 

(e.g., β-lactamases) and biofilm formation [2].These threats jeopardize the success of 

surgeries, chemotherapy, and organ transplants, all of which rely on effective antibacterial 

protections [3].  

As noted in WHO reports,“MRSA, multidrug-resistant Psedomonas aeruginosa, and 

carbapenem-resistant Enterobacteriaceae are just a few of the multidrug resistant strains that 

have emerged due to extensive misuse of antibiotics” [4]. At the same time, pharmaceutical 

companies have scaled back antibiotic development because of economic and regulatory 

constraints, creating a “discovery void” [5]. International travel and trade continue to 

accelerate the global spread of resistant bacteria [6]. 

  Medical implants and devices are particularly susceptible to bacterial colonization. 

Conventional sterilization methods provide limited, short-term protection and are ineffective 

against biofilm-associated infections. Biofilms, which are structured microbial assemblies 

embedded in a matrix of extracellular polymers, exhibit extreme resistance to antibiotics-often 

requiring concentrations hundreds to thousands of times greater than those effective against 

free-floating bacteria. This resilience contributes significantly to persistent infections 

associated with medical implants, underscoring the need for surface materials that possess both 

antibacterial and antibiofilm capabilities[7,8]. Among current approaches, titanium dioxide 

(TiO2) nanotubes prepared by anodization have emerged as promising implant surface 

modifications. TiO2 is valued for its corrosion resistance, osteoconductivity, and 

biocompatibility, while nanotubular structures provide large surface area, tunable morpholpgy, 

and excellent platforms for loading antibacterial agents [9]. In addition, TiO2 nanotubes 

support localized, sustained antibacterial activity directly at the implant interface, reducing 

reliance on systemic antibiotic use [10]. 

The anodization technique represents a versatile, cost-effective, and scalable route for 

developing structured TiO2 nanotube configurations. By precisely tuning electrochemical 

oxidation variables like applied potential, processing time, and electrolyte formulation, the 

nanotube diameter, length, and wall thickness can be controlled, which directly influences 

their biological activity and antibacterial performance [11]. Electrolyte formulation plays a 

critical role in nanotube development. Although fluoride-based electrolytes are commonly 

employed to initiate self-organized nanotube formation, the incorporation of ammonium 

chloride (NH4Cl) enhances ionic conductivity, stabilizes oxide growth, and promotes uniform 

tube morphology by balancing field-assisted oxidation and chemical dissolution processes 

[12]. Such well-structured nanotubes offer an increased surface area and highly reactive sites 

for incorporation of antibacterial dopants -including silver, zirconia, and graphene-thereby 

augmenting both antibacterial and antibiofilm functions at the implant interface. 

Silver enhances the antibacterial efficacy of TiO2 by damaging bacterial membranes, 

inducing oxidative stress via ROS generation, and interfering with DNA replication 

mechanisms [13].When incorporated into TiO2 nanotubes, Ag ions can be gradually released, 

preventing bacterial adhesion and biofilm initiation while maintaining low cytotoxicity [14]. 

Recent studies show that Ag-doped TiO2 nanofilms achieved 99.7% antibacterial efficiency 

on vascular implants via combined Ag ion release and photocatalytic ROS generation [15]. 
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Silver-loaded TiO2 nanotube arrays prepared by anodization and ion implantation also 

demonstrated long-term antibacterial and osteogenic effects [16]. 

 Beyond silver, the incorporation of zirconia and graphene further strengthens 

antibacterial and antibiofilm properties. Zirconia enhances mechanical stability, chemical 

durability, and biocompatibility, while graphene exerts antimicrobial effects by physically 

disrupting bacterial membranes, including oxidative stress, and hindering biofilm 

development [17,18]. Their synergistic integration with TiO2 nanotubes results in 

multifunctional coatings with superior antibiofilm activity, structural stability, and favourable 

biological interactions. 

