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Background: Prevention of bacterial colonization remains a major challenge in the field of oral
implant devices. Chimeric peptides with binding, antimicrobial, and osteogenesis motifs may pro-
vide a promising alternative for the inhibition of biofilm formation on titanium (T1) surfaces.
Methods: In this study, chimeric peptides were designed by connecting an antimicrobial
sequence from human f3-defensin-3 with a Ti-binding sequence and arginine-glycine-aspartic acid
using a glycine-glycine-glycine linker. Binding to the Ti substrate and antimicrobial properties
against streptococci were evaluated. Significant improvement in reduction of bacterial coloni-
zation onto the Ti surface was observed, with or without the presence of saliva or serum. The
MC3T3-E1 cells grew well on the modified Ti surfaces compared with the control group.
Results: The data showed that the three peptide functional motifs maintained their respective
functions, and that the antibiofilm mechanism of the chimeric peptide was via suppression of
sspA and sspB gene expression.

Conclusion: These results indicated that the endogenous peptide fragments engineered on the
Ti surface could provide an environmentally friendly approach for improving the biocompat-
ibility of oral implants.

Keywords: multifunctional chimeric peptide, modification of titanium surface, human
-defensin-3, Ti-binding peptide-1, arginine-glycine-aspartic acid-containing peptides

Introduction

Dental implants have become an established and indispensable therapy for providing
adequate support for the replacement of missing teeth.'? According to Geckili’s study,
success rates of 76%—84% based on gender and age have been reported.’> Nevertheless,
increasing evidence of the presence of peri-implantitis has been reported, representing one
of the most frequent complications that can lead to the loss of the implant.* ¢ Peri-implantitis
is a progressive and irreversible disease of the hard and soft tissues surrounding the implant
and is accompanied by bone resorption’ resulting from biofilm formation on the implant
surface.® The aim of this study, therefore, was to control the initial colonizers on the titanium
(Ti) surface and thereby decrease or inhibit biofilm formation on the surface.

Oral biofilm formation is the initiating factor of a number of diseases. The
microbial composition of peri-implantitis-associated biofilms is very similar to that
observed in periodontitis.® Biofilm formation normally involves three steps,’ the first
of which requires the adhesion and attachment of initial colonizers to the surface.
The importance of these early bacteria lies in the fact that they modify the environ-
ment for subsequent colonizers, such as Porphyromonas gingivalis."® Streptococcus
spp. are among the most important bacteria in the early stages of biofilm formation,'!
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which control the growth and attachment of streptococci on
the implant surface and thereby disrupt subsequent patho-
genic bacterial attachment, thus preventing bacterial biofilm
formation on the surface.

Owing to the disadvantages of systematic administra-
tion of antibiotics, research has increasingly focused on the
development of biomaterials that prevent bacterial adhesion
or completely eliminate infection.'? To achieve this, various
surface modification strategies have been developed that
improve the antibacterial properties of biomaterials.*"'® One
simple strategy that has few side effects is to engineer the
implant surface by attaching antimicrobial peptides (AMPs),
especially those of human origin. Human B-defensin-3
(hBD3) is an endogenous AMP with broad-spectrum activity
against both gram-positive and gram-negative bacteria, and
is not influenced by physiological NaCl concentration or
the order of disulfide pairing.!”?° Recently, three fragments
derived from hBD3 have shown cell- and skin-penetrating
properties and exhibited anti-inflammatory activity.*! Investi-
gation of whether these three sequences can exert antibacte-
rial activity and inhibit biofilm formation on the surface of
dental implants is of interest.

In this study, three fragments of hBD3 and arginine-
glycine-aspartic acid (RGD)-containing peptides, which can
induce osteoblast differentiation and mineral deposition,*
were bonded using glycine-glycine-glycine (GGG) to a chi-
meric peptide. Potential applications for this multifunctional
peptide were explored. In addition, Ti-binding peptide-1
(TBP-1) was utilized to connect the chimeric peptide with
the Ti surface.?® The purpose of this study was to investigate
the application of the multifunctional chimeric peptide on
implants for the prevention of biofilm formation.

Materials and methods

Peptide design and synthesis

The peptides were synthesized by Sangon Biotech Co., Ltd.
(Shanghai, China). The final chimeric sequences purity
was>95% as determined by mass spectrometry. The informa-
tion about the basic properties and the secondary structures of
the sequences was obtained by means of the peptide property
calculator (http://www.pepcalc.com/). Different concentra-

tions of peptide solution were prepared with a sterile phos-
phate buffer (1 x PBS). The concentration of peptides used
in this study was 0.5 MIC unless specially noted.

Preparation of Ti substrates
Ti substrates were prepared as pure Ti (99.998% purity) films
with a thickness of 300 nm on silicon wafers by electron

beam evaporation (Sharon Vacuum, Brockton, MA, USA).
All Ti slices were ultrasonically rinsed with acetone and 70%
(v/v) ethanol for 20 minutes, and then oven-dried at 80°C
and sterilized at 120°C.

Preparation of modified Ti substrates

Ti substrates prepared according to the above method were
placed into sterile PBS solution (2 mL) containing either three
chimeric peptides (320 g of each) as the experimental group
or no chimeric peptide for the control group. The resulting
mixtures were cultured at room temperature for 2 hours,
after which the Ti substrates were rinsed with sterile PBS
and deionized water, and then dried under argon.

