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Abstract: Periprosthetic infection is one of the trickiest clinical problems, which often leads to
disastrous consequences. The emergence of tantalum and its derivatives provides novel ideas and
effective methods to solve this problem and has attracted great attention. However, tantalum was
reported to have different anti-infective effects in vivo and in vitro, and the inherent antibacterial
capability of tantalum is still controversial, which may restrict its development as an antibacterial
material to some extent. In this study, the polished tantalum was selected as the experimental object,
the implant-related tibia osteomyelitis model was first established to observe whether it has an
anti-infective effect in vivo compared to titanium, and the early studies found that the tantalum had a
lower infectious state in the implant-related tibia osteomyelitis model in vivo than titanium. However,
further in vitro studies found that the polished tantalum was not superior to the titanium against
bacterial adhesion and antibacterial efficacy. In addition, we focus on the state of interaction between
cells, bacteria and materials to restore the internal environment as realistically as possible. We found
that the adhesion of fibroblasts to tantalum was faster and better than that of titanium. Moreover,
what is more, interesting is that, in the early period, bacteria were more likely to adhere to cells that
had already attached to the surface of tantalum than to the bare surface of it, and over time, the cells
eventually fell off the biomaterials and took away more bacteria in tantalum, making it possible
for tantalum to reduce the probability of infection in the body through this mechanism. Moreover,
these results also explained the phenomenon of the “race for the surface” from a completely different
perspective. This study provides a new idea for further exploring the relationship between bacteria
and host tissue cells on the implant surface and a meaningful clue for optimizing the preparation of
antibacterial implants in the future.

Keywords: biomaterials; tantalum; race for the surface; implant-associated infection

1. Introduction

As an indispensable treatment for the restoration of function in modern medicine,
biomaterial implants often fail because of implant-associated infection (IAI) [1]. Ortho-
pedic IAl is a serious complication occurring in 1-2% after closed and in up to 30% after
open fractures [2]. There are about 55,000 deaths from IAI annually in the USA, and the
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average cost of treating plant infections is up to $100,000 [1,3], which brings great pain and
financial burden on patients. In addition, owing to the increase in antibiotic resistance and
the difficulties in developing new antibiotics, hopeful strategies are urgently needed to
change this situation [4,5]. In recent years, the antibacterial materials based on inorganic
metal nanoparticles and their derivatives have been widely studied to prevent and treat
biomaterial-related infections [6-9]. However, due to the inherent characteristics of most
antibacterial nanomaterials, they not only have toxic effects on bacteria but also negatively
affect the functions of normal human cells and tissues, thus limiting the application and
clinical transformation of these new materials as implant coatings [10-14].

In recent years, clinically, titanium (Ti) and its derivatives have been widely used as
implant materials in orthopedic surgery. Until now, the development of new titanium alloys
has greatly optimized the mechanical properties of implants [15-19].Therefore, the focus
of the urgent solution should be to select potential biomaterials to improve the effective
antibacterial activity of implants and minimize their biological toxicity [20-23]. Tantalum
(Ta) is considered a bioinert metal, which has attracted much attention because of its ex-
cellent chemical stability, biocompatibility, osteogenic activity, and corrosion resistance,
and it has been widely applied in orthopedics and dentistry [24-28]. Moreover, Ta can
effectively improve the capability of adhesion, proliferation, and differentiation of bone
marrow mesenchymal stem cells and osteoblasts and promote osteogenic-related gene
expression [29,30]. Especially porous Ta, as one of the excellent tantalum derivatives, has
achieved gratifying results in clinical studies because of its appropriate elastic modulus
and superior ability to induce bone regeneration [31-33]. In addition, tantalum and its
derivatives are also reported to have effective antibacterial properties, but the inherent
antibacterial activity of tantalum is still controversial. Different forms of tantalum, in-
cluding metal ions and solid state, have been reported to have significant antibacterial
activity [34,35]. Schildhauer et al. described that S. aureus had lower adhesion to pure
tantalum than other common metal implant materials in vitro bacterial adhesion test [35].
At the same time, the structure of porous tantalum materials creates a suitable environment
for bacterial colonization [36]. Moreover, in the in vitro experiments, porous tantalum
did not show significant antibacterial properties [37]. However, it was demonstrated
with satisfactory bony integration even if long-standing infection at the implantation site
in the in vivo experiments [38]. Therefore, it is essential to further explore the inherent
antibacterial properties of tantalum [26].

In this study, we first carried out in vivo tests and observed that the infection degree of
the tantalum group was lighter than that of the titanium group, which prompted the authors
to further continue in vitro tests to explore the possible mechanism behind these results.
However, some interesting phenomena have been found in the author’s experiments;
compared with titanium, fibroblasts not only adhered to tantalum more effectively. In the
early period, bacteria also tend to adhere to the surface of cells rather than tantalum in the
co-culture environment of cells and bacteria. The experimental results provide an idea for
a further understanding of the relationship between host tissue and bacteria in the internal
implant environment and can also be said to further explore the theory of “the race for the
surface” from another point of view.

2. Materials and Methods
2.1. Sample Preparation and Characterization

Commercial pure titanium (Grade IV, ASTM) and tantalum (Ta2, YST 751-2011) were
supplied by BAOTI Group (Baoji, Shaanxi, China)., China. In the in vitro tests, pure
titanium and pure tantalum were prepared in 10 mm x 10 mm x 1 mm size and carefully
polished to a mirror finish with abrasive paper and ultrasonically washed using ethanol and
ultrapure water. The surface topography of Ta and Ti was evaluated using a field-emission
scanning electron microscope (FE-SEM; 5-4800, Hitachi, Japan). The depth profiles and
chemical state of elements were examined by X-ray photoelectron spectroscopy. (XPS; PHI
5802, Physical Electronics Inc., Eden Prairie, MN, USA). The roughness of the surface in
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Ta and Ti has been evaluated by atomic force microscopy (AFM) before, as described in
our previous paper [39]. Moreover, the contact-angle instrument (SL200B; Shanghai Solon
Information Technology Co., Ltd., Shanghai, China) was used to measure the water contact
angles of each sample. In addition, in the in vivo tests, the same materials were used to
fabricate polished Kirschner wires with a length of 10 mm and a diameter of 1.2 mm.

2.2. Bacteria Preparation and Characterization

Freeze-dried Staphylococcus aureus (S. a; ATCC 43300) were get from the American
Type Culture Collection (Manassas, VA, USA). Referring to the methodology of the author’s
previous research [40], the Bacterial concentration used in the in vitro tests was 1 X 106
colony forming units (CFUs)/mL in Trypticase Soy Broth (TSB; BD Biosciences, Franklin
Lakes, NJ, USA), which was 1 x 10° CFUs/mL in PBS in the in vivo tests.

2.3. Implant-Related Tibia Osteomyelitis Model in Rats

The experimental protocol was approved by the Animal Care and Experiment Com-
mittee of Shanghai Sixth People’s Hospital, Affiliated with Shanghai Jiao Tong University
School of Medicine (No: DWLL2018-0339). A total of 35 male Sprague Dawley rats (8 weeks)
with an average weight of 215 g (180-255 g) were divided into three groups (Table 1). 0.6%
pentobarbital sodium (0.9 mL/100 g body wt) was injected intraperitoneally into all the
rats. The rats were treated as follows (Table 1). After shaving and disinfecting, a 0.5 cm
long longitudinal incision was made on the tibial anteromedial side of the hind leg. A hole
in the cancellous bone of the proximal metaphysis was drilled between the tibial tuberos-
ity and the tibial plateau with a 1.0 mm-diameter Kirschner wire to enter the medullary
cavity while ensuring the integrity of the surrounding periosteum. Then, 10 uL PBS or
PBS containing S. aureus with a concentration of 1 x 10° CFUs/mL was injected into the
medullary cavity. According to the treatment, three groups of rats were divided into six
groups according to their left and right legs. After bacterial inoculation, a polished metal
Ta or Ti Kirschner wire (length:10 mm, diameter: 0.8 mm) was inserted into the medullary
cavity. The subcutaneous tissue was irrigated carefully with a povidone-iodine solution,
and the fascia and skin were closed in layers. After the operation, the animals were returned
to different cages and allowed to move freely. The animals were allowed to bear weight
and monitored daily. Buprenorphine was used as an analgesic for 2 days, but no antibiotics
were used.

Table 1. Details of animal experiments.

