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Covalent immobilisation of antimicrobial peptides on titanium (Ti) surfaces has been widely performed to
inhibit bacterial adhesion and biofilm formation, however, it is unclear whether a spacer is necessary in
this process for anti-bacteria adhesion, while still exhibiting good biocompatibility. We investigated the
antibacterial properties and inflammatory response of Ti and PEGylated Ti with covalently immobilized
KR-12 peptide on the surfaces. The KR-12 peptide was derived from LL-37, which is bactericidal and
bacteriostatic in solution. Successful covalent immobilisation was determined by X-ray photoelectron
spectrometry, contact angle measurements, and atomic force microscopy. KR-12 incorporation
significantly decreased the bacterial adhesion to the Ti surface. Compared to the Ti-KR-12, the KR-12
immobilisation via a PEG spacer increased anti-microbial efficiency and reduced in vitro adhesion and
biofilm formation of Staphylococcus epidermidis. Activated macrophages deprived from THP-1 cells with
long filopodia were observed on the titanium surface, which was in agreement with increased TNF-
o and IL-1B secretion. The KR-12-modified Ti surface and PEGylated Ti surface significantly decreased
TNF-a and IL-1B secretion and macrophages remained in inactivated round states. The grafting of a PEG
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Accepted 4th July 2017 spacer prior to KR-12 immobilisation on the Ti surface improved the antibacterial properties and reduced
macrophage activation, and may also decrease overall inflammatory responses. Thus, this approach

DO 10.1039/¢7ra05538b showed the potential to biofunctionalize Ti for anti-bacteria adhesion and reducing macrophage
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1. Introduction

Titanium (Ti) is widely applied in the clinic, however, due to it
being bio-inert, various approaches had been applied to fabri-
cate biofunctional Ti implants with immobilized bioactive
components including hydroxylapatite (HA), silicate or
strontium/sliver doped HA, antibiotics, trace elements, and
antimicrobial peptides (AMPs)."* Among them, AMPs are a new
class of antibiotics. Unlike traditional antibiotics, they have
broad-spectrum antimicrobial ability with lower cytotoxicity
and accordingly, they have the potential to replace the use of
antibiotics.® The use of AMP antimicrobial coatings in the bio-
functionalisation of biomedical devices and Ti implants has
been widely investigated, owing to their lower cytotoxicity and
minimal development of pathogen resistance compared to
conventional antibiotics.”* Various approaches based on the
physical or chemical immobilisation of AMPs have been
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developed to generate antibacterial surfaces, including covalent
immobilisation, layer-by-layer techniques, and local release on
the Ti surface.”*™ The local controlled release of AMPs has
certain disadvantages, including short effective times, large
dose requirements, and the development of bacterial resistance
when small doses are used. Covalent immobilisation of AMPs
on Ti surfaces is an effective approach to mitigate Ti implant-
associated infections with long-term stability and
toxicity.**"”

However, it is not clear whether it is essential to tether
a spacer to the Ti surface prior to the covalent immobilisation of
AMPs. LL-37, the only human cationic antimicrobial peptide, is
composed of 37 amino acids with a broad spectrum of anti-
bacterial activity and participates in various immune systems,
including inflammatory responses, tissue repair, and antibac-
terial properties.”® The application of a flexible hydrophilic
poly(ethylene glycol) spacer and selective N-terminal conjuga-
tion of LL-37 results in a surface peptide layer that is capable of
killing bacteria on contact.” Thus, incorporation of a space is
recommended prior to immobilisation of LL-37 on the titanium
surface.” However, some studies have suggested that covalently
immobilised AMPs on Ti surfaces maintain equivalent or
superior antimicrobial activity without a spacer.”>** In one
study, the application of a spacer was more effective for killing
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bacteria than the direct immobilisation of the LL-37 peptide to
the titanium surface.” The need to bind a spacer prior to
covalent immobilisation of AMPs on biomedical device surfaces
partially depends on the mode of action of the specific AMP."