Circular dichroism (CD) spectroscopy
Samples (0.1 mg/mL) were placed in 1.00 mm cuvettes. CD
measurements were obtained at 4°C or 37°C with a scanning
speed of 60 nm/min by a CD spectrometer (J-810; BIO-
LOGIC Corp., Seyssinet-Pariset, France), recorded from 350
to 190 nm with solvent subtraction. To obtain quantitative
analysis, the acquired CD spectra of peptides were analyzed
using a SELCON3 algorithm.

Raman spectroscopy

The samples (5 mg) were measured by a Raman spectrometer
(Renishaw, Gloucestershire, UK) using 785 nm laser exci-
tation (Coherent, Santa Clara, CA, USA) at an intensity of
2 mW and an exposure time of 10 seconds, aimed directly
at the sample. The spectrum of the samples was performed
at 300—-1,800 cm™ with a resolution of 16x16 um.

Zeta potential analyses

The zeta potentials of the samples were determined using a
ZetaPALS (BI-200SM; Brookhaven, Holtsville, NY, USA).
Prior to the sample analysis, the instrument was calibrated
with three pH 7 standards. Pressure was kept at 400 mbar
and all analyses were performed at 37°C.

X-ray photoelectron spectroscopy (XPS)
analysis

The chemical composition on the Ti surfaces was measured
by XPS spectrometer (ESCALAB 250) equipped with a
monochromatized Al Ka X-ray source (1486.6 ¢V photons).
Take-off angle was at 45° with a power of 150 W by under
vacuum (107® Torr or lower). The main Cls peak was set
to a value of 284.80 eV as a standard to calibrate all other
binding energies.
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Antibacterial assays

The bacterial strains studied were obtained from the American
Type Culture Collection (ATCC; Manassas, VA, USA).
The strains used were Streptococcus oralis (ATCC
No 9811), Streptococcus sanguinis (ATCC No 10556), and
Streptococcus gordonii (ATCC No 10558). S. oralis was
cultured aerobically on brain heart infusion (BHI) agar plate
supplemented with 1% yeast extract for 24 hours at 37°C.
S. gordonii and S. sanguinis were cultured separately in
freshly prepared BHI agar plates supplemented with sterile
defibrinated sheep blood (5%), hemin (1%), and menadione
(0.1%) under anaerobic conditions of 80% N,, 10% H,, and
10% CO, for 48 hours at 37°C.

Minimal inhibitory concentration (MIC) and minimal
bactericidal concentration (MBC) measurements

The MIC of the target fragments was investigated against
streptococci using the standard broth microdilution method
of the National Committee for Clinical Laboratory Stan-
dards (NCCLS document M7-A3). The MIC was taken as
the lowest concentration of peptides at which no growth
of the bacteria was observed visually. After bacteria were
cultured with various concentrations of peptide based on the
MIC for 24 hours, 20 UL of each sample well was removed
and spread on BHI agar plates. The concentration at which
more than 99.9% of the cells were inhibited was considered
the MBC.

Biofilm susceptibility assay
Biofilms of streptococci chosen for this study were incubated
with peptides in 96-well microtiter plates at 37°C for 24 and
72 hours. The biofilms were fixed and stained with crystal
violet (0.5% w/v), and the absorbance was measured with a
microplate reader at 600 nm.

Confocal laser scanning microscopy (CLSM)
examination of biofilm samples, with and without
peptide treatment

We divided the Ti substrates into four treatment groups:
1) PBS (blank Ti), 2) peptide-modified Ti, 3) peptide-
modified Ti with bovine calf serum (HyClone, Logan, UT,
USA), and 4) peptide-modified Ti with saliva (from six
volunteers) sterilized by syringe filter. We treated groups
(3) and (4) with 20 pL of serum or saliva for 4 hours. For
CLSM (IX71; Olympus, Tokyo, Japan), bacterial suspen-
sion (5x10° CFU/mL, 1 mL) was added to all wells and the
24-well plates were cultured for 24 and 36 hours. To recog-
nize the peptides, 7-amino-4-methylcoumarin (AMC) was

introduced for staining. The Ti specimens were dyed with
AO/EB (1:1, 20 puL) to view live/dead cells simultaneously
at room temperature.

Antibacterial efficacy

Streptococci cultures were diluted to 5x10° CFU/mL and
cultured on the modified Ti surfaces. After a period of
24 or 72 hours, the Ti samples were treated by ultrasonic at
40 W for 5 minutes. The antibacterial rates were calculated
with the following formula: R = (B — A)/Bx100%, where
A is the average number of viable bacteria on a modified
Ti surface and B is the average number of viable bacteria
on the untreated Ti surface.

Scanning electron microscopy (SEM)

examination

Peptide-treated Ti samples were washed by PBS, and then
S. gordonii suspension (5x10° CFU/mL) was added to every
well. After culturing for 12 or 24 hours, samples were prefixed
with phosphate-buffered 2.5% glutaraldehyde (BioChemika,
Fluka), rinsed with PBS three times and observed by SEM
(Jeol ISM-6310LV; JEOL Ltd., Tokyo, Japan).

