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The ideal orthopedic implant coating is expected to both inhibit microbial infection and promote
osseointegration. In this study, Zn ions were immobilized on a Ti substrate via a polydopamine (PDA)
chemical surface modification to prepare Ti-PDA-Zn coatings. Scanning electron microscopy (SEM),
atomic force microscopy (AFM), energy-dispersive X-ray spectroscope (EDS), X-ray photoelectron
spectroscopy (XPS), inductively coupled plasma atomic emission
spectrometry (ICP-AES) were used to analyze the morphology, composition, wettability, and zinc ions
release of the coatings. The Ti-PDA-Zn coatings demonstrated excellent antibacterial activities in vitro
against both Staphylococcus aureus and Escherichia coli. The coatings additionally displayed good
biocompatibility, as confirmed by cytoskeletal observations and cell viability assays. Furthermore, the in

contact analysis system, and
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vivo results confirmed the excellent antibacterial properties and improved osseointegration capability of

DOI: 10.1039/c8ra09112a the Ti-PDA-Zn coating in the presence of S. aureus. The present findings indicate that the Ti-PDA-Zn
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Introduction

Titanium and its alloys have been used widely to fabricate
dental and orthopedic implants because of their low elastic
modulus, good mechanical strength, and excellent cyto-
compatibility." Despite great promise in clinical practice, the
effective application of device implants is hindered by the
occurrence of implant-associated infections (IAls) after device
implantation.>® For example, the annual infection rate for
indwelling orthopedic devices is 4.3% in the USA.* The infection
rate of joint replacements is approximately 1%. In the case of
revision surgeries, the infection rate is higher.* Upon the onset
of IAIs, bacteria tend to aggregate in a hydrated polymeric
matrix to form a biofilm on the implant surface and are difficult
to eradicate as they are resistant to antibiotics, immune cells,
and other potential infection defense mechanisms.® In
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coatings prepared herein have potential application in orthopedic implantation.

addition, such infection and inflammation reactions can
compromise bone integration and cause implant loosening.”*
As a result, complex revision surgeries and prolonged hospi-
talization, with generally high associated medical costs, are
often inevitable.>'® Therefore, the engineering of implant
surfaces with reduced infection risks and improved osseointe-
gration capabilities is highly desirable for the clinical success of
established titanium implants (Scheme 1).

Recently, zinc has attracted growing attention for various
biomedical applications owing to its excellent antibacterial
properties and biological activity. It has been proven that zinc
ions can interfere with multiple bacteria-related activities,
including transmembrane proton translocation, glycolysis, and
acid tolerance." Hu et al. have reported that Zn-implanted TiO,
coatings exhibited good antibacterial effects against both
Escherichia coli (E. coli) and Staphylococcus aureus (S. aureus) as
well as excellent biocompatibility.”> Wang et al. reported the
fabrication of ZnO-modified titanium surfaces that not only
exhibited broad-spectrum antibacterial properties, but also
could suppress the formation of a bacterial biofilm.** Further-
more, extensive research has confirmed the excellent biological
activity of zinc. For instance, Liang et al. demonstrated that Zn-
modified Ti substrates could improve osteoblast biocompati-
bility by inhibiting MG-63 apoptosis and otherwise promoting
its proliferation." Yusa et al. developed a zinc-modified tita-
nium surface that could up-regulate expression of osteoblast-
related genes.' Shen et al. demonstrated that Zn-incorporated
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Scheme 1 Schematic diagram of the study.

microrough titanium coatings could enhance bone formation
by regulating the proliferation or differentiation of both osteo-
blasts and osteoclasts.'® These studies show that the incorpo-
ration of zinc into implants is an ideal approach to endow the
implants with both antimicrobial and osteogenic activities.

To date, several methodologies to incorporate zinc into
various types of biomaterials have been reported, including
plasma spraying,’” magnetron sputtering,'® plasma immersion
ion,"” plasma electrolytic oxidation,* and sol-gel** methods.
However, most of these approaches require special equipment
and sophisticated technologies. Alternatively, inspired by the
adhesive proteins, Mfp-5, secreted by mussels in nature, poly-
dopamine (PDA) coatings are generating much interest for use
in the surface modification of metallic implants.?*** Under
weak alkaline conditions, the polymerization of dopamine is
achieved by oxidation of the dopamine to dopamine quinone
and formation of 5,6-dihydroxyindole through intermolecular
cyclization, the material formed can be deposited as a thin
polymerized coating layer on diverse types of material surfaces
via covalent and/or non-covalent bonding.>* Previous studies
have demonstrated the use of polydopamine in successfully
depositing active metal ions (e.g., Ag, Cu, Zn) on various mate-
rials.”>*” Moreover, numerous studies have confirmed that
polydopamine coatings can improve the hydrophilicity and
biocompatibility of a biomaterial.>*>°

