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ABSTRACT: This study presents a novel approach to mitigating bacterial infections and
antibiotic resistance in medical implants through the integration of iodine-doping and 3D
printing techniques. Iodine, with its potent antibacterial properties, and titanium alloy
(Ti), a popular metal for implants due to its mechanical and biological properties, were
combined via electrodeposition on 3D-printed titanium alloy (3D-Ti) implants. Scanning
electron microscopy, energy dispersive spectroscopy, and X-ray photoelectron spectros-
copy confirmed the successful creation of iodine-doped titanium implants with improved
iodine content due to the rough surface of the 3D-printed material. In vitro studies
revealed that these implants significantly inhibited bacterial adhesion and biofilm
formation and showed favorable release kinetics for iodine ions. Biocompatibility tests
demonstrated no cytotoxic effects and good hemocompatibility. The implants
demonstrated enhanced antimicrobial efficacy against Escherichia coli (E. coli) and
Staphylococcus aureus (S. aureus) bacteria strains. The findings imply that the integration of
iodine-doping and 3D printing technologies is a promising strategy for treating postoperative infections associated with medical
implants, consequently bettering the prognosis for patients. Future investigations are encouraged to delve into the long-standing
impacts and prospective clinical utility of this groundbreaking methodology.

1. INTRODUCTION
With excellent mechanochemical properties, good corrosion
resistance, and biocompatibility, titanium and titanium alloys
are currently the preferred artificial implant materials in
orthopedic surgery.1,2 However, the surface inertness of
titanium metal is prone to poor osseointegration with the
host bone after implantation, leading to complications such as
loosening or infection, causing serious consequences such as
loss of function, surgical failure, or even revision surgery.3,4

Therefore, the rapid formation of strong and durable
osseointegration between the endograft and the host bone is
an urgent problem for orthopedic surgeons to solve.
3D printing technology has the great advantage of

personalized and precise customization, combining the
excellent characteristics of titanium, customizing it according
to the patient’s original bone structure, creating implants with
the same shape and similar microstructure as their bone, using
the advantages of shape matching to maximize the recovery of
biomechanics, shortening the process of soft tissue readapt-
ation, and better realizing the rapid formation of strong and
durable osseointegration between the endophyte and the host
bone.3,5,6

Despite these advantages of 3D-printed titanium alloys,
postorthopedic surgical infections remain a catastrophic
complication of orthopedic surgery, causing significant mental
and financial damage to patients.7,8 The main cause of these
infections is bacteria adhering and multiplying on the implant

surface and forming a biofilm.9,10 Once bacteria form a biofilm
on the implant surface, they resist the immune system’s
defense and become resistant to the drug.11−14 To avoid
infection, patients have to take high doses of oral or injectable
antibiotics for a long time after surgery to prevent
infection.15,16 The antibiotics taken usually work systemically
and cause some damage to the body but are not effective
enough to act on the surgical site. Therefore, due to the
challenges in the treatment of antibiotic-mediated infections,
there is an urgent need for antibiotic-free approaches to
combat bacterial infections to provide more effective and safer
antimicrobial therapy.
In recent years, researchers have designed a range of

antimicrobial materials by modifying the surface of titanium-
based implants that can impart antimicrobial properties to
implants without the use of antibiotics due to their unique
properties to specifically interrupt bacterial physiological
processes such as DNA replication, cell membrane perme-
ability, etc.17,18 For example, silver has been incorporated into
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a Ti implant surface as silver ions can disrupt bacterial cell
membranes and eliminate contact with bacteria.19,20 Although
these strategies have reduced bacterial colonization of implant
surfaces and antibiotic misuse, their drawbacks have gradually
been identified, which include insufficient drug loading, poor
hydrophilicity, and biocompatibility, which in turn limit their
clinical application.19,21,22

Elemental iodine is an essential trace element that plays an
important role in energy metabolism and neurodevelopment in
the human body. Thereafter, iodine has strong antibacterial
properties, eradicating established biofilms by disrupting the
structure of cells and interfering with the expression of genetic
material.23,24 To date, no clinical cases of iodine-induced drug-
resistant bacteria have been reported, making iodine an
outstanding candidate to replace antibiotics.25