Group Number (n) Left/Right Implant Inoculation Abbreviation
I 10 right leg no 10 uL. PBS Blank
left leg no S.a10° CFU/10 pL S.a
I 10 right leg Ti wire 10 uL PBS Ti
left leg Ta wire 10 uL PBS Ta
I 15 right leg Ti wire S.210% CFU/10 uL Ti+S.a
left leg Ta wire S.a 10 CFU/10 uL Ta+S.a

2.3.1. Radiographic Evaluation

Two weeks after the operation, the animals were photographed with high-resolution
lateral X-ray films under general anesthesia using chloral hydrate. Three independent
observers unaware of the study group evaluated three regions of interest (ROI): proximal
epi-/metaphyseal area, diaphyseal region, and distal epi-/metaphyseal area. Radiographic
assessment was based on the system used by Lucke et al. [41].

2.3.2. Imaging Assay

At 14 days post-surgery, each rat (n = 5) was injected with 18.13-18.87 MBq (490-510 pCi)
of 18F-FDG (Atomic Firm Sinovac Pharmaceutical co., LTD., Beijing, China) in 1.0 mL of
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saline via tail vein. The animals fasted for at least 8 h before the tracer injection. PET/CT
scanning was performed at 40 min post tracer injection with GE Discovery VCT (General
Electric Medical Systems, Milwaukee, W1, USA). The scanning conditions were as follows:
CT scan, 120 kV and 80 mA, 64 slices, thickness 3.75 mm. PET scans were obtained in 3D,
with 2.5 min/bed scanning time, and the animals were anesthetized by weight-adopted
intraperitoneal injection of 0.6% pentobarbital sodium (0.9 mL/100 g body wt). Ordered
subset expectation maximization (OSEM) was used to reconstruct the image iteratively.
Attenuation correction was used in CT. 18F-FDG uptake was reported as the maximum
standardized uptake value (SUVmax), which was calculated as the radioactivity of the
region of interest (ROI) divided SUVmax for Ti+ S. a group, Ta+ S. a group were acquired,
then the SUVmax differences between groups were compared.

2.3.3. Microbiological Evaluation

After 14 days, 5 rats from III were sacrificed, and bilateral tibia was retrieved asepti-
cally, followed by soft tissue removal and Kirschner wire explanted. To quantify bacteria
adhesion, the explanted Kirschner wires were sonicated and vortexed to remove adhered
bacteria in 4 mL PBS. The spread plate method was used to count the adhered bacte-
ria. Then tibiae were selected randomly, frozen quickly, and ground into powder under
aseptic conditions [42]. One tibial powder was agitated for 3 min in 2 mL PBS. After
10,000x g centrifugation for 15 s, the supernatant was continuously diluted (10 times), and
the CFU/tibia was analyzed by the spread plate method.

2.3.4. Histopathologic Evaluation

Masson’s trichrome staining was used to evaluate the morphological change on the
tibia, and Giemsa staining was chosen to identify the residual bacteria. Five rats from III
were sacrificed, and Kirschner wires were explanted. The proximal tibia obtained from each
group was decalcified in EDTA for 2 weeks, followed by dehydration and embedded in
paraffin. Each specimen was cut to a 5 cm sagittal section and dyed by Masson’s trichrome
staining and Giemsa staining, respectively.

2.4. In Vitro Antibacterial Assay

A total of 1 mL of prepared S. aureus suspension (1 x 10° CFU/mL) was added into
the 24-well plate containing Ti and Ta plates and cultured for different periods (3, 6, 12,
and 24 h) at 37 °C. At each time point, the spread plate method was used to calculate the
number of planktonic bacteria and to analyze the bacteria adhered to the surface of the
samples using SEM after ultrasonic vibration [43].

The viable planktonic bacteria were calculated in the culture medium at each time
point. The bacteria loosely adhered to the samples were carefully cleaned with PBS, and the
adhered bacteria were separated ultrasonically for 5 min to 3 mL PBS under the frequency
of 50 Hz in an ultrasonic bath (B3500S-MT, Shanghai Branson Ultrasonic Co., Shanghai,
China) [44]. The solution was diluted 10 folds and plated on sheep blood Agar in triplicate,
followed by incubation overnight at 37 °C. The account of CFUs was calculated according
to the National Standard of China GB/T 4789.2 protocol. The samples were rinsed with
PBS, fixed with glutaraldehyde solution for 4 h, then dehydrated for 10 min in gradient
ethanol series, and finally dehydrated in anhydrous ethanol (twice), freeze-dried, coated
with gold, and examined by SEM.

2.5. Cell-Surface Interactions

Human gingival fibroblasts (HGF-1) (Stem Cell Bank, Chinese Academy of Sciences,
Shanghai, China) were used in the cell adhesion experiment; the cells were inoculated in
24-well plates containing samples with the concentration of 1 x 10° cells/well and incu-
bated in the Dulbecco’s modified eagle medium (DMEM; Gibco Invitrogen, Inc., Carlsbad,
CA, USA) with 10% fetal bovine serum (HyClone, South Logan, UT, USA), 100 U/mL
penicillin and 100 ug/mL streptomycin at 37 °C. For morphological observations, the
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samples were seeded with HCF-1 in 24-well plates at the concentration of 1 x 10° cells
per well. In different cultured periods (3, 6, 12 and 24 h), the cells were fixed for 10 min
with paraformaldehyde, followed by permeabilized for 5 min by Triton X-100 (Amresco,
WA, USA). Then, Rhodamine-phalloidin (Sigma, CA, USA) and DAPI were used to stain
the cells for 30 min and 10 min, respectively. Finally, the cells were observed under a
fluorescence microscope. The cell’s coverage area was measured by Scion image software.
There were three different samples in each group, and each sample was selected randomly
from five different horizons. For cell counting, the samples were carefully cleaned with PBS
twice and digested using Trypsin-EDTA (TE, Gibco Invitrogen, Inc., Carlsbad, CA, USA).
Cell number was counted by Cell Counting Instrument (AMQAX 1000, Thermo Fisher
Scientific, Waltham, MA, USA).

The protein concentration was measured by a Bio-Rad protein analysis kit. Equivalent
to polyvinylidene fluoride (PVDF) membrane (PAL). The membrane was incubated with
rabbit antibody FAK, phosphorylated FAK (Tyr397) and GAPDH (Cst,1:1000 dilution)
overnight at 4 °C. Then, the goat anti-rabbit antibody labeled with horseradish peroxidase
was used to detect the first anti-60 min in TBST. The second binding antibody was displayed
by enhanced chemiluminescence (ECL). Protein bands were quantified by TotalLabQuant
of amersham in England. In the western blot experiment, after incubation for different
periods (3, 6, 12, and 24 h), the protein extraction reagent was used to lyse the cells
according to the protocols [45]. A Bio-Rad protein analysis kit was used to measure the
protein concentration. The proteins were separated and transferred to a polyvinylidene
fluoride membrane. The membranes were probed with primary antibodies overnight at
4°C, followed by incubation with horseradish peroxidase-labeled secondary antibody for
60 min and washed in TBST three times for 10 min. The proteins were measured using the
Total Lab Quant (Amersham, UK).

2.6. Co-Culture Assay

To detect bacterial adhesion in the co-culture environment of bacteria and cells. 100 pL
S. aureus suspension with the concentration of 1 x 10® CFUs/mL and 1 x 10% cells were
co-cultured to each of the samples in a 24-well plate with a modified culture medium and
statically incubated for different periods (3, 6, 12 and 24 h) at 37 °C. The modified culture
medium included 98% regular growth medium and 2% TSB. To observe the interaction
of cells and bacteria with materials in the co-culture environment, the cells and bacteria
were fixed and dyed using rhodamine-phalloidin and DAPI following the above protocols,
followed by stained using SYTO 9 (Invitrogen, Carlsbad, CA, USA) for 15 min and examined
under a fluorescence microscope. In addition, the samples were fixed with glutaraldehyde
solution for 4 h, followed by dehydrated successively with a gradient ethanol series for
10 min and dehydrated as mentioned above, and observed using SEM. To quantify bacteria
adhesion for 3, 6, 12, and 24 h, the samples were carefully washed with PBS three times and
sonicated and vortexed to remove adhered bacteria in 4 mL PBS. The spread plate method
was used to count the adhered bacteria.

2.7. Statistical Analysis

The experiments were repeated in triplicate, and the data were presented as means
=+ standard deviations. The differences were analyzed using the one-way ANOVA and
Student-Newman-Keuls post hoc tests and considered to be significant or highly significant
if “p” values < 0.05 or 0.01, respectively.

