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A B S T R A C T   

This study involved the incorporation of an antibacterial garlic extract into titanium oxide 
nanotubes (TNTs) formed via the anodization of Ti6Al4V implants. The garlic extract, obtained 
through low-temperature extraction aided by ultrasound waves, was loaded into the nanotubes. 
The presence of the nanotubes was confirmed through X-ray diffraction (XRD), energy-dispersive 
X-ray spectroscopy (EDS), and scanning electron microscopy (SEM). Fourier-transform infrared 
spectroscopy (FT-IR) and gas chromatography-mass spectrometry (GC-MS) were used to inves-
tigate the presence of bioactive compounds, particularly sulfur compounds responsible for garlic’s 
antibacterial effects. The impact of loading two concentrations (0.1 and 0.2 g per milliliter) of 
garlic extract on Escherichia coli (E. coli) and Staphylococcus aureus (S. aureus) bacteria was 
examined. Results indicated a decrease in the growth range of S. aureus from 109 to 106 (CFU/ml) 
and E. coli from 1011 to 109 (CFU/ml) upon treatment. Additionally, cell adhesion and viability 
tests conducted on MG63 cells revealed an 8% increase in cell viability with the 0.1 g per milliliter 
concentration and a 35% decrease with the 0.2 g per milliliter concentration of garlic extract after 
72 h of incubation (They have been evaluated by Microculture tetrazolium (MTT) assay). GC-MS 
analysis identified the presence of diethyl phthalate compounds in the garlic extract, suggesting a 
potential correlation with cellular toxicity observed in the sample with the higher concentration 
(0.2 g per milliliter) of garlic extract. Overall, the TNTs loaded with 0.1 g per milliliter of garlic 
extract simultaneously demonstrated antibacterial activity, cell viability, adhesion, and growth 
enhancement.   

1. Introduction 

The rapid advancement of modern technology and the global economy has led to significant improvements in the quality of life for 
the world’s population over the past few decades. Nowadays, people enjoy much longer life expectancy, and it is expected that the 
population aged 65 and above will reach 21.1% of the global population by the end of the year 2050. Since elderly individuals are more 
susceptible to musculoskeletal disorders and dental problems, the aging population has resulted in an increased demand for hard tissue 
implants, including bone and dental implants [1–4]. On the other hand, everyday life injuries and car accidents often result in bone 
impairments such as fractures and fissures [5]. Additionally, specific bone disorders and surgical procedures can precipitate the 
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occurrence of bone defects. Large bone defects do not naturally heal with tissue growth; therefore, orthopedic implants are necessary 
[6]. In 2018, the orthopedic implant market in the United States achieved a noteworthy milestone, reaching a value of $46.5 billion. 
Projections indicate that by 2026, this market is anticipated to witness a substantial growth, with an estimated value of $64.0 billion 
[7]. 

Various materials have been investigated for the treatment of hard tissue defects. Active biopolymers such as poly (L-lactic acid) 
(PLLA) [8], polyglycolic acid (PGA) [9], collagen [10–12], and ceramics (hydroxyapatite (HA) [13] as well as tricalcium phosphate 
[14,15] and bioglasses [16] have demonstrated favorable outcomes in terms of bone or tissue growth. However, these materials are 
deprived of suitable mechanical properties due to their brittleness and low fracture strength [17]. In this regard, metallic materials, 
biologically neutral in response with excellent mechanical performance, are considered the most suitable materials [18]. Implants 
based on metals such as stainless steel, titanium-based alloys, and cobalt-based alloys are the most common orthopedic implant 
materials due to their cost-effectiveness, excellent durability, and desirable mechanical properties [7]. 

Among these materials, titanium alloys, particularly Ti6A14V alloy, are one of the most widely used alloys due to their corrosion 
resistance, lightweight nature, low density, and non-magnetic behavior [19]. Additionally, Ti6A14V almost entirely substitutes bones, 
tissues, or hardened structures, simulating them at the implantation site. Therefore, it finds applications such as dental implants, 
pacemakers, and fracture fixators. However, the Ti6A14V alloy exhibits certain drawbacks such as lack of antibacterial activity and 
hemocompatibility, indicating cellular toxicity that could lead to implant failure. In fact, cellular toxicity is related to the toxic 
aluminum and vanadium ions released in the human body, potentially causing cell death, interference with bone mineralization, 
allergic reactions, Alzheimer’s disease, microcytic anemia, and neurotoxicity [18,20,21]. 

Advancements in materials science and manufacturing technologies have significantly improved the success rate of implantation to 
approximately 90%. Nevertheless, premature implant failures due to improper bone integration with the implant, the body’s immune 
response to foreign intrusion, and bacterial infections still necessitate further interventions [17]. Clinical reports indicate a failure rate 
of over 10% in the clinical application of bone implants, with 18% attributed to implant loosening and 20% to bacterial infections. 
Insufficient osseointegration activities in implants lead to slow bone growth and weak bone integration in the initial stages of im-
plantation, potentially causing loosening or even implant dislodgement. Although implantation procedures are typically performed in 
sterilized environments, implants are susceptible to contamination by opportunistic bacteria that may have entered through inap-
propriate procedures or originated within the body. Bacteria adhered to the implant surfaces can form a biofilm that is challenging to 
remove and exhibits high resistance against antibiotics. Consequently, implants with osteogenic and antibacterial activities have 
garnered significant attention in recent decades [6,22,23]. 

