Bioactive Materials 6 (2021) 64-74

KeAl
Contents lists available at ScienceDirect

Bioactive

Materials

Ke Al

ADVANCING RESEARCH
EVOLVING SCIENCE

Bioactive Materials

journal homepage: http://www.keaipublishing.com/biomat

Co-implantation of magnesium and zinc ions into titanium regulates the R
behaviors of human gingival fibroblasts e
a,b a,c, a,b,c,d,

.. a,b . . a 7 .a . e .
Lanyu Wang™”, Qiming Luo™”, Xianming Zhang", Jiajun Qiu”, Shi Qian™“", Xuanyong Liu
2 State Key Laboratory of High Performance Ceramics and Superfine Microstructure, Shanghai Institute of Ceramics, Chinese Academy of Sciences, Shanghai, 200050,
China
" Center of Materials Science and Optoelectronics Engineering, University of Chinese Academy of Sciences, Beijing, 100049, China
¢ Cixi Center of Biomaterials Surface Engineering, Shanghai Institute of Ceramics, Chinese Academy of Sciences, Ningbo, 315300, China
4 School of Chemistry and Materials Science, Hangzhou Institute for Advanced Study, University of Chinese Academy of Sciences, 1 Sub-lane Xiangshan, Hangzhou,

310024, China

ARTICLE INFO ABSTRACT

Soft tissue sealing around implants acts as a barrier between the alveolar bone and oral environment, protecting
implants from the invasion of bacteria or external stimuli. In this work, magnesium (Mg) and zinc (Zn) are
introduced into titanium by plasma immersed ion implantation technology, and their effects on the behaviors of
human gingival fibroblasts (HGFs) as well as the underlying mechanisms are investigated. Surface character-
ization confirms Mg and Zn exist on the surface in metallic and oxidized states. Contact angle test suggests that
surface wettability of titanium changes after ion implantation and thus influences protein adsorption of surfaces.
In vitro studies disclose that HGFs on Mg ion-implanted samples exhibit better adhesion and migration while cells
on Zn jon-implanted samples have higher proliferation rate and amounts. The results of immunofluorescence
staining and real-time reverse-transcriptase polymerase chain reaction (RT-PCR) suggest that Mg mainly reg-
ulates the motility and adhesion of HGFs through activating the MAPK signal pathway whereas Zn influences
HGFs proliferation by triggering the TGF-f signal pathway. The synergistic effect of Mg and Zn ions ensure that
HGFs cultured on co-implanted samples possessed both high proliferation rate and motility, which are critical to
soft tissue sealing of implants.
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1. Introduction between implants and adjacent soft tissue through collagen fibers, plays

a critical role in dental restoration by implanting, since it acts as a

Owing to excellent mechanical properties and superior biocompat-
ibility, titanium and its alloys are widely used as clinical implants in
oral orthopedic for edentulous patients [1-4]. Nevertheless, there are
still some possibilities of implant failures due to poor osseointegration,
susceptible to bacteria and weak integration with soft tissue [5-8].
Compared with researches in osteogenic and anti-bacterial properties,
far less attention from scientists and clinicians has been paid to im-
proving the soft tissue sealing abilities of titanium and its alloys for
these years [9-15]. Actually, ideal soft tissue sealing, a firm connection

promising protective barrier from harmful oral environment, thus re-
ducing the probability of bacterial invasion and inevitable marginal
bone loss [16-18]. Without the protection of effective soft tissue
sealing, periodontal pocket and bone resorption, followed by implants
destruction, would occur due to the external stimuli [18-20]. There-
fore, developing an efficient method to improve the ability of soft tissue
sealing of biomaterials is significant in dental implantation.

To satisfy these demands, some attempts have been made to ame-
liorate the soft tissue sealing ability of implants. Chen et al. used

Abbreviations: HGFs, human gingival fibroblasts; ECM, extracellular matrix; BSA, bovine serum albumin; PBS, phosphate buffer saline; FM, fibroblasts medium;
PFA, para-formaldehyde; DAPI, 4, 6-diamidino-2-phenylindole; CLSM, confocal laser-scanning microscope; XPS, X-ray photoelectron spectroscopy; PIII, plasma
immersion ion implantation; SEM, scanning electron microscope; RT-PCR, reverse-transcriptase polymerase chain reaction
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hyaluronic acid to regulate the migration and inflammation of human
gingival fibroblasts (HGFs) [21]. Wang et al. suggested injectable-pla-
telet-rich fibrin had potential in speeding tissue regeneration [22]. Abe
et al. reported ascorbic acid regulated the expression of alkaline phos-
phatase (ALP) in HGFs [23]. It was also reported that magnesium (Mg)
and zinc (Zn) are essential supplementary elements to promote wound
healing and rehabilitation of patients for the clinical treatment of soft
tissue injury [24-27]. Mg had good biocompatibility and osseointe-
gration, and Zn showed excellent antibacterial ability and good osteo-
genic activity [15,28-31]. However, fewer researchers paid attention to
taking advantage of inorganic elements such as Mg and Zn to improve
the soft tissue sealing ability of implants. Furthermore, how they
functioned in local regions during the process of wound healing and soft
tissue regeneration was still not clear enough, so the study of the me-
chanisms was urgent [32-36]. Considering all above, we supposed that
the combination of Mg and Zn might have great potential in developing
a kind of biomaterials with good soft tissue integration ability, as well
as the osteogenic activity and antibacterial ability. Therefore, plasma
immersion ion implantation (PIII), an efficient and well-developed
technology that can introduce nearly any elements to chemically
modify the surface of biomaterials like titanium without much damage
on their surface morphologies, was chosen to establish a model for
understanding the mechanism of Mg and Zn on promoting soft tissue
integration [31].

