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INTRODUCTION
Surface coatings have emerged as a promising strategy to 
enhance the functional properties of biomedical implants, including 
antibacterial activity, corrosion resistance, and biocompatibility [1]. 
Metal-based coatings, such as silver, zinc, and titanium nitride, have 
been extensively studied for their ability to enhance the antibacterial 
and mechanical properties of dental implants [2,3]. However, 
challenges like cytotoxicity, limited long-term efficacy, and the need 
for multifunctional coatings that address both infection and oxidative 
stress remain areas of ongoing research.

Extensive research has been conducted on coatings such as silver, 
zinc, and cerium oxide, demonstrating their potential to mitigate 
implant associated infections and oxidative stress, though challenges 
like cytotoxicity and long-term stability remain [3-5]. Silver-coated 
implants have demonstrated significant antimicrobial activity against 
common oral pathogens like Staphylococcus aureus and Escherichia 
coli [4]. Similarly, zinc oxide coatings have shown promising results 
in reducing bacterial adhesion and biofilm formation [6]. In addition 
to antibacterial properties, researchers have investigated the use 
of antioxidant coatings, such as cerium oxide and selenium, to 
mitigate oxidative stress and improve implant biocompatibility [7]. 
The antibacterial and antioxidant potential of biomaterials is a crucial 

aspect of implantology, as microbial infections and oxidative stress 
contribute to implant failure. 

Despite these advancements, many coatings face limitations, 
including cytotoxicity, limited long-term efficacy, and potential 
resistance development in bacteria. Hafnium-based coatings 
have gained attention in dental and medical studies for their 
exceptional corrosion resistance, biocompatibility, and potential 
to improve implant performance [8,9]. Recent research highlights 
their ability to enhance wear resistance and reduce bacterial 
adhesion [8]. This said, the studies on their combined antibacterial 
and antioxidant properties remain limited [10,11]. The current 
study explores hafnium coatings as a biomaterial alternative, 
providing a synthetic yet biocompatible approach to enhancing 
implant longevity through similar antimicrobial and antioxidant 
mechanisms.

Despite promising properties such as corrosion resistance and 
biocompatibility, there is a significant lack of comprehensive 
studies on the dual functionality of hafnium-metal coatings. 
This lacunae in the literature highlights the need for a detailed 
investigation into the dual functionality of hafnium-coated titanium 
implants. This study aimed to evaluate the antibacterial efficacy 
and antioxidant potential of hafnium-coated titanium implants 
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ABSTRACT
Introduction: Implant related infections and oxidative stress 
remain major concerns in dental and orthopaedic implantology, 
often leading to complications and implant failure. Titanium, 
though biocompatible and widely used, lacks inherent 
antibacterial and antioxidant capabilities. To overcome these 
limitations, surface coatings on biomedical implants have gained 
significant attention for their ability to enhance antibacterial and 
antioxidant properties, addressing challenges such as infection 
and oxidative stress.

Aim: This study evaluated the antibacterial efficacy and 
antioxidant potential of hafnium-coated titanium implants 
through in-vitro experiments.

Materials and Methods: The present in-vitro study was 
conducted at the Saveetha Dental College and Hospitals, 
Chennai, India, over a duration of three months (March to 
May 2024) in an in-vitro experimental set-up. Hafnium oxide 
nanoparticle-coated titanium micro screws (Group A; n=6) were 
compared with uncoated titanium screws (Group B; n=6) using 
Zone of Inhibition (ZOI) and bacterial viability tests against S. 
mutans, E. faecalis, and C. albicans. Antioxidant activity was 
assessed using the 2,2-Diphenyl-1-Picrylhydrazyl (DPPH) 
radical scavenging assay. Statistical analysis was performed 
using IBM Statistical Package for Social Sciences (SPSS) 
Statistics for Windows, version 23.0 (IBM Corp., Armonk, N.Y., 

USA). Independent sample t-tests were used to compare the 
mean values of ZOI, Colony Forming Units (CFU) counts, and 
DPPH scavenging percentages between the two groups.

