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1. Introduction

Biofunctionalization of zirconia with cell-adhesion
peptides via polydopamine crosslinking for soft
tissue engineering: effects on the biological
behaviors of human gingival fibroblasts and oral
bacteriaf

Zhen Yang,1® Mingyue Liu,® Yang Yang,? Miao Zheng,© Yang Yang, &2 Xiaogiang Liu?
and Jianguo Tan {*2

Rapid soft tissue integration is essential for long-term dental implant success. Zirconia is increasingly used
as an abutment material owing to its excellent aesthetic properties and biocompatibility; however, it is
bioinert, and tissue integration is poor. We developed a feasible surface modification method, exploiting
the reactivity of polydopamine (PDA) films to immobilize cell-adhesion peptides (Arg-Gly-Asp, RGD)
onto zirconia abutment surfaces. Further, we evaluated the effect thereof on human gingival fibroblast
(HGF) behavior and oral bacterial adhesion, which influence the peri-implant soft tissue seal. HGF
responses to linear KGGRGDSP and cyclic RGDfK sequences were compared. PDA deposition and
covalent coupling of RGD were verified by X-ray photoelectron spectroscopy and fluorescence
microscopy. The biological behaviors of HGFs on the modified zirconia; i.e., adhesion, spreading,
proliferation, gene and protein expression, were elucidated. Biofunctionalization of zirconia with the
adhesion peptides significantly enhanced the biological activities of HGFs. Cyclic RGD induced slightly
improved cell attachment, spreading, and proliferation, but similar cell differentiation when compared to
linear RGD peptides. To assess their antimicrobial properties, the different substrates were exposed to
cultures of the early colonizer Streptococcus mutans or the periodontal pathogen Porphyromonas
gingivalis, and bacterial adhesion was evaluated by scanning electron microscopy and live/dead staining.
PDA and PDA-RGD coatings decreased zirconia surface colonization by both bacterial species to similar
extents. Thus, PDA-RGD-functionalized zirconia modulates specific HGF responses, while maintaining
the antimicrobial activity of the PDA coating. The selective bio-interaction pattern of this surface
modification holds great promise for improving soft-tissue integration around zirconia abutments in
clinical applications.

surface with the surrounding soft tissue. The soft tissue seal
around the implant abutment acts as a barrier between the oral

Dental implants are extensively used to replace missing teeth.*
Long-term implant stability relies not only on successful
osseointegration but also on effective integration of the implant
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environment and the alveolar bone, thus preventing bacterial
penetration, protecting the underlying bone, and maintaining
the normal shape of the gingiva.” However, soft tissue around
the implant abutment is different from that around natural
teeth; it has fewer human gingival fibroblasts (HGFs), lacks
vascularity, and peripheral fibers are arranged in parallel,
leading to relatively poor bacterial resistance and ultimately
influencing restoration longevity.® This limitation can be over-
come, in part, by modifying the implant surfaces to allow better
adhesion to the soft tissue. Accordingly, the improvement in
soft tissue compatibility via implant surface modification has
become a research focus.

The soft tissue seal surrounding dental implants can be
affected by microbial infection. Early infections usually origi-
nate from microbial contamination during and immediately

This journal is © The Royal Society of Chemistry 2020
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after surgery. Contaminating pathogens, including early colo-
nizers such as streptococci, and host cells such as fibroblasts
compete to cover the implant, which was described as “race for
the surface” by Gristina et al.* If bacteria occupy the surface
before host cells arrive, a plaque biofilm will be formed that
protects the bacteria from being replaced by tissue cells, thus
influencing soft tissue barrier formation. Late infections (peri-
implantitis/peri-implant mucositis) present a different form of
race for the surface, ie., peri-implantitis pathogens displace
periodontal ligament fibroblasts from the implant surface,
leading to adjacent tissue damage or even implant failure.’
Indeed, peri-implant lesions are among the most frequent and
severe implant complications, and are difficult to treat.® In this
regard, early formation of an effective and durable soft tissue
seal is important from the prophylaxis point of view. Host and
bacterial cell attachment is directly affected by specific material
surface characteristics, such as topography and roughness,
wettability, electrical charge, and chemical composition.”*
Thus, to improve soft tissue reactivity, surface modification of
the implant material should provide a biological interface that
facilitates host cell integration while minimizing bacterial
adhesion.

The use of zirconia as implant abutment material is rapidly
increasing, since it is regarded as being more aesthetic and
biologically friendly compared with traditional abutment
material, titanium.® However, because it is bioinert and has low
reactivity, the use of zirconia is challenging when it comes to
fast integration with the surrounding tissue.’ To address this
issue, several surface modification approaches have been
proposed to improve the biological performance of zirconia in
terms of tissue responses: (i) modifying the surface topography
by grinding, sand blasting," or etching;'* (ii) application of
ultraviolet irradiation,*® plasma spraying,** or laser treatment;"
and (iii) coating of the surface with bioactive agents such as
hydroxyapatite,® calcium phosphate,”” chitosan,"”® type I
collagen,” and bone morphogenetic protein 2.>* Among these
techniques, the physical methods require specialized equip-
ment and conditions, while bioactive coatings generally require
complicated procedures and frequently demonstrate poor
adhesion to the material. Moreover, the major purpose of these
surface modification strategies is to promote bone regenera-
tion, while data on their effect on soft tissue healing are lacking.
Therefore, there is an urgent need for a simple and effective
surface treatment method to improve the bioactivity of zirconia
with regard to soft tissue integration.