In the present study, polydopamine-functionalized titanium
substrates were fabricated and subsequently treated with ZnCl,
solution to achieve dual-functionality on the Ti implants.
Animal models were used to test the antimicrobial effect and
the osteogenic potential of the Ti-PDA-Zn coatings in the pres-
ence of bacteria. In vitro studies were performed to assess
whether the Ti-PDA-Zn coatings could endow the Ti implants
with both good self-antibacterial performance and biocompat-
ibility. In the in vivo studies, the Ti-PDA-Zn coatings were
implanted in a rat model to examine the antibacterial and
osseointegration performance of the coatings. As the relation-
ship between S. aureus and osteoclasts is rarely examined,*
tartrate-resistant acid phosphatase (TRAP) staining and dia-
minobenzidine (DAB) staining of murine monoclonal anti-
bodies were used to assess the influence of S. aureus on
osteoclast activity. The findings showed that the Ti-PDA-Zn
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coatings exhibited both excellent antimicrobial and osseointe-
gration properties. To our knowledge, this is the first study
reporting the preparation of zinc-coated PDA-modified titanium
surfaces with such dual functionalities.

Materials and methods
Preparation of Ti-PDA

Pure Ti plates with dimensions of 5.8 mm x 5.8 mm X 1 mm
and 13 mm x 13 mm x 1 mm (length x width x thickness)
were used for the in vitro studies. For the in vivo experiments,
pure Ti rods with dimensions of 10 mm x 1.2 mm (length x
diameter) were used. These materials were supplied by Tianjin
Zhengtian Medical Device Company (Tianjin, China). Prior to
PDA coating, the Ti plates and rods were washed sequentially
with acetone, ethanol, and deionized water under ultra-
sonication. Dopamine solution (2 mg mL ') was prepared by
dissolving dopamine hydrochloride (400 mg; Sigma, MO, USA)
in Tris-HCI buffer (200 mL; 10 mM, pH = 8.5). The titanium
plates and rods were then soaked in the dopamine solution for
24 h for PDA coating. The PDA-decorated titanium substrates
(Ti-PDA) were ultrasonically cleaned using deionized water and
dried overnight in a vacuum oven at room temperature.

Fabrication of Ti-PDA-Zn

Zinc ions were immobilized on the PDA coatings via soaking. A
solution of ZnCl, (Acros Reagent Co. Ltd., Geel, Belgium) in
deionized water was first prepared to achieve a Zn concentra-
tion of 0.2 mol L™". The Ti-PDA substrates were then immersed
in the solution for 30 min to anchor Zn ions onto the surfaces;
the resulting substrates are referred to as Ti-PDA-Zn. Finally, the
coatings were ultrasonically cleaned using deionized water, air-
dried, and sterilized by irradiation prior to subsequent
experiments.

Characterization

The surface morphologies of the pure Ti, Ti-PDA, and Ti-PDA-Zn
substrates were observed using scanning electron microscopy
(SEM; S-3400, Hitachi, Tokyo, Japan) and atomic force micros-
copy (AFM; XE-100, Park Systems, USA). The elemental

RSC Adv., 2019, 9, 2892-2905 | 2893
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composition of the samples was determined by energy-
dispersive X-ray spectroscopy (EDS, QX200, Bruker, Germany)
and X-ray photoelectron spectroscopy (XPS; PHI 5802, Physical
Electronics, London, UK). The Zn, N, C, O, and Ti profiles were
acquired by XPS in conjunction with Ar ion bombardment at
a sputtering rate of ~4 nm min . The surface wettability of the
substrates was assessed using a contact analysis system (DSA
258, Kruss GmbH, Hamburg, Germany); three replicates were
measured per sample. All measurements were conducted at
room temperature.

Zinc ion release

The Ti-PDA-Zn samples were immersed in phosphate-buffered
saline solution (10 mL; PBS; Hyclone, UT, USA) and incubated
at 37 °C in the absence of stirring for 1, 4, 7, and 14 days. These
time points were selected according to the biocompatibility
tests. The amount of zinc ions released at different intervals of
time was measured by inductively coupled plasma atomic
emission spectrometry (ICP-AES, Leeman, Ohio, USA). Three
samples were used per measurement.

Cell culture

MC3T3-E1 mouse preosteoblasts (CRL-2594, subclone 14,
ATCC) were used to evaluate the biocompatibility of the
samples. The cells were incubated at 37 °C in a 5% CO, envi-
ronment in o-minimum essential medium with 10% fetal
bovine serum and 1% streptomycin/penicillin. The cells were
subcultured every 3 days, washed twice with PBS and incubated
ina 0.5 gL ™" trypsin/0.2 g L™ ethylenediaminetetraacetic acid
(EDTA) solution (Gibco) for 2 min at 37 °C to detach cells from
the base of the culture flasks. The subcultured cell solution was
then centrifuged at 1000 rpm for 3 min and resuspended in the
complete medium for reseeding on the various surfaces. The
cells were seeded at a density of 1 x 10" cells per well in a 96-
well plate and 2 x 10 cells per well in a 24-well plate.