Results: Hafnium-coated titanium implants exhibited significant 
antibacterial activity, with ZOI values of 13.0±0.5 mm, 24.0±0.6 
mm, and 21.0±0.4 mm for S. mutans, E. faecalis, and C. albicans, 
respectively, outperforming uncoated titanium (11.0±0.4 
mm, 22.0±0.5 mm, and 16.0±0.6 mm, respectively). Bacterial 
viability tests further confirmed the efficacy of hafnium coatings, 
showing reduced CFU counts (S. mutans: 3.0±0.2×104 CFU/
mL; E. faecalis: 2.5±0.3×104 CFU/mL; C. albicans: 4.0±0.2×104 
CFU/mL) compared to uncoated controls. While the DPPH 
assay revealed moderate antioxidant activity for hafnium-coated 
surfaces, it was lower than uncoated titanium.

Conclusion: These findings suggest that hafnium-coated 
titanium implants possess enhanced antibacterial properties, 
likely due to the inhibitory effects of hafnium ions on bacterial 
growth and biofilm formation. The moderate antioxidant activity 
indicates potential for reducing oxidative stress, improving 
implant biocompatibility. This study highlights the promise 
of hafnium coatings in developing infection-resistant and 
durable dental and orthopaedic implants. Further research is 
warranted to optimise coating performance and validate clinical 
applications.
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faecalis and Candida albicans using ZOI and bacterial viability tests. 
Subsequently, hafnium coated and uncoated implants are placed 
on agar plates inoculated with bacterial strains, and the area of 
clear zones where no bacterial growth was observed was noted as 
ZOI, to assess antibacterial activity [14]. Furthermore, the implants 
are exposed to bacterial suspensions, and the number of viable 
bacteria adhering to the surfaces was quantified using CFU counts. 
The Positive Control (PC), a known antibacterial agent, chlorhexidine 
and negative control (N-Coat) with no antibacterial activity, sterile 
distilled water were used. 

The antioxidant activity of hafnium-coated and uncoated implant 
screws was evaluated by measuring their ability to neutralize DPPH 
radicals. The reduction in DPPH absorbance was quantified using 
spectrophotometry [15,16]. The screws were exposed to a 0.1 
mM DPPH solution, and the reduction in DPPH absorbance was 
measured using spectrophotometry at 517 nm after a 30-minute 
incubation period. The decrease in absorbance indicates the extent 
of radical scavenging by the samples. As a PC, ascorbic acid 
(vitamin C) was used, a well-known antioxidant with strong radical 
scavenging properties, reaching near 100% [17]. 

STATISTICAL ANALYSIS
Statistical analysis was performed using IBM SPSS Statistics for 
Windows, version 23.0 (IBM Corp., Armonk, NY, USA). Mann-
Whitney U was used to compare the mean values of ZOI, CFU 
counts, and Kruskal Wallis test was used to analyse DPPH 
scavenging percentages between the two groups along with PC. A 
p-value of <0.05 was considered statistically significant.

RESULTS
Antibacterial activity: The ZOI tests showed clear zones around 
hafnium-coated implants (Haf- Coated) for S. mutans, E. faecalis 
and C. albicans and the uncoated titanium (Ctl) showed measurable 
zones of inhibition. However, these values were lower than the 
PC and slightly higher than negative control (N-Coat) with no 
antibacterial activity, sterile distilled water [Table/Fig-2]. Bacterial 
viability tests showed that hafnium-coated titanium demonstrated 
a significant reduction in S. mutans, E. faecalis and C. albicans 
CFU counts compared to uncoated titanium. PC represents a 
strong antibacterial/antifungal agent, showing very low CFU counts 
and N-Coat represents no antibacterial/antifungal activity, with 
high CFU counts [Table/Fig-3]. The Mann-Whitney U test for ZOI 
values showed a U statistic=36.0 and a p-value=0.0022, indicating 
a statistically significant difference between the hafnium-coated 

through in-vitro experiments. This manuscript is part of a larger 
ongoing project aimed at developing and characterizing surface-
modified titanium implants with enhanced biological performance 
for clinical applications.

