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Peri-implantitis is a plague-initiating infectious disease that can be prevented by interfering with the initial
bacterial attachment. At present, surface modification of implants using antimicrobial peptides can interfere
with the adhesion of streptococci. In this study, the structure and function of chimeric peptides were
compared to get a strategy to modify a Ti surface. Compared to the antimicrobial activity with
a fragment of hBD-3, the bifunctional and multifunctional chimeric peptides retain their antimicrobial
function. All peptides showed antimicrobial activity against streptococcus in biofilm and planktonic
conditions. The results demonstrate significant improvement in reducing bacterial colonization onto
titanium surfaces. According to the results of structure analysis, the antimicrobial activity of tyrosine in
hBD3-3 was stronger than that of the alpha helix in bifunctional or multifunctional chimeric peptides.
Rigid connections were proved to avoid functional domain changes due to the interaction of charges.
These results indicated that the endogenous peptide fragments modifying the Ti surface could provide
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Introduction

Peri-implantitis is a plaque-initiating infectious disease that
occurs in the peri-implant tissues and is characterized by peri-
implant mucosal inflammation, followed by progressive loss
of supporting bone.> These diseases are the main causes
hindering successful implantations. The overall goal of
controlling peri-implantitis is to address the inflammation of
peri-implant mucosa and to prevent the further loss of bone
tissue.>* Because of the structure of implants and other factors,
pre-existing peri-implantitis results in unsatisfactory treatment
outcomes.>” Results from animal experiments show positive
outcomes with the use of anti-infective measures and prevent
peri-implantitis over the course of treatment.®**° Therefore,
additional studies have focused on preventing infection
through surface modification of dental implants.

The present methods of surface modification of dental
implants mainly focus on chemical, physical and biological
strategies.’'™ Among them, the use of chemical and physical
methods to coat the implant surface with bioactive materials,
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an environmentally friendly approach to reduce or prevent the occurrence of peri-implant diseases.

which can promote the stability of the implant, is mostly
preferred.’*** However, these techniques have several limita-
tions including poor long-term adherence of the coating to the
substrate material,"® nonuniformity in thickness of the depos-
ited layer, variations in crystallinity."” The most prominent class
of target substances used for surface modification, under the
biological methods, are antimicrobial peptides.**>°

As novel antimicrobial agents, antimicrobial peptides have
attracted increased attention because of their resistance to the
growth of bacteria, fungi and viruses.*> Antimicrobial
peptides, according to their source, can be categorized into
microbial, animal and plant origin.”*** Because of its endoge-
nous and powerful antimicrobial activity, the human beta-
defensin-3 (hBD-3) is being studied as a multipurpose antimi-
crobial peptide.”**” The known fragments of hBD-3 have anti-
inflammatory and membrane permeating properties.”® These
fragments can be used as antimicrobial agents to synthesize
bifunctional or multifunctional chimeric peptides with prop-
erties other than antimicrobial activity, and can be used to
modify the surface of titanium (Ti) dental implants.>**°

By in vitro synthesis of the hBD-3 fragment as the main
antimicrobial group, having specific Ti-binding peptide group,
and connecting the arginine-glycine-aspartic acid (RGD) frag-
ment with osteogenic activity, the native peptide was modified
into a bifunctional or multifunctional chimeric peptide. The
efficacy and effect of modification of the chimeric peptide were
compared. Moreover, the feasibility of this green
environmental-friendly modification method was evaluated,
and an anti-infective and promoting initial stabilization
strategy of implant was obtained.

This journal is © The Royal Society of Chemistry 2019
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Experimental
Peptide design and synthesis

The peptides were synthesized by Sangon Biotech Co., Ltd.
(Shanghai, China). The chimeric peptides were purified (up to
>95% purity) by high-performance liquid chromatography, and
the purity was confirmed by mass spectrometric analysis. The
basic properties and structures of the chimeric peptides were
predicted by PSIPRED software, Peptide Calculator software,
and peptide property calculator (http://www.pepcalc.com/). The
concentration of peptides used in this study was half the
minimal inhibitory concentration (MIC), unless noted other-
wise. More details had been described in previous studies.***"

Preparation of Ti substrates

The Ti substrates were prepared by evaporating pure, 300
nanometer thick Ti (99.998% purity) films on 10 mm x 10 mm
silicon wafers using electron beam evaporation (Sharon
Vacuum, Brockton, MA, USA). All Ti substrates were ultrasoni-
cally cleaned with acetone and 70% (v/v) ethanol for 20 min.
Thereafter, the samples were dried in an oven at 80 °C for
15 min and sterilized in a steam autoclave at 120 °C and 102.9
kPa for 30 min.