Cell morphology observations

The cells were cultured on Ti, Ti-PDA, and Ti-PDA-Zn substrates
(5.8 mm in diameter) in 96-well plates. After 1 day of culture, the
samples were washed with PBS and then fixed using 2.5%
glutaraldehyde (Sigma, St. Louis, MO, USA) in PBS for 1 h and
then rinsed three times with PBS for 10 min. Then, the cells
were dehydrated in a graded series of ethanol (30%, 50%, 70%,
90%, and 100%) for 30 min each and left in 100% ethanol. The
samples were dried using a Critical Point Dryer (CPD030, Leica,
Wetzlar, Germany) and sputter-coated gold using an Ion Sputter
(5C7620, Quorum Technologies, Lewes, UK) prior to SEM
examination. Finally, the morphology of the cells on the surface
of the disks was observed by SEM (SEM, S-3400, Hitachi, Tokyo,

Japan).

Cytoskeletal observations

After culturing for 1 day, the cells seeded on the test samples
(plates of 13 mm x 13 mm x 1 mm) at a density of 2 x 10 cells
were briefly rinsed in PBS and fixed for 20 min in 4%
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paraformaldehyde at room temperature. After three rinses with
PBS, the cells were permeabilized for 25 min in 0.2% Triton X-
100 (Sigma, Shanghai, China) and blocked in 0.1% bovine
serum albumin (Sigma, Shanghai, China) in PBS at room
temperature in the dark. The cells were then stained in the dark
using rhodamine-phalloidin and 4’ 6-diamidino-2-
phenylindole. Finally, fluorescence images of the cell
morphology and cytoskeletal arrangement were obtained on an
EVOS fluorescence microscope (AMG, Thornwood, NY, USA).

Cell viability assays

Cell proliferation was evaluated using cell counting kit-8 assays
(CCK-8, Dojindo Laboratories, Tokyo, Japan). Samples with
dimensions of 5.8 mm x 5.8 mm x 1 mm were placed in a 96-
well plate. The cell concentration was 1 x 10 cells per well.
After 1, 4, and 7 days of culture, the cells were washed twice with
PBS. The CCK-8 reagent (100 pL) was then added to each well
following the manufacturer's directions. After 2 h of incubation
under a 5% CO, atmosphere, the absorbance of the solution
was measured at a wavelength of 450 nm using a spectropho-
tometric microplate reader (Bio-Rad 680, CA, USA). The relative
growth rate (RGR) was calculated to analyze the cytocompati-
bility of the substrates using the following formula:

RGR = (ODsample/ODblank) x 100%

where ODgample is the optical density of the Ti, Ti-PDA, or Ti-
PDA-Zn samples and ODyjani is the optical density of the
blank control sample (a¢-minimum essential medium).

Antibacterial testing

Plate-counting schemes and live/dead staining were used to
investigate the antimicrobial activity of the samples. Gram-
positive S. aureus (ATCC 25923) and Gram-negative E. coli
(ATCC 25922) were selected as the pathogenic microbes. The
samples were first sterilized in 75% ethanol for 2 h and rinsed
three times with sterile PBS. Subsequently, a suspension con-
taining the bacteria at a concentration of 10° cfu mL™" was
introduced onto the sample surface to a density of 100 L cm >,
After incubation at 37 °C for 24 h, the dissociated bacteria were
collected and inoculated onto a standard agar culture plate for
24 h. The antibacterial rate was calculated using the following
formula: antibacterial rate (%) = (CFU of control — CFU of
experimental group)/CFU of control x 100%, where a pristine Ti
sample served as the control, and Ti-PDA and Ti-PDA-Zn
samples constituted the experimental groups.

The planktonic bacteria cultured on the tested samples were
removed and 100 pL of the Live/Dead BacLight staining reagent
mixture were added. After staining for 15 min in darkness, the
adherent bacteria on the samples were observed with fluores-
cence microscopy (AMG, Thornwood, NY, USA).