Polyethylene glycol (PEG) is a long chain polymer that is
widely used in tissue engineering, medicine, food, owing to its
high degree of hydrophilicity, water solubility, good biocom-
patibility and lack of toxicity.”>*” The synthetic hydrophilic
polymer PEG and its derivatives are the most widely used anti-
fouling and anti-bacterial materials. AMPs can be covalently
immobilised using PEG that bears functional groups suitable
for covalent peptide immobilisation. The polymer PEG can
serve as an anti-protein adsorption anti-bacterial adhesion
surface; it can also act as a flexible spacer for covalent immo-
bilisation of AMP and promote AMP-bacteria interactions.”

Cytocompatibility and inflammatory responses must be
considered in the biofunctionalisation of Ti.*®*** Macrophage
responses always influence implant performance in vivo, since
tissue macrophages are among the first cells recruited around
the implant.** Macrophages can differentiate into various
phenotypes and exert different functions under different
micro-environments and stimuli. Macrophage polarisation is
the main approach to become an activated macrophage, i.e.,
a classical (M1) or alternative type (M2), which is related to the
infection and tissue repair. Typically, M1 macrophages are
interferon-inducible (IFN-y) and express pro-inflammatory
cytokines (TNF-a, IL-1B, IL-6, and IL-8). These inflammatory
cytokines can recruit other immune responsive cells, further
exacerbate local inflammatory response. Unwanted inflam-
matory response is one of the major obstacles to osteogenesis
after injury. Various studies have focused on Ti surface
modifications to promote osteogenic differentiation and
inhibit bacterial colonisation.*"**> However, before stem cells
can arrive to the Ti implant surface to differentiate into oste-
oblasts and form bone, the inflammatory response must be
resolved since chronic inflammation can inhibit bone-implant
integration.***  Therefore, controlling inflammatory
responses to implants is an important issue for medical
devices owing to the negative effects of chronic inflammation
on device performance in vivo. Controlling inflammatory
responses to implants is an important issue for medical
devices owing to the negative effects of chronic inflammation
on device performance in vivo.*®

The KR-12 peptide was deprived from human cathelicidin
LL-37, possessing both antimicrobial and anti-endotoxic activ-
ities, without mammalian cell toxicity.>® The production cost of
KR-12 is much lower than that of LL-37, which makes the KR-12
peptide an excellent candidate for fabricating an antimicrobial
surface for biomedical devices and Ti implants.*” In the present
study, we examined whether a PEG spacer improved the anti-
bacterial properties of Ti prior to the covalent immobilisation of
KR-12. We also investigated the inflammatory response to the
KR-12 peptide on Ti and PEGylated Ti surfaces. This will help us
develop a suitable approach to tether the KR-12 peptide to the Ti
surface, achieving optimal anti-bacterial effects and reduced
macrophage inflammatory responses.
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2. Materials and methods

2.1. Materials

The following materials were used: Ti6Al4V (Shanghai Yan Ti
Metal Material Co. Ltd.), KR-12 peptide (GL BioChem,
Shanghai, China; sequence, KRIVQRIKDFLR; purity, >95%),
polyethylene glycol (3.4 kD, JenKem Technology, Beijing,
China), 3-aminopropyltriethoxysilane (APTES; Sinopharm
Chemical Reagent Co., Shanghai, China), LIVE/DEAD® Bac-
Light Bacterial Viability Kits (Molecular Probes, Eugene, OR,
USA), 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide (EDC,
Tokyo, Japan), N-hydroxysulfosuccinimide  (sulfo-NHS,
Shanghai, China), LDH Cytotoxicity Kit (Beyotime Biotech-
nology, Haimen, China), alpha minimum essential medium (o-
MEM; Hyclone, Logan, UT, USA), fetal bovine serum (FBS;
Gibco, Australia), trypsin-EDTA (0.5%), rhodamine phalloidin
(cytoskeleton), 4',6-diamidino-2-phenylindole (DAPI; Sigma-
Aldrich), IMMULITE®/IMMULITE® 1000 TNF-o, and
IMMULITE®/IMMULITE® 1000 IL-1B (SIEMENS, Munich,
Germany).

