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Maria Antonia Llopis-Grimalt, Maria Antònia Forteza-Genestra, Vı́ctor Alcolea-Rodriguez,

Joana Maria Ramis and Marta Monjo

Nanostructured Titanium for Improved Endothelial Biocompatibility and Reduced Platelet
Adhesion in Stent Applications
Reprinted from: Coatings 2020, 10, 907, doi:10.3390/coatings10090907 . . . . . . . . . . . . . . . . 52
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Titanate Formed on Ti–6Al–4V Alloy Designed for Osteoporosis
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Seiji Yamaguchi 1,*, Koji Akeda 2,*, Seine A. Shintani 1, Akihiro Sudo 2 and Tomiharu Matsushita 1

1 Department of Biomedical Sciences, College of Life and Health Sciences, Chubu University, 1200 Matsumoto,
Kasugai 487-8501, Aichi, Japan; shintani@isc.chubu.ac.jp (S.A.S.); ma-tommy@isis.ocn.ne.jp (T.M.)

2 Department of Orthopaedic Surgery, Mie University Graduate School of Medicine, Tsu 514-8507, Mie, Japan;
a-sudou@clin.medic.mie-u.ac.jp

* Correspondence: sy-esi@isc.chubu.ac.jp (S.Y.); k_akeda@clin.medic.mie-u.ac.jp (K.A.);
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Abstract: Ti–6Al–4V alloy has been widely used in the orthopedic and dental fields owing to its high
mechanical strength and biocompatibility. However, this alloy has a poor bone-bonding capacity, and
its implantation often causes loosening. Osteoporosis increases with the aging of the population, and
bisphosphonate drugs such as alendronate and minodronate (MA) are used for the medical treatment.
Reliable and multifunctional implants showing both bone bonding and drug releasing functions
are desired. In this study, we developed a novel organic-inorganic composite layer consisting of
MA-containing gelatin and calcium-deficient calcium titanate (cd–CT) with high bone-bonding and
scratch resistance on Ti–6Al–4V alloy. The alloy with the composite layer formed apatite within
7 days in a simulated body fluid and exhibited high scratch resistance of an approximately 50 mN,
attributable to interlocking with cd ± CT. Although the gelatin layer almost completely dissolved in
phosphate-buffered saline within 6 h, its dissolution rate was significantly suppressed by a subsequent
thermal crosslinking treatment. The released MA was estimated at more than 0.10 μmol/L after
7 days. It is expected that the Ti alloy with the MA-containing gelatin and cd–CT composite layer
will be useful for the treatment of osteoporosis bone.

Keywords: bisphosphonate; calcium titanate; titanium alloy; apatite formation; gelatin

1. Introduction

Ti–6Al–4V alloy is widely used for load bearing implants, since it is biocompatible
comparatively to pure Ti metal, while it shows superior mechanical strength and corrosion
resistance [1]. However, this alloy is poor in its bone bonding ability, and often results
in the loosening of the implants [2,3]. This event becomes more serious in osteoporosis
bone. Conferring both bone-bonding capabilities on the implant and stimulating surround-
ing new bone formation is a great challenge in the development of novel implants for
osteoporosis bone.

In order to confer bone-bonding on Ti and its alloys, various types of inorganic coat-
ings including a plasma spray apatite coating [4,5], titanate or titania coating by solution
and heat [6,7], hydrothermal [8] and anodic oxidation [9] as well as surface roughening
by blasting and acid etching [10] have been developed. Direct bone bonding of the metals
was observed when coated with apatite or when apatite-formation capability, owing to
the titanate or titania coatings, was conferred onto the metal surfaces [11–13]. The titanate
coating showed greater adhesion than the plasma-sprayed apatite coating when the chemi-
cally graded intermediate layer with a nano-porous structure was produced by means of
a solution and heat treatment [13]. Activation of preosteoblast cells was reported on the
roughened surfaces with a micro-meter and nano-meter scale and their hierarchical struc-
ture [14–16]. Among the inorganic surface coatings, the calcium-deficient calcium titanate
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(cd–CT) formed by the Ca-heat treatment developed by the present authors has unique
surface characteristics of nano-scaled 3D network morphology, high scratch resistance,
chemical durability, and abundant Ti–OH groups [17–19]. Thus, the treated metals tightly
bind to both cortical and cancerous bone attributed to their high apatite formation capa-
bility [7,17–19]. We have also shown that the Ti–6Al–4V pedicle screw treated with cd–CT
had a remarkably increased extraction torque compared with the untreated screw [7].

On the other hand, coatings of organic materials including biologically functional
molecules composed of peptide, polysaccharide and growth factors and drugs were ad-
hered to metal surfaces to enhance the regeneration of bone at the implant interface [20–22].
However, this type of surface modification does not permanently provide a favorable
influence on osteointegration [20,21]. The metrics supporting these biomolecules and drugs
are biodegradable, and the bare surface of the metal substrate is exposed after implantation
for a certain period of time. Additionally, it is still challenging to achieve high adhesion
between the metal substrate and polymer coatings due to large differences in surface energy
between the metal and polymer. Gelatin, a biopolymer obtained from the hydrolysis of
collagen, is commonly used in tissue engineering for the regeneration of skin [23], carti-
lage [24] and bone [25,26]. In addition to its availability and biocompatibility, gelatin offers
the possibility of modulating its chemical and mechanical properties using its crosslinking
capability.

Bisphosphonates (BPs), representative osteoclast inhibitors, are also shown to have a
significant capacity for osteogenic induction [27–29]. BPs have been applied to bone tissue
engineering technologies to develop functionalized bone tissue scaffolds with controlled
release [30]. Previous studies have also shown that BP-coated titanium [31] or calcium
phosphate ceramics [32] increased new bone formation around the implant and mechanical
fixation. Minodronate monohydrate (MA) is one of the BPs with high potency in inhibiting
bone resorption and is developed and approved for clinical use in Japan [33].

In the present study, we propose a novel coating composed of drug-releasing gelatin
reinforced with the bioactive cd–CT that exhibits controlled drug release, apatite formation
and high scratch resistance. The BP (minodronate) is used as a drug, and its release behavior
from the coating was estimated from the degradation rate of the gelatin layer.

2. Materials and Methods

2.1. Sample Preparation

Ti–6Al–4V alloy (Ti = balance, Al = 6.18, V = 4.27 mass%, supplied by Kobelco Research
Institute, Inc., Hyogo, Japan) plates with the dimensions of 10 mm × 10 mm × 1 mm were
ground with a #400 diamond pad, and cleaned with acetone, 2-propanol and ultrapure
water in an ultrasonic bath for 30 min each, then dried at 40 ◦C in an incubator overnight.

The alloy plates were subjected to NaOH–CaCl2–heat–water treatment according
to our previous report to form a cd–CT surface layer with high bone-bonding capabil-
ity [7,17–19]. In this treatment, the samples were initially soaked in 5 mol/L NaOH (Kanto
Chemical Co., Inc., Tokyo, Japan) aqueous solution at 95 ◦C for 24 h, and subsequently
in 100 mmol/L CaCl2 (Kanto Chemical Co., Inc., Tokyo, Japan) at 40 ◦C for 24 h with
shaking in an oil bath. They were subsequently heated to 600 ◦C at a rate of 5 ◦C/min
and maintained at 600 ◦C for 1 h, followed by natural cooling in a Fe–Cr electrical furnace.
They were soaked in hot water at 80 ◦C for 24 h. This sequence of treatment is denoted as
“Ca–heat” treatment in this study. All the reagents used in this study were of reagent grade.

After the Ca–heat treatment, the samples were dipped in 10 mL of 5–20% gelatin
solution (medical grade with 316 g bloom, beMatrix LS–H, Nitta Gelatin, Osaka, Japan)
pre-warmed at 60 ◦C in which 50 μmol/L minodronate monohydrate (minodronate; Tokyo
Chemical Industry Co., Ltd., Tokyo, Japan) was dissolved in 20 mmol/L NaOH without or
with the additive of 100 mmol/L CaCl2 (Kanto Chemical Co., Inc., Tokyo, Japan) and/or
100 mmol/L (NH4)2HPO4 (Kanto Chemical Co., Inc., Tokyo, Japan). The samples were
pulled up at a constant speed of 1 cm/min by an electric motor, and then dried in an
incubator at 40 ◦C overnight (This dip coating is denoted as “DC treatment”).
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Some of the samples with the gelatin coating were subjected to thermal cross-link
(TCL) treatment [34] at 140 ◦C using vacuum oven (VOS-301SD, Tokyo Rikakikai Co., Ltd,
Tokyo, Japan) for the desired periods from 3 to 72 h.

The treatments for each sample are summarized in Table 1.

Table 1. Notations of Ti–6Al–4V alloy samples used in this study.

Sample
Treatment

Ca-Heat Dip Coating Thermal Crosslink

Untreated Not treated Not treated Not treated
CT Treated Not treated Not treated

CT(X)G Treated X% gelatin (X = 5–20) Not treated

CT(X)G + MA Treated X% gelatin +
50 μmol/L minodronate Not treated

CT(X)G + MA +
Ca and/or P Treated

X% gelatin +
50 μmol/L minodronate + 100 mmol/L CaCl2

and/or 100 mmol/L (NH4)2HPO4

Not treated

CT(X)G + MA +
Ca and/or P

+ (Y)TCL
Treated

X% gelatin +
50 μmol/L minodronate + 100 mmol/L CaCl2

and/or 100 mmol/L (NH4)2HPO4

Y hours at 140 ◦C in vacuum
(Y = 6–144)

2.2. Viscosity of Gelatin Solution

The viscosity of the gelatin solution (5–20%) with or without additives as a function of
gelatin concentration was measured by Brookfield viscometer (LVDVNextCP; Brookfield
Engineering Laboratories, Inc., Middleboro, MA, USA) according to JIS8803 (Japanese
Industrial Standards Z8803:2011, Methods for viscosity measurement of liquid). The spindle
speeds (and corresponding shear rates) were optimized for each sample between 11.52 and
576 1/s (shear rates were 3 to 150 rpm), and four different spindle speeds were examined
for each sample instead of increasing the number of replicates. The measurements were
performed using 2 mL samples at 60 ◦C, and the viscosity (mPa·s) of the sample obtained
for each run after a 30 s holding time was used for analysis.

2.3. Surface Characteristics
2.3.1. Scanning Electron Microscopy and Energy Dispersive X-ray Analysis

The surface and cross-sectional area of the prepared samples were coated with a Pt/Pd
thin film and observed under a field-emission scanning electron microscope (FE-SEM,
S-4300, Hitachi Co., Tokyo, Japan) equipped with energy dispersive X-ray analysis (EDX,
EMAX-7000, Horiba Ltd., Kyoto, Japan) at an accelerated voltage of 15 kV and an electric
current of 9–11 μA. In EDX analysis, C, O, Ti, Al, V, Ca, P, Na and Cl of the sample surfaces
were examined using an accelerated voltage of 9 kV with a electric current of 10 μA. Five
locations were measured, and their averaged values (a.v.) and standard deviations (s.d.)
were used (described as a.v. ± s.d.).

2.3.2. Thin-Film X-ray Diffraction

Surface crystalline structures of the samples were analyzed using TF-XRD (Model
RNT-2500, Rigaku Co., Akishima, Tokyo, Japan), employing a CuKα X–ray source operating
at 50 kV and 200 mA. The glancing angle of the incident beam was set to an angle of 1◦
against the sample surface.

2.3.3. Scratch Resistance Measurements

The scratch resistance of the surface layer formed on the Ca–heat-treated samples with
or without gelatin layer was measured using a thin film scratch tester (Model CSR-2000,
Rhesca Co., Hino, Tokyo, Japan). A stylus with a diameter of 5 μm with a spring constant of
200 g/mm was employed and pressed onto the samples with a loading rate of 100 mN/min,
an amplitude of 100 μm and a scratch speed of 10 μm/s, based on the data in the JIS R-3255
standard (Japanese Industrial Standard R-3255, Test methods for adhesion of thin films on

3
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glass substrate). Five areas were measured for each sample, and their averaged values and
standard deviations were used.

2.3.4. Dissolution of Gelatin

The samples with the gelatin layer with CaCl2 and MA additives subjected to TCL
treatment were immersed in 2 mL of phosphate buffered saline (PBS) and gently shaken
at a speed of 50 strokes/min at 36.5 ◦C. The Ca2+ ion concentrations released in PBS as a
result of gelatin dissolution (the solvent/sample ratio was 2 mL/2.4 cm2) were measured
by inductively coupled plasma emission spectroscopy (ICP, SPS3100, Seiko Instruments
Inc., Chiba, Japan) after the determined periods of soaking up to 7 days. The PBS solution
was refreshed at each determined period, and the measurement was repeated 3 times for
independently prepared samples. Their averaged values and standard deviations were
calculated. The released MA concentration was estimated from the Ca2+ ion concentrations
under the assumption of homogeneous Ca2+ ion distribution in a gelatin layer.

2.4. Apatite Formation

The samples with the gelatin layer with or without additives of CaCl2 and/or (NH4)2HPO4
were immersed in 24 mL of a pre-warmed simulated body fluid (SBF, 36.5 ◦C) with ion
concentrations nearly equal to those of human blood plasma for 7 days at 36.5 ◦C [35]. After
removal from the SBF, apatite formation on the sample surface was observed by FE-SEM
and TF-XRD.

2.5. Statistical Analysis

Statistical tests were performed with a library of statistical software tools (R language;
version 3.6.1, The R Foundation, Vienna, Austria). The normality of the scratch resistance
measurement results was tested by the Shapiro–Wilk test. As a result, normality was not
rejected for all data. The comparison between the control group and the other groups
was tested by the multi-group test (Dunnett’s test). The significance level for all statistical
analyses was p < 0.05.