Raman spectroscopy

A gold-plated microarray chip was fixed on the carrier of the
microscope, and 5 mg of the sample was evenly spread on the
gold-plated microarray chip. The extended mode was selected
and 10 points of the sample was randomly selected to be irra-
diated by the incident light with a power intensity of about 2
mW, and Raman spectra in the wavenumber range of
1800 cm™ " to 300 cm ™~ ' were collected with an exposure time of
10 s. The whole process of the experiment was repeated three
times.

X-ray photoelectron spectroscopy (XPS) analysis

XPS was used to analyze the elemental composition on the
surface of the titanium samples. The instrument used was the
X-ray photoelectron spectrometer (ESCALAB 250, USA). The
excitation source was Al Ka (1486.6 eV), and C 1s (284.80 eV) is
used as energy reference. The experiment was repeated three
times.

Antibacterial assays

S. oralis (American type culture collection [ATCC] no. 9811), S.
gordonii (ATCC no. 10558) and S. sanguinis (ATCC no. 10556)
were obtained from ATCC (VA, USA). S. oralis was cultured
aerobically in brain heart infusion (BHI) agar plate supple-
mented with 1% yeast extract for 24 h at 37 °C. S. gordonii and S.
sanguinis were cultured separately in freshly prepared BHI agar
plates supplemented with 5% sterile defibrinated sheep blood,
1% hemin, and 0.1% menadione, in a chamber, under anaer-
obic conditions of 80% N,, 10% H,, and 10% CO, for 48 h at
37 °C.

This journal is © The Royal Society of Chemistry 2019
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Minimal inhibitory concentration (MIC) and minimal
bactericidal concentration (MBC) measurements

The MIC of the chimeric peptides were investigated against S.
oralis, S. gordonii, and S. sanguinis using the standard broth
microdilution method of the National Committee for Clinical
Laboratory Standards (document M7-A3). The MIC was taken as
the lowest concentration of peptides at which no visual growth
of the bacteria was observed, and which showed no change in
the optical density was detected. After treating the bacteria for
24 h with various concentrations of peptide, based on the MIC,
20 pL of the bacterial suspension from each well of the assay
plate was removed and was plated on BHI agar plates. The
concentration at which more than 99.9% of the cells were
inhibited was considered as the MBC.

Biofilm susceptibility assay

Biofilm formation of S. oralis, S. gordonii, and S. sanguinis was
evaluated by incubating the cultures with the chimeric peptides
in a 96-well microtiter plate at 37 °C for 24 h and 72 h. The
resulting biofilms were fixed with 95% methanol and stained
with 0.5% (w/v) crystal violet. Thereafter, the absorbance was
measured with a microplate reader at 600 nm.

Scanning electron microscopy (SEM) examination

The Ti samples were immersed in 1 mL solution of the chimeric
peptide (concentration, 320 pg ml™") for 2 hours at 4 °C. The
surface of the Ti samples were washed extensively with sterile
phosphate-buffered saline (PBS) solution, and thereafter, with
sterile deionized water. After drying, the samples were fixed and
dehydrated with different concentrations of ethanol solution
for 15 minutes. The morphology and distribution of the bacteria
on the surface of samples were observed by scanning electron
microscopy. Three different areas of each sample was scanned
at a time, and the experiment was repeated three times.

Transmission electron microscopy (TEM) examination

After incubation with TBP-1-RGDS-hBD3-3 or without the
peptide (control group), super-thin slice of the Ti samples were
prepared for examination by TEM using previously reported
methods.** After dehydration with ethanol, the samples were
cut into ultrathin slices, and stained with 2% uranyl acetate and
0.2% lead citrate before observation. The slices were viewed
under an electron microscope (JEM-2100F, Japan).

