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Background: Titanium (Ti) implant-associated infection, which is mostly caused by bacter-
ial adhesion and biofilm formation, may result in implant failure and secondary surgery. Thus
it is an urgent issue to prevent bacterial infections at the earliest step.

Purpose: To develop a novel surface strategy of polydopamine (PDA) and silver (Ag)
nanoparticle-loaded TiO, nanorods (NRDs) coatings on Ti alloy.

Materials and methods: Ag-TiO,@PDA NRDs was fabricated on Ti alloy by hydrother-
mal synthesis. The antibacterial activity of Ag-TiO,@PDA NRDs against Escherichia coli
and methicillin-resistant Staphylococcus aureus were tested by FE-SEM, Live/Dead staining,
zone of inhibition, bacteria counting method and protein leakage analysis in vitro. In
addition, an implant infection model was conducted and the samples were tested by X-ray,
Micro-CT and histological analysis in vivo. Besides, cell morphology and cytotoxicity of
Mouse calvarial cells (MC3T3-E1) were characterized by FE-SEM, immunofluorescence and
CCK-8 test in vitro.

Results: Our study successfully developed a new surface coating of Ag-TiO,@PDA NRDs.
The selective physical puncture of bacteria and controlled release of Ag+ ions of Ag-
TiO,@PDA NRDs achieved a long-lasting bactericidal ability and anti-biofilm activity
with satisfied biocompatibility.

Conclusion: This strategy may be promising for clinical applications to reduce the occur-
rence of infection in the implant surgeries

Keywords: bacterial infection, polydopamine, silver nanoparticles, physical puncture, TiO,
nanorods, bactericidal activity

Introduction

With the development of modern medical implants, titanium (Ti) alloy has been
commonly applied in the field of orthopedics and dentistry, because of their excellent
mechanical properties, biocompatibility, and chemical stability.' However, two major
concerns of bacterial infections and poor osseointegration have been remained to be
effectively resolved.”* Implant infection, which is mostly caused by the bacterial
adhesion and biofilm formation, may result in implant failure and secondary
surgery.” Since the biofilms are the physical barriers, which is composed by a three-
dimension extracellular polymeric matrix, to protect the inside bacteria from attack by
host defense and antibiotics.” As a result, 1,000-fold higher antibiotic dosage and
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extended antibiotic therapy may be required to kill the bac-
teria in biofilm than the common planktonic bacteria, espe-
cially for the antibiotics-resistant bacteria strain like
methicillin-resistant Staphylococcus aureus (MRSA), etc.%’
Therefore, it is an urgent issue to inhibit the formation of
biofilm at the earliest step by using physical and/or chemical
methods.® By far, there are three main categories of antimi-
crobial surfaces: (a) bactericidal element content releasing
from coatings, such as the bactericide ion release; (b) con-
tact-killing coatings, such as the surface nanostructure of the
cicada wing; and (c) anti-adhesion coatings, such as PEG,
zwitterion and physical surface modifications.” While inhi-
biting bacterial adhesion, Ti implants may not promote the
spreading and attachment of osteoblasts, resulting in poor
osseointegration and implant loosening.'®

Silver (Ag) with the properties of vast spectrum bacter-
icidal activity and anti-biofilm effect has been widely applied
from ancient times.® However, the occurrence of burst
release remains one of the biggest concerns of the biomater-
ial, which invokes a considerable level of cytotoxicity.'
Besides, in order not to compromise the material biocompat-
ibility, the appropriate concentration range for Ag" ions was
reported between 100 ppb and 10 ppm in a biological solu-
tion, which was tough for the control of ion releasing.'?
These challenges have prompted researchers to develop
new strategies for the adequate antibacterial ability and
proper biocompatibility in implant applications.

Polydopamine (PDA) has been commonly used to mod-
ify the surface characteristics of biomaterial scaffolds as an
important platform and stabilization agent, with excellent
biocompatibility, biodegradability, and hydrophilicity.'*'*
Meanwhile, as the desirable adhesion agent for biological
reagents’'> the o-diphenol and amine groups of PDA may
modify the Ag" ions burst release pattern to long-lasting
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nanoparticles.'®!” Moreover, PDA has been reported to

release pattern by chelation bonding of Ag

promote the spreading and attachment of pre-osteoblast by
engaging and activating cell membrane receptors.'®'”

It has been reported that the specific surface topogra-
phies with patterns smaller than bacterial cells possessed
a broad-spectrum bactericidal ability.?® For example, the
particular surface nanostructure of cicada wings was
reported to have the outstanding bactericidal effect by
mechanically rupturing of attached cells within 3
mins.?'?? Therefore, based on hydrothermal synthesis,
TiO, nanorods (NRDs) coatings fabricated on Ti implants
may provide a new strategy to combat implant infection.