3. Results
3.1. Sample Characterization

The surface topography of the samples is exhibited in Figure 1. SEM images of the
polished Ta and Ti are illustrated in Figure 1a. The surface structure of both samples shows
a flat and smooth topography. As shown in Figure 1b, characteristic peaks of Ta 4f, Ta
4d5, Ta 4s, and Ta 4p in the Ta sample were examined by XPS. The surface roughness of
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Ti and Ta examined by AFM was 42.95 & 5.13 nm and 42.87 &+ 5.13 nm, respectively, in
our previous paper [39]. Furthermore, there was no significant difference between Ta and
Ti in the surface roughness. In addition, no significant difference was observed between
polished Ti and Ta, considering the surface wettability (Figure 1c).
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Figure 1. Sample characterization. (a) The surface topography of Ti and Ta was examined by FE-SEM.
(b) XPS full spectra of Ti and Ta samples. (c) The water contact angle values for the polished Ti and

Ta groups.

3.2. In Vivo Antibacterial Property
3.2.1. Radiographical Assessment

As shown in Figure 2a, the radiographic signs of obvious osteolysis, periosteal reaction
and slight soft tissue swelling were observed using X-ray after 2 weeks. There were no
obvious signs of osteomyelitis in Blank, S. 4, Ti and Ta groups. Ta + S., a group, was
demonstrated with similar radiographic signs but less than Ti + S., a group, by X-rays.
There was no deformity but swelling soft tissue in group Ta + S. a. In both groups,
however, there were no significant advances in new bone formation, periosteal elevation
and continuous deformities.

SUVmax value

Figure 2. Imaging results and assessment. (a) X-rays of the tibia in lateral view. (b) PET/CT imaging
of Ti + S. a and Ta+ S. groups. (c¢) SUVmax value in different groups. (* “p” < 0.05, ** “p” < 0.01).
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3.2.2. 18F-FDG PET/CT Imaging Evaluation

PET/CT imaging showed that the uptake of 18F-FDG in Ti + S. a site was significantly
higher than that in Ta+ S. a site with the mean SUVmax ratios of 1.92 (SD 0.37) and
1.43 (SD 0.34), respectively (“p” < 0.022) (Figure 2b,c).

3.2.3. CFU of Tibia and Kirschner Wires

There were no bacteria cultured from the bone powder in Blank, S. a, Ti and Ta groups
and no bacteria can be cultured from Ti and Ta groups (Figure 3a). The CFU of the tibia and
Kirschner wires from group Ti+ S. a were more than that of group Ta+ S. a. (Figure 3a—c).

a Blank S.a Ti Ta Ti+S.a Ta+S.a

CFU of Tibia

CFU of Implants
s

1.0x10¢+
b = c
3.0x105] "
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S £ om0
. .
g aoxt0 g b
2.0x10%3 B 1.0x100
2
0

°

\"99 L
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2 ¢
&2 &

Figure 3. The antimicrobial results of different groups in implant-related tibia osteomyelitis model.
(a—c) quantitative results of tibia powders and Kirschner wires were obtained from different groups.
(**“p” <0.01).

3.2.4. Histological Evaluation

Surrounding tissues stained with Masson’s trichrome after extraction of Ti and Ta
Kirschner wires (Figure 4a) showed signs of bone infection. There were plenty of fibrous
tissue and inflammatory cells around without bone formation. Giemsa staining section
showed that more bacteria were observed in the fibrous tissue junction and intramedullary
tissue of the Ti + S. a group than Ta+ S. a group (Figure 4b). These results indicated that the
severity of osteomyelitis in group Ta+ S. 2 was milder than that in group Ti + S. a.

3.3. In Vitro Anti-Biofilm Property

SEM imaging showed that bacteria were observed uniformly adhering to the surface
of Ta and Ti without obvious agglomeration (Figure 5a). There was no significant difference
in bacteria adhesion of polished Ta and Ti for 3, 6, 12, and 24 h (Figure 5b). CFU was no
significant reduction when comparing Ti with Ta for 3, 6, 12 and 24 h, since planktonic
bacteria in both materials with plate counts at > 1 x 108 CFUs/mL for 24 h (p = 0.969)
(Figure 5c), There was no significant difference in the antimicrobial activity when comparing
Ti with Ta.
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a Masson's Trichrome staining b Giemsa staining

Figure 4. Histological evaluation of soft tissue of implant-related tibia osteomyelitis model.
(a) Masson’s Trichrome staining of Ti + S. a2 and Ta+ S. a groups. (b) Giemsa staining of Ti + S. 2 and
Ta+ S. a groups and scale bar = 25 um. (the black arrow represents bacteria).
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Figure 5. In vitro antibacterial assay. (a) SEM morphology of bacteria on Ta and Ti surface. (b,c) CFU
of adhered and planktonic bacteria on Ta and Ti group at different time points.

3.4. Cell-Surface Interactions

As indicated in Figure 6a, HGF-1 numbers on Ta samples were significantly more than
those on Ti after 3, 6, and 12 h incubation, but no difference for 24 h. Moreover, the above
statement was also demonstrated by the results of data statistics. (“p” < 0.05) (Figure 6b).
The area spread by cells on the metal ta was larger than those on Ti after incubation for
3, 6 and 12 h and also no difference for 24 h. The cell coverage area on the surface of Ta
exhibited larger than that on the Ti surface at 3, 6, and 12 h (Figure 6¢), The cytoskeleton
and cell morphology showed more extended and multipolar spindle shape compared with
those on the Ti surface at 3, 6 and 12 h. (Figure 6a—c). In addition, Western blot confirmed
that the phosphorylated FAK protein level on the Ta surface was higher than that on the Ti
surface at 3, 6 and 12 h, but no difference at 24 h. (Figure 6d,e).
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Figure 6. Cell-surface interactions and expressions of adhesion-related proteins. (a) Fluorescence im-
ages of cell-sample co-culture. Red represents actin, blue represents nuclei, and the scale bar = 200 pm.
(b,c) The number of cells and cell coverage area on Ta and Ti samples at different time points.
(d,e) Expressions of FAK, phospho-FAK proteins on Ta and Ti. (* “p” < 0.05, ** “p” < 0.01).

3.5. The Race between Bacterial and Mammalian Cells

In observation of immunofluorescence staining shown in Figure 7a, bacteria and cells
were closely attached, rather than scattered respectively, on the surface of tantalum at the
early stage of co-culture (within 3-6 h), moreover, as shown in Figure 7b, the results of
the SEM images further indicated that the cells earlier adhered to Ta surface, then bacteria
adhered to the surface of the cell rather than Ta bare surface, bacteria agglomerated on the
surface of cells rather than uniformly adhered to materials shown in Figure 7a,b. After
12 h, the cells began to necrosis. After washing, they were easy to fall off. As shown in
Figure 7c, at 3 and 6 h of the co-culture system, more bacteria adhered to the tantalum
surface than that titanium, but there was no statistical significance. At 12 h, more bacteria
were adhering to the surface of titanium than that tantalum (“p” < 0.05). After 24 h, there
was no significant difference in the count of bacteria.

DAPI rhodamine phalloidin live stain of bacteria
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-
-]
H

-
°

N
°
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°

@
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o
°

o

Cfu of Adhered Bacteria in Coculture

Time(hours)

Figure 7. Cells and bacteria co-culture experiments. (a) Fluorescence images of cell-bacteria-sample
co-culture. Red represents actin, blue represents nuclei, green represents live bacteria, and the scale
bar = 50 um. (b) Bacteria and cells on the Ta sample were examined by FE-SEM. (c) CFU adhered
bacteria on Ta and Ti samples in co-culture. (* “p” < 0.05).
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4. Discussion

Titanium and its derivatives have been widely used in orthopedics and other fields
because of their superior stability, and a variety of modification methods have been se-
lected to improve the osseointegration and antibacterial properties of titanium-based
implants [7,46-48]. However, many of the antibacterial mechanisms play a role in killing
bacteria through toxicity, including reactive oxygen species (ROS) production and the
destruction of DNA [49]. While these internal implant candidates are sterilized, they will
inevitably hurt the normal host tissue around the implantation site, which in turn may pro-
duce negative effects such as foreign body reactions to prevent the implants from remaining
in the host and failing [50]. Therefore, the preparation of an antibacterial surface must
not only achieve an effective antibacterial effect but also maintain the normal functional
state of tissues and cells and achieve dynamic balance. On the other hand, the selection of
the modification mode, which has superior antibacterial properties and can promote the
adhesion of host cells, is of great significance in improving the ability of bone integration
in implants.