2.2. Methods

2.2.1. Covalent immobilisation of HOOC-PEG-NH, or/and
KR-12 peptides on titanium surfaces. Ti surfaces were polished
and ultrasonically cleaned in a detergent solution, acetone, and
ethanol. Then, the cleaned Ti was soaked in 5 M NaOH solution
at 80 °C for 24 h to introduce OH groups to the Ti surface, fol-
lowed by deionized water at 80 °C for 8 h. They were subse-
quently immersed in a 10 wt% anhydrous toluene solution of 3-
(2-aminoethylamino)propyltrimethoxysilane at 100 °C for 12 h,
to introduce amino groups to the Ti surface (denoted Ti-AA). For
PEG immobilisation, the Ti-AA specimens were immersed in
a PEG disuccinate mixture composed of 1 mg mL~' PEG-dis-
uccinate of 3400 Da, 20 mg of EDC, and 15 mg of NHS in 10 mL
of deionized water. The reaction was carried out at 60 °C for 4 h,
and the specimens were sonicated and rinsed with water to
remove any ungrafted moieties on the surface; these samples
were denoted Ti-P. For KR-12 peptide covalent immobilisation:
Ti-AA substrates were incubated with KR-12 peptide solution
(1 mg mL™"), under the conditions of EDC and NHS. PEGylated
titanium was soaked in 4 mL of KR-12 peptide (1 mg mL™") and
oscillated for 8 h at 37 °C under the conditions of EDC and NHS
to yield KR-12-conjugated PEGylated titanium (Fig. 1). It was
then washed with PBS to detach the ungrafted KR-12 peptide.
This composite was denoted Ti-P-KR-12. The amount of KR-12
peptide covalent on the Ti or PEGyalated Ti surface were
determined with biuret reagent as precious described.?”

2.2.2. Characterisation

X-ray photoelectron spectroscopy (XPS). Each step in the bio-
functionalisation of Ti was characterized by XPS; briefly, the
elemental composition of the surface was analysed and all
energies are reported as binding energies in eV and referenced
to the C 1s signal (set to 285.0 eV).

Atomic force microscopy (AFM). The surface topography of
each Ti substrate was characterized using atomic force
microscopy (AFM). Briefly, AFM images were obtained in the

This journal is © The Royal Society of Chemistry 2017
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tapping mode at 20-25 °C in air with a Seiko SPI3800N Station
(Seiko Instruments, Inc., Chiba, Japan), using silicon tips
(NSG10, NT-MDT) with a resonance frequency of approximately
300 kHz. The average surface roughness values (roughness
average) were also measured by AFM.

2.2.3. Water contact angle analysis. The hydrophilicity of
each Ti substrate was measured using a contact angle meter
(DMCE1, Kyowa Interface Science, Japan). Drops of ultrapure
water were delivered to the substrate surface with a set drop
volume of 10 uL at a dosing rate of 1 uL s~ '. An average of 10
readings were obtained for each sample and triplicate
measurements were made for each type of Ti.

2.2.4. Bacterial colonisation on the modified titanium
surface. Staphylococcus epidermidis was cultured overnight in
Tryptic Soy Broth (TSB), and bacteria were re-suspended in
sterile TSB to approximately 1 x 10° CFU mL . Bacteria were
then added to a 24-well plate that contained various Ti
substrates. The anti-bacterial assay was performed for the
following groups: Ti, Ti-AA, Ti-P, Ti-KR-12, and Ti-P-KR-12. The
Ti samples and the bacterial solution were incubated for 6 h and
24 h at 37 °C. The spread plate method, confocal laser-scanning
microscopy (CLSM) and scanning electron microscopy (SEM)
were used to characterize bacterial colonisation on each Ti
sample.

For the spread method, the total number of surviving
bacteria was determined by added serial dilutions of the
bacteria to agar plates. Bacteria were cultured in a constant

View Article Online

RSC Advances

temperature incubator overnight. The total number of surviving
bacteria was counted. The antibacterial rate of Ti samples was
estimated as follows: R, (%) = (A — B)/A x 100, where A repre-
sents the viable bacteria on the Ti surface and B represents
viable bacteria on various Ti surfaces.