In this work, Mg and Zn were implanted separately and co-im-
planted into titanium to provide the Mg and Zn local delivery platform.
The possible functional mechanism of Mg and Zn in soft tissue sealing
was investigated via in vitro culturing HGFs on the prepared samples.

2. Material and methods
2.1. Sample preparation

Commercial pure titanium plates with dimensions of
10 mm X 10 mm X 1 mm and 20 mm X 20 mm X 1 mm were che-
mically etched for 5 min and three times with a solution of HF: HNOs:
H,0 with a volume ratio of 1 : 4: 5. After the plates were cleaned with
ultrapure water and dried in the air, Mg and Zn were ion implanted into
the pre-treated samples at —30 kV for 60 min. The samples were de-
signed as Mg-Ti and Zn-Ti, respectively. Mg/Zn co-implantation was
carried out simultaneously using pulsed Mg and Zn cathodic arc plasma
sources, and the samples were represented as Mg&Zn-Ti. Detailed
parameters of PIII were listed in Table S1.

2.2. Sample characterization

Surface morphologies of all the samples were examined by a scan-
ning electron microscope (SEM, Hitachi S-4800, Japan). The chemical
compositions and states of various samples were detected by X-ray
photoelectron spectroscopy (XPS, PHI 5802, Physical Electronics Inc.,
Eden Prairie, MN, USA) with a Mg Ka (1253.6 eV) source.

2.3. Surface wettability

Surface wettability of all the samples was determined with a contact
angle tester (Automatic Contact Angle Meter Model SL200B, Solon,
China) and ultrapure water was chosen as the test liquid. Details can be
found in our previous works [37,38].

2.4. Mg and Zn release

The PIlI-treated titanium samples were immersed in saline (10 mL)
for 1, 4, 7, 14, 21 days at 37 °C without stirring. The amounts of re-
leased Mg and Zn ions were detected by an ICP-AES (Varian Liberty
150, USA). In specific, the saline used to immerse samples evaporated,
dissociated, ionized and was excited under the excitation source to
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generate optical radiation. Then the obtained composite light was
spectrally dispersed into spectrum and the wavelength as well as the
intensity of the spectral lines was detected for analyzing the con-
centration of released ions in the saline. Moreover, the standard curve
was established by setting the standard solutions with concentration of
0.001 ppm, 0.01 ppm, 0.1 ppm, 1 ppm and 10 ppm. The R? was
guaranteed to be greater than or equal to 0.9999 and the detection limit
was 0.001 ppm.

2.5. Protein adsorption

Samples from each group were put into a 24-well plate and cleaned
twice with ultrapure water, and then were immersed in bovine serum
albumin (BSA, 1 mg mL™Y, 1 mL, Sigma Aldrich, USA) solution and
incubated for 24 h at 37 °C. After that, phosphate buffer saline (PBS,
10 mM) was used to rinse all sample twice, and 2 wt% lauryl sodium
sulfate was added to each well to elute the adsorbed BSA. The elution
process was conducted under shaking for 2 h at 37 °C. The standard
curve of BSA was acquired by standard solutions with concentration
gradient. The eluents of samples and the BSA standard solutions were
mixed separately with testing solutions of BCA Protein Assay Kit, and
their absorbance under 560 nm was detected by an enzyme-labeling
instrument (BIO TEK, ELX 800). The amount of BSA adsorbed on dif-
ferent sample surfaces was analyzed by standard curve fitting.

