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Antimicrobial peptide GL13K immobilized onto
SLA-treated titanium by silanization: antibacterial
effect against methicillin-resistant Staphylococcus
aureus (MRSA)+
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Infection is the main reason for implant failure, and the incidence of drug-resistant bacterial infection has
increased in recent years. Further, methicillin-resistant Staphylococcus aureus (MRSA)-related implant
infection has become a serious worldwide threat. New strategies, other than antibiotics, to tackle drug-
resistance, are of high clinical significance. Antimicrobial peptides show clear superiority over
conventional antibiotics in inhibiting drug-resistant bacteria. In the present study, we combined the
antimicrobial peptide, GL13K, with sandblasting and acid-etching (SLA)-treated titanium using a silane
coupling agent. Field emission scanning electron microscopy images showed the morphology of the
coating. Attenuated total reflectance Fourier transform infrared spectroscopy and X-ray photoelectron
spectroscopy results confirmed loading of GL13K, and the hydrophilicity of the SLA-GL13K coating was
evaluated by water contact angle analysis. The releasing study of samples showed that the coating has
a sustained releasing profile. SLA-GL13K coating exhibited strong contact- and release-killing abilities
against MRSA, E. coli, and S. aureus. Meanwhile, Cell Counting Kit 8 analysis and examination of cell
morphology demonstrated that the SLA-GL13K coating had good cytocompatibility at antibacterial
concentrations. Overall, all these results suggest that SLA-GL13K coating can be successfully fabricated
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Introduction

The superior biological and mechanical properties of titanium
for long-term rehabilitation mean that it is among the most
popular metallic materials used for biomedical applications."
Titanium implants have been widely-used in various fields,
including oral implantology, hip or knee arthroplasty, and bone
fracture fixation;> however, implant infection has become one of
the most common and severe complications of biomaterials.
The infection rate of orthopedic surgery is 2-5%,* rising to
approximately 30% after internal fixation of an open fracture.*
Implant-related infections can strongly impede osteogenesis
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using silanization, and is a promising candidate for controlling MRSA-induced implant-related infection.

and osseointegration, leading to the need for complex revision
procedures, implant failure, or even osteomyelitis.>®

In addition, drug-resistant bacteria have emerged as a severe
global healthcare problem.” Methicillin-resistant Staphylococcus
aureus (MRSA) is one of the most important and common drug-
resistant bacteria in the clinic. Approximately 25-32% of
implant infections after fracture fixation are related to MRSA.”
MRSA can synthesize extracellular polymeric substances to
form biofilms, which strongly impede penetration of systemi-
cally administered antibiotics and inhibition of bacterial
growth.* MRSA can also produce B-lactamase enzymes, which
can hydrolyze antibiotic molecules, and penicillin-binding
proteins to reduce the binding affinities of antibiotics.® Rela-
tive to normal infections, treatment of patients with MRSA-
related infections is more difficult, and the prognosis is
significantly worse, due to high recurrence rates and increased
sequelae.’>"*

Recent studies have focused on local delivery of antibacterial
agents, which can maximize in situ antibacterial effects while
avoiding potential systemic toxicity and drug resistance.”
Antimicrobial peptides (AMPs) have been introduced into tita-
nium surface modification as effective agents against coloni-
zation of microorganisms these years. AMPs are positively-
charged bioactive molecules with a few hydrophobic

© 2022 The Author(s). Published by the Royal Society of Chemistry


http://crossmark.crossref.org/dialog/?doi=10.1039/d1ra04974g&domain=pdf&date_stamp=2022-02-28
http://orcid.org/0000-0002-6849-7418
http://orcid.org/0000-0003-0179-7181
http://orcid.org/0000-0002-6749-4362
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d1ra04974g
https://pubs.rsc.org/en/journals/journal/RA
https://pubs.rsc.org/en/journals/journal/RA?issueid=RA012011

