
journal of the mechanical behavior of biomedical materials 151 (2024) 106366

Available online 1 January 2024
1751-6161/© 2024 Elsevier Ltd. All rights reserved.

Preparation and characterizations of antibacterial iodine-containing 
coatings on pure Ti 

Qiang Li a,b,*, Shuaishuai Li a, Hao Sun a, Mitsuo Niinomi a,c,d, Takayoshi Nakano d 

a School of Mechanical Engineering, University of Shanghai for Science and Technology, Shanghai, 200093, PR China 
b Shanghai Engineering Research Center of High-Performance Medical Device Materials, Shanghai, 200093, PR China 
c Institute for Materials Research, Tohoku University, 2–1–1, Katahira, Aoba-ku, Sendai 980–8577, Japan 
d Division of Materials and Manufacturing Science, Graduate School of Engineering, Osaka University, 2–1, Yamada-Oka, Suita, Osaka 565–0871, Japan   

A R T I C L E  I N F O   

Keywords: 
Electrochemical deposition 
Coating 
Povidone-iodine 
Antibacterial properties 
Cytotoxicity 

A B S T R A C T   

Iodine-containing coatings were prepared on pure Ti surfaces via electrochemical deposition to enhance their 
antibacterial properties. The factors influencing iodine content were analyzed using an orthogonal experiment. 
The electrochemically deposited samples were characterized using scanning electron microscopy with energy 
dispersive spectroscopy and X-ray photoelectron spectroscopy, and their antibacterial properties and cytotoxicity 
were evaluated. The results showed that changing the deposition time is an effective way to control the iodine 
content. The iodine content, coating thickness, and adhesion of the samples increased with deposition time. 
Iodine in the coatings mainly exists in three forms, which are I2, I3− , and pentavalent iodine. For samples with 
iodine-containing coatings, the antibacterial ratios against E. coli and S. aureus were greater than 90% and 
increased with increasing iodine content. Although the samples with iodine-containing coatings showed some 
inhibition of the proliferation of MC3T3-E1 cells, the cell viabilities were all higher than 80%, suggesting that 
iodine-containing coatings are biosafe.   

1. Introduction 

Ti and its alloys are widely used as hard-tissue substitute materials 
for artificial bones, joints, and dental implants because of their excellent 
biocompatibility and mechanical properties (Arrés et al., 2020; Zhang 
et al., 2019). However, these materials lack antibacterial properties. 
When Ti implants are placed in a microbial environment, bacteria easily 
adhere to their surfaces, leading to implant-related infections (IRIs) 
(Hetrick and Schoenfisch, 2006). Serious IRIs usually require implant 
removal, which not only causes economic losses to patients but also 
increases patient mortality (Ong et al., 2009). It has been reported that 
1%–2% of total hip joint replacement patients suffer from deep in
fections (Vielgut et al., 2015). In some retrospective studies, the infec
tion rate of external fixator surgery was approximately 2%–30% (De 
Bastiani et al., 1984; Neoh et al., 2012). Therefore, it is crucial to 
improve the antibacterial properties of implants. 

Several antibacterial agents have been used to load implant surfaces 
and enhance their antibacterial properties (Chouirfa et al., 2019). An
tibiotics are widely known for their efficient bactericidal effects; how
ever, the frequent use of high-dose antibiotics has accelerated the 