2.6. In vitro biological evaluation

2.6.1. Cell culture

HGFs used in this work were the major cells in peri-implant soft
tissue and played a critical role in soft tissue integration in the wound-
healing process [39,40]. HGFs (ScienCell Research Laboratories, USA)
were cultured with fibroblasts medium (FM, ScienCell Research La-
boratories, USA) at 37 °C in an environment of 5% CO,. HGFs were
passaged every 2 days and passages 4-6 were used in the experiments.
For the assessment of the early cell adhesion and cytoskeleton mor-
phology, HGFs with a concentration of 2.0 x 10* cells mL™' were
seeded on the sample surfaces. To evaluate cell proliferation, mor-
phology, cytotoxicity of various samples and immunofluorescence
analysis of Col-I and FN, cells at a density of 3.0 x 10* cells mL~* were
seeded onto each sample. To investigate the cell migration ability, HGFs
with a density of 5.0 X 10* cells mL~! were seeded on sample surfaces.
As for real-time reverse-transcriptase polymerase chain reaction (RT-
PCR) analysis, cells were cultured on samples at a density of
1.0 x 10° cells mL™ "

2.6.2. Cell adhesion

To investigate the early cell adhesion on different samples, 4’, 6-
diamidino-2-phenylindole (DAPI, Sigma, USA) and Rhodamine-phal-
loidin (Sigma, USA) staining were carried out. At each culture time
point (1, 4, and 24 h), the cells on various samples were washed with
PBS twice and transferred into a new 24-well plate. Then, HGFs were
fixed with 4% Para-formaldehyde solution (PFA) for 10 min, permea-
bilized with Triton X-100 (0.1 v/v%) for 2 min and blocked by BSA
(1 wt% in PBS, Sigma Aldrich, USA) for 20 min successively.
Afterwards, the cells were stained with fluorescein Rhodamine-phal-
loidin and DAPI for 1 h and 5 min, respectively. Confocal laser-scanning
microscope (CLSM, LeicaSP8, Germany) was used to obtain fluores-
cence photographs of all samples.

2.6.3. Wound healing assay

To investigate the cell migration ability, wound healing assay was
performed. After the cells grew on samples for 2 days and reached
confluence, wounds of the cell monolayers on sample surfaces were
made with a plastic pipette. Then, the cells were cultured for another
6 h and 12 h in fresh FM. After predetermined culturing periods, the
samples were rinsed with PBS twice, transferred to a new 24-well plate
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Fig. 1. Surface morphology of the acid etched titanium before and after ion implantation: (a) Ti, (b) Mg-Ti, (¢) Zn-Ti, and (d) Mg Surface chemical composition and
states analysis by XPS: (e) Mg 2p from Mg-Ti, (f) Mg 2p from Mg&Zn-Ti, (g) Zn 2p from Zn-Ti, and (h) Zn 2p from Mg&Zn-Ti.

and fixed with 4% PFA for 10 min at 4 °C. Then, HGFs were permea-
bilized with Triton X-100 (0.1 v/v%) for 2 min. After being blocked by
BSA (1 wt%) for 20 min, fluorescein Rhodamine-phalloidin and DAPI
were used for staining the HGFs for 1 h and 5 min, respectively. The
fluorescence photographs of wounding regions on all samples were
acquired with a CLSM. The statistical numbers of migrating HGFs were
obtained by counting the cell nuclei in the wounding regions of three
fluorescence-staining images of HGFs on samples in each group.

2.6.4. Cell live/dead staining

To assess the cytotoxicity of different samples, cell live/dead
staining was conducted after the cells were cultured with samples for 3
days. At each culturing time point, the samples were rinsed with PBS
twice and transferred into a new 24-well plate. After that, PBS (100 pL)
with calcein-AM (0.1 pL) and propidium iodide (0.25 pL) was in-
troduced to each sample and incubated for 15 min at 37 °C. After being
rinsed twice with PBS, the fluorescent images of the cells were taken
using a fluorescent microscope (Olympus, Japan).

2.6.5. Cell proliferation and morphology

Cell proliferation was evaluated using the alamarBlue™ method
after the HGFs were cultured with various samples for 1, 3, and 5 days.
Specifically, the samples were shifted into a new 24-well plate and
gently rinsed with PBS twice at prescribed culturing time. Afterwards,
fresh medium (0.5 mL) with 10% alamarBlue™ was added to each
sample and incubated for another 2 h. After incubation, the fluorescent
intensity of the cell culture medium (100 pL) was measured by a
Microplate Reader at excitation wavelength of 560 nm and emission
wavelength of 590 nm. For cell morphology observation, the samples
with HGFs cultured for 3 days were fixed with 2.5% glutaraldehyde
after each incubation time point. Then, gradient ethanol solutions (30,
50, 75, 90, 95, and 100 v/v%) and hexamethyldisilizane-ethanol so-
lutions of different volume ratio was used sequentially to dehydrate the
samples. Before SEM examination, the samples with HGFs were coated
with platinum.

2.6.6. Immunofluorescence analysis of Col-I and FN

HGFs were cultured on the specimens for 1 and 3 days. At each time
point, the cells were rinsed with PBS twice, fixed in 4% PFA for 30 min
and blocked with BSA (1 wt%) for 30 min successively. Afterwards,
HGFs were incubated overnight at 4 °C with primary antibody of anti-
collagen I and anti-fibronectin (Abcam, UK), respectively. After being
washed with PBS twice, the cells on samples were stained with fluor-
ochrome-conjugated secondary antibody and DAPI sequentially. The
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fluorescence photographs of the cells were observed using a CLSM. The
semi-quantitative statistical analysis of immunofluorescence staining
intensity reflecting Col-I secretion and FN accumulation were calcu-
lated by the area ratios of Col-I and FN to cell nucleus in fluorescent
images using Image Pro Plus.