Tantalum has excellent corrosion resistance, and as a component of the implant, it is
beneficial to reduce the local inflammatory reaction of the implant [51]. The presence of
tantalum metal gives the implant good cell biocompatibility and plays an excellent role
in promoting bone regeneration [52,53]. In this study, polished tantalum was selected as
the experimental group, and polished titanium as the control group (Figure 1) to exclude
the influence of the surface structure of materials on the results and explore the inherent
biological properties of Ta. The results also proved that pure titanium could effectively
promote cell adhesion, cytoskeleton extension, and diffusion (Figure 6). The authors
compared the early adhesion of fibroblasts to Ta and Ti; the results showed that tantalum
with good histocompatibility had better adhesion to cells (within 12 h, especially 3 to
6 h) by rhodamine-phalloidin staining and cell counting on the material surface, however,
there was no difference at 24 h because of the proliferation of fibroblasts, with enough
cells covering the surface of the material (Figure 6). The attachment of cells in a complex
biological environment largely depends on the specific interaction between cell surface
receptors and extracellular matrix (ECM) proteins. [54-56]. The results of Western blot for
signaling proteins showed that phosphorylation of FAK was stimulated by Ta surfaces at an
early stage, which is similar to the results of Zhu et al. [57], except that the object of the latter
is Ta -modified micro-nanostructure titanium. Therefore, the early adhesion of fibroblasts
to tantalum is not only reflected in the number of cells but also in the spreading area.

In terms of the antibacterial efficiency of tantalum, tantalum exhibited excellent antibac-
terial properties in the form of metal ions, and the mechanisms include DNA denaturation
and destruction of the signal pathway [34,58]. It can exist in the state of tantalum oxide
and nitride, and both of them have been found to have certain antibacterial activity [59,60].
In addition, Zhang et al. observed that F. nucleatum (F. n.) and Porphyromonas gingivalis
(P. g.) also adhere less to the tantalum coating [61]. However, Harrison et al. observed
that Ta was not demonstrated to possess inherent antibacterial activity compared with
Ti [37]. In vivo studies and clinical studies reported a decline in infection rates in cases of
revision hip arthroplasty with porous tantalum [62,63]. while in the rabbit prosthesis model,
porous tantalum cannot prevent nail infection [64]. In this study, at the early experimental
stage, the differences in antimicrobial properties between Ta and Ti were found in a rat
implant-related infection model (Figure 2). It is worth mentioning that the X-ray findings
in vivo are not very obvious because this study mainly focuses on the early manifestations
of osteomyelitis models, mainly local low-density images in the bone marrow cavity. There
was no obvious periosteal reaction, bone capsule formation, and dead bone formation, and
it was to evaluate the severity of early osteomyelitis more objectively. Therefore, PET/CT
was used to evaluate the severity of osteomyelitis in the Ta-Kirschner wires group, which
showed that the uptake of 18F-FDG was lower in Ta- the Kirschner wires group. The results
of histological examination and microbiological cultures also showed that the number of
bone destruction, inflammatory cell infiltration, and bacteria in the Ta group were less than
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those in the Ti group (Figures 3 and 4). To further explore the potential mechanisms behind
the inconsistent infection degree of tantalum and titanium in vivo, the authors designed
and carried out in vitro experiments. In the subsequent experiments, it was observed that
pure tantalum had no significant inhibitory effect on S. aureus in vitro compared with tita-
nium, indicating that tantalum does not exhibit intrinsic antimicrobial properties (Figure 5).
Conditional pathogens on implant surfaces, operating rooms, surgical equipment, surgeons,
patients themselves, contaminated disinfectants, and others can reach the implant surface
through direct contact, hematogenous dissemination, or endogenous displacement. The
characteristics of implant materials and implant site are important factors affecting the oc-
currence of infection [65]. The study has confirmed that bacterial colonization and adhesion
are the initial factors of orthopedic implant infection. After implantation, proteins (such
as fibrinogen, bole in, compliment, fibronectin, etc.) cells (such as fibroblasts, neutrophils,
mesenchymal stem cells, etc.) from blood or tissue fluid quickly adhere to the implant
surface to form a temporary surface matrix, at the same time, Local coagulation reactions
and complement systems are activated, then immune cells are activated [66]. Therefore, in
this study, the authors established an in vitro model of co-culture with bacteria and cells to
simulate the microenvironment in vivo to some extent (Figure 7). Time points including 3,
6, 12, and 24 h were selected to simulate the early adhesion in vivo and the characteristics
of the interaction discussed between bacteria and cells on the tantalum surface. To simulate
peri-operative infection, in the co-culture experiment, bacteria were permitted to adhere
for 2 h before cell adhesion. In co-culture experiments, cells are planned to be stained for
different periods (3, 6, 12, and 24 h). However, it was found that after the co-culture of
bacteria and cells for more than 6 h, cells began to damage or even die. Cells will be lost in
the process of washing and cannot be evaluated objectively. Surprisingly, early-stage live
bacteria staining demonstrated that the bacteria were extremely close to the cells. Moreover,
SEM observation more intuitively revealed that bacteria were more likely to adhere to
the cell surface and reunite in the co-cultured instead of the surface of Ta (Figure 7a,b).
The study has confirmed that bacterial colonization and adhesion are the initial factors
of orthopedic implant infection. Various factors, such as polarity, van der Waals force,
and hydrophobicity, together regulate the initial bacterial adhesion [67]. This means that
the early adhesion of bacteria or cells to the implant surface has a great impact on the
occurrence of implant infection. More bacteria adhered to the Ta because more cells existed
within hours. As the experiment continued, at 12 h, the cells began to exfoliate, and cell
exfoliation also took away the bacteria attached to them. The bacteria on the surface of
cells were taken away after washing. Considering that there is a powerful immune system
in the normal body environment, including a variety of immune cells that will destruct
bacteria [68], which cannot be reflected in this co-culture model, therefore, at 24 h, the cells
were almost exhausted and could not be compared, and bacteria have completely taken
over the position.

Previously, the theory of “the race for the surface” has been put forward and embraced
by some researchers [69-72]; this theory properly explains the phenomenon of competitive
colonization of bacteria and cells on the implant surface. Moreover, the mainstream
view was that host cell attachment helps to prevent infection (reduce the incidence of
infection) [69,71,73]. On the basis of this theory, foreign bodies could trigger the competition
between host cells and bacteria to colonize the implant surface. [40-42]. In other words,
when the host cells win the competition, the cells will occupy the surface, thus inhibiting
the adhesion and colonization of bacteria. On the contrary, bacteria will invade the surface
of the implant to form biofilms, and the host cells will be suppressed by virulent bacterial
substances, which eventually lead to infection. The results of this competition greatly
determine the infection severity and inhibit organizational integration. Phenomena that
bacteria adhere to the cell surface preferentially rather than directly on the material surface
were observed in these experiments but have not been paid special attention to. The
authors hold the opinions that these phenomena are extremely surprising and interesting
and have remarkable significance. In the early stage, tantalum has the superior capability
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to promote cell adhesion, making cells preferentially adhere to the surface of Ta, and then
bacteria are more likely to adhere to the cells that have already adhered to the surface of
Ta rather than the exposed surface of Ta. Over time, the cells die and fall off, causing the
bacteria attached to their surfaces to fall off as well. As a result, the chance of bacteria
directly adhering to Ta is greatly reduced, which is helpful in reducing the production
of biofilm and the occurrence of implant infection. In addition, bacteria adhered to the
cell surface are more likely to be involved by antibiotics and immune cells regardless
of whether they fall off or not [74]. Considering the different antibacterial properties of
tantalum in vivo and in vitro, some scholars have also given relevant explanations for
the phenomenon that tantalum has a certain capability to resist infection in the body.
Schildhauer et al. reported that porous tantalum effectively activates the immune system
represented by leukocytes, creates a microenvironment conducive to killing bacteria, and
may enhance the defense ability of local hosts [75]. In addition, Yang et al. observed that
the Ta nanomembrane can significantly improve the ability of neutrophils to phagocytize
bacteria and promote macrophages to release pro-inflammatory cytokines. Thus, the
host can exterminate bacteria by regulating the immune environment [76]. Combined
with in vitro experimental results, the bacteria peeled off with the cells exfoliation will
be attacked by many immune cells activated in vivo microenvironment, and tantalum
possesses dual effects on eliminating bacteria in addition to its immune initiating ability, to
achieve the role of preventing implant infection.