Animal studies

A total of 12 male Sprague Dawley (SD) rats (weighing 300-350 g)
were used for the studies. Four SD rats were allocated to each
substrate (Ti, Ti-PDA, and Ti-PDA-Zn), correspondingly forming

This journal is © The Royal Society of Chemistry 2019
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three groups. The rats were anaesthetized with 4% chloral
hydrate (0.9 mL per 100 g) prior to surgery. The metaphysis of
left tibiae was chosen as the surgical site. After the operating
field was shaved and disinfected with iodine, a longitudinal
skin incision was made at the proximal tibial metaphysis of the
tibia. When the left proximal tibial was exposed by skin inci-
sion, a hole was drilled through the proximal tibial metaphysis
with a circular drill (1.2 mm diameter) to access the medullary
cavity. Then, a 10* cfu mL™" S. aureus suspension (20 puL) was
injected into the medullary cavity with a microsyringe and the
sterile Ti rods were inserted. Finally, the fascia and skin were
sutured in a single knot technique (4-0 Prolene, Fa. Ethicon,
Norderstedt, Germany). After surgery, the rats were housed in
ventilated rooms and given access to water and food. This study
was performed in strict accordance with the NIH guidelines for
the care and use of laboratory animals (NIH Publication no. 85-
23 Rev. 1985) and was approved by the Institutional Animal
Care and Use Committee of Nanjing Medical University (Nanj-
ing, China).

Micro-CT evaluation

To evaluate new bone formation around the implants, the
specimens were scanned using a high-resolution micro-CT
scanner (SkyScan1076, Aartselaar, Belgium) at 65 kV using
a 1 mm Al filter with a resolution of 18 pum. The three-
dimensional (3D) high-resolution reconstructed images were
obtained using the software provided by the manufacturer. A
region of interest (ROI) with a radius of 1.4 mm from the rods
was selected for analysis.

Histological analysis and immunohistochemistry

After 4 weeks and micro-CT scanning, all animals were eutha-
nized by overdose of chloral hydrate. Four left tibiae in each
group were removed and fixed in 4% paraformaldehyde for
48 h. Then, the samples were decalcified using 10% EDTA
solution for 28 days. All Ti rods were then carefully removed to
avoid damage of the newly formed bone tissue, then dehydrated
in graded ethanol and embedded in paraffin. Transverse
sections (5 pm thick) were collected and stained with
hematoxylin-eosin (H&E). Masson's trichrome staining was
used to assess the extent of bacterial infection and osseointe-
gration in vivo. The TRAP staining kit (Sigma, St. Louis, MO,
USA) was used to assess osteoclast activity. DAB staining of the
murine monoclonal antibody (ab37644; Abcam plc, Cambridge,
UK) was performed to investigate the presence of S. aureus, as
previously reported.**

Statistical analysis

All data are provided as the mean =+ standard deviation (S.D.).
The statistical analyses were performed by GraphPad Prism 5.
One-way analysis of variance (ANOVA) tests and student ¢-tests
were used. A difference between two groups was considered
statistically significant if p < 0.05.

This journal is © The Royal Society of Chemistry 2019

View Article Online

RSC Advances

Results
Material surface characterization

The surface morphologies of the samples were examined by
SEM (Fig. 1). Both the Ti substrate and Ti-PDA coating displayed
similar surface morphologies. In contrast, the Ti-PDA-Zn
coating was rougher, and uniformly formed Zn ion particles
could be observed on the surface of the coating. These
morphological differences were also confirmed by AFM (Fig. 2).
The root-mean-square roughness was significantly increased
from 16.31 nm for the pristine Ti to 55.01 nm after PDA treat-
ment. After further decoration with Zn, the roughness changed
slightly to 53.59 nm. The EDS results further confirmed the
successful deposition of Zn ions on the surface of Ti-PDA-Zn, as
indicated by the presence of elemental Zn compared with the Ti
and Ti-PDA samples (Fig. 3). In addition, XPS survey spectra of
the Ti, Ti-PDA, and Ti-PDA-Zn films were collected as shown in
Fig. 4. Ti and O peaks could be detected in all samples. In
addition, N peaks at 399.9 eV and Zn peaks at 1021.7 eV were
observed in the Ti-PDA-Zn films, indicating the successful
preparation of the PDA coating and immobilization of the Zn
ions. The content of Zn was calculated to be ~6.26%. A C signal
was also observed in all the samples, mainly attributed to
surface contamination. The surface wettability of the films was
determined and the results are shown in Fig. 5. The water
contact angles on Ti-PDA and Ti-PDA-Zn were 15.8 £ 1.9 and
18.7 £ 2.1°, respectively, which were significantly lower than
that on pure Ti (57.1 &+ 3.2°), suggesting that the PDA coating
greatly improved the surface wettability of the titanium.

Zinc ion release

To investigate the influence of the biological environment on
the Ti-PDA-Zn coating, the amount of released Zn ions was
measured by ICP-AES (Fig. 6). In the first 24 h of testing, the Ti-
PDA-Zn sample released 0.71 & 0.07 ppm of Zn ions, and within
one week, approximately 1.67 £+ 0.04 ppm of zinc ions were
released from the Ti-PDA-Zn sample. The relatively fast Zn ion
release observed in the first week of testing subsequently
gradually decreased, and the total amount of Zn ions released
reached 1.70 + 0.07 ppm by the end of the immersion test.