Open Access Article. Published on 02 March 2022. Downloaded on 12/5/2025 4:05:55 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

residues.”® As a constituent of the biological innate immune
system with broad-spectrum activity, AMPs inhibit bacteria,
fungi, and viruses with low levels of host cytotoxicity and
bacterial resistance.'* AMPs can induce electrostatic interac-
tions with anionic phospholipids in bacterial cell membranes,
resulting in membrane rupture and cell death;* this unique
mechanism decreases the likelihood of bacterial resistance.'
Among various AMPs, the antimicrobial peptide, GL13K, is a 13-
amino-acid peptide modified from the human parotid secretory
protein (PSP; BPIFA2) with good biocompatibility.”® Similar to
other AMPs, GL13K could interact with bacterial membranes in
different ways and then leading to its rupture,'®*” and could also
inhibit bacteria from forming biofilm.”* Various findings
support GL13K as an effective and safe antibacterial agent for
titanium surface modification;"*' however, there has been little
research investigating the antibacterial ability of GL13K against
drug-resistant bacteria.

Sandblasting and acid-etching (SLA) treatment has been
applied for titanium surface modification in recent years. The
SLA process creates a hydrophilic titanium surface with micron-
scale roughness, which can increase osteoblast differentiation
and bone formation.*® SLA-treated implants have higher
removal torque values and bone-to-implant contact (BIC) than
untreated implants, and the roughened surface can also provide
a greater contact area for binding of the antimicrobial
peptides.”*> However, the rough surface with a greater contact
area also favors bacterial adhesion and biofilm formation.*® For
this reason, various antibacterial agents have been incorporated
into SLA-treated titanium surfaces, while no research has
combined GL13K and SLA in titanium surface modification to
our knowledge. Therefore, we hypothesized that immobiliza-
tion of GL13K onto SLA-treated titanium surfaces could simul-
taneously prohibit bacterial growth and favor osseointegration.

In the present study, we combined GL13K antimicrobial
coating with SLA technology for titanium implant surface
modification to prevent infection, particularly with drug-
resistant bacteria (MRSA), in orthopedic and dentistry applica-
tions. Therefore, we covalently immobilized GL13K onto SLA-
treated titanium surfaces using the silane coupling agent, 3-
aminopropyltriethoxysilane (KH-550). The surface morphology,
physicochemical properties, releasing profile, cellular
responses, and antimicrobial activities of the coating were
evaluated.

Materials and methods
Materials

The antimicrobial peptide, GL13K, was supplied by China
Peptides Biotechnology Co., Ltd (Shanghai, China). Commer-
cially pure titanium (grade 2, 99.6% purity) was supplied by
Baoji Titanium Industry Co., Ltd (Shanxi, China). The MC3T3-
E1 cell line (American Type Culture Collection [ATCC] catalog
CRL-2594), Staphylococcus aureus (ATCC catalog 25923),
Escherichia coli (ATCC catalog 25922), and MRSA (ATCC catalog
43300) were obtained from the American Type Culture Collec-
tion. All other chemical reagents were local products of
analytical grade.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Sample preparation

Titanium substrate preparation. Titanium pieces were cut
into disks (10 mm diameter, 1 mm thick). To obtain the SLA
surface, working surfaces were coarse grit blasted with 0.25-
0.50 mm corundum grit for 1 min, and then acid etched in
hydrochloric acid/sulfuric acid (1 : 1) at 60 °C for 30 min. Next,
disks were rinsed with deionized water, and ultrasonically
cleaned twice with acetone, ethanol, and deionized water for
20 min each procedure.***

Silanization. For activation, all samples were immersed in 5 M
NaOH and were water bathed at 60 °C for 1 h.*® Then, they were
rinsed with deionized water and dried. The silane coupling agent,
KH-550, was hydrolyzed using ethanol and water. Activated
samples were immersed in KH-550 solution in a water bath at 37 °C
for 40 min. After that, samples were dried at room temprature.

Immobilization of GL13K onto silanized SLA surfaces.
Scheme 1 shows the preparation process of the coatings. GL13K
was dissolved in distilled water at 125 and 500 pg ml~". Silanized
samples were immersed into each peptide solution and then
freeze-dried at —80 °C under vacuum. Samples used for anti-
bacterial and cell culture analyses were prepared under aseptic
condition. Untreated smooth titanium samples were used as
controls, and silanized SLA treated samples are referred to as the
SLA + SIL (SS) group. Samples with GL13K immobilized onto
silanized SLA surfaces are referred to as SLA + SIL + 125 pg ml ™"
GL13K (SSG125) and SLA + SIL + 500 pug ml~* GL13K (SSG500)
groups, according to the different concentrations of peptide.