emergence of antibiotic-resistant strains (Ryan et al., 2019). Antibac
terial peptides can significantly reduce bacterial adhesion and biofilm 
formation in Streptococcus; however, the costly synthesis of peptides 
limits their widespread application (Gruenheid and Le Moual, 2012). A 
gradual release of inorganic antibacterial metallic elements such as Ag, 
Cu, and Zn into the tissues around implants can cause bacterial cell 
membrane oxidation, resulting in cell death; however, it can have toxic 
effects on human cells (Gaetke and Chow, 2003; Klasen, 2000; Valko 
et al., 2005). Iodine is an essential element in the human body, espe
cially for synthesizing thyroid hormones (Braverman, 1994). Compared 
to other antibacterial agents, iodine-based antiseptics have been widely 
used in the medical field because of their broad spectrum, high effi
ciency, and low allergic reactions (Fleischer and Reimer, 2009; Wolcott 
et al., 2020). Povidone-iodine (PVP–I), a complex of poly
vinylpyrrolidone (PVP) and iodine, is the most widely used iodine-based 
antiseptic. It contains approximately 14% iodine in weight ratio (Hir
atsuka et al., 2002), shows bactericidal and antibacterial effects on 
various viruses, fungi, bacteria, and bacterial spores (Li et al., 2017; 
Reimer et al., 2002), and is commonly used in clinical practice for 
disinfection during surgeries, as well as for debriding various traumas 
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(Eggers, 2019). PVP-I was impregnated into the anodic oxide of an Al 
disk specimen, resulting in an improved friction resistance (Hiratsuka 
et al., 2002). Ti and its alloys loaded with iodine exhibit strong anti
bacterial properties (Shirai et al., 2011; Tsuchiya et al., 2012; Ueoka 
et al., 2020). Postoperative infections are prevented using iodine-loaded 
implants, which hardly show significant cytotoxicity (Gillam et al., 
2021; Shirai et al., 2014). However, the characterization and formation 
mechanisms of iodine-containing coatings remain incomplete, and a 
method for controlling the iodine content in the coatings is required. 

Among surface modifications, such as magnetron sputtering (Tver
dokhlebov et al., 2012), plasma electrolytic oxidation (He et al., 2023; 
Qin et al., 2022), hydrothermal methods (Xie et al., 2022), and elec
trochemical deposition (Agbe et al., 2021), electrochemical deposition is 
an effective method for preparing iodine-containing coatings because it 
has the advantages of easy control over the coating composition, low 
fabrication cost, high processing speed, and high coating purity (Hor
andghadim et al., 2022). In this study, electrochemical deposition was 
used to prepare iodine-containing coatings on pure Ti surfaces. The ef
fects of the PVP-I concentration, deposition time, and temperature on 
the iodine content of the samples were studied through an orthogonal 
experiment. Samples with iodine-containing coatings were character
ized, and their antibacterial performance and cytotoxicity were 
evaluated. 

2. Experiments 

2.1. Orthogonal experiment 

Ti plates (purity of 99.5%; ZhongNuo Advanced Material (Beijing) 
Technology Co., Ltd., China) were polished with sandpaper, ultrasoni
cally cleaned, etched in a mixture of hydrofluoric and nitric acids with 
an HF: HNO3: H2O volume ratio of 1:3:10 for 30 s, ultrasonically cleaned 
again, and finally dried in air. 

A fixed voltage of 200 V was used for the electrochemical deposition. 
When the voltage was lower, the anodization of Ti was the main reac
tion, and iodine deposition rarely occurred. When the voltage was 
higher, the Ti plate was severely corroded by the iodine, which also 
resulted in limited iodine deposition. Electrochemical deposition was 
performed using a two-electrode system (HSPY-200-02; Beijing Han 
Sheng Pu Yuan Technology Co., Ltd., China) with a Ti plate as the anode 
and a Pt plate as the cathode. A beaker containing the electrolyte was 
placed in a water bath at a fixed temperature. The effects of three 
deposition parameters—PVP-I (Shanghai Aladdin Biochemical Tech
nology Co., Ltd., China) concentration, deposition time, and temper
ature—were studied using an orthogonal experiment. The factor levels 
used in the orthogonal experiments are listed in Table 1. An L9 (33) 
orthogonal experimental table (Table 2) was constructed using three 
factors and three levels. The iodine-containing coatings were prepared 
by electrochemical deposition following the aforementioned steps ac
cording to the three fixed factors listed in Table 2. The iodine content of 
the prepared sample was used as the evaluation index. The influence of 
the three deposition parameters on the iodine content of the samples was 
determined. 