CLSM was applied to characterize the live or dead bacteria on
various Ti substrate surfaces. Briefly, surfaces were washed
twice with PBS gently to remove non-adherent bacteria. Ti
samples were stained with the LIVE/DEAD BacLight Bacteria
Viability Kit (Molecular Probes) according to the manufacturer's
instructions. The samples were visualized by CLSM (Leica TCS
SP2, Germany).

For SEM, each Ti sample was fixed with 2.5% glutaraldehyde
overnight, dehydrated in a graded ethanol series (30%, 50%,
70%, 80%, 90%, and 100%) for 10 min, freeze-dried, sputter
coated with carbon, and observed by SEM (JEOL JSM-6700F,
Tokyo, Japan).

2.2.5. Macrophage inflammatory responses and cytotox-
icity on the titanium surface. The human macrophage cell line
THP-1 was purchased from the Chinese Academy of Sciences
(Shanghai, China) and maintained in RPMI 1640 medium
supplemented with 10% FBS at 37 °C in a humidified 5% CO,
incubator. Macrophages were induced with PMA at a concen-
tration of 100 ng mL~" for 24 h and cultured for 24 h in blank
media (10% FBS). The cell density was adjusted to 1 x 10> per
mL. Ti substrates were plated on a 24-well plate prior to seed 1
mL cell suspension at a density of 1 x 10> per mL. After 24 h and
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Fig. 1
PEGylated Ti surface.
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(A) Chemical structure of the KR-12 peptide. (B) Diagrammatic sketch of the covalent immobilisation of the KR-12 peptide on the

RSC Adv., 2017, 7, 34321-34330 | 34323


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c7ra05538b

Open Access Article. Published on 10 July 2017. Downloaded on 1/12/2026 5:28:57 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

RSC Advances

48 h of incubation, the levels of the pro-inflammatory cytokines
(TNF-o. and IL-1B) in the cell supernatant was determined using
IMMULITE/IMMULITE 1000 TNF-o. and IL-1B Kits respectively
(Siemens Healthcare Diagnostics, Inc.), according to the manu-
facturer's instructions. The detection limits of the assays were
0.12-1000 pg mL ™" for TNF-a, 0.70-1000 pg mL ™" for IL-6, 2-7500
pg mL ™" for IL-8, and 1.5-1000 pg mL " for IL-1p. The release of
lactate dehydrogenase (LDH) enzyme in the supernatant was used
to investigate cytotoxicity using the Cytotoxicity Detection Kit.
LDH activity was determined spectrophotometrically at 490 nm.

2.2.6. CLSM to characterise the macrophage morphology.
The macrophage morphology and cytoskeletons were charac-
terized by CLSM. After 24 h and 48 h of incubation with THP-1-
deprived macrophages, the Ti substrate was washed with PBS to
remove non-adherent cells and fixed with 4% para-
formaldehyde overnight. Cells attached on Ti samples,
including the Ti substrate, Ti-AA, Ti-P, Ti-KR-12, and Ti-P-KR-12
substrates were fixed with 4% paraformaldehyde and then
incubated with 0.1% Triton X-100 for 15 min, gently washed
with PBS, and then soaked in DAPI solution (5 pg mL™") for
15 min for nuclear staining. Cytoskeleton was stained with
fluorescent phalloidin for 30 min according to the manufac-
turer's protocol, and the macrophage cell morphology was
visualized by CLSM (Leica TCS SP2).

2.2.7. SEM to characterize the filopodia of macrophages on
each Ti substrate. Macrophages were cultured as described in
Section 2.2.7. Macrophage parapodia on various Ti surfaces
were characterized by SEM. Briefly, at the prescribed time
points, Ze., 24 h and 48 h, samples were fixed with 2.5%
glutaraldehyde overnight, dehydrated in a graded ethanol series
(30%, 50%, 70%, 80%, 90%, and 100%) for 10 min, freeze-dried,
and sputter coated with carbon. Filopodia were observed by
SEM (JEOL JSM-6700F).