Physicochemical characterization of coatings

Field emission scanning electron microscopy (Zeiss, Oberko-
chen, Germany) was used to analyze the surface structure of
coatings, which were sputter-coated with gold before microscopic
examination. Further, coating surface chemistry was investigated
using attenuated total reflectance Fourier transform infrared
spectroscopy (ATR-FTIR; Thermo Nicolet 5700, USA). Spectra
were obtained at 45 °C at a spectral resolution of 4 cm™", with 32
scans every 90 s interval, using air as the reference spectrum. The
chemical composition of the coatings was analyzed by X-ray
photoelectron spectroscopy (XPS; ESCALAB 250Xi, Thermo
Fisher Scientific, Britain) with an Al-Ka, X-ray source (1486.6 eV).
The selected resolution for the general spectra was 100.0 eV of
pass energy and 1.0 eV per step, while the resolution for narrow
scans was 30.0 eV of pass energy and 0.1 eV per step. Binding
energies were based on C 1s at 285.0 eV for calibration.

Water contact angles (WCA) of all samples were tested using
the drop shape analysis system, CASTs3.0 (SL200KS, KINO
Industry Co., Ltd, USA). Milli-Q water (1 ul) was used to conduct
tests at room temperature. The contact angle () was defined as
the angle between the solid substrate and the liquid phase. The
data were tracked and measured for 60 s and the test was
repeated five times for each group.

GL13K release study

For the GL13K release study, each sample of SSG125 and SSG500
was immersed into 0.5 ml PBS solution and was incubated at

RSC Adv, 2022, 12, 6918-6929 | 6919
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Scheme 1 Schematic of the sample preparation.

37 °C. At pre-determined time intervals, 0.5 ml of the solution was
removed and the GL13K concentration was measured by Nano-
drop 2000 spectrophotometer (Thermo Fisher Scientific, US)
through absorbance at 205 nm (A205 method). After the removal,
0.5 ml fresh PBS was added into the system. An absorbance/
GL13K concentration calibration curve was portrayed using
a series of concentrations of GL13K peptide dissolved in PBS.

In vitro antibacterial study

Preparation of bacteria. MRSA was used to study antibacterial
activity against drug-resistant bacteria. Escherichia coli and
Staphylococcus aureus were used to study the activity of SLA-GL13K
coating against common Gram-positive and Gram-negative
bacteria. E. coli were cultured in Luria-Bertani broth, while S.
aureus and MRSA were cultured in tryptic soy broth, at 37 °C.
When cultures reached logarithmic phase, the concentration of
each bacterial suspension was adjusted to 1 x 10* cells per ml.

Antibacterial activity assay by the spread plate method. To
determine the antibacterial effect of GL13K coating, we per-
formed contact and release antibacterial assays. Sterilized
samples were placed into 24-well plates, with the working
surface upward. Bacterial suspension (1 ml) was added into
each well, and then cultured at 37 °C for 16 h.

To measure the release antibacterial capacity of samples, the
OD value of the bacteria suspension after culturing was
measured, and serial 10-fold dilutions were performed. Then,
viable counts were estimated following the spread plate
method. For contact antibacterial capacity, samples cultured
with bacteria were removed with sterile forceps, gently washed
with PBS three times, and ultrasonicated in 2 ml PBS for 5 min.
The obtained suspension was then diluted and re-cultured on
solid medium and viable counts were estimated.

Observation of bacterial biofilm by confocal laser scanning
microscopy. After culture with E. coli, S. aureus, or MRSA for
24 h, samples were gently rinsed three times with PBS and
transferred into fresh 12-well plates. Samples were stained by
incubation in reagent containing 2 uM calcein-AM and 1 pM
propidium iodide in PBS for 15 min. Stained samples were
subsequently viewed by confocal laser scanning microscopy
(CLSM; Carl Zeiss, Jena, Germany).