2.6.7. Quantitative RT-PCR analysis

RT-PCR was used to investigate the soft tissue sealing relative gene
expression levels of HGFs cultured with various samples. Specifically,
HGFs were seeded on all the samples for 7 days and during this period
the culture medium was changed every there days. After prescribed
culturing time, the HGFs were rinsed with PBS twice and the total RNA
was extracted with TRIzol reagent (Invitrogen, Carlsbad, USA). After
the RNA was purified with chloroform, isopropanol and 75% ethanol
successively, the complementary DNA (cDNA) was reverse transcribed
from the RNA (1 pg) using the Transcriptor First Strand cDNA Synthesis
Kit (TaKaRa, Japan). The gene expression levels of Col-I, TGF-3, FN,
Smad2, ITGB1, Smad3, MAPK3, ZIP7, Erk2 and ZIP13 were detected by
the Roche LightCycler480 system with an SYBR Green I PCR Kit. All
gene primers were synthesized rigorously (BioTNT Co., Ltd. Shanghai,
China) and the detail information of all gene primers were listed in
Table S2. Glyceraldehyde 3-phosphate dehydrogenase (GAPDH) was a
reference gene to normalize all mRNA values.

2.7. Statistical analysis

—+

All the data were expressed as the mean standard deviation
(SD). The statistical analysis was carried out using a GraphPad Prism 5
software package. The statistical significant difference was measured by
two-way analysis of variance and Tukey's multiple comparison tests and
the value of P < 0.05 was considered statistically significant.

3. Results and discussion
3.1. Surface characterization

Surface morphologies of titanium before and after ion implantation
were shown in SEM images (Fig. 1a-d). The rough acid-etched surface
morphologies substantially were unchanged after ion implantation,
suggesting that ion implantation did not damage the original micro-
structure of the materials and only formed a thin ions-containing film
on their surfaces. The chemical composition and states were determined
by XPS and the results were presented in Fig. 1e-h. The Mg 2p peaks at
50.16 eV and 49.6 eV obtained from Mg-Ti and Mg&Zn-Ti corresponded
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Table 1

Atomic ratio of ion-implanted samples (%).
Samples C1ls O1s Ti 2p3 Mg 2p Zn 2p
Mg-Ti 36.82 43.49 15.65 4.05 —
Zn-Ti 39.61 43.10 15.10 — 2.19
Mg&Zn-Ti 36.95 44.71 15.38 2.22 0.74

to oxidized and metallic Mg, respectively [15,28]. The Zn 2p peaks at
1021.9 eV and 1021.0 eV indicated the existence of oxidized and me-
tallic Zn, respectively [28,31].

As shown in Table 1, the atomic ratio of various elements on sample
surfaces confirmed the co-existence of Mg and Zn elements in co-im-
planted samples. The XPS spectra suggested that Mg and Zn both in-
corporated into titanium in the forms of metallic and oxidized state
(Mg/MgO and Zn/ZnO). The concentration of Mg in Mg-Ti was more
than that of Zn in Zn-Ti, which may be mainly due to easier ionization
of Mg. The ionization energy E, was defined as energy required elim-
inating an electron from an isolated atom or an ion with charge Q. It can
be expressed as Equation (1) [31]:

sum _ Q-1
Egm = 38 By 1

The ionization energy of Mg (7.64 eV) was less than that of Zn
(9.39 eV) [31,41]. Therefore, the concentration of implanted Mg was
more than that of Zn. Moreover, the concentration of implanted ions in
co-implanted samples was slightly less than that of separately im-
planted samples. It may be due to the collisions between the Mg and Zn
ions during co-implantation and subsequent energy loss.

Moreover, the water contact angles of all samples shown in Fig. 2a
indicated that Mg ion implantation improved the hydrophilicity of ti-
tanium while Zn ion implantation increased its hydrophobicity. When
Mg and Zn ions were co-implanted into the samples, their wettability
increased, perhaps because when ZnO and MgO co-existed in the
modified layers the hydrophobicity of ZnO film was improved by hy-
drophilic MgO [42-45].