2.2. Surface characterization 

The surface morphologies of the samples were observed using 
scanning electron microscopy (SEM; FEI Quanta 450FEG, USA) at an 
accelerating voltage of 30 kV, and the surface chemical compositions 
were analyzed using energy dispersive spectroscopy (EDS). The chemi
cal states of the main elements were analyzed by an X-ray photoelectron 
spectroscopy (XPS; AIXS Ultra DLD, Japan) with a monochromatic Al Kα 
(hν = 1486.6 eV) X-ray radiation source. The iodine concentration in the 
solution was determined using inductively coupled plasma mass spec
trometry (ICP-MS; PE-NexION, 2000, USA). 

2.3. Adhesion test 

The bonding strength between the coating and the substrate was 
measured using an automatic scratching tester (WS-2005; Lanzhou 
Zhongke Kaihua Technology Development Co., Ltd., China) with a dia
mond indenter having an apex angle of 120◦ and a tip radius of 0.2 mm. 
The scratching test was performed under progressive loading conditions. 
The normal load was increased from 0 to 40 N at a loading rate of 40 N/ 
min, and the acoustic signal and friction were recorded. The bonding 
strength was evaluated by determining the critical load of the coating 
that failed on the substrate. 

2.4. Antibacterial test 

The antibacterial properties of the prepared samples were evaluated 
using S. aureus ATCC 29213 (Guangdong Microbial Culture Collection 
Center, China) and E. coli ATCC 25922 (Guangdong Microbial Culture 
Collection Center, China) as test strains. The number of colonies was 
determined by the plate-counting method. The samples were subjected 
to antibacterial tests, using Ti as a control. All samples were immersed in 
an alcohol solution for 0.5 h and then placed in a 24-well plate. The 
bacterial solution was diluted to 106 CFU/mL with Luria-Bertani liquid 
medium, and then 0.2 mL of the diluted bacterial solution was added to 
each sample surface. Sterile normal saline was added to the empty wells 
to prevent the evaporation of water from the bacterial solution. The 24- 
well plates were placed in a constant temperature incubator at 37 ◦C for 
18 h. The co-culture solution was diluted 106 times with the sterile 
phosphate-buffered saline solution, and 100 μL of the diluent was ob
tained using a pipette gun and evenly coated on the solid medium in a 
Petri dish with a diameter of 90 mm. After incubation at 37 ◦C in a 
constant-temperature incubator for 18 h, the number of colonies in each 
Petri dish was recorded. 

2.5. Cytocompatibility test 

Mouse preosteoblast cells (MC3T3-E1; iCell Bioscience Inc., China) 
were used to evaluate the cytotoxicity of the samples. The culture me
dium was α-MEM supplemented with 10% fetal bovine serum. First, the 

Table 1 
Factor levels of orthogonal experiment.  

Level Factors 

PVP-I concentration 
/mass% 

Deposition time 
/s 

Deposition temperature 
/◦C 

1 0.2 60 30 
2 0.3 150 40 
3 0.4 240 50  

Table 2 
Orthogonal experiment results and range analysis of iodine content.  

Process 
NO. 