In vitro cell analysis

Cell culture and seeding. MC3T3-E1 cells were cultured in
Alpha Minimal Essential Medium («-MEM, HyClone, 22 Logan,
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UT, USA) supplemented with 10% fetal bovine serum (Tianhang
Biotechnology Co., Ltd, Zhejiang, China) and 1% penicillin-
streptomycin solution (HyClone) in an incubator at 37 °C with
a 5% CO, humidified atmosphere. Culture medium was
refreshed every 3 days. When cells reached 80-90% confluence,
they were trypsinized and counted using a Beckman-Coulter
automated cell counter (Beckman-Coulter, CA, USA) before use
in subsequent experiments.

Analysis of cell morphology and skeleton. To observe cell
morphology, MC3T3-E1 cells were seeded at 1 x 10° cm > and
cultured on the surface of samples in 24-well plates. After culturing
for 24 h, samples were gently washed three times with PBS and
fixed with 4% paraformaldehyde for 15 min. Then, samples were
washed with PBS, permeabilized with 0.5% Triton X-100 solution
for 5 min, and incubated in 1% bovine serum albumin for 30 min,
to block non-specific binding sites. Next, filamentous actins were
stained with rhodamine-phalloidin (R-415 kit, Molecular Probes,
Invitrogen, OR, USA) for 30 min and cell nuclei stained with 2-(4-
amidinophenyl)-6-indolecarbamidine dihydrochloride (0.1 ng
ml~" in PBS) (Invitrogen, Basel, Switzerland) for 10 min in dark.
After rinsing with PBS, samples were visualized using a fluores-
cence microscope equipped with a CCD camera.

Cell proliferation. Cell proliferation was quantified using a cell-
counting kit 8 assay (CCK8; Dojindo Laboratories, Japan). MC3T3-
E1 cells were seeded at 1 x 10* cells per cm? in 24-well plates, and
cultured with extract liquid of samples for 1, 3, and 7 days. At each
time point, culture plates were gently washed with PBS three times.
Then, 400 pl of a-MEM containing 10% CCK-8 solution was added
into wells. After incubation at 37 °C for 1 h, supernatants were
transferred to a 96-well plate. Absorbance was measured at 450 nm
using an ELX808 Ultra Microplate Reader (Bio-Tek Instruments,
Inc., USA). Optical density values were determined in at least trip-
licate and reflected the viable cell counts in each well.

Statistical analysis

Quantitative data are expressed as mean =+ standard deviation.
Statistical analysis was carried out by one-way analysis of vari-
ance (ANOVA) and post hoc testing. The level of significance was
set at P < 0.05.

Results and discussion
Physicochemical characterization of titanium disk coatings

Surface topography description. Compared with the surface
of the untreated control group, SEM images of SLA-treated

© 2022 The Author(s). Published by the Royal Society of Chemistry
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samples showed a coarse surface, with micron-scale
concave features produced by sandblasting and acid-etching
(Fig. 1A and B).*” The nano-roughness of an SLA surface can
influence coating immobilization, cell adhesion, and surface
properties.”® After treatment with NaOH and silanization,
needle-shaped submicron scales crystallites were visible, due
to the formation of hydroxide (Fig. 1C). After immobilization
of GL13K, crystallites in the SSG125 group were connected

Tkx

Smooth

SLA

SS

SSG125

SSG500

View Article Online
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by the organic component and some holes were also filled
(Fig. 1D and I). In the SSG500 group, the surface morphology
was typical of an organic layer. The organic coating wrapped the
needle-shaped inorganic structures while revealing their shapes
beneath (Fig. 1E and J). In SSG500 group the organic layer was
clearly thicker and denser than that in SSG125 group, indicating
increased peptide binding.

10kx

Fig.1 SEM micrographs of titanium sample surfaces at 1k and 50k magnification. Smooth (A and F), SLA (B and G), SS (C and H), SSG125 (D and 1),

and SSG500 (E and J).