3. Results

3.1. Viscosity of Gelatin

The viscosity of the 5% gelatin solution was 3.5 mPa·s, and this increased to 15.1 and
184.2 mPa·s with increasing gelatin concentration to 10 and 20%, respectively, as shown in
Figure 1. The addition of 100 mmol/L CaCl2 and 50 μmol/L MA into 10% gelatin slightly
increased the viscosity to 16.6 mPa·s.

Figure 1. The viscosity of the gelatin solution as a function of gelatin concentration.

4
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3.2. The Surface Characteristics

Figure 2 shows the surface and cross-sectional SEM images of Ti–6Al–4V samples
subjected to Ca–heat, and subsequent DC treatment without and with the additives. After
the Ca–heat treatment, a nano-structured three-dimensional network surface layer with
1.7 μm thickness was produced on the alloy substrate. This layer was composed of cd–CT,
rutile and anatase as reported in our previous study [17].

Figure 2. Surface and cross-sectional SEM images of Ca-heat treated Ti–6Al–4V alloy subjected to dip
coating with various additives and subsequent thermal cross-link treatment.

When the treated sample was dipped in 5% gelatin solution, only slight modification
with the gelatin was observed. In contrast, the surface morphology became smooth due
to the complete surface coverage by the gelatin when the metal sample was dipped in
10% gelatin (see CT10G). Cross-sectional observation of CT10G revealed that the gelatin
permeated through the nano-structured network to form an inorganic–organic composite
layer approximately 2 μm in thickness. The thickness of the gelatin layer increased to
about 25 μm by increasing the gelatin concentration to 20%, accompanied by a deposition
of a single and thick gelatin layer on the inorganic–organic composite. The additives of
100 mmol/L CaCl2 and 50 μmol/L MA did not apparently affect the thickness of the 10%
gelatin coating. The surface and cross-sectional morphologies were maintained even after
the TCL treatment.

Table 2 shows the chemical composition of the sample surfaces. The amounts of 2.9%
Ca and 23.9% Ti were detected on the sample CT, and these values decreased with the
DC treatment using 5–20% gelatin solution: the higher the gelatin concentrations, the

5
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lower the Ca and Ti amounts. In contrast, the amount of carbon increased with increasing
gelatin concentration. These results are consistent with the SEM results, in which a thicker
gelation layer was observed on the DC sample using higher concentration of gelatin. Some
amounts of Ca and/or P attributed to the additives were detected on the DC samples when
the CaCl2 and/or (NH4)2HPO4 were added in the gelatin solution (see the samples of
“CT10G + MA + Ca”, “CT10G + MA + P” and “CT10G + MA + Ca and P”). The surface
chemical composition of CT10G + MA + Ca was maintained even after TCL treatment for
72 h.

Table 2. EDX results on the Ti–6Al–4V alloy surfaces treated with Ca–heat followed by gelatin coating
and thermal crosslinking.

Sample
Element/at.%

C O Ti Al V Ca P Na Cl

Untreated 5.4 ± 1.2 0.0 ± 0.0 80.9 ± 0.9 9.4 ± 0.1 4.3 ± 0.2 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0
CT 7.4 ± 0.5 64.4 ± 0.4 23.9 ± 2.9 0.6 ± 0.1 0.8 ± 0.1 2.9 ± 0.2 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0

CT5G 27.9 ± 1.7 53.5 ± 0.9 15.7 ± 0.6 0.4 ± 0.0 0.4 ± 0.1 2.0 ± 0.1 0.0 ± 0.0 0.2 ± 0.0 0.0 ± 0.0
CT10G 61.3 ± 2.9 35.4 ± 1.6 2.3 ± 1.1 0.0 ± 0.0 0.1 ± 0.0 0.5 ± 0.2 0.0 ± 0.0 0.3 ± 0.0 0.2 ± 0.0
CT20G 63.9 ± 1.0 35.6 ± 1.1 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 0.3 ± 0.1 0.1 ± 0.0

CT10G + MA + Ca 64.6 ± 0.3 32.1 ± 0.4 0.1 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 0.8 ± 0.1 0.0 ± 0.0 0.3 ± 0.0 2.0 ± 0.1
CT10G + MA + P 66.7 ± 0.2 32.3 ± 0.3 0.2 ± 0.1 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 0.4 ± 0.0 0.1 ± 0.0 0.2 ± 0.0

CT10G + MA + Ca and P 63.1 ± 3.8 32.6 ± 1.7 0.4 ± 0.8 0.0 ± 0.0 0.0 ± 0.0 0.4 ± 0.6 0.4 ± 0.5 0.4 ± 0.1 2.5 ± 0.6
CT10G + MA + Ca + 72TCL 65.4 ± 0.1 30.8 ± 0.2 0.2 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 1.0 ± 0.0 0.0 ± 0.0 0.3 ± 0.0 2.4 ± 0.1

The TF-XRD profiles in Figure 3 show that the peaks of cd–CT and rutile were detected
on the sample CT, and these remained after DC treatment using 5% gelatin solution.
In contrast, their intensities decreased with increasing gelatin concentration due to the
development of the gelatin layer. Although the sole addition of CaCl2 or (NH4)2HPO4
into the MA-containing gelatin solution did not apparently change the profiles of CT10G,
the addition of both CaCl2 and (NH4)2HPO4 generated large peaks attributed to brushite,
indicating precipitation of brushite particles in the gelatin solution. The profile of the
sample CT10G + MA + Ca was not apparently changed even after the TCL treatment for
72 h.

Figure 3. XRD profiles of Ca–heat-treated Ti–6Al–4V alloy subjected to dip coating with various
additives and subsequent thermal cross–link treatment.

Critical scratch loads of the samples measured by scratch tester are summarized in
Table 3. The critical scratch load was 42.6 mN for the CT sample, and this value increased
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to 47.2 and 54.0 mN for the CT5G and CT10G samples, respectively. Statistically significant
differences were observed between CT and CT10G (p < 0.001). Similar values were observed
on the 10% DC-treated samples with the additives and subsequent TCL treatment, in which
statistically significant differences (p < 0.001) were detected on all the samples except
CT10G + MA + Ca (p = 0.092). For the comparison, the critical scratch load on the 10% DC-
treated alloy without cd–CT layer was measured, which was as low as 4.1 mN (p < 0.001).

Table 3. Critical scratch loads of the Ti–6Al–4V treated with Ca–heat followed by gelatin coating and
thermal crosslinking.

Sample. Critical Scratch Load/mN
Statistically Significant

Difference

CT 42.6 ± 3.3 -
CT5G 47.2 ± 6.6 (p = 0.3428)

CT10G 54.0 ± 4.6 † (p < 0.001)
CT10G + MA + Ca 49.0 ± 2.5 (p = 0.092)
CT10G + MA + P 59.4 ± 4.4 † (p < 0.001)

CT10G + MA + Ca + P 54.6 ± 4.0 † (p < 0.001)
CT10G + MA + Ca + 72TCL 55.0 ± 3.7 † (p < 0.001)

10G * 4.1 ± 0.3 † (p < 0.001)
* 10% gelatin was dip-coated without Ca-heat treatment. † Statistical significant difference toward CT (p < 0.05).

3.3. Apatite Formation

Figure 4 shows the SEM images of the treated samples after being soaked in SBF for
7 days. Apatite particles fully deposited on the CT and CT5G samples, while they partially
deposited on the CT10G and CT20G samples. When the CaCl2 or (NH4)2HPO4 was solely
added into the 10% gelatin solution, apatite formation increased to be fully deposited
on the sample surfaces (CT10G + MA + Ca, CT10G + MA + P). In contrast, scarce and
inhomogeneous apatite formation was observed when both CaCl2 and (NH4)2HPO4 were
added into the gelatin solution (CT10G + MA + Ca and P).

Figure 4. SEM images of surfaces of Ca–heat-treated Ti–6Al–4V alloy soaked in SBF for 7 days
following dip coat treatment with various additives.

Figure 5 shows XRD profiles of these samples. The peaks at around 26 and 32 de-
grees in 2θ that are attributed to hydroxyapatite were observed on all the samples, while
CT10G + MA + Ca + P showed the smallest peak intensity.

7
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Figure 5. XRD profiles of surfaces of Ca–heat-treated Ti–6Al–4V alloy soaked in SBF for 7 days
following dip coat treatment with various additives.

When the 10%-DC samples with the additives of Ca or P were subjected to TCL
treatment, the former maintained its apatite formation even after 72 h of TCL treatment
(Figure 6). On the contrary, the latter lost its apatite formation within 3 h of TCL treatment.

 

Figure 6. SEM images of surfaces of Ca–heat-treated Ti–6Al–4V alloy soaked in SBF for 7 days
following dip coat and subsequent thermal cross-link treatment.

3.4. Gelatin Dissolution

Gelatin dissolution of the sample CT10G + MA + Ca with or without TCL treatment
for the periods of 3–72 h was examined by measuring the Ca amount in PBS after the
determined soaking period. The released MA concentration was calculated from the disso-
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lution rate under the assumption that Ca is homogeneously distributed in gelatin. It can be
seen in Figure 7 that Ca ions were rapidly released within 6 h and reached a stable value
after 6 h for CT10G + MA + Ca, suggesting that the gelatin almost completely dissolved
within 6 h. The initial gelatin dissolution rate decreased with increasing the periods of
TCL treatment up to 72 h, indicating that the TCL treatment effectively suppressed gelatin
dissolution. The total amount of MA released into PBS after 7 days was calculated to be
0.13 and 0.10 μmol/L for CT10G + MA + Ca and CT10G + MA + Ca + 72TCL, respectively.
When the sample surfaces after being soaked in PBS for 7 days were observed under SEM,
it was found that some amount of gelatin remained on the sample treated with TCL for 72 h,
while almost complete dissolution of gelatin was observed on other samples (Figure 8). The
cd–CT layer with nano-scaled network morphology remained even after the dissolution of
gelatin for all of the samples.

Figure 7. Calcium ion release into PBS from the sample CT10G + MA + Ca without or with thermal
cross-link treatment for periods of 3–72 h. The released minodonate was estimated from the Ca ion
concentration in PBS for each soaking period.

Figure 8. SEM images of the surfaces of the sample CT10G + MA + Ca without or with thermal
cross-link treatment for periods of 3–72 h that were soaked in PBS for 7 days.

4. Discussion

A three-dimensional network structure composed of the bioactive cd–CT was initially
produced on Ti–6Al–4V alloy by the Ca–heat treatment. It was shown that the cd–CT layer
is hydrophilic and has superior scratch resistance, chemical durability, abundant Ti–OH
groups, and reliable apatite-formation capability for inducing bone-bonding [7,17–19]. The
remarkable bone-bonding capacity of the cd–CT was reported in our previous reports, in
which Ti and Ti–Zr–Nb–Ta system alloys such as Ti-15Zr–4Nb–4Ta exhibited significantly
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higher critical detaching failure load and bone contact area than untreated Ti even in
an early period of 4 weeks after implantation [19]. When the cd–CT was formed on the
Ti–6Al–4V pedicle screw by the Ca–heat treatment, it exhibited higher extraction torque
compared with the untreated screw [7]. It was also demonstrated that many bone fragments
remained on the treated metals in both cases [18], indicating that fracture occurred not
at the bone–implant interface but in the bone itself. Nevertheless, osteoinductivity and
osteogenesis, in addition to osteoconductivity, are also desired in order to achieve further
reliable bone regeneration, which are usually induced by functional organic materials
such as cytokines, proteins and drugs [36]. In this study, the bioactive cd–CT layer was
dipped into the medical-grade gelatin solution including MA to form an inorganic–organic
composite releasing a bisphosphonate drug for the treatment of osteoporosis bone.

Generally, it is challenging to achieve high adhesion between the metal substrate
and polymer coatings due to large differences in surface energy between the metal and
polymer [37]. In the present study, the gelatin easily penetrated into the 3D network
structure due to the hydrophilic nature of the cd–CT. Its coating thickness increased with
the increase in gelatin concentration as a result of the increased viscosity of the gelatin
solution (Figure 1). When the 10% gelatin was used, the thickness of the gelatin coating
became comparative to that of the cd–CT layer (Figure 2), which seems to be suitable
for practical use. Therefore, we determined the 10% gelatin, and thus the corresponding
viscosity of 15.1 mPa·s, as an optimized condition. It was also confirmed that the thickness
of the coated gelatin as well as the viscosity of the gelatin solution was almost not affected
by the additives such as MA, CaCl2 and (NH4)2HPO4 (Figures 1 and 2). Thus, the produced
inorganic–organic composite layer exhibits a high scratch resistance of about 50 mN owing
to an interlocking effect between the 3D network frames of cd–CT and gelatin matrix.

When the gelatin-coated alloy with the cd–CT layer was soaked in SBF, its apatite
formation decreased with an increasing gelatin concentration (Figure 4). Since the apatite
formation on the Ti and its alloys with cd–CT was attributed to the release of Ca2+ ions
from the cd–CT and abundant Ti–OH groups [17,38,39], the decrease in apatite formation
on the gelatin-coated alloys was probably due to the suppression of Ca2+ ion release and
the hiding of Ti–OH groups by the coated gelatin. When the CaCl2 or (NH4)2HPO4 as well
as MA were solely added to the gelatin, the coated alloys formed apatite fully on their
surfaces. The increased apatite formation might be due to the Ca2+ or HPO4

2− ions that
were released from the dissolved gelatin in SBF. Interestingly, scarce and inhomogeneous
precipitation of apatite was observed on the DC-treated alloy with the additives of both
CaCl2 and (NH4)2HPO4. This may be caused by rapid calcium phosphate precipitation
in the gelation solution before the soaking in SBF. Indeed, brushite peaks were detected
on the sample surface by XRD (Figure 3). It is seen in Figure 6 that the additives of
CaCl2 were also effective in inducing apatite formation even for the TCL-treated alloys
while (NH4)2HPO4 was not. This might be because the rate of gelatin dissolution was
suppressed by the TCL treatment, suggesting that calcium ions are more effective for apatite
formation than phosphate ions by effectively increasing the ionic activity product of apatite,
Ca10(PO)4(OH)2, than phosphate ions.

