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Titanium (Ti)-based implants often suffer from detrimental bacterial adhesion and inefficient healing, so it
is crucial to design a dual-functional coating that prevents bacterial infection and enhances bioactivity for

a successful implant. Herein, we successfully devised a cationic polypeptide (Pep)-functionalized bio-

mimetic nanostructure coating with superior activity, which could not only kill pathogenic bacteria rapidly
and inhibit biofilm formation for up to two weeks, but also promote in situ hydroxyapatite (HAp) for-
mation. Specifically, a titania (TiO,) nanospike coating (TNC) was fabricated by alkaline hydrothermal
treatment firstly, followed by immobilization of rationally synthesized Pep via robust coordinative inter-
actions, named TNPC. This coating was able to effectively kill (>99.9%) both Gram-positive
Staphylococcus aureus (S. aureus) and Gram-negative Escherichia coli (E. coli) bacteria, while being non-
toxic to murine MC3T3-E1 osteoblastic cells. Furthermore, the in vivo infection studies denoted that the
adherent bacteria numbers on the TNPC implants were significantly reduced by 6 orders of magnitude
than those on the pure Ti implants (p < 0.001). Importantly, in the presence of cationic amino groups and
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1. Introduction

Titanium (Ti) and its alloys are the preferred selection for clini-
cal implant applications (such as dental implants, artificial
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residual Ti-OH groups, substantial HAp deposition on the TNPC surface in Kokubo's simulated body fluid
(SBF) occurred after 14 days. Altogether, our results support the clinical potential of this biomimetic dual-
functional coating as a new approach with desirable antibacterial properties and HAp-forming ability in
orthopedic and dental applications.

joints, heart stents and pacemakers, etc.) owing to their excel-
lent corrosion resistance, biocompatibility and non-
magnetism."” Despite such superiorities, some fundamental
limitations of Ti-based implants, including early pathogenic
bacteria adhesion and subsequent biofilm formation on the
implant surface, and poor bioactivity at the bone-implant
interface,>* are still the prevailing problems, resulting in
serious pain and economic burden for the patients.”® In view
of the fact that it is not enough to prepare a single functional
surface for infection prevention or bioactivity enhancement,
the development of advanced implant coatings with simul-
taneous antibacterial and biological activities is greatly desired
to overcome the above-mentioned problems.”’

Recently, inspired by natural high aspect ratio surface nano-
topographies (e.g., cicada/dragonfly wings,'®'" moth eyes'
and gecko skin®®) with antifouling performance by rupturing
bacterial membranes, researchers have paid great attention to
imitate these nanostructures for developing a new generation
of mechano-bactericidal materials."*'® Ivanova et al. demon-
strated that cicada wing nanopillars were effective at killing
Gram-negative Pseudomonas aeruginosa (P. aeruginosa) on
contact due to a physico-mechanical effect.'” Similarly, Watson
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et al. found that gecko skin nanospinules induce the death of
Gram-negative Porphyromonas gingivalis (P. gingivalis) on
contact."® A variety of synthetic materials have been prepared
to mimic these nanotopographies and then bactericidal func-
tion was obtained, such as reactive ion etched black silicon,'®
polymer/diamond nanocone arrays,'”*®  nanoimprinted
plastics®** and surface attached nanocrystals,”*** etc.
Although these nanostructured surfaces are able to kill Gram-
negative bacteria efficiently, their efficiency is poor in the era-
dication of Gram-positive bacteria (e.g., Bacillus subtilis,
Planococcus maritimus and S. aureus).”>>® Aside from that, dra-
gonfly wings exhibit non-selective bactericidal activity towards
both Gram-negative and Gram-positive bacteria," and the
majority of its synthetic analogues are also less effective
against Gram-positive bacteria.'” For biomedical applications,
a surface with potent and broad-spectrum antibacterial
efficacy against both Gram-negative and Gram-positive bacteria
is highly desirable.

In our previous studies, several coatings with potent broad-
spectrum antibacterial efficacy were prepared by the surface-
initiated radical polymerization of cationic polypeptides (Pep)/
polymer.>”*° However, auxiliary equipment or multi-step pro-
cessing is often required. Recently, mussel-inspired chemistry
has been widely applied for the preparation of various func-
tional coatings owing to its convenient reaction conditions
and universality for virtually any type of surface.*** For
example, catechol-functionalized molecules possess excellent
binding affinity with diverse material surfaces through coordi-
nation or hydrogen bonds.**** In order to construct a surface
coating with excellent anti-infective activity for Ti-based
implants, we present a new concept combining the anti-
microbial biomimetic nanostructure coating and Pep. Better
yet, the Pep-functionalized nanostructure coating may also be
beneficial for hydroxyapatite (HAp) formation.>>?® Herein,
catechol-ended Pep (cPep) was firstly synthesized by
N-carboxyanhydride ring-opening polymerization (NCA-ROP)
of lysine (Lys) and phenylalanine (Phe) initiated by ter¢t-butyldi-
methylsilyl (TBS)-protected dopamine (Fig. 1A). Secondly, a
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titania (TiO,) nanospike coating (TNC) was fabricated on the
surface of a Ti substrate through an alkaline hydrothermal
process (Fig. 1B). After that, cPep was immobilized onto the
TNC surface based on robust coordination bonds between
catechol and TiO,,>” and the Pep-functionalized TiO, nano-
spike coating (TNPC) was successfully fabricated (Fig. 1C).