Transmission electron microscopy (TEM)

examination

After being treated with TBP-1-RGDS-hBD3-3, or without
the peptide (control group), ultrathin slice samples for TEM
were prepared using reported methods.?* After dehydra-
tion with ethanol, the samples were cut into ultrathin slices
and stained with 2% uranyl acetate and 0.2% lead citrate
before observing under electron microscopy (JEM-2100F;
JEOL Ltd.).

Cytotoxicity test

MC3T3-El murine pre-osteoblasts were bought from the
Chinese Academy of Sciences (Shanghai, China). They were
cultured in DMEM with 10% fetal bovine serum (Thermo
Fisher Scientific, Waltham, MA, USA), 100 mg/mL strepto-
mycin (Gibco) and 100 U/mL penicillin (Sigma). MC3T3-E1
cells were then planted on the Ti surfaces at 37°C. The cyto-
toxicity test was measured at different time points (1 day,
3 days, 5 days, or 7 days) by using Cell Counting Kit-8
(CCKS8; Dojindo Laboratories, Kumamoto, Japan).

Quantitative RT-PCR analysis

The sspA and sspB gene expression was evaluated accord-
ing to the 2(-DeltaDeltaC(T)) method.?* Total RNA was
isolated using the Bacterial RNA Isolation Kit (Thermo Fisher
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Scientific). Reverse transcription PCR was performed using a
PrimeScript RT Reagent Kit (Takara, Shiga, Japan) with gDNA
Eraser. Quantitative RT-PCR was performed with STBR
Green reactions (Stratagene). The products were measured
on the Real-Time PCR system (iQ™S5; Bio-Rad Laboratories
Inc., Hercules, CA, USA). Gene-specific primers are listed in
Table S1 and were developed by Primer3 (version 0.2).2

Statistical analysis

Each experiment was performed a minimum of three replicate
times. The mean and SD values were calculated by a data
analysis software (SPSS Inc., Chicago, IL, USA). ANOVA
and independent sample 7-tests were carried out to calculate
the significance among groups, a P-value <0.05 was con-
sidered to be statistically significant.

Results

Physicochemical properties of peptides

To investigate the structure of the peptides, their theoreti-
cal physicochemical properties were first predicted using
the peptide calculator. The data (Figure 1) revealed the
basic parameters of these peptides, which indicated that
all peptides were estimated to have satisfactory solubility.

Net ch H
A Physiochemical properties et charge vs p

Number of residues: 36

Molecular weight: 3,819.26 g/mL

Extinction coefficient: 8,250 M-'xcm-"

Iso-electric point: pH 10.37 7 pH
Netcharge atpH7: 4 ”

Estimated solubility:  Good water solubility

Hydropathy

Hopp & Woods

TBP-1-RGDS-hBD3-3 had more hydrophilic groups
(Figure 1) and exhibited a higher net positive charge com-
pared with the other peptides. The all three chimeric peptides
had hydrophilic and hydrophobic segments.

Secondary peptide structure
More information of the secondary structure and properties of
the peptides was obtained by CD, Raman spectroscopy, and
Zeta potential measurements. The three peptides dissolved in
PBS (0.1 mg/mL) had o-helical, B-strand, B-turn, and random
coil structures at 37°C (Figure 2A and C) as shown in the CD
spectra. Quantitative analysis indicated that the secondary
structures of TBP-1-RGDS-hBD3-1 and TBP-1-RGDS-
hBD3-2 contained similar secondary structure ratio. In TBP-
1-RGDS-hBD3-3, the proportions of B-strands (24.1%) were
higher and those of o-helices (20.7%) and B-turns (19%) were
lower compared with those of the other two peptides (11%).
Compared with the structural composition at 4°C (Table S2),
in addition to TBP-1-RGDS-hBD3-2 structural changes, the
other two segments were stable with no significant changes
to the secondary structure observed at 37°C.

The results of Raman spectroscopy in the wave number
range 300—1,800 cm™ are summarized in Figure 2B and D.

Net ch H
B Physiochemical properties et charge vs p

Number of residues: 36

Molecular weight: 3,665.16 g/mL

Extinction coefficient: 5,690 M-'xcm-"

Iso-electric point: pH 8.76 7 pH
NetchargeatpH7: 2

Estimated solubility: Good water solubility

4

Hydropathy Hopp & Woods

L R e

AA: RKLPDAPGMHTWGGGRGDSGGGGINTLQKYYCRVRG

Cc

Number of residues: 37
Molecular weight:

Iso-electric point: pH 11.34
Net charge atpH 7: 8.9

Physiochemical properties

3,915.49 g/mL
Extinction coefficient: 5,690 M-'xcm~'

AA: RKLPDAPGMHTWGGGRGDSGGGGRCAVLSCLPKEQI

Net charge vs pH

Estimated solubility: Good water solubility

Hydropathy

Hopp & Woods

I b

AA: RKLPDAPGMHTWGGGRGDSGGGGKCSTRGRKCCRRKK

Top is hydrophilic Bottom is hydrophobic Color codes:

Aromatic Pola

Figure | (A—C) Molecular characteristics of the peptides (TBP-1-RGDS-hBD3-1, TBP-1-RGDS-hBD3-2, and TBP-1-RGDS-hBD3-3) showing amphipathic properties (top:

hydrophilic; bottom: hydrophobic).
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Figure 2 (A and C) Circular dichroism spectra of TBP-1-RGDS-hBD3-1, TBP-1-RGDS-hBD3-2, and TBP--RGDS-hBD3-3 dissolved in PBS at 37°C. (B and D) Raman spectra of
TBP-1-RGDS-hBD3-1, TBP-1-RGDS-hBD3-2, and TBP-1-RGDS-hBD3-3. (E) Zeta potential results of TBP-1-RGDS-hBD3-1, TBP-1-RGDS-hBD3-2, and TBP-1-RGDS-hBD3-3.
Notes: Data are shown as the mean + SEM; n=3. *P<<0.0| compared with the TBP-1-RGDS-hBD3-2 groups.