Functionalization of dental implant surfaces using biomi-
metic agents is a hot topic in the biological materials research
field."*** The presence of biomolecules on the surface of
biomaterials mimics the native cellular microenvironment in
dictate of cell behavior. For example, Arg-Gly-Asp (RGD), a cell-
binding sequence derived from the extracellular matrix (ECM)
protein such as fibronectin, has been extensively employed
because it promotes cell adhesion by activating integrin recep-
tors. RGD-containing peptides enhance the attachment of
numerous cell types on various types of biomaterials.”* The
anchoring of RGD to the substrate determines tissue integra-
tion. RGD peptides that detach from the substrate may inhibit
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cell adhesion by competing with attached RGD for integrin on
target cells.”* Therefore, efficient immobilization of the RGD
peptide is a major concern in the preparation of cell adhesion-
promoting surfaces. Various immobilization methods have
been developed to tether RGD peptides onto dental implant
surfaces, including electrodeposition, plasma polymeriza-
tion,* self-assembled monolayers,” and covalent coupling.*®
However, many of these strategies have limitations, such as low
binding stability, low grafting rate, complex chemical processes,
use of organic solvents, and being time-consuming and/or
costly.”” In addition, RGD peptides have been extensively used
to coat titanium implants,**-*° but rarely for zirconia abutments.
Moreover, little is known about the antimicrobial properties of
RGD coating. Thus, a facile, efficient, and low-cost immobili-
zation method to stably graft RGD peptides onto zirconia
surfaces would be highly beneficial.

Inspired by the bio-adhesion principle of mussels, Messer-
smith et al. developed a versatile polydopamine (PDA) coating
by simply dipping the substrate into an alkaline dopamine
solution. The PDA film formed strong adhesive interactions
with diverse materials, regardless of their chemistry or geom-
etry.*® More importantly, PDA coating facilitates covalent
conjugation with biomolecules containing amine and thiol
groups via Michael addition or Schiff base reactions, which
enables the preparation of various hybrid materials with
specific functionalities. Various proteins, peptides, and bioac-
tive molecules have been conjugated onto substrates via the
PDA coating layer for different purposes.**** Previous data from
our group demonstrated that PDA is able to modify zirconia
surfaces and improve the adherence of HGFs to a certain extent.
Moreover, PDA coating also possesses favorable antibacterial
properties.** However, PDA coating alone did not sufficiently
promote biological behaviors of HGFs. To further improve the
specificity of zirconia abutment materials and cell-surface
interactions, in the current study, cell adhesion peptides con-
taining RGD sequences were immobilized onto zirconia
surfaces via the PDA coating layer. Compared to traditional
immobilization approaches, PDA-assisted surface modification
exhibits several advantages as (1) it significantly improves the
anchoring of biomolecules; (2) it is a simple method that does
not require time-consuming synthesis of complex linkers; (3)
the process is non-toxic and uses water as a solvent, reducing
the risk of damaging the biological activity of the adhesion
molecules; and (4) it can be applied to complex geometries.*
Chien et al.>*** reported that implant surface functionalization
with RGD-conjugated polymers via PDA-assisted immobiliza-
tion promoted titanium biocompatibility and osteogenic
response. However, to the best of our knowledge, the effect of
PDA-assisted RGD peptide grafting on soft tissue healing
around zirconia abutment surfaces has not yet been explored.

We aimed to develop a facile and effective coating method
based on PDA deposition for immobilizing cell-adhesion RGD
peptides on zirconia abutment materials to improve soft tissue
integration. The effect of peptide-based biomimetic function-
alization on bioactivity was assessed using two different types of
ligand, i.e., a linear (KGGRGDSP) and a cyclic (¢(RGDfK)) RGD
peptide. To evaluate the coating efficacy, the biological behavior
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of HGF such as adhesion, spreading, proliferation, and differ-
entiation as well as gene and protein expression were investi-
gated in vitro. Moreover, the effect of immobilized RGD peptide
on bacterial adhesion was also studied (Scheme 1).

2. Materials and methods

2.1. Materials

Zirconia disks (Zenostar, Wieland Dental, Pforzheim, Germany)
were cut to 15 mm in diameter and 2 mm thick using a cutting
machine. The disks were wet-grinded and serially polished with
600-, 800-, and 1200-grit SIC abrasive papers. The crystallo-
graphic structure of zirconia was analyzed as reported previ-
ously,* and the results showed that it fitted the properties of
zirconium yttrium oxide. All disks were washed in an ultrasonic
cleaner in absolute ethanol and distilled water for 20 min each,
and then dried in an oven at 50 °C before surface treatment.

2.2. Preparation of substrates

PDA coating was performed as described previously.** Briefly,
disks were immersed in dopamine solution (2 mg mL ' in
10 mM Tris-HCl, pH 8.5, Sigma-Aldrich, St. Louis, MO, USA)
and gently shaken at room temperature for 18 h. The PDA-
coated disks were extensively rinsed with copious ultrapure
water to remove unattached dopamine molecules and then
dried under a N, stream. The disks were then immersed in
a solution of adhesion peptides (fibronectin sequences:
KGGRGDSP and ¢(RGDfK); 1 mg mL™" in 10 mM Tris buffer, pH
8.5, Chinese Peptide Company, China, ESI Fig. 11) at room
temperature for 24 h. Then, the disks were sterilized with 75%
ethanol for 40 min and washed thrice with phosphate-buffered
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saline (PBS) before use. The substrates were designated ZrO,
(pristine zirconia), ZrO,-P (PDA-modified zirconia), and ZrO,-P/
L (linear peptides, KGGRGDSP-functionalized zirconia) and
ZrO,-P/C (cycle peptides, ¢(RGDfK)-functionalized zirconia). To
confirm peptide conjugation, PDA-coated disks were immersed
in fluorescein isothiocyanate (FITC)-labeled KGGRGDSP or
¢(RGDfK) solution at room temperature for 24 h and then in
75% ethanol solution for 40 min, followed by three washes with
PBS. Fluorescence images were acquired using a confocal laser
scanning microscope (CLSM; LSM710, Zeiss, Oberkochen,
Germany) before and after sterilization/rinsing of the modified
substrates.

2.3. Surface characterization

2.3.1. Surface topography and roughness. Surface topog-
raphy was observed by atomic force microscopy (AFM; Dimen-
sion Icon, Bruker, Billerica, MA, USA) and scanning electron
microscopy (SEM; S-4800, Hitachi, Tokyo, Japan). Peak-to-valley
surface roughness (R,) was determined by AFM. Three samples
per group were observed in five random fields per sample.

2.3.2. Surface wettability. Surface wettability was evaluated
by measuring the contact angle of a 1 uL droplet of double-
distilled water using a contact angle meter (SL200, Kino
Industry Co., Ltd, Boston, MA, USA). Measurements were taken
at three different locations on each one of three samples per
group.