This phenomenon not only escalates healthcare expenses but also precipitates limitations in bodily mobility, protracted hospital 
stays, heightened incidence of subsequent surgical procedures, potential necessity for organ excision, and in extreme scenarios, 
mortality. Typically, implantation is accompanied by systematic administration of drugs such as bone stimulants, anti-inflammatory, 
pain-relief, and antimicrobial medications. Systemic drug delivery for implant rejection has significant limitations. Blood is respon-
sible for carrying systemically administered drugs to the intended site. The supply of blood to bone tissue is limited, so only 1% of the 
systematically prescribed drug reaches the intended location. Availability of the drug at the intended site necessitates prescribing 
higher drug concentrations for extended periods to achieve the required dosage at the specific location, potentially causing various side 
effects and reaching other tissues adversely. Another method, Local Drug Delivery (LDD), has found widespread application in or-
thopedics and dentistry. LDD offers several advantages over systemic drug delivery in implant-based treatments: Versatility in Drug 
Delivery, Optimal Drug Concentration, Personalized Treatment and Effectiveness due to Proximity [17,24–28]. 

Electrochemical anodization, or anodizing, is an appealing strategy that creates regular nanotubes on the surface of titanium, 
leading to the formation of a nanostructured tissue. These nanostructures are recognized for enhancing osteogenesis and can serve as 
controlled drug delivery reservoirs [22,29]. Titanium dioxide nanotubes (TNTs) are self-organized nanostructures in the form of 
tubular layers. They have gained significant attention in implant manufacturing due to their mechanical stability, low preparation cost, 
and superior biocompatibility compared to TiO2 films. TNTs can create excellent nanostructured platforms with desirable transport 
pathways, strong adhesion to substrates, and high surface area, meaning they possess a large number of atoms available for interaction 
with various biological molecules on their surface [30]. 

Loading antibiotics into TNTs is one of the methods employed to enhance the antibacterial activity of these coatings. For example, 
gentamicin has been encapsulated within nanotubes to mitigate bacterial adhesion onto their surfaces. Investigations have revealed 
that the incorporation of gentamicin into nanotubes effectively inhibits bacterial adherence to the substrate, thereby impeding biofilm 
formation [31,32]. The misuse of antibiotics has resulted in a rise in antibiotic-resistant bacteria, notably Methicillin-Resistant 
Staphylococcus aureus (MRSA). The utilization of gentamicin-loaded nanotubes is frequently irrational, contributing to the develop-
ment of reduced sensitivity among MRSA strains to these antibiotics. This has consequently rendered the treatment of implant-related 
infections more challenging, given the emergence of resistant strains. Furthermore, the substantial concentration of gentamicin around 
bone tissue has been associated with decreased osteoblast productivity, as well as constrained proliferation and differentiation of 
human bone marrow mesenchymal stem cells, thereby impeding the body’s recovery process. Thus, it is imperative to research the 
development of an antimicrobial agent that is effective, safe, and applicable for loading into nanotubes to combat antibiotic-resistant 
bacteria [33]. 

Various materials ranging from chemical antibiotics to synthesized metal complexes, metal ions, and natural drug compounds have 
been utilized for the production of antimicrobial agents [34–38]. The use of natural medicinal compounds constitutes a comprehensive 
approach aimed at operating within the realm of natural bone therapeutics. Understanding the origins of these natural drugs in 
conjunction with clinical interventions, risk management, and regulations can facilitate a profound comprehension of their impact on 
tissue engineering. Incorporating contemporary artificial bone connections with active natural medicinal compounds at optimal 
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concentrations offers a promising avenue for mitigating potential adverse effects and fostering improvements in overall well-being, 
vitality, and lifespan [39]. One pivotal factor driving the urgent need for alternative treatments in the realm of infectious diseases 
is the widespread emergence of multi-drug resistant (MDR) bacteria, colloquially referred to as ‘superbugs’, alongside the formation of 
bacterial biofilms. This phenomenon severely compromises the effectiveness of conventional antibiotics, if not rendering them entirely 
ineffectual. Hence, the imperative arises for the swift development of alternative therapeutic modalities, particularly tailored for 
infections associated with biofilm formation. In recent times, considerable attention has been directed towards naturally occurring 
substances due to their notable antimicrobial properties and their propensity to circumvent the development of drug resistance. 
Among these, garlic emerges as a prominent example. Allium sativum, commonly known as garlic and a member of the Liliaceae 
family, enjoys widespread culinary use globally, particularly prevalent in regions such as Italy and Southeast Asia. Furthermore, garlic 
holds a venerable status in traditional medicine dating back to ancient civilizations. Its constituent compounds demonstrate a diverse 
array of antibacterial activities, thereby harboring significant potential for conversion into efficacious antibacterial agents. Studies 
have indicated that garlic extract (GE) manifests numerous biological activities, encompassing antibacterial, antiviral, antifungal, and 
antiparasitic properties, with notable emphasis on its effectiveness against multi-drug resistant bacterial strains and biofilm formations 
[40–42]. 

The aim of the present study is to improve the antibacterial properties of surfaces, prevent biofilm formation, and address the issue 
of antibiotic-resistant bacteria by creating a green nanostructured composite coating using the advantages of titanium oxide nanotubes 
and natural garlic extract. Titanium oxide nanotubes formed on Ti6Al4V implants act as reinforcing phases in nanocomposite coatings, 
enhancing the mechanical properties of the coating and serving as ideal reservoirs for controlled drug loading and release over time. 
On the other hand, garlic extract loaded into nanotubes plays the role of antimicrobial agent and biofilm inhibitor. In this study, the 
antibacterial properties of nanotubes containing natural garlic extract, along with their effects on the viability, growth, and adhesion of 
osteoblastic bone cells, were investigated. 

2. Materials and methods 

2.1. Materials 

Medical implants of Ti6A14V with a thickness of 1 mm were obtained from Nazari Titanium Company (Iran). Chemical compounds, 
ethylene glycol, ammonium fluoride, acetone, and 2-propanol, obtained from Merck (Germany). 