When the gelatin-coated alloy without TCL treatment was soaked in PBS, its gelatin
layer rapidly dissolved within 6 h. It has been reported that thermal and chemical crosslink-
ing can enhance the physical durability of gelatin [34,40]. In the present study, the thermal
crosslinking method developed by Tsujimoto et al. was adopted to achieve slow dissolution
of gelatin. It can be seen in Figure 7 that the dissolution rate was significantly suppressed by
TCL treatment for 72 h. The estimated amount of MA released into PBS during the 7 days
from the treated alloy was 0.10 μmol/L, which is effective for suppressing the activity of
osteoclast cells [41]. Although the gelatin dissolved in a relatively short period of time
in the aqueous solution, the cd–CT layer is chemically stable, as shown in Figure 8. It is
expected that the treated layer with the composite of MA-containing gelatin and the cd–CT
layer slowly releases MA to improve the bone mass of surrounding tissue and bonds to
bone because of its apatite formation. Thus, the obtained bone-bonding is expected to
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be stable even after the dissolution of the gelatin layer, since the cd–CT layer is stable
even under a simulated body environment. Further in vivo studies using animal model of
osteoporosis are needed to prove the usefulness of the developed material for therapeutic
treatment for osteoporosis bone.

5. Conclusions

The novel composite layer of minodronate-containing gelatin and calcium-deficient
calcium titanate was produced on Ti–6Al–4V alloy. The treated alloy exhibited high scratch
resistance, apatite formation capacity and slow release of minodronate, effective for medical
treatment in osteoporosis bone, and thus should be useful for orthopedic implants.
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Abstract: The regulation of adhesion and the subsequent behavior of fibroblast cells on the surface
of biomaterials is important for successful tissue regeneration and wound healing by implanted
biomaterials. We have synthesized poly(ω-methoxyalkyl acrylate)s (PMCxAs; x indicates the number
of methylene carbons between the ester and ethyl oxygen), with a carbon chain length of x = 2–6,
to investigate the regulation of fibroblast cell behavior including adhesion, proliferation, migration,
differentiation and collagen production. We found that PMC2A suppressed the cell spreading, protein
adsorption, formation of focal adhesion, and differentiation of normal human dermal fibroblasts,
while PMC4A surfaces enhanced them compared to other PMCxAs. Our findings suggest that
fibroblast activities attached to the PMCxA substrates can be modified by changing the number of
methylene carbons in the side chains of the polymers. These results indicate that PMCxAs could be
useful coating materials for use in skin regeneration and wound dressing applications.

Keywords: PMEA analog polymers; coating materials; fibroblasts; cell behavior; wound dressing

1. Introduction

Coatings on implanted biomaterials play a pivotal role in regulating biological reac-
tions after implantation [1,2]. Various coating approaches such as covalent and physically
adsorbed coating have been developed to reduce biological reaction and improve bio-
compatibility [3,4]. To ensure biocompatibility, it is critical to control the contact between
the biomaterial surface and biological components, including proteins and cells [5]. Cell
adhesion and growth on biomaterials are indicators of biocompatibility, as these behav-
iors are involved in the adsorbed biological components and biological response on the
surface of the biomaterial [6,7]. Therefore, in order to develop better biomaterials, it is
necessary to understand the regulation of cell adhesion and its subsequent behavior on
the implant surface. The selection of a suitable surface for the implanted biomaterials is
also an important issue from the perspective of cell–material interactions. The interactions
between the surface of biomaterials and cells are responsible for regulating cell fate and
tissue regeneration.

Fibroblasts play an important role in tissue remodeling and wound healing [8,9].
Because their functions are related to the epidermal proliferation, differentiation, and
formation of extracellular matrix (ECM), fibroblast regulation is linked to the integration
or disintegration of biomaterials in tissue engineering and wound healing [8]. In the
regeneration of functional tissues, extracellular signals occasionally convert a quiescent
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state of fibroblasts into an active phenotype known as myofibroblasts, which are required
for inducing tissue connection and contraction [10,11]. Myofibroblasts create a type of
environment/network during tissue regeneration that results in cell differentiation, prolif-
eration, quiescence, and apoptosis. In the case of natural healing processes, they release
an excess amount of matrix proteins to promote faster healing. However, the over and
prolonged activation of myofibroblasts induces the formation of fibrotic tissues [12–14].
This promotes the development of numerous diseases and plays a major role in most
organ failure cases. Therefore, it is important to regulate the balance between fibroblast
recruitment and differentiation on the surface of implanted biomaterials.

Several groups have demonstrated that fibroblast behavior is controlled by modulat-
ing surface properties, including wettability, roughness, elasticity, micro and nanostructure,
polarity, and hydrophobicity [6,15–17]. These properties contribute to altering the signal
transduction via focal adhesion signaling, which is responsible for the dynamic relation-
ship between the integrins of cells adhered on surfaces and adhesive proteins, including
fibronectin (FN) and vitronectin [7,18,19]. In this regard, the surface properties, including
cell adhesiveness on the biomaterials, can be modified by a polymer coating on the sur-
face [20–22]. Therefore, the use of synthetic polymeric coatings on implanted biomaterials
can be a suitable approach for controlling cellular behavior. Our group has developed
a biocompatible poly(2-methoxyethyl acrylate) (PMEA) and its analogs as coating mate-
rials that exhibit excellent non-thrombogenicity and selective cell adhesivity [23–25]. In
addition, the mechanism underlying these properties is related to the hydrated water on
the PMEA analogs. Hydrated water can be classified into three types: non-freezing water
(NFW), intermediate water (IW), and free water, based on the mode of binding defined by
time-resolved infrared spectroscopy, nuclear magnetic resonance correction time, and differ-
ential scanning calorimetry (DSC) [26–28]. In particular, PMEA analogs modulate protein
adsorption and conformational changes on the surface according to the IW content [29–31].
Furthermore, PMEA analogs promote the adipogenesis of mouse adipocyte precursor cells
by suppressing the conformational change of adsorbed proteins and subsequent integrin
signaling [32]. These results indicate that PMEA analogs can modulate the amount and
conformation of the adsorbed protein, thereby regulating cellular behavior. Thus, we
hypothesized that PMEA analogs could be used as coating materials on biomaterials to
regulate fibroblast behavior, including adhesion, recruitment, and differentiation. However,
the relationship between fibroblast behavior and PMEA analogs with varying hydration
water contents has yet to be clarified.

Poly(ω-methoxyalkyl acrylate) (PMCxAs; where x indicates the number of methylene
carbons between the ester and ethyl oxygen) has been reported to be a PMEA analog poly-
mer that can systemically modulate hydrophobicity, hydration water content, and protein
adsorption [33]. Thus, we anticipated that PMCxAs with changes in carbon chain length
would modulate fibroblast behavior. Here, we evaluated fibroblast behavior, including
adhesion, migration, differentiation, and collagen secretion, on PMCxAs. PMCxAs were
developed as coating materials to regulate fibroblast behavior. Therefore, we examined the
attachment and growth of normal human dermal fibroblasts (NHDFs) on PMCxA-coated
substrates. To estimate the focal adhesion signaling activity, the formation of focal adhe-
sions and the amount of adsorbed FN were evaluated. Moreover, the expression of specific
proteins, cell migration, and collagen production were assessed to determine the activation
of NHDFs in response to the PMCxA properties.

2. Materials and Methods

2.1. Preparation of Polymer-Coated Substrates

Poly(2-methoxyethyl acrylate) (PMC2A), poly(3-methoxypropyl acrylate) (PMC3A), poly(4-
methoxybutyl acrylate) (PMC4A), poly(5-methoxypentyl acrylate) (PMC5A), and poly(6-
methoxyhexyl acrylate) (PMC6A) were synthesized as described previously [33], and their
chemical structures are represented in Figure 1. The toluene solutions (0.5 wt.%/vol.%) of each
polymer were used to prepare the polymer substrates. Each polymer was spin-coated on

15



Coatings 2021, 11, 461

a polyethylene terephthalate (PET) disc (thickness = 125 μm) (Mitsubishi Plastics, Tokyo,
Japan) of 14 and 30 mm in diameter at 3000 rpm for 40 s. Then, the polymer-coated
substrates were dried and stored in a desiccator. Prior to each experiment, the prepared
substrate was sterilized by exposure to UV for 1 h.

Figure 1. Chemical structures of poly(ω-methoxyalkyl acrylates) (PMCxAs): (a) poly(2-methoxyethyl acrylate) (PMC2A);
(b) poly(3-methoxypropyl acrylate) (PMC3A); (c) poly(4-methoxybutyl acrylate) (PMC4A); (d) poly(5-methoxypentyl
acrylate) (PMC5A); (e) poly(6-methoxyhexyl acrylate) (PMC6A).

2.2. Contact Angle Measurement

The contact angles of each prepared polymer substrate were measured using two
techniques: sessile water droplet and captive air bubble. The droplet method was executed
by placing 2 μL of water droplets on the five positions of the substrate. For captive bubble
measurement, the prepared polymer substrates were immersed in water for 24 h. Then,
2 μL of air bubbles were injected at the three positions beneath the substrate.

2.3. Cell Culture

NHDFs (Lonza, Warsaw, Poland) were cultured in a media consisting of Dulbecco’s
modified Eagle’s medium/nutrient mixture (DMEM/F12) (1:1), 10% (v/v) fetal bovine
serum, and 1% (v/v) penicillin-streptomycin (all from Thermo Fisher Scientific, Waltham,
MA, USA). Prior to the experiment, cells were isolated from the culture dish using 0.25%
trypsin/EDTA solution (Thermo Fisher Scientific, Rockford, IL, USA).

2.4. Cell Attachment and Proliferation Assays

Cell proliferation assays were performed using 24-well plates. For the proliferation
assay, NHDFs were cultured on each PMCxA-coated PET substrate (ϕ = 14 mm) at a
density of 5 × 103 cells/cm2 for 24, 96, and 168 h. All substrates were pre-soaked in
phosphate-buffered saline (PBS) (−) and incubated for 1 h at 37 ◦C prior to cell seeding.
After the specified incubation time, the number of cells was determined from a standard
curve prepared using the colorimetric WST-8 assay (Dojindo Laboratories, Kumamoto,
Japan). The calcein reagent (Thermo Fisher Scientific, Rockford, IL, USA) was used to
stain living cells after 24 h of cultivation. Fluorescence images were captured to observe
living cells.

2.5. Quantification of Adsorbed Protein on Polymer Substrates

The amount of total adhered proteins was measured by performing a bicinchoninic
acid assay with the micro-BCA protein assay kit (Thermo Fisher Scientific, Rockford, IL,
USA) according to the manufacturer’s instructions. All polymer substrates with a diameter
of 30 mm were used in this experiment. First, the substrates were pre-soaked in PBS (−) for
1 h at room temperature. Then, protein solution (10 μg/mL in PBS (−)) was added to each
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well and incubated for 1 h at 37 ◦C. After protein adsorption, the substrates were rinsed
three times with PBS. Next, 5% (w/v) sodium dodecyl sulfate (SDS) (Bio-Rad Laboratories,
Tokyo, Japan) and 0.1 M NaOH solutions were added to 6-well plates and incubated at
37 ◦C for 2 h. The surface of the substrate was scratched using a cell scraper to peel off
the adsorbed protein from the substrate. Finally, the extracted protein solution was mixed
with BCA solution to measure the absorbance at a wavelength of 562 nm. The amount of
adsorbed protein was calculated using the standard curve.

2.6. Immunocytochemical Analysis

Before starting the experiment, the prepared substrates were pretreated with PBS,
following cell attachment and proliferation assays. NHDFs (1 × 104 cells/cm2) were
seeded on each PMCxA-coated substrate (ϕ = 14 mm) and incubated for 24 h. After
culturing, the cells were fixed using 4% (w/v) paraformaldehyde (Fujifilm Wako Pure
Chemical Corporation, Osaka, Japan) and incubated at 37 ◦C for 10 min. Then, 0.5%
(v/v) Triton X-100 (Fujifilm Wako Pure Chemicals Co., Ltd., Osaka, Japan) in PBS (−) was
added to permeabilize the cell membranes. The substrates were then treated with mouse
monoclonal anti-human vinculin antibody (VIN-11-5; Sigma-Aldrich, St. Louis, MO, USA)
(1:400) diluted in 1% (w/v) BSA dissolved in PBS (−) for 90 min at room temperature, and
subsequently treated with Alexa Fluor 488-conjugated anti-mouse IgG (H + L) antibody
(1:1000 dilution), Alexa Fluor 568-conjugated phalloidin (1:100 diluted), and 4′,6-diamidino-
2-phenylindole (1:1000 diluted) (all from Thermo Fisher Scientific, Waltham, MA, USA)
for 1 h at room temperature. After performing these steps, the fluorescence images were
captured using a confocal laser-scanning microscope (CLSM) (FV-1000; Olympus, Tokyo,
Japan). Cell area and circularity were evaluated quantitatively using ImageJ software
(version 1.53C, Bethesda, MD, USA).