2.3.3. Chemical composition. The chemical composition of
the surfaces was analyzed by X-ray photoelectron spectroscopy
(XPS; ESCALAB 250, Thermo Fisher Scientific, Waltham, MA,
USA). Binding energies were referenced to the C 1s hydrocarbon
peak at 284.6 eV.
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Scheme 1 PDA-mediated RGD functionalization process and its effect on HGFs and bacterial adhesion for enhanced peri-implant soft tissue

seal.
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2.4. Cellular responses

2.4.1. Cell culture. HGFs were derived from biopsies ob-
tained from a periodontally healthy human subject during
periodontal surgery, as previously described.** Cell collection
was approved by the Ethics Committee of Peking University
School and Hospital of Stomatology, and written informed
consent was obtained from the patient. The HGFs were cultured
in Dulbecco's modified Eagle's medium (Thermo Fisher Scien-
tific, Gaithersburg, MD, USA) supplemented with 10% fetal
bovine serum (Thermo Fisher Scientific, Gaithersburg, MD,
USA) and 1% antibiotic-antimycotic solution (Thermo Fisher
Scientific, Gaithersburg, MD, USA) at 37 °C under a humidified
atmosphere of 5% CO, and 95% air. The culture medium was
changed every other day. Confluent cells were subcultured by
trypsinization. Cells from passages 3 to 7 were used in the
experiments.

2.4.2. Cell adhesion and spreading. HGFs were seeded onto
the surfaces of disks in a 24-well plate at a density of 1.0 x 10°/
well. After culturing for 3 h and 24 h, unattached cells were
removed by rinsing with 1 mL PBS thrice. The attached cells
were fixed with 4% paraformaldehyde at room temperature for
10 min. Subsequently, the cells were permeabilized in 0.1%
Triton X-100 for 7 min, and then blocked with 1% bovine serum
albumin (Sigma, St. Louis, MO, USA) for 15 min to prevent non-
specific binding. After extensive rinsing with PBS (3 x 5 min
each), the disks were stained with FITC-phalloidin (actin fila-
ments, green color; 1 : 300, Sigma, St. Louis, MO, USA) for 1 h.
Finally, nuclei were counterstained with a drop of Fluoroshield
containing 4’,6-diamidino-2-phenylindole (blue color; Sigma,
St. Louis, MO, USA). Coverslips were mounted on the surfaces,
and the cells were observed by CLSM. Attached cells, projected
area, and perimeter of HGFs were quantified using Image]
(version 2, NIH, USA).

2.4.3. Cell proliferation. A Cell Counting Kit-8 (CCK-8;
Dojindo, Kyushu, Japan) was used to quantify HGF prolifera-
tion. Cells were seeded on modified/unmodified zirconia disks
at a density of 1.0 x 10*/well. After incubation for 1, 3, or 5 days,
the samples were washed thrice with PBS. CCK-8 solution
diluted with cell culture medium (1 : 9, v/v) was added to each
well, and the plate was incubated at 37 °C for 2.5 h. The
supernatant was then transferred from the 24-well to a 96-well
cell culture plate and the absorption at 450 nm was measured
using a spectrophotometer (ELX808, BioTek, Winooski, VT,
USA).

2.4.4. Gene expression analysis. Relative gene expression
levels of integrin a5, integrin 1, focal adhesion kinase (FAK),
vinculin (VCL), fibronectin (FN), and human collagen type I
(Col-1) in HGFs seeded on zirconia disks of different groups
were determined by quantitative reverse-transcription poly-
merase chain reaction (RT-qPCR). Total mRNA was extracted
from 1 day cultures using TRIzol reagent (Invitrogen, Grand
Island, NY, USA), and cDNA was generated using the RevertAid
First Strand cDNA Synthesis Kit (Thermo Fisher Scientific,
Waltham, MA, USA) according to the manufacturer's instruc-
tions. JPCRs were run using Power SYBR Green PCR Master Mix
(Thermo Fisher Scientific, Waltham, MA, USA) and specific
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primers (Table 1) on a 7500 Real-time PCR System (Thermo
Fisher Scientific, Waltham, MA, USA). GADPH was used as the
reference gene. Relative expression levels were calculated using
the 274" method and are presented as fold differences relative
to the control group.

2.4.5. Protein determination. Col-1 secretion by HGFs after
3 and 7 days of incubation was quantified using an enzyme-
linked immunosorbent assay kit (ELISA; R&D Systems, Minne-
apolis, MN, USA) according to the manufacturer's protocol. In
brief, cell culture supernatants were collected and centrifuged
at 3000 x g at 4 °C for 10 min to remove particles and polymer.
In each well of a 96-well plate, 10 pL of sample, 40 uL of sample
diluent, and 100 pL of HRP-conjugate reagent were added, fol-
lowed by incubation at 37 °C for 1 h. After rinsing the wells with
washing buffer five times, 50 pL of chromogen solutions A and B
were added into each well, and the plate was incubated at 37 °C
in the dark for 15 min. Finally, 50 puL of stop solution was added
to each well to terminate the reaction. Absorbance at 450 nm
was measured using a microplate reader and was used to esti-
mate the protein concentration of the samples.

2.5. Bacterial responses

2.5.1. Saliva coating of zirconia disks. Saliva was collected
from seven healthy donors as described previously,* and was
centrifuged at 3000 rpm at 4 °C for 20 min to remove impurities.
The clarified saliva was diluted with distilled water at a volume
ratio of 1: 3, passed through a 0.20 pm filter, and stored at
—80 °C until use. Immediately before use, the frozen saliva was
thawed in a water bath at 37 °C and centrifuged at 1430 x g for
5 min to obtain clear supernatant. Zirconia disks were
immersed in the clear supernatant at 37 °C for 4 h to form
a saliva film for bacterial adhesion.