Electrodeposition is considered a simple and economical
technique for the preparation of surface coatings. A wide range
of coating properties (e.g., wettability, corrosion and abrasion
resistance, etc.) can be achieved through fine control of
deposition parameters such as electrolyte composition, current
density, and operating temperature.26,27

Aiming at these problems, in this study we combined 3D
printing technology with electrochemical deposition to address
insufficient drug loading, poor hydrophilicity, and biocompat-
ibility faced by orthopedic implants. We utilized 3D printing
technology to improve surface bone integration and drug

loading and electrochemical deposition to alter the surface
wettability and form a consistent, even layer of iodine on a 3D-
printed titanium implant. We performed in vitro studies to
demonstrate the effectiveness of iodine-doped titanium
implants in inhibiting bacterial adhesion and biofilm formation,
which are critical factors in the development of implant-
associated infections. Furthermore, the potential for controlled
and sustained release of iodine from the implant surface offers
a promising strategy for maintaining long-term antibacterial
activity without negatively affecting the surrounding tissue.

2. MATERIALS AND METHODS
Unless specified, chemicals were purchased from Shanghai
Aladdin Biochemical Technology Co., Ltd.
2.1. Fabrication of 3D-Printed Titanium Implant. Ti−

6Al−4 V powder and sheets used in this experiment were
prepared by the Ningbo Branch of the Chinese Academy of
Weapons Science. The Ti−6Al−4 V powder was synthesized
by using the electrode induction gas atomization (EIGA)
method. The powder was spherical or nearly spherical
(sphericity = 0.9, typical particle size range is 15−53 μm).
The additive manufacturing process was conducted with an
EOS M290. The parameters for the printing process are listed
as follows, P = 280 W, h = 0.03 mm, d = 0.14 mm, and v =
1200 mm/s, in which P represents the laser power (W), h
represents the layer thickness of the layered powder (mm), d

Figure 1. Surface morphology and element content of the implant. (A) Surface morphology of Ti, Ti−I, 3D-Ti, and 3D-Ti−I. (B) EDX pattern of
Ti, Ti−I, 3D-Ti, and 3D-Ti−I.

Figure 2. (A) Full peaks of Ti, Ti−I, 3D-Ti, and 3D-Ti−I surface XPS. (B) High-resolution narrow peaks of Ti−I and 3D-Ti−I surface iodine. (C)
Water contact angles of Ti, Ti−I, 3D-Ti, and 3D-Ti−I. (D) ICP-MS detection of the cumulative release of Ti−I and 3D-Ti−I from samples in PBS
buffer.
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represents the line spacing (mm), and v represents the laser
scanning speed (mm/s); hence, the energy density of the
process could be described as formula 1

=
· ·

E
P

h v d (1)

2.2. Doping of Iodine. After cleaning with acetone and
alcohol, titanium alloy samples were placed at the anode of an
electrophoresis tank; the cathode was a stainless steel plate,
and the cathode and anode plates were spaced 10 cm apart. A
mixture of 0.4 wt % polyvinylpyrrolidone iodine and 0.4 wt %
KI solution was used as the electrolyte. The reaction was then
carried out under a constant voltage of 15 V for 30 min with
protection from light. After the reaction, the surface of the
sample was rinsed three times with deionized water to remove
unbound impurities and then dried with cold air for
subsequent experiments.
2.3. Characterization of Implants. Scanning electron

microscopy (SEM) (Hitachi SU-70, Japan) and energy
dispersive spectroscopy (EDS) were performed to observe
surface topography and determine the elemental content of
implants. X-ray photoelectron spectroscopy (XPS) was used to
determine the surface element content and the chemical state

of the laden element. Water contact angle measurements were
conducted by using a contact angle instrument (KRUSS
DSA25S, China). Ti and 3D-Ti cylinders with a diameter of 5
mm and a height of 2 mm were tested for mechanical
properties using a universal testing machine (Instron, USA).
The porosity was detected by a Micro-CT (PINGSENG
Healthcare Inc., China). The release profile was assessed by
submerging the implants in PBS at 37 °C. The iodine content
was determined with ICP-MS (Agilent 7800, USA).
2.4. In Vitro Biocompatibility Assay. MC3T3-E1