2.7. Western Blotting

NHDFs (1 × 104 cells/cm2) were cultured on PMCxA substrates (ϕ = 30 mm) for
24 h. The cells were washed twice with PBS and lysed with RIPA buffer (Fujifilm Wako
Pure Chemical Corporation, Osaka, Japan) containing phosphatase (Nacalai Tesque, Kyoto,
Japan) and protease inhibitors (Nacalai Tesque, Kyoto, Japan). The collected cell lysate was
centrifuged at 12,000 rpm for 10 min at 4 ◦C. The supernatant was mixed with Laemmli
buffer (Bio-Rad) containing 10% 2-mercaptoethanol and incubated at 95 ◦C for 3 min. For
the collected solution, SDS-polyacrylamide gel electrophoresis (SDS-PAGE) was performed
on a 4–20% gradient polyacrylamide gel (Bio-Rad, Hercules, CA, USA) for 50 min at
150 V. The separated proteins on the gels were transferred onto a polyvinylidene fluoride
membrane (Bio-Rad, Hercules, CA, USA) using a Trans-Blot turbo transfer system (Bio-Rad,
Hercules, CA, USA). The protein-transferred membrane was blocked with 5% skim milk
or 5% BSA dissolved in TBS-T (20 mM Tris-HCl, 500 mM NaCl, 0.1% Tween-20, pH 7.5)
for 60 min at room temperature. The primary antibodies were diluted with 5% skim milk
or 3% BSA dissolved in TBS-T, added to the membrane, and incubated at 4 ◦C overnight.
Rabbit monoclonal anti-Snail antibody (C15D3; Cell Signaling Technology, Tokyo, Japan)
(1:1000 dilution), rabbit monoclonal anti-α-SMA antibody (E184; Abcam, Cambridge, UK)
(1:1000 dilution), mouse monoclonal anti-vimentin antibody (10366-1-AP; Proteintech,
Rosemont, IL, USA) (1:2000 dilution), and mouse monoclonal anti-β-actin antibody (6D1;
MBL, Tokyo, Japan) (1:1000 dilution) were used as primary antibodies. Next, the membrane
was washed with TBS-T and treated with horseradish peroxidase (HRP)-conjugated goat
anti-mouse IgG (MBL, Tokyo, Japan) (1:10,000 dilution) or HRP-conjugated goat anti-rabbit
IgG (MBL, Tokyo, Japan) (1:10,000 dilution) for 60 min at room temperature. The membrane
was then washed with TBS-T and treated with ImmunoStar Zeta (Wako, Tokyo, Japan).
Chemiluminescence images of the membrane were acquired using LuminoGraphI (WSE-
6100; ATTO, Amherst, NY, USA). The band intensity of the captured images was measured
using ImageJ software(version 1.53C, Bethesda, MD, USA).
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2.8. Cell Migration Test

Cell migration experiments were performed in 6-well plates. First, NHDFs were
cultured on PMCxA-coated substrates (ϕ = 30 mm) at 1 × 104 cells/cm2 in 6-well plates
and incubated at 37 ◦C. Then, the cell monolayer surface was scratched using a rubber
cell scraper. Finally, cell migration was observed at 0, 24, and 48 h after the scratch and
the images were captured using a phase-contrast microscope. The migration area was
determined using Image J software and estimated as (A0 − At), where A0 is the initial
wound area and At is the wound area at the desired time (t). Then, the migration area was
plotted against migration time, and finally, the rate of migration was calculated from the
slope of this curve as slope/2l, where l is the length of the wounded region [34].

2.9. Collagen Production Measurement

NHDFs-secreted collagen was quantified using a collagen assay kit. For this experi-
ment, the cells were seeded at a density of 2 × 104 cells/cm2. L (+)-ascorbic acid sodium
salt (1 mM) (Fujifilm Wako Pure Chemical Corporation, Osaka, Japan) was added as a
supplement after 24 h of incubation at 37 ◦C to increase collagen production [35,36]. The
media were collected after 7 days of cell culturing with supplements. The amount of
collagen was normalized to the DNA concentration, as determined by the Picogreen assay
(Thermo Fisher Scientific, Rockford, IL, USA).

2.10. Statistical Analysis

Data from at least three separate tests are presented as the mean ± standard deviation
(SD). Significance tests were performed using one-way analysis of variance (ANOVA)
followed by Tukey’s post hoc test for multiple comparisons. Statistical significance was set
at p < 0.05.

3. Results and Discussion

3.1. Physicochemical Properties of PMCxA-Coated Substrates

Poly(ω-methoxyalkyl acrylate)s (PMCxAs; where x indicates the number of methylene
carbons between the ester and ether oxygen) was synthesized following a previously
reported method [33]. PMCxAs with a carbon chain length of x = 2–6 were used. PMC2A
has the same chemical structure as PMEA. As per the previous report, the physicochemical
properties, including molecular weight (Mn), glass transition temperature (Tg), IW content,
and NFW content, were determined (Table 1). Tg, the transition temperature of the polymer
from the glassy state to the rubbery state, is ascribed to the mobility of the polymer
chain [37]. Tg decreased with an increasing length of the alkyl side chain under both
dry and wet conditions, suggesting that the mobility of the polymer chains increased
with the length of the alkyl side chain. Under wet conditions, the Tg values of PMCxAs
were lower than those under dry conditions. The values of Tg decreased in the following
order: PMC2A > PMC3A > PMC4A > PMC5A > PMC6A. Because the hydration of the
polymer influences Tg, we calculated the hydration water content, such as IW and NFW, in
PMCxAs [33]. The hydration water content of PMCxAs showed a steady decrease in the
amount of IW along with the amount of NFW upon the introduction of the hydrophobic
methylene carbon in the side chain.

To evaluate the cell adhesion behavior on PMCxAs, PMCxA-coated PET substrates
were fabricated using spin-coating methods. Because the hydrophilicity on the surface is one
of the parameters to modulate cell behavior, PMCxA-coated substrates were characterized
by evaluating the contact angle to determine the hydrophilicity on the surface (Table 2).
The contact angle values derived from each polymer-coated substrate were distinct from
those of the uncoated PET substrate (86.4◦ in air and 129.2◦ in water), indicating that
every polymer was coated properly. In the case of the sessile drop technique, the water
contact angle increased with an increasing side chain alkyl length, suggesting that the
hydrophilicity of polymers decreased with increasing side chain alkyl length. The contact
angle values obtained with the captive air bubble method showed similar tendencies as the
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sessile water drop, indicating that the hydrophilicity of the hydrated PMCxAs was similar
before hydration. Therefore, the physicochemical properties of the PMCxAs showed that
the side chain length affected the properties of the polymers.

Table 1. Physicochemical and thermal properties of PMCxAs [33] Copyright © 2017, American
Chemical Society.

Scheme
Mn

Mw/ Mn
Tg dry

a Tg wet
a IW b NFW c

(kg/mol) (◦C) (◦C) (wt.%) (wt.%)

PMC2A 32 1.3 −35 −51 3.7 2.5
PMC3A 33 2.7 −48 −58 2.8 3.1
PMC4A 24 2.4 −65 −67 1.7 1.3
PMC5A 31 2.8 −74 −78 1.0 1.5
PMC6A 42 2.7 −77 −78 0.8 1.3

a Measured by DSC performed at a rate of 5 ◦C/min, b intermediate water (IW), and c non-freezing water (NFW).

Table 2. Contact angle of PET substrate coated with PMCxAs. The data represent the mean ± SD
(n = 5).

Samples
Contact Angle (◦)

Sessile Water Drops a Captive Air Bubble a

PET 86.4 (± 1.1) 129.2 (± 1.0)
PMC2A 44.2 (± 0.6) 133.6 (± 1.0)
PMC3A 51.1 (± 0.4) 129.5 (± 1.7)
PMC4A 54.4 (± 0.7) 125.7 (± 1.7)
PMC5A 57.3 (± 0.2) 120.3 (± 0.6)
PMC6A 61.0 (± 0.6) 119.4 (± 3.7)

a Sessile water drops method by placing a 2 μL water droplet for 30 s and a captive air bubble method by placing
2 μL air bubble on the substrates immersed in water for 24 h.

3.2. Cell Attachment and Proliferation Assay

In the field of designing and improving biomaterials, the capacity for cell attachment
is considered an important factor. The physicochemical properties of the surface affect
the behavior of adhered cells on the substrates, including proliferation, cell signaling
pathways, and cell differentiation [38]. Initially, we examined NHDFs’ morphology on
each PMCxA substrate at 24 h. To visualize adhered NHDFs, they were stained using a
calcein reagent, as shown in Figure 2a. Most of the adhered NHDFs on every substrate
showed green fluorescence signals attributed to living cells. The cells were found to
spread on uncoated PET substrate as well as on PMC4A, PMC5A, and PMC6A-coated
substrates after 24 h of culture. In contrast, on the PMC2A- and PMC3A-coated substrates,
cells retained their circular shape. In addition, the number of adhered cells on PMCxA
substrates at a predetermined time was measured using the colorimetric WST-8 assay, as
shown in Figure 2b. Over 60% of the initially seeded cells adhered to the uncoated PET,
PMC4A, PMC5A, and PMC6A-coated substrates within 24 h. The number of adhered cells
on the PMC4A was approximately 76% of initially seeded cells and the highest among all
substrates. The PMC2A and PMC3A significantly reduced the number of attached cells
compared to other substrates. After 96 h and 168 h of incubation, the number of cells
on the substrates decreased in the following order: PMC4A > PMC6A > PMC5A > PET
> PMC3A > PMC2A. Although there was an almost two-fold increase in the number of
adhered cells on all substrates at 96 h, it showed a five-fold and a seven-fold increase on
PMC2A and PMC4A at 196 h, respectively. Therefore, the proliferation of cells on PMC2A
was significantly lower than that on PET and other substrates at all time intervals, while
the proliferation of cells on PMC4A was significantly higher than that of other substrates.
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Figure 2. (a) Calcein staining images for NHDFs adhered on PET, PMC2A, PMC3A, PMC4A, PMC5A, and PMC6A after 24 h
of incubation (scale bars = 100 μm). (b) The number of adhered NHDF on PMCxA-coated substrates at 24, 96, and 168 h. The
data represent the mean ± SD (n = 3, a p < 0.05 compared with PET, b p < 0.05 compared with PMC2A, c p < 0.05 compared
with PMC3A, d p < 0.05 compared with PMC5A, e p < 0.05 compared with PMC6A; Tukey’s multiple comparisons test).

Guerra et al. reported that the stiffness of the substrate has an impact on cellular
behavior [39]. In their study, MC3T3-E1 cells were cultured on substrates coated with
poly(n-alkyl acrylate)s with various lengths of side-chain alkyl groups with different me-
chanical stiffnesses. The substrate stiffness declined linearly with an increasing side chain
alkyl length, leading to better cellular interactions on the stiffer substrate compared to
the flexible substrate. In our results, we found that the cell adhesion and proliferation of
NHDFs were modulated on the substrates coated with PMCxAs, of which the chemical
structures were similar to the methoxy groups at the side chains. This suggests that the
mechanical stiffness of substrates based on the side chain of PMCxAs might be one of the
factors affecting cell adhesion and proliferation, although the stiffness of the surface of
PMCxA coatings has not been measured in the present study. However, PMC4A exhibited
excellent cell adhesion behavior and proliferation (Figure 2a). The physicochemical proper-
ties, such as wettability, surface energy, the balance of hydrophilicity and hydrophobicity,
roughness, polymer chain mobility, chemical functionalities, and hydration water content,
are known to affect cell behavior [16,40]. Since PMCxA altered these properties, the cells
adhered to the PMCxAs would be influenced by the balance of the hydrophilicity and
hydrophobicity of polymers, and the hydration water content of polymers.
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3.3. Quantification of Adsorbed Protein on Polymer Substrates

The amount and conformational changes of adsorbed proteins, such as FN and vit-
ronectin, are another important factor that may be involved in the cell attachment pro-
cess [41,42]. The amount of adsorbed FN on the substrates is likely to affect NHDFs’
adhesion. Therefore, the amount of adsorbed FN on the PMCxA-coated substrate was
analyzed, as shown in Figure 3. The amount of adsorbed FN on the substrates increased
with an increase in the carbon length up to PMC4A but decreased for PMC5A and PMC6A
compared to PMC4A. The amount of adsorbed FN on PMC2A was significantly lower,
while that on PMC4A was significantly higher than that on PET and other substrates,
except for PMC6A. Considering the number of adhered NHDFs on the PMCxA substrates,
the adsorbed FN on PMC4A enhanced the adhesion and proliferation of NHDFs, whereas
PMC2A suppressed NHDFs’ adhesion. Our group has previously clarified that the pres-
ence of IW within or on the hydrated polymer surface acts as a repulsive barrier between
the proteins and the substrate, leading to poor interactions between them [9,10]. A previ-
ous study on a PMEA analog PMCxA-coated substrate demonstrated that the amount of
adsorbed fibrinogen increased as the side chain increased, implying that hydrophobicity
was an essential factor [33]. Moreover, another study indicated that the enhancement of
the adsorbed protein layer was correlated with the mobility of the polymer surface [37].
Therefore, the FN adsorption was also modulated by hydration water, the balance of
hydrophilicity and hydrophobicity, and polymer mobility.

Figure 3. Evaluation of adsorbed fibronectin on substrates coated with PMCxAs. The data represent
the mean ± SD (n = 15, a p < 0.05 compared with PET, b p < 0.05 compared with PMC2A, c p < 0.05
compared with PMC3A, d p < 0.05 compared with PMC5A; Tukey’s multiple comparisons test).