 Therefore, the development of Ag-doped and zirconia/graphene-modified TiO2 

nanotubes, fabricated through scalable in-situ anodization, represents a promising strategy to 

combatz implant-associated infections. These multifunctional nanostructured coatings are 

anticipated to combine antibacterial and antibiofilm efficacy with excellent biocompatibility, 

thus advancing the design of next-generation biomedical implants. In this study, we 

systematically evaluate undoped and doped TiO2 nanotubes to elucidate the individual and 

synergistic roles of silver, zirconia, and graphene in modulating antibacterial and antibiofilm 

capability. 

 

2. Experimental section  

 

2.1 Materials 

High- purity titanium foil (99.7%, dimensions: 3 cm x 1 cm x 0.25 mm)sourced from Sigma-

Aldrich (USA) served as the working electrode for anodization. Ethylene glycol C2H6O2, 99%) 

and ammonium fluoride (NH4F, 98%) were procured from SRL Chemical (India). Zirconium 

oxychloride (ZrCl2.xH2O) and graphene nanoparticles were obtained from respective 

manufacturers. Silver nitrate (AgNO3), acetone (C3H6),AR grade), and absolute ethanol 

(C2H6O,AR grade) were acquired from commercial sources. All reagents used were of 

analytical grade and employed without further purification. Deionized water for all procedures 

was sourced from a Millipore Milli-Q system. 

 

2.2 Synthesis of Undoped and Doped TiO2 Nanotube Arrays via the Anodization 

Undoped titanium dioxide (TiO2) nanotube arrays were prepared via the anodization using the 

above titanium foil as the substrate. Prior to anodization, the titanium substrates underwent 

ultrasonic treatment in acetone, ethanol, and deionized water, each for duration of 10 minutes, 

and were then dried at   room temperature. The rear surface of the titanium foil was insulated 

using Scotch tape and Parafilm to ensure unidirectional anodization. 

 The electrolyte was formulated by dissolving 0.5 wt% NH4F and adding 2 vol% 

deionized water into 40 ml of ethylene glycol. Anodization was performed at ambient 

temperature under a constant voltage of 30V for 90 minutes using an Alpab DC power source. 

Post-anodization, the samples were rinsed thoroughly with ethanol and distilled water, and 

then air-dried.Thermally annealing was conducted at 4900C for 3 hours to enhance crystallinity 

and structural integrity. 

 For the doped samples, precursor materials were added into the electrolyte prior to the 

anodization process. For Ag doping, a calculated amount of silver nitrate (AgNO3) was 
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introduced into the electrolyte. Graphene-doped TiO2 nanotubes were synthesized by 

dispersing graphene nanoparticles in the anodizing solution. Zirconia doping was achieved by 

adding zirconium oxychloride (ZrOCl2.xH2O), while co-doping with zirconia and graphene 

was carried out by adding both zirconium oxychloride and graphene nanoparticles 

simultaneously. All doped samples followed the same anodization parameters and annealing 

protocol as the undoped control. 

The sample code used throughout this study are summarized in below 

 

Table 1. Sample code and their descriptions 

Sample Name Description 

B Bare (Undoped) TiO2 nanotubes 

S Silver (Ag) doped -TiO2 nanotubes 

ZG Zirconia-graphene co-doped  TiO2nanotubes 

G Graphene doped TiO2 nanotubes 

Z Zirconia doped - TiO2 nanotubes 

 

 
Figure 1. Surface morphology of TiO2 nanotube samples a)before  annealing and  b) 

after annealin 

 

2.3 Characterization 

The structural and compositional features of the synthesized TiO2 nanotube arrays were 

thoroughly examined at CSIR-Central Electrochemical Research Institute (CSIR), Karaikudi. 