The bands at 1,240, 1,340, 1,430, and 1,666 cm™' were attrib-
uted to a coil structure,”” a-helical conformation,” CH,CH,
deformation,” and B-strand structure,?’ respectively. The
Raman spectroscopy results showed that the three peptides
shared o-helical and B-strand structures, which was con-
sistent with the CD results. Based on the above results and
previous studies, it was hypothesized that three chimeric
peptides may exhibit antibacterial properties, which is worth
further exploring.

The zeta potential of TBP-1-RGDS-hBD3-1, TBP-1-
RGDS-hBD3-2, and TBP-1-RGDS-hBD3-3 was observed to
be 5.58, 3.34, and 12.09 mV, respectively (Figure 2E). This
was in agreement with the theoretical result obtained using
the peptide calculator that these peptides were positively
charged at pH 7.4. TBP-1-RGDS-hBD3-3 had the highest
zeta potential, suggesting that it possesses good stability and
greater potential for therapeutic applications.

Adsorption of chimeric peptides on the

Ti surfaces
The binding elements’ compositions of the Ti surface
were measured using XPS. Figure 3 shows the data of the

surface elemental composition after PBS treatment (control)
and peptide modification (experimental group). The chief
components of Cls, Ols (531.18 ¢V), Nals (1,071.83 eV),
P2p (133.19 eV), C12p (198.69 eV), and Ti2p3 (458.30 eV)
were confirmed in the XPS results shown in Figure 3. All
binding energies were referenced to the Cls spectrum peak
(284.80 eV) as an internal reference after calibrating peak
positions. The peaks of Nals, P2p, and CI12p were primarily
due to the presence of PBS. Compared with the results of
the PBS-treated Ti samples (Figure 3, control), the appear-
ance of the distinctive N1s and S2p peaks originated from
peptides absorbed onto the Ti surface (Figure 3, TBP-1-
RGDS-hBD3-1/2/3) appeared to verify that the peptides
had successfully been immobilized on the surface of the
Ti substrates. The quantitative XPS data also supported the
results (Figure 3).

Antibacterial assays

MIC and MBC

The MIC and MBC of the peptides against the planktonic
streptococci were determined using the broth dilution
technique to evaluate the antibacterial strength. As shown
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TBP-1-RGDS-hBD3-1 60.45+0.1 16.65+0.1 17.29+0.2 1.724+0.3 0.96+0.3 0.85+0.1 1.86+0.2 0.19+0.1
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Figure 3 XPS wide-scan spectra of Ti surfaces: Ti treated with PBS (control), and Ti treated with TBP-1-RGDS-hBD3-1, TBP-1-RGDS-hBD3-2, or TBP-1-RGDS-hBD3-3

dissolved in PBS. Elemental composition of Ti disc surfaces with or without chimeric peptide treatment, as determined via XPS.

Abbreviations: XPS, X-ray photoelectron spectroscopy; Ti, titanium.

in Table 1, the MICs for TBP-1-RGDS-hBD3-3 indicated
an average bacteriostatic concentration of 600, 850, and
850 ug/mL, respectively, against S. oralis, S. gordonii, and
S. sanguinis, which was lower than that for TBP-1-RGDS-
hBD3-1 and TBP-1-RGDS-hBD3-2 against these strepto-
cocci. MBC tests showed the same trend. According to these
results, all the three chimeric peptides exhibited antibacterial

activity, with TBP-1-RGDS-hBD3-3 exhibiting the greatest
antibacterial properties among them.

Anti-biofilm test

The antimicrobial efficacy of peptides against streptococci
biofilm states was investigated by anti-biofilm test. The three
peptides were shown to be significantly effective (P<<0.01)

Table | MIC and MBC values of TBP-1-RGDS-hBD3-1, TBP-1-RGDS-hBD3-2, and TBP-1-RGDS-hBD3-3 against Streptococcus oralis,

Streptococcus gordonii, and Streptococcus sanguinis

MIC (ug/mL)

MBC (ug/mL)

TBP-1-RGDS- TBP-1-RGDS- TBP-1-RGDS- TBP-1-RGDS- TBP-1-RGDS- TBP-1-RGDS-
hBD3-1 hBD3-2 hBD3-3 hBD3-1 hBD3-2 hBD3-3

S. oralis 900 1,000 600 2,400 2,500 1,000

S. sanguinis 1,050 1,250 850 2,200 2,500 1,200

S. gordonii 1,050 1,200 850 2,400 2,500 1,300

Abbreviations: MIC, minimal inhibitory concentration; MBC, minimal bactericidal concentration.
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Figure 4 Antibacterial effects of TBP-1-RGDS-hBD3-1, TBP-1-RGDS-hBD3-2, and TBP-1-RGDS-hBD3-3 against single-species (Streptococcus oralis, Streptococcus gordonii, or
Streptococcus sanguinis) biofilms. Biofilms treated with the three peptides (1/2 MIC) were incubated for (A) 24 hours or (B) 72 hours. Data are shown as the mean + SEM;

n=3. *P<0.01 compared with the control groups.