Factors Results 

PVP-I 
concentration 
/mass% 

Deposition 
time 
/s 

Deposition 
temperature 
/◦C 

Iodine 
content 
/mass% 

NO. 1 0.2 60 30 1.71 
NO. 2 0.2 150 40 2.24 
NO. 3 0.2 240 50 3.70 
NO. 4 0.3 60 40 2.89 
NO. 5 0.3 150 50 2.44 
NO. 6 0.3 240 30 2.87 
NO. 7 0.4 60 50 2.84 
NO. 8 0.4 150 30 3.39 
NO. 9 0.4 240 40 4.53  
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samples were sterilized at 121 ◦C for 1200 s. Because they were solid 
flakes, extraction was conducted at 37 ◦C for 24 h at a liquid volume 
ratio of 1.25 cm2/mL according to the ISO10993-12 standard. Each 
sample extract (100 μL) was placed into separate 96-well plates. Three 
parallel wells were used for each sample. MC3T3-E1 cells were then 
inoculated into each well at a density of 2 × 103 cells/well for 24 h, and 
1 × 103 cells/mL for 96 and 168 h of culture. As a control, MC3T3-E1 
cells were seeded directly onto the bottom of the wells without 
extract. The 96-well plates were placed in a humidified incubator with a 
5% CO2 atmosphere for 24, 96, and 168 h at 37 ◦C. After culturing, each 
well was rinsed three times with PBS. The culture medium (100 μL) with 
10% MTT assay was added to each well and then incubated in a hu
midified incubator at 37 ◦C with a 5% CO2 atmosphere for an additional 
4 h. The supernatant was aspirated, and 100 μL of dimethyl sulfoxide 
(DMSO) was added to each well followed by gentle shaking for 600 s. 
Optical density (OD) was measured at a wavelength of 570 nm using a 
TECAN SPARK 10M enzyme-labeled instrument. 

3. Results and discussion 

3.1. Orthogonal experiment results 

The mass fractions of iodine in the samples prepared according to the 
orthogonal experiment were measured using EDS, as listed in Table 2. 
Intuitive analysis methods were used to determine the order of influence 
of these factors. As shown in Table 3, K1, K2, and K3 represent the 
average values of the iodine contents corresponding to the first, second, 
and third levels of each factor, respectively (Qin et al., 2023). The 
maximum difference (Range RK) between K1, K2, and K3 reflects the 
overall effect of the factor. The greater the range value of a factor, the 
greater its influence on the results (Wang et al., 2020). The range 
analysis results suggest that the deposition time had the greatest influ
ence on the iodine content, with the highest range of 1.22. The depo
sition temperature had the lowest value of 0.56, indicating the lowest 
impact. Based on the factor levels listed in Table 1 and the range analysis 
results, changing the deposition time is the most effective method for 
adjusting the iodine content. Therefore, iodine-containing coatings were 
prepared in 0.2% PVP-I solution at 30 ◦C for 60, 150, and 240 s in a 
subsequent study. 

3.2. Characterizations of coating 

The surface morphologies of the Ti plates before and after electro
chemical deposition are shown in Fig. 1. Scratches were observed on the 
surface of the Ti plate before electrochemical deposition, as shown in 
Fig. 1a. The coating with a thickness of approximately 0.16 μm was 
obtained on the surface after electrochemical deposition for 60 s, and the 
scratches were completely covered (Fig. 1b). With an increase of 
deposition time, a minimal change in surface morphology was observed 
(Fig. 1c and d); however, the thickness of the coating gradually 
increased to 0.26 and 0.36 μm after electrochemical deposition for 150 
and 240 s, respectively. 

The chemical compositions of the samples after electrochemical 
deposition are listed in Table 4. Ti, O, and I were detected using EDS. As 
the deposition time increased, the iodine content increased with 

decreasing Ti content, indicating that iodine was continuously deposited 
on the surface of the sample. The presence of O was due to the formation 
of Ti–O and I–O compounds (Gai et al., 2021), which were further 
studied via XPS. The elemental distribution of the sample after 60 s of 
deposition is shown in Fig. 2. Ti, O, and I were uniformly distributed on 
the surface of the sample, and minimal elemental aggregation was 
observed. 

The full XPS spectrum (Fig. 3a) suggested the presence of Ti, O, I, F, 
C, and N in the sample after electrochemical deposition for 60 s. The 
appearance of C and N is mainly due to air pollution (Wu et al., 2014), 
and the presence of F is attributed to electrolyte residues after etching. 