Our current research aims to produce a new surface
strategy, namely the Ag-TiO,@PDA NRDs, with the proper-
ties of selective physical puncture of bacteria and long-lasting
Ag" ions release for the balance of the bactericidal activity
and cytotoxicity. Through a series of in vitro and in vivo tests,
it resulted that the Ag-TiO,@PDA NRDs coatings possessed
the long-term anti-bacterial and anti-biofilm capacities.

Materials and methods

Specimen preparation

As illustrated in Figure 1, Ti foils (10 mmx10 mmx1 mm)
and Ti rods (diameter: 1 mm; length: 10 mm) were pur-
chased and polished by SiC sandpapers, followed by
degreasing sequentially with acetone, ethanol, and distilled
water, and then dried by nitrogen gas. Later, the samples
were loaded in a Teflon-lined autoclave with adequate
1 M NaOH and heated for 10 h in a sealed autoclave
(200°C) to fabricate sodium titanate NRDs on the Ti foil,
followed by ultrasonic washing. Then, the sodium titanate
NRDs were subjected to a hydrogen ion exchange process
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Figure | Schematic diagram of fabrication process of Ag-TiO,@PDA nanorods coatings.
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in diluted hydrochloric acid (HCI) for 1 hr to obtain the
titanic acid NRDs. After washed by deionized water and
dried at 60°C, the products were annealed at 400°C for 2
hrs in the air to fabricate TiO, NRDs specimens.

To prepare the PDA-coated TiO, NRDs (denoted as
TiO,@PDA NRDs), the as-prepared TiO,- NRDs speci-
mens were immersed into a Tris-buffer solution (10 mM,
100 mL), and then 100 mg of dopamine hydrochloride was
dispersed into the solution with magnetic stirring for 6 hrs.
After washed with deionized water three times, the resul-
tant TiO,@PDA NRDs were dried at 60°C. Then, the TiO,
@PDA NRDs specimens were soaked in the AgNOj3 solu-
tion (100 mM) for 15 mins and irradiated with ultraviolet
light by a high-pressure Hg lamp for 30 mins to obtain Ag
nanoparticles—loaded TiO,@PDA NRDs (denoted as Ag-
TiO,@PDA NRDs). For comparison, the Ag nanoparti-
cles—loaded TiO, NRDs (denoted as Ag-TiO, NRDs) were
prepared in the same procedure except for PDA coatings.

All the samples were cleaned by sequential ultrasonic,
dried by air, and sterilized by ultraviolet light in sequence
before antibacterial tests.

Sample surface characterization

The surface morphology of samples was measured by a field
emission scanning electron microscopy (FE-SEM; FEI Nova
400 Nano, USA) and the microstructure of Ag-TiO>@PDA
NRDs was measured by a transmission electron microscopy
(TEM; Tecnai G20, FEI, USA). The surface chemical com-
position and elemental analysis were evaluated by energy
dispersive X-ray (EDX) spectrum and X-ray photoelectron
spectroscopy (XPS; ESCALAB MK-II, VG, USA). The
hydrophilicity of the samples was measured by the water
contact angle (DSA1 System, Kruss, Germany).

Ag" ions release into PBS

The Ag-TiO, NRDs and Ag-TiO,@PDA NRDs samples
were immersed in 6 mL of PBS for 1, 3, 6, 10, and 14
days, and PBS was refreshed every 24 hrs. Then, the liquid
was collected and evaluated by inductively coupled plasma
atomic emission spectrometry (ICP-AES; IRIS Advantage
ER/S) with a specific emission line at 328.1 nm for Ag.®

Antibacterial activity in vitro

The antibacterial activities against gram-positive MRSA and
gram-negative Escherichia coli (E. coli) were measured by
FE-SEM, Live/Dead staining, zone of inhibition (ZOI), bac-
teria counting method, and protein leakage analysis in vitro.