Field Emission Scanning Electron Microscopy (FESEM) and Energy Dispersive X-ray 

Spectroscopy (EDX) were employed to investigate surface morphology and elemental 

distribution, respectively. Morphological analysis was conducted using a Carl Zeiss SUPRA 

55VP FESEM,equipped with a Gemini column, operated at an accelerating voltage of 5 kV 

and a working distance of approximately 9 mm, enabling high-resolution imaging down to 1.2 

nm. Elemental profiling was carried out using an Oxford Instruments X-MAX system, which 

detects characteristic X-rays emitted upon electron beam interaction, providing both 

qualitative and semi-quantitative elemental data. Crystallographic properties were assessed 

using a Bruker D8 ADVANCE X-ray diffractometer with CuKα radiation (λ=1.3417 
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A0),functioning at 40 kV and 30 mA. Diffraction data were recorded across a 2θ range of 20o 

to 30owith a step size of at 0.020. The resulting patterns were interpreted using standard JCPDS 

reference files to determine phase identity, crystallite dimensions, lattice constants,and miller 

indices. 

 

2.4 Antibacterial Activity 

The antibacterial properties of the prepared samples wereassessed using the agar well diffusion 

technique against Pseudomonas aeruginosa (MTCC 424), sourced from MTCC, Chandigarh, 

India. Nutrient agar from HiMedia (India) was made by dissolving 2.8 grams in 100 mL of 

distilled water, followed by sterilization at 121o C for 15 minutes through  

autoclaving.Subsequently, 25-30 mL of the medium was dispensed into sterile Petri 

plates.Nutrient broth was similarly prepared and used to grow the bacterial culture. A 24-hour 

culture P.aeruginosa was standardized to 0.5 McFarland turbidity before being evenly applied 

onto the surface of solidified agar plates. Circular wells (6 mm in diameter) were aseptically 

created in the medium, and varying concentrations of the samples (B, S, ZG, G,  and Z) were 

dispensed into them. Following sample application, the inoculated agar plates were maintained 

at 370C for 24 hours to allow bacterial growth and interaction with the test materials. Post-

incubation, the inhibition zones surrounding each well were measured in millimeters to assess 

antibacterial efficacy. All experiments were conducted in triplicate to ensure reproducibility, 

and the resulting data were statistically analyzed using GraphPad Prism version 6.0 (GraphPad 

softare Inc.,USA). 

 

2.5 Antibiofilm Activity 

This study investigated the antibiofilm efficacy of titanium dioxide nanotubes doped with 

silver (TiO2-Ag) and zirconia-graphene (ZG) nanomaterials against pathogenic bacteria using 

the standard microtiter plate (MTP) assay [19]. Overnight bacterial cultures grown in BHI 

broth at 370C were inoculated into 96-well flat-bottom polystyrene plates containing 180 µL 

of fresh BHI broth and 10 µL of culture, followed by the addition of 10 µL of either TiO2-

Ag,ZG, or sterile water (control). After 24 hourincubation at 37°C, planktonic bacteria were 

carefully removed from the plate by washing with phosphate-buffered saline (PBS).The 

remaining sessile cells were then fixed using a 2% sodium acetate solution, followed by 

staining with 0.1% crystal violet. Subsequently,excess stain was washed away with deionized 

water and the plates were left to air dry.The amount of crystal violet retained by the biofilm 

was quantified spectrophotometrically at 600 nm using a Thermo Scientific microplate reader. 

Biofilm inhibition was determined as a percentage using a standard calculation formula.  

     OD(Control)– OD(sample) 

Percentage inhibitionof biofilm formation = --------------------------     × 100 

  OD(Control) 

All experiments were conducted in three independent replicates, and the data were presented 

as mean values with corresponding standard deviation. The study adhered to Biosafety Level 

2 (BSL-2) protocols, utilizing appropriate personal protective equipment (PPE), and all 

chemical and nanomaterial waste was disposed of following approved safety and 

environmental guidelines.  
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3.1 XRD analysis 

Over a 2θ range of 10°–80°, the bare and doped TiO2 samples’ X-ray diffraction (XRD) 

patterns were captured using Cu Kα radiation (λ = 1.5406 Å). The anatase phase was 

characterized by high diffraction peaks in the undoped TiO2 (sample B). The most prominent 

peak was located at about ~25.3°, which corresponds to the (101) plane (JCPDS No. 21-1272). 