© 2022 The Author(s). Published by the Royal Society of Chemistry
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ATR-FTIR analysis. ATR-FTIR can measure the chemical
bonding interactions between structures, hence provide infor-
mation about the existence and absence of certain functional
groups and the chemical structure of samples. The infrared
light is passed through the ATR crystal and interact with the
sample surface, then the total internal reflection forms an
evanescent wave which extends into the sample. Being partially
absorbed by the sample, the evanescent wave slightly attenu-
ated, and the specific infrared spectrum was generated
according to it. ATR-FTIR spectra of the samples are shown in
Fig. 2A-E. In the SS group, the silane coating generated a strong
absorption peak at 1000 cm " (Fig. 2C), which is the charac-
teristic peak caused by the asymmetric stretching vibration of
Si-O-Si, confirming the presence of silane coating on the SLA-
treated titanium disks.*® SSG125 spectra included character-
istic peptide peaks of amide I-CONH stretching (1536 cm™ ') and
amide II-NH, stretching (1625 cm ™), indicating the presence of
peptide on the titanium surface (Fig. 2D);* in the SSG500 group

View Article Online
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these two peaks were clearly stronger than those in the SSG125
group, indicating that SLAS500 group samples bound relatively
more peptide than the SLAS125 group (Fig. 2E). Spectra from
both the smooth and SLA samples had no characteristic peaks
in the range examined (Fig. 2A and B).

XPS. XPS is a surface-sensitive technique based on the
photoelectric effect. By irradiating a sample with a beam of X-
rays and measuring the kinetic energy of the emitted elec-
trons. It can detect the elements of sample surface and obtain
the spectra of it. XPS spectra are shown in Fig. 3. XPS analysis
showed that the surfaces of the smooth and SLA-treated
samples were primarily composed of Ti 2p and O 1s, while
a small C 1s peak was visible, due to inevitable surface
contamination with carbon (Fig. 3A and B). Increased intensity
of the Si 2p peak confirmed the KH-550 coating of the silanized
sample (Fig. 3C). Fig. 3D and E show increased N 1s and C 1s
signals following treatment with GL13K, which demonstrates
that the peptide was immobilized on the silanized titanium.
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Fig. 2 FTIR spectra of sample surfaces. (A) Smooth, (B) SLA, (C) SS, (D) SSG125, (E) SSG500.
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Further, the N 1s and C 1s signals were stronger in the SSG500
samples, indicating an increase in bound peptide. Notably, the
Si 2p peak was also present in the SSG125 spectrum, while it was
barely visible in the SSG500 spectrum. We speculate that the
thicker and denser peptide coating in SSG500 samples shielded
the KH-550 coating, while the thin peptide coating in SSG125
samples failed to completely cover the coating beneath. The
results of XPS analysis were in accordance with the detected
ATR-FTIR spectra.

WCA analysis. The results of WCA analysis are shown in
Fig. 4. The WCA of the smooth titanium surface was 48.51° +
1.221° and decreased to 9.865° £ 0.4692° following SLA treat-
ment. As shown in SEM images, SLA treatment altered the
titanium surface topography and visibly increased surface
roughness, and the increased roughness was previously re-
ported to result in a lower WCA in SLA-treated titanium.** In
addition to surface topography, surface chemistry is another
vital element that influences surface wettability.>* In SLA group
samples, the extensive hydroxylation/hydration of the oxide
layer also contributed to increased surface hydrophilicity.*® The
hydroxylated oxide surface of SLA implants can enhance surface
reactivity with surrounding ions, amino acids, and proteins,
thus promoting implant osseointegration.*

After silanization, the WCA increased to 75.4° + 1.583°. KH-
550 coating is proven to increase the hydrophobicity of mate-
rials because it reacts with hydroxyl groups on inorganic

A

Smooth SLA

S§SG125 SSG500

. f0.

Fig. 4
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surfaces, lowering the surface energy.** WCA values in the
SLAS125 and SLAS500 groups were 91.64° + 2.843° and 109.7° +
2.205°, respectively. In general, a solid surface is considered
hydrophobic if the WCA is >90°. Like most AMPs, GL13K
peptide composition is rich in cationic and hydrophobic amino
acids, including Ala, Ile, and Leu.** From SEM images, the
superficial areas of SSG125 and SSG500 were visibly smaller
than those in SLA samples; hence, both the amino acid
sequence and the organic surface characteristics may
contribute to the hydrophobicity of GL13K.