For the XPS spectrum of Ti2p (Fig. 3b), the two peaks at 458.5 and 
464.2 eV corresponded to Ti2p3/2 and Ti2p1/2, respectively. High- 
resolution spectral analysis revealed the characteristic binding energy 
peaks of TiO2 (Gai et al., 2021). At the beginning of deposition, Ti was 
quickly oxidized to Ti4+ (Eq. (1)), followed by the formation of a TiO2 
film according to Eq. (2) (Sulka et al., 2013).  

Ti − 4e− → Ti4+ Eq. 1  

Ti4+ + 2H2O ⇆ TiO2 + 4H+ Eq. 2 

Six peaks were fitted to the XPS spectrum of I3d (Fig. 3c), suggesting 
complex reactions of PVP-I during the electrochemical deposition pro
cess. The peaks at 623.4, 620.4, and 618.5 eV corresponded to I3d5/2, 
and the peaks at 635.4, 631.8, and 629.9 eV corresponded to I3d3/2. 

The peaks at 620.4 and 631.8 eV were attributed to I2 (Morizet et al., 
2021). I− generated by the dissociation of PVP-I in the solution (Eqs. (3) 
and (4)) (Sa et al., 2017), and I2 formed at the anode by an oxidation 
reaction (Eq. (5)).  

PVP-I2 → PVP-I+I− Eq. 3  

PVP-I+I− → PVP-I+ + I− Eq. 4  

2I− − 2e− → I2                                                                            Eq. 5 

The peaks at 618.5 and 629.9 eV were attributed to I3− , which was 
generated from PVP-I+I− (Eq. (6)) and the chemical equilibrium be
tween I2 and I− (Eq. (7)) (Sa et al., 2017; Shih et al., 2018).  

2PVP-I+I− ⇆ (PVP)2I+ + I3
− Eq. 6  

I2 + I− ⇆ I3
− Eq. 7 

The peaks at 623.4 and 635.4 eV belonged to pentavalent iodine 
(Yamaguchi et al., 2021). Because I2 was unstable, disproportionation 
occurred in the solution (Eqs. (8) and (9)) (Gottardi, 1999). Pentavalent 
iodine mainly existed in the form of HIO3 or I2O5 in the coating (Bagwasi 
et al., 2012).  

I2 + H2O ⇆ HOI + H+ + I− Eq. 8  

3HOI ⇆ IO3
− + 2I− + 3H+ Eq. 9 

In the O1s XPS spectra (Fig. 3d), the peak at 529.6 eV belonged to the 
TiO2 lattice O, and the peak at 531 eV is attributed to chemically 
adsorbed O (Bao et al., 2021). 

3.3. Deposition process analysis 

The current intensity during deposition was recorded, as shown in 
Fig. 4. The electrochemical deposition process can be divided into three 
stages according to the change in current intensity. The first stage cor
responds to the deposition from the start to approximately 5 s. Initially, 
the oxidation of Ti (Eq. (1)) occurred rapidly, and a dense TiO2 film 
formed on the Ti surface (Eq. (2)), resulting in a sharp decrease in the 
current density. The second stage was the deposition time, which ranged 
from 5 to 200 s. The gradual decrease in the current density was mainly 
due to the deposition of iodine on the substrate. The I− from PVP-I (Eqs. 
(3) and (4)) are oxidized to I2 at the anode (Eq. (5)). An iodine- 

Table 3 
Range analysis of iodine content (mass%).  

Calculated 
value 

Factors 

PVP-I 
concentration 

Deposition 
time 

Deposition 
temperature 

K1 2.55 2.48 2.66 
K2 2.73 2.69 3.22 
K3 3.59 3.70 2.99 
Range RK 1.04 1.22 0.56  
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containing coating formed and gradually covered the surface of the 
sample. The conductivity of the anode decreased, resulting in a decrease 
in current intensity. When the deposition time exceeded 200 s, the 
electrochemical deposition entered the third stage, at which the current 
density changed slightly. The electrochemical reaction proceeded 
continuously and the coating became thicker. 