Further peaks were found at 37.8°, 48.0°, 53.9°, and 55.1°, equivalent to the (004), (200), 

(105), and (211) planes, respectively. The lack of rutile, brookite, or metallic titanium phases 

confirmed phase purity (JCPDS No.44-1294) [20]. The average crystallite size of TiO2 was 

calculated using the Debye-Scherrer formula, based on the extent of peak broadening observed 

in the X-ray diffraction patterns.(Figure 2). 

                            D = kλ ÷ βcosθ 

In this case, β stands for full width at half maximum (FWHM), θ for angle of 

diffraction, λ for wavelength (1.5417 Å), D for crystalline size, and k for the Scherrer constant 

(0.9) (Debye-Scherrer formula). The crystallite size in the undoped sample was approximately 

32.4 nm. Minor shifts and unexpected peaks that were consistent with dopant incorporation 

were still present in the doped samples’ anatase structure. 

Sample S, which was silver-doped TiO2, showed an extra peak at about 38.4°, 

indicating the presence of JCPDS No. 04-0783[21]. The diameter ranged from 28.6 to 198 nm. 

Zirconia and graphene co-doped TiO2 (sample ZG) had a broad peak near 26.6° that was 

characteristic of graphene and a peak at 35.2° that was indexed to the (110) plane of tetragonal 

ZrO₂ (JCPDS No. 80-0965)[22-23]. The range of the crystallite size was 17.9 and 145 nm. 

Sample Z, zirconia-doped TiO2 showed anatase peaks without distinct ZrO2 reflections, 

indicating lattice substitution: the crystallite size was around 14.3 nm[24]. Successful dopant 

incorporation, anatase phase retention, and crystallinity changes that directly affect functional 

characteristics are all confirmed by this thorough investigation. 

 
Figure 2. X-ray diffraction spectrum indicating crystalline phases of doped TiO2 

 

Table 2. Key XRD peak positions (2θ), calculated crystallite sizes, and notable features 

for bare and doped TiO2 samples. 
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Sample Key XRD peaks (2θ.o) Crystallite 

size 

Notable features 

B 25.3 (101),37.8,48.0,53.9,55.1 ~ 32.2 Pure antase phase, 

Nanocrystalline 

S 

25.3,37.8,38.4(Ag o),48.0,53.0,55.0 

17.9-145 Metallic Ag peak, 

enhanced 

crystallinity 

ZG 25.4,37.9,38.5,40.3,53.1,26.6(graphene) 28.6-198 ZrO2 peak at 35.2 o  

graphene presence 

G 25.3,37.9,48.1,53.0,55.1,26.0-

26.6(graphene) 

~21.6 Graphene 

prak,anatase Phase 

 

3.2 FESEM analysis 

The TiO2 nanotube arrays formed via in-situ anodization in an ammonium fluoride-

containing electrolyte were subsequently subjected to annealing at 490°C for one and a half 

hours to achieve the desired crystallinity. 

 The TiO2 nanotube arrays formed via in-situ anodization in an ammonium fluoride-

containing electrolyte were subsequently subjected to annealing at 490oC for one and a half 

hours to achieve crystalinity. The development of uniformly aligned, vertically oriented 

nanotube morphologies in all samples was validated by FESEM characterization (figure 3.1). 

The test specimen was the undoped sample (B), which showed homogeneous nanotubes with 

an average wall thickness of 12 nm, an outer diameter of 86 nm, and an interior diameter of 

roughly 61 nm [25,26]. These values were determined using Image J software for precise 

measurement of FESEM images. 