2.5.2. Bacterial cultures. The antimicrobial activity of
modified/unmodified samples was evaluated using Gram-
positive Streptococcus mutans (strain UA159, provided by the
Institute of Microbiology at the Chinese Academy of Sciences)
and Gram-negative Porphyromonas gingivalis (strain W83,
provided by the Central Laboratory of Peking University School
of Stomatology). S. mutans and P. gingivalis were maintained on
brain heart infusion agar plates (BHI, BD-Difco, Franklin, NJ,
USA). S. mutans was maintained at 37 °C in a humidified
atmosphere of 5% CO, and 95% air. P. gingivalis was main-
tained under standard anaerobic conditions (80% N,, 10% Hs,
10% CO,), at 37 °C. Monoclonal strains of the two species were
separately transferred into 1 mL of liquid BHI medium and
cultured to the exponential phase for use. Bacterial cells were
centrifuged at 3000 x g for 15 min, and the cell pellet was
washed twice with 0.15 M PBS buffer. The cells were resus-
pended at different final concentrations. Before seeding, the
suspension was shaken for 30 s to obtain single cells or pairs.
Cells were seeded on sterile samples in a 24-well plate for
further experiments.

2.5.3. Bacterial adhesion. Bacteria (1 x 10° CFU mL™")
were cocultured with saliva-coated zirconia disks for 3 h (S.
mutans) or 48 h (P. gingivalis) for SEM and CLSM observation.
After removing the culture medium, the cells were gently

RSC Adv, 2020, 10, 6200-6212 | 6203
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Sequences (5'-3')

Gene Forward

Reverse

Integrin o5

GGCAGCTATGGCGTCCCACTGTG

GGCATCAGAGGTGGCTGGAGG

Integrin B1 CAAAGGAACAGCAGAGAAGC ATTGAGTAAGACAGGTCCATAA
Fibronectin CGGAGAGACAGGAGGAAATAGCC TTGCTGCTTGCGGGGCTGTC
Focal adhesion kinase CTCCTACTGCCAACCTGGAC GCCGACTTCCTTCACCATAG
Vinculin CGAATCCCAACCATAAGCAC CGCACAGTCTCCTTCACAGA
Collagen type I AGAGCATGACCGATGGATTC TTCTTGAGGTTGCCAGTC
GAPDH TGCACCACCAACTGCTTAGC GGCATGGACTGTGGTCATGAG

washed with sterile PBS to remove non-attached cells. Adherent
bacteria on the disks were fixed with 2.5% glutaraldehyde at
room temperature for 60 min. After three washes with PBS, the
disks were dehydrated in a graded series of ethanol (25%, 50%,
70%, 90%, 95%, and 100%) for 10 min. Finally, the disks were
dried, sputter-coated with gold, and imaged by SEM.

The LIVE/DEAD BacLight Bacterial Viability Kit (Invitrogen,
Carlsbad, CA, USA) was used to examine live (green-fluorescent)
and dead (red-fluorescent) bacteria. The staining components A
(SYTO 9) and B (propidium iodide) were mixed and diluted in
PBS at a volume ratio of 1.5 : 1000 according to the manufac-
turer's instructions. Three hundred microliters of mixed stain-
ing dilution was added to each sample, followed by incubation
at 37 °C in the dark for 15 min. The stained bacteria were
observed by CLSM. Digital images were acquired for five
random fields on each surface. The percentage of area covered
by bacteria in each image was quantified using Image ]
software.

2.6. Statistical analysis

All experiments were performed three times independently, in
triplicate. All data are expressed as the mean =+ standard devi-
ation (SD). Statistical analysis was performed using one-way
analysis of variance (ANOVA) followed by Tukey tests. p < 0.05
was considered statistically significant.

3. Results and discussion

3.1. Functionalization characterization

The topographies of pristine and decorated zirconia were
observed by SEM and AFM (Fig. 1). Self-polymerized PDA
particulates were observed on the ZrO,-P surface. Immobiliza-
tion of KGGRGDSP and c(RGDfK) peptides increased the PDA
particulate size, suggesting that RGD peptides were successfully
grafted onto the zirconia substrate surface. Surface roughness
was determined by AFM (Table 2). After PDA coating, the R,
value increased slightly, albeit not significantly, from 0.207 +
0.009 um to 0.217 £ 0.005 pum. Chemical coupling of RGD
peptides on the ZrO,-P surface did not affect the R, values (0.222
=+ 0.008 um for ZrO,-P/L and 0.214 + 0.008 pm for ZrO,-P/C).
Surface topography is a key factor affecting the biological
responses of host cells and bacteria.*® Abutment surfaces with
micro-roughness (3-30 pm) have been suggested to inhibit

6204 | RSC Adv, 2020, 10, 6200-6212

epithelial down growth,” whereas bacterial colonization
increased with a roughness >0.2 pm.*° Taking these factors into
account, Gehrke et al. proposed an abutment-surface-roughness
classification method for clinical practice, and determined the
optimal surface roughness for the trans-mucosal portion of
implant abutments that strikes a balance between soft tissue
sealing and bacterial adhesion to be 0.15-0.25 pm.** Therefore,
the zirconia disks used in this study were polished to 0.2 pm to
mimic the transgingival surface of commercially available
zirconia abutments. The R, values did not significantly differ
between unmodified and modified zirconia, indicating that
changes in cellular response and bacterial colonization on
different substrates might have little to do with surface
roughness.

Surface wettability of pristine and decorated zirconia
substrates was determined by water contact angle measure-
ments (Table 2). After PDA deposition, the contact angle
significantly decreased from 72.8 & 2.3° to 61.9 £ 2.6° (p < 0.05).
Immobilization of RGD peptides onto the ZrO,-P surface further
decreased the contact angle (46.5 + 1.4° on ZrO,-P/L and 45.2 +
2.2° on ZrO,-P/C), likely because of the hydrophilic groups
(-OH, -COOH, and -NH,) of the grafted peptides. These gradual
changes in the static contact angle indicated successful PDA
coating and functionalization with RGD peptides. Surface
wettability is another pivotal factor influencing peri-implant
soft tissue integration. Kloss et al. reported that hydrophilic
surfaces promoted connective tissue attachment and cell-
surface contacts, and suppressed inflammatory responses.*” In
the present study, surface wettability increased after the graft-
ing of RGD peptides. Thus, immobilization of KGGRGDSP and
¢(RGDfK) on zirconia abutments may promote soft tissue
healing.