MATERIALS AND METHODS
The present experimental in-vitro study was conducted at the 
Department of Microbiology and the Department of Prosthodontics, 
Saveetha Dental College and Hospitals, Chennai, India, over a 
duration of three months (March to May 2024). Ethical clearance 
for this study was obtained from the Institutional Review Board 
of Saveetha University (IRB number: SRB/SDC/UG-2077/24/
PROSTHO/213).

Inclusion and Exclusion criteria: The study included sterile titanium 
micro screws of uniform dimensions and surface characteristics, 
appropriate for nanoparticle coating. Only those screws that 
underwent successful hafnium oxide nanoparticle coating without 
physical defects were included in Group A, while uncoated but 
identical titanium screws formed Group B. Standard laboratory 
strains of Streptococcus mutans, Enterococcus faecalis, and 
Candida albicans were selected for antimicrobial testing, and high-
purity reagents were used for all microbiological and antioxidant 
assays. Titanium screws with surface irregularities, contamination, 
or coating inconsistencies were excluded from the study. Microbial 
cultures showing impurity or deviation from expected growth 
patterns were also omitted. Any test samples that failed internal 
quality control checks during ZOI, CFU analysis, or DPPH assay 
were not considered for final data analysis.

Sample size estimation: The sample size for this in-vitro study 
was determined based on similar published experimental designs 
evaluating antimicrobial and antioxidant properties of coated 
biomaterials [12]. A total of 12 sterile titanium micro screws were 
selected to maintain consistency, reproducibility, and cost-efficiency 
of the testing process. The screws were evenly divided into two 
groups (n=6 per group): Group A, comprising hafnium oxide 
nanoparticle-coated titanium screws, and Group B, consisting of 
uncoated titanium screws as the control. The sample size allowed 
for adequate statistical comparison of outcomes such as ZOI, 
bacterial colony counts, and DPPH radical scavenging activity 
using non parametric tests due to small group size and non normal 
distribution.

Study Procedure
Preparation of hafnium-coated titanium implants: The titanium 
micro screws used in this study were sourced from Jeil Medical 
Corporation’s Le Forte® System, Republic of Korea (6 mm × 2 mm). 
The outer thread diameter of Implant micro screws was 1.5 mm. To 
achieve a smooth and uniform surface, the screws were polished 
sequentially using silicon carbide emery sheets of 400, 600, 800, 
and 1000 grit. After polishing, they were ultrasonically cleaned 
in deionised water to remove any residual particles or impurities. 
For Group A coating, the cleaned screws were treated with a 2% 
hafnium sol, prepared using hafnium oxide nanoparticles (Nano 
Research Elements™, Haryana, India). To ensure optimal coating 
quality, the screws were rinsed multiple times after treatment and 
dried in a hot air oven at 50°C to enhance adhesion. In parallel, 
using previously used technique of sonification, 200 mg of hafnium 
oxide nanoparticles were dispersed in double-distilled water and 
sonicated to create a homogeneous suspension, a critical step for 
achieving uniform nanoparticle distribution. A direct current power 
source was then applied to the hafnium oxide suspension to facilitate 
the coating process on the titanium screws [13]. The coated screws 
were then subjected to testing [Table/Fig-1].

Antibacterial efficacy and antioxidant potential assessment: 
The antibacterial activity was assessed against common 
pathogens, including Streptococcus mutans, Enterococcus 

[Table/Fig-1]:	 The figure presents scanning electron microscope images 
showcasing samples from both groups involved in the study: (a) uncoated titanium 
micro screws; (b) hafnium oxide nanoparticle-coated titanium micro screws.
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screws (Group A) and uncoated screws (Group B).The Mann–
Whitney U test also revealed a statistically significant difference in 
bacterial viability between the groups (U=0.0, p=0.0049), indicating 
that hafnium-coated titanium screws exhibited significantly greater 
antibacterial activity than uncoated titanium screws [Table/Fig-4].