2.2. Synthesis of titanium dioxide nanotube arrays via anodic oxidation method 

The Ti6A14V alloy was cut into square samples with dimensions of 1˟1 mm. The surfaces of the samples were polished using 
sandpaper ranging from 320 to 2000 grit to achieve a shiny surface. Subsequently, the samples were immersed in deionized water (DI) 
(Tooska Shimi, Iran), 2-propanol, and acetone successively for 20 min in an ultrasonic bath to remove contaminants and grease. A 
single-step anodization process was carried out in a cell containing an anode, cathode, and electrolyte. The electrolyte consisted of a 
mixture of organic compounds (ethylene glycol), 1% by weight of NH4F, and 2% by volume of DI water. Accordingly, in this study, for 
the synthesis of titanium oxide nanotubes on the surface of the implant, an electrolyte comprising 30 mL of ethylene glycol along with 
0.333 g of ammonium fluoride salt and 0.6 mL of DI water was utilized. The Ti6A14V alloy was selected as the anode and cathode, 
spaced 1 cm apart from each other, with a surface ratio of 2:1. The anodization process was conducted for 120 min under a constant 
voltage of 60 V. Post-anodization, to clean the surface of the nanotubes, the sample was subjected to ultrasound for 1 min and then air- 
dried at room temperature for 1 week. 

2.3. Heat treatment of the nanotubes 

The obtained samples from the anodization stage were annealed at 500 ◦C with a heating rate of 5 ◦C per minute for 120 min (The 
samples took 100 min to reach 500 ◦C and were then held at that temperature for 120 min) to induce the transformation of the titanium 
dioxide structure from the amorphous state to the crystalline state. This annealing process was crucial for enhancing the durability and 
adhesion between the substrate and the surface coating. 

2.4. Preparation of garlic plant extract containing bioactive compounds 

Due to the temperature sensitivity of the bioactive compounds in garlic extract, a low-temperature extraction method was 
employed. Fresh garlic was obtained from Hamedan city. The garlic cloves were separated and initially washed with tap water, fol-
lowed by distilled water, and then disinfected with ethanol. Distilled water (DI) was chosen as the extraction solvent. To compare and 
investigate the effect of different drug concentrations, two different extraction ratios were utilized. The first ratio was 1 g of garlic to 5 
mL of DI water, equivalent to a concentration of 0.2 g per milliliter. The second ratio was 1 g of garlic to 10 mL of DI water, equivalent 
to a concentration of 0.1 g per milliliter. Subsequently, garlic, along with the selected solvent, was placed in an industrial mixer for 3 
min to obtain a homogeneous mixture. The extract was then transferred into a glass container and stored in the refrigerator at 4 ◦C for 
24 h. To ensure the extraction of the desired compounds, the extract underwent ultrasonic bath treatment at a frequency of 28 kHz and 
power of 50 W for 30 min. It was then stored in the refrigerator for another 24 h, with occasional stirring. In the final step, the extract 
was centrifuged at 6000 rpm for 10 min at a temperature of 4 ◦C. The liquid portion passed through a filter and was preserved as garlic 
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extract for future use, stored in the refrigerator at 4 ◦C. The procedure used to obtain the garlic extract was accomplished through the 
utilization of methodologies previously investigated in prior research endeavors [43–45]. 

2.5. Loading garlic extract into titanium dioxide nanotubes 

For drug loading into the formed nanotubes, the most common method involves pipetting the drug onto the sample surface and 
then drying it in a desiccator, repeating the process several times. However, due to temperature sensitivity and to ensure the successful 
loading of the drug into the nanotubes, a desiccator was connected to a vacuum pump. The vacuum allowed the drug to enter the 
nanotubes and facilitated the evaporation of the base solvent. In summary, to load a consistent amount of drug, the samples were 
immersed in the drug solution for 1 day. Subsequently, they were immediately placed in the vacuum desiccator for 1 h at room 
temperature (20–25 ◦C). To repeat the process, the drug was pipetted onto the sample surface and placed in the vacuum desiccator. 
This procedure was repeated 5 times. After the process, the samples were stored at 4 ◦C until the necessary analyses were conducted 
[46–48]. 

2.6. Characterizations 

2.6.1. Surface morphology analysis using field emission scanning electron microscopy 
The FESEM (Field Emission Scanning Electron Microscope) device (MIRA3 model, manufactured by TESCAN) was employed for 

imaging the surfaces of samples after the anodization process and drug loading. Subsequently, the acquired images were analyzed 
using ImageJ software. 

2.6.2. Surface chemical analysis using energy dispersive X-ray spectroscopy 
The FESEM device (MIRA3 model, manufactured by TESCAN) was employed for the extraction of elemental mapping and chemical 

analysis of samples. 

2.6.3. Crystal structure analysis 
To determine the crystal structure and existing phases in the anodized samples, X-ray diffraction analysis (XRD) was conducted 

using a Philips X’Pert Pro X-ray diffractometer with Cu-kα radiation (wavelength of 1.5410 Å) and a step size of 0.02◦ at 40 kV. The 
obtained results were analyzed using X’Pert HighScore Plus software. 

2.6.4. Fourier transform infrared analysis 
To identify the compounds and bonds present in the loaded garlic extract on the surface of nanotubes, Fourier transform infrared 

(FT-IR) analysis was performed using The PerkinElmer Spectrum Two with the UATR. 

2.6.5. Gas chromatography-Mass spectrometry analysis 
Gas chromatography-mass spectrometry (GC-MS) analysis was carried out to determine the quantities of individual compounds 

present in the prepared natural garlic extract. This analysis was performed using a GC-MASS AGILENT 7890A instrument to investigate 
the specific effects of each compound. 