GL13K release study

The release profiles of SSG125 and SSG500 are shown in Fig. 5.
Fig. 5A illustrates the standard curve of absorbance of GL13K in
PBS at 205 nm (y = 0.01554x — 0.2935, R*= 0.9972). For SSG125,
most of the peptide was released at the first 2 hours of incu-
bation. Then a small amount of peptide (approximately 18%)
was constantly released from the second hour to the twelfth
hour. After that, the amount of released GL13K became negli-
gible. For SSG500, approximately 68% of the peptide was rapidly
released at the first 4 hours, then the speed of releasing grad-
ually slowed down. A sustained release was observed for about
36 hours, followed by a negligible amount of releasing
afterward.

It was speculated that during the sample preparation,
a certain amount of GL13K peptide was covalently immobilized
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(A) The water contact angle (WCA) of the different sample surfaces. The SLA samples have hydrophilic surfaces, while the surfaces of

SSG125 and SSG500 samples are hydrophobic. (B) Statistical analysis of the WCA results. (**p < 0.01, ****p < 0.0001).
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onto titanium surface through silane coupling agent, while
another amount of peptide was deposited and adsorbed on the
surface physically. As a result, there was a rapid release initially,
and followed by a sustained release for a longer time. And the
sustained release is more obvious in the SSG500 group than the
SSG125 group, which might indicate that a higher amount of
peptide was covalently bonded to SSG500 samples. The rapid
initial release could ensure a functional high concentration
locally at an early stage, and then the sustained releasing would
help to maintain the biological function of the coating.*

In vitro cellular study

Proliferation of MC3T3-E1 cells in the different experimental
groups, determined using the CCK8 assay at 1, 4, and 7 days, are
shown in Fig. 6. Cell counts in the SLA group were greater than
those of the untreated smooth group at all three time points,
with significant differences on days 4 and 7. On day 1, the
SSG500 group had a significantly lower cell count than the
control group. However, on days 4 and 7, the cell counts in the

A B
4
3
o (=
o o

0
06& e‘y o_,"o
£ )

day 1

day 4

View Article Online

Paper

SSG500 group were significantly higher than those of the
control group. To conclude, the incorporation of GL13K did not
affect the viability or proliferation of MC3T3-E1 cells.

The immunofluorescence images presented in Fig. 7 show
the morphology and actin skeleton of cells cultured on different
surfaces. Cells grown on the SLA surface showed cellular
spreading, with bright and well-pronounced elongated lamel-
lipodia and filopodia protruding from the cell edges (Fig. 7B). By
comparison, cells on the smooth titanium surface exhibited
irregular morphology with few visible filopodia, and the
majority of cells were round-shaped and aggregated together
(Fig. 7A). In silanized samples, cells also exhibited clear
spreading and interactions, with filopodia extending outward
(Fig. 7C). Cells cultured on SSG125 and SSG500 also showed
a typical polygonal osteoblastic shape, with numerous
membrane channels between adjacent cells (Fig. 7D and E).
These tunneling nanotubes can mediate intercellular transfer of
organelles, plasma membrane components, and cytoplasmic
molecules.’”*® Fig. 7F shows the statistical analysis of total cell
area of MC3T3-E1 cells cultured on different samples. The cell
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Fig. 6 Proliferation of MC3T3-E1 cells culturing with the samples of Smooth, SLA, SS, SSG125, and SSG500 groups. (*p < 0.05, **p < 0.01, ***p <

0.005, ****p < 0.0001).

A

20um

F 40000

Total area (um?)

20um

Fig.7 Fluorescence images of MC3T3-E1 cells cultured on smooth (A), SLA (B), SS (C), SSG125 (D), and SSG500 (E) samples. (F) Statistical graph of

total cell area within fluorescence images. (*p < 0.05, **p < 0.01).
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area of SLA, SSG125, and SSG500 groups is significantly higher
than that of the control group and no significant difference
exists between any other two groups. This result is basically in
consistent with the result of the CCK8 test. Combining the
statistical cell area and proliferation results with the cell
morphology in Fig. 7, it is indicated that SSG125 and SSG500
groups have no cytotoxic effect on MC3T3-E1 cells.