3.4. Immunocytochemical Assay

The physicochemical properties and adsorbed proteins on the biomaterial surface affect
cell adhesion behavior, cell signaling pathways, and cell differentiation. Focal adhesion
plays a crucial role in transmitting mechanochemical signals, together with integrin clusters,
providing strength between integrin and actin connections, and is a crucial factor in tissue
regeneration, maintenance, and repair via cell signaling for direct cell migration, prolif-
eration, and differentiation [43]. Therefore, cell morphology and the formation of focal
adhesions in cells are initial indicators of cell signaling pathways with cell adhesion on
biomaterial surfaces. Immunocytochemical assays for F-actin and vinculin were conducted
to evaluate the cellular functions of adhered NHDFs on the substrates (Figure 4a). Focal
adhesions were identified via the localization of actin filaments and vinculin [44]. NHDFs
were found to be entirely spread on PET, and several focal adhesions in the cells were
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observed on the PET through the thicker extension of actin filaments and the observation of
vinculin localization at the tip of actin filaments as a dot. However, on the PMC2A- and
PMC3A-coated substrates, actin, and vinculin were not fully developed, suggesting that
very few focal adhesions were observed on PMC2A and PMC3A. Although the shape of the
NHDFs showed spreading on PMC4A, PMC5A, and PMC6A, focal adhesion with denser
actin filament extension and vinculin localization was significant on the NHDFs adhered
to PMC4A compared to those on PMC5A and PMC6A. In addition, the cells adhered to a
coated substrate of PMCxAs were calculated using confocal images for various parameters,
including area, circularity, and aspect ratio (Figure 4b–d). The round shape of the cells was
observed on PMC2A- and PMC3A-coated substrates because of the limited spreading area,
high circularity, and low aspect ratio. Contrasting results, such as a larger spreading area, a
low circularity, and a higher aspect ratio, were observed on the PMC4A-coated substrate.
Typically, focal adhesions are known to occur through interactions between integrin and
ECM proteins [45,46]. In our previous reports, protein adsorption has already been shown to
be suppressed on PMEA analog-coated surfaces compared with tissue culture polystyrene
(TCPS) [25,32]. Hence, because of the adsorption of a limited amount of ECM proteins,
focal adhesion formation was suppressed on PMC2A- and PMC3A-coated substrates. In
contrast, the strong focal adhesion of cells on the PMC4A-coated substrate was attributed to
the higher amount of adsorbed FN (Figure 3).

3.5. Immunoblotting Studies

The adhesion of fibroblasts onto biomaterial surfaces is generally carried out through
the interaction between α5β1 or αvβ3 integrins and the cell-binding motif of adhesive
proteins [9,19]. Integrin signaling in fibroblasts is related not only to cell adhesion and
proliferation but also to fibroblast differentiation. Fibroblasts differentiate into α-SMA-
expressing myofibroblasts [47]. As a marker of fibroblast-to-myofibroblast differentiation,
the expression of α-SMA has already been recognized, the differentiation of which plays
a vital role in accelerating wound repair [21,48]. Snail and vimentin expression is also
associated with fibroblast differentiation and proliferation [49,50]. To further clarify the
cell behavior on the PMCxAs, we measured the differential expression of cytoskeletal
proteins, which could be a phenotypic marker of myofibroblasts, such as Snail, α-SMA,
and vimentin, by immunoblotting (Figure 5). The ratio of band strength was calculated to
assess the expression levels of proteins in cells (Figure 5b–d). Snail, α-SMA, and vimentin
were more highly expressed in cells cultured on the PMC4A-coated substrate than in
those cultured on other substrates. These results indicate that a robust integrin-dependent
interaction between PMC4A and NHDF may induce myofibroblast differentiation. The
function of FN in controlling cellular adhesion, migration, and differentiation has already
been reported [42].

3.6. Cell Migration Test

The modulation of fibroblast-to-myofibroblast differentiation and fibroblast migration
is essential for the development of wound dressing materials [51]. Cell migration is the
directionality of cells migrating toward the wounded area. To evaluate whether PMCxA
substrates could be utilized in wound healing, a migration test was performed using the
scratch procedure. The migration of NHDFs, migration area, and healing rate in the wound
region are shown in Figure 6a–c, respectively. Figure 6a shows that the area of the scratch
was significant at 0 h, while the region decreased from 0 to 24 and 48 h. The migration area
was found to increase over time (Figure 6b), which implies the migration of cells towards the
wound via autocrine or paracrine mechanisms [51]. Figure 6c also shows that the migration
rate of cells on the substrate coated with PMC2A (4.81 μm/h; slope from Figure 6b and
PMC3A (5.72 μm/h) was lower than that on the other substrates. It is crucial that the cells
on PMC4A substrates migrate rapidly to the scratched area, resulting in a rapid decline
in the area (12.47 μm/h). For PMC5A- and PMC6A-coated substrates, cells also migrated
to the scratched area. Although the migration rate was lower than that on PMC4A, the
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differences were not significant compared with those on PET and other substrates. The
fibroblast-to-myofibroblast differentiation is attributed to the expression of a phenotypic
marker of myofibroblasts and the increase in the migration of cells [49,50]. Therefore, it
suggested that the increase in the migration of NHDFs on PMC4A was accompanied by
the fibroblast-to-myofibroblast differentiation, whereas PMC2A suppressed the migration
of NHDFs and the differentiation.

Figure 4. (a) CLSM photos of PMCxA-coated substrates for focal adhesion formation. Blue: cell
nuclei; green: vinculin; red: actin fibers. Arrows indicate focal adhesion. Cell morphologies were
determined by (b) spreading area, (c) circularity, and (d) aspect ratios of NHDFs on PMCxA-coated
substrates calculated from CLSM images. The data represent the mean ± SD (n = 15, a p < 0.05
compared with PET, b p < 0.05 compared with PMC2A, c p < 0.05 compared with PMC3A, d p < 0.05
compared with PMC5A, e p < 0.05 compared with PMC6A; Tukey’s multiple comparisons test). Each
experiment was carried out at least three times.
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Figure 5. (a) Immunoblotting analysis for Snail, α-SMA, vimentin, and β-actin in NHDF cultured on
PET, PMC2A, PMC3A, PMC4A, PMC5A, and PMC6A. (b–d) The band intensity for (b) Snail/β-actin,
(c) α-SMA/β-actin, and (d) vimentin/β-actin (n = 3, * p < 0.05, *** p < 0.001, **** p < 0.0001; Tukey’s
multiple comparisons test).

Figure 6. (a) Microscopic images of cell migration of NHDFs, (b) migration area, and (c) rate of
migration on PMCxA-coated substrates (scale bar = 300 μm). The data represent the mean ± SD
(n = 5, a p < 0.05 compared with PET, b p < 0.05 compared with PMC2A, c p < 0.05 compared with
PMC3A, d p < 0.05 compared with PMC5A, e p < 0.05 compared with PMC6A; Tukey’s multiple
comparisons test).

24



Coatings 2021, 11, 461

3.7. Total Collagen Measurement

In wound healing, the function of collagen is associated with the attraction of fibrob-
lasts and the secretion of new collagen at the injured location [52]. To verify the possibility
of wound healing, it is important to determine whether the secretion of collagen from
NHDFs is promoted on PMCxA-coated substrates. In this experiment, a comparatively
higher density of NHDFs was plated on PMCxA-coated substrates to prevent proliferation
and accelerate collagen growth. The concentration of secreted collagen from the cells was
measured (Figure 7). Collagen secretion was significantly higher for substrates coated with
PMC4A than for other substrates. Collagen secretion for PMC5A- and PMC6A-coated
substrates was similar to that for PET. For PMC2A, however, a significantly lower collagen
output was observed in NHDFs. Hence, it suggested PMC4A could recruit the fibroblast
which secreted a large amount of collagen while the secretion of collagen from fibroblast
was reduced by PMC2A. The regulation of the amount of collagen plays an important role
in restoring the strength and function of wound tissue [52]. PMCxA may be utilized in the
wound healing process to adjust the amount of collagen to be suitable for the tissue.

Figure 7. Total soluble collagen production by NHDFs on PMCxA substrates. The data represent
the mean ± SD (n = 5, a p < 0.05 compared with PET, b p < 0.05 compared with PMC2A, c p < 0.05
compared with PMC3A, d p < 0.05 compared with PMC5A, e p < 0.05 compared with PMC6A; Tukey’s
multiple comparisons test).

In the present study, we revealed that PMC4A enhanced fibroblast-to-myofibroblast
differentiation, cell migration, and collagen synthesis and secretion in adhered NHDFs,
while PMC2A suppressed these functions in the cells. PMCxAs were polymers whose
properties, such as hydrophobicity, Tg, and hydration water content, were modulated
systematically with the change in the number of methylene carbons on the side chain.
Several studies have reported that cell migration, proliferation, and differentiation are
influenced by physicochemical properties such as stiffness and hydration water content on
the substrates. Engler et al. demonstrated that mesenchymal stem cells migrated to stiffer
regions on hydrogels with different degrees of stiffness, known as durotaxis [53,54]. Han
et al. reported that vascular smooth muscle cells were perceived to migrate towards the
low hydration side of poly(sodium 4-styrenesulfonate)/poly(diallyl dimethylammonium)
chloride multilayers with swelling differences [55]. Evans et al. reported that cells can
sense underlying stiff material through a soft layer at low (<10 μm) thickness [56]. Because
the thickness of the PMEA derivative polymer-coated layer, which was coated by almost
the same procedure as used in the present study on the PET substrates and was determined
to be around 80 nm, the effect of stiffness attributed to the PMCxA layer would not be
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predominant, but that of PET was [57]. Therefore, hydration water content, hydrophobicity,
and mobility of PMCxAs might affect the NHDFs’ behavior. We summarized the behavior
of NHDFs adhered to the PMCxAs as shown in Figure 8. By changing the number of
methylene carbons, PMCxAs-coating modulated the amount of adsorbed fibronectin,
hydrophobicity, and hydration water content on the substrates, leading to the change in
NHDFs’ behavior. However, the cell behavior did not change with the increasing number
of methylene carbons of PMCxAs, resulting in PMC4A bearing the intermediate properties
among PMCxAs’ significantly activated fibroblast behavior. Therefore, it suggested that
there was an optimal value of parameters of polymer to activate the cells. The detailed
mechanism of activation of cells by PMCxAs requires further investigation.

Figure 8. Schematic drawing of cellular behavior on PMCxA-coated substrates.

The required function of wound healing materials is different for wound type, phase,
and size [58]. In this regard, PMCxAs could tune the fibroblast behavior such as fibroblast-
to-myofibroblast differentiation, cell migration, and collagen synthesis and secretion with
the number of methylene carbon on the side chain. Hence, PMCxAs are anticipated to be
successful materials for use in wound healing, with the ability to modulate cellular function.

4. Conclusions

One aspect of modern medical treatment is the control of cellular behavior, includ-
ing adhesion, recruitment, and differentiation on the implant surface to avoid biological
rejection and accelerate tissue repair. Fibroblast cells have a variety of functions that are
mainly involved in the secretion of several cytokines and matrix proteins in the regulation
of the immune response and tissue regeneration [10]. Differentiated myofibroblasts from
fibroblasts induce the production of matrix proteins that allow dermal regeneration [11]. In
the present study, PMEA analog polymers (PMCxAs) were chosen as coating materials to
control the cell adhesion and growth behavior of fibroblasts, as the series of polymers mod-
ulate hydrophobicity, hydration water content, and protein adsorption by increasing the
number of methylene groups in the side chain. As a result, PMC4A coating was found to
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induce a greater spreading of cells, protein adsorption, focal adhesion formation, migration,
expression of α-SMA on NHDFs, and collagen production. By contrast, the activation of
NHDF adhered to PMC2A was lower than that adhered to other PMCxAs. According to the
analysis of fibroblast behavior regulation, PMCxAs show promise as coating materials for
biomaterials, such as biodegradable mesh-like materials for applications in wound healing.
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Abstract: Peri-implantitis, often induced by oral pathogens, is one of the main reasons for the clinical
failure of dental implants. The aim of this study was to investigate the biocompatibility, osteogeneic,
and antibacterial properties of a cerium oxide (CeO2) coating containing high proportions of Ce4+

valences on a titanium-based dental implant biomaterial, Ti-6Al-4V. MC3T3-E1 cells or bone marrow
stem cells (BMSCs) were seeded onto Ti-6Al-4V disks with or without CeO2 coating. Compared to the
control, the plasma-sprayed CeO2 coating showed enhanced cell viability based on cell counting kit-8
(CCK-8) and flow cytometry assays. CCK-8, colony-forming unit test (CFU), and live-dead staining
illustrated the antibacterial activity of CeO2 coating. Additionally, CeO2 coating upregulated the gene
expression levels of osteogenic markers ALP, Bsp and Ocn, with a similar increase in protein expression
levels of OCN and Smad 1 in both MC3T3-E1 cells and BMSCs. More importantly, the viability
and proliferation of Enterococcus faecalis, Prevotella intermedia, and Porphyromonas gingivalis were
significantly decreased on the CeO2-coated Ti-6Al-4V surfaces compared to non-treated Ti-6Al-4V.
In conclusion, the plasma-sprayed CeO2 coating on the surface of Ti-6Al-4V exhibited strong
biocompatibility, antibacterial, and osteogenic characteristics, with potential for usage in coated
dental implant biomaterials for prevention of peri-implantitis.

Keywords: CeO2 coating; antibacterial activity; biocompatibility; osteogenic differentiation

1. Introduction

Dental implantation, an indispensable and established dental therapy, is a widely adopted
replacement for missing teeth in various clinical situations. Nevertheless, evidence from recent
decades has shown an increasing presence of peri-implantitis associated with the use of dental
implants [1]. Peri-implant mucositis was detected in approximately 60.2% of implants in 73.1%
of patients, while peri-implantitis affected 12% of implants in 15.4% of patients [2]; The resultant
inflammatory processes damage both soft and hard tissues surrounding the implants, which were
attributed as a major cause of dental implant failures [3]. The occurrence of peri-implantitis is
primarily traced to the presence of gram-negative anaerobic microflora [4], of which the species
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Porphyromonas gingivalis (P.g.) and Prevotella intermedia (P.i.) are the dominant cause of periodontitis
and peri-implantitis [5]. In addition, traces of Enterococcus faecalis (E.f.) can be found in the osseous
environs of infected implants, indicating its involvement in peri-implantitis [6]. E.f. has been pervasive
in dental infections and was adopted as a test for abutment seals in dental implant designs [7,8].
Furthermore, E.f. is known to tolerate physiologically harsh environments such as high-pH alkaline
conditions and nutritional deficiency. Thus, it has been a recurrent challenge for dentists to eliminate
E.f. P.g. and P.i. in peri-implantitis.