subclone 14 (CAS, China) cells were cultured in 10% FBS
(Corning, USA) supplemented MEM-α (Vivacell, China)
under 5% CO2 and 37 °C. Cellular compatibility assays were
performed by directly culturing cells on the implant. A total of
5 × 1 × 103 cells were seeded onto the implant in a 96-well
plate. On days 1, 3, and 5, the cck-8 assay was performed
according to the manufacturer’s protocol. Cell adhesion was
observed with confocal laser scanning microscopy (CLSM,
Leica SP8, Germany). After 1 day of culturing, attached cells
were fixed in paraformaldehyde permeabilized with 0.2%
Triton X-100 and stained with phalloidin-FITC and DAPI.
For the hemolytic assay, Triton X-100 (1%) and saline

(0.9%) were employed as positive control (PC) and negative

Figure 3. Biocompatibility of implants. (A) MC3T3-E1 cell viability was evaluated with cck-8. (B) Hemolysis assay. (C) MC3T3-E1 cell adhesion,
stained with FITC-phalloidin and DAPI.
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control (NC) samples and were added to the centrifuge tubes,
respectively. Then, equal amount of RBC saline resuspension
was added to each tube. The centrifuge tubes were then
incubated in a 37 °C incubator for 3 h. Finally, all tubes were
centrifuged at 1600 rpm for 8 min, and the absorbance of the
supernatant was measured at 545 nm. The hemolysis rate was
calculated according to formula 2

= ×
A A

A A
hemolysis rate (%)

( )
( )

100%s nc

pc nc (2)

where As, Anc, and Apc are the absorbance values of the
experimental group, negative control group, and positive
control group, respectively.
2.5. Antibacterial Effect of Iodine-Doped Implant.

The antibacterial effect of the samples was evaluated with the
plate counting method. The samples were UV sterilized and
placed in a 24-well plate. After rinsing three times with PBS, 1
mL of 1.0 × 106 cfu/mL tryptic soy broth (TSB) Staph-
ylococcus aureus (S. aureus) or Escherichia coli (E. coli)
suspension was added to each well. After incubating statically
for 24 h at 37 °C, the samples were sonicated for 5 min to
disassociate the adhered bacteria. The sonicated bacteria
suspension was inoculated to PCA agar plates and incubated
for 24 h before counting bacterial colonies.
The antibacterial properties of the samples were determined

by live−dead fluorometry. After 24 h of coincubation with TSB
bacterial suspension, the samples were washed three times with
PBS and tested for bacterial viability using the LIVE/DEAD
BacLight Bacterial Viability Kit (L7012, Thermos Fisher
Scientific, USA) according to the manufacturer’s protocol.
Samples were observed using CLSM.
2.6. Reactive Oxygen Species Levels. Intracellular levels

of reactive oxygen species (ROS) were measured with the

fluorescent probe 2′,7′-dichlorodihydrofluorescein diacetate
(DCFH-DA, Beyotime, Shanghai, China). DCFH-DA can be
deacetylated and oxidized after crossing the membrane of
living bacteria to form fluorescent 2′,7′-dichlorofluorescein
(DCF). The fluorescence intensity of DCF was detected by
CLSM. Bacteria grown on cell plates without any intervention
were used as negative controls (NCs). Samples were incubated
with bacterial suspensions under 37 °C for 24 h before the
original medium was removed, and the samples were rinsed
three times with PBS. The samples were then stained with
DCFH-DA for 30 min under dark conditions, followed by the
removal of excess dye by PBS. Finally, the samples were
observed by CLSM.