2.2.8. Statistical analysis. All data were analysed using SPSS
(version 19.0). One-way ANOVA followed by an S-N-K-test was
used to evaluate differences between groups. Statistical signifi-
cance was set at P < 0.05.

3. Results

3.1. Surface characterisation was analysed by XPS

Elemental composition of silanised Ti samples indicated
increased N% and C% to 3.58% and 24.25% and decreased O%
to 51.14%. The subsequent addition of covalent PEG on the
amine-functionalized surface showed an increase in N% and
C% to 3.62% and 24.41%. After covalent immobilisation of the
KR-12 peptide on the amine-functionalised Ti surface, N% and
C% increased to 4.34% and 24.13%. After covalent immobili-
sation of the KR-12 peptide on the PEGylated Ti surface, N%
and C% increased to 5.36 and 78.85 (Table 1). C 1s high-
resolution XPS spectra were obtained (Fig. 2). The native C 1s
spectrum of Ti-P showed two peaks at binding energies of 288.1
and 284.1 eV, corresponding to C=0/0=C-N and C-C, which
indicated that PEG was covalently attached to the amine-
functionalised surface via the reaction of -COOH in PEG and
-NH, on Ti-AA and formed a new amide bond. Ti-KR-12 showed
two peaks at binding energies of approximately 284.4 (aliphatic

34324 | RSC Adv., 2017, 7, 34321-34330
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Table 1 Chemical composition and relative atomic ratios (atomic
percentages, %) of Ti, Ti-AA, Ti-P, Ti-KR-12 and Ti-P-KR-12

Ti Ti-AA Ti-P Ti-KR-12 Ti-P-KR-12
C (%) 9.19 24.25 24.41 24.13 78.85
N (%) 0.97 3.58 3.62 4.34 5.36
0 (%) 65.28 51.14 50.67 48.76 11.41
Si (%) 4.77 4.51 5.32 7.46 0.81
Ti (%) 17.92 16.04 15.97 14.81 0.2

C-C), 258.8 eV (C-N groups), 286.1 (C-O groups) and 288.1 (C=
0O/O=C-N). Peptide immobilisation via APTES silanisation
resulted in a significant increase in the high-energy component
of C 1s compared to controls. Ti-P-KR-12 also showed two peaks
at approximately 259.8 (C-O) and 288.2 eV (C=0/O=C-N) and
an increase of C and N elemental composition compared to Ti-P
and Ti-KR-12. The XPS data confirmed the covalent immobili-
zation of PEG, KR-12, and both PEG and KR-12 on the Ti
surface. The amount of KR-12 covalent bond on the Ti and
PEGyalated Ti showed no significant difference.

3.2. AFM to characterize the surface topography of each Ti
sample

The surface morphology of samples was analysed using AFM
after each step of Ti biofunctionalisation, and changes in the Ti
surface topography were detected. The root mean square (RMS)
surface roughness for each sample was shown in Fig. 3. The
roughness values were 1002.6 £ 12 nm, 509 + 8 nm, 516 +
5 nm, 522 + 19 nm, and 528 + 14 nm for Ti, Ti-AA, Ti-P, Ti-KR-
12, and Ti-P-KR-12, respectively. Ti samples pre-treated with
NaOH etching and APTES showed a significant increase in
roughness in comparison with control samples. For covalent
PEG or and KR-12 on the Ti surface, the roughness was not
significantly different compared with Ti-AA.

3.3. Water contact angle

Next, we characterised the surface contact angle of each Ti
sample. The water contact angle for Ti, Ti-AA, Ti-P, Ti-KR-12 and
Ti-P-KR-12 were 73.92° + 2.41°, 38.9° + 4.07°, 28.0° + 1.38°,
30.7° £ 2.05°, 30.4° £ 1.12° respectively. Ti-AA decreased the
contact angle values with a significant increase in hydrophilicity
(Fig. 4). For Ti-P, since PEG is a highly hydrophilic polymer,
when it was covalently attached to the amine-functionalised
surface, it can further increase the hydrophilicity of Ti-AA.