Cell morphology and cytoskeletal structures

Fig. 7 shows the morphology of MC3T3-E1 cells cultured on
different samples. There seems to be little difference in cell
morphology. However, the cell numbers on the surfaces of the
Ti-PDA and Ti-PDA-Zn samples were significantly higher than
on the surface of Ti, which might be attributed to the enhanced
biocompatibility of the PDA coating. The cytoskeletal structure
of the MC3T3-E1 cells was observed by fluorescence microscopy
(Fig. 8). Compared with the cells cultured in the presence of Ti-
PDA and Ti-PDA-Zn, the cells cultured in the presence of pure Ti
were spread relatively poorly with a spindle shape, and seemed
to lack microfilaments. Furthermore, MC3T3-E1 cells cultured
at a higher density on the surfaces of Ti-PDA and Ti-PDA-Zn
films exhibited better cell spreading, as indicated by the irreg-
ular morphology with the development of numerous

RSC Adv., 2019, 9, 2892-2905 | 2895
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Fig.1 SEM images of Ti (A); Ti-PDA (B); Ti-PDA-Zn (C). Scale bars, 20 pm.

lamellipodia and filopodia processes. These results indicated
that a PDA coating can promote cellular initial adhesion and
spreading.

Cell viability assays

The effect of the different samples on the proliferative activity of
MC3T3-E1 cells was examined by CCK-8 assay. Fig. 9A shows the
OD values measured after 1, 4, and 7 days of incubation. After 1
and 4 days of incubation, no differences in the OD values could
be observed for all three samples. However, cell proliferation on
the Ti sample was superior to that on the Ti-PDA and Ti-PDA-Zn
samples (p < 0.05) after 7 days of incubation. In addition, no
differences could be found in the OD values between the Ti-PDA
and Ti-PDA-Zn samples. Fig. 9B shows the calculated RGRs of
the MC3T3-E1 cells on the different samples and for different
cultivation periods. According to the standard, a biomaterial
with a cytotoxicity of grade 0 or grade 1 when RGR is 90-100% or
75-90%, respectively, implies that this material exhibits no
toxicity to the cell. As observed in our studies, the RGR values
obtained for the different samples at the different culture times
examined were all greater than 75%, indicating that Ti, as well
as Ti-PDA and Ti-PDA-Zn showed no cytotoxicity to the MC3T3-
E1 cells. Thus, Ti-PDA and Ti-PDA-Zn possess good cell
biocompatibility similar to Ti.

Antibacterial testing

Fig. 10 shows representative images of bacteria colonies on Ti,
Ti-PDA, and Ti-PDA-Zn after 24 h of incubation. Numerous
bacterial colonies were found on the Ti and Ti-PDA samples,
suggesting that both samples did not have any antibacterial
properties. In contrast, only several colonies were observed on

the Ti-PDA-Zn sample, which demonstrated that Ti-PDA-Zn
exhibited a very high antibacterial ability. After exposure to
the fluorescent stain, live bacteria with intact membranes
appear green while dead bacteria with damaged membranes
appear red. As shown in Fig. 11, the vast majority of bacteria on
Ti and Ti-PDA were viable, but the majority of bacteria on Ti-
PDA-Zn were inactivated. The calculated antibacterial rates for
Ti-PDA and Ti-PDA-Zn against S. aureus and E. coli using the
plate-counting method are shown in Fig. 12. The antibacterial
rates against S. aureus for Ti-PDA and Ti-PDA-Zn were 20.5%
and 94.1%, respectively. For E. coli, the same trend was ob-
tained; the antibacterial rates for Ti-PDA and Ti-PDA-Zn were
17.9% and 89.5%, respectively.

Micro-CT evaluation

Micro-CT was used to analyze the formation and integration of
new bone after implantation for 4 weeks; representative micro-
CT images are depicted in Fig. 13A-C. The Ti and Ti-PDA
implants were surrounded by only a few bone trabeculae. In
comparison, more bone trabeculae could be observed around
the Ti-PDA-Zn implant. These results were confirmed by the BV/
TV data (Fig. 13D). Under the same threshold and volume of
interest (VOI) for CT scanning, the Ti-PDA-Zn implant exhibited
a higher percentage of BV/TV than the Ti and Ti-PDA implants,
indicating that the Ti-PDA-Zn sample possessed enhanced
osseointegration performance.