This study has some limitations, this study found the above surprising phenomenon
through in vitro immunostaining and SEM observation, but more in vitro, ex vivo, and
in vivo experiments are needed to further explore this phenomenon. Moreover, the authors
chose the most common pathogen of osteomyelitis (S. aureus) as the research object. In
future work, the authors will further study the interaction between Gram-negative bacteria
and cells on the surface of Ta. In addition, the authors will continue to explore and improve
the mechanism behind this phenomenon in the following work. This article is more inclined
to put forward the concept, appealing for more attention to focus on the appearance.

5. Conclusions

The original purpose of the fabrication and development of antibacterial implant
materials is to seek materials with both excellent antibacterial properties and host tissue
protection. The results of this study show that tantalum has good biological compatibility
and contributes to cell adhesion and proliferation. In addition, although tantalum does
not have the inherent antibacterial ability, the discovery that bacteria tend to adhere to the
cell surface rather than the tantalum surface further explains the reason for the difference
between tantalum antibacterial results in vivo and in vitro, which provides a certain basis
for the fabrication of tantalum-based antibacterial implants in the future. In addition,
this finding also brings a new perspective to the manufacture of orthopedic antibacterial
implant materials. On the one hand, more focus needs to be paid to the interaction between
the host, bacteria, and implants, instead of directly targeting bacteria, on the other hand,
biomaterials with good cell adhesion ability deserve more attention, because they may
exert their ability to resist bacterial infection through the way found in this study.

Author Contributions: Conceptualization, H.Q. and H.C.; methodology, X.C., Y.B. and M.H.; soft-
ware, Y.B. and M.H.; validation, H.Q., H.C. and X.C.; resources, H.Q. and H.C.; data curation, X.C.,
Y.B. and M.H.; writing—original draft preparation, X.C.; writing—review and editing, H.Q. and H.C,;
supervision, Y.B. and M.H.; funding acquisition, H.Q. and H.C. All authors have read and agreed to
the published version of the manuscript.

Funding: This work was jointly supported by grants from the National Natural Science Foundation
of China (31771022, 32271399, and 31870945), and the Natural Science Foundation of Shanghai
(21ZR1415700).



J. Funct. Biomater. 2022, 13, 264 13 of 16

Institutional Review Board Statement: The animal study protocol was approved by the Institutional
Review Board of Shanghai Sixth People’s Hospital (protocol code: DWLL2018-0339 and date of
approval: 3 December 2018).

Informed Consent Statement: Not applicable.
Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

Grainger, D.W.; van der Mei, H.C ; Jutte, P.C.; van den Dungen, J.J.; Schultz, M.].; van der Laan, B.F; Zaat, S.A.; Busscher, H.J.
Critical factors in the translation of improved antimicrobial strategies for medical implants and devices. Biomaterials 2013, 34,
9237-9243. [CrossRef] [PubMed]

Trampuz, A.; Widmer, A.F. Infections associated with orthopedic implants. Curr. Opin. Infect. Dis. 2006, 19, 349-356. [CrossRef]
[PubMed]

van Oosten, M.; Schifer, T.; Gazendam, J.A.; Ohlsen, K.; Tsompanidou, E.; de Goffau, M.C.; Harmsen, H.]J.; Crane, L. M.; Lim, E.;
Francis, K.P; et al. Real-time in vivo imaging of invasive- and biomaterial-associated bacterial infections using fluorescently
labelled vancomycin. Nat. Commun. 2013, 4, 2584. [CrossRef] [PubMed]

Theuretzbacher, U.; Outterson, K.; Engel, A.; Karlén, A. The global preclinical antibacterial pipeline. Nat. Rev. Microbiol. 2020, 18,
275-285. [CrossRef] [PubMed]

Baker, S.J.; Payne, D.J.; Rappuoli, R.; De Gregorio, E. Technologies to address antimicrobial resistance. Proc. Natl. Acad. Sci. USA
2018, 115, 12887-12895. [CrossRef] [PubMed]

Nazarov, D.; Ezhov, I.; Yudintceva, N.; Shevtsov, M.; Rudakova, A.; Kalganov, V.; Tolmachev, V.; Zharova, Y.; Lutakov, O.;
Kraeva, L.; etal. Antibacterial and Osteogenic Properties of Ag Nanoparticles and Ag/TiO(2) Nanostructures Prepared by
Atomic Layer Deposition. J. Funct. Biomater. 2022, 13, 62. [CrossRef]

Zhang, C; Li, X.; Xiao, D.; Zhao, Q.; Chen, S.; Yang, F.; Liu, J.; Duan, K. Cu(2+) Release from Polylactic Acid Coating on Titanium
Reduces Bone Implant-Related Infection. J. Funct. Biomater. 2022, 13, 78. [CrossRef]

Siddiqui, H.; Qureshi, M.S.; Haque, F.Z. Biosynthesis of Flower-Shaped CuO Nanostructures and Their Photocatalytic and
Antibacterial Activities. Nano-Micro Lett. 2020, 12, 29. [CrossRef]

Jia, B.; Zhang, Z.; Zhuang, Y.; Yang, H.; Han, Y.; Wu, Q.; Jia, X.; Yin, Y.;; Qu, X.; Zheng, Y.; et al. High-strength biodegradable zinc
alloy implants with antibacterial and osteogenic properties for the treatment of MRSA-induced rat osteomyelitis. Biomaterials
2022, 287, 121663. [CrossRef]

Croes, M.; Bakhshandeh, S.; van Hengel, I.A ].; Lietaert, K.; van Kessel, K.P.M.; Pouran, B.; van der Wal, B.C.H.; Vogely, H.C,;
Van Hecke, W.; Fluit, A.C.; et al. Antibacterial and immunogenic behavior of silver coatings on additively manufactured porous
titanium. Acta Biomater. 2018, 81, 315-327. [CrossRef]

Huang, M.; Ye, K.; Hu, T.; Liu, K;; You, M.; Wang, L.; Qin, H. Silver Nanoparticles Attenuate the Antimicrobial Activity of
the Innate Immune System by Inhibiting Neutrophil-Mediated Phagocytosis and Reactive Oxygen Species Production. Int. J.
Nanomed. 2021, 16, 1345-1360. [CrossRef] [PubMed]

Zhou, J.; Xu, N.S.; Wang, Z.L. Dissolving Behavior and Stability of ZnO Wires in Biofluids: A Study on Biodegradability and
Biocompatibility of ZnO Nanostructures. Adv. Mater. 2006, 18, 2432-2435. [CrossRef]

Cady, N.C.; Behnke, ].; Strickland, A.D. Copper-Based Nanostructured Coatings on Natural Cellulose: Nanocomposites Exhibiting
Rapid and Efficient Inhibition of a Multi-Drug Resistant Wound Pathogen, A. baumannii, and Mammalian Cell Biocompatibility
In Vitro. Adv. Funct. Mater. 2011, 21, 2506-2514. [CrossRef]

Cao, H.; Qin, H,; Li, Y;; Jandt, K.D. The Action-Networks of Nanosilver: Bridging the Gap between Material and Biology. Adv.
Health Mater. 2021, 10, €2100619. [CrossRef] [PubMed]

Celesti, C.; Gervasi, T.; Cicero, N.; Giofre, S.V.; Espro, C.; Piperopoulos, E.; Gabriele, B.; Mancuso, R.; Lo Vecchio, G.; lannazzo, D.
Titanium Surface Modification for Implantable Medical Devices with Anti-Bacterial Adhesion Properties. Materials 2022, 15, 3283.
[CrossRef] [PubMed]

Yuan, Y,; Luo, R.; Ren, ].; Zhang, L.; Jiang, Y.; He, Z. Design of a new Ti-Mo-Cu alloy with excellent mechanical and antibacterial
properties as implant materials. Mater. Lett. 2022, 306, 130875. [CrossRef]

Zhang, S.; Yu, Y.; Wang, H.; Ren, L.; Yang, K. Study on mechanical behavior of Cu-bearing antibacterial titanium alloy implant. .
Mech. Behav. Biomed. Mater. 2022, 125, 104926. [CrossRef]

Jang, T.-S.; Jung, H.-D.; Kim, S.; Moon, B.-S.; Baek, J.; Park, C.; Song, J.; Kim, H.-E. Multiscale porous titanium surfaces via a
two-step etching process for improved mechanical and biological performance. Biomed. Mater. 2017, 12, 025008. [CrossRef]