Abbreviations: MIC, minimal inhibitory concentration; SEM, standard error of the mean.

in disrupting the 24- and 72-hour biofilms (Figure 4). Among
them, TBP-1-RGDS-hBD3-3 showed higher anti-biofilm
activity (P<<0.01). There was no significant difference
(P>0.05) between the peptides’ activity in killing 24- or
72-hour biofilms.

Based on the results of the above comparison and
analysis, it was confirmed that the antibacterial properties
of TBP-1-RGDS-hBD3-3 merited further study and was
therefore chosen as the most promising candidate to modify
Ti surfaces in the subsequent experiments.

Antibacterial efficacy of TBP-1-RGDS-
hBD3-3-modified Ti surfaces

CLSM images (Figure 5A) show the total number of bacterial
colonies using live/dead stain, attached to Ti slices modified
with TBP-1-RGDS-hBD3-3 and cultured with 20 uL of
serum or saliva for 4 or 24 hours. For the blank Ti substrate,
green-stained cells (S. oralis, S. gordonii, and S. sanguinis)
fully covered the substrate (Figure 5Aa, e, and i). For the
substrates modified with TBP-1-RGDS-hBD3-3 (Figure SAb,
f, and j) or modified with TBP-1-RGDS-hBD3-3 and treated
with serum or saliva (Figure 5Ac, d, g, h, k, and 1), the
cells adhered to almost all of the substrate that were most
red-stained. According to the CLSM images (Figure 5A),
TBP-1-RGDS-hBD3-3 demonstrated high antibacterial
efficacy against streptococci biofilm.

Antibacterial efficacy (R) against adherent bacteria on
the TBP-1-RGDS-hBD3-3-modified Ti surfaces was further
analyzed to verify the activity of surfaces treated alone or
with serum or saliva. Figure 5B showed that the R value
of samples toward S. gordonii and S. sanguinis was more

than 80% and as high as 90% for S. oralis during the first
24 hours. Although resulting in a decreased R value, serum
or saliva did not significantly affect the antibacterial efficacy
of samples against colonizing bacteria compared with the
Ti plates treated only with TBP-1-RGDS-hBD3-3. After
72 hours, the R value decreased gradually (Figure 5C), but
there was no significant difference in the numbers of colo-

nizing streptococci.

Effect of TBP-1-RGDS-hBD3-3 on

bacterial membranes and biofilm structure
We used CLSM to investigate the inhibitory effect of TBP-
1-RGDS-hBD3-3-modified Ti plates on streptococci biofilm
formation. According to two- and three-dimensional biofilm
thickness CLSM images (Figure 6A), we obtained a direct
observation of the change in biofilm thickness, cell density,
and adsorption conditions of the TBP-1-RGDS-hBD3-3 pep-
tides on Ti plates after 36 hours. Consistent with the results
obtained using AMC stain, TBP-1-RGDS-hBD3-3 peptides
were adsorbed onto the Ti surfaces. As shown in Figure 6A,
dead cells almost covered the surface of the modified Ti sur-
face treated with TBP-1-RGDS-hBD3-3 alone or also with
serum or saliva, compared to the bare Ti substrate that had
green-stained S. oralis, S. gordonii, and S. sanguinis.

We performed SEM and TEM to directly observe the
bacteria treated with TBP-1-RGDS-hBD3-3. The data
(Figure 6B and C) showed that the membranes of S. gordonii
cells treated with the chimeric peptide for 12 hours were
damaged compared with the control group (Figure S1). This
indicated that TBP-1-RGDS-hBD3-3 can disrupt bacterial
membranes.
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Figure 5 Two-dimensional CLSM images of blank Ti and Ti surfaces treated with TBP-1-RGDS-hBD3-3 (1/2 MIC), TBP-1-RGDS-hBD3-3, and serum, or TBP-1-RGDS-
hBD3-3 and saliva, against Streptococcus oralis (Aa and Ad), Streptococcus gordonii (Ae and Ah), and Streptococcus sanguinis (Ai and Al). Overlay images show dead cells (red)
and living cells (green), scale bar =100 um. Antibacterial rates (R) against S. oralis, S. gordonii, and S. sanguinis adhered on the surface of Ti treated with TBP-1-RGDS-hBD3-3

(1/2 MIC) for 24 (B) or 72 hours (C). Data are shown as the mean * SD; n=3.

Abbreviations: CLSM, confocal laser scanning microscopy; Ti, titanium; MIC, minimal inhibitory concentration.