Firstly, the bactericidal and antibiofilm formation ability
was tested by FE-SEM and fluorescence observation. We
placed the samples on a 24-well plate and immersed them
in 1 mL bacteria suspension (1.5x10* colony-forming units
[CFUg)/mL) in the standard Luria-Bertani culture medium
each well for 24 hrs culturing at 37°C. Then, the samples
were washed by PBS three times to remove non-adhesion
bacteria, fixed with 2.5% glutaraldehyde solution at 4°C for 4
hrs, and dehydrated in ethanol series (30%, 45%, 75%, 95%,
and 100%) for 15 mins sequentially. After coated with Au in
a sputter coater, the dried samples were captured by FE-SEM
eventually. Similarly, the specimens were stained with the
Live/Dead BacLight Bacterial Viability Kit (cat# L7007,
Invitrogen) for 15 mins after co-cultured with MRSA for
24 and 48 hrs and then imaged by the fluorescence micro-
scope. Thus, intact cell membranes would be stained fluor-
escent green by SYTO 9 and damaged cell membranes
would be stained fluorescent red by propidium iodide.

Secondly, the ZOI was conducted to test the anti-
planktonic bacteria ability. We placed respective samples
onto M-H plates, which was inoculated by 20 pL bacterial
suspension (1.5x10* CFUg/mL) at 37°C for 24 hrs of
incubation to observe zone inhibition diameter.

Thirdly, the bacteria counting method was conducted
to evaluate the anti-adhesion bacterial rate. After co-
cultured with 1 mL bacterial suspension (1.5x10*
CFUg/mL™") at 37°C for 24 hrs, the samples were col-
lected in 1 mL of sterile PBS. The samples were dis-
lodged by sonication at 50 Hz for 2 mins to remove the
adhered bacteria. Then, the dissociated bacterial suspen-
sion was gradient diluted with sterile PBS and plated
on M-H agar at 37°C. After 24 hrs of incubation, the
active bacteria were counted carefully and the anti-
adherent bacteria effect was represented by the antibac-
terial ratio based on the following formulas: antibacterial
ratio (%)=(B—A)/Bx100%, where A is the mean number
of active bacteria inoculated with the experimental
groups (CFU/sample), and B is the mean number of
active bacteria inoculated with the pure Ti group (CFU/
sample). The bacterial counting method was conducted
among Ti, TiO, NRDs and TiO,@PDA NRDs groups
for 1 day and Ti, Ag-TiO, NRDs and Ag-TiO,@PDA
NRDs groups for 1, 7 and 14 days to analyze the long-
term anti-adherent bacterial ability.

Lastly, the protein concentration of bacterial suspen-
sion was measured by an Enhanced BCA Protein Assay
Kit to test the potential protein leakage of bacterial
cytoplasm.
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Cell morphology and cytotoxicity

evaluation in vitro

An mouse calvarial cells line (MC3T3-E1) was obtained
from the Chinese Academy of Sciences Shanghai cell bank.
MC3T3-El cells (5x10* cells/cm?) were cultured in a 24-
well plate each well. The cell morphology was imaged by
the fluorescence microscopy and FE-SEM. After incubation
for 1 day, the samples were washed with sterile PBS three
times and fixed in 2.5% glutaraldehyde solution at 4°C for 4
hrs. Then, the samples were stained by phalloidin (Sigma,
USA) for 50 mins in the dark environment and DAPI for 10
mins and then imaged by the fluorescence microscope. The
same FE-SEM procedures described above were adopted to
observe the morphology of bacteria.

A CCK-8 kit (Boster Biological Technology Co., CA,
USA) was used to test the cytotoxicity level for cell cultures
on various samples. MC3T3-El cells (3x10* cells/cm?)
were seeded on the samples and cultured for 24 hrs in a 24-
well plate each well at 5% CO, and 37°C. Then, the CCK-8
solution was added to each well for 1-4 hrs of incubation
and the supernatant was collected in a 96-well plate. The
absorbance was measured by a spectrophotometer (Bio Tek
Instruments Inc., VT, USA) at 450 nm.

Biological evaluation in vivo

Surgical implantation of animal study

A total of 20 male Sprague Dawley rats (5—6 weeks old,
average weight: 150 g) were used in our study, obtained from
the Laboratory Animal Center of Tongji Medical College,
Huazhong University of Science and Technology. The Ethics
Committee of animal experimentation of Huazhong
University of Science and Technology approved and
reviewed the protocol on rats. Besides, the experimental
rats were treated in adherence to the Guide for the Care and
Use of Laboratory Animals (8th edition). The surgical pro-
cedure was based on our previous studies.*** Briefly, the rats
were randomly divided into five subgroups: group I (Ti),
group I (TiO, NRDs), group III (TiO,@PDA NRDs),
group IV (Ag-TiO, NRDs), and group V (Ag-TiO,@PDA
NRDs). Before surgery, the rats were anesthetized with pen-
tobarbital (50 mg per 1,000 g body weight) by intraperitoneal
injection. An incision was made along the right knee to
expose the proximal metaphysis of the anterior tibia, after
shaving and disinfecting. Then, a sterilized 20 g syringe
needle was used to drill a hole and create a channel through
the cortex from the tibia plateau to the medullary cavity.
Subsequently, 30 pL bacteria suspension (MASA, 1.5x10°