The released kinetics of Mg and Zn ions in the ion-implanted tita-
nium were studied by measuring the released Mg and Zn ions using an
inductively coupled plasma atomic emission spectroscopy (ICP-AES).
When the implanted samples were immersed in saline, chloridion and
protons would dissolve implanted metals or their oxides on the sub-
strate to form chloride and hydroxide with high solubility. Therefore,
implanted elements would gradually release into saline with the ex-
tension of immersion time and the titanium substrate acted as a storage
platform with implanted elements during the process of ions release. As
shown in Fig. 2b, the concentration of Mg leached from Mg&Zn-Ti
was almost twice larger than that from Mg-Ti while Fig. 2c showed that
the Zn?* concentration of Zn-Ti was almost twice as much as that of Mg
&Zn-Ti. However, the results of XPS (Table 1) suggested that the co-
implanted sample surfaces had lower content of Mg and Zn compared
with Mg-Ti or Zn-Ti. It was related to the difference between the
standard electrode potential of Mg (- 2.372 V) and Zn (- 0.7618 V)
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[46]. After the co-implanted samples were immersed in saline, the
implanted Mg would serve as the anode instead of Zn since its lower
standard electrode potential, and the following reaction (Equation (2))
would occur at the anode:

Mg — Mg?** + 2e” 2

Meantime, the reaction that occurred at the cathode was shown as
Equation (3).

2H* + 2¢- > H, 3

Therefore, co-implanted samples released more Mg>* than Mg-Ti
and less Zn?>" than Zn-Ti due to the cathodic protection effect of Mg to
Zn. It also explained that Mg?* released from Mg&Zn-Ti almost reached
the maximum after only one-day immersion while Mg?* released from
Mg-Ti lasted until Mg-Ti samples were immersed for 21 days. As for
Zn®" release, Mg&Zn-Ti exhibited lower Zn>* release rate than Zn-Ti at
first and higher release rate after 4-day immersion when Mg release in
Mg&Zn-Ti reached plateau. Moreover, the total amount of released
Zn?* from Mg&Zn-Ti was lower than Zn-Ti, probably because Zn-Ti had
higher amount of implanted ions than that of Mg&Zn-Ti (Table 1).

3.2. Protein adsorption

After the placement of biomedical implants in organisms, protein
adsorption occurred first, a process important to adhesion, migration
and proliferation of mammalian cell [47]. The amounts of adsorbed
protein on various sample surfaces were presented in Fig. 3a. Mg-Ti and
Mg&Zn-Ti adsorbed more protein than Zn-Ti and Ti. The result was
consistent with the surface wettability of different samples. BSA pre-
ferred to be adsorbed on surface that was more hydrophilic when the
contact angle of sample surface was lower than 100° [48-50].

3.3. Cell adhesion and migration assessment

HGFs were cultured on different samples to simulate peri-implant
soft tissue sealing around the transmucosal area in vitro. The initial
adhesion and spreading of HGFs had significant effects on subsequent
cell activities such as cell migration [51,52]. The fluorescent images of
HGFs were shown in Fig. 3b. HGFs on the ion-implanted samples ex-
hibited better cell adhesion and spreading compared to Ti after being
cultured for 1, 4, and 24 h. After 1 h incubation, cells on implanted
samples had larger areas than those on Ti samples. After 4 h, HGFs on
all samples began to spread and more filopodia extended outward,
especially for Mg-Ti. After 24 h culturing, cells on Mg&Zn-Ti and Zn-Ti
had similar density which was larger than on Ti and Mg-Ti, and the cells
on Mg&Zn-Ti were somewhat more extended than on other groups of
samples. The difference in adhesion and spreading of HGFs on various
samples may be related to the different ions release, protein adsorption
and surface hydrophilicity of various samples. From Fig. 2b and c, it
was clear that Mg&Zn-Ti released Mg®* faster and more than Mg-Ti and
had almost the same release rate and amount of Zn>* as Zn-Ti within
the first day. It indicated that Mg>* might be beneficial to HGFs

a 150 '€0.029 —e— Mg-Ti c E 0.06 —e—2Zn-Ti
—_ =3 —o— Mg&Zn-Ti Q 0.05 —e—Mg&2Zn-Ti
Qo o 4
o ok =0.016 = M
2 ey S s S 0.04
D 1001 = 0.012 £
< % = £ 0.034 [P S
B < 0.008 <
8 50 v g g 0.02-
S ¢ 0.004 S 0.014
(&) ° o
0 , 2 0.000 , , . . S 0.00 : . .
Zn-Ti Mg&Zn-Ti 0 5 . 10 15 20 0 5 . 10 15 20
Time (days) Time (days)

Fig. 2. Contact angles of water on different sample surfaces (*p < 0.05; **p < 0.01; ***p < 0.001) (a); Released Mg concentrations in saline after immersion for 1,
4,7, 14, and 21 days (b); Released Zn concentrations in saline after immersion for 1, 4, 7, 14, and 21 days (c).
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Fig. 3. Protein adsorption of BSA on various sample surfaces (a); Cell adhesion assay. Fluorescent images of HGFs cultured on different sample surfaces for 1, 4, and
24 h with actin stained with Rhodamine-phalloidin (red) and nuclei stained with DAPI (blue) (b); Numbers of HGFs in the wounding regions (c); CLSM images of the
cytoskeleton stained HGFs on different samples in wound healing assay with actin stained with Rhodamine-phalloidin (red) and nuclei stained with DAPI (blue) (d);

(*p < 0.05; **p < 0.01; ***p < 0.001).

adhesion and filopodia extension on sample surfaces at the early stage
of culturing and Zn** at certain concentrations may mainly have effects
on cell proliferation during the later stage after seeding. Mg-Ti and Mg&
Zn-Ti can adsorb more proteins than Zn-Ti and Ti (Fig. 3a), which might
be another reason for better cell adhesion on Mg ion-implanted sam-
ples. In addition, hydrophilicity also played a critical role in promoting
cell adhesion on Mg-Ti than Mg&Zn-Ti at the very early stage of ad-
hesion (Fig. 2a) [50].