2.7. Antibacterial properties evaluation 

For evaluating the antibacterial properties of the samples, the colony-forming unit (CFU) counting method was employed. Initially, 
representative strains of Gram-negative bacteria, E. coli (ATCC 25922), and Gram-positive bacteria, S. aureus (ATCC 25923), were 
prepared at a concentration of 105 CFU/ml. Subsequently, the prepared samples were exposed to these bacterial strains for 24 h. After 
this period, serial dilutions ranging from 10− 1 to 10− 20 were prepared from the treated and control samples and transferred to Petri 
dishes containing nutrient agar (Merck, Germany). The plates were then incubated at 37 ◦C for 24 h, and the formed colonies were 
counted for analysis. 

2.8. Cellular evaluation 

2.8.1. Cell proliferation 
In this study, human osteosarcoma cells (MG63, NCBI 555C) obtained from the Pasteur Institute of Iran cell bank were utilized. 

After thawing the cells, they were transferred to flasks containing DMEM culture medium (Gibco, USA) supplemented with 10% Fetal 
Bovine Serum (FBS) (Gibco, USA) and incubated in a humidified atmosphere at 37 ◦C with 5% CO2. It is noteworthy that the culture 
medium was replaced every 3–4 days. To assess the toxicity of the samples and their impact on cell growth and proliferation, a direct 
contact method was employed. The samples were sterilized by exposure to UV radiation for 45 min. 

2.8.2. Microculture tetrazolium (MTT) assay 
In this study, to assess cellular proliferation, 104 cells in 60 μL of culture medium were placed on each of the samples inside the 

wells of a 24-well cell culture plate (SPL, Korea). Subsequently, after 4 h of incubation at 37 ◦C, the cells adhered to the sample surface. 
After ensuring cell adhesion, 300 μL of culture medium were added to each well. After 1 and 3 days, the medium was aspirated from the 
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cells as much as possible, and 300 μL of MTT solution at a concentration of 0.5 mg/ml were added to each well and incubated for 4 h. 
After 4 h, the solution was removed from the cells, and isopropanol (Sigma Aldrich, USA) was added to dissolve the purple formazan 
crystals. To better dissolve the MTT precipitate, the plate was shaken for 15 min on a shaker device. Then, 100 μL of the purple solution 
corresponding to each well were transferred to a 96-well plate (SPL, Korea). The concentration of the dissolved substance in iso-
propanol was calculated at a wavelength of 570 nm using an ELISA reader (BioTek ELx 808, USA). Wells with higher optical density 
indicate a higher cell density. Therefore, equation (1) [49] allows the determination of the wells with higher cell counts, and com-
parisons were made with the control sample. It is essential to note that each sample was tested in triplicate. 

Toxicity (%)=

(

1 −
mean OD of the sample

mean OD of control

)

× 100 Equation (1) 

Viability (%) = 100 − Toxicity (%) 

2.8.3. Cell adhesion assessment 
To investigate cell adhesion, sterilized samples were placed in each well of a sterile 24-well plate. Subsequently, 20,000 cells in a 

volume of 100 μL were seeded onto each sample. The samples were then incubated for 4–5 h. After cell adhesion, a specific amount of 
cell culture medium containing 10% FBS was added to each well. After 24 h, the culture medium was removed, and the samples were 
rinsed with Phosphate-Buffered Saline (PBS) (Merck, Germany) for 30 s. Following rinsing, a 3.5% glutaraldehyde solution (Sigma 
Aldrich, USA) was utilized for cell fixation. Specifically, after applying a predetermined volume of fixative onto each sample, they were 
refrigerated for 2 h. Subsequently, the fixative was removed, and the samples were washed with deionized water and alcohol solutions 
of varying concentrations (50%, 60%, 70%, 80%, and 96%). Cell adhesion to the samples was examined using FESEM (MIRA3 model, 
manufactured by TESCAN). 

3. Results and discussions 

3.1. Investigation of morphology and surface chemistry after anodic oxidation process 

3.1.1. Existing elements on the surface of the sample 
After performing the anodization process, the first step to investigate the formation or absence of TNTs involves determining the 

elements present on the surface. For this purpose, EDS analysis was employed. Comparing the elemental composition on the surface of 
the sample before and after the anodization process elucidates the presence of TNTs on the surface (Fig. 1). 

As observed in Fig. 1-A, the presence of Ti, Al, and V elements on the implant surface before annealing is expected. However, after 
annealing and the formation of TiO2 nanotubes on the surface, a reduction in the percentage of these mentioned elements is noticeable. 
Moreover, the presence of oxygen with an approximate weight percentage of 31% (Fig. 1-B) increases the likelihood of TNT formation 
on the surface. 

3.1.2. Surface microstructure analysis 
The most effective way to confirm the presence of TNTs on the surface is to observe the sample surface. For this purpose, FESEM 

was employed. As illustrated in Fig. 2 and compared with references [33,46] it can be observed that nanotubes have been successfully 
formed on the surface of the implant. Fig. 2 (A-D) shows various magnifications including 8000, 60000, 200000 and 600000 
respectively. 

As expected, due to the biphasic structure of the Ti6A14V implant, the formation of nanotubes at two different levels within the α 
and β phases is clearly observed in Fig. 2 (A and B) [50,51]. In Fig. 2 (C and D), the diameter and wall thickness of the nanotubes are 
clearly depicted. 

Fig. 1. EDS results from the surface of Ti6A14V implant before (A) and after (B) anodizing.  
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To view the nanotubes from different angles and determine the height of the formed nanotubes, which essentially indicates the 
thickness of the coating created on the surface, scratches were made on the surface of the implant. This was done to separate the 
nanotubes with their brittle oxide structure from the surface, enabling the observation of different orientations, as shown in Fig. 3. 