Results and discussion
Design of chimeric peptides

The occurrence of peri-implant diseases is an important
problem that needs to be overcome in dental field. Peri-implant
diseases include peri-implant mucositis and peri-implantitis.
These diseases are mainly caused by the bacteria infecting the
site of osseointegration failure around the implant. Because of
the characteristics of the implant structure and their way of
combining with the surrounding bone tissue, the treatment
outcome of peri-implant diseases, especially peri-implantitis, is

RSC Aadv., 2019, 9, 26276-26282 | 26277
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unsatisfactory after its occurrence. Therefore, prevention of
disease and promotion of early osseointegration, in the early
stage of implantation, are feasible and cost-effective ways to
manage peri-implant diseases.’>*

Ti-binding peptides were first discovered by Japanese
researchers, and moreover, other metal-binding peptides were
discovered simultaneously.*® The advantages of peptide modi-
fication of Ti surface lie in the green environmental protection
of the process, it is not easy to induce dislocation of the reactive
groups because of their specificity of combination.*® The first
arginine (R1), fourth proline (P4) and fifth aspartate (D5) are
significant residues in Ti-binding peptides that bind to Ti
surfaces. In our previous study, we used Ti-binding peptide
(RKLPDAPGMHTW) as a means to introduce antimicrobial
(GKCSTRGRKCCRRKK) and osteogenesis-promoting groups
(RGDS) on Ti surface.*** It was proved to be a simple and
feasible modification strategy. Proteins perform their functions
mainly through the structural stabilization of functional
domains in secondary protein structures.***” The main chal-
lenge lies in the preservation of the functions of each group
without them being affected by the structure of other groups in
the design of the chimeric peptides. The three chimeric
peptides designed in this study mainly used the GGG ligation to
prevent secondary structure changes (Fig. 1). Flexible connec-
tions were designed to avoid functional domain changes and
apply a certain degree of interaction.®® It is necessary to
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compare the relationship between structure and function in
current design schemes in order to obtain more suitable
chimeric peptides for clinical use (Fig. 2).

Comparison of the structure and function of chimeric
peptides

The results obtained following the use of a software to predict
the structure and analyze the properties of the chimeric peptide
sequence are shown in Fig. 1. The amino acid sequence and
conventional properties of the chimeric peptides are listed in
Table 1. According to the in silico prediction, the synthesized
chimeric peptide has a specific isoelectric point and charge
number. It can be theoretically predicted that the chimeric
peptide has certain antimicrobial activity, and has amphiphi-
licity, which aids in its antimicrobial role.

The MIC and MBC of hBD3-3 was the lowest among the three
chimeric peptides evaluated. That is, hBD3-3 had the strongest
antimicrobial effect on streptococcus bacteria. The bifunctional
peptides had slightly reduced antimicrobial effect, while the
multifunctional peptides had the least antimicrobial effect. The
data are listed in Table 2. For the three chimeric peptides, S.
oralis was more sensitive than S. gordonii and S. sanguinis.

The results of susceptibility test of biofilms were consistent
with those of MIC and MBC (Fig. 4). That is, the effect of hBD3-3
on the 24 h and 72 h biofilm formation was more significant,
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Fig.1 The molecular characteristics of the peptides show amphipathic properties (top: hydrophilic, bottom: hydrophobic). (A) hBD3-3. (B) TBP-

1-hBD3-3. (C) TBP-1-RGDS-hBD3-3.
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Fig. 2 Raman spectra results of hBD3-3, TBP-1-hBD3-3, and TBP-1-
RGDS-hBD3-3. (A) Raman spectra wave results of hBD3-3 (a), TBP-1-
hBD3-3 (b), and TBP-1-RGDS-hBD3-3 (c). (B) Detailed structures and
peptide sources (A: hBD3-3, B: TBP-1-hBD3-3, and C: TBP-1-RGDS-
hBD3-3).

and the ratio of hBD3-3 against to biofilm formation increased
from 62.4% to 76.1% at 24 h, and from 57.6% to 79.2% at 72 h.
The index of the bifunctional chimeric peptide increased from
54% to 71.2% at 24 h, and from 56.8% to 78.2% on 72 h,
whereas that of the multifunctional chimeric peptides
increased from 49.4% to 66.9% at 24 h, and from 48.3% to
67.1% on 72 h. The anti-biofilm ratio was lower than that of
some other antimicrobial therapy, such as photodynamic
therapy. While the antimicrobial part of these chimeric
peptides are from human sources, which is hard to cause the
drug resistance. This is one of the advantages of antimicrobial
peptides.