The nano-roughness surface of SLA-treated titanium
samples has been proven to have desirable effects on osteo-
blasts.* In our study, the proliferation and morphology of
MC3T3-E1 cells were also significantly better when grown on
SLA samples relative to smooth samples, indicating a higher
likelihood of stable osseointegration. Further, cells cultured on
samples with SSG125 and SSG500 coatings showed favorable
proliferation and viability characteristics, with clear cell
stretching and interaction. These results indicate that SSG125
and SSG500 have good cytocompatibility. The main factor that
has contributed to that is the large amounts of cholesterol and
other sterols in animal cell membranes, which could help to
inhibit antimicrobial peptide activity and stabilize
membranes.*>*! Also, the membranes of animals are not heavily
populated with negatively charged molecules such as phos-
phatidylglycerol, which also reduces the risk of targeting of
positively charged AMPs.**

In vitro antibacterial study

The results of contact and release antibacterial capacity exper-
iments are shown in Fig. 8 and 9. Notably, in results of both the
contact and release antibacterial assays, the number of bacteria
in the SLA group was higher than that in the smooth group, with
significant differences for E. coli and MRSA. By releasing GL13K
to bacterial suspensions, bacteria numbers in SSG125 samples

View Article Online
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reduced by 82.82%, 80.14%, and 43.64% for the E. coli, S.
aureus, and MRSA groups, while in the SSG500 samples bacteria
numbers were decreased by 100.00%, 100.00%, and 79.09% in
the E. coli, S. aureus, and MRSA groups, respectively, compared
with SLA samples. Regarding contact-killing capacity, the
SSG125 sample significantly reduced the bacteria number by
98.60%, 98.91%, and 73.26% in the E. coli, S. aureus, and MRSA
groups, while those in the SSG500 sample were decreased by
100.00%, 100.00%, and 88.37%, respectively, compared with
SLA samples. These data demonstrate that GL13K-coated
samples exhibit both contact and release antibacterial activity
against these three bacteria significantly. Antibacterial and
cytotoxicity results of samples with higher concentrations
(SSG1000, SSG2000) are shown in Fig. S2 and S3 in the ESI.}

The live and dead staining could help to identify the living
and dead bacteria based on the color changing. As shown in
Fig. 10, by fluorescence microscopy, live bacteria with intact
membranes appeared green, while dead bacteria with damaged
membranes were stained red. The fluorescence intensity of
bacterial membranes was high in smooth, SLA, and SS samples,
indicating that a large number of bacteria had adhered to the
surface. Further, imaging revealed almost no living E. coli and S.
aureus on the surface of SSG125 and SSG500 samples. However,
some living MRSA were present on the surface in SLAS125
samples and green spots were also visible on the surface of
SLAS500 samples, consistent with the CFU data.

MRSA is one of the most important drug-resistance bacteria
associated with implant infection, while E. coli and S. aureus are
also common pathogenic bacteria in implant-related infection.
Hence, we chose these three bacteria as representative to
examine the antibacterial ability of SLA-GL13K coating against
drug-resistant bacteria, Gram-positive bacteria, and Gram-
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Fig. 8 The percentage reduction of E. coli, S. aureus, and MRSA in release and contact antibacterial experiment of different samples. (*p < 0.05,

**p < 0.01, ¥**p < 0.005, ****p < 0.0001).
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(A) Optical images of bacterial colonies of E. coli, S. aureus, and MRSA from the release antibacterial experiment. (B) Optical images of

bacterial colonies of E. coli, S. aureus, and MRSA from the contact antibacterial experiment.

negative bacteria. To our knowledge, this study is the first
investigation of the antibacterial properties of GL13K against
MRSA.

In addition to promoting the adhesion of osteoblasts, SLA-
treated samples can also promote bacterial adhesion;*
however, after coating with GL13K, samples presented signifi-
cant antibacterial activity and good cytocompatibility. In the
high concentration (SSG500) group, E. coli and S. aureus were
completely killed and no cytotoxicity to MC3T3-E1 cells was
detected. Hence, for common pathogenic bacteria such as E.
coli and S. aureus, SLA-GL13K coating showed a significant
antibacterial effect. Notably, as for MRSA, GL13K peptides also

6926 | RSC Adv, 2022, 12, 6918-6929

have significant antibacterial activity, although the effect was
weaker compared to the effect against E. coli and S. aureus.
Although AMPs are a diverse group of bioactive molecules,
most of them share common properties that related to the
antibacterial activity: positive charge, hydrophobicity, and
amphiphilicity.*® As a result, the antibacterial mechanism of
most AMPs is basically identical and GL13K is not an excep-
tion.** Like most of the AMPs, GL13K is believed to kill bacteria
by interacting with the cell membranes.*> As a small molecule,
GL13K could easily pass through the cell wall of bacteria as the
peptidoglycan mesh is relatively porous.*® As we know, bacterial
membranes are negatively charged.”® In contrast, most of the

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 10 Fluorescent images of biofilm formation on sample surfaces obtained by CLSM after live and dead staining. Scale bar = 50 um.