As observed in Fig. 3-A, the nanotubes are separated from the surface and positioned around the scratch, delineated by green 
circles. Fig. 3-B provides a clear side view of the nanotubes, demonstrating their smooth and uniform walls. Under the conditions of 
120 min of anodization and a voltage of 60 V, the nanotubes have a height of 7 μm. Fig. 3-C and 3-D indicate the bottom view of the 
nanotubes and the formed holes on the substrate as a result of separation of nanotubes respectively. 

3.1.3. Heat treatment of the nanotubes 
Nanotubes initially possess an amorphous structure. By subjecting the samples to heat treatments, it is possible to transform the 

amorphous structure into a crystalline anatase structure. The crystalline anatase structure enhances mechanical properties and 
adhesion [46]. It provides suitable photocatalytic properties, enabling easy sterilization of samples through ultraviolet radiation [52], 
and also exhibits excellent cellular activity [53]. XRD is employed to determine the formation of the anatase phase, the results of which 
are depicted in Fig. 4. 

Fig. 2. FESEM images of anodized nanotubes on the surface of the Ti6A14V implant at various magnifications including 8000, 60000, 200000 and 
600000 (A-D respectively). 
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Graph B clearly illustrates the amorphous region originating from the primary structure of nanotubes at lower angles. As the X-ray 
diffraction angle increases, the depth of penetration also increases. Consequently, the peaks obtained from the crystalline planes of the 
substrate region, namely Ti6A14V implants, are observed. Graph C shows the peaks resulting from the formation of anatase crystalline 
structure. The peaks occur at angles 2θ = 25.28◦, 37.81◦, 47.99◦, and 53.95◦ corresponding to the planes (101), (004), (200), and (105) 
of the anatase crystalline structure [54,55]. Additionally, the planes of the α and β phases of the Ti6A14V implants are also indicated in 
this graph [56]. 

3.2. Drug loading into the created nanotubes 

After creating a nano-coating with a thickness of 7 μm and successfully forming arrays of nanotubes on the surface, the next step 
involved loading natural drug compounds into the interior of these nanotubes. Garlic natural extract, prepared using a combination of 
available methods for drug loading into nanotubes (pipetting, immersion and using vacuum pump [46–48]), was transferred to the 
surface coating to create a green nanostructured bio-composite coating. To ensure the successful loading of the drug onto the sample 

Fig. 3. FESEM micrographs of the anodized nanotubes on the surface of the Ti6A14V implant are depicted in the images. (A) indicates the scratch 
created on the surface (orange arrow for the direction of the scratch and yellow arrow for the separated nanotube area), (B) shows a side view of the 
nanotubes, (C) displays the bottom view of the nanotubes, and (D) illustrates the holes formed on the substrate due to the separation of nanotubes. 
(For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.) 
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surface, FESEM images and EDS analysis were conducted, as shown in Figs. 5–7. 
Fig. 5 provides a view of the sample surface before (A) and after (B-D) drug loading. Fig. 5-B illustrates drug loading through 

immersion without applying vacuum; it is evident that drug compounds are heterogeneously deposited and accumulated on the 
surface, leading to non-uniform drug loading on many nanotubes. Additionally, most drug compounds accumulate on the surface and 
do not penetrate inside the nanotubes. Fig. 5-C shows drug loading using vacuum in a single step. In this image, uniform drug dis-
tribution is visible in most surface areas, preventing drug accumulation. However, due to the single-step drug loading, there are regions 
of nanotubes where the drug did not penetrate. It is worth mentioning that these areas contain nanotubes that do have drug content, 
but the excess drug has been washed off their surfaces. Finally, Fig. 5-D depicts the drug-loaded surface with uniform distribution due 
to multiple repetitions in the drug loading process, ensuring homogeneous drug loading throughout the surface. 

In Figs. 6 and 7, EDS analysis was conducted to elucidate the presence of elements. The key bioactive compounds in garlic extract 
are sulfur-based compounds. Therefore, an appropriate distribution of carbon, sulfur, nitrogen, and oxygen elements on the surface 
suggests the potential presence of significant bioactive compounds [40,57,58]. Surface analysis was performed as depicted in Fig. 6, 
confirming the presence of these specified elements. Fig. 6-A shows the drug-loaded surface and 6-B indicates the percentage of el-
ements present on the surface. The EDS mapping illustrates the elemental distribution of carbon, sulfur, nitrogen, and oxygen in Fig. 6 
(C–F), respectively. Furthermore, to ensure the complete encapsulation of the drug within the nanotube pores, a side-view EDS analysis 
of the nanotubes was conducted, as illustrated in Fig. 7. The lateral surface of drug-loaded nanotubes is shown in Fig. 7-A. Fig. 7-B 
shows the composition of the nanotubes along with an EDS elemental distribution map. Fig. 7 (C–F) displays EDS elemental distri-
bution maps, which were again used here to indicate the presence and distribution of carbon, nitrogen, oxygen, and sulfur, respec-
tively. This analysis confirmed the distribution of specified elements observed on the upper surface of the sample (Fig. 6), providing 
assurance that the drug loading process was carried out effectively. 

3.3. FT-IR analysis after drug loading 

Following the elemental analysis using EDS to confirm the presence of vital biological constituents within the garlic extract, further 
validation was pursued via FT-IR analysis of the sample surface subsequent to drug loading. This step aimed to elucidate the molecular 
bonds present within the loaded extract, thereby verifying the presence of biologically active compounds and reconfirming the 
appropriate drug loading within titanium dioxide nanotubes. The resultant graph from this analysis is depicted in Fig. 8. Previous 
studies conducted FT-IR analysis on titanium dioxide nanotubes devoid of drug presence, revealing no discernible absorption peaks. 
Hence, the peaks delineated in Fig. 8 are presumably exclusively attributed to the loaded natural garlic extract within the nanotubes 
[48]. 