Lee, H.; Jung, H.-D.; Kang, M.-H.; Song, ].; Kim, H.-E.; Jang, T.-S. Effect of HF/HNO3-treatment on the porous structure and cell
penetrability of titanium (Ti) scaffold. Mater. Des. 2018, 145, 65-73. [CrossRef]

Zhao, F; Zhao, Y.; Liu, Y.; Chang, X.; Chen, C.; Zhao, Y. Cellular uptake, intracellular trafficking, and cytotoxicity of nanomaterials.
Small 2011, 7, 1322-1337. [CrossRef]


http://doi.org/10.1016/j.biomaterials.2013.08.043
http://www.ncbi.nlm.nih.gov/pubmed/24034505
http://doi.org/10.1097/01.qco.0000235161.85925.e8
http://www.ncbi.nlm.nih.gov/pubmed/16804382
http://doi.org/10.1038/ncomms3584
http://www.ncbi.nlm.nih.gov/pubmed/24129412
http://doi.org/10.1038/s41579-019-0288-0
http://www.ncbi.nlm.nih.gov/pubmed/31745331
http://doi.org/10.1073/pnas.1717160115
http://www.ncbi.nlm.nih.gov/pubmed/30559181
http://doi.org/10.3390/jfb13020062
http://doi.org/10.3390/jfb13020078
http://doi.org/10.1007/s40820-019-0357-y
http://doi.org/10.1016/j.biomaterials.2022.121663
http://doi.org/10.1016/j.actbio.2018.09.051
http://doi.org/10.2147/IJN.S292482
http://www.ncbi.nlm.nih.gov/pubmed/33633450
http://doi.org/10.1002/adma.200600200
http://doi.org/10.1002/adfm.201100123
http://doi.org/10.1002/adhm.202100619
http://www.ncbi.nlm.nih.gov/pubmed/34309242
http://doi.org/10.3390/ma15093283
http://www.ncbi.nlm.nih.gov/pubmed/35591617
http://doi.org/10.1016/j.matlet.2021.130875
http://doi.org/10.1016/j.jmbbm.2021.104926
http://doi.org/10.1088/1748-605X/aa5d74
http://doi.org/10.1016/j.matdes.2018.02.059
http://doi.org/10.1002/smll.201100001

J. Funct. Biomater. 2022, 13, 264 14 of 16

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

Cao, H.; Dauben, T.J.; Helbing, C.; Jia, Z.; Zhang, Y.; Huang, M.; Miiller, L.; Gu, S.; Zhang, X.; Qin, H.; et al. The antimicrobial
effect of calcium-doped titanium is activated by fibrinogen adsorption. Mater. Horiz. 2022, 9, 1962-1968. [CrossRef] [PubMed]
Cao, H.; Qiao, S.; Qin, H.; Jandt, K.D. Antibacterial Designs for Implantable Medical Devices: Evolutions and Challenges. J. Funct.
Biomater. 2022, 13, 86. [CrossRef] [PubMed]

Kim, S.; Park, C.; Cheon, K.-H.; Jung, H.-D.; Song, J.; Kim, H.-E.; Jang, T.-S. Antibacterial and bioactive properties of stabilized
silver on titanium with a nanostructured surface for dental applications. Appl. Surf. Sci. 2018, 451, 232-240. [CrossRef]

Qian, H; Lei, T.; Lei, P; Hu, Y. Additively Manufactured Tantalum Implants for Repairing Bone Defects: A Systematic Review.
Tissue Eng. Part B Rev. 2021, 27, 166-180. [CrossRef] [PubMed]

Wang, X.; Ning, B.; Pei, X. Tantalum and its derivatives in orthopedic and dental implants: Osteogenesis and antibacterial
properties. Colloids Surf. B Biointerfaces 2021, 208, 112055. [CrossRef]

Cheon, K.-H.; Park, C.; Kang, M.-H.; Kang, I.-G.; Lee, M.-K,; Lee, H.; Kim, H.-E.; Jung, H.-D.; Jang, T.-S. Construction of
tantalum/poly(ether imide) coatings on magnesium implants with both corrosion protection and osseointegration properties.
Bioact. Mater. 2021, 6, 1189-1200. [CrossRef]

Park, C.; Seong, Y.-].; Kang, I.-G.; Song, E.-H.; Lee, H.; Kim, J.; Jung, H.-D.; Kim, H.-E.; Jang, T.-S. Enhanced Osseointegration
Ability of Poly(lactic acid) via Tantalum Sputtering-Based Plasma Immersion Ion Implantation. ACS Appl. Mater. Interfaces 2019,
11, 10492-10504. [CrossRef]

Lee, M.-K,; Lee, H.; Park, C.; Kang, I.-G.; Kim, ].; Kim, H.-E.; Jung, H.-D.; Jang, T.-S. Accelerated biodegradation of iron-based
implants via tantalum-implanted surface nanostructures. Bioact. Mater. 2022, 9, 239-250. [CrossRef]

Huang, G.; Pan, S.T,; Qiu, ].X. The Clinical Application of Porous Tantalum and Its New Development for Bone Tissue Engineering.
Materials 2021, 14, 2647. [CrossRef]

Wang, N.; Li, H,; Wang, J.; Chen, S.; Ma, Y.; Zhang, Z. Study on the anticorrosion, biocompatibility, and osteoinductivity of
tantalum decorated with tantalum oxide nanotube array films. ACS Appl. Mater. Interfaces 2012, 4, 4516-4523. [CrossRef]
Minagar, S.; Berndt, C.C.; Wang, J.; Ivanova, E.; Wen, C. A review of the application of anodization for the fabrication of nanotubes
on metal implant surfaces. Acta Biomater. 2012, 8, 2875-2888. [CrossRef] [PubMed]

Konan, S.; Duncan, C.P.; Masri, B.A.; Garbuz, D.S. Porous tantalum uncemented acetabular components in revision total hip
arthroplasty: A minimum ten-year clinical, radiological and quality of life outcome study. Bone Jt. ]. 2016, 98-b, 767-771. [CrossRef]
[PubMed]

Garbuz, D.S.; Hu, Y.; Kim, W.Y,; Duan, K.; Masri, B.A.; Oxland, T.R.; Burt, H.; Wang, R.; Duncan, C.P. Enhanced gap filling
and osteoconduction associated with alendronate-calcium phosphate-coated porous tantalum. J. Bone Jt. Surg. Am. 2008, 90,
1090-1100. [CrossRef] [PubMed]

Lemire, J.A.; Harrison, J.J.; Turner, R.J. Antimicrobial activity of metals: Mechanisms, molecular targets and applications. Nat. Rev.
Microbiol. 2013, 11, 371-384. [CrossRef] [PubMed]

Schildhauer, T.A.; Robie, B.; Muhr, G.; Kéller, M. Bacterial adherence to tantalum versus commonly used orthopedic metallic
implant materials. J. Orthop. Trauma 2006, 20, 476-484. [CrossRef] [PubMed]

Subramani, K.; Jung, R.E.; Molenberg, A.; Hammerle, C.H. Biofilm on dental implants: A review of the literature. Int. J. Oral
Maxillofac. Implant. 2009, 24, 616-626.

Harrison, P.L.; Harrison, T.; Stockley, I.; Smith, T.J. Does tantalum exhibit any intrinsic antimicrobial or antibiofilm properties?
Bone Jt. J. 2017, 99-b, 1153-1156. [CrossRef] [PubMed]

Wahl, P,; Sprecher, C.M.; Briining, C.; Meier, C.; Milz, S.; Gautier, E.; Fintan Moriarty, T. Successful bony integration of a porous
tantalum implant despite longlasting and ongoing infection: Histologic workup of an explanted shoulder prosthesis. J. Biomed.
Mater. Res. B Appl. Biomater. 2018, 106, 2924-2931. [CrossRef] [PubMed]

Lu, M.; Zhuang, X.; Tang, K.; Wu, P.; Guo, X,; Yin, L.; Cao, H.; Zou, D. Intrinsic Surface Effects of Tantalum and Titanium on
Integrin «531/ ERK1/2 Pathway-Mediated Osteogenic Differentiation in Rat Bone Mesenchymal Stromal Cells. Cell. Physiol.
Biochem. 2018, 51, 589-609. [CrossRef]

Qin, H.; Cao, H.; Zhao, Y,; Jin, G.; Cheng, M.; Wang, J.; Jiang, Y.; An, Z.; Zhang, X.; Liu, X. Antimicrobial and osteogenic properties
of silver-ion-implanted stainless steel. ACS Appl Mater. Interfaces 2015, 7, 10785-10794. [CrossRef]