CFUs/mL) was injected into the exposed tibia hole using
a micro-syringe. Few minutes later, the rod samples of rela-
tive groups were implanted into the cavities and the drilled
hole was sealed by the sterilized bone wax to prevent leakage
of the bacteria suspension. The skin and muscle fascias were
sutured firmly at last. In the early stage of recovery, the health
conditions of rats including body weight, temperature, and
activity were monitored every 24 hrs.*

X-ray and micro-CT evaluation

For the sake of evaluating the long-term infection symp-
toms of the rats, the X-ray examination (Kodak,
DirectView, DR3000) with the human hand imaging para-
meter was scanned at 2 and 4 weeks post-surgery after
anesthetized. High-resolution micro-computed tomogra-
phy (I-CT 80 scanner Scanco Medical, Bassersdorf,
Switzerland) was used to scan and evaluate the micro-
structure of the right tibiae at 300 ms, 70 kV, and 114

mA at 2 and 4 weeks after surgery.

Histopathological analysis

All rats were euthanized after 4 weeks. The right tibias
with implants were removed and fixed in 4% buffered
formalin for 24 hrs. Then, specimens were decalcified in
10% EDTA for one month, embedded in paraffin and
further cut into 10-mm sections. The H&E staining and
Gram’s staining methods were chosen for the histopatho-
logical analysis and the images were captured on a light
microscopy (Nikon E600, Japan).

Statistical analysis

The experiments were repeated in triplicate using indepen-
dent samples, and the results were represented as mean +
standard deviation. A one-way ANOVA combined with
a Turkey’s post hoc test was used to assess the considered
statistical significance; a value of p<0.05 was considered
significant.

Results
Morphology, structure, and surface

characterization

Figure 2A displays the FE-SEM images of Ti, TiO,
NRDs, TiO,@PDA NRDs, Ag-TiO2 NRDs, and Ag-
TiO,@PDA NRDs, respectively. As shown in Figure
2A, the quasi-aligned TiO, NRDs with diameters of
about 50-100 nm and lengths of 1-2 pum are fabricated
by a simple hydrothermal reaction with Ti foils.

Followed by the self-polymerization of PDA, the
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Figure 2 Sample surface characterization and Ag” ions release. (A) FE-SEM images of various surfaces (scale bars =3 pm); (B) corresponding EDS spectrum of various
samples; (C) TEM images of Ag-TiO,@PDA NRDs (scale bars =100 [left panel] and 20 [right panel] nm); (D) Ag-release profiles from Ag-TiO2 NRDs and Ag-TiO,@PDA
NRDs into PBS; (E) water contact angles and photographs of water droplets on various surfaces; (F) XPS spectra of various samples; (FI) C |s peak of Ag-TiO2 NRDs; (F2)

C Is peak of Ag-TiO,@PDA NRDs.

NRDs surface represented an increased thickness of
approximately 5 nm which was shown in the TEM
image, while the needle-shaped morphology did not
appear deformed (Figure 2C). An average size of
embedded Ag nanoparticles nearly 30 nm was confirmed
by using TEM (Figure 2C). The corresponding EDX
spectrum (Figure 2B) and the XPS spectra (Figure 2F)
showed that C, O, Ti, N, and Ag existed in the sample
of Ag-TiO,@PDA NRDs, indirectly demonstrating the
formation of TiO, NRDs incorporated with PDA and Ag
nanoparticles. The XPS spectra of Ag3d peaks were
detected at 368.3 and 374.3 eV, respectively, suggesting
the presence of Ag on the layer of NRDs. Besides, the
release kinetics of Ag-TiO, NRDs and Ag-TiO,@PDA
NRDs are shown in Figure 2D that the concentrations of
released Ag+ ions were 0.50, 0.19, 0.17, 0.12, and 0.07
ppm for Ag-TiO, NRDs and 0.31, 0.24, 0.23, 0.22, and
0.19 ppm for Ag-TiO,@PDA NRDs at 1, 3, 6, 10, and