The prominent peak at 3267.3 cm− 1 can be attributed to the O–H stretching of hydroxyl groups, while the peak at 2931.1 cm− 1 

corresponds to the asymmetric stretching of C–H bonds. The peak observed at 1624.3 cm− 1 is indicative of carbonyl or carboxylic 
(C––O) stretching bands of peptide linkages (amides stretching). The band identified at 1408.6 cm− 1 is associated with the -O-H bend 
of carboxylates. Additionally, a band at 1126.3 cm− 1 can be ascribed to the S––O absorption of sulfones. The presence of C–N stretching 
vibrations in primary amines was detected at 1015.3 cm− 1, and at 929.7 cm− 1, the presence of γ-C-H deformation in = CH2 was noted. 

Fig. 4. XRD results of Ti6A14V implant before anodizing (A), after anodizing (B) and after anodizing and heat treatment in 500 ◦C for 2 h (C).  
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Furthermore, the presence of an S–C bond at 818.68 cm− 1 suggests the absorption of allicin, an organosulfur compound found in garlic 
extract [59–65]. 

Based on the aforementioned spectral analysis, it can be inferred that phenolic compounds, organosulfur compounds, amino acids, 
carboxylic groups, and proteins constitute the active groups contributing significantly to the antibacterial activity of ultrasonicated 
garlic extract [66,67]. 

With these findings, subsequent antibacterial evaluations, cytotoxicity assessments, and cellular adhesion experiments can be 
conducted on the samples. 

3.4. Results of the antibacterial properties of the samples 

To investigate the antibacterial properties and cellular toxicity assessments, four sample groups were considered. The first group 
comprises the Ti6A14V alloy without any surface modifications, hereafter referred to as Group Ti64. The second group consists of the 
Ti6A14V alloy coated with titanium dioxide nanotubes, designated as Group Ti64+TNT. The third and fourth groups involve two 
variations of natural garlic extract loaded into the created nanotubes on the surface of the Ti6A14V alloy. These groups are named 

Fig. 5. FESEM images of the anodized samples before drug loading (A), after drug loading without using vacuum (B), after drug loading using 
vacuum (C), and drug loading using vacuum in several repetitions (D). 
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Ti64+TNT+0.1GAR and Ti64+TNT+0.2GAR, respectively. The results of the antibacterial experiments against S. aureus and E. Coli 
are presented in Fig. 9 (A-B) respectively, and Fig. 10 shows the images of the agar plates of control group, Ti64, Ti64+TNT, 
Ti64+TNT+0.1GAR, and Ti64+TNT+0.2GAR against E. Coli (A1-5) and S. aureus (B1-5) respectively. 

The colony-forming unit (CFU) counting method was chosen for antibacterial testing. This method includes a control group in 
which bacteria can grow without any hindrance. By comparing the first group, which consisted of unmodified surface samples, with 
the control group, it can be determined whether the sample possesses intrinsic antibacterial properties. Results in Fig. 9 show that for 
both bacteria, the first group, Ti64, promotes bacterial growth compared to the controlled group. This implies that the Ti6A14V 
implant does not possess inherent antibacterial properties and even provides a suitable surface for bacterial growth. Therefore, surface 
modifications are crucial [68]. 

The second group, Ti64+TNT, formed nanotube structures on the implant’s surface, as shown in Fig. 9-A, exhibited resistance 
against S. aureus bacterial growth and not only demonstrated less growth than the first group but also fewer bacteria compared to the 
control group. However, the number of bacteria in this group, like the control and the first group, still fell within the range of 109 CFU 
per ml. Against E. coli bacteria (Fig. 9-B), the second group displayed better antibacterial properties than the first group, but an increase 
in bacterial count was accompanied. 

To examine the cause of this phenomenon, it must be noted that antibacterial mechanisms are complex, including charge repulsion, 
membrane adhesion, and surface roughness alteration. Charge repulsion between TNTs and bacteria prevents initial adhesion. Many 
bacteria have negative charges on their surfaces. For instance, major components of S. aureus cell wall, teichoic and lipoteichoic acids, 
lead to a negatively charged surface. The presence of similar charges between bacteria and TNTs creates repulsive forces, reducing 
bacterial adhesion. Created pull forces by TNT nanostructures cause bacterial death extension. When bacteria contact TNTs contin-
uously, bacterial surface stretches and parts of membranes become suspended in gaps, eventually leading to bacterial rupture. 

Surface roughness also plays a significant role in TNTs’ antibacterial efficacy. Firstly, it might affect surface wetting. Hydrophobic 
surfaces tend to adhere to other hydrophobic surfaces because their hydrophilic structures tend to absorb a layer of water, which needs 
to be removed before hydrophilic bacterial adhesion. The high roughness of TNTs significantly increases surface hydrophilicity, 
preventing adhesion. Secondly, the effects of roughness on antibacterial properties are entirely different at the nano or microscale. 
Bacterial adhesion decreases with increased surface roughness at the nanoscale (10–100 nm). 

When surface roughness enters or approaches the micron scale, bacterial adhesion increases in parallel with surface roughness. This 
phenomenon can be explained by the theory of contact points, which states that for organisms smaller than the tissue scale, increased 
roughness leads to more attachment points and creates shelters on a microscale, protecting adhesive organisms against hydrodynamic 
shear forces. Perhaps, this theory could justify the increase in the number of bacteria in the first group, as the sample Ti64 likely 
possesses surface roughness in the micron range, creating suitable sites for bacterial presence, although the contact angle and surface 
energy also play a role. It is essential to note that changes in dimension parameters result in torque forces, determining the anti-
bacterial ability of TNTs. Nanotube diameter is a crucial parameter, and with increased diameter, surface roughness and hydrophilicity 
also increase [69,70]. 