Histological analysis and immunohistochemistry

The transverse decalcified sections of the rat tibia from the
different groups examined are shown in Fig. 14 and 15. H&E
and Masson's trichrome staining were used to observe

A

0.28 ym
0.00 ym

Fig. 2 3D topographical AFM images of Ti (A); Ti-PDA (B); Ti-PDA-Zn (C).
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Fig. 3 EDS spectrum of Ti (A); Ti-PDA (B); Ti-PDA-Zn (C).

bacterial infection and osseointegration, while osteoclast
activity and bacterial residue were confirmed by TRAP staining
and immunohistochemical analysis. Four weeks after surgery,
the bone tissues around the Ti and Ti-PDA implants were
destroyed by bacterial infection, as confirmed by the large
number of neutrophils observed inside the medullary cavity by
H&E staining. The corresponding TRAP staining and immu-
nohistochemical analysis also demonstrated the accumula-
tion of osteoclasts and bacterial residues around the tibia
medullary cavity for the Ti and Ti-PDA implants, suggesting
the occurrence of bone resorption. In comparison, a large
amount of woven bone was detected at the implant-tissue
interface for the Ti-PDA-Zn sample as shown by Masson's tri-
chrome staining. Moreover, no detectable signs of bacterium
infection were observed for the Ti-PDA-Zn implant, suggesting
that the Ti-PDA-Zn coating effectively eradicated bacteria and
prevented implant-related infections.
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Fig. 5 Images of water drops on the surface of Ti, Ti-PDA, and Ti-
PDA-Zn coatings. **p < 0.01 vs. Ti.

Discussion

Orthopedic implants are widely used and highly successful
treatments for musculoskeletal issues including trauma, oste-
oporotic diseases, bone cancer, and joint and spinal diseases. It
has been estimated that by the end of 2030, the number of total
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Fig. 4 XPS survey spectra of Ti (A); Ti-PDA (B); Ti-PDA-Zn (C); and high-resolution spectra of Zn 2p (D).
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Fig. 6 Zn®* concentrations in PBS solution after immersion for 1, 4, 7,
and 14 days.

hip replacements and total knee arthroplasties will rise by 174%
(572 000 procedures) and 673% (3.48 million procedures),
respectively, in the United States.** However, the success of
these treatments can be undermined by implant-related infec-
tions and insufficient osseointegration, the two leading causes
of implant failure and complex revision surgeries.** For total
joint arthroplasty, 20% of implant failures are attributed to
infection.**® In addition, recent studies point to the key role
that microbes may play in initiating or accelerating implant
failure pathways even in cases where infection is not the
primary cause.*” The annual cost for treating periprosthetic
joint infection is projected to exceed $1.62 billion by 2020.%* As
demands for joint arthroplasty are expected to increase
substantially over the coming decade, improvements in the
overall function and lifetime of orthopedic implants are highly
desirable not only to improve patients' well-being, but also to
alleviate a huge economic burden on society. From the
perspective of clinical applications, the ideal orthopedic
implant coating to prevent or treat periprosthetic joint infec-
tions will likely be multifunctional to meet the various
requirements. The implanted biomaterial must possess broad-
spectrum antibacterial performance as a wide variety of
bacteria can infect an implant, including Gram-positive and
Gram-negative bacteria.** The implant also needs to exhibit
excellent biological properties to promote osseointegration at

View Article Online
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the bone-implant interface, thereby limiting the chances of
infection leading to osteolysis and implant loosening.***

In the present study, we have successfully fabricated Zn-
surface-modified Ti substrates via PDA chemical surface
modification to achieve both excellent biological and antibac-
terial performance. The successful formation of the PDA
coating on the titanium substrate and anchoring of the Zn ions
to the PDA coating through coordination interaction were
confirmed by EDS and XPS (Fig. 3 and 4). It is known that Gram-
positive Staphylococcus bacteria, most prominently S. aureus
and S. epidermidis contribute to 70% of orthopedic implant
infections, whereas Gram-negative bacteria, such as E. coli and
Klebsiella pneumoniae cause approximately 5% of infections.*™*
In addition, inhibition of invasive-bacteria spread as early as
possible, especially within the first 6 h of the implantation
surgery, helps to reduce the risk of biofilm formation, as the
invading bacteria have not yet begun rapid proliferation.*** We
chose representative Gram-positive S. aureus and Gram-negative
E. coli to evaluate the broad-spectrum antibacterial properties of
the Ti-PDA-Zn coatings. The results showed that the Ti-PDA-Zn
coating could effectively inhibit the growth of both S. aureus and
E. coli, which may be attributed to the incorporation of Zn ions
on the surface. Previous studies have confirmed that the anti-
bacterial mechanism of zinc ion-decorated biomaterials can be
mainly attributed to the destruction of cell membranes and the
production of reactive oxygen species (ROS), eventually killing
the bacterial cells.'®*® Ning et al. have reported that the minimal
inhibition concentration of Zn ions against both S. aureus and
E. coli is 1077 mol L™ ".*® However, the highest concentration of
Zn ions measured by ICP-AES in our study was ~1.7 ppm
(Fig. 6). Therefore, the most likely antibacterial mechanism of
the Ti-PDA-Zn coating is the generation of ROS. In addition, our
studies demonstrate that S. aureus is more sensitive to the
coating than E. coli, which may be attributed to differences in
the cell membrane structures of the Gram-positive and Gram-
negative bacteria.">*’