Stable immobilization of RGD peptides onto the substrate is
crucial for promoting strong cell adhesion, as focal adhesion
formation occurs only when the ligands can withstand cell
contractile forces.** These forces can redistribute weakly
adsorbed ligands on the substrate, leading to weak fibrillar
adhesions.** Thus, for stable linkage, the RGD peptides should
ideally be covalently attached to the substrate. We investigated
RGD peptide immobilization by using FITC-labeled KGGRGDSP
and c(RGDfK) peptides that were chemically coupled to ZrO,-P
surfaces. Fig. 2 shows fluorescence images of CLSM of the
substrate surfaces. Before RGD coating, there was almost no

This journal is © The Royal Society of Chemistry 2020
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Fig. 1 Surface topography of zirconia substrates: AFM and SEM images of the pristine zirconia, PDA-coated zirconia, and RGD-functionalized

zirconia.

noticeable fluorescent signal on ZrO, and ZrO,-P surfaces. In
contrast, after grafting RGD on PDA film, punctate green fluo-
rescence was observed on the ZrO,-P/L and ZrO,-P/C surfaces.
After immersing the disks of ZrO,-P/L and ZrO,-P/C in 75%
alcohol solution for 40 min and washing them thrice with PBS,
the fluorescence was slightly reduced, but still visible. RGD
peptides physically adsorbed on the surface were washed away
after alcohol immersion and multiple washing steps; the
remaining peptides were covalently coupled onto the PDA
coating.

The atomic chemical composition of the functionalized
zirconia surfaces was analyzed by XPS. The wide scan spectra of
the various surfaces are shown in Fig. 3A. ZrO, substrate dis-
played strong Zr 3d, O 1s, and C 1s peaks. The presence of PDA
on the zirconia surface could be deduced from the appearance
of the N 1s peak and the decrease of the Zr 3d peak.** Following
RGD immobilization, the N 1s peak strongly increased, indi-
cating successful anchoring of the cell adhesion peptides. These
results were confirmed by elemental percentage changes
summarized in Fig. 3B. The nitrogen content was strongly
increased after RGD modification (from 3.42% on ZrO, and
6.56% on ZrO,-P to 13.02% on ZrO,-P/L and 13.85% on ZrO,-P/
C) because of the amine groups and peptide bonds in the
peptides. To obtain the detailed chemical composition of each
sample, C 1s peak fitting was further analyzed (Fig. 3C). The

Table 2 Quantitative measurement of water contact angle and
surface roughness

Water contact

Roughness (um) angle (°)
ZrO, 0.207 £ 0.009 72.8 £ 2.3
ZrO,-P 0.217 £ 0.005 61.9 + 2.6
ZrO,-P/L 0.222 £ 0.008 46.5 £ 1.4
Zr0,-P/C 0.214 + 0.008 45.2 £ 2.2

This journal is © The Royal Society of Chemistry 2020

high-resolution C 1s spectrum of ZrO, was deconvoluted into
three curves with binding energy at 284.8 eV (C-C/C-H),
286.5 eV (C-0), and 288.8 eV (C=0). After PDA coating, the C-O
and C=O0 peaks were increased, whereas the C-C/C-H peak was

Zr0, Zr0,-P

Zr0,-P/C
Fig.2 No noticeable fluorescent signal was observed on ZrO, (A) and
ZrO,-P (B) surfaces. Punctate green fluorescence was observed on the

ZrO,-P/L (C) and ZrO,-P/C (E) surfaces. Reduced green fluorescence
were observed on ZrO,-P/L (D) and ZrO,-P/C (F) surfaces after rinsing.
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Fig. 3 (A) XPS wide-scan spectra of different groups; (B) quantification

Binding Energy (eV)
ZrO,-P/L

Binding Energy (eV)
Zr0,-P/C

in (%) of atomic compositions on the unmodified and modified zirconia

surfaces; (C) typical high-resolution XPS C 1s spectra for different substrates. The ordinate CPS (counts per second) represents the relative

photoelectron intensity.

dramatically decreased, which is attribute to the catechol/
quinone groups of PDA. Compared with that of ZrO,-P, the
C=0 peak was significantly increased after RGD peptide
grafting due to abundant amide bonds (-NH-C=0). Together,
these results suggested that RGD peptides can be covalently
immobilized onto zirconia surfaces via PDA coating.

3.2. HGF responses

3.2.1. HGF adhesion, spreading, and proliferation. As one
of the major cells of peri-implant soft tissue, HGFs synthesize

3h 24h 3h

and maintain the ECM, which plays a primary role in tissue
repair and regeneration during wound healing.*® Therefore,
enhancing the biological response of HGFs by modifying the
zirconia abutment surface might improve peri-implant soft
tissue closure. When implant is placed into a host and comes
into contact with HGFs, the initial step is cell attachment, which
is crucial for subsequent cellular behaviors, such as spreading,
proliferation, and differentiation.** We employed CLSM to
observe the adhesion and morphology of HGFs on pristine and
modified zirconia surfaces (Fig. 4). At 3 h after cell seeding,
HGFs on ZrO, were round-shaped, with few cellular processes—

Cell number(104)