14 days, respectively. Because of refreshing the soaking
liquid every 24 hrs, we observed a burst-release pattern
of Ag" ions in Ag-TiO, NRDs group by ICP-AES in the
first 3 days. On the contrary, the release pattern of Ag"
ions in Ag-TiO,@PDA NRDs group was much slower
and more gentle. The contact angles of Ti, TiO, NRDs,
TiO,@PDA NRDs, Ag-TiO2 NRDs, and Ag-TiO,
@PDA NRDs were 62.9°, 144.4°, 22.7°, 68.1°, and
36.4°, respectively (Figure 2E). The nitrogen-to-carbon
(N/C) ratio of 12.56% (8.1% for nitrogen; 64.48% for
carbon) of TiO,@PDA NRDs determined by XPS was
same to the theoretical N/C for dopamine,'*** further
indicating that TiO, NRDs were modified with PDA. As
the high-resolution spectra shown in Fig. 2F1 and F2,
the C 1s peaks of TiO,@PDA NRDs and Ag-TiO,
@PDA NRDs can be deconvoluted into subpeaks at
284.6, 285.1, and 286.3 eV corresponding to C-C,
C-N, and C-O, respectively.?®
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Antibacterial activity in vitro
The antibacterial activities against MRSA and E. coli were
measured by FE-SEM, Live/Dead staining, ZOI, bacteria
counting method, and protein leakage analysis in vitro.
After incubation for 24 hrs, the morphology of the adher-
ent MRSA and E. coli was measured by FE-SEM in
Figure 3A and B, respectively. MRSA presented spherical
on pure Ti, but irregular and lysed on Ag-TiO, NRDs and

Ag-TiO,@PDA NRDs surfaces. Similarly, E. coli became
corrugated, distorted, and lysed on Ag-TiO, NRDs and Ag-
TiO,@PDA NRD surfaces.

The live/dead staining assay is shown in Figure 3C and
D. The biofilm was formed on the complete coverage of
pure Ti group at 48 hrs. However, the amount of bacteria
coverage on NRDs samples was considerably lower than
that on pure Ti group. Moreover, many yellow and red

Ag-TiO,@PDA NRDs

Figure 3 Antibacterial activity in vitro. (A) FE-SEM morphology of methicillin-resistant Staphylococcus aureus (MRSA) seeded on the various surfaces (scale bars =| pm); (B) FE-SEM
morphology of Escherichia coli (E. coli) seeded on the various surfaces (scale bars =2 pm); (C) fluorescent images of stained MRSA and bacterial suspension (insert in part C) after co-
cultured with various surfaces for 24 hrs (scale bars =50 pm); (D) fluorescent images of stained MRSA and bacterial suspension (insert in part D) after co-cultured with various
surfaces for 48 hrs (scale bars =50 pm); (E) zone of inhibition (ZOI) test of the various coatings against MRSA; (F) ZOlI test of the various coatings against E. coli.
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spots can be observed from TiO, NRDs and TiO,@PDA
NRDs group, indicating significantly physical punctured
of bacteria membrane. Almost all red spots can be
observed from Ag-TiO, NRDs and Ag-TiO,@PDA
NRDs, indicating more dead bacteria and admirable anti-
bacterial ability.

As shown in Figure 3E and F, the ZOI diameters of
Ag-TiO, NRDs for MRSA and E. coli were 13.2+0.2 mm
and 15.941.6 mm, respectively. The ZOI diameters of Ag-
TiO,@PDA NRDs for MRSA and E. coli were 13.5
+0.5 mm and 16.1+1.3 mm, respectively.

The anti-adherent bacterial activity against MRSA and
E. coli was evaluated by the bacteria counting method.
Compared to the pure Ti group, Ag-TiO, NRDs and Ag-
TiO,@PDA NRDs showed adequate bactericidal effect.
Ag-TiO, NRDs showed the antibacterial rates of 97.1
+1.0%, 59.843.9%, and 34.3%12.0% against MRSA
(Figure 4A) and 98.2+1.0%, 83.5+2.1%, and 37.245.9%
against E. coli at 1, 7, and 14 days (Figure 4B), respectively.
However, Ag-TiO,@PDA NRDs showed longer-term anti-
bacterial effects, with antibacterial rates of 95.4+2.0%, 88.6
+1.5%, and 80.1£1.1% against MRSA (Figure 4A) and 96.7
+2.1%, 91.3+£0.5%, and 86.2+2.6% against E. coli at 1, 7,
and 14 days (Figure 4B), respectively. Interestingly, TiO,
NRDs (22.3£3.9% for MRSA and 25.4+12.3% for E. coli)
and TiO,@PDA NRDs (24.5£2.4% for MRSA and 23.1
+7.2% for E. coli) group also have the anti-adherent bacter-
ial ability compared with the pure Ti group (Figure 4C).