SspA and sspB from the antigen I/II family represent one
of the major cell-surface adhesions and are expressed on the
cell wall in S. gordonii to connect with receptors in saliva
films or pellicles.* We employed the real-time quantitative
PCR to examine whether TBP-1-RGDS-hBD3-3 inhibited

expressions of sspA and sspB and consequently affect
S. gordonii biofilm formation on the modified Ti surfaces.
The expression reduction of ssp4 and sspB as compared
with the control group is shown in Figure 6D. The data show
that the expression of these two genes reduced by 40% and
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Figure 6 Two-and three-dimensional CLSM renderings of blank Ti, Ti treated with TBP-1-RGDS-hBD3-3, with TBP-1-RGDS-hBD3-3 and serum, or with TBP-1-RGDS-
hBD3-3 and saliva, incubated with Streptococcus oralis (Aa and Ad), Streptococcus gordonii (Ae and Ah), and Streptococcus sanguinis (Ai and Al) biofilms for 36 hours. Overlay
images show dead cells (red) and living cells (green) stained with AO/EB and TBP-1-RGDS-hBD3-3 (blue) stained with AMC. Scale bar =100 um. (B) SEM images of S. gordonii
biofilms that were treated with TBP-1-RGDS-hBD3-3 at 320 ug/mL for 24 hours. (C) TEM micrographs of the inner structures of S. gordonii that were treated with TBP-1-
RGDS-hBD3-3 at 320 ug/mL for 12 hours. Black arrows: disruption of the cell membrane and release of cellular contents. (D) Gene expression of sspA and sspB in S. gordonii
treated with TBP-1-RGDS-hBD3-3 or left untreated. S. gordonii planktonic cells (1x10® CFU/mL) and cells that were treated overnight with TBP-1-RGDS-hBD3-3 for 24
hours were harvested for qRT-PCR. *P<<0.05.

Abbreviations: CLSM, confocal laser scanning microscopy; Ti, titanium; AMC, 7-amino-4-methylcoumarin; SEM, scanning electron microscopy; TEM, transmission electron
microscopy; RQ, relative quantification.
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12%, respectively (P<<0.05), suggesting that TBP-1-RGDS-
hBD3-3 was inhibitory to expression of sspA and sspB in
S. gordonii compared to the control (untreated bacteria).

Apoptotic sensitivity of osteoblasts on
TBP-1-RGDS-hBD3-3-modified Ti

In order to evaluate the potential cytotoxicity of TBP-1-
RGDS-hBD3-3, the MC3T3-E1 cells were chosen for the
experiment. According to the data, the cells treated with
TBP-1-RGDS-hBD3-3 at 640 pug/mL proliferated continu-
ously during the entire incubation time (Figure 7). The mean
proliferation rate of MC3T3-E1 cells was not significantly
different from that of cells in the control sample (Figure 7A).
For the sake of visually assessing the viability and prolif-
eration of MC3T3-E1 cells, live/dead staining (AO/EB)
was introduced to further confirm this finding. As shown
in Figure 7B, live cells (green ones) could be seen on all
substrates after 1-7 days of culture, and the number of dead
cells (red ones) was low. These results clearly confirmed that
TBP-1-RGDS-hBD3-3 exhibited no significant cytotoxicity
toward MC3T3-El cells.

Discussion

In this study, three multifunctional peptides were devel-
oped for investigation of their suitability to improve the
survival rate of dental implants. Ti substrates modified
with these multifunctional peptides were demonstrated to
have antimicrobial activity, thereby potentially enhancing
biocompatibility for implant applications. Besides structure
and stability, antimicrobial activity and the mechanism of
action of the best-performing peptide were evaluated to
elucidate the process of chimeric peptide modification on
Ti implant surfaces.

Design of TBP-1-RGDS-hBD3-1/2/3
multifunctional peptides for modification

of the surface of Ti
The multifunctional chimeric peptides comprised the major
antimicrobial sequences from hBD3, a sequence that can pro-
mote osteogenesis (RGDS), a Ti-binding protein, and a linker
(GGG). They were designed to prevent bacterial attachment
on Ti surfaces. The purpose of this study was to achieve
multifunctional modification using a single process.
Establishment of a biofilm occurs following microbial
attachment, microcolony formation, biofilm maturation, and
finally, propagation of infection. In order to avoid biofilm-
associated infections, various strategies have been developed
to improve the antimicrobial properties of biomaterial surfaces

including loading with antibiotics,’! covalent attachment of
AMPs,'*16 and polymer-based surface modification.??3
Although these methods can inhibit bacterial attachment, the
procedure is tedious and has a limited efficacy in practice.
To overcome these limitations and combat the issues of
antibiotic resistance and toxicity, a Ti-binding protein was
used to connect the multifunctional chimeric peptides with
the Ti surface. The main antimicrobial fragment was a short
sequence from hBD3; this has a wide range of antibacterial
properties as well as cell- and skin-penetrating properties
and anti-inflammatory activity.?! In a recent study, its notable
antibacterial performance was observed.* After design of the
main antimicrobial sequence, an RGDS sequence was intro-
duced into the chimeric peptide to enhance osseointegration.
The GGG linker was chosen to protect the principal func-
tion of the peptide from interference by the other chimeric
peptide sequences. The multifunctional chimeric peptide was
designed to investigate whether combining three functional
sequences would achieve these various functions.