The HGFs migration played an important role in soft tissue sealing
after injury [53]. In order to investigate the migration ability of HGFs
on various samples, wound healing assay was conducted. The fluor-
escent staining images and statistical cell numbers in wounding regions
were presented in Fig. 3c and d, respectively. The migration ability of
HGFs on all samples showed the following trend: Mg-Ti > Mg&Zn-
Ti > Zn-Ti > Ti. Combined with the results of ions release (Fig. 2b
and ¢), it implied that Mg®* could promote the migration of HGFs while
Zn®* showed slightly positive function on cell migration. However,
cells on Mg-Ti exhibited better migration ability than those on Mg&Zn-
Ti. It was because even though Mg&Zn-Ti released more ions than Mg-
Ti on the first day, its release rate of Mg?* was lower than Mg-Ti after
the first day. Therefore, the concentration of Mg?™* in the medium from
Mg&Zn-Ti may be lower than that from Mg-Ti due to the change of
culture medium during the wounding process after two-day culturing.

3.4. Cell vitality, proliferation and morphologies characterization

The cytotoxic assessment of various samples by live/dead staining
was shown in Fig. 4a. None of the samples appeared to induce sig-
nificant cell death which suggested all ion-implanted samples exhibited
good cytocompatibility. Furtherore, the live HGFs on implanted sam-
ples were more than that on Ti samples. Although all ion-implanted
samples exhibited good cytocompatibility, there were still a few dead
cells on Zn-Ti compared with other samples, which may be due to the
cytotoxicity of ZnO existing on the surface of Zn ion-implanted samples
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[54,55]. Moreover, Mg&Zn-Ti showed less cytotoxicity than Zn-Ti
owing to its lower content of implanted Zn ions and thus less ZnO on
the surface (Table 1). In addition, the existence of Mg2+ in co-im-
planted samples may also reduce the adverse effects of ZnO to HGFs.

The results of alamarBlue™ assay in Fig. 4b also indicated that HGFs
on ion-implanted samples had higher proliferation rate and vitality
than those on Ti samples. Although there was no statistical difference
on cell proliferation among all groups after 1 day, HGFs on ion-im-
planted samples were a little more than those on Ti samples on the third
day. After 5 days, HGFs on ion-implanted samples showed obviously
higher proliferation rates compared to those on Ti samples. It indicated
that both Mg and Zn implantation could promote HGFs proliferation
and growth. Combined with the results of cell adhesion, it can be
proposed that Mg>* had great effects on initial cell adhesion and there
should be more cells on Mg-Ti than Zn-Ti due to cell growth with the
extension of incubation time. However, the amount of HGFs on Zn-Ti
was the highest among all groups. This result suggested Zn®* probably
played a major role in promoting HGFs proliferation when co-existed
with Mg?*. It can also prove that Mg&Zn-Ti had higher cell prolifera-
tion than Mg-Ti even though its release of Mg?* was much smaller than
Mg-Ti after the first day (Fig. 2b). Moreover, the release concentration
of Zn*>* from Zn-Ti was more than from Mg&Zn-Ti, which may be the
reason why HGFs on Zn-Ti showed slightly rapider growth than those
on Mg&Zn-Ti.

Cell morphologies of HGFs cultured on various sample surfaces for 3
days were shown in Fig. 4c. It was consistent with the result of cell
proliferation. There were more cells on Zn-Ti than other groups. HGFs
on Zn-Ti had grown to reach confluence, completely covered the sur-
faces and a uniform layer of cells was formed.