Lucke, M.; Schmidmaier, G.; Sadoni, S.; Wildemann, B.; Schiller, R.; Haas, N.P.; Raschke, M. Gentamicin coating of metallic
implants reduces implant-related osteomyelitis in rats. Bone 2003, 32, 521-531. [CrossRef]

Chen, X,; Tsukayama, D.T.; Kidder, L.S.; Bourgeault, C.A.; Schmidt, A.H.; Lew, W.D. Characterization of a chronic infection in an
internally-stabilized segmental defect in the rat femur. ]. Orthop. Res. 2005, 23, 816-823. [CrossRef] [PubMed]

Qin, H.; Cao, H.; Zhao, Y.; Zhu, C.; Cheng, T.; Wang, Q.; Peng, X.; Cheng, M.; Wang, J.; Jin, G.; et al. In vitro and in vivo
anti-biofilm effects of silver nanoparticles immobilized on titanium. Biomaterials 2014, 35, 9114-9125. [CrossRef] [PubMed]

Tan, H.; Peng, Z.; Li, Q.; Xu, X.; Guo, S.; Tang, T. The use of quaternised chitosan-loaded PMMA to inhibit biofilm formation
and downregulate the virulence-associated gene expression of antibiotic-resistant staphylococcus. Biomaterials 2012, 33, 365-377.
[CrossRef]

Wang, X.; Lu, T.; Wen, J.; Xu, L.; Zeng, D.; Wu, Q.; Cao, L.; Lin, S;; Liu, X.; Jiang, X. Selective responses of human gingival
fibroblasts and bacteria on carbon fiber reinforced polyetheretherketone with multilevel nanostructured TiO,. Biomaterials 2016,
83,207-218. [CrossRef]


http://doi.org/10.1039/D1MH02009A
http://www.ncbi.nlm.nih.gov/pubmed/35583079
http://doi.org/10.3390/jfb13030086
http://www.ncbi.nlm.nih.gov/pubmed/35893454
http://doi.org/10.1016/j.apsusc.2018.04.270
http://doi.org/10.1089/ten.teb.2020.0134
http://www.ncbi.nlm.nih.gov/pubmed/32799765
http://doi.org/10.1016/j.colsurfb.2021.112055
http://doi.org/10.1016/j.bioactmat.2020.10.007
http://doi.org/10.1021/acsami.8b21363
http://doi.org/10.1016/j.bioactmat.2021.07.003
http://doi.org/10.3390/ma14102647
http://doi.org/10.1021/am300727v
http://doi.org/10.1016/j.actbio.2012.04.005
http://www.ncbi.nlm.nih.gov/pubmed/22542885
http://doi.org/10.1302/0301-620X.98B6.37183
http://www.ncbi.nlm.nih.gov/pubmed/27235518
http://doi.org/10.2106/JBJS.G.00415
http://www.ncbi.nlm.nih.gov/pubmed/18451402
http://doi.org/10.1038/nrmicro3028
http://www.ncbi.nlm.nih.gov/pubmed/23669886
http://doi.org/10.1097/00005131-200608000-00005
http://www.ncbi.nlm.nih.gov/pubmed/16891939
http://doi.org/10.1302/0301-620X.99B9.BJJ-2016-1309.R1
http://www.ncbi.nlm.nih.gov/pubmed/28860394
http://doi.org/10.1002/jbm.b.34174
http://www.ncbi.nlm.nih.gov/pubmed/30199602
http://doi.org/10.1159/000495280
http://doi.org/10.1021/acsami.5b01310
http://doi.org/10.1016/S8756-3282(03)00050-4
http://doi.org/10.1016/j.orthres.2005.01.009
http://www.ncbi.nlm.nih.gov/pubmed/16022995
http://doi.org/10.1016/j.biomaterials.2014.07.040
http://www.ncbi.nlm.nih.gov/pubmed/25112937
http://doi.org/10.1016/j.biomaterials.2011.09.084
http://doi.org/10.1016/j.biomaterials.2016.01.001

J. Funct. Biomater. 2022, 13, 264 15 of 16

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

Shimabukuro, M.; Hiji, A.; Manaka, T.; Nozaki, K.; Chen, P.; Ashida, M.; Tsutsumi, Y.; Nagai, A.; Hanawa, T. Time-Transient
Effects of Silver and Copper in the Porous Titanium Dioxide Layer on Antibacterial Properties. J. Funct. Biomater. 2020, 11, 44.
[CrossRef]

Vidakis, N.; Petousis, M.; Mountakis, N.; Korlos, A.; Papadakis, V.; Moutsopoulou, A. Trilateral Multi-Functional Polyamide 12
Nanocomposites with Binary Inclusions for Medical Grade Material Extrusion 3D Printing: The Effect of Titanium Nitride in
Mechanical Reinforcement and Copper/Cuprous Oxide as Antibacterial Agents. . Funct. Biomater. 2022, 13, 115. [CrossRef]
Kim, J.; Lee, H,; Jang, T.-S.; Kim, D.; Yoon, C.-B.; Han, G.; Kim, H.-E.; Jung, H.-D. Characterization of Titanium Surface
Modification Strategies for Osseointegration Enhancement. Metals 2021, 11, 618. [CrossRef]

Hajipour, M.].; Fromm, K.M.; Ashkarran, A.A.; Jimenez de Aberasturi, D.; de Larramendi, I.R.; Rojo, T.; Serpooshan, V.; Parak,
W.J.; Mahmoudi, M. Antibacterial properties of nanoparticles. Trends Biotechnol. 2012, 30, 499-511. [CrossRef]

Campoccia, D.; Montanaro, L.; Arciola, C.R. A review of the biomaterials technologies for infection-resistant surfaces. Biomaterials
2013, 34, 8533-8554. [CrossRef]

Zhang, L.; Haddouti, E.M.; Beckert, H.; Biehl, R.; Pariyar, S.; Riiwald, ].M.; Li, X; Jaenisch, M.; Burger, C.; Wirtz, D.C,; et al.
Investigation of Cytotoxicity, Oxidative Stress, and Inflammatory Responses of Tantalum Nanoparticles in THP-1-Derived
Macrophages. Mediat. Inflamm. 2020, 2020, 3824593. [CrossRef] [PubMed]

Hu, X.; Mei, S.; Wang, E; Qian, |.; Xie, D.; Zhao, J.; Yang, L.; Wu, Z.; Wei, ]. Implantable PEKK/tantalum microparticles composite
with improved surface performances for regulating cell behaviors, promoting bone formation and osseointegration. Bioact. Mater.
2021, 6, 928-940. [CrossRef] [PubMed]

Hwang, C.; Park, S.; Kang, 1.G.; Kim, H.E.; Han, C.M. Tantalum-coated polylactic acid fibrous membranes for guided bone
regeneration. Mater. Sci. Eng. C Mater. Biol. Appl. 2020, 115, 111112. [CrossRef] [PubMed]

Dewez, J.L.; Doren, A.; Schneider, Y.J.; Rouxhet, PG. Competitive adsorption of proteins: Key of the relationship between
substratum surface properties and adhesion of epithelial cells. Biomaterials 1999, 20, 547-559. [CrossRef]

Snyder, K.L.; Holmes, H.R.; McCarthy, C.; Rajachar, R.M. Bioactive vapor deposited calcium-phosphate silica sol-gel particles for
directing osteoblast behavior. J. Biomed. Mater. Res. A 2016, 104, 2135-2148. [CrossRef]

Saldarriaga Fernandez, I.C.; Busscher, H.J.; Metzger, S.W.; Grainger, D.W.; van der Mei, H.C. Competitive time- and density-
dependent adhesion of staphylococci and osteoblasts on crosslinked poly(ethylene glycol)-based polymer coatings in co-culture
flow chambers. Biomaterials 2011, 32, 979-984. [CrossRef]

Zhu, Y.; Gu, Y.; Qiao, S.; Zhou, L.; Shi, J.; Lai, H. Bacterial and mammalian cells adhesion to tantalum-decorated micro-/nano-
structured titanium. . Biomed. Mater. Res. A 2017, 105, 871-878. [CrossRef]

Kolmas, J.; Groszyk, E.; Kwiatkowska-Rozycka, D. Substituted hydroxyapatites with antibacterial properties. Biomed. Res. Int.
2014, 2014, 178123. [CrossRef]

Chang, Y.-Y,; Huang, H.-L.; Chen, H.-].; Lai, C.-H.; Wen, C.-Y. Antibacterial properties and cytocompatibility of tantalum oxide
coatings. Surf. Coat. Technol. 2014, 259, 193-198. [CrossRef]