2. Materials and methods
2.1. Materials

Medically pure Ti (99.9% purity) was purchased from Xi’an
Saite Metal Materials Development Co., Ltd, China. Dopamine
hydrochloride, triethyl amine and anhydrous sodium sulfate
(Na,SO,) were purchased from Sigma-Aldrich and used as
received. L-phenylalanine, H-Lys(z)-OH, tert-butyldimethyl-
chlorosilane (TMSCI) and triphosgene (98%) were purchased
from Tokyo Chemical Industry Co., Ltd. Anhydrous N,N-di-
methylformamide (DMF, 99.8%, superdry, with molecular
sieves), trifluoroacetic acid (TFA) and hydrogen bromide
(33 wt% solution in acetic acid) were purchased from J&K
Scientific Ltd. Anhydrous tetrahydrofuran (THF), diethyl ether,
n-hexane and dichloromethane (CH,Cl,) were obtained using a
solvent-drying system from Innovative Technology (PureSolv
MD-5). S. aureus (ATCC 6538), E. coli (ATCC 8739) and
P. aeruginosa (ATCC 9027) were obtained from the American
Type Culture Collection (ATCC). The AlamarBlue™ Cell
Viability Assay Reagent and LIVE/DEAD BacLight™ Bacterial
Viability Kit were purchased from Thermo Fisher Scientific
Inc. Phosphate buffered saline (PBS), Mueller-Hinton (MH)
broth and Luria-Bertani (LB) agar, obtained from Sigma-
Aldrich, were autoclaved at 121 °C for sterilization before use.
High-purity water (Milli-Q) with a resistivity greater than 18
MQ cm was obtained using an in-line Millipore RiOs/Origin
water purification system.

2.2. Characterization

Proton nuclear magnetic resonance (1H-NMR) spectroscopy
was conducted using a Varian Unity NMR spectrometer operat-
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Fig. 1 Illustration of the fabrication process of the TNPC. (A) The synthesis of antibacterial cPep. (B) The preparation of TNPC: (a) fabrication of TNC
by an alkaline hydrothermal process; (b) immobilization of cPep onto TNC. (C) Coordinative interactions between catechol groups and TiO,

nanospikes.
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ing at 400 MHz. Chloroform-d (CDCl;), deuterium oxide (D,O)
and deuterated dimethyl sulfoxide (de-DMSO) were used as sol-
vents. Fourier-transform infrared spectroscopy (FTIR) was per-
formed on a Bruker Tensor 27 in the mid-infrared range
(400-4000 cm ™), and the instrument was equipped with OPUS
6.5 Software and GladiATR with monolithic diamond ATR
from Pike Technologies. Typically, 0.1 mg of the coated par-
ticle/dried shell sample was ground with dry potassium
bromide (KBr) at approximately 1 wt% and the resulting
powder was pressed into a transparent pellet using a Specac 10
ton Hydraulic Press. For each sample, 128 scans were taken in
transmission mode at a resolution of 2 cm™'. Ultraviolet-
visible (UV-vis) absorbance spectra were recorded using a
Shimadzu UV-1800 spectrophotometer and UV Probe software
package. The wavelength range of 200-700 nm was selected
with a medium scan speed and sampling interval of 1 nm. The
scan mode was set to be 21 repeats with 3 min interval
between scans. X-ray diffraction (XRD) was performed using a
Bruker D8 Advance instrument with Cu Ka radiation (4 =
1.5406 A, 40 kv, 40 mA) and a nickel filter. Diffraction patterns
were collected in the 26 range of 10° to 90° with a step size of
0.04° and 14 s per step. The surface chemical composition was
analyzed by X-ray photoelectron spectroscopy (XPS) using an
Axis Ultra®™® spectrometer (Kratos Analytical Ltd, UK) with a
monochromatic Al-Ka X-ray source (1486.71 eV photons).