 
Figure 3.1 Field Emission Scanning Electron Microscope (FESEM) images of TiO2 

nanotbe samples (a) top view of bare (undoped) sample; (b) vertical view of bare sample; 

(c) top view of silver-doped sample; (d) vertical view of silver-doped sample 
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The maximum tube length (~2µm) and the thinnest walls (~7 nm) were found in silver-doped 

nanotubes (sample S), highlighting the potential of silver to enhance antibacterial activity and 

enhance oxide dissolving. The most compact nanotube architecture was shown by the co-

doped sample ZG (zirconia and graphene), which had an average wall thickness of about 12 

nm and inner and outer diameters of 24 and 39 nm, respectively. According to this study, 

zirconia and graphene in collaborate to optimize morphology without sacrificing the 

nanotubes’ structural alignment. Nanotube dimensions were somewhat reduced by graphene 

doping (sample G), with inner and outer diameters of roughly 55 nm and 83 nm, respectively, 

and a lowered wall thickness of roughly 9 nm. This study is in line with other research and 

implies that graphene has a moderating effect on nanotube development. 

 
Figure 3.2. Field Emission Scanning Electron Microscope (FESEM) images of doped 

TiO2 nanotube samples.(a) Top view of ZG (zirconia and grapheme co-doped) sample; 

(b) vertical view of Z (zirconia-doped) sample; (c) top view of G  (grapheme –doped ) 

sample; (d) vertical view of Z (zirconia=doped) sample. 

 

Further dimensional reduction was achieved by zirconia doping (sample Z), producing thinner 

tubes with inner and outer diameters of roughly 51 and 65 nm, respectively, and a wall 

thickness of about 6 nm [27-31]. These morphological changes, mainly the smaller nanotube 

sizes and higher aspect ratios seen in doped materials, should greatly boost surface reactivity 

when taken together. Figure 3.2 displays representative FESEM images of ZG,Z,and G doped 

with TiO2 nanotube samples in both vertical and top views. 

In accordance with known antibacterial mechanisms involving doped TiO2 nanotubes, 

such structural features may improve antibacterial efficacy through enhanced contact-

mediated interactions and ionic release. 

 

Table 3. Lists the main morphological characteristics of the bare and doped TiO2 

samples along with structural parameters (inner/outer diameter, wall thickness) 
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Sample Inner 

diameter     

(nm) 

Outer 

diameter 

      (nm) 

Wall 

thickness 

      (nm) 

Key features 

B ≈  61 ≈ 86 ≈ 12 Well aligned structure 

S ≈ 60 ≈ 80 ≈ 7 Thinnest walls, Largest 

tubes (≈2µm), 

ZG ≈ 24 ≈ 39 ≈ 12 Most compact 

G ≈  55 ≈ 83 ≈ 9 Smooth walls,reduced 

size due to grapheme 

Z ≈ 51 ≈ 65 ≈ 6 Strong tube definition, 

mechanically robust 

 

3.3 EDX analysis 

The successful in-situ doping of the TiO2 nanotube arrays with the desired elements is 

confirmed by the EDX analysis of all samples. The exceptional purity of the undoped reference 

material was confirmed by sample B, which solely displayed Ti and O. Sample S confirmed 

silver doping by showing the distinctive Ag peak with little contamination [32]. C. Zr, Ti, and 

O were all detected simultaneously in sample ZG, demonstrating dual doping with graphene 

and zirconia. Graphene inclusion was confirmed by sample G, which showed a clear C signal 

next to Ti and O. Successful zirconia doping was indicated by sample Z, which showed distinct 

Zr peaks in addition to Ti and O. All samples show no discernible undesired element peaks, 

demonstrating the compositional control attained by the anodization process and confirming 

the efficacy of the synthesis approach. Representative EDX spectra for the doped TiO2 

nanotube samples are shown in Figure 4.1. The selected analysis areas for these samples are 

displayed in figure 4.2. For comparison, the EDX spectrum and analysis area for the undoped 

samples are presented in figure 4.3..It is anticipated that these compositional differences will 

affect each sample’s antibacterial activity, with dopants like Ag, graphene, and Zr enhancing 

antimicrobial processes through better conductivity, structural stability, and ionic interactions 

[33-35]. 
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Figure 4.1. EDX spectra of doped TiO2 nanotube samples; (a) ZG (zirconia and 

grapheme co-doped), (b) S (silver –doped), (c) G (grapheme-doped),and (d) Z ( zirconia 

–doped) samples. 