Titanium (Ti)-based dental implants are widely employed due to their superior osseointegration
properties beneficial to the structural integrity and durability of the implants [9,10], with the titanium
alloy Ti-6AL-4V frequently adopted due to its intrinsic mechanical strength and resistance as compared
to pure titanium [11]. Due to severe consequences of peri-implantitis brought on the integrity of
dental implants, strategies for treatment or prevention of peri-implantitis are an important area of
discussion [12]. Much of the published strategies for peri-implantitis therapy focus on treatments similar
to those adopted for periodontitis [13–17]. Compared to treatment, prevention is the more important
strategy along with appropriate treatment planning, continuous check-up intervals, and professional
teeth/implant cleaning [1]. Currently, antibacterial surface coatings on dental implants have attracted
great attention due to the ease in applying on dental implant surfaces without impacting its physical
properties [18]. Various titanium-based dental implant surfaces can be obtained in different ways,
such as machining, acid etching, anodization, plasma spraying, grit blasting, or combination techniques
yielding materials with smooth or microroughened surfaces [19]. Thus, ideal surface coatings for
dental implants should prevent polymicrobial infection while enabling excellent osseointegration [20].
Plasma-sprayed biocoatings on Ti-6Al-4V, which have a significantly greater bonding strength compared
with Ti-6Al-4V substrata, are potential biomaterials for implant applications [21,22]. Previous research
has elucidated the osteogenic properties of cerium oxide (CeO2)-incorporated hydroxyapatite coatings
on Ti-6Al-4V [23]. Furthermore, previous work has shown that a higher percentage of Ce4+ valence
states promoted the osteogenic behaviors of bone marrow stem cells (BMSCs), potentially benefitting
its inclusion in dental implant applications [24]. However, the antibacterial of the high percentage of
Ce4+ in CeO2 coatings on Ti-6Al-4V implants has yet to be reported in literature.

In this study, a CeO2 coating with high percentage of Ce4+ valences was applied via plasma
spraying technique onto Ti-6Al-4V substrates. The antibacterial effects of CeO2 on E.f., P.g., and P.i.
were investigated in vitro via CCK-8, CFU, and live-dead cell staining assays, with flow cytometry
performed as further validation of the results. The biocompatibility and osteogenic activity of the
CeO2 coating on both MC3T3-E1 cells and human bone marrow stem cells (BMSCs) was evaluated by
CCK-8, real-time PCR, and Western blot.

2. Materials and Methods

The entire study was performed according to informed protocols approved by the Ethics Committee
of Shanghai Tenth People’s Hospital, Tongji University School of Medicine.

2.1. Preparation and Characterization of the CeO2 Coating

CeO2 powder was prepared via a high-temperature solid-state reaction using CeO2 (A.R., SCRC,
China) as the raw material. An atmosphere plasma spraying (APS) system (F4-MB, Sulzer Metco,
Switzerland) was applied to fabricate the coating on the Ti-6Al-4V substrate with dimensions
of ø 34 mm × 1 mm and ø 10 mm × 1 mm. Detailed preparation of the powders and coating was
described in a previous study [25]. Briefly, the plasma spray process used a direct current (DC) electric
arc to generate a stream of high temperature ionized plasma gas, which acted as the spraying heat
source. The CeO2 powder was carried in an inert gas stream into the plasma jet where it was heated
and propelled towards the Ti alloy substrate. The phase chemical composition of the powder-sprayed
coating was measured using an X-ray diffractometer (XRD, D/max 2500 V, Rigiku, Tokyo, Japan)
with Cu Kα radiation. Surface microstructure of the sprayed coating was observed by field emission
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scanning electron microscopy (FE-SEM, SU8200, Hitachi, Tokyo, Japan). The test samples were
dehydrated using alcohol and sputter-coated with gold before the FE-SEM. Additionally, in order to
quantify the ratio of Ce3+/Ce4+ valence state in the CeO2 coating, the coating samples were analyzed
by X-ray photoelectron spectroscopy (XPS, MICRO-LAB 310F, Thermo Fisher Scientific, Waltham,
MA, USA) Al ka X-ray source.

2.2. Cell Biocompatibility and Osteogenic Behaviors of the CeO2 Coating

2.2.1. Cell Viability Assay

Primary mouse bone marrow-derived mesenchymal stem cells (BMSCs) were isolated from the
bone marrow cavity of the tibias of 3-week-old C57BL/6 mice and cultured in BMSC growth medium
(α-MEM medium containing 10% FBS, 100 U/mL penicillin and 100 mg/mL streptomycin). Briefly,
aspirates were flushed with growth medium and seeded in 10 cm Petri dishes for 3 days. Adherent
BMSCs were further cultured and expanded. Passage 3–6 cells were used in experiments.

Cell counting kit-8 (CCK-8; Dojindo Kagaku Co., Kumamoto, Japan) was used to analyze cell
viability according to the manufacturer’s protocols. BMSCs and MC3T3-E1 cells were used in this
section. A total of 5 × 104 cells/well were seeded on the coating surfaces (ϕ 10 mm × 1 mm) in 24 well
plate and cultured in 1 mL culture medium. After culturing for 3 days, the medium was replaced with
0.9 mL of culture medium and 0.1 mL of CCK-8 working solution for an additional culture duration of
3 h, with 100 μL of the reacted reagent extracted and transferred to a 96-well plate. Wells with identical
concentrations CCK-8 working solution without cells were used as blank controls. Absorbance was
measured using a microplate reader at 450 nm absorbance to reflect the number of viable cells per well.
Cell viability was represented as the mean ± standard deviation (SD) of the absorbance obtained from
five wells per group.

2.2.2. Cell Apoptosis Assay

Cellular apoptosis was determined using the Annexin V/FITC apoptosis detection kit (Beyotime,
Nantong, China) conducted under flow cytometry. Briefly, MC3T3-E1 cells were seeded in a 6-well
plate with a Ti-6Al-4V disk (ϕ 34 mm × 1 mm) coated with CeO2 at a density of 2 × 105 cells/well.
Cells cultured on 6-well plates with Ti-6Al-4V disks served as the control group. After culturing in
2 mL 10% FBS for 24 h, the cells were harvested by trypsinization and rinsed twice with PBS. The cell
suspension was subsequently centrifuged at 1000 rpm for 3 min. Obtained cells were then resuspended
in Annexin V and propidium iodide (PI) (BD Pharmingen, Franklin Lakes, NJ, USA) stain according to
the manufacturer’s instructions. Apoptotic cell fractions were analyzed by FACScan flow cytometry
(Becton-Dickinson, San Jose, CA, USA). Early apoptotic cells (Q2: Annexin V+/PI− staining) and
late apoptotic cells (Q4: Annexin V+/PI+ staining) were classified as undergoing apoptosis, with the
proportion of these cells out of the total cell count was determined and presented.

2.2.3. Osteogenic Differentiation Assay

BMSCs cells with 2 mL culture medium were seeded on Ti-6Al-4V disks (ϕ 34 mm × 1 mm) with or
without CeO2 coating in 6-well plates at a density of 105 cells/well. After 24 h of incubation, the culture
medium was replaced with equal volumes of osteoinduction medium. Cells seeded on Ti-6Al-4V
disks without CeO2 coating served as controls. The osteoinduction medium was composed of DMEM
supplemented with 10% FBS, 1% antibiotics, 50 μg/mL ascorbic acid (Sigma, St Louis, MO, USA),
10 mmol/L sodium β-glycerophosphate (Sigma, St Louis, MO, USA), and 10 nmol/L dexamethasone
(Sigma, St Louis, MO, USA). Quantitative real-time PCR (qPCR) was applied to test the expression
of osteogenesis-associated genes including alkaline phosphatase (ALP), bone sialoprotein (BSP) and
osteocalcin (OCN), with their respective primer sequences listed below. TRIzol reagent (Invitrogen,
Carlsbad, CA, USA) was used to extract RNA at 0, 7, and 14 days. Then, the extracted RNA was
translated into cDNA with a PCR kit (Takara, Japan). Finally, qPCR was performed with an ABI 7500

32



Coatings 2020, 10, 1007

Real-Time PCR system (Applied Biosystems, Waltham, MA, USA) as follows: Hot start at 95 ◦C for
5 min in the holding stage; 95 ◦C for 10 s and 60 ◦C for 30 s for 40 cycles in the cycling stage; and 95 ◦C
for 15 s, 60 ◦C for 1 min, and 60 ◦C for 15 s in the melt curve stage. The PCR products were normalized
to GAPDH, and relative gene expression was calculated using the 2−ΔΔCt method. Each sample was
examined in triplicate. Sequences for the primers used in qPCR are as listed in Table 1.

Table 1. Sequences for the primers used in qPCR.

ALP
forward 5′-GCC CTC TCC AAG ACA TAT A-3′

reverse 5′-CCA TGA TCA CGA TAT CC-3′

Bsp forward 5′-AGG ACT GCC GAA AGG AAG GTT A-3′

reverse 5′-AGT AGC GTG GCC GGT ACT TAA A-3′

Ocn
forward 5′-AGG GAG GAT CAA GTC CCG-3′

reverse 5′-GAA CAG ACT CCG GCG CTA-3′

GAPDH
forward 5′-GGG AAG CCC ATC ACC ATC TT-3

reverse 5′-GGG AAG CCC ATC ACC ATC TT-3

Following 14 days of culturing in osteogenic induction, BMSCs in respective groups were lysed
using a protein extraction kit (Piece, Rockford, IL, USA). Protein concentrations were determined
using a bicinchoninic acid protein assay kit (Piece, Rockford, IL, USA) according to the manufacturer’s
protocols. Briefly, equal amounts of protein per sample (25 μg) were separated and transferred
onto nitrocellulose membranes (Millipore Corporation, Billerica, MA, USA). After blocking with
5% skim milk, the primary antibodies of rabbit anti-mouse Smad 1 (1:1000, Bioworld Technology,
Inc., St Louis Park, MN, USA), rabbit anti-mouse OCN (1:500, Abcam, Inc., Cambridge, MA, USA),
and rabbit anti-mouse GAPDH (1:5000, Proteintech, Inc., Wuhan, China) were applied to each group.
The membranes were subsequently washed three times and incubated with goat anti-rabbit IRDye 680
(1:10,000; Invitrogen, USA). After the final wash, the membranes were visualized using an Odyssey
LI-CDR system, with representative images captured.

2.3. Antibacterial Effects of the CeO2 Coating on Ti-6Al-4V Disks

2.3.1. Direct Contact (DCT) and CCK-8 Tests

E.f. ATCC 29,212 (American Type Culture Collection, Manassas, VA, USA), P.g. ATCC 33,277
and P.i. ATCC 25,611 were chosen for this study. The bacteria were grown overnight in 3% tryptic
soy broth (TSB) (3 g of TSB powder in 100 g of water), at 37 ◦C in an anaerobic environment (80% N2,
10% H2 and 10% CO2). The bacteria were subsequently suspended and diluted to 106 cells/mL in 3%
TSB culture medium.

For antibacterial analysis, direct contact tests were conducted to analyze antimicrobial activity.
In brief, diluted cell suspensions (0.5 mL, 1× 106/mL) of E.f., P.g., and P.i. were seeded onto six Ti-6Al-4V
disks (ø 10 mm × 1 mm) coated with CeO2 in 24-well plates. Identical cell suspensions seeded on
Ti-6Al-4V disks without coating were used as negative controls; simultaneously, wells with TSB culture
medium but without bacteria were used as blank controls. After 24 h incubation, the bacteria on
the disks were collected and resuspended in 1 mL of 3% TSB culture medium. Five duplicates per
group, each containing 100 uL of the above bacterial suspension, was transferred into in 96-well plates.
The absorbance of each well was measured at 630 nm with a microplate reader (Bio-Tek, Winooski,
VT, USA).

Bacterial proliferation was evaluated by a CCK-8 assay kit (Dojindo Molecular Technologies,
Inc., Kumamoto, Japan) in accordance with the manufacturer’s protocols. 200 uL E.f., P.g., and P.i.
cell suspension (1 × 106/mL) were seeded onto five CeO2-coated Ti-6Al-4V disks per group
(ø 10 mm × 1 mm) placed in 24-well plates. Then, 100 μL of the above surplus diluted bacterial
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suspensions with 10 μL of CCK-8 was added to a 96-well plate for another 2 h of culture. Wells with
CCK-8 solution but without bacteria were used as blank controls. The absorbance of each well was
measured by using a microplate reader at 450 nm. Cell viability was represented as the mean± standard
deviation (SD) of the absorbance for five wells from each group.

2.3.2. Colony-Forming Unit Test (CFU)

Two hundred microliters E.f., P.g., and P.i. cell suspension (1 × 106/mL) were seeded onto five
CeO2-coated Ti-6Al-4V disks per group (ø 34 mm × 1 mm). A film over the disk was used to help
create contact and in an anaerobic environment. Ti-6Al-4V disks without coating were used as blanks.
After 24 h culture, the microorganisms were subsequently removed from the samples and suspended
in 1 mL of PBS in a cell culture dish. Twenty microliters of the above bacterial suspensions were
then inoculated onto nutrient agar plates and cultured at 37 ◦C for 24 h. Colonies formed on the agar
were viewed under light microscopy, with representative images captured and the number of cell
colonies counted.