3.5. Immunofluorescence analysis of Col-I and FN

Collagen (Col), a primary composition of extracellular matrix
(ECM), plays an important role in the response of HGFs to the material
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surfaces through regulating cell behaviors such as cell adhesion and
migration [53]. Similarly, fibronectin (FN), an important matrix ad-
hesion protein, can build a connection between collagen network and
cytoskeletal microfilaments via transmembrane receptors like integrin
[53]. Col-I secretion and FN accumulation of HGFs are crucial during
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their initial adhesion and are favorable to establish strong and firm soft
tissue sealing between implants and tissues [56,57]. Consequently,
specific immunofluorescence staining of Col-I and FN were conducted
to investigate whether Mg or Zn ion implantation affected HGFs be-
haviors through changing the organization of ECM. As shown in Fig. 5a,
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the secreted Col-I was mainly distributed around single cell on the first
day, and it from each cell converged into a network after 3 days. The
semi-quantitative statistical analysis of the immunofluorescence
staining intensity reflected Col-I secretion of HGFs to some extent,
which was because immunofluorescence staining intensity depended on
the abundance of protein partly, and the result was shown in Fig. 5b.
The immunofluorescence staining intensity of Col-I on implanted
samples was higher than that on Ti samples after 1 and 3 days culturing.
It suggested that Col-I secretion of HGFs on samples presented the
following trend: Zn-Ti > Mg-Ti > Mg&Zn-Ti > Ti. The result of ions
release (Fig. 2b and c) showed that Mg&Zn-Ti released more Mngr than
Mg-Ti but less Zn?* than Zn-Ti whereas the immunofluorescence
staining intensity of Col-I on Mg&Zn-Ti was lower than those on both
Mg-Ti and Zn-Ti. It indicated that Zn ions could regulate Col-I secretion
of HGFs, which may rely on the released ions concentration.

Fig. 5c presented FN accumulation of HGFs on various samples. On
the first day, FN was centrally distributed around single cell and formed
a clear integrated network after the cells were cultured for 3 days. The
semi-quantitative statistical analysis of accumulation of FN showed in
Fig. 5d obeyed the trend of Mg-Ti > Mg&Zn-Ti > Zn-Ti > Ti, which
meant HGFs cultured on all the ion-implanted samples accumulated
more substantial FN than cells on Ti. The immunofluorescence staining
intensity of FN from HGFs on Mg-Ti was similar to that on Mg&Zn-Ti on
the first day but the difference increased after 3 days. It was probably
because Mg&Zn-Ti released Mg>* rapidly on 1 day whereas the ions
release process of Mg-Ti was slower and more sustained, which could
maintain a certain concentration of Mg?* in the medium. Although Zn-
Ti released more Zn?* than Mg&Zn-Ti during the culturing time, there
were still tiny differences between them in the accumulation of FN. The
result of FN accumulation of HGFs on different samples suggested that
Mg** might play a key role in influencing the FN accumulation of
HGFs. From the analysis above, it can be inferred that Mg or Zn ion
implantation might regulate the behaviors of HGFs through affecting its
organization of ECM such as Col-I and FN, so HGFs on ion-implanted
samples showed better adhesion, mobility and proliferation, which
were important for soft tissue sealing [58].

3.6. Gene expression of HGFs

To investigate how Mg and Zn ion implantation affected the beha-
viors of HGFs, RT-PCR was performed to analyze the expression of Col-
I, TGF-B, FN, Smad2, ITGB1, Smad3, MAPK3, ZIP7, Erk2 and ZIP13 in
HGFs that cultured on different samples for 7 days, and the results were
displayed in Fig. 6. The expression of Col-I and FN were upregulated in
all the ion-implanted samples, consistent with the result of immuno-
fluorescence analysis of Col-I and FN (Fig. 5). As shown in Fig. 6e, the
expression of ITGB1 was enhanced in Mg-Ti and Mg&Zn-Ti compared to
Zn-Ti and Ti, which was probably because the interaction between in-
tegrin and ECM required the participation of divalent ions such as
Mg?" or Ca®* [58]. The released Mg>* from Mg ion-implanted and co-
implanted samples to the medium would spur the synthesis of integrin
when HGFs were cultured on them. Moreover, the expression of TGF-f,
which simulated the formation of granulation tissue and secretion of
collagen, was simulated in HGFs cultured on all ion-implanted samples,
especially for Zn-Ti [59]. Smad2 and Smad3 were highly expressed in
HGFs from Zn-Ti, indicating higher proliferation rate of HGFs on Zn-Ti
than other groups, agreeing with the result of cell proliferation
(Fig. 4b). ZIP13 and ZIP7 expression were both upregulated in cells on
Zn-Ti, which indicated that the influx of released Zn2?" from extra-
cellular environment and intracellular stores was promoted [60].
However, the expression of ZIP13 was also enhanced in cells cultured
on Mg-Ti, which may be ascribed to the probable link between Mg?*
and ZIP13, as Fukada et al. reported [61]. The expression of MAPK3
that influenced cell growth and inflammation were slightly upregulated
in HGFs seeded on Zn-Ti and Mg&Zn-Ti (Fig. 6g). In addition, it was
probably because that Mg ions involved in the function of Erk2 on the
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process of protein phosphorylation, Erk2, which played a critical role in
cell proliferation and construction of cytoskeleton, exhibited higher
expression in HGFs on Mg-Ti than Zn-Ti as shown in Fig. 6i [62,63].