Regarding the third and fourth groups containing garlic extract at different concentrations, as expected and as indicated in 
numerous studies [41,66,71–76] they exhibited significantly better antibacterial properties compared to the first and second groups. 
Confronting S. aureus bacteria, the third and fourth groups reduced the bacterial count from the range of 109 CFU/ml in the first and 
second groups to the range of 106 CFU/ml. Similarly, facing E. coli, the bacterial count reduced from the range of 1011 CFU/ml in the 
first and second groups to 109 CFU/ml. 

As mentioned, the antibacterial properties of garlic extract are attributed to its sulfur-containing organic compounds. Two main 
mechanisms of antibacterial properties of sulfur-containing garlic compounds have been elucidated from reported studies: 1- reactions 
of garlic compounds with free sulfhydryl groups on proteins and/or bacterial enzymes for their inactivation and 2- disruption in 
bacterial cell membrane composition and integrity. Additionally, some studies also show that garlic compounds can inhibit the 
synthesis of DNA, RNA, and proteins in bacteria. These mechanisms are observed in both Gram-positive and Gram-negative bacteria, 
indicating that garlic and its compounds employ similar antibacterial mechanisms for both bacterial groups [40]. 

To observe the antibacterial properties rates of the groups, the data presented in Fig. 9 were converted into percentage values using 
Equation (2) [77]. The results against S. aureus and E. Coli are depicted in Fig. 11 (A and B) respectively. 

Antibacterial rate (%)=AR=

(
A − B

A

)

× 100 Equation (2)  

In this equation, A represents the CFU per ml value in the samples of the first group, and B represents the CFU per ml value in the 
samples of the specified groups. In this context, the antibacterial properties of the samples in the first group were assumed to be zero 
percent. 

3.5. Cellular toxicity assessment 

To assess cellular toxicity, as mentioned earlier, MTT assay was employed (Fig. 12). 
As observed in Fig. 12, in the first group, namely Ti64, approximately 8% of cells were lost after 1 day, and around 10% were lost 

Fig. 6. (A) FESEM image of the drug-loaded surface, (B) The percentage of elements present on the surface and (C–F) The EDS mapping illustrates 
the elemental distribution in the order of carbon, sulfur, nitrogen, and oxygen. 
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after 3 days. Subsequently, in the Ti64+TNT group and Ti64+TNT+0.1GAR group, not only was the number of cells not reduced, but 
also approximately 3% and 8% more cells were added, respectively, after 3 days. However, a different outcome occurred in the 
Ti64+TNT+0.2GAR group. As observed, the number of cells in this group decreased from 100% to nearly 65% after 3 days, indicating 
a 35% reduction in cells and cellular toxicity (Each group underwent three repeats of analysis). 

3.6. Cell adhesion 

Cell adhesion images of all samples including Ti64, Ti64+TNT, Ti64+TNT+0.1GAR, and Ti64+TNT+0.2GAR captured by FESEM 
microscopy are presented in Fig. 13 (A-D) and 14 (A-B, C-D, E-F and G-H) respectively. 

As evident in Fig. 13, cell distribution in the first and fourth groups is significantly lower compared to the second and third groups, 
confirming the results obtained from the MTT assay. Fig. 14 illustrates that cells in the first group appear spherical, indicating their lack 

Fig. 7. (A) FESEM image of the lateral surface of drug-loaded nanotubes, (B) The composition of the nanotubes along with an EDS elemental 
distribution map and (C–F) EDS elemental distribution maps indicating the presence and distribution of carbon, nitrogen, oxygen, and sulfur 
respectively. 

Fig. 8. The FT-IR analysis of the surface of nanotubes containing garlic extract.  

Fig. 9. Results of the colony-forming unit (CFU) assay in the face of (A) S. aureus and (B) E. coli bacteria.  
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of inclination for adhesion. In the second and third groups, cells are observed to adhere to the surface, and in the third group, they are 
completely settled. In these two groups, cellular filopodia extensively spread out, with the nanotube surface acting as an anchorage 
site. The presence of nanotubes on the surface results in proper cell adhesion due to alterations in surface roughness, wettability, and 
surface energy [78]. Furthermore, the uniform structure of nanotube openings can significantly alter cell behavior. Recent studies have 
shown that integrin activation is influenced not only by the surface chemistry of the cell-material interface but also by surface 
nanotopographical features, including nanotube diameter [79]. By analyzing the fourth group, it is observed that cells have reverted to 
a spherical state once again. 

Fig. 10. The images of agar plates represent four experimental groups along with the control group, when exposed to S. aureus and E. coli.  
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3.7. Identification of compounds present in garlic extract 

In light of the results obtained from the antibacterial properties, MTT assay, and cell adhesion assessments, it is imperative to 
identify the compounds present in the garlic extract to analyze the observed events. For this purpose, Gas Chromatography-Mass 
Spectrometry (GC-MS) analysis was employed. The results of this analysis are depicted in Table 1 and Fig. 15. 

The compounds specified in Table 1 indicate the presence of sulfur compounds in garlic extract, responsible for its antibacterial 
properties (compounds 2 to 5). Compound number 7, Gibberellin A3, is responsible for cell growth and elongation in plants. Com-
pound number 9, Heneicosane has demonstrated excellent antimicrobial activity against certain bacteria [80]. 

Until now, no harmful activity has been reported in relation to the mentioned compounds. However, concerning compound number 
6, diethyl phthalate, various discussions have been ongoing in the literature. Phthalates are a group of widely used chemical substances 
indicating endocrine disruptions and posing health hazards to humans. Despite their short half-life in tissues, chronic exposure to 
phthalates adversely affects the endocrine system and the functioning of multiple organs, exerting long-term negative effects on 
fertility, growth, and development in children and the reproductive system in children and adolescents. 