Cristea, D.; Cunha, L.; Gabor, C.; Ghiuta, I.; Croitoru, C.; Marin, A.; Velicu, L.; Besleaga, A.; Vasile, B. Tantalum Oxynitride Thin
Films: Assessment of the Photocatalytic Efficiency and Antimicrobial Capacity. Nanomaterials 2019, 9, 476. [CrossRef]

Zhang, X.M.; Li, Y;; Gu, Y.X.; Zhang, C.N.; Lai, H.C.; Shi, ].Y. Ta-Coated Titanium Surface With Superior Bacteriostasis And
Osseointegration. Int. J. Nanomed. 2019, 14, 8693-8706. [CrossRef] [PubMed]

Jafari, S.M.; Bender, B.; Coyle, C.; Parvizi, J.; Sharkey, P.F.; Hozack, W.J. Do tantalum and titanium cups show similar results in
revision hip arthroplasty? Clin. Orthop. Relat. Res. 2010, 468, 459-465. [CrossRef] [PubMed]

Tokarski, A.T.; Novack, T.A ; Parvizi, J. Is tantalum protective against infection in revision total hip arthroplasty? Bone Jt. ]. 2015,
97-b, 45-49. [CrossRef] [PubMed]

Chou, T.G,; Petti, C.A.; Szakacs, J.; Bloebaum, R.D. Evaluating antimicrobials and implant materials for infection prevention
around transcutaneous osseointegrated implants in a rabbit model. ]. Biomed. Mater. Res. A 2010, 92, 942-952. [CrossRef]
Hickok, N.J.; Shapiro, LM.; Chen, A.F. The Impact of Incorporating Antimicrobials into Implant Surfaces. J. Dent. Res. 2018, 97,
14-22. [CrossRef]

Franz, S.; Rammelt, S.; Scharnweber, D.; Simon, J.C. Inmune responses to implants—A review of the implications for the design
of immunomodulatory biomaterials. Biomaterials 2011, 32, 6692-6709. [CrossRef]

Ridenhour, B.J.; Metzger, G.A.; France, M.; Gliniewicz, K.; Millstein, J.; Forney, L.].; Top, E.M. Persistence of antibiotic resistance
plasmids in bacterial biofilms. Evol. Appl. 2017, 10, 640-647. [CrossRef]

Diacovich, L.; Gorvel, ]J.P. Bacterial manipulation of innate immunity to promote infection. Nat. Rev. Microbiol. 2010, 8, 117-128.
[CrossRef]

Gristina, A.G. Biomaterial-centered infection: Microbial adhesion versus tissue integration. Science 1987, 237, 1588-1595.
[CrossRef]

Subbiahdoss, G.; Kuijer, R.; Grijpma, D.W.; van der Mei, H.C.; Busscher, H.J. Microbial biofilm growth vs. tissue integration: “The
race for the surface” experimentally studied. Acta Biomater. 2009, 5, 1399-1404. [CrossRef]

Pham, V.T.; Truong, V.K.; Orlowska, A.; Ghanaati, S.; Barbeck, M.; Booms, P.; Fulcher, A.]J.; Bhadra, C.M.; Buividas, R,;
Baulin, V.; et al. “Race for the Surface”: Eukaryotic Cells Can Win. ACS Appl. Mater. Interfaces 2016, 8, 22025-22031. [CrossRef]
[PubMed]


http://doi.org/10.3390/jfb11020044
http://doi.org/10.3390/jfb13030115
http://doi.org/10.3390/met11040618
http://doi.org/10.1016/j.tibtech.2012.06.004
http://doi.org/10.1016/j.biomaterials.2013.07.089
http://doi.org/10.1155/2020/3824593
http://www.ncbi.nlm.nih.gov/pubmed/33343230
http://doi.org/10.1016/j.bioactmat.2020.09.021
http://www.ncbi.nlm.nih.gov/pubmed/33102936
http://doi.org/10.1016/j.msec.2020.111112
http://www.ncbi.nlm.nih.gov/pubmed/32600712
http://doi.org/10.1016/S0142-9612(98)00207-5
http://doi.org/10.1002/jbm.a.35746
http://doi.org/10.1016/j.biomaterials.2010.10.011
http://doi.org/10.1002/jbm.a.35953
http://doi.org/10.1155/2014/178123
http://doi.org/10.1016/j.surfcoat.2014.03.061
http://doi.org/10.3390/nano9030476
http://doi.org/10.2147/IJN.S218640
http://www.ncbi.nlm.nih.gov/pubmed/31806965
http://doi.org/10.1007/s11999-009-1090-5
http://www.ncbi.nlm.nih.gov/pubmed/19809857
http://doi.org/10.1302/0301-620X.97B1.34236
http://www.ncbi.nlm.nih.gov/pubmed/25568412
http://doi.org/10.1002/jbm.a.32413
http://doi.org/10.1177/0022034517731768
http://doi.org/10.1016/j.biomaterials.2011.05.078
http://doi.org/10.1111/eva.12480
http://doi.org/10.1038/nrmicro2295
http://doi.org/10.1126/science.3629258
http://doi.org/10.1016/j.actbio.2008.12.011
http://doi.org/10.1021/acsami.6b06415
http://www.ncbi.nlm.nih.gov/pubmed/27494044

J. Funct. Biomater. 2022, 13, 264 16 of 16

72.

73.

74.

75.

76.

Pérez-Tanoira, R.; Han, X; Soininen, A.; Aarnisalo, A.A.; Tiainen, V.M.; Eklund, K.K.; Esteban, J.; Kinnari, T.J. Competitive
colonization of prosthetic surfaces by staphylococcus aureus and human cells. J. Biomed. Mater. Res. A 2017, 105, 62-72. [CrossRef]
[PubMed]

Busscher, H.J.; van der Mei, H.C.; Subbiahdoss, G.; Jutte, P.C.; van den Dungen, J.J.; Zaat, S.A.; Schultz, M.].; Grainger, D.W.
Biomaterial-associated infection: Locating the finish line in the race for the surface. Sci. Transl. Med. 2012, 4, 153rv110. [CrossRef]
[PubMed]

Ribeiro, M.; Monteiro, E]J.; Ferraz, M.P. Infection of orthopedic implants with emphasis on bacterial adhesion process and
techniques used in studying bacterial-material interactions. Biomatter 2012, 2, 176-194. [CrossRef] [PubMed]

Schildhauer, T.A.; Peter, E.; Muhr, G.; Koller, M. Activation of human leukocytes on tantalum trabecular metal in comparison to
commonly used orthopedic metal implant materials. ]. Biomed. Mater. Res. A 2009, 88, 332-341. [CrossRef] [PubMed]

Yang, C.; Li, J.; Zhu, C.; Zhang, Q.; Yu, J.; Wang, J.; Wang, Q.; Tang, J.; Zhou, H.; Shen, H. Advanced antibacterial activity of
biocompatible tantalum nanofilm via enhanced local innate immunity. Acta Biomater. 2019, 89, 403—418. [CrossRef]


http://doi.org/10.1002/jbm.a.35863
http://www.ncbi.nlm.nih.gov/pubmed/27513443
http://doi.org/10.1126/scitranslmed.3004528
http://www.ncbi.nlm.nih.gov/pubmed/23019658
http://doi.org/10.4161/biom.22905
http://www.ncbi.nlm.nih.gov/pubmed/23507884
http://doi.org/10.1002/jbm.a.31850
http://www.ncbi.nlm.nih.gov/pubmed/18286637
http://doi.org/10.1016/j.actbio.2019.03.027

	Introduction 
	Materials and Methods 
	Sample Preparation and Characterization 
	Bacteria Preparation and Characterization 
	Implant-Related Tibia Osteomyelitis Model in Rats 
	Radiographic Evaluation 
	Imaging Assay 
	Microbiological Evaluation 
	Histopathologic Evaluation 

	In Vitro Antibacterial Assay 
	Cell-Surface Interactions 
	Co-Culture Assay 
	Statistical Analysis 

	Results 
	Sample Characterization 
	In Vivo Antibacterial Property 
	Radiographical Assessment 
	18F-FDG PET/CT Imaging Evaluation 
	CFU of Tibia and Kirschner Wires 
	Histological Evaluation 

	In Vitro Anti-Biofilm Property 
	Cell-Surface Interactions 
	The Race between Bacterial and Mammalian Cells 

	Discussion 
	Conclusions 
	References