The reactions involved in electrochemical deposition are shown in 
Fig. 4. The reactions of Eqs. (1) and (2) show the anodization process of 
the substrate. I− was continuously provided by PVP-I according to the 
reactions of Eqs. (3) and (4) and consumed by the electrode reaction in 
Eq. (5) to generate I2 on the substrate. The reaction of Eqs. (6)–(9) 
represent the chemical equilibria of iodine surrounding the substrate. I3−

and pentavalent iodine showed weak peaks in the XPS spectrum 
(Fig. 3c), and their contents were limited in the sample. 

3.4. Adhesion 

The friction force and acoustic signal curves of the iodine-containing 
coatings deposited at various times are shown in Fig. 5. The acoustic 
signal was hardly detected because the iodine-containing coatings pre
pared by electrochemical deposition using the PVP-I solution were soft. 
The critical load of iodine-containing coatings can be determined from 
the friction curve to evaluate the bonding strength between the coating 
and substrate (Pelletier et al., 2011). At the beginning of the test, the 
indenter touched the coating, and the friction increased linearly with 

increasing load. When the applied load exceeded a critical force, the 
coating was destroyed and the indenter began to scratch the substrate, 
increasing the slope of the friction curves. By fitting the friction curve, 
the intersection point of the two lines was considered the critical load, 
which reflected the adhesion of the coating. For the samples subjected to 
electrochemical deposition for 60, 150, and 240 s, the critical loads were 
11.6, 18.1, and 24.4 N, respectively. As the deposition time increased, 
the critical load gradually increased, suggesting an increase in the 
adhesion of the coating. 

3.5. Antibacterial activities 

The E. coli and S. aureus colonies in the samples are shown in Fig. 6. A 
large number of E. coli and S. aureus colonies were observed on the Ti 
agar plate, which was used as the blank control in this study. The col
onies of E. coli and S. aureus in the Petri dishes containing samples with 
iodine-containing coatings were significantly reduced. The antibacterial 
ratio for each sample was calculated using the following equation:  

Antibacterial ratio (%) = (A − B)/A × 100%                                  Eq. 10 

where, A and B are the colony numbers of the blank control and test 
samples, respectively. 

After electrochemical deposition for 60 s, the antibacterial ratios of 
the samples against E. coli and S. aureus were 93.2% and 96.3%, 
respectively. As the deposition time was increased to 150 s, the anti
bacterial ratios of the samples against E. coli and S. aureus increased to 
96.2% and 97.9%, respectively. At a deposition time of 240 s, E. coli and 
S. aureus colonies were barely observed, indicating that the antimicro
bial ratios were higher than 99%. 

As the deposition time increased, the iodine content of the samples 
increased. For the samples after electrodeposition for 60, 150, and 240 s, 
the iodine concentrations in the 18 h co-culture solution were 1.8, 2.4, 
and 3.5 ppm, respectively, showing an increasing trend. As indicated by 
the XPS spectrum, there were three states of iodine in the coatings, 

Fig. 1. SEM morphologies of (a) Ti and the samples after electrochemical deposition in a 0.2% PVP-I solution at 30 ◦C for (b) 60 s, (c) 150 s, and (d) 240 s.  

Table 4 
Chemical compositions of the samples after electrochemical deposition.  

Deposition time 
/s 

Ti 
/mass% 

O 
/mass% 

I 
/mass% 

60 91.15 7.14 1.71 
150 90.05 7.75 2.20 
240 86.72 10.07 3.21  
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which were I2, I3− , and pentavalent iodine. Although only I2 has the effect 
of inhibiting bacterial reproduction, I3− and pentavalent iodine can 
gradually transform into I2 because of the chemical instability (Bagwasi 
et al., 2012; Shih et al., 2018). The released free iodine can pass through 
the cell membrane, promoting the denaturation of microbial body pro
teins until coagulation (Gillam et al., 2021; Reimer et al., 2002). It is 

believed that free iodine can be released from the prepared 
iodine-containing coating; thus, the samples after electrochemical 
deposition effectively inhibited the growth of the surrounding bacteria 
and exhibited good antibacterial activities. 