3.4. Bacteria colonisation on each Ti surface

The adhesion of S. epidermidis to various Ti surfaces was eval-
uated using the spread plate method, CLSM, and SEM.
Untreated Ti and Ti-AA surfaces showed large bacterial coloni-
sation areas and high relative proportions of bacteria. PEGy-
lated Ti can reduce bacteria adhesion and minimize bacterial
colonisation on the surface at 6 h. After 24 h, the bacteria counts
showed no significant differences between Ti, Ti-AA, and Ti-P.
At each time point, Ti control exhibited highest number of
bacterial colonies, fewer bacterial colonies were observed in Ti-

This journal is © The Royal Society of Chemistry 2017
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Fig. 2 XPS to characterize the successfully covalent immobilization. (A) XPS wide scan spectra of Ti-P, TiKR-12 and Ti-P-KR-12 and (B) XPS high

resolution of carbon spectra signal of Ti-P, Ti-KR-12, and Ti-P-KR-12.

KR-12 and Ti-P-KR-12, while least number of bacterial colonies
even were observed in Ti-P-KR-12 (Fig. 5A). Based on a quanti-
tative analysis, Ti-KR-12 exhibited 89% bacterial inhibition, and
Ti-P-KR-12 exhibited a 96% inhibition of bacteria (Fig. 5B).

The results of live/dead bacterial staining are summarised in
Fig. 6. After culturing for 6 h, there were large amounts of viable
bacteria in the Ti and Ti-AA groups. Other groups demonstrated
decreased the viable bacterial colonies, (green fluorescence)
and increased dead bacterial colonies (red fluorescence). After
24 h of culture, a large amount of viable bacteria were detected
in the Ti, Ti-AA, and Ti-P groups (Fig. 6A), while many dead
bacteria (red) occurred in Ti-P-12. A similar trend was observed
using SEM. After 6 h and 24 h, there were large amounts of
bacteria on the Ti, Ti-AA, and Ti-P groups, but few adherent
bacteria on Ti-KR-12 and Ti-P-KR-12 (Fig. 6B).

3.5. Inflammatory cytokine secretion

The levels of the pro-inflammatory factors TNF-o. and IL-1f in cell
culture supernatant were investigated. As shown in Fig. 7A, after

Fig. 3 AFM 3D images of the Ti surfaces.

This journal is © The Royal Society of Chemistry 2017

24 h and 48 h, highest amount of TNF-a was released by cells on
control Ti. After 48 h, lowest level of TNF-a levels were observed in
Ti-P and Ti-P-KR-12 group, which has significantly lower TNF-
o level compared to Ti and Ti-AA group (P < 0.05) (Fig. 7A). After
24 h and 48 h, IL-1p was reduced on Ti-P and Ti-P-KR-12 in
comparison to the Ti, Ti-AA, and Ti-KR-12 groups (P < 0.05). The
IL-1B levels were significantly lower on Ti-KR-12 compared with
the other Ti substrates at each time point (P < 0.05) (Fig. 7B).

3.6. LDH activity on each Ti surface

Cytotoxicity was investigated by LDH activity in the culture
medium after 24 h and 48 h of incubation with macrophages, as
shown in Fig. 8. Although there was a general trend of increase
in LDH activity from 24 h to 48 h, we did not observe any
significant difference among all groups at each time point.

3.7. Macrophage morphology based on CLSM

The surface Ti treatment resulted in significant changes on

macrophage morphology. Macrophages on Ti showed

Ti-P-KR-12 8

RSC Adv., 2017, 7, 34321-34330 | 34325
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Fig. 4 Water contact angle images of each Ti sample and a quantitative characterisation. The Ti-P-KR-12 substrate was more hydrophilic than

those of the other four groups. *P < 0.05.

a larger spreading area with irregular shapes (Fig. 9). In the
Ti-AA group, fewer macrophages displayed irregular shapes
compared with the Ti group (Fig. 9). In the Ti-P, Ti-KR-12,
and Ti-P-KR-12 groups, macrophages were almost all round
in shape, indicating that the macrophages were not
activated.