In terms of antimicrobial effect, hBD3-3 exhibited the
strongest effect, while the other two chimeric peptides had
slightly weaker antimicrobial effect in comparison. The results
of MIC showed that all three chimeric peptides had antimi-
crobial activity, and the MIC values of the bifunctional and
multifunctional peptides increased gradually. Although the
MIC values of the chimeric peptides increased to a certain
extent as compared with that of hBD3-3, the chimeric peptides
still exhibited antimicrobial properties. The results show that
the current design does not affect the functioning of the

View Article Online
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functional group, and the conjugated peptide achieves
maximum effect of conjugation to the greatest extent, rather
than influence.

Raman spectra showed that the structures of the three
polypeptides were random coils at 1240 cm ™ *, the presence of
CH,CHj; groups at 1430 cm™ ', and the presence of beta folds at
1666 cm™'. Based on the current data, it is inferred that these
three structures have antimicrobial activity. The tyrosine
structures at 1180 ' and 1620 cm ™" peaks found in hBD3-3 were
not easily found in the bifunctional and multifunctional
chimeric peptides, and the alpha helix structures at 1340 cm ™"
peaks in the two chimeric peptides could not be found in hBD3-
3. Therefore, it can be inferred that tyrosine is replaced by the
alpha-helix (at 1340 cm™' of Raman spectrum) because the
chimeric peptides introduce other groups and breaks the
inherent secondary structure of the peptide. Comparing these
three peptides, we found that tyrosine had stronger antimicro-
bial activity than alpha-helix. Therefore, the antimicrobial effect
of chimeric peptide is not directly proportional to its length and
number of structural groups, and there is a certain relationship
between its function and the number of functional groups in
microenvironment.*>*

XPS analysis of the binding elements’ compositions of the Ti
surface confirmed the presence of C 1s, O 1s (531.18 eV), Na 1s
(1071.83 eV), P 2p (133.19 eV), C 12p (198.69 eV), and Ti 2p°
(458.30 eV) as the chief components, as shown in Fig. 3.
Compared with the results of the PBS-treated Ti samples, XPS
analysis verify the adsorption of the chimeric peptides onto the Ti
surface (Fig. 3).The elemental characterization of the Ti surface
confirmed that the bifunctional and multifunctional peptides
were effectively linked to the implant surface and played a stable
role. The function of the titanium conjugates did not decrease
because of the existence of other functional groups. It also shows
that the modification of implant surface by Ti-conjugated peptide
is a feasible and simple modification strategy.

Ti implants modified with the chimeric peptide and the
streptococcus spp. on the modified surface were sampled, and
the bacterial status of the modified chimeric peptide (TBP-1-
RGDS-hBD3-3) was visualized by SEM and TEM (Fig. 5 and
ESI{). According to the results of SEM, unmodified titanium
surface was found to provide good growth condition for the
bacterium, and moreover, the bacterial density was found to be
large, with normal morphology (Fig. 5A). After modified with
peptides, the surface of Ti were binded with chimeric peptides
(ESIT). On the chimeric peptide modified Ti surface, the
bacterial density was low, and the morphology of streptococcus
was found to be depressed (Fig. 5B). After modification by the
chimeric peptide, the morphology of bacteria exhibited a trend

Table 1 Molecular characteristics of the synthesized peptides used in this study

Peptide Sequence MwW* pI¢ Chr*
hBD3-3 GKCSTRGRKCCRRKK 1767.17 11.39 8
TBP-1-hBD3-3 RKLPDAPGMHTWGGGGKCSTRGRKCCRRKK 3328.94 11.39 8.9
TBP-1-RGDS-hBD3-3 RKLPDAPGMHTWGGGRGDSGGGGKCSTRGRKCCRRKK 3915.49 11.34 8.9

“ MW: molecular weight; pl: iso-electric point; Chr: net charge (http://PepCalc.com).