As shown in Figure 5A, the protein leakage concen-
tration of Ti, TiO, NRDs, TiO,@PDA NRDs, Ag-TiO2

NRDs, and Ag-TiO,@PDA NRDs was 262.5+5.5, 307.5
+17.8, 305.7£9.5, 398.2+£2.8, and 364.9+2.8 pg/mL for
MRSA and 263.8+2.8, 296.4+5.9, 285.3+8.7, 364.3+6.4,
and 359.9+10.2 pg/mL for E. coli, respectively.

Cell adhesion, morphology, and cytotoxicity
in vitro

As shown in Figure 6A and B, the pure Ti had a low affinity to
osteoblasts with the spherical morphology. In contrast, the
polygonal shape and distinct pseudopodia of MC3T3-El
were observed on TiO, NRDs and TiO,@PDA NRDs reflect-
ing the adequate cellular adhesion and extension. However,
the different degrees of cell shrinkage were observed on the
Ag-TiO, NRDs surfaces, probably because of the burst
release of Ag™ ions. With the PDA coatings, the extensive
morphology of cells was detected on Ag-TiO,@PDA NRDs
samples, confirming that the cytotoxicity of Ag” ions can be
sharply reduced through the combination by PDA.

Similar to FE-SEM morphology, the cell morphology,
adhesion, and spreading activity were measured by
immunofluorescence to visualize the cytoskeleton and
nuclei, respectively (Figure 6C). Compared to the pure
Ti and Ag-TiO, NRDs group, TiO, NRDs, TiO,@PDA
NRDs, and Ag-TiO,@PDA NRDs promoted cell exten-
sion and cell spreading. The shrinking cells on the Ag-
TiO, NRD surfaces implied the inevitable cytotoxicity of
Ag" ions.

Furthermore, we used a CCK-8 assay kit to investigate
the cytotoxicity level for cell cultures on various samples

A B .
= Ag-TiO,NRDs mmm Ag-TIO,NRDs 60 4 = S. aureus
140 4§ Ag-TiO,@PDA NRDs 140 7 Ag-TiO,@PDA NRDs E. coli
1204 1201 50 .
E 100' —r— *kk 5100' s ‘940
S ‘ 1 g = -~ ©
% 804 - % 801 T 30 A
g 2 5 [
§ 607 § 607 g 20 4
&) 8 2
g 404 £ 409 <10
20 4 20 4 0l =—
0~ N QA N 0- N Q W _-&\7 o° &
& & » & & S SES
Q @ S
<9 &
OV

K

Figure 4 Anti-adherent bacterial activity in vitro. (A) Methicillin-resistant Staphylococcus aureus (MRSA) recultured on agar after dissociation from Ag-TiO2 NRDs and Ag-
TiO,@PDA NRD:s at day |, day 7, and day 14; (B) Escherichia coli (E. coli) recultured on agar after dissociation from Ag-TiO2 NRDs and Ag-TiO,@PDA NRD:s at day |, day
7, and day 14; (C) MRSA and E. coli recultured on agar after dissociation from Ti, TiO; NRDs, and TiO,@PDA NRDs at day |. The error bars indicate means + standard

deviations: *p<0.05 and ***p<0.001.
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Figure 5 Protein leakage analysis and cytotoxicity evaluation in vitro. (A) Concentration of leaked protein in the supernatant of various groups; (B) cytotoxicity level of
various surfaces by CCK-8 test. The error bars indicate means + standared deviations: *p<0.05, ** p<0.01, and ***p<0.001.

Ti TiO2 NRDs

TiO2@PDA NRDs

Ag-TiO2 NRDs Ag-TiO,@PDA NRDs

Figure 6 Cell morphology in vitro. (A, B) FE-SEM cell morphology of mouse calvarial cells (MC3T3-El) cells cultured on various surfaces for 24 hrs (scale bars =200 [A]
and 10 [B] pm); (C) fluorescent images of MC3T3-El cells cultured on various surfaces for 24 hrs with phalloidion (green) and DAPI (blue) (scale bars =100 pm).

(Figure 5B). Compared with Ti, TiO, NRDs, TiO,@PDA
NRDs, and Ag-TiO,@PDA NRDs, the Ag-TiO, NRDs
samples exhibited the highest cytotoxicity (** p<0.01).
Besides, the absorbance of Ag-TiO,@PDA NRDs group
showed no significant difference with the absorbance of
TiO, NRDs and TiO,@PDA NRDs groups (p>0.05).