2.3. Synthesis of TBS-protected dopamine

The NCA initiator was synthesized based on a previously
reported method with suitable modifications.® Briefly, dopa-
mine hydrochloride (2 g, 0.01 mol) was added to a flame-dried
round-bottom flask, and dissolved in dry CH,Cl, (30 mL)
under a nitrogen atmosphere, followed by the addition of TEA
(7.33 mL, 0.05 mol) to the reaction mixture. After stirring in an
ice/water bath of 0 °C for 5 min, TBSCI (4.77 g, 0.03 mol) in
dry CH,Cl, (20 mL) was slowly added at 0 °C. After 2 h, the
reaction mixture was removed from the ice/water bath and
allowed to warm to room temperature and stirred overnight.
The mixture was quenched with HCI solution (1 M, 20 mL)
and the organic phase was extracted from the aqueous phase
with the use of CH,Cl, (3 x 20 mL). The combined organic
layers were then washed with brine (3 x 20 mL), dried over
MgSO,, filtered, and concentrated. Purification by flash
chromatography (CH,Cl,: CH;0H = 30:1) afforded a yellow
solid (1.7 g, 85%). "H-NMR (400 MHz, CDCl,): 6y 6.55 (d, 1H,
ArH), 6.45 (m, 2H, ArH), 2.93 (t, 2H, ArCH,CH,), 2.66 (t, 2H,
ArCH,CH,), 1.01 (s, 18H, —(CHj);), 0.21 (s, 12H, —(CHj),-)
ppm.

2.4. Synthesis of cPep

Step (i): Synthesis of TBS-protected dopamine-functionalized poly-
peptide(z) (TBScPep(z)). Lys(z)-NCA and Phe-NCA were syn-
thesized according to the previously reported method.***® All
synthesized NCA monomers were hermetically stored at
—80 °C for further use. Lys(z)-NCA (1 g, 3.25 mmol) and Phe-
NCA (0.628 g, 3.25 mmol) were transferred into a predried
Schlenk-tube equipped with a stir bar under a nitrogen
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counter flow, followed by drying under high vacuum for 2 h.
After the monomers were completely dissolved in dry DMF
(20 mL), TBS-protected dopamine (100 mg, 0.26 mmol) was
added ([Myys(z) + Mphe)/[linitiator] = 25). The reaction mixture was
stirred at room temperature for 72 h under constant pressure
(20 mbar). Then the reaction mixture was precipitated into
diethyl ether (50 mL) and was dried under reduced pressure to
obtain a white solid. 'H-NMR (400 MHz, ds-DMSO): 6y
7.18-7.31 (C¢Hs-), 6.66-6.85 (m, ArH), 4.98 (-CH,), 4.17-4.52
(m, -CH-), 2.76-2.94 (m, -CH,-), 1.1-1.8 (m, —-(CH,);-), 0.93
((-CHs)3), 0.14 ((-CH3),-) ppm. Step ii: Deprotection of TBS-cPep
(z). TBScPep(z) (200 mg) was dissolved in TFA (5 mL), and HBr
in acetic acid (0.5 mL) was slowly added, followed by continu-
ous agitation at 0 °C for 1 h. The deprotected polymer was iso-
lated by the addition of cold ether (40 mL), centrifuged (3200g,
5 min), and washed with excess ether (3 x 10 mL). Finally,
cPep was dialyzed (MD34, 2000) against deionized water (pH =
5) for 2 days, and subsequently freeze-dried (fluffy white solid,
175 mg, 87.5%). '"H-NMR (400 MHz, D,0): &y 7.29 (CeHs-),
6.62-6.83 (m, ArH), 4.08-4.31 (m, -CH-), 2.97 (m, -CH,-),
1.17-1.68 (m, -(CH,)3-) ppm.

2.5. Fabrication of TNC

Ti disks of 2 mm in thickness were cut from a pure titanium
rod (6 mm in diameter) and polished to a mirror shine. All
disks were then sonicated in ethanol for 30 min, air-dried, and
fully immersed into a custom-made polytetrafluoroethylene
(PTEF) hydrothermal synthesis reactor (KH-25 mL) containing
NaOH solution (1 M, 5 mL, pH = 13.6). The vessel was tightly
sealed and placed in an oven at 220 °C for 2 h. Caution: When
operating at high temperatures, be sure to take protective
measures. Afterwards, the high-temperature steel reaction
vessel was quickly put into water, and Ti disks were carefully
removed from the holders, rinsed with copious amounts of de-
ionized water, and immersed into HCI solution (0.1 M, 50 mL)
for 24 h to exchange sodium ions. Finally, all disks were rinsed
with deionized water, and then placed in a furnace for calcina-
tion at 550 °C for 3 h.

2.6. Preparation of TNPC

Cleaned TNC was placed in PBS (10 mM, pH = 7.4) containing
cPep (25 mg mL™", 8.94 uM) at room temperature for 24 h. The
TNPC was obtained after being washed with large amounts of
deionized water and dried in a stream of nitrogen.