3.7. Regulatory mechanism on the behaviors of HGFs

Through the analysis of RT-PCR and other in vitro experiments, we
found that Mg and Zn ions could regulate the behaviors of HGFs and
thus Mg or Zn ions implantation may have great potential in improving
the soft tissue sealing ability of Ti implants. Specifically, HGFs on Mg
ion-implanted samples exhibited better adhesion and migration ability
than pure Ti and Zn ion-implanted samples. Cell behaviors such as cell
adhesion and migration highly relied on integrin receptors, a family of
transmembrane glycoproteins that regulated the mutual recognition
and adhesion between cells and ECM through connecting the external
environment and the internal structure of cells [53,58]. The high ex-
pression level of ITGB1 in HGFs on Mg-Ti and Mg&Zn-Ti but relatively
lower expression of it on Zn-Ti suggested that Mg®* mainly regulated
the motility and adhesion of HGFs by stimulating the expression of
ITGB1. Wang et al. and Zhu et al. confirmed that ITGB1 regulated cell
motility and adhesion via activating FAK and further triggering
downstream biochemical signals [53,64]. The expression of Erk2 in
HGFs on Mg-Ti was enhanced, which agreed with the works by Waas
et al. that Mg ions were essential to activate Erk2 [63]. Therefore, as
shown in Fig. 7a, Mg®* may regulate the motility and adhesion of HGFs
through influencing the expression and function of Erk2 and activating
MAPK signal pathway. Moreover, many ligands of integrin such as Col-I
and FN would tend to combine with integrin and thus deposited on the
sample surfaces. They were important compositions of ECM and had
significant effects on cell adhesion, migration and spreading. Further-
more, they played key roles in soft tissue sealing through establishing
collagen networks [53]. Therefore, thanks to the higher expression level
of integrin and substantial accumulation of ECM stimulated by released
Mg?*, Mg ion implantation can be an effective method to build a fa-
vorable microenvironment around the sample surface for protein ad-
sorption, initial adhesion and migration of HGFs.

On the other hand, HGFs cultured on Zn-Ti had the highest pro-
liferation rate and amount among all groups. Since Smad2 and Smad3
were closely related to cell proliferation, the relatively higher expres-
sion of them in HGFs on Zn-Ti than other groups, especially Mg&Zn-Ti
whose Zn?* release was lower than Zn-Ti, indicated that Zn®>* might be
a main reason in regulating HGFs proliferation [65,66]. It was reported
that the function and homeostasis of Zn in cells or organisms were
mainly controlled by Zn transporters [67,68]. Among all Zn transpor-
ters, ZIP13 and ZIP7 were important for soft tissue such as skin de-
velopment and connective tissue formation [68]. In this work, the ex-
pression of ZIP7 and ZIP13 were upregulated in HGFs cultured on Zn-Ti
due to the localized high concentration of Zn** around the surface of
Zn-Ti caused by ions release. Fukada et al. and Bin et al. reported ZIP13
involved in the connective tissue development by activating TGF-f
signal pathway and influencing the deposition of Col-I, consistent with
the results of RT-PCR and immunofluorescence staining in this work
that the TGF-f expressed and Col-I secreted in HGFs on Zn-Ti obviously
higher than other groups [60,69]. Wen et al. also reported that TGF-f3
also functioned in fibroblasts by activating MAPK signal pathway in-
cluding MAPK3 (p38MAPK) through non-canonical way, which was
consistent with the slightly enhance expression of MAPK3 in HGFs on
Zn-Ti [70]. Considering all the analysis above, the possible involved
signal pathways caused by Zn>* were shown in Fig. 7b. When HGFs
were cultured on Zn ion-implanted samples, the released Zn?* would
spur the expression of ZIP13 and ZIP7 in HGFs to maintain the home-
ostasis of Zn in cells. The high expression of ZIP13 then stimulated TGF-
B and MAPK signal pathways by canonical and non-canonical ways,
respectively. Because the activation of TGF-B and MAPK signal path-
ways, the SMAD family members were triggered and the cell pro-
liferation, protein phosphorylation and ECM accumulation were
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promoted.

4. Conclusion

In the present work, Mg and Zn ions implantation were used to
improve the soft tissue sealing ability of Ti. The surface wettability of
titanium changed after ions implantation, which affected the protein
adsorption of sample surfaces. The characterization of physicochemical
and biological properties of ion-implanted samples indicated that both
Mg and Zn ions can promote the accumulation of ECM such as Col-I and
FN. Specifically, Mg®* released from Mg ion-implanted samples led to
better adhesion and motility of HGFs probably through regulating the
expression of ITGB1 and activating MAPK signal pathway. Released
Zn>* caused by Zn ion implantation mainly improved the HGFs pro-
liferation, which can be attributed to the upregulation of ZIP7 and
ZIP13 expression as well as the activation of TGF-f} signal pathway. The
synergistic effect of Mg and Zn ions can endow HGFs cultured on the co-
implanted samples with improved cell adhesion, migration and pro-
liferation. The initial adhesion, migration and proliferation of HGFs are
key steps during the process of soft tissue sealing. Therefore, Mg and Zn
co-implantation is probably a promising way to improve the integration
between soft tissue and Ti implants.
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