24h

Fig. 4 Confocal laser scanning microscopy images of HGFs on pristine zirconia (a, e, i, m), ZrO,-P (b, f, j, n), ZrO,-P/L (c, g, k, 0), and ZrO,-P/C
(d, h, |, p) surfaces after 3 h (A) and 24 h (B) of culture. High magnification (a, b, c, d, i, j, k, 1): scale bar = 20 um; low magnification (e, f, g, h, m, n, o,
p): scale bar = 100 um. Quantitative results for spreading areas (C), perimeters (D), and numbers (E) of HGFs cultured for 3 h and 24 h on different
substrates. Data are shown as mean 4 SD (n = 15). * represents p < 0.05 and ** represents p < 0.01, compared with pristine zirconia. * represents
p < 0.05 and *# represents p < 0.01, compared with ZrO,-P. € represents p < 0.05 and & represents p < 0.01, compared with ZrO,-P/L.
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a typical non-spreading morphology. Cells cultured on ZrO,-P
surfaces for 3 h had spread over a larger area. On ZrO,-P/L and
ZrO,-P/C surfaces, the cells had spread more extensively, and
filopodium-like processes appeared. Subsequently, cell
membrane protrusions formed further, resulting in rapid cell
spreading and formation of bridge connections between adja-
cent cells on the modified zirconia surfaces after 24 h of incu-
bation, particularly in the ZrO,-P/L and ZrO,-P/C groups. In
comparison, cells cultured on ZrO, surfaces had a spindle-like
and narrow shape, with fewer protrusions, and there were
fewer cells. The differences observed in cell attachment and
morphology were quantified by counting adhered cells and
measuring their area and perimeter (Fig. 4C-E). HGF number,
projected area, and perimeter were all increased after PDA
coating, which was consistent with findings in our previous
study.>* RGD functionalization further increased the adhesion
and spreading of adherent cells at both 3 h and 24 h. Cell
number, projected area, and perimeter were the highest on
ZrO,-P/C, indicating a high degree of adhesion and spreading.
These results indicated that PDA-mediated functionalization of
zirconia substrates with RGD peptides, especially cyclic
peptides, promotes HGF attachment and spreading.

The proliferation of HGFs cultured on the different
substrates was detected by CCK-8 assay on days 1, 3, and 5
(Fig. 5). The proliferation of adhered HGFs increased with
increasing culture time in all groups. There were no statistically
significant differences among the four groups on day 1. On days
3 and 5, proliferation was the highest on RGD-decorated
surfaces, followed by ZrO,-P, and then ZrO,. HGF prolifera-
tion was higher on ZrO,-P/C than on ZrO,-P/L, especially after 5
days (p < 0.05). These results indicated that RGD peptides
effectively stimulate HGF proliferation, with cyclic performing
slightly better than linear peptides.

3.2.2. Gene expression and protein synthesis in HGFs.
Integrin-mediated cell adhesion comprises several cascade
events: cell attachment, cell spreading, organization of the actin
cytoskeleton, and formation of focal adhesions.*® Integrins are
a family of transmembrane glycoprotein receptors that regulate
cell adhesion by attaching intracellular cytoskeletal elements to

&
4.07 # ml zo,
« [ Zr0,-P
e B z0,-PIL
. 3.07 il Zr0,-PIC
E - -
S =
2 2.01
(] —
o ol
1.0
0.0-
1 3 5
Time (day)

Fig.5 The proliferation of HGFs cultured on different substrates for 1,
3, and 5 days was evaluated by CCK-8 assay. * represents p < 0.05 and
** represents p < 0.01, compared with pristine zirconia. *# represents p
< 0.01, compared with ZrO,-P. & represents p < 0.05, compared with
ZFOZ—P/L.
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extracellular molecules. RGD sequence, as the central cell
binding domain of FN, can bind cell membrane integrins and
thus mediate cell adhesion.*” Integrin a5p1 is a key receptor of
RGD and plays a predominant role in fibroblast adhesion.*®
Thus, RGD peptide modification of zirconia surfaces might
enhance the affinity of HGFs towards the substrate via a5p1-
RGD interactions. Moreover, the binding of «581 and FN
mediates FN fibril formation and controls ECM assembly,
which is critical for cellular function in vivo.* Indeed, FN, which
is abundantly expressed by fibroblasts, can modulate several
physiological and pathological processes, including tissue
repair and wound healing.”® According to RT-qPCR results
(Fig. 6), gene expression of integrin o5 in HGFs was increased
on ZrO,-P compared to ZrO, (p < 0.05), consistent with previous
findings,* and even more so on ZrO,-P/L and ZrO,-P/C (p <
0.01), while there was no significant difference between the two
RGD peptides (p > 0.05). Integrin Pl gene expression was
increased after PDA and RGD modifications, and significantly
so on ZrO,-P/C (p < 0.05). FN gene expression was significantly
higher on ZrO,-P and ZrO,-P/C than on ZrO, (p < 0.01). These
results implied that PDA-mediated RGD immobilization might
promote early adhesion of HGFs by stimulating integrin
expression and ECM secretion. The binding of integrins to RGD-
containing ECM proteins leads to the assembly of focal adhe-
sions (FAs), which play a crucial role in cellular adhesion and
sensing of the external environment. FAs are closed junctions
between the cell and a substrate, where integrins link the ECM
to the actin cytoskeleton. Among the three main ways of contact
between fibroblasts and substrate materials, i.e., FAs, close
contacts, and ECM contacts, FAs are considered to be the
tightest.>® FAs not only transmit force at adhesion sites to
maintain strong attachments to the ECM, but also act as
signaling centers from which numerous intracellular pathways
emanate to regulate cell behaviors.”> During FA assembly,
integrins cluster into supramolecular complexes with signaling
molecules such as focal adhesion kinase (FAK), as well as
structural proteins such as vinculin. FAK is a vital non-receptor
tyrosine kinase that regulates cell adhesion signaling and
mechanosensing.”® Vinculin is a key regulator of adhesion

2.5+
B 20,
2.0+ o ™ ZrO,-P
-l- L 'I Zr0,-PIL

2r0,-PIC

Relative Expression

a5 B1 FN

FAK VCL

Fig. 6 Analyses on the expressions of genes involved in HGFs adhe-
sion after 24 h of culture in real-time PCR. Data represent fold changes
of target genes relative to the GAPDH expression and the HGFs grew
on pristine zirconia (100%). * represents p < 0.05 and ** represents p <
0.01, compared with pristine zirconia. * represents p < 0.05 and *#
represents p < 0.01, compared with ZrO,-P.
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strength and cell migration.* FAK gene expression in HGFs was
increased in all three experimental groups when compared with
the control group, particularly on ZrO,-P/C (p < 0.01) and ZrO,-P
(p < 0.05). Vinculin gene expression was significantly higher on
ZrO,-P/C and ZrO,-P-L than on ZrO, (p < 0.01), indicating that
FA assembly might be promoted. These findings implied that
the immobilized RGD peptides enhanced the interaction
between HGFs and zirconia surfaces, which might provide
a foundation for strong adhesion of HGFs and subsequently
tight sealing of soft tissue around zirconia abutments in clinic.