2.7. Invitro antibacterial assay

The in vitro bactericidal potency of the pure Ti, TNC and TNPC
disks was determined following a contact protocol.*® Firstly, all
materials were washed with sterile PBS three times and irra-
diated with UV-light for 30 min. The bacteria (S. aureus and
E. coli) were pre-cultured in MH broth at 37 °C and subcul-
tured until their optical density at 600 nm reached 0.5-0.7.
The bacteria were then harvested by centrifugation (1400g,
5 min), washed with PBS thrice, and resuspended in PBS at a
final concentration of ~10° colony forming unit (CFU) mL™". A
10 pL-aliquot of the inoculum suspension was pipetted and
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spread onto the surfaces of pure Ti (control group), TNC and
TNPC, then incubated at 37 °C for 1 h. Their antibacterial
efficacy was studied by field-emission scanning electron
microscopy (FE-SEM) observation and CFU counting. For
FE-SEM observation, all samples were fixed with 2.5% glutaral-
dehyde for 2 h, dehydrated through a series of graded ethanol
solutions (20%, 40%, 60%, 80%, 90% and 100%, each for
15 min), lyophilized overnight, and then sputtered with gold
for observation. The survived bacteria numbers were deter-
mined by CFU counting. Briefly, after a contact time of 1 h, all
samples were placed into PBS (1 mL), and vigorously washed
and sonicated for 5 min. Then the suspension was plated on
agar plates with 10-fold serial dilutions and the CFU was
counted, and the antibacterial rate was calculated as: kill% =
[(CFUgontrol = CFUgoating)/CFUcontro1] * 100. All experiments
were carried out in triplicate for each formulation.

2.8. LIVE/DEAD baclight bacterial viability assay

Fresh bacterial suspensions of S. aureus were grown overnight
at 37 °C in MH broth (5 mL). Bacterial cells were collected at
the logarithmic stage of growth and the suspensions were
adjusted to ODgoo = 0.01. The pure Ti (control group) and
TNPC were individually immersed in the bacterial suspension
(2 mL) and incubated at 37 °C for 7 and 14 days to allow
biofilm growth. The culture medium was changed every day.
Afterwards, all materials were gently washed with sterile PBS to
remove unattached planktonic bacteria, stained with the LIVE/
DEAD Baclight Bacterial Viability Kit in a dark environment at
room temperature for 15 min, and washed with PBS again.
Finally, the biofilm formed on the coatings was observed
under an inverted fluorescence microscope (IX53, Olympus).

2.9. Invitro cytotoxicity

All materials were sterilized with 70% ethanol prior to use.
The MC3T3-E1 cell line was obtained from the Cell Bank of the
Chinese Academy of Science (Shanghai, China). MC3T3-E1
cells were seeded on a tissue culture polystyrene (TCPS) plate
at a density of 6000 cells per cm” and cultured for 4 h to allow
attachment of the cells. The pure Ti, TNC and TNPC were then
individually placed onto the wells, allowing the coatings to
contact with the cells. The cells were cultured for 4 days, and
the medium was changed every 2 days. The cell viability was
determined by AlamarBlue assay at day 1 and 4.*°

2.10. In vivo rodent subcutaneous infection model

For the convenience of animal experiments, Ti rods (@ =
1 mm, 5 mm in length) were prepared in our laboratory. All
animal procedures were performed in accordance with the
Guidelines for Care and Use of Laboratory Animals of Xi’an
Jiaotong University (Shaanxi, China) and approved by the
Animal Ethics Committee of Xi’an Jiaotong University. Male
Sprague-Dawley rats (8 weeks, ~200 g) were purchased from
the Laboratory Animal Unit of the College of Medicine, Xi’an
Jiaotong University, and allowed to acclimatize for 7 days in
the lab. For the in vivo test, a rat model of implant-associated
infection was created by subcutaneously implanting TNPC into

This journal is © The Royal Society of Chemistry 2020
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the right back of rat, while the left back was implanted with
TNC as a control group.*® The implants were pre-seeded with
10 pL of bacterial suspension (S. aureus, 10° CFU mL™" in
PBS). Post-operatively, all rats were monitored daily. All of the
implants were retrieved after 5 days, then individually placed
in sterile PBS (1 mL) and sonicated for 5 min to detach the
adhered bacteria cells. The bacteria in the resulting suspen-
sions were counted after serial dilutions and plating. In paral-
lel, samples (100 pL) were randomly taken from the resulting
bacterial suspensions of each group and placed onto LB agar
plates to visualize the bacteria numbers. This procedure was
used to verify the absence of bacteria when none was detected
by serial dilution plating. For the histological study, the tissues
around the implants were sectioned to a thickness of 1-2 mm
with sterilized scissors, and immediately fixed in 4% neutral
formalin at 4 °C for 4 days for paraffin embedding. The
paraffin embedded tissues were cut into 2 mm ultrathin sec-
tions. The sections were stained with hematoxylin—eosin color-
ations and histologically analyzed by light microscopy.