Structure and function analysis of the

multifunctional chimeric peptides

The molecular structures of the chimeric peptides were
significantly related to their function. Secondary structure
determination by CD spectroscopy showed all three peptides
as having molecular conformations (o-helical, B-strand) that
exhibit antimicrobial activity (Figure 2A). Considering the
proposed application, the peptides’ structures were deter-
mined at 37°C and 4°C: TBP-1-RGDS-hBD3-1 and TBP-
1-RGDS-hBD3-3 retained stable structural composition at
both temperatures, whereas TBP-1-RGDS-hBD3-2 did not.
These results were consistent with those previously reported.’’
Zeta potential measurements showed the chimeric peptides to
have varying degrees of stability, with TBP-1-RGDS-hBD3-3
being the most stable (Figure 2E). Raman spectroscopy was
used to further analyze the structures and predict their tertiary
conformations. The bands at 1,340, 1,666, and 1,240 cm™
were consistent with o-helical, B-strand, and coil structures,
respectively, which agreed with the theoretical predictions
using software and the CD spectra.

The structural similarity of the three chimeric peptides
was shown by Raman spectroscopy, with the spectral
bands of hBD3-1, hBD3-2, and hBD3-3 indicating that
the hBD3 sequence preserved its 3D structure.’” TBP-1-
RGDS-hBD3-3 possessed more positively charged residues
(Arg, Lys), while all the peptides had both hydrophilic and
hydrophobic domains, satisfying the characteristics of anti-
bacterial peptides (Figure 1). The XPS results showed that

submit your manuscript

5370

Dove

International Journal of Nanomedicine 2018:13


www.dovepress.com
www.dovepress.com
www.dovepress.com

Dove Modification of the surface of titanium with multifunctional
A 20-
1.5+
£
<
B 1.0
A
(]
(@)
0.5+
== Blank Ti
== TBP-1-RGDS-hBD3-3 treated Ti
0.0 T T T T
Day 1 Day 3 Day 5 Day 7
B

Blank Ti

hBD3-3

Day 5
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of MC3T3-El cells stained with AO/EB (green: live; red: dead) after being cultured for 1-7 days on Ti plates that were either untreated (control) or treated with TBP-1-

RGDS-hBD3-3 at 640 pg/mL.
Abbreviation: Ti, titanium.

TBP-1-RGDS-hBD3-1/2/3 were all successfully immobi-
lized on the surface of Ti (Figure 3), which proves that the
functional domain of TBP-1 was not influenced by the other
chimeric peptide domains.

Given the focus of this research on the prevention of
biofilm formation, streptococci were chosen as the initial
colonizers and the antimicrobial activity of multifunctional
chimeric peptides was evaluated against S. oralis, S. gordonii,
and S. sanguinis. The antibacterial and anti-biofilm activity

of TBP-1-RGDS-hBD3-3 was much stronger than that of
the other peptides (Table 1, Figure 4). Although there is no
consensus on the exact mechanism by which hBD3 and its
analogs operate, some trends are commonly agreed. It is
widely acknowledged that positively charged peptides attach
electrostatically to negatively charged microbial membranes.
TBP-1-RGDS-hBD3-3 had a net charge of +8.9 (Figure 1)
and a zeta potential of 12.09 mV (Figure 2E), which were sig-
nificantly greater than those of the other peptides. B-strands
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can form an amphipathic symmetrical dimer structure
through the B2 strand, resulting in the exposure of a greater
positive surface charge after folding. Increasingly, evidence is
emerging that amino acid composition and physicochemical
properties have a greater impact on antimicrobial activity
than specific peptide structure. Furthermore, the activity
can depend more on the balance of electrostatic interactions
in the initial steps and on hydrophobic interactions in the
later steps during the binding-disruption process. A recent
study has indicated that Arg42 and Arg43 play a key role in
the broad antimicrobial activity and salt-resistant properties
of hBD3 and may maintain its activity in the C-terminus.*
Therefore, positively charged residues and secondary struc-
ture may play a key role in the membrane disruption activity
of TBP-1-RGDS-hBD3-3.

The antimicrobial activity of the TBP-1-RGDS-hBD3-
3-modified Ti surface was further analyzed by CLSM, SEM,
and TEM. According to the results, the surfaces modified by
multifunctional peptides were found to significantly reduce
bacterial adhesion when compared to adhesion on bare Ti
(Figures 5 and 6A). 3D CLSM with peptides stained blue
by AMC showed that the chimeric peptides were immobi-
lized on the Ti surface, and the results were consistent with
XPS (Figure 3). The R value of TBP-1-RGDS-hBD3-3
immobilized on the Ti surface was 80% against S. oralis,
and 75%—80% for S. gordonii and S. sanguinis. While the
R value decreased when treated with serum or saliva, the dif-
ference was not significant (Figure 5B and C). These results
demonstrated the antimicrobial activity of the multifunctional
chimeric peptides while immobilized on the surface of Ti,
and also indirectly proved that the GGG linker prevented the
active domains from interfering with each other as their func-
tion was retained. The antimicrobial efficacy of the modified
Ti surface can be interpreted as arising from the antimicrobial
activity of the hBD3-3 sequence, with the chimeric peptide
competing for the bacterial attachment site.

The third function of the chimeric peptide via the
RGDS moiety was presupposed to enhance the adhesion of
osteoblasts and fibroblasts. According to the results of the cell
proliferation test, the mean proliferation rates of MC3T3-E1
cells on the modified Ti surfaces were greater than that of
cells on bare Ti at all time points, and the differences were
significant (Figure 7). The chimeric peptide thus achieved
the goal of protecting adherent cells from the effects of local
apoptogens, by the RGDS sequence. In other words, the
function of RGDS was preserved in the chimeric peptide.
From another point of view, the number of binding sites on
the Ti surface was limited. Because of the antibacterial effect

of the chimeric peptide, the adhesion of the bacteria on the
modified Ti surface was affected, which helped improve the
effects of osseointegration.