In vivo antibacterial assay

As shown in Figure 7A, X-ray images were taken at 2 and
4 weeks after surgery. Two weeks after surgery, a classic
symptom of implant infection like osteolysis (red arrows),
architectural deformation, periosteal reactions (white

arrows), and soft tissue deformation was visible in group
I, group II, and group III. Four weeks after surgery,
extensive osteolysis (red arrows) and fibrosis of bone
marrow cavity was observed in group I, group II, and
group III. In contrast, no signs of infection were observed
in groups IV and V.

Micro CT scanning was used to analyze the samples
(Figure 7B). Two weeks after surgery, the obvious seques-
trum (white arrows) was detected in group I, group II,
and group III. Four weeks after surgery, the involucrum
was formed and the sequestrum (white arrows) was par-
tially resolved in group I, group II, and group III. Similar
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Figure 7 Implant infection model in vivo. (A) X-ray examination of the osteomyelitis model implanted with Ti rod | hr after surgery (left panel) and different kinds of rods at
2 weeks and 4 weeks (right panel), red arrows indicate osteolysis, white arrows indicate periosteal reaction; (B) cross-sectional images of micro-CT of different samples at 2
weeks and 4 weeks, white arrows indicate sequestrum; (C) H&E stain of different samples at 4 weeks (scale bars =50 pm); (D) gram stain of different samples at 4 weeks

(scale bars =100 pm), blue arrows indicate MRSA colonies.

to the X-ray results, no sign of infection was detected in
groups IV and V.

In Figure 7C, histological analysis showed that abun-
dant and excessive neutrophil infiltration accompanied
with abscess and necrotic cells was observed at 4 weeks
in groups I, II, and IIl. Gram staining in Figure 7D
showed that the stained bacteria (blue arrows) were
around micro-abscesses.

gathering sequestrum  or

However, negligible inflammatory infiltration and

absence of bacteria were observed in group IV or V
at 4 weeks.

Discussion

The bacterial infection, mainly caused by gram-positive
S. aureus and gram-negative E. coli, usually becomes
a devastating blow for the orthopedic and dental surgery,
leading to inevitable implant failure and secondary
surgery.*®” In our study, we successfully utilized the
method of hydrothermal synthesis to produce Ag-TiO,
@PDA NRDs coatings on Ti substrates, which possessed
an adequate long-term antibacterial ability and anti-biofilm
activities with satisfied biocompatibility in vitro and
in vivo. Therefore, this novel surface strategy may be
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expected for the biomedical applications in the future
clinical implants.

The potential synergistic anti-bacterial mechanisms of
Ag-TiO,@PDA NRDs might have three aspects. Firstly,
the needle-like NRDs can selective physical puncture the
bacteria cell wall because of fewer anchoring sites, less
contact area, and higher contact pressure between the
NRDs and the bacteria, leading to the severely damaged
of membrane (FE-SEM and Live/Dead Bacterial Viability
fluorescence) and the significant cytoplasm leakage (the
quantitative protein analysis test) of bacteria cells.?!>226
In our Live/Dead Bacterial Viability fluorescence test, the
intact and damaged bacterial membranes could be stained
by SYTO 9 (green), while propidium iodide (red) only
penetrated and stained cells with damaged membranes,
causing a reduction of SYTO 9 stain. Thus, NRDs have
been proved to have the ability of selectively physically
puncturing the bacterial membrane according to more yel-
low and red spots observed from TiO, NRDs and TiO,
@PDA NRDs group. In addition, the quantitative protein
analysis test showed that the protein leakage concentration
of TiO, NRDs, TiO,@PDA NRDs, Ag-TiO2 NRDs, and
Ag-TiO,@PDA NRDs groups was significantly higher
than that of Ti group, which added another evidence of
physical bacteria membrane puncture. However, MC3T3-
El exhibited good adherence and spreading behavior with
the polygonal shape and distinct pseudopodia on NRDs
surfaces. This is probably due to an approximate order of
magnitude difference in the size of morphology.?®

Secondly, Ag" ions released from the Ag nanoparticles
have the excellent bactericidal effect (ZOI and the bacteria
counting method). The results of ZOI showed that Ag-TiO
2 NRDs and Ag-TiO,@PDA NRDs both exhibited high-
efficient antibacterial activity (13.2+0.2 mm for MRSA
and 15.9+1.6 mm for E. coli in Ag-TiO, NRDs; 13.5
+0.5 mm for MRSA and 16.1+1.3 mm for E. coli in Ag-
TiO,@PDA NRDs). The
mechanisms may include the inhibition and disruption of

contributing  bactericidal

bacterial cell wall synthesis, reactive oxygen species form-
ing, protein denaturation, and DNA damaging.?’~* Aside
from its bactericidal actions, Ag can also completely
restrict the growth of resistant strains.?*-*°

Thirdly, the topography of submicron and microsized
surface can prevent the biofilm formation (FE-SEM, Live/
Dead Bacterial Viability fluorescence, and the bacteria
counting method).>' > In comparison to the patterned sur-
face, it was reported that bacteria were more likely to

attach on smoother ones.>'**>% Thus, the results of Live/

Dead Bacterial Viability fluorescence showed that the
amount of bacteria coverage on NRDs samples was sig-
nificantly lower than that on the pure Ti group on which
the typical biofilm was formed after 48 hrs.