2.11. Invitro HAp-forming ability

The SBF was prepared firstly as follows: ultra-pure water
(1000 mL) was put into a new plastic beaker and slowly stirred
at 36.5 °C, followed by the addition of NaCl, NaHCO;, KCl,
K,HPO,-3H,0, MgCl,-6H,0, CaCl, and Na,SO, in sequence.
Caution: Ensure that the previous reagent is completely dissolved
before adding the next one. The pH of the solution was found to
be approximately 7.5, and tris(hydroxymethyl)Jaminomethane
(Tris)-HCI solution was pipetted to adjust the pH to 7.40 in
order to make the pH value and ion concentration similar to
those in human plasma. The SBF was stored in a refrigerator
at 5-10 °C. The TNPC was separately soaked in SBF (5 mL) at
37 °C for 1, 7 and 14 days, and the SBF was refreshed every 2
days. After that, all samples were gently rinsed with distilled
water and lyophilized overnight. The precipitate was imaged by
FE-SEM and further measured by energy dispersive spec-
troscopy (EDX), FTIR and XRD to analyze the elements and
components.

Statistical analysis

The results were presented as the mean + standard deviation.
All experimental data were analyzed using Student’s ¢ test, and
P < 0.05 was considered to be statistically significant.

3. Results and discussion
3.1. Functionalization of cPep onto TNC

Contact-active antibacterial surfaces are usually fabricated with
the immobilization/grafting of molecules such as bactericides,
cationic polymers and antimicrobial peptides.*' The excellent
antibacterial activity in solution, is one of the key factors for
the selection of these molecules.”*** In this work, we chose a
cationic polypeptide (cPep) which has potent broad-spectrum
antibacterial activity in solution, to construct a contact-active
antibacterial surface on a nanostructured Ti surface.** cPep
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was synthesized through NCA-ROP initiated by TBS-protected
dopamine firstly. The phenolic hydroxyl groups of dopamine
were protected in advance so as to ensure that only the amine
group is used for the initiation of NCA monomers. Following
our previously optimized composition, antibacterial cPep was
synthesized by the copolymerization of carboxybenzyl (Cbz)-
protected-Lys (cationic segment) and Phe (hydrophobic
segment) at the molar ratio of 1: 1, with a total chain length of
25 amino acids. Thereafter, the TBS and Cbz protecting groups
were removed in one step under acidic conditions. The
"H-NMR spectra of cPep showed the characteristic chemical
shifts of catechol groups at 6.62, 6.78 and 6.83 ppm, while the
corresponding signals for Cbz and TBS protecting groups dis-
appeared after the deprotection process (Fig. S17).
Furthermore, the UV-vis absorption spectra of the cPep
polymer indicated the characteristic absorption peak of cate-
chol groups at 280 nm,** confirming the successful introduc-
tion of dopamine (Fig. S21). By quantitatively measuring the
catechol groups in cPep according to the standard curve of
dopamine, the molecular weight of cPep was determined to be
2796.2 ¢ mol™". It is worth mentioning that the presence of
catechol groups did not affect its antibacterial efficacy. cPep
exhibited an excellent minimum inhibitory concentration
(MIC) of 31 pg mL™" (11.1 uM) against three clinically signifi-
cant pathogens, including Gram-positive (S. aureus) and Gram-
negative (E. coli and P. aeruginosa) bacteria, which is the same
as Pep (Table S17).

TNC was fabricated via an alkali hydrothermal process fol-
lowed by annealing treatment. As shown in Fig. 2A, spike-like

D 1.6x10%
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nanofibers with an average diameter of 47 + 5 nm were gener-
ated after alkali-heat treatment at 220 °C for 2 h in 1 M NaOH
solution, followed by annealing treatment at 550 °C for 3 h. A
layer of nanofibers with a thickness of about 4 pm homoge-
nously covered on the Ti surface (Fig. 2B). The chemical com-
position of the coating was analyzed by XRD and EDX. As
shown in Fig. 2C and D, the TNC was mainly comprised of
TiO,. Thus the O content was significantly increased in TNC as
compared with the pure Ti, owing to the formation of large
amounts of Ti-OH groups. A nanostructured coating provides
two additional advantages for implant applications, including
expanding the surface area and improving the mechanical
locking force to increase the primary stability of the implant,
as well as enhancing implant anchorage by allowing bone
ingrowth.’®"” In addition, the morphology of the TNC layer
did not change after ultrasound treatment for 30 min, indicat-
ing its good stability on the surface (Fig. S3).