HGFs participate in the formation of connective tissue
around an implant during wound healing by producing ECM
factors such as collagen type I (Col-1).*® We quantified Col-1
expression at both the gene and protein levels to investigate
the functional development of HGFs on the different modified
surfaces (Fig. 7). After 3 days of incubation, Col-1 gene expres-
sion was similar among all substrates, whereas protein
expression was slightly higher on ZrO,-P/L and especially, ZrO,-
P/C, than in the control group (p < 0.05). The difference between
the two RGD peptides was not significant (p > 0.05). After 7 days
of culture, higher Col-1 gene and protein expression were
observed in all functionalized groups, and particularly, signifi-
cant differences were observed for ZrO,-P/L (p < 0.01 at the gene
level and p < 0.05 at the protein level). In addition, HGFs
cultured on ZrO,-P/L displayed higher Col-1 gene expression
than those cultured on ZrO,-P/C for 7 days. These results sug-
gested that KGGRGDSP and ¢(RGDfK) promote Col-1 secretion.
Moreover, cyclic and liner RGD peptides promote cell differ-
entiation in a similar manner, with only subtle evidence of
superiority of the linear RGD modification.

RGD-containing peptides are commonly utilized to direct
cell adhesion behaviors on biomaterials.>® Depending on the
spatial structure, they are divided into linear and cyclic
peptides. Cyclic peptides mimic the active conformation of the
bound form and have a 20-100 fold stronger affinity for integ-
rins than linear RGD peptides, especially for aVB3, aIIf3, and
avf5.* Moreover, the ring structure increases the rigidity of the
peptide and protects it from degradation.”” In comparison,
linear peptides, such as GRGDSP, have comparable affinity to
a5B1, aVP3, and olIf3 at an intermediate level.*® Different
conformations of immobilized RGD promote differential cell
type-dependent responses to material surfaces. As for bone-
related cells, cyclic RGD peptides have been extensively
employed, and they are more effective in improving osteoblast
behavior and stimulating peri-implant bone formation than
linear RGD peptides.”* However, as for soft tissue healing,
conflicting results on the effects of cyclic and linear RGD
peptides on fibroblasts have been reported. Kato et al. found
that 3T3 Swiss fibroblasts adhered approximately two times
faster to cyclic RGDfK than to linear RGDS, and more, but
smaller focal contacts were formed when the cyclic peptide was
used.”® Wohlrab et al. reported that the binding activity of
a linear RGD (in a genetically engineered hybrid silk protein) to
BALB/3T3 fibroblasts was indistinguishable from that of a cyclic
RGD (chemically coupled to the silk protein).”® However, Massia
et al. found that fibroblast attachment was higher on an a5p1
integrin-selective GRGDSP peptide-functionalized surface than
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on a surface modified with cyclic GpenGRGDSPCA.* In the
present study, we compared the effects of KGGRGDSP and
¢(RGDfK) on HGF biological behaviors. CLSM and CCK-8 assays
indicated that c(RGDfK) promoted slightly better cell adhesion,
spreading, and proliferation than did KGGRGDSP. However,
gene and protein expression analyses indicated that the linear
and cyclic peptides induced Col-1 secretion to comparable
levels. These findings could be interpreted as follows: the linear
GRGDSP-containing peptide and the c(RGDfK) peptide have
similar affinity for «581 integrin, which is critical for fibroblasts
to bind and respond to the ECM, whereas the cyclic peptide has
higher affinity for other integrins, and the cell behaviors reflect
the summation of different binding affinities. Further, cell
adhesion depends also on the density of immobilized
peptides.® Small changes in peptide density can have dramatic
effects in terms of their functions. The two RGD peptides in this
study were grafted onto the zirconia surfaces at the same
concentration, and their density was neither the same nor
constant. As shown in Fig. 2, more punctate green fluorescence
was observed on ZrO,-P/C than on ZrO,-P/L surfaces, indicating
the higher density of ¢(RGDfK). This difference in density may
partly explain the differential effects of ZrO,-P/C and ZrO,-P/L
on cell activity. In addition, the linear RGD peptide has prob-
ably no conformation like the cyclic RGD peptide. The PDA-
mediated RGD immobilization was carried out in aqueous
solutions, the conformation of the peptides was hardly
destroyed, thus retaining their receptor-binding capability and
biological activity to the most extent.

3.3. Bacterial responses

CLSM and SEM images of the colonization of S. mutans and P.
gingivalis on the different substrates are shown in Fig. 8A and B.
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Fig.7 The expression of Col-1 at gene (A) and protein (B) levels after 3
and 7 days of culture. * represents p < 0.05 and ** represents p < 0.01,
compared with pristine zirconia. # represents p < 0.05 and *# repre-
sents p < 0.01, compared with ZrO,-P.
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The adhesion density of S. mutans as well as P. gingivalis (sum of
live and dead cells in CLSM) was decreased on ZrO,-P, ZrO,-P/L,
and ZrO,-P/C as compared with ZrO,. ZrO,-P, ZrO,-P/L, and
Zr0,-P/C reduced bacterial adhesion to the same extent. CLSM
revealed more dead cells of S. mutans on ZrO,-P, ZrO,-P/L and
ZrO,-P/C than on ZrO,. The percentage of bacterial adhesion
area to the tested surfaces is shown in Fig. 8C and D. Consistent
with these qualitative microscopic impressions, the area
coverages of S. mutans on all the modified substrates were
significantly lower than on the pristine zirconia surfaces after
3 h of culture (p < 0.01); the differences between experiment
groups were not significant. Similar results were found for P.
gingivalis after incubation for 48 h.