In our study, the self-polymerization of PDA was
coated on the NRDs to modulate the Ag' ions release
kinetics, improve the hydrophilicity of the surface, and
promote the biocompatibility of Ag-TiO,@PDA NRDs.
A large concentration of Ag' ions can generate
a considerable level of cytotoxicity and affect tissue for-
mation. Unlike the burst-release pattern of Ag' ions
observed by ICP-AES in Ag-TiO, NRDs group in the
first 3 days, the PDA of Ag-TiO,@PDA NRDs coatings
can bind to Ag" ions more stably via the effect of chelation
and modify the release kinetics of Ag" ions to reduce the
cytotoxicity and improve the biocompatibility. In addition,
the antibacterial property of Ag-TiO,@PDA NRDs was
significantly more durable and efficient than that of Ag-
TiO, NRDs, according to the results of the bacteria count-
ing method (88.6+1.5% vs 59.843.9% on day 7 and 80.1
+1.1% vs 34.3+12.0% on day 14 against MRSA; 86.2
+2.6% vs 37.245.9% on day 14 against E. coli). It is
implied that the controlled Ag" ions release by the chela-
tion effect of PDA almost completely preserved the long-
term bactericidal ability. Meanwhile, owing to the particu-
lar surface nanostructure and lower surface free energy, the
NRDs surface with the water contact angle of 144.4°
exhibited the considerable hydrophobic property.®” After
coating with PDA, Ag-TiO,@PDA NRDs showed the
hydrophilicity of 36.4°, which improved the wettability
of NRDs and was more conducive to cell adhesion, pro-
liferation, osteoblast differentiation, and osteogenesis.*®>’
In addition, the micro- or nano-textured topography and
roughness of implant surface have been also reported to
affect the cell morphology, proliferation, and differentia-
tion of stem cell.***" Well-spread pre-osteoblasts with
a mature cell shape and larger surface area are more
accessible to ossification differentiation.*** Thus, the
special ability of the NRDs coatings to promote cell adher-
ence and spreading may eventually enhance the bone
regeneration. In general, considering the balance of cyto-
toxicity and long-term antibacterial effects, we demon-
strate that the abilities of PDA coatings will highlight the
promising potential for the application in Ag-based tissue
engineering.

Modern medical imaging technologies, such as X-ray
and CT, have been widely used in the diagnosis of bone
infection.** In order to further test the bactericidal ability of
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Ag-TiO,@PDA NRDs in vivo, we successfully conducted
a rat model of osteomyelitis following a previously estab-
lished protocol, which subsequently observed the radio-
graphic signs of osteomyelitis by X-ray and micro-CT at 2
and 4 weeks and analyzed the histopathology by H&E and
Gram’s staining at 4 weeks. The consistent results of ima-
ging and histopathology demonstrated that the injected
MRSA was killed by the Ag’ ions—loaded coatings.
Consequently, the Ag-TiO,@PDA NRDs coatings pos-
sessed a convincing antibacterial ability, which was highly
recommended for the developing clinical applications.

One limitation needs to be mentioned. The different sizes,
shapes, and concentrations of Ag nanoparticles may lead to
the change of dissolution kinetics.*> For example, a decrease
in the size of Ag nanoparticles may increase the speed of Ag”
ions dissolution.*® Thus, finding the proper size, shape, and
concentration of Ag nanoparticles requires further research.

Conclusion

We successfully fabricated the Ag-TiO,@PDA NRDs
coatings on Ti substrates by the method of hydrothermal
synthesis. The Ag-TiO,@PDA NRDs coatings with the
synergistic effect of selective physical punctual and con-
trolled Ag" ions release achieved an adequate long-term
antibacterial and anti-biofilm activities against MRSA and
E. coli with satisfied biocompatibility in vitro and in vivo.
Meanwhile, with relatively simple, economical, and suita-
ble fabrication method, the Ag-TiO,@PDA NRDs coat-
ings may be hopeful for the applications of orthopedic and
dental implants.
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