TNPC was fabricated through the functionalization of cPep
onto the TNC surface and characterized by FTIR, contact angle
measurement and XPS to verify the successful preparation
(Fig. 3). In the FTIR spectra, TNPC exhibited characteristic
vibration peaks for cPep, which were at 3000-3400, 2900, 1640
and 1530 cm™* for -NH,/-OH and —CH,~ stretching vibrations
as well as amide I and II bands, respectively (Fig. 3A).>” As
shown in Fig. 3B, pure Ti indicated a less hydrophilic character
with a contact angle of 66 + 1°, while its wettability was mark-
edly improved after surface treatment, with contact angles of
8 + 1° and 12 + 2° for TNC and TNPC, respectively. Moreover,
TNPC showed a new peak at 399.3 eV for Nis in the XPS

TNC [
---\_'g:}-n‘--:‘u----!_----q,uip-uu---u--uu-u----
p AR pm
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Fig. 2 (A) FE-SEM and (B) cross section of the TNC. (C) XRD and (D) EDX of the pure Ti and TNC.
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Fig. 3 (A) FTIR spectra, (B) contact angle and (C) XPS spectra of the pure Ti, TNC and TNPC. (D) High-resolution (N1s) XPS spectra of the TNPC.

spectra (Fig. 3C), which was attributed to the -NH- (399.2 eV)
and -NH;" (401.8 eV) existing in the cPep (Fig. 3D),*” and
these results revealed the successful immobilization of cPep
onto TNC.

3.2. Invitro antibacterial studies

The bactericidal efficiency of the TNC and TNPC was evaluated
against two kinds of pathogenic bacteria (S. aureus and E. coli)
through a surface contact protocol with pristine Ti as the
control group.>®*® Firstly, FE-SEM was used to visualize the
bacterial morphology on different surfaces after 1 h culture. As
shown in Fig. 4A, both S. aureus and E. coli were observed on
the pristine Ti surface with significant quantity and intact
morphology. When bacteria were incubated on the surface of
TNC, bacteria were located on or between the nanospikes.
Notably, although some of the bacteria still kept their normal
shape, morphological deformation was observed (blue arrows).
In marked contrast, the TNPC surface disrupted S. aureus and
E. coli cells more effectively, and most of the contacted bacteria
had significant morphology changes. It was clearly revealed
that both S. aureus and E. coli cells collapsed and deformed
(red arrows). These results indicate that TNC could disrupt the

This journal is © The Royal Society of Chemistry 2020

contacted bacteria partially, which coincides with previous
studies.”® Whereas with the immobilization of cPep, TNPC
exhibits a stronger effect of disturbance and destroys bacterial
cells. To further verify this phenomenon and investigate their
viability, the bacteria after contact with the surfaces were col-
lected and re-cultured for CFU counting.

S. aureus and E. coli were inoculated on the surface of pure
Ti, TNC and TNPC at a concentration of ~10° CFU mL™". Upon
incubation for 1 h, the colony numbers of each type of bacteria
were significantly reduced for TNC and TNPC (Fig. 4B). 52.2%
of S. aureus and 72.9% of E. coli were dead on contact with
TNC, which indicated the significant (p < 0.01) disruption of
the bacteria by TiO, nanospikes. It seemed that TNC is more
potent to kill Gram-negative E. coli than Gram-positive
S. aureus. By contrast, TNPC showed a greatly enhanced killing
efficiency of more than 99.9% toward both S. aureus and E. coli.

Previous studies had demonstrated that such nanospike
surfaces possess antibacterial activity owing to their high
aspect ratio nanostructure induced extensional deformation of
the attached bacteria.'”*® Gram-positive bacteria have thick
peptidoglycan multilayers outside the cytoplasmic membrane
(e.g., 20 layers for S. aureus with a thickness of ~20 nm), which
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faces against S. aureus. (D) CFU numbers and (E) LIVE/DEAD bacterial viability assay of S. aureus after being in contact with the pure Ti (control
group) and TNPC for 7 and 14 days. (Each data point represents the mean + standard deviation, n = 3).

cross-linked into a tight network thus forming a more rigid
cell wall.>® In contrast, Gram-negative bacteria only have a thin
peptidoglycan layer (e.g., 3 layers for E. coli with a thickness of
~3 nm) and an outer lipid membrane with fluidity. Therefore,
S. aureus cells are less susceptible to the nanospike structure
of TNC. When bacteria were in contact with the nanospike
structure, the bacterial cell was stretched on the surface,
leading to membrane rupture, and bacteria death. However,
the bacteria could not be completely killed only by this physi-

284 | Biomater. Sci., 2020, 8, 278-289

cal-mechanical effect. With the modification of cationic anti-
bacterial Pep on the nanospike, both S. aureus and E. coli cells
were strongly disrupted by TNPC with an excellent kill ratio of
above 99.9%. What is more, the cell wall and membrane of
bacteria are composed of anionic molecules (e.g., lipopolysac-
charides for Gram-negative bacteria, teichoic acids for Gram-
positive bacteria). The
strengthen the interaction of nanospikes with anionic bacterial

surface tethered cations could

cells, thus leading to exceptional bactericidal efficacy.