The three chimeric peptides possessed the same Ti-
binding protein and RGDS sequence with different antimicro-
bial domains. The GGG linker was connected to TBP-1 with
a WG sequence and with GR and SG sequences connected to
RGDS, while the GG sequence was connected to the hBD3
sequence. According to the present results, a possible expla-
nation of the effectiveness of the GGG linker is that it formed
a kink in the solid structure, which effectively separated the
functional domain. These connection sequences provided the
possibility for the design of multifunctional peptides.

Antimicrobial mechanism of the chimeric
peptides
A consensus has not yet been reached regarding the exact
mechanisms of the antibacterial action of hBD3. It has been
assumed that hBD3 damages bacterial membranes via the
carpet model*® due to its highly cationic nature and because
it would not easily form a 3D amphiphilic structure. Con-
versely, it is more likely to dimerize and/or oligomerize
through the -2 strand in solution.?** Another study has
shown that the dimers or oligomers on the surface of bacte-
rial membranes make anionic lipid (POPG) clusters and
form two types of regions in the membrane, which results
in membrane disruption.* However, dimerization is not
an essential requirement for the activity of hBD3 against
bacteria. This study showed that TBP-1-RGDS-hBD3-3
inhibited biofilm formation by interrupting the integrity of
bacterial membranes (Figure 6B and C). However, the sus-
pected mechanisms do not fully explain this phenomenon.
Inferring from the present data, it is easy to tell that cell
integrity has been destroyed, but this is difficult to capture
using SEM. One reason is that the experimental conditions
do not fully reflect the actual situation in vivo. In addition,
other antimicrobial/anti-biofilm mechanisms of the chimeric
peptide should be considered; for example, the mechanism of
biofilm resistance by the attachment of proteins sspA and sspB
in S. gordonii was explored. The results showed that TBP-1-
RGDS-hBD3-3 may inhibit adhesion and impact biofilm
formation of S. gordonii by downregulating the expression
of sspA and sspB genes (Figure 6D). However, it is still not
clear whether TBP-1-RGDS-hBD3-3 regulates the genes
through other protein(s) or by direct impaction.

In this study, there was no further determination of the
antimicrobial activity from the fragments of hBD3 in the
secondary structure because of the lack of Raman database.
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Oral biofilm formation is a complex process; data from other
colonizers from different time stages of biofilm formation
are lacking, especially from the later colonizer-pathogenic
bacteria. Therefore, a more comprehensive evaluation of the
effects of chimeric peptides on biofilm formation is needed,
including the effects on promotion of osteoblast differentiation
and the mechanism of action. In particular, the mechanism
of gene regulation of chimeric peptides requires exploration
as to whether it is a single cause or a multi-factorial system.
In contrast to previous studies, it was found that the chime-
ric peptide sequence needs to be short with multifunctional
domains; this should be the approach in further studies.

Conclusion

This study provides a simple method for the modification of
Ti surfaces to enable antimicrobial function by engineering
of chimeric peptides. The chimeric peptide sequence con-
sisted of Ti-binding, antimicrobial, and RGDS motifs. The
multifunctional peptide relied on a Ti-binding protein that
allowed the functional domains to perform their required
tasks. The efficacy of TBP-1-RGDS-hBD3-3 was evaluated
both in solution and on the surface of Ti against initial coloni-
zation by biofilm-forming bacteria. The results indicated that
the chimeric peptide had good Ti-binding and antimicrobial
activity on the surface.

In view of the chimeric peptide designation, multifunc-
tional chimeric peptides wherein different effective domains
are connected provide a promising approach. Further studies
are necessary to consider the complete mechanism of antimi-
crobial activity of chimeric peptides that comprise a variety
of protein sequences.
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Supplementary materials

Table S| Oligonucleotide primers used in this study

Gene Primer sequence

sspA-F 5-TCCTGACAAACCTGAGACACC-3’

sspA-R 5-TTTAACTTTCAGAGCTTAGTTGCTTTC-3
sspB-F 5’-TCCTGACAAACCTGAGACACC-3’

sspB-R 5-CATCAAAGATGAAACAAGTCTAAGC-3’
16S rRNA-F 5-AAGCAACGCGAAGAACCTTA-3

16S rRNA-R 5-GTCTCGCTAGAGTGCCCAAC-3’

Table S2 Circular dichroism spectra of TBP-1-RGDS-hBD3-1, TBP-1-RGDS-hBD3-2, and TBP-1-RGDS-hBD3-3 dissolved in PBS at 4°C

Sample o-Helix B-Strand B-turns Random coil
TBP-1-RGDS-hBD3-1 34.5% 11.0% 23.1% 31.3%
TBP-1-RGDS-hBD3-2 20.7% 24.1% 19.0% 36.2%
TBP-1-RGDS-hBD3-3 20.7% 24.1% 19.0% 36.2%

WD =12.2 mm

EHT =5.00kV  SignalA=SE2 Systel

Figure S1 SEM images of Streptococcus gordonii biofilms for 24 hours on untreated Ti surface.

Abbreviations: SEM, scanning electron microscopy; Mag, magnification.
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