3. RESULTS AND DISCUSSION
3.1. Fabrication and Characterization of Implant. As

illustrated in Figure 1, SEM and EDS were employed to
examine the surface morphology and elemental composition.
The morphologies of Ti and 3D-Ti differ significantly. The
titanium alloy exhibits a smooth surface, whereas 3D-Ti
displays micrometer-sized spherical structures resulting from
the additive manufacturing process. Upon loading iodine onto
the substrate, a noticeable morphological change was observed,
as evidenced by comparing iodine-doped 3D-printed Ti alloy
(3D-Ti−I) with 3D-Ti. The successful incorporation of iodine
was further corroborated by EDS, showing 10.66 wt % iodine
content in 3D-Ti−I and 5.7 wt % in iodine-doped Ti alloy
(Ti−I). There is no evident change in mechanical properties
between 3D-Ti and Ti as the porosity of 3D-Ti is ∼8.3%. The
enhancement in loading content may be attributed to the
rough surface of 3D-Ti, which facilitates iodine attachment and
adherence to the substrate, thus enhancing the loading
efficiency.

Figure 4. (A) Plate colony counts result from the antibacterial effect of the iodine-doped implant. (B) Quantified outcomes of the plate count.
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As shown in Figure 2, we investigated the superficial
element’s chemical state with XPS, and the laden iodine is
observed to be a mixture of iodine monomers with I−. The
iodine monomer and I− peaks are at ∼630.0 and 617.35 eV
(Figure 2B). Figure 2C depicts that the surface of Ti−I
(73.03° ± 3.48°) and 3D-Ti−I (14.17° ± 2.26°) sheets
become more hydrophilic compared with those of Ti (77.70°
± 6.88°) and 3D-Ti (116.9° ± 2.21°). The release profile of
iodide ions in the Ti−I and 3D-Ti−I groups for 7 days is
shown in Figure 2D. An initial burst release of iodide ions was
observed on the first day; this indicates the rapid release of
iodine ions from the Ti−I and 3D-Ti−I surfaces, followed by
an equilibrium release on days 3, 5, and 7. Whereas the initial
adhesion time of the bacteria on the surface of the implant is
4−6 h, and once stable bacterial adhesion is formed, the
biofilm is formed within 12−18 h. The explosive release of
iodine thus ensures that the bacteria are eliminated or
suppressed at an early stage. In addition, the 3D-Ti−I group
released more iodide ions than did the Ti−I group, matching
the results of Figure 2A,B.
3.2. Biocompatibility of Iodine-Doped Implant. The

biocompatibility of medical implants is crucial for their
successful application. In this study, we evaluated cytotoxicity,
hemocompatibility, and cell adhesion. MC3T3-E1 preosteo-

blasts were used to assess cytotoxicity and cell adhesion. As
depicted in Figure 3A, no cytotoxicity was observed during the
5 day culturing period, indicating that neither 3D printing nor
iodine doping adversely affected cell growth on the implant.
This result is further supported by the cell adhesion assay
shown in Figure 3C. Adhered cells were stained with FITC-
phalloidin and DAPI. No significant differences were observed
between the iodine-laden group and the substrate.
Numerous studies have demonstrated the beneficial effects

of rough surfaces on bone regeneration and cell adhesion,
suggesting that the granulated structure could be advantageous
in an in vivo environment.28,29 This structure may lead to
increased pull-out force and improved tissue regeneration.30 In
addition to these findings, we assessed hemocompatibility to
ensure the implant’s compatibility with blood components and
prevent thrombus formation, a critical factor in the perform-
ance of medical implants.31 As shown in Figure 3B, the results
indicated no significant adverse effects on blood compatibility,
further supporting the implant’s biocompatibility.
Despite these promising results, further investigation is still

required to determine the precise influence of the granulated
structure on the physiological response. Future studies should
focus on the long-term effects of the granulated structure on
cell behavior, tissue integration, and overall implant perform-

Figure 5. Live/Dead staining of S. aureus and E. coli on the surfaces of implants.
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ance. By expanding our understanding of these factors, we can
optimize the implant design and fabrication process, ultimately
enhancing the success rate of medical implants in various
clinical applications.
3.3. Antibacterial Effect of Iodine-Doped Implant. A

large body of literature indicates that bacterial infection is one
of the main causes of the clinical failure of titanium and
titanium alloys as orthopedic implants.32,33 Once bacterial
adhesion occurs on the implant surface, bacterial colonies and
biofilms will gradually form and disrupt the function of the
implant.34,35 Previous studies have shown that the early 4−6 h
of bacterial adhesion is essential for long-term resistance to
bacterial-associated infections and is particularly impor-
tant.36,37