This journal is © The Royal Society of Chemistry 2020
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3.3. Long-term antibacterial and antibiofilm efficacies

After implantation, orthopedic implants usually need a
period of time for the integration with the surrounding
tissue.” Before the successful osseointegration of implants,
their interface could be an ideal seedbed for bacteria. Thus,
patients carry the risk of infection in the first few weeks after
implantation due to the continuous challenge of opportunis-
tic pathogens.”' Hence, an antibacterial coating that could
resist multiple attacks of bacteria and maintain its long-time
efficacy is desirable. To ascertain its durable antibacterial
efficacy, our TNPC was repeatedly challenged with S. aureus
four times. As shown in Fig. 4C, the TNPC still possessed
excellent antibacterial efficacy above 99.9% even after
the forth challenge with bacteria of high concentrations
(~10® CFU mL™).

Once bacteria managed to adhere on the surface of
implants, it could develop into a biofilm shortly. Bacteria in
the biofilm are hard to kill as the bacteria are embedded in a
protective polymeric matrix.”>>* Accordingly, biofilm-associ-
ated implant infections are hard to treat. Although the
biofilm-infected implants could be removed by surgery, the
residual biofilm hiding in the body still can cause recurring
infections.>>* Thus, biofilm-resistance is a key factor for anti-
bacterial coatings of implants. Herein, the antibiofilm activity
of TNPC was studied with S. aureus for 7 and 14 days. As
proved by the number of CFUs, abundant bacteria could
adhere on the surface of pure Ti at day 7 and 14, while almost
no adherent bacteria could be detected on the surface of TNPC
(Fig. 4D). Moreover, the LIVE/DEAD bacterial viability assay
showed that the S. aureus biofilm with copious alive bacterial
cells (stained green) were formed upon the pure Ti surface, but
only few dead bacteria (stained red) could be observed on
TNPC at day 7 and 14 (Fig. 4E). These results demonstrated
that our TNPC has durable antibacterial and antibiofilm
properties.

3.4. Invitro cytotoxicity assay

With the development of medical science and technology,
more and more orthopedic implants are widely used in clini-
cal practice. However, although they have achieved satisfac-
tory results in orthopedic treatment, and since orthopedic
implants are inevitably in contact with human tissues, blood
and cells, their cytotoxicity is a primary criterion for clinical
applications. The in vitro cytotoxicity of the pure Ti, TNC
and TNPC was evaluated by the AlamarBlue assay, and they
were respectively cultured with murine MC3T3-E1 osteoblas-
tic cells for 4 days. An unmodified TCPS plate was used as
the control. At day 1 and 4, the cell viability was determined
by the AlamarBlue staining. As shown in Fig. 5, murine
osteoblastic cells could keep growing for up to 4 days when
in contact with the pure Ti, TNC and TNCP surfaces. It
turned out that there was no significant difference (p > 0.05)
in the viability of osteoblastic cells cultured on TCPS, pure
Ti, TNC and TNPC. This result identified that the pure Ti,
TNC and TNPC were non-toxic to the growth of osteoblastic
cells.

This journal is © The Royal Society of Chemistry 2020
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Fig. 5 In vitro cytotoxicity study of the pure Ti, TNC and TNPC with
murine MC3T3-E1 osteoblastic cells determined by AlamarBlue assay at
1 and 4 days (error bars represent mean + standard deviation for n = 5).
MC3T3-E1 cell growth was unaffected by incubation with the pure Ti,
TNC and TNPC for up to 4 days. No significant difference (p > 0.05) in

the viability of osteoblastic cells in contact with the TCPS (control
group), pure Ti, TNC and TNPC.

3.5. Invivo anti-infective activity

To further evaluate the in vivo anti-infective ability of TNPC,
a rat subcutaneous infection model was constructed with
S. aureus bacteria, one of the key pathogenic microbes result-
ing in medical implant-associated infections.” The infection
was induced through a pre-seeding protocol.”® Incisions
(~1 cm) were cut on two sides of each rat’s back, and the
pure Ti (left) and TNPC (right) modified Ti rods pre-contami-
nated with fresh S. aureus of ~10° CFU were then placed into
the incisions on a total of 8 rats (Fig. 6A). After 5 days, the
infection condition at the implantation site was observed. As
shown in Fig. 6B, severe bacterial infection was clearly
observed around the pure Ti implant. In contrast, the tissue
was normal around the TNPC implant, with no obvious
infection observed. The TNPC implant had better wound
healing performance due to its available antibacterial
activity.”® All implants were retrieved and washed with steri-
lized PBS under ultrasonication, followed by determining the
number of viable bacteria on the implants. As shown in
Fig. 6C, there were numerous S. aureus bacteria growing on
the pure Ti implants (~3.26 x 10® CFU), but few bacteria
were retrieved from the TNPC implants (~28 CFU). Moreover,
all eight pure Ti implants were seriously infected with the
bacteria number ranging from 4.90 x 10’ to 5.73 x 10® CFU
per implant, whereas one of the eight TNPC implants had
no visible bacteria and the other seven had fewer than
450 CFU per implant (Fig. 6D). The number of adherent bac-
teria on the TNPC implants was significantly lower than
those on the pure Ti implants, with a log reduction of 6.65
(p < 0.001). In addition, histological analysis was further
used to evaluate the anti-infective effect of the TNPC
implants by hematoxylin-eosin (H&E) staining. As shown in
Fig. 6E, more inflammatory neutrophils (stained blue) were
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Fig. 6 In vivo anti-infective activity of the pure Ti and TNPC. (A) Scheme of the rat subcutaneous infection model. (B) Photographs of a rat
implanted with both the pure Ti and TNPC on day 5. The inflammation at the wound site in two groups was visually observed. (C) Photographs of
the spread plate of the pure Ti and TNPC implants (10? and 10* mean degree of dilution). (D) Numbers of viable S. aureus recovered from the pure Ti
and TNPC implant surface after 5 days in the subcutaneous rat model (p < 0.001). The black lines represent the average value of each group. (E)
Histological study of the infected tissues around the pure Ti and TNPC implants (the red arrows indicate the inflammatory area).