Fig. 2. (a) EDS layered image of the sample after 60 s electrochemical deposition and the corresponding element distributions of (b) O, (c) I, and (d) Ti.  

Fig. 3. (a) XPS survey spectra of the sample after 60 s electrochemical deposition and the high-resolution spectra of (b) Ti, (c) I, and (d) O.  
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3.6. Cytotoxicity 

The OD values of MC3T3-E1 cells in each group were measured to 
evaluate cell viability. The cell viability was expressed as a percentage 
and calculated using the following equation (Fan et al., 2022):  

Cell viability (%) was calculated as OD (test) / OD (blank) × 100%    Eq. 11 

The cell viabilities of the samples after 24, 96, and 168 h of culture 
are shown in Fig. 7. After 24 h of culture, the cell viability of the elec
trochemically deposited samples was lower than that of the control. A 
significant decrease (P < 0.05) was observed for the sample deposited 
for 240 s. Compared to the control, significant decreases were observed 
in all electrochemically deposited samples after 96 h of culture. Similar 
phenomena were observed after 168 h of culture. The cell viabilities of 
the electrochemically deposited samples were lower than 100%. These 
results suggest that iodine has an inhibitory effect on the proliferation of 
MC3T3-E1 cells, similar to the results of Durani and Leaper (2008). 
Freeman pointed out that for non-cytotoxic or irritating effects, the 
highest concentration of I2 from PVP-I was approximately 25 ppm 
(Freeman et al., 2022). After electrodeposition for 60, 150, and 240 s, 
the iodine concentrations in the extracts were 1.4, 1.6, and 2.1 ppm, 
respectively, which were all significantly lower than 25 ppm. Addi
tionally, according to ISO10993-5, the three electrochemically depos
ited samples are regarded as biosafe because their cell viabilities are all 
above 80% (Fan et al., 2022). 

3.7. Discussion 

An iodine-containing coating was electrochemically deposited on an 
anodized Al surface by Hashimoto et al., in 1999 (Hashimoto et al., 
1999), and a series of iodine-containing coatings was subsequently 
applied to the surfaces of Ti and Ti alloys after anodization (Shirai et al., 
2011; Tsuchiya et al., 2012). In this study, one-step electrochemical 
deposition without pre-anodization was carried out on pure Ti at a 
deposition voltage of 150–200 V. Details including the iodine content, 
coating thickness, and adhesion were not presented by Hashimoto et al., 

Fig. 4. Change in current density and the reactions in the deposition process.  

Fig. 5. Friction and acoustic signal curves of the samples after electrochemical deposition for (a) 60 s, (b) 150 s, and (c) 240 s.  

Fig. 6. Colonies of E. coli and S. aureus of (a) Ti and the samples after electrochemical deposition for (b) 60 s, (c) 150 s, and (d) 240 s.  
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but are provided in this study. 
F− and Cl− etch TiO2 according to Eqs. (12) and (13) (Allam and 

Grimes, 2007; Nguyen et al., 2008). In this study, it was supposed that I−

also etched TiO2 according to Eq. (14).  

TiO2 + 6Cl− + 4H+ → TiCl62− + 2H2O                                        Eq. 12  

TiO2 + 6F− + 4H+ → TiF6
2− + 2H2O                                           Eq. 13  

TiO2 + 6I− + 4H+ → TiI6
2− + 2H2O                                            Eq. 14 

With the increase in deposition time, the coating became thicker, and 
the interaction between the coating and substrate continuously 
occurred, increasing the adhesion. When deposition time was increased 
from 60 to 240 s, the critical load increased from 11.6 to 24.4 N. The 
critical loads of the iodine-containing coatings were higher than those of 
HAp coatings prepared by electrochemical deposition (2.3–4.3 N) and 
plasma spray (11.8–16.0 N) (Cotrut et al., 2022; Hussain et al., 2023). 
Because the critical load reflects the bonding strength between the 
coating and the substrate, the improved critical load is beneficial to the 
long-term stability of implants (Ahmad et al., 2023; Cao et al., 2023). 