To reveal the antimicrobial properties of different titanium
surfaces, the antimicrobial effect of the titanium surfaces was
measured by the plate counting method after 6 and 24 h of
cocultivation of bacteria with the materials, respectively, S.
aureus and E. coli, which were tested for their in vitro
antibacterial activity. As illustrated in Figure 4, both Gram-
positive and Gram-negative bacteria exhibited significantly
reduced growth when treated with iodine-doped implants.
Additionally, we observed that the antibacterial activity of 3D-
printed titanium implants with iodine (3D-Ti−I) was
significantly more effective than that of conventional titanium
implants with iodine (Ti−I).
This enhanced antibacterial effect could be attributed to the

increased surface area of 3D-Ti, which allows for a greater
amount of iodine to be loaded onto the implant. Moreover, the
rough and granulated surface of 3D-Ti may facilitate better
contact between the iodine-doped implant and the bacteria,
increasing the efficacy of the antibacterial action. This finding
underscores the potential of 3D-printed implants with iodine

for combating a broader spectrum of bacterial infections and
reducing the risk of implant-associated infections.
By understanding the role of surface properties, such as

porosity and wettability, in the bactericidal action of iodine-
doped 3D-printed titanium implants, as well as the release
kinetics of iodine from the implant surface and its interaction
with bacterial cells, we can develop more effective strategies for
optimizing the antibacterial properties of medical implants.
This will ultimately contribute to reducing the risk of
postoperative infections and improving patient outcomes.
To gain additional insights into the antimicrobial effect of

the fabricated implants, we conducted live/dead staining of E.
coli and S. aureus on the surfaces of the implants. As
demonstrated in Figure 5, the bacteria on 3D-Ti appeared to
be localized in the indentations of the 3D-Ti structure. This
unique distribution pattern could hinder biofilm formation,
further contributing to the antimicrobial properties of the
implant.
The antimicrobial effect of iodine-doped implants is evident

on the implant surface. The number of bacteria is significantly
reduced, with only a few dead bacteria detected as red in the
image. This observation suggests that the iodine-doped
implants not only inhibit bacterial growth but also actively
induce bacterial cell death, thereby enhancing the overall
antimicrobial activity. The combination of 3D-Ti’s structural
features and iodine doping appears to provide a synergistic
effect, leading to an even more potent antimicrobial response.
The rough and granulated surface of the 3D-Ti implant,
coupled with the presence of iodine, creates a hostile
environment for bacterial colonization and biofilm develop-
ment.
3.4. Antibacterial Mechanism of the Iodine-Doped

Implant. We conducted a preliminary study of the
antibacterial mechanism of iodine-doped implants. Numerous

Figure 6. Antibacterial mechanism for the Ti−I and 3D-Ti−I groups. (A) Intracellular ROS fluorescent signal of the bacteria on the different
substrates (green fluorescent signal shows the DCF). (B) Quantitative analysis and (C) ROS intensity of E. coli and S. aureus.
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previous studies have shown that intracellular ROS production
is a key mechanism for the effective killing of invading
bacteria.24,38−40 In this study, the fluorescence intensity of
DCF was used to respond to the intracellular ROS level of
bacteria. As shown in Figure 6A, significant green fluorescence
signal was observed in the 3D-Ti−I group compared with the
control group. These results suggest that 3D-Ti−I can induce
the production of intracellular ROS in bacteria. Quantitative
analysis of ROS staining showed that iodine doping on the 3D-
Ti significantly increased intracellular ROS in bacteria attached
to the surfaces (Figure 6B,C).

4. CONCLUSIONS
In this study, we fabricated an iodine-doped 3D-printed Ti
alloy for antibacterial therapy on orthopedic implants.
Compared with the iodine-doped titanium alloy, the results
showed that the iodine-doped 3D-printed titanium alloy is
loaded with more iodine and has better hydrophilicity as well
as a better antibacterial effect and no obvious cellular toxicity.
Therefore, this material is a promising candidate for the
treatment of implant-associated infections.
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