coated titanium implants were tested and showed ZOI values 
closer to or exceeding the PC, this would indicate that the hafnium 
coating  significantly enhances antibacterial activity compared to 
uncoated titanium. They demonstrate promising broad-spectrum 
antibacterial activity with low toxicity, particularly against oral 
pathogens like S. mutans, E. faecalis, and C. albicans. The 
antioxidant properties suggest that hafnium can reduce oxidative 
stress, potentially improving the longevity and biocompatibility of 
implants but not as much as uncoated implants. These findings 
were promising for the development of improved dental and 
orthopaedic implants that are resistant to infection and oxidative 
damage. 

[Table/Fig-2]:	 The Zone Of Inhibition (ZOI) of Haf-coated (Group A), Uncoated tita-
nium (Group B), positive (PC) and negative controls (N-Coat) in agar culture plates 
for S. mutans, E. faecalis and C. albicans.

Category

Zone Of Inhibition (ZOI) (in mm) Bacterial viability (in CFU/ml)

S. mutans E. faecalis C. albicans S. mutans E. faecalis C. albicans

Group A 12.0±0.50 23.0±0.51 21.0±0.45 3.0±0.2×104 2.5±0.3×104 4.0±0.2×104

Group B 2.0±0.45 4.0±0.53 2.0±0.62 8.5±0.2×105 7.2±0.3×105 6.8±0.2×105

PC 13.0±0.01 24.0±0.01 22.0±0.02 1.2±0.01×10³ 1.0±0.02×10³ 1.5±0.01×103

N-Coat 0 0 0 1.1±0.01×106 9.8±0.02×105 9.9±0.02×105

[Table/Fig-3]:	 Zone Of Inhibition (ZOI) and bacterial viability of S. mutans, E. faecalis and C. albicans.
PC: Positive Control, N-coat: Negative Control

Parameters

Zone Of Inhibition (ZOI) Bacterial viability

S. mutans E. faecalis C. albicans S. mutans E. faecalis C. albicans

U value 36.0 36.0 36.0 0.0 0.0 0.0

p-value 0.0012a 0.0028a 0.0011a 0.0049a 0.0054a 0.0048a

[Table/Fig-4]:	 Statistical analysis of Zone Of Inhibition (ZOI) and bacterial cell viability using Mann-Whitney U test.
aStatistically significant at p<0.05

Statistics
Ascorbic 

acid Group A Group B p-value

Mean (%DPPH scavenging activity) 64.33 42.2 59.5
0.035b

Standard Deviation 18.94 9.29 18.45

[Table/Fig-5]:	Statistical analysis of DPPH scavenging assay using Kruskal Wallis test.
bStatistically significant at p<0.05

[Table/Fig-6]:	 Bar graph representing %DPPH scavenging activity of Ascorbic 
Acid (blue), Uncoated titanium (orange) and Haf-Coated (green).

Antioxidant activity: The Haf-Coated samples demonstrates 
DPPH radical scavenging activity lower than that of ascorbic acid 
and uncoated samples (p=0.035) [Table/Fig-5]. But the activity 
indicates that the hafnium coating contributes to some antioxidant 
properties [Table/Fig-6].

of cytotoxicity and show limited antioxidant potential [20]. Zinc oxide 
offers strong antibacterial action with moderate safety [21], and 
titanium dioxide is effective only under UV light, limiting its in-vivo 
use [22]. These provide some antioxidant benefits through Reactive 
Oxygen Species (ROS) modulation and can be pro-oxidant at 
higher concentrations. Graphene oxide shows potent antimicrobial 
activity and enhances cell adhesion, making it a strong candidate for 
multifunctional coatings [23,24]. Comparatively, as per the findings 
of the present study, hafnium oxide offered a balanced antioxidant 
effect, supporting implant biocompatibility without compromising 
antimicrobial efficacy.