AMPs are cationic peptides,*” so the electrostatic attraction
between AMPs and bacterial membranes would ensure the
attachment of AMPs, therefore providing the chance for AMPs
to interact with the membranes and cause the death of the
bacteria.”® Based on that, several models were proposed. For
example, barrel-stave model, toroidal-pore model, carpet model
and aggregate model are the most studied and widely accepted
ones.*** Although having minor differences, these models all
share the same key point: membrane disruption.

This mechanism is different from that of antibacterial
compounds such as B-lactam antibiotics, which usually target
a specific site on the cell wall, cell membrane, nucleic acid, or
proteins.** Aiming at it, some bacteria have developed antibiotic
resistance by genetic mutation or the acquisition of exogenous
resistance genes from other bacterias, which highly decreased
the antibacterial efficacy of many antibiotics.”* However, the
biochemically simple and efficient mechanism of AMPs like
GL13K is predicted to prevent bacteria from developing drug
resistance, while no research of the antibacterial properties of
GL13K against MRSA was reported before.>

Our study has proved the significant antibacterial effect of
GL13K against MRSA, while the effect is relatively weaker
compared to that against E. coli and S. aureus. The mutation of
MRSA is complex. For example, by blocking murein hydrolysis
in cell wall substrates, cell wall turnover and autolysis of MRSA
are inhibited, which increases the thickness and density of the
cell wall.>* This mutation could partially prevent the AMPs from
passing through the cell wall and interacting with the cell
membranes, and thus protect MRSA from being disrupted by
GL13K. This may explain the reason why the antibacterial
effects of GL13K against MRSA were relatively inferior to those
against E. coli and S. aureus in our study. Nevertheless, accu-
mulating evidence shows that different AMPs may have syner-
gistic potentiation,® and some AMPs can also synergize with

© 2022 The Author(s). Published by the Royal Society of Chemistry

conventional antibiotics or metal particles, such as ceftriaxone,
amoxicillin-clavulanate, linezolid, imipenem, silver nano-
particles (AgNPs), etc.”® The synergy is proved to improve the
antibacterial effects, while further reduce the likelihood of
resistance.”® So, the combination application of SLA-GL13K
coating and some other antibacterial agents might improve its
efficacy and could be further studied. Also, as a 13-amino-acid
peptide, GL13K has a short sequence. Evidence has revealed
that short AMPs have better pharmacological profiles, better
metabolic stability, and lower toxicity than long AMPs.**
Therefore, the SLA-GL13K coating might be a promising agent
for the control of MRSA-related infection. In addition, for
samples as SSG125 and SSG500, GL13K was coated on the
titanium surface through silanization and hence gained the
property of sustained releasing after a rapid releasing stage. It
could ensure an efficient high concentration locally in the early
stage and might maintain the biological function through the
sustained release.

Conclusions

In summary, the antimicrobial peptide, GL13K, was covalently
conjugated onto SLA-treated titanium surfaces using the silane
coupling agent, KH-550. The results of SEM, ATR-FTIR, XPS,
and WCA confirmed successful immobilization of the peptide,
and the release measurement of GL13K indicated a sustained-
release property of the samples. SLA-GL13K coating exhibited
antibacterial properties against E. coli and S. aureus, as well as
significant antibacterial effects against drug-resistant MRSA.
Further, the coating had a positive effect on osteoblast prolif-
eration and adhesion in vitro. Based on these findings, and
within the limitations of this study, we conclude that SLA-
GL13K coating is a promising candidate for early-stage
prevention of infections at implant sites; however, further in
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vivo antibacterial and biocompatible evaluation will be neces-
sary to examine the full potential of SLA-GL13K coatings for
biomedical applications.
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