Assessing the biocompatibility of a coating is as important
toward assessing the potential of the coating in biomedical
applications. Zinc is an essential trace element that plays an
important role in the structure and function of proteins and

Fig. 7 Morphology of MC3T3-E1 cells cultured on Ti (A), Ti-PDA (B), and Ti-PDA-Zn (C) substrates for 24 h, as observed using SEM. Scale bars,

200 pm.
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Fig.8 Fluorescentimages of MC3T3-E1 cells cultured on various surfaces for 24 h with actin stained with phalloidin (red) and nuclei stained with

DAPI (blue). Scale bars, 200 pm.

a variety of cellular processes, including DNA synthesis, enzyme
activity, and cell division.”** In contrast, Zn ions in high
concentrations would induce cellular toxicity.*>* In our study,
the in vitro biocompatibility of the Ti-PDA-Zn coating was
evaluated using MC3T3-E1 cells. It is well known that the initial
adhesion of cells to the surface of an implant is a key step for
subsequent cell proliferation and differentiation. The results of
SEM and fluorescence microscopy showed that the amounts
and skeletal structures of MC3T3-E1 cells on the different tita-
nium substrates were significantly different (Fig. 7 and 8). The
amount of MC3T3-E1 cells on the Ti-PDA and Ti-PDA-Zn

>

OD (450 nm)
< — ~
RGR (%)
oSREsr2weSTREEDR
[]
| §
1
~

@ Ti
@@ Ti-PDA

% ¥ @@ TiPDA-Zn

4
Time (Days)

<

Fig. 9
different incubation durations. *p < 0.05 vs. Ti.
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surfaces was significantly higher than on the Ti surfaces. In
addition, compared with the Ti substrate, the MC3T3-E1 cells
incubated with the Ti-PDA and Ti-PDA-Zn coatings displayed
better cell adhesion and spreading, as indicated by the higher
cell density and irregular cell morphology with the development
of numerous lamellipodia and filopodia processes. These
results indicate that the PDA coating can promote initial
cellular adhesion and spreading, which is consistent with the
findings from previous studies.*®*** According to the concept of
the “race for the surface” as laid out by Gristina, if host cells first
occupy the surface of the implant, this not only promotes tissue

@& Ti
@@ Ti-PDA
@B Ti-PDA-Zn

Time (Days)

(A) OD values in CCK-8 tests with Ti, Ti-PDA, and Ti-PDA-Zn coatings; (B) RGR values of cp-Ti, Ti-PDA, and Ti-PDA-Zn coatings with
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Fig. 10 Representative images of bacteria colonies on Ti, Ti-PDA, and Ti-PDA-Zn substrates after culturing for 24 h.

integration, but also helps build defensive barriers against the
attachment and colonization of microbes.’* To further investi-
gate the cytotoxicity of the different Ti samples, the proliferative
activity of MC3T3-E1 cells was determined by CCK-8 assay and
the RGR was calculated. The results showed that the different Ti
samples exerted no significant toxicity on the cells (Fig. 9). After
culturing for 1 and 4 days, no differences could be found in the
OD values of the Ti, Ti-PDA, and Ti-PDA-Zn samples. However,
cell proliferation activity on the Ti-PDA and Ti-PDA-Zn samples
was slightly lower than that on the Ti substrate (p < 0.05). In

Ti

S.aureus

E.coli

Ti-PDA

addition, the calculated RGR values at different culture times
were all higher than 75%, implying that the cell biocompati-
bility of both the Ti-PDA and Ti-PDA-Zn coatings is as good as
that of the Ti substrate. Previous studies have confirmed that Zn
ion concentrations under 2 ppm are safe and would not lead to
obvious cytotoxicity.’ In our case, the release of Zn ions was
measured by ICP-AES, and the highest concentration of Zn ions
detected was 1.70 £ 0.07 ppm at 14 days, which is below the
2 ppm safe concentration. The above results thus provide

Ti-PDA-Zn

Fig. 11 Fluorescence staining photographs of bacteria cultured on tested samples; green fluorescence indicates live bacteria and red fluo-

rescence indicates dead bacteria. Scale bars, 20 um.
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Fig. 12 Calculated antibacterial rates of Ti-PDA and Ti-PDA-Zn substrates against S. aureus (A) and E. coli (B) using the plate-counting method.

**p < 0.01 vs. Ti-PDA.

a strong basis for supporting the excellent antibacterial activi-
ties and good biocompatibility displayed by Ti-PDA-Zn coatings.