2.3.3. Live/dead Bacteria Staining

Antibacterial effects of the CeO2 coating were further evaluated via live/dead staining.
One hundred microliters of surplus E.f. bacteria suspended in PBS (from Section 2.3.2) were transferred
to a culture plate and stained using a live/dead BacLight bacterial viability kit, in accordance with the
manufacturer’s instructions, and bacterial suspensions were chosen and imaged using confocal laser
scanning microscopy (CLSM) (Carl Zeiss, Oberkochen, German) at excitation wavelengths of 488 nm
(Calcein-AM) and 555 nm (propidium iodide). Then, the percent distribution of live and dead bacteria
was analyzed according to the green and red fluorescence. Images were obtained with a 20× objective,
and at least three images were collected randomly from each sample.

2.4. Statistical Analysis

All experiments were repeated thrice. Statistical analyses were conducted with using GraphPad
Prism software, version 5.0 (GraphPad Software, Inc., La Jolla, CA, USA). Obtained results are expressed
as the mean ± standard deviation (SD) and analyzed using one-way ANOVA with a post hoc test,
with a p-value < 0.05 considered as statistically significant.

3. Results

3.1. Characterization of the CeO2-Sprayed Coating

X-ray diffraction (XRD) patterns of the CeO2 sprayed coating is used to infer its phase composition,
with the results illustrated in Figure 1A. The coating was composed of the CeO2 phase (JCPDS
no. 34-0394) corresponding to the planes of (111, 200, 220, 311). The X-ray photoelectron spectra (XPS)
of the CeO2 coating are shown in Figure 1B. The spectra revealed the presence of a mixed valence
state (Ce3+ and Ce4+) on the surface of the CeO2-modified coating. For quantitative estimation of
Ce3+ concentration in the CeO2 coating, the ratio of Ce3+ in the total Ce content was calculated from
the total areas under the Gaussian fitting peaks for each respective Ce3+ and Ce4+ state, using the
equation for the ratio of peak areas reported in literature [26]; the percent of Ce4+ in the CeO2 coating
was calculated to be approximately 72.8%, indicating a major composition of Ce4+ valences present.
SEM results shows the roughness of the CeO2 coating in Figure 1C. The as-sprayed coating exhibited
rough and uneven surfaces in the third electron image.
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Figure 1. Structural and compositional characterization of the plasma-sprayed CeO2 coating. (A) X-ray
diffraction (XRD) patterns of the CeO2 coating. Distribution of peaks were characteristic of CeO2.
(B) X-ray photoelectron spectroscopy spectra of the CeO2 coating. The spectra revealed the presence
of a mixed valence state (Ce3+ and Ce4+) on the surface of the CeO2 modified coatings, with Ce4+

accounting for 72.8% as calculated from the distribution ratio of their respective Gaussian fitting peaks.
(C) SEM result revealed a rough texture present on the surface of the CeO2 coating.

3.2. Biocompatibility of CeO2 Coating

The biocompatibility of the CeO2 coating in BMSCs and MC3T3-E1 cells was assessed by CCK-8
and cell apoptosis assays. CCK-8 results demonstrated no statistically significant difference in viability
of BMSCs (Figure 2A) and MC3T3-E1 cells (Figure 2B) seeded on the CeO2 coating, as compared
to equivalent groups seeded on Ti-6Al-4V surface (#: p > 0.05). Similar results were observed from
the flow cytometry analysis. Additionally, the percentage of apoptotic MC3T3-E1 cells (Q2 + Q4)
seeded on the CeO2 coating was statistically significantly lower than that on the Ti-6Al-4V surface
(6.7% compared to 24.0%) as shown in Figure 2C. The above results indicated that the CeO2 coating
on the Ti-6Al-4V disks demonstrated good biocompatibility.

 

Figure 2. Biocompatibility of CeO2 coating towards bone marrow stem cells (BMSCs) and MC3T3-E1
cells. (A,B) CCK-8 results demonstrated improved viability of BMSCs (A) and MC3T3-E1 cells (B)
seeded on CeO2 coating after a 3-day culture period, as compared to uncoated Ti-6Al-4V surfaces
(#: p > 0.05) (n = 5). (C) Flow cytometry analysis conducted on MC3T3-E1 cells cultured on CeO2

coated Ti-6Al-4V surfaces. Percentage of apoptotic cells (Q2 + Q4) on the CeO2 coating was measured
at 6.7%, significantly lower than the percentage of apoptotic cells measured on the Ti-6Al-4V surface at
24.0% (p < 0.05) (n = 3).

35



Coatings 2020, 10, 1007

3.3. Osteogenic Ability of the CeO2 Coating

To directly address a functional role for the CeO2 coating in osteogenic ability, the mRNA and
protein expression of mineralization-related genes ALP, Ocn, and Bsp were measured after 7-day and
14-day BMSCs cell culture in osteoinduction medium. Compared with the control group, the CeO2

coating significantly increased the mRNA levels of ALP (A), Bsp (B), and Ocn (C) (p < 0.05) at 7 and 14
days (p < 0.01), as shown in Figure 3A–C. Additionally, compared to groups cultivated on nontreated
Ti-6Al-4V surface, the protein levels of OCN and Smad 1 were upregulated in the CeO2 coating group
at 14 days as shown in Figure 3D. These combined results indicate the ability of Ce4+-rich CeO2 coating
in promoting osteogenesis in BMSCs.

 

Figure 3. Osteogenic effect of CeO2 coatings induced on BMSCs. (A–C) Expression levels of the
osteogenic mRNA markers alkaline phosphatase (ALP), osteocalcin (OCN), and bone sialoprotein (BSP)
at days 7 and 14 were significantly increased in CeO2 groups as compared with uncoated Ti-6Al-4V
control groups (*, p < 0.05;) (n = 3). (D) Western blot analysis of OCN, BSP, and β-actin protein
expression levels level. Upregulation of both OCN and BSP of were observed in the CeO2 coating
group compared to the Ti-6Al-4V control group (n = 3).

3.4. Antibacterial Activity

E.f., P.g., and P.i. viability on the CeO2 coating was assessed by DCT and CCK-8 assays to ascertain
the antibacterial effects of the CeO2 coating. DCT (Figure 4A) and CCK-8 (Figure 4B) results indicate a
significant decrease in viability of E.f., P.g. and P.i. bacteria seeded on CeO2 coating, as compared with
corresponding groups seeded on pure Ti-6Al-4V discs. As shown in Figure 5, CFU results affirm similar
findings with significantly lower bacterial viability on the CeO2 coating compared to the respective
control groups for E.f., P.g., and P.i. To further elucidate the antibacterial effects of the CeO2 coating,
live/dead staining of seeded E.f. bacteria (Figure 6A) show a significantly higher percent of dead
bacteria (approximately 74.3%, stained in red) in the CeO2 coating group, compared to the control
group (approximately 4.1%) in Figure 6B. The combined results illustrate the antibacterial activity of
the CeO2 coating on the Ti-6Al-4V surface against E.f., P.g., and P.i., which are the main pathogens
involved in peri-implantitis.
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Figure 4. Viability of E.f., P.g., and P.i. seeded on CeO2 coating. (A) DCT results indicate a significantly
decreased viability of E.f., P.g., and P.i. on CeO2 coatings as compared to the uncoated Ti-6Al-4V control
group after 24 h culture. (B) CCK-8 results illustrate a similar trend of decreased viability among all
CeO2-coated groups after 24 h culture (*, p < 0.05;) (n = 5).

Figure 5. Colony-forming ability of E.f., P.g., and P.i. seeded on CeO2 coating. (A) Observed
under light microscopy, colony-forming unit (CFU) assays conducted after 24 h culture indicate a
significant decrease in the number of E.f., P.g., and P.i. colonies on the CeO2 coating as compared to the
control group. (B) Statistical analysis indicates significantly reduced CFU numbers among all CeO2

experimental groups. (*, p < 0.05;) (n = 3).

Figure 6. Live/dead staining of E.f seeded on CeO2 coating. (A) Staining results of live E.f cells
(staining with green) and dead E.f cells (staining with red) illustrate decreased viability in E.f cells
seeded on CeO2-coated Ti-6Al-4V discs. (B) Statistical analysis reveals the percentage of dead E.f cells
was approximately 74.3% in the CeO2-coated group, significantly higher than the percentage of dead
E.f cells (4.1%) measured in the control group. (**, p < 0.01).
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4. Discussion

Titanium and its alloys (most significantly grade 5 titanium alloy, Ti-6Al-4V) have favorable
biocompatibility and mechanical properties, contributing to their widespread use as dental implants [2].
Correspondingly, the amount of bacterial colonization and the osteogenic ability of cells around the
titanium alloy implants affect the final survival rate of dental implants [27]; prevention is the ideal
method for implant-associated infection, with professional implant surface cleaning for bacterial
adherence. Therefore, antibacterial surface coatings on dental implants have attracted great attention
due to the development of their surface properties [28,29].

Amongst newly developed or adopted biomaterials, some have demonstrated strong antibacterial
activity potentially useful for clinical usage or dental implant applications [30]; one of which is ceria
(CeO2). CeO2 as a rare earth oxide has been gaining wide attention in various biomedical applications,
such as anti-inflammatory and tissue regeneration applications, due to its free radical scavenging
activity [31]. In our previous study, we found that incorporating CeO2 into a calcium silicate coating
enhances ALP activity and antibacterial activity [26]. The aim of our current study was to determine the
osteogenic activity and antibacterial activity of a CeO2 coating containing high Ce4+ valence proportion
on a Ti-6Al-4V surface, with the express purpose of evaluating CeO2-coated Ti-6Al-4V as a potential
dental implant biomaterial.

As the use of CeO2 coatings containing high proportions of Ce4+ valences on Ti-6Al-4V metal
surfaces has yet to be reported, we first sought to classify and characterize our CeO2 coating from
a structural point of view. Both X-ray diffraction (Figure 1A) and X-ray photoelectron spectroscopy
(Figure 1B) results verify the CeO2 chemical composition and indicate the major contribution of Ce4+

over Ce3+ valences in the coating. The additional SEM images (Figure 1C) allows visualization of
the microtexture present owing to the spray-coating process; the corresponding coarseness may help
attachment of BMSCs and prove beneficial to the osteogenesis process critical to the survival rate of
dental implants [2–4].

We then tested the osteogenic activity of the CeO2 coating in vitro to optimize the mechanical
performance of dental implants and to improve their survival rate. In our study, the CeO2 coating
demonstrated good biocompatibility on both BMSCs and MC3T3-E1 cells, as shown in Figure 2. Further
evidence could be ascertained from the flow cytometry results, in which the percentage of apoptotic
MC3T3-E1 cells (Q2 + Q4) seeded on the CeO2 coating was statistically significantly lower than that on
the Ti-6Al-4V surface (6.7% compared to 24.0%) as shown in Figure 2C. Additionally, the CeO2 coating
promoted the osteogenic ability of BMSCs with a corresponding significant increase in expression
levels of all three selected osteogenesis gene markers (Figure 3A–C), along with a similar increase in
protein expression (Figure 3D). This illustrates a similar trend as discovered in our previous study [24].

From an etiological point of view, an imbalance between the host response and bacteria is a
significant contributing factor in inducing peri-implant disease, as observed in susceptible patients [32].
Because of the complex and varied oral consortium, it is extremely difficult to pinpoint a single or
a group of microorganisms as the cause of peri-implant disease [33]. We chose E.f., P.g., and P.i. as
representative targets in identifying the antibacterial activity of our coating. E.f., P.g., and P.i. are oral
pathogens that are difficult to eliminate, and have been implicated to play at least a significant role
in developing periodontitis or peri-implantitis [34], with further evidence highlighting their roles in
individuals with chronic and refractory periodontitis [35,36]. Correspondingly, our results indicate
the antibacterial activity of the CeO2 coating against E.f., P.g., and P.i. in vitro. The proliferation
and viability of E.f., P.g., and P.i. were significantly inhibited after CeO2 coating compared with the
Ti-6Al-4V surface alone by the DCT (Figure 4A) and CCK-8 (Figure 4B) assays. CFU and live/dead
bacterial staining were further used to detect bacterial viability. Both results showed that the bacterial
viabilities of E.f., P.g., and P.i. on the CeO2 coating were significantly lower than that of the control
groups, demonstrating that the CeO2 coating has the ability to impact the survivability of E.f., P.g.,
and P.i., which are major pathogens involved in peri-implantitis. Both the inflammation and source of
pathogens (e.g., E.f., P.g., and P.i.) observed in peri-implantitis result in reactive oxygen species (ROS)
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production; Selvaraj et al. reported that CeO2 decreased cellular ROS production, which inhibited
proinflammatory mediator expression by attenuating the activity of NF-κB [37]. Scavenging of free
radicals is a way of eliminating ROS production and reducing the inflammatory response; CeO2

coating with a high level of Ce4+ on the surface was demonstrated to possess catalase mimetic activity,
which could breakdown H2O2 into molecular oxygen and therefore scavenge free radicals present
from ROS production. This may be a major mechanism achieved by the Ce4+-containing CeO2 coating
in our study.

Despite having discovered significant results on the antimicrobial and osteogenic activity of our
CeO2 coating, there are certain limitations of our study that could possibly be further addressed to
ascertain the suitability of CeO2-coated titanium as a dental implant biomaterial. The first of which
would direct towards the absence of in vivo biocompatibility results to determine whether CeO2-coated
Ti-6Al-4V elicits significant immune response; despite the novel combination of the two materials in a
dental clinical usage setting, both CeO2 and Ti-6Al-4V have previously been reported in the literature
to possess positive biocompatibility in vivo [38–40]. Henceforth, we believe the physical combination
of CeO2 and Ti-6Al-4V as observed in our study to possess a low risk of inciting significant immune
response; this could be a possible investigation area for a future study. Additionally, owing to the
complex interactions between various cell types in the oral cavity, it would have been a closer reflection
of the oral cavity if BMSCs and/or MC3T3-E1 cells were co-cultured with other cell types (such as oral
mucosal epithelial cells and oral keratinocytes) in our experiments. However, owing to the focus of
our study being the antimicrobial activity of CeO2 coating towards oral microbiota and its osteogenic
activity elicited towards BMSCs/MC3T3-E1 cells, it may have been an unnecessary complication to
co-culture with further oral cell types as they are not directly involved in CeO2 activity and may
potentially confound results.