 
Figure 4.2. Selected analysis areas for EDX on doped TiO2 nanotube samples (a) ZG, (b) 

S, (c)G, (d) Z 

 
Figure 4.3. (a) EDX spectrum; (b) analysed area of undoped TiO2nanotbes. 

 

3.4 Antibacterial Analysis 
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The zones of inhibition (mean ± SD) derived from disk diffusion tests assessing the 

antibacterial activity of the bare and doped TiO2 nanotubes are summarized in Table 4 and 

figure 5. With an inhibitory zone of 29.25 ± 0.35 mm, the silver-doped sample (S) showed the 

strongest antibacterial activity, significantly outperforming the naked sample (18.60 ± 0.35 

mm). The zirconia-graphene (ZG) displayed moderate antibacterial activities with a zone of 

inhibition of 21.60 ± 4.38 mm, while graphene (G) and zirconia (Z) doped samples showed 

intermediate activity. These findings demonstrate how silver doping significantly improves 

antibacterial qualities, most likely as a result of membrane rupture and ion release mechanisms.

  

Sample Code          Sample Description 

 

Zone of Inhibition (mm) 

Mean±SD 

ZG TiO2 doped with silver 29.25 ± 0.35 

S TiO2 doped with zirconia-graphene 
21.60 ±4.38 

 

G TiO2 doped with Graphene 19.95 ± 1.06 

Z TiO2 doped with Zirconia 19 ± 0.84 

B  Bare sample 18.6±0.35 

 

The bare TiO2 nanotube arrays showed the least inhibition in comparison, highlighting the 

significance of doping for antibacterial enhancement. The bare TiO2 nanotube arrays showed 

the least inhibition in comparison, highlighting the significance of doping for antibacterial 

enhancement. Zirconia-graphene composite dopants’ synergistic actions further imply 

integrated mechanisms of bacterial inactivation. These findings are further supported by 

microscopic antibacterial images(Figure5), which demonstrate a distinct rupture of the 

bacterial membrane and decreased cell viability, particularly in the sample doped with silver. 

The outcomes are consistent with earlier research highlighting the enhanced antibacterial 

efficacy of silver-doped nanostructures produced through in situ anodization [36-40]. All 

things considered, these findings show that doping techniques greatly enhance the antibacterial 

activity of TiO2 nanotube surfaces, which is important for biomedical implant applications. 
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Figure 5.Antibacterial activity of different doped and undoped samples 

against.Pseudomonas aeruginosa.(a) Bare sample (B) and silver-doped sample 

(S).(b)Zirconia-doped sample (Z) and zirconia-graphene doped sample(ZG) (c) 

Graphene-doped sample(G) with positive control (PC) and negative control (NC) (d) 

Bar graph showing the comparative zone of inhibition (mm) for all samples- B: bare,Z: 

zirconia-doped, G:graphene-doped,ZG:Zirconia-graphene-doped,and S: silver-doped 

sample. 