Phthalic acid esters (PAEs) are common plasticizers added to polymer materials to enhance their flexibility and performance. To 
date, most published articles have focused on detection methods, distribution of contamination, and toxicological hazards of PAEs. 
However, natural sources of various PAEs are rarely studied. The first reports of phthalic acid as a natural substance were published in 

Fig. 11. The antibacterial properties of groups 1 to 4 when exposed to (A) S. aureus and (B) E. coli.  

Fig. 12. MTT assay of all groups after 1 and 3 days.  
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1945, and since then, over 50 different derivatives of PAEs from various classification groups, including bacteria, actinomycetes, fungi, 
higher plants, and even animals, have been reported. However, what remains unclear is whether these compounds are synthetically 
derived substances that later contribute to air, water, or soil pollution or if they may be produced by plants and microorganisms 
themselves. PAEs have been identified in organic extracts of specific plant species via GC-MS, with their percentage ranging from 
0.10% to 0.32%. Most PAEs were found in plant essences, indicating that identified and purified PAEs in plant materials suggest that 
plants may synthesize them to some extent. Synthetic PAEs entering the ecosystem may disrupt the metabolic processes of some plant, 
algal, and microbial communities. Therefore, further studies are needed to elucidate the relevant mechanisms and ecological con-
sequences [81,82]. 

Given the aforementioned information, it is possible that the toxicity induced by samples from the fourth group, namely 
Ti64+TNT+0.2GAR, which contain a higher dose of garlic extract, could be due to the increased presence of phthalate-related 
compounds. These compounds might damage the cell membrane of MG63 cells. However, further research is necessary to clarify 
this discussion conclusively. 

Fig. 13. FESEM images indicate the distribution of MG63 cells on the surfaces of the samples. (A) Ti64, (B) Ti64+TNT, (C) Ti64+TNT+0.1GAR, (D) 
Ti64+TNT+0.2GAR. 
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Fig. 14. FESEM images indicating the adhesion of MG63 cells onto the surfaces of the samples: Ti64 (A, B), Ti64+TNT accompanied by a magnified 
view of cellular filopodia (C, D), Ti64+TNT+0.1GAR along with an enlarged view of cellular filopodia (E, F), and Ti64+TNT+0.2GAR (G, H). 
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Table 1 
Existing compounds in garlic extract.  

No RT (min) Area (Ab*s) Area% Name Quality 

1 5.638 11328944 8.05 Silane, trimethyl(phenethylthio)- 14 
2 8.72 2889667 2.05 Diallyl disulphide 27 
3 9.244 3206778 2.28 Disulfide, (1E)-1-propen-1-yl 2-propen-1-yl 49 
4 11.097 39327942 27.94 3-Vinyl-1,2-dithia-5-cyclohexene 98 
5 11.59 19586055 13.92 3-Vinyl-1,2-dithiocyclohex-5-ene 96 
6 19.689 7185605 5.11 Diethyl phthalate 97 
7 50.255 4823262 3.43 Gibberellin A3 38 
8 46.276 37651097 26.75 Alkanox 240 78 
9 26.471 2682818 1.91 Heneicosane 91 
10 32.417 2130796 1.51 Mandelic acid 47  

Fig. 15. The GC-MS analysis graph of the prepared garlic extract.  
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4. Conclusion 

Orthopedic implants are widely used in bone replacement surgeries nowadays. Ongoing efforts are focused on developing these 
implants, with one such endeavor involving the utilization of various surface modification strategies to combat infections and tox-
icities, which are primary reasons for implant failure and associated complications. Targeted drug delivery systems implemented 
through modified implants have the potential to fulfill many expectations and essential prerequisites for successful implantation. The 
use of nanoparticles loaded with therapeutic agents presents a promising alternative for the development of localized drug delivery 
systems, capable of overcoming limitations associated with systemic drug therapies. 

In the present study, to enhance the antibacterial properties of Ti6Al4V implants and address the issue of bacteria resistant to 
antibiotics, a natural herbal extract of garlic loaded into titanium oxide nanotubes was employed. Laboratory investigations 
demonstrated that nanotubes containing an appropriate concentration of garlic extract (0.1 g per milliliter) not only exhibited over 
99% antibacterial activity against Gram-positive Staphylococcus aureus and Gram-negative Escherichia coli but also showed no adverse 
effects on MG63 cells, with an observed 8% increase in cell proliferation. Furthermore, it was observed that nanotubes without drug 
loading also possessed moderate antibacterial properties. Conversely, samples containing higher concentrations of the extract (0.2 g 
per milliliter) resulted in toxicity, causing a 35% reduction in cell viability. Gas chromatography-mass spectrometry (GC-MS) analysis, 
in addition to identifying sulfur compounds responsible for the antibacterial properties of garlic, revealed the presence of diethyl 
phthalates. The presence of such compounds, sometimes found in synthetically produced substances and whose origin in certain plants 
is still debated, may contribute to cellular toxicity. 

The presence of numerous and diverse compounds in herbal extracts has posed challenges in working with these materials. 
Therefore, further investigations are imperative to optimize extraction methods, preserve beneficial compounds, eliminate harmful 
ones, and evaluate the synergistic effects of different herbal extracts to enhance the properties of natural drugs. Considering that some 
harmful compounds may infiltrate plants due to environmental contamination from chemical waste, the assessment and preservation 
of plant cultivation environments’ health should also be considered. 

Ultimately, with promising results obtained from samples containing appropriate doses of herbal extracts, there is hope that the 
issue of microbial resistance can be addressed through the use of herbal therapeutic compounds. However, achieving this goal un-
doubtedly necessitates a deep understanding of the functional mechanisms of herbal compounds in interacting with microorganisms 
and living cells, as well as further research and experimentation in this field. 
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