observed in the tissue around the pure Ti implants in com-
parison with those around the TNPC implants. These results
indicated that the TNPC implants had excellent in vivo anti-
infective activity.

3.6. Biomimetic HAp formation

The ability to induce the surficial growth of HAp in a physio-
logical environment is an important factor to evaluate the
bioactivity or bone conductivity of the orthopedic implants.*”
It is known that HAp formation is effectively enhanced by
functional groups (e.g., carboxyl, hydroxyl and amine
groups),”’*? and the TNPC contains enriched groups of the
positively charged amine, which are able to absorb the nega-
tively charged phosphates and carbonates by electrostatic
interactions.®® The absorbed phosphates and carbonates are
able to attract the calcium ions, thus leading to the eventual
deposition of HAp with carbonates. After soaking for 7 and
14 days, a newly precipitated layer covered on the TNPC
surface, as proved by FE-SEM results (Fig. 7A). FTIR and XRD
were then applied to characterize the structure of the HAp
grown on the TNPC surface at day 7 and 14, respectively. As
shown in Fig. 7B, the vibration peaks at 1035, 600 and

286 | Biomater. Sci, 2020, 8, 278-289

575 cm™' were ascribed to the stretching and bending

vibrations of PO4*”, revealing the successful formation of
crystalline HAp. Moreover, the vibration bands at 1545, 1450
and 875 cm™" were attributed to the stretching and bending
vibrations of CO;>7, indicating that trace amounts of PO,*~
were substituted by CO;>~ to form A-type of carbonated
HAp,®"®* which possessed improved solubility and degrad-
ability for the replacement of new bones and osseointegra-
tion. In addition, -OH and H,O molecules were also
observed in the precipitated layer due to the presence of the
corresponding vibration peaks at 3450, 1655 and 645 cm™".>°
XRD analysis proved that the mineral grown on the TNPC
surface was HAp. As shown in Fig. 7C, the HAp phase can be
determined through the XRD peaks at 25.8°, 28.5°, 34.8° and
49.5° for the reflection planes of (002), (210), (211) and (213),
respectively.>>®® Furthermore, large amounts of O, P and Ca,
as well as tiny amounts of Na and Ti were detected by EDX
(Fig. 7D). According to the EDX results the Ca/P ratio of the
deposited coatings (1.62) was close to that of stoichiometric
HAp (Ca/P = 1.67). These results indicated that the
TNPC possessed excellent bioactivity for the in situ formation
of HAp.

This journal is © The Royal Society of Chemistry 2020
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Fig. 7 (A) Process for the accumulation of calcium phosphate biominerals on the TNPC surface and FE-SEM images of the HAp growth at day 1, 7
and 14. (B) The chemical structure of the HAp on the TNPC at 7 and 14 days verified by FTIR, respectively. (C) The XRD pattern of the HAp on the
TNPC at day 7 and 14, respectively. (D) Results of EDX elemental analysis inside the HAp crystals on day 14.

4. Conclusion

In this work, the rationally designed bactericidal cPep pos-
sessing catechol groups was first directly synthesized by a
one-step NCA-ROP, with the purpose that this mussel-
inspired Pep could be easily immobilized onto the nanospike
TNC surface through robust coordinative interaction between
catechol and TiO,. TNPC showed enhanced antibacterial
activity with an inhibition rate of more than 99.9% against
both Gram-positive and Gram-negative bacteria. Moreover,
inferring from the in vivo rat infection model results, TNPC
displayed strong anti-infective properties, while reserving
excellent biocompatibility with non-toxicity to murine osteo-
blastic cells, and the number of bacteria in the infected
implant has even been reduced by 6 orders of magnitude.
Simultaneously, TNPC could induce the deposition of HAp
from SBF, indicating that it could potentially promote the
bioactivity of the Ti-based implants. Overall, due to the
flexibility in design and fabrication, this dual-functional
novel coating with antibacterial and biological activity holds
great promise for utilization with orthopedic and dental
implants.

This journal is © The Royal Society of Chemistry 2020
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