In 1975, Schurman et al. proposed the first model of joint
infection in rabbits.>” Since then, a variety animal models of
periprosthetic joint infection have been successfully estab-
lished, which not only help to better study the pathogenesis of
implant-related infections, but also help to better evaluate the
antibacterial properties and osseointegration effects of

BV/TV (%)

implanted biomaterials. These animal models can mimic both
the micro-environment of the infection progress and bone
growth.**** Imaging and histology analyses are currently the
main methods used to assess the osteogenic and anti-infection
properties of biomaterials in vivo.>® Contrary to the traditional
X-ray examination, micro-CT analysis can quantitatively eval-
uate the infection-induced morphological changes of bone
surrounding the implants via 3D reconstruction of the scanning

Ti-PDA-Zn

@& Ti
@@ Ti-PDA
@8 Ti-PDA-Zn

Fig. 13 Micro-CT 3D reconstructed models showing the status of osseointegration around Ti (A), Ti-PDA (B), and Ti-PDA-Zn (C) at 4 weeks after
implantation (the red color represents the implant and the green color represents the bone tissue). (D) Bone volume fraction (BV/TV) of the three
groups obtained from analysis of the Micro-CT data (n = 4). **p < 0.01 vs. Ti and *#p < 0.01 vs. Ti-PDA.
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Fig. 14 High magnification histological images of H&E and Masson'’ trichrome staining at 4 weeks after surgery. Scale bars, 500 pm.

data and quantitative measurements of the ROI by imaging
processing and analysis software.’® There are few research
studies related to assessing the osteogenic properties of Zn-
decorated biomaterials in the presence of bacteria, although
a number of experiments in vitro and in vivo have proved the
osteogenic and anti-infection properties of zinc-related bioma-
terials separately.'>'**%5%%” An intramedullary implant approach
was used herein to mimic periprosthetic infection, and the
performance of the materials was systematically evaluated
using micro-CT and histology analyses and immunohisto-
chemistry. It is well known that stable connections in bone-
implant interfaces are crucial to the clinical success of Ti
implants. At the same threshold and VOI, CT scanning indi-
cated that the Ti-PDA-Zn group had a higher percentage of BV/
TV than the Ti and Ti-PDA samples, which agrees with the

2902 | RSC Adv., 2019, 9, 2892-2905

results of osteogenic differentiation of Zn-incorporated bioma-
terials.’*>*” Details at the bone-implant interface were then
investigated by histological and immunohistochemistry stain-
ing. Four weeks after implantation, the bone tissues around the
Ti and Ti-PDA implants were destroyed by implant-related
osteomyelitis, as confirmed by the large number of neutro-
phils, and osteoclastic bone resorption, as well as bacterial
residues around the tibia medullary cavity. In contrast, no sign
of bacterial infection or bone resorption was detected around
the Ti-PDA-Zn implant. Moreover, a large amount of woven
bone was observed at the implant-tissue interface for the Ti-
PDA-Zn implant as shown by Masson's trichrome staining,
which was consistent with the micro-CT results. It is believed
that S. aureus exerts an effect on both osteoblasts and osteo-
clasts. Osteoblast infection by S. aureus can lead to reduced

This journal is © The Royal Society of Chemistry 2019
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Fig. 15 High magnification histological images of TRAP and immunohistochemical staining at 4 weeks after surgery. Scale bars, 500 pm.

bone formation activity and osteoblast death.*® Osteoclasts
infected by S. aureus can enhance bone resorption activity, and
the aggregation of osteoclasts in the infected areas is mediated
by the pro-inflammatory and pro-osteoclastogenic factors
resulting from immune responses,* which is consistent with
the results of histological sections and immunohistochemistry
staining in our research. Taken together, the results from the
animal model of implant-related infections demonstrated that
the Ti-PDA-Zn coating possesses both excellent antibacterial
properties and improved osseointegration capability in the
presence of S. aureus in vivo. These properties are mainly
attributable to the antibacterial effects of the zinc ions, which
reduce the activity of the osteoclasts mediated by S. aureus and
reduce infected bone destruction.

The results from the in vitro and in vivo studies demonstrated
that the Ti-PDA-Zn coating exhibits excellent antibacterial

This journal is © The Royal Society of Chemistry 2019

activity, good biocompatibility, as well as enhanced osseointe-
gration performance. Thus, it is expected that Ti-PDA-Zn can
help prevent surgical site infections associated with total joint
replacement in the early postoperative period.

Conclusion

We have developed a bi-functional film in which zinc ions are
immobilized on a Ti substrate via PDA chemical surface
modification. The resulting Ti-PDA-Zn coating demonstrated
excellent antibacterial activities and good biocompatibility in
vitro. The results from the animal model of implant-related
infections demonstrated that the Ti-PDA-Zn coating displayed
both excellent antibacterial properties and enhanced osseoin-
tegration capability in the presence of S. aureus in vivo. In
addition, the preparation of the coating has many advantages,

RSC Adv., 2019, 9, 2892-2905 | 2903
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including ease-of-use, versatility, and high stability under
physiological conditions. Together, the findings from this study
indicate that the Ti-PDA-Zn coating is a promising candidate for
orthopedic implants, exhibiting both antimicrobial and regen-
erative properties.
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