As the oral environment is rich in bacteria, including
potential pathogens, the antimicrobial property of dental
implants is critical. Early failure of dental implants is often
caused by the adhesion of S. mutans and other initial colonizers,
which prevent the formation of soft tissue seal.®® P. gingivalis is
one of the major pathogens causing peri-implantitis, and plays
an important role in regulating biofilm structure and toxicity
and subsequent tissue inflammation.® Bacterial infection starts
at the implant collars and then spreads along the bone-implant

Zr0,-P/L

(c)

Zr0, Zr0,-P
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interface, resulting in failure of osseointegration.** Thus,
inhibiting bacterial adhesion on the neck portion of the
implant at the early stage would be of great significance.
Bacterium-surface adhesion is determined by various surface
physicochemical properties, such as roughness, wettability,
surface charge, and chemical composition. Surface roughness
plays a vital role in bacterial adhesion. As mentioned above, all
samples in this study had a surface roughness of approximately
0.2 pm; therefore, roughness does not explain the differences in
bacterial adhesion. Further, hydrophilic materials are more
resistant to bacterial adhesion than hydrophobic materials.” In
this study, the water contact angle was decreased by 11° after PDA
coating, and by 16° after RGD functionalization. The enhanced
hydrophilicity may account, at least in part, for the decrease in
bacterial colonization on modified samples. Surface charge is
another crucial physical factor influencing the adherence of
microorganisms, e.g., most bacteria are negatively charged and
preferentially adhere to positively charged surfaces. The antimi-
crobial activity of RGD peptides has been rarely explored. ECM
proteins such as collagen and FN contain specific bacterial
binding sites; however, few bacteria have been identified to bind
directly to sequences containing a single RGD motif.*® In a study

Zr0,-P/C
(d)

2r0,-P  Zr0,-PIL ZrO,-PIC
S. mutans

Area Covered by Bacteria (%) & Area Coveredby Bacteria (%) €)

210,-P  ZrO,-PIL ZrO,-PIC
P.gingivalis

ZrO0,-P/L Zr0,-P/C

Fig.8 CLSM (A) images of S. mutans after 3 h of culture (A(a—d) scale bar = 50 um) and P. gingivalis after 48 h of culture (A(e—h) scale bar = 50
um) on different surfaces. SEM (B) images of S. mutans after 3 h of culture (B(i-l)) and P. gingivalis after 48 h of culture (B(m-p)) on different
surfaces. (C) and (D) Comparison of the area covered by bacteria among unmodified and modified substrates by CLSM images (n = 15). **

represents p < 0.01, compared with pristine zirconia.
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by Chua et al.,, RGD modification did not affect the antibacterial
efficacy of hyaluronic acid/chitosan polyelectrolyte multilayer
coating.*” Similar findings have been reported in related studies
on various bacterial strains.®*”° Our findings are consistent with
those in previous reports. The extent of bacterial adhesion on PDA-
modified surfaces with or without immobilized RGD was signifi-
cantly lower than that on pristine zirconia, and all modifications
were similarly effective in reducing bacterial colonization; thus,
the antibacterial effect was presumably largely contributed by
PDA. However, results on the antimicrobial activity of PDA coating
are controversial.>* According to our previous work, PDA coating
exerts a bacteriostatic effect on Gram-positive bacteria such as
Streptococcus gordonii and S. mutans, probably because the nega-
tively charged (pH > 4) and relatively hydrophilic PDA coating
reduces the adhesion of negatively charged salivary proteins and
subsequently, bacterial adhesion.** Also, Su et al. found that
a roughened PDA, prepared by a facile shaking method, exhibited
remarkable antibacterial activities against the Gram-positive
Staphylococcus aureus, and the Gram-negative Escherichia coli
and Pseudomonas aeruginosa.” Their findings suggested that
modulation of the physical properties of PDA coating via the
preparation conditions might significantly influence its antibac-
terial activity. The present study demonstrated that the presence of
RGD did not influence the antimicrobial properties of PDA film.
These findings can be explained as follows. The hydrophilicity was
increased after immobilizing RGD peptides onto ZrO,-P, which
would have positively contributed to bacterial adhesion inhibition.
However, this effect was likely cancelled out by the fact that RGD
has a nearly zero net charge at neutral pH, and therefore, RGD
conjugation might have affected the surface charge of the PDA
film and thus, decreased its antibacterial activity.

Collectively, our findings indicate that PDA-mediated RGD
functionalization greatly improved the early responses of HGFs,
such as adhesion and spreading, while reducing the coloniza-
tion of S. mutants and P. gingivalis. These results implied that
soft tissue-related cells might have a competitive advantage over
bacteria in occupying the zirconia abutment surface early after
implantation and thus facilitate early soft tissue healing.
Furthermore, enhanced HGF proliferation and differentiation
on RGD-functionalized zirconia may promote the formation of
an extensive and tight connective tissue seal on the trans-
gingival area of the implant. Apart from the efficacy of the
coating, long-term stability has to be considered. The PDA and
RGD coatings might be degraded in vivo at some point in time
by enzymatic activities or under oral physiological forces.
However, as the coating is cell-adhesive and bacteria-repellent,
HGFs have a considerably greater possibility to win the race-for-
the-surface against oral bacteria. Thus, even with a limited
lifetime, the coatings are expected to be useful in protecting the
implant against bacterial infection in the clinically critical early
stage. Nevertheless, further investigations are still needed to
assess the longevity of the coatings.

4. Conclusions

In the present study, we described a facile and effective surface
modification approach for =zirconia abutment material,
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enabling covalently binding of RGD-containing peptides via
PDA intermediate layer to significantly improve the biological
activity of HGFs. In the comparison between liner and cyclic
RGD, cyclic peptides promoted cell attachment, spreading, and
proliferation slightly better than linear RGD peptide, whereas
both peptides had comparable effects on cell differentiation.
Moreover, RGD functionalization did not alter the antibacterial
efficacy of PDA coating. Therefore, the zirconia-PDA-RGD
surface exhibits selective bio-interactivity, i.e., it is adhesive to
soft tissue-forming cells, but repellent to bacteria, a property
that holds promise for enhancing peri-implant soft tissue
integration. Nevertheless, further studies in vitro and in vivo are
necessary to establish the optimal application conditions of
PDA-mediated RGD functionalization, and to assess its soft
tissue healing-promoting effects in vivo.
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