According to the orthogonal experiment, the influence of the depo
sition parameters on the iodine content followed the order deposition 
time > PVP-I concentration > deposition temperature. For the three- 
factor levels, the deposition time, PVP-I concentration, and deposition 
temperature increased equidistantly in the orthogonal experiment 
(Table 1). The increase in the deposition time was 90 s, which was 150% 
of the initial deposition time (60 s). The increase in the PVP-I concen
tration (0.1%) was 50% of the initial PVP-I concentration (0.2%). 
However, the increase in the deposition temperature (10 K) was 
approximately 3.3% of the initial deposition time (303 K) when using 
the absolute temperature. The variation in the increasing ratio of the 
parameters significantly affects the order of influence. Additionally, the 
electrodeposition of iodine-containing coatings is a complex process that 
mainly involves the generation of I− from PVP-I, electromigration of I−

in the electrolyte, interaction with the substrate, and electrode reaction 
(Eq. (5)) of forming I2. According to the XPS results, iodine was mainly 
in the form of I2. As a simple electrode reaction (Eq. (5)), the reaction 
product accumulated over a prolonged time, and the reaction speed was 
proportional to I− concentration, which was mainly determined by PVP- 
I concentration. With the increase in deposition time, more I− continu
ously generated from PVP-I and migrated onto the substrate, and then 
more I2 formed according to the electrode reaction, increasing iodine 

content and coating thickness. The increase in PVP-I concentration leads 
to an increase in I− concentration, which accelerates the electrode re
action and then promotes the forming of I2. Increasing the deposition 
temperature can also improve the electrical reaction; however, it may 
decrease the stability of the I-containing coating, resulting in loss of 
iodine (Satoh and Imai, 2020). Compared with preparing electrolytes 
with various PVP-I concentrations and changing the deposition tem
peratures, adjusting the deposition time was more convenient. More
over, the thickness of the coating and the iodine content of the sample 
increased with increasing deposition time, leading to an increase in the 
iodine concentration in the solution and the antibacterial ratio. By 
changing the deposition time, it is feasible to obtain different iodine 
contents to balance the antibacterial properties and cytocompatibility. 

Compared to the iodine-immobilized metal-organic framework pre
pared by Teng et al. (2021), the iodine-containing coatings showed 
higher antibacterial activities. They also exhibited better biosafety than 
the prepared polyurethane-iodine complexes (Jie et al., 2010), which 
showed similar antibacterial activities. Therefore, iodine-containing 
coatings exhibit a desirable balance between antibacterial activity and 
cytocompatibility. Thus, the developed electrochemical deposition 
method is feasible for improving the antibacterial activity of implants. 

4. Conclusions 

The following conclusions were drawn from the above results and 
discussions. 

(1) The PVP-I concentration, deposition time, and deposition tem
perature affected the iodine content of the electrochemically 
deposited samples, with the deposition time having the greatest 
impact. With increasing deposition time, both iodine content and 
adhesion gradually increased.  

(2) Iodine uniformly distributed on the surface of Ti plates, and 
mainly existed in three forms—I2, I3− , and pentavalent iodine.  

(3) Samples with iodine-containing coatings exhibited remarkable 
antibacterial properties, and the antibacterial ratio increased 
with increasing iodine content. Although iodine showed some 
inhibition of cell proliferation, all the electrochemically depos
ited samples exhibited cell viabilities above 80%, suggesting that 
they were biosafe. 
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