3.8. SEM to characterise filopodia of macrophages on
various Ti surfaces

Macrophages on the Ti surface displayed a number of long
filopodia, and cells appeared to spread more after 24 h and 48 h
of co-culture in comparison to all other surfaces (i.e., Ti-AA, Ti-
P, Ti-KR-12, and Ti-P-KR-12) (Fig. 10). In the Ti-P, Ti-KR-12, and
Ti-P-KR-12 groups, macrophages maintained round shapes with
shorter filopodia.

A Ti-AA

Fig. 5

4. Discussion

Early implant failure can be caused by bacterial infections
acquired either during or immediately after surgery. Infection
remains one of the major barriers to the long-term use of
medical devices in patients. In severe cases, additional surgeries
are required to treat implant related infections, which are
complex and resource intensive. Antibacterial coating on
implants therefore provide an attractive alternative to prevent
implant infection. In this study, we covalently immobilised the
KR-12 peptide on the PEGylated titanium surface, which
improved the antibacterial effect and biocompatibility of Ti
surfaces.

Silanisation with APTES is an effective approach to introduce
amine groups on the Ti surface, which provided binding sites
for biomolecules.*** Ti was first etched by NaOH to introduce

B
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(A) Spread plate method to characterize live bacteria on various Ti surfaces. (B) Antibacterial rates (R,) of the Ti-P, Ti-KR-12, and Ti-P-KR-

12 substrates against Staphylococcus epidermidis. Data = means + standard error of the mean. *P < 0.05.
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A Ti Ti-AA

Fig. 6 Antibacterial properties of various Ti samples after 6 h and 24 h
of incubation with S. epidermidis. (A) Live/dead staining; viable bacteria
were stained green and dead bacteria were stained red. The scale bar is
50 um. (B) SEM images of various Ti surfaces incubated with S. epi-
dermidis after 6 h and 24 h. The scale bar is 10 pm.

OH groups on the surface. In the subsequent silanisation
process, Si-OH in APTES reagent reacted with the hydroxyl on
titanium and Ti-O-Si, forming the amine-containing organic
transition layer. Finally, biological macromolecules were
immersed in solutions and fixed on the surface of the titanium
surface.

As stated earlier, infection poses a major risk associated with
Ti based biomedical devices. Bacteria can adhere to Ti surface
and form biofilm after surgery and invade the surrounding
tissue.” Antibacterial Ti coating is the main prophylaxis
approach to prevent infection associated with Ti implant.*' In
our study, we covalently immobilised a KR-12 peptide on the Ti
surface. We observed an antibacterial rate of 89% (Fig. 5B). Ti-P
possessed a PEGylated surface, which could prevent early
bacterial adhesion. However, bacteria count did not differ
significantly from unmodified Ti surface after 24 h. We further
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Time

Fig. 8 Cytotoxicity of macrophages on various titanium surfaces. Cell
viability, which was assessed using LDH assays, demonstrated no
observable changes after 24 h, but LDH activity was higher after 48 h,
although there were no significant differences between groups; *P <
0.05.

investigated whether Ti-P could improve the antibacterial effect
when a spacer was introduced prior to KR-12 peptide binding.
The antibacterial rate increased by 7% compared to the control
Ti surface with the KR-12 peptide. Our results indicated that the
KR-12 peptide could retain its antibacterial properties, even
when covalently immobilised on the Ti surface, and the addi-
tion of a PEG spacer prior to covalent attachment of KR-12 on
the Ti surface could further improve the antibacterial property.
APTES itself can act as a bridge to binding bioactive molecules.
On one hand, the Si-OH can react with Ti-OH (Ti functionalized
with oxhydryl) to form Ti-O-Si-NH, on the Ti surface, on the
other hand, the Si-OH can react with themselves to form Si-O-
Si and can form a stable group with more amines on the Ti
surface, APTES is similar to the role of bridges that could allow
the mobility of the bound KR-12 peptide and preserve the
antibacterial property. PEG can further increase the length of
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Fig. 7
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(A) TNF-a and (B) IL-1B production by THP-1-deprived macrophages incubated with different Ti samples after 24 and 48 h. Data are

expressed as means + SEM of three independent experiments, *P < 0.05.
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Fig. 9 Cytoskeletons of THP-1-deprived macrophages seeded on
various samples were stained with rhodamine phalloidin (red), and
nuclei were stained with DAPI (blue) at the indicated time points (24
and 48 h). The scar bar is 50 pm.

spacers or directly act as a spacer for KR-12 peptide binding,
which makes the spacer more flexible. As a result, KR-12
binding on PEG improves mobility and antibacterial activity
compared with KR-12 binding.