This journal is © The Royal Society of Chemistry 2019
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Table 2 MIC and MBC values of hBD3-3, TBP-1-hBD3-3 and TBP-1-RGDS-hBD3-3 against S. oralis, S. gordonii and S. sanguinis

MIC (pg ml™ ")

MBC (ug ml ™)

Bacteria hBD3-3 TBP-1-hBD3-3 TBP-1-RGDS-hBD3-3 hBD3-3 TBP-1-hBD3-3 TBP-1-RGDS-hBD3-3
S. oralis 200 320 600 350 640 1000
S. sanguinis 250 500 850 500 800 1200
S. gordonii 300 500 850 600 850 1300

— TBP-1-RGDS-hBD3-3

- TBP-1-hBD3-3

— Control

I ) ) T T T 1

0 200 400 600 800 1000 1200 1400

EV

Fig. 3 XPS wide-scan spectra of Ti surfaces: Ti treated with PBS (control) and Ti treated with TBP-1-hBD3-3 or TBP-1-RGDS-hBD3-3 dissolved
in PBS. Elemental composition of Ti disc surfaces with or without chimeric peptides treatment, as determined via XPS.

of cell wall destruction and leakage of intracellular content
(Fig. 5C), suggesting the mechanism of action of the antimi-
crobial groups. In Raman spectroscopic structure analysis,
alpha-helix and beta-fold structures were found in multifunc-
tional chimeric peptides, which also confirmed the mechanism

A 15-
_ el - -
E 1.0-
o
o
e
*
8 0.5+ e Lk . *
0.0
S.oralis S. gordonii S. sanguinis

of action of antimicrobial peptides. Although these antimicro-
bial peptides caused leakage of intracellular content, the results
of cytotoxicity experiments showed that the three chimeric
peptides exhibited no significant cytotoxicity toward MC3T3-E1
cells.?3°

B 15-
— L - T
€ 1.0-
o
o
8 *
a 0.5 * —r
o = % g
*x %
0.0
S.oralis S. gordonii  S. sanguinis

|3 BHI 3 hBD3-3

@& TBP-1-hBD3-3

@8 TBP-1-RGDS-hBD3-3

Fig. 4 Antibacterial effects of hBD3-3, TBP-1-hBD3-3, and TBP-1-RGDS-hBD3-3 against single-species (S. oralis, S. gordonii or S. sanguinis)
biofilms. Biofilms treated with the three peptides (1/2 MIC) were incubated for 24 h (A) or 72 h (B). Data are shown as the mean + SEM; n = 3. *P <

0.01 compared with the control groups.
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Fig. 5

(A) SEM images of S. gordonii biofilms formation for 24 h. (B) SEM images of S. gordonii biofilms that were treated with TBP-1-RGDS-

hBD3-3 at 320 ug mL~* for 24 h. (C) TEM micrographs of the inner structures of S. gordonii that were treated with TBP-1-RGDS-hBD3-3 at 320
ile] mL~1 for 12 h. White or black arrows: disruption of the cell membrane and release of cellular contents.

Our previous studies have shown that chimeric peptides can
inhibit the formation of biofilm by inhibiting gene expres-
sion.””?* However, more extensive studies have not yet been
undertaken to clarify the same. At the same time, the stability of
antimicrobial peptide modified titanium surfaces and the anti-
inflammatory effects will be confirmed in vivo experiments. Our
future research will focus on optimizing the length of the
chimeric peptides, to maximize functional group retention and
shortening their action length in order to achieve the possibility
of clinical application.

Conclusions

In summary, the surface modification of implants can be
accomplished by ligation with titanium-bound peptide, with
hBD3 fragment as the antimicrobial group, RGD fragment as
ligation, to synthesize the multi-functional chimeric peptide.
Simultaneously, the results of 72 h biofilm resistance showed
that the chimeric peptides could disrupt the formation of bio-
film by inhibiting the early attachment bacteria to the implant

This journal is © The Royal Society of Chemistry 2019

surface. This modification method provides an effective strategy
for the prevention of peri-implantitis. Our further results about
the chimeric peptides against S. gordonii, Fusobacterium nucle-
atum, and Porphyromonas gingivalis showed that the peptides
had more antibacterial activity against mixed bacteria than
single bacteria. However, the current research is limited to the
results of the antimicrobial activity of hBD3 fragment. The
mechanism of action of the chimeric peptide needs to be
explored in future.
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