 

3.5 Antbiofilm Analysis 

The antibiofil efficacy of silver (S) and zirconia-graphene (ZG) doped TiO2 samples against 

Pseudomonas aeruginosa (MTCC 424) was assessed using a microtiter plate (MTP) 

assay.Gentamicin served as the positive control in the experiments. The biofilm biomass was 

quanified by measuring the optical density at 600 nm after staining with crystal violet dye. A 

microtiter plate (MTP) test was used to evaluate the antibiofilm activity of the silver (S) and 

zirconia-graphene (ZG) doped TiO2 samples against Pseudomonas aeruginosa (MTCC 424), 

with the antibiotic serving as a positive control. Optical density (OD) measurements at 600 nm 

and crystal violet staining were used to quantify the biomass of the biofilm [41]. The untreated 

control had a mean OD of 1.255, indicating strong biofilm development. Biofilm formation 

was successfully inhibited by gentamicin treatment, as evidenced by a mean OD of 0.044 and 

a 96.44% inhibition rate. Of the test samples, the zirconia-graphene sample (ZG) had lower 

antibiofilm activity (mean inhibition : 54.62%) than the silver-doped sample (S), which had 

higher antibiofilm activity (mean inhibition :   67.18%) (figure 6), because silver ions are 

known to disturb bacterial membranes and enzymatic processes that are necessary for the 

stability of biofilms, silver doping has been shown to be remarkably effective. The results of 

the dose-response study showed concentration-dependent inhibition, with an IC50 value of 

353.6 µg/mL and a strong fit (R2=0.9618). Once the concentration threshold is exceeded, a 

coordinated biofilm disruption response is reflected in the steep Hill slope (41.1). The broad 

confidence intervals for IC50, however, point to variability that might result from experimental 

settings or biological heterogeneity [42]. The promise of nanomaterial-based approaches for 

antibiofilm interventions is highlighted by these findings. Future research might concentrate 

on improving composite formulations and doping concentrations to increase efficacy and 

lower variability. The findings encourage further research into these nanomaterials as 

supplemental or substitute medicines against infections linked to biofilm, given their potential 

clinical uses. 

 

Table 5. OD values at 600 nm for biofilm quantification by microtiter plate assay showing 

triplicate readings and mean values for control, antibiotic, ZG and S samples  

S.No Tested Sample OD Value at 600 nm  

(in triplicates) 

Mean OD 

1 Control 1.265,1.229,1.272 

1.255 

2 Antibiotic 0.054,0.039,0.041 
0.044 
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3 ZG 0.578,0.549,0.582 
0.570 

 4 S 0.389,0.428,0.419 
0.412 

 

Table 6.Percentage of biofilm inhibition by tested treatments against P.aeruginosa 

S.No Testes 

sample 

%   inhibition    (triplicates)     Mean inhibition IC₅₀ 

(μg/mL) 

1 Antibiotic 95.698, 96.893, 96.734 96.44 — 

2 ZG 53.96, 56.27, 53.64 54.62 353.6 

3 S 69.01, 65.91, 66.62 67.18 353.6 

 

4. Conclusion 

In order to look into the antibacterial functions of silver,zirconia,and graphene dopants,this 

study effectively produced and evaluated undoped and multidoped TiO2 nanotube arrays via 

the  insitu anodization method. Pseudomonas aeruginosa membrane rupture and the widest 

zone of inhibition indicated that silver-doped TiO2 has the strongest antibacterial activity. 

Zirconia-graphene co-doped TiO2,on the other hand, is a new and promising method despite 

exhibiting only moderate antibacterial and antibiofilm properties. The combined benefits of 

graphene’s antibiofilm qualities and zirconia’s increased mechanical stability open the gate to 

enhanced long-term implant surface durability and infection resistance. 

 Anatase phase retention and successful dopant incorporation were confirmed by 

structural investigations, which increased biointerface interactions and produced a desirable 

nanotube shape. The IC50and concentration-dependent biofilm inhibition underline these 

multipurpose therapeutic uses. In relation to the current challenges with antibiotic resistance, 

these results emphasize the significance of employing multifunctional doped TiO2 nanotubes 

to eradicate implant-associated infections.  

 In order to enhance therapeutic translation, future research should concentrate on 

maximizing dopant concentrations, refining composite formulations, and performing 

comprehensive cytocompatibility and in vivo assessments. 
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