As with any implants, functional modifications of titanium
substrates should not pose negative effect on its biocompati-
bility. Implants with poor biocompatibility often triggers
undesirable immune responses, such as heightened inflam-
mation and scar healing response instead of tissue regenera-
tion.*” The behaviour of macrophages is a useful indicator of the
biocompatibility of Ti implants. Secretion of inflammatory
cytokine and macrophage morphology can indicate the acti-
vated or non-activated state of macrophages. Activated macro-
phages exhibit a number of long filopodia and exhibit a larger
cell spreading area, which is a hallmark of M1 phenotype. M1
macrophage is considered pro-inflammatory, which has upre-
gulated expression of STAT1 and NF-kB and enhanced secretion
of pro-inflammatory cytokines, such as TNF-a, IL-1f3, IL-6, and
IL-8. PEG is an alternative polymer that can be used to improve
the hydrophilicity and biocompatibility of Ti.**™¢

Unlike smooth Ti induced inflammatory macrophage acti-
vation, as indicated by increased levels of the interleukins TNF-
o and IL-1p, the spreading area and the filopodia of macrophage
on Ti, the KR-12-modified PEGylated Ti could improve the
biocompatibility of Ti, which resulted in decreased inflamma-
tory response from macrophages. We also investigated whether

Ti-KR-12

Ti-P-KR-12

Fig. 10 Macrophage behaviour on different surfaces (SEM images),
particularly with respect to the number of filopodia and level of cell
spreading on the Ti, Ti-AA, Ti-P, Ti-KR-12 and Ti-P-KR-12 substrate.
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changes in inflammatory cytokines were caused by cytotoxicity
on the various surfaces; after 24 h and 48 h, the LDH activity did
not differ significantly among groups, indicating that changes
in inflammatory cytokines on various Ti surfaces were not
related to changes in macrophage viability (Fig. 8). The surface
characteristics of Ti (including the topography and wettability)
can influence the behaviour of macrophages. Specifically, the
hydrophilic Ti surfaces showed greater inhibition of anti-
inflammatory cell responses compared to hydrophobic
surfaces.”” In our study, Ti-AA, Ti-P, Ti-KR-12, and Ti-P-KR-12 all
showed higher hydrophilicity and surface roughness than Ti
(Fig. 3 and 4). PEG itself is a hydrophilic polymer and KR-12
showed anti-inflammatory effects in vitro;*® covalent immobili-
sation of PEG and KR-12 on the Ti surface can further decreased
inflammatory cytokine secretion, indicating that PEG and KR-
12 could maintain the anti-inflammatory effects when cova-
lently attached to the Ti surface. Furthermore, PEG could act as
a flexible spacer to bind KR-12 on the Ti surface, which
enhanced the antibacterial property compared with the simple
binding of KR-12 on the Ti surface. The anti-inflammatory effect
was higher compared to the simple PEG and KR-12 modifica-
tion on Ti. Thus, KR-12 peptide-modified PEGylated Ti is
a promising candidate for fabricating an antimicrobial Ti with
good biocompatibility.

5. Conclusion

For the first time, we covalently immobilised the KR-12 peptide
on Ti surface using a PEG spacer. With this spacer, KR-12 killed
bacteria more effectively compared with the surface lacking the
spacer. Additionally, macrophage activation was reduced on Ti-
P-KR-12 compared to that on flat Ti. Our results provided
a promising approach to the inhibition of bacterial colonisation
on Ti surfaces and macrophage inflammation, indicating the
potential to prevent peri-prosthetic infection and peri-

implantitis.
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