The validity of antibacterial activity tests, like ZOI and CFU, is well-
established for evaluating the efficacy of antimicrobial agents against 
specific pathogens like Streptococcus mutans (a key pathogen in 
dental caries), Enterococcus faecalis (associated with endodontic 
infections), and Candida albicans (a common fungal pathogen) 
[25]. This method is particularly useful for comparing the relative 
potency of different coatings or surface treatments [26,27]. The 
antibacterial effects of silver nanoparticles, chitosan, and graphene 
oxide have been widely explored for their ability to enhance implant 
surfaces against peri-implant pathogens [28]. On the other hand, 
the CFU/mL assay offers a quantitative assessment by counting 
viable bacterial or fungal cells after exposure to the test material, 
providing direct evidence of antimicrobial activity [25,29]. Together, 
these tests offer complementary insights: highlighting the inhibitory 
potential and confirming the reduction in microbial viability. These 
methods ensure a comprehensive evaluation of antibacterial and 
antifungal properties, making them reliable tools for assessing the 
efficacy of hafnium-coated titanium implants or similar materials. In 
the present study therefore, hafnium coatings have demonstrated 
positive response in disrupting bacterial cell viability and biofilm 

DISCUSSION
The study indicated that hafnium-coated titanium implants 
possess antibacterial and antioxidant properties. The hafnium-

Previous studies have evaluated the antibacterial efficacy and 
cytocompatibility of titanium implants coated with silver, chitosan, 
and metallic nanoparticles against common pathogens associated 
with implant-related infections [17-19]. While silver and copper 
coatings are highly effective antimicrobials, they carry a higher risk 
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formation, making them promising candidates for implant surface 
modifications.

The DPPH assay is a widely accepted and validated method for 
evaluating the quantitative measure of antioxidant activity [30,31]. 
This is crucial for assessing the material’s potential to mitigate 
oxidative stress caused by ROS in biological environments. 
Oxidative stress is a significant factor in implant failure, as it can 
lead to inflammation, tissue damage, and reduced biocompatibility 
[32,33]. By demonstrating the ability to scavenge free radicals, this 
assay validates the antioxidant efficacy of the coating, suggesting 
its potential to enhance implant longevity and performance. This 
assay is cost-effective, reproducible, and straightforward, making it 
a preferred choice for preliminary screening of antioxidant properties 
[34,35]. In this study, DPPH assay application in evaluating hafnium-
coated titanium implants show that the coating has some ability to 
reduce oxidative stress, which is critical for improving the integration, 
functionality and optimising coating formulations of implants in-
vivo. While the antioxidant activity of hafnium-coated titanium was 
moderate, its radical scavenging effect is consistent.

Limitation(s)
Although this study provided valuable insights, it is important to 
acknowledge its limitations, including the in-vitro nature of the 
experiments, which may not fully replicate in-vivo conditions, and 
the need for further validation through clinical trials to confirm the 
findings. Another limitation was that the study focused on a limited 
number of bacterial/fungal strains, which may not represent the 
full spectrum of microbial interactions in real-world applications. 
The future scope of this study includes conducting in-vivo 
experiments to validate the findings in a biological environment and 
exploring the long-term performance of hafnium-coated implants 
in clinical settings. Additionally, further research could investigate 
the mechanisms of action and optimise coating techniques for 
enhanced antibacterial and antioxidant properties.

CONCLUSION(S)
In conclusion, hafnium-coated titanium implants demonstrate 
enhanced antibacterial efficacy, significantly inhibiting the growth 
of S. mutans, E. faecalis, and C. albicans compared to uncoated 
titanium. The coating also exhibits decreased antioxidant activity 
than the uncoated group, suggesting its low potential to mitigate 
oxidative stress. These properties highlight the promise of 
hafnium-coated implants in reducing infection risks and improving 
biocompatibility for dental and orthopaedic applications. Further 
studies are needed to optimise the coating’s performance and 
validate its clinical benefits. This advancement could pave the way 
for more durable and infection-resistant implant materials.
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