5. Conclusions

In this study, plasma-sprayed CeO2 coating on Ti-6Al-4V surfaces with high composition of Ce4+

valences significantly enhanced antibacterial activity towards oral microbiota, along with increased
osteogenic activity in BMSCs and MC3T3-E1 cells. These results illustrate the potential of CeO2-coated
Ti-6Al-4V constructs in dental implant applications, to reduce the occurrence of peri-implantitis and
implant failures as induced by oral microbiota.
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Abstract: Constructing surface coatings is an effective way to improve the corrosion resistance and
biocompatibility of magnesium alloy bioabsorbable implants. In this present work, a titanium
oxide coating with a thickness of about 400 nm was successfully prepared on a MgZn alloy
surface via a facile magnetron sputtering route. The surface features were characterized using
scanning electron microscopy (SEM), atomic force microscopy (AFM), X-ray diffraction (XRD),
X-ray photoelectron spectroscopy (XPS), and the contact angle method. The corrosion behavior and
biocompatibility were evaluated. The results indicated that the amorphous TiO2 coating with a flat
and dense morphology was obtained by magnetron-sputtering a titanium oxide target. The corrosion
current density decreased from 1050 (bare MgZn alloy) to 49 μA/cm2 (sample with TiO2 coating),
suggesting a significant increase in corrosion resistance. In addition, the TiO2 coating showed good
biocompatibilities, including significant reduced hemolysis and platelet adhesion, and increased
endothelial cell viability and adhesion.

Keywords: titanium oxide; magnetron sputtering; magnesium alloy; corrosion resistance; biocompatibility

1. Introduction

Magnesium alloy (Mg alloy) is an excellent biological material for bioabsorbable implant
applications, due to its low corrosion resistance, good biocompatibility, and mechanical properties [1,2].
In recent years, cardiovascular stents made from absorbable Mg alloys have been developed to
overcome the drawbacks of permanent metallic stents, including late-term restenosis, delayed
re-endothelialization, and persistent inflammation [3,4]. However, the main disadvantage of Mg alloys
for medical applications is the rapid and inhomogeneous corrosion in the physiological environment;
hence, Mg alloy implants may lose their mechanical integrity before the complete healing of the tissue.
In order to solve this problem, surface modifications have been widely carried out to prepare suitable
coatings onto Mg alloys as corrosion protective layers, and also to improve their biocompatibility and
mechanical stability [5–9]. Therefore, modifying the surface with ideal coatings is of high significance
for Mg alloy stents.

For Mg alloy cardiovascular stents, some organic-based coatings, such as polylactic acid (PLA) [7],
polydopamine (PDA) [10,11], poly (lactic-co-glycolic acid) (PLGA) [12], and polytrimethylene carbonate
(PTMC) [13], have been commonly used as corrosion protection layers or drug delivery carriers
to prevent the in-stent restenosis (ISR). However, the adhesion of organic coatings still needs
to be improved. On the other hand, inorganic coatings can be prepared by various methods,
providing a superior adhesion with substrates. More importantly, inorganic coatings are remarkably
corrosion-resistant, and thus, they should be suitable for Mg alloy stents to improve the rapid
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corrosion behavior. Some inorganic coatings including magnesium fluoride (MgF2) [14] and titanium
dioxide (TiO2) [15,16] have been used to endow the Mg alloy with greater corrosion resistance and
improved biocompatibility.

It is well known that titanium oxide is chemically stable, and the biocompatibility of a titanium
oxide coating has been demonstrated [17–19]. In a representative literature, Huang et al. [20] synthesized
titanium oxide film on a cobalt alloy by ion beam-enhanced deposition at below 180 ◦C, and proved
that titanium oxide was an excellent blood contact material because of the semiconductor nature.
In our previous studies, the anatase titanium dioxide coating with sheet-like nanoscale features was
fabricated via the solvothermal route at 160 ◦C, which improved the corrosion resistance of degradable
MgZn alloy [21].

In view of the current research status and progress, there is still a lack of comprehensive
evaluation on the application prospects of the titanium oxide-coated absorbable Mg alloy stent.
In this paper, titanium oxide was prepared on Mg alloy substrates at room temperature by a facile
and clean magnetron sputtering. The comprehensive properties including corrosion resistance,
blood compatibility, and endothelial cells (ECs) adhesion of the as-prepared coating were discussed.

2. Materials and Methods

2.1. Preparation of the Coating

In the current study, titanium oxide coatings were deposited onto the surface of biomedical MgZn
alloy (composition: 2.0 wt.% Zn, 0.46 wt.% Y, 0.5 wt.% Nd, balance Mg), developed by Zhengzhou
University, China [12,22]. Firstly, rectangular samples with dimensions of 10 × 10 × 1 mm3 were cut
from the as-cast MgZn ingots by wire-electrode machining, then mechanically polished and sonicated
in ethanol for 5 min. Finally, samples were dried before magnetron sputtering. Titanium oxide was
deposited on the MgZn samples for 2 h, with a radio-frequency magnetron sputtering system by
sputtering a high-purity TiO2 target under a constant power of 150 W. The working pressure was 0.6 Pa
with an argon flow of 30 sccm.

2.2. Characterizations

The characteristics of the as-prepared coatings were analyzed by a scanning electron microscope
(SEM, Hitachi SU8000, Tokyo, Japan), energy-dispersive spectrometer (EDS), and atomic force
microscope (AFM, Bruker MultiMode8, Billerica, MA, USA). The crystal structure was determined by
employing an X-ray diffractometer (XRD, PANalytical X’Pert3 Powder, Malvern Instruments, Malvern,
UK) with Cu Kα radiation at 45 kV and 40 mA. The valence states of the elements were detected
using an X-ray photoelectron spectrometer (XPS). The water contact angle (CA) of samples (n = 3) was
measured with 10 μL droplets of deionized water at ambient temperature, using a contact angle meter.

2.3. Corrosion Tests

For corrosion tests, bare and Ti-O-coated MgZn samples (n = 3) were immersed in simulated body
fluids (SBFs, containing 8.035 g of NaCl, 0.355 g of NaHCO3, 0.225 g of KCl, 0.231 g of K2HPO4·3H2O,
0.311 g of MgCl2·6H2O, 40 mL of 1.0M-HCl, 0.292 g of CaCl2, 0.072 g of Na2SO4, and 6.118 g of
Na2HPO4, in 1000 mL of deionized water, pH = 7.4, 37 ◦C) [23]. The solution volume-to-specimen area
ratio was 40 mL/cm2. After a decent interval, samples were rinsed with deionized water and dried.
Then, the corrosion products were analyzed by SEM and XRD.

The electrochemical corrosion behavior of samples (n = 3) was measured through a
three-electrode system (CorrTest CS2350, Corrtest Instruments, Wuhan, China). A saturated calomel
electrode, platinum electrode, and the sample were respectively utilized as the reference electrode,
counter-electrode, and working electrode. The polarization curve of tested samples (with a 1 cm2 area
exposed in 150 mL of SBF) was measured with a scanning rate of 0.5 mV/s, after a steady open-circuit
potential (OCP) value was achieved.
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2.4. Biocompatibility Evaluation

Blood compatibility was evaluated including hemolysis and platelet adhesion. The samples
(n = 3) were put into the test tubes containing 10 mL normal saline at 37 ◦C for 30 min. Subsequently,
0.2 mL of diluted blood was added into every tube and incubated for 60 min at 37 ◦C. The solution
was centrifuged at 3000 rpm for 5 min and the absorbance (ODt) of the supernatant at 545 nm was
determined by a microplate reader. Normal saline was used as a negative control (ODnc), and deionized
water as a positive control (ODpc). The hemolysis ratio was calculated by the following equation:

Hemolysis ratio (%) =
ODt −ODnc

ODpc −ODnc
×100% (1)

For the platelet adhesion test, fresh human anticoagulant blood was centrifuged at 1500 rpm for
15 min and the upper yellow liquid was separated to obtain platelet-rich plasma (PRP). Then, 0.5 mL
of PRP was taken and dropped onto every sample (10 × 10 × 1 mm3, n = 3) in 24-well culture plates,
incubated at 37 ◦C for 120 min. After that, samples were taken out, rinsed with normal saline, and fixed
with 0.2% glutaraldehyde solution for 6 h. Finally, samples were washed with normal saline and
dehydrated with 50%, 75%, 90%, and 100% ethanol for 15 min, respectively, then dried and examined
by SEM.

Human umbilical vein endothelial cells (HUVECs, Ea.hy926, Cell Bank of the Chinese Academy
of Sciences, Shanghai, China) were selected to evaluate the cytocompatibility. The sterilized samples
(10 × 10 × 1 mm3) were put into 24-well culture plates (n = 3). The cells were cultured in Dulbecco’s
modified Eagle medium (DMEM), then digested by 0.25% trypsin and seeded on the surface of the
samples at a concentration of 2 × 104 cells/mL. After incubating for 1 and 3 d, 20 μL of MTT solution
(5 mg/mL in PBS) was added to the wells for 4 h incubation at 37 ◦C, then 150 μL of DMSO was added
and shaken for 10 min. The absorbance (ODt) of 100 μL of supernatant in 96-well plates was tested
by a microplate reader at 490 nm. DMEM solution with 10% serum was used as a negative control.
Cell viability was calculated by the following equation:

Viability (%) =
ODt

ODnc
× 100% (2)

To observe the adhered cells, samples were taken out and washed with PBS buffer several times,
then put into PBS buffer containing 2.5% glutaraldehyde for 12 h at 4 ◦C, and dehydrated in increasing
concentrations of ethanol. After drying and spraying with gold, the cell morphology on the surface of
samples was observed by SEM.

3. Results and Discussion

3.1. Coating Characteristics

Figure 1a,b present the surface and cross-sectional microstructure of the 400 nm-thick titanium
oxide coating deposited on the MgZn substrate after 2 h of magnetron sputtering. The obtained
coating was flat macroscopically but slightly rough on the microscopic level. There is a clear boundary
visible in the SEM image between the substrate and the coating. This is determined by the sputtering
process. Under the action of the electric field, the electrons collide with argon atoms in the process of
flying to the substrate, which makes them ionize to produce Ar+ ions and new electrons. The new
electrons fly to the substrate, and Ar+ ions accelerate to fly to the cathode TiO2 target and bombard
the target surface with high energy to make the target sputtering. The sputtered neutral target
molecules, i.e., TiO2, deposited and gathered more and more on the substrate to form a thin coating
in the form of nanoparticles. According to the results of AFM measurement, as shown in Figure 2c,
the particle size was ~100 nm and the coating showed a smooth surface with a roughness (Ra) of 51
nm. The micro-characteristic of the coating caused a change in the surface water contact angle (CA),
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from 8.4◦ of the polished MgZn substrate to 79.6◦ after magnetron sputtering, indicating a decreased
hydrophilicity, as shown in Figure 2a,b.

Figure 1. SEM morphologies of (a) surface and (b) cross-sectional microstructures, and (c) the EDS
spectra of the titanium oxide-coated MgZn alloy.

Figure 2. The contact angles of the (a) MgZn substrate, (b) TiO2 coating, and (c) the AFM micrograph
of the TiO2 coating.

In Figure 1c, Ti and O were detected in the coating by EDS, which confirmed the existence of the
Ti-O compound. Meanwhile, the phase composition of the coating and the chemical state of Ti were
investigated by XRD and XPS (see Figure 3). The result of XPS shows that all Ti in the coating exists in
the form of TiO2, because the peak positions of Ti 2p3/2 and Ti 2p1/2 are 458.4 and 464.1 eV, respectively,
which are consistent with the electronic binding peak position of Ti4+ in TiO2 [17]. Figure 3a shows the
XRD pattern of the TiO2 coating deposited on the Mg alloy substrate. Clear peaks are found in the XRD
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pattern, which are all characteristics of the Mg alloy substrate. In addition, there are no other diffraction
peaks corresponding to the titanium dioxide. A noisy pattern proves the amorphous structure of the
coating. The result shows that the structure of the TiO2 coating deposited by magnetron sputtering is
amorphous at a low temperature [18].

Figure 3. (a) XRD pattern of the titanium oxide coating along with the substrate and (b) XPS pattern of
high-resolving Ti 2p on the titanium oxide surface.

3.2. Corrosion Behavior

The corrosion behavior was studied by the immersion test and electrochemical technique.
The surface micrographs of the bare and TiO2-coated Mg alloys after 14 d immersion in SBF are shown
in Figure 4a,b respectively. The surface of the bare MgZn sample is heavily corroded, with abundant
corrosion products deposited. It has been evidenced that during the corrosion process of Mg alloys,
insoluble Mg(OH)2 is formed and falls off the surface of the matrix gradually with time, leaving an
uneven surface morphology [14]. By contrast, the corrosion extent of the TiO2-coated sample is
obviously lesser than that of the substrate. It can be seen that the surface was flat and the corrosion
products were smaller and discontinuous. In fact, the better corrosion resistance is mainly conditional
on the chemical stability of the TiO2 coating. In Figure 4c, it was observed that the uncorroded area
is where the TiO2 coating remains, even if the coating has been broken and incomplete. The results
prove that the 400 nm-thick TiO2 coating can provide effective corrosion protection for the Mg alloy.
The corrosion products are primarily Mg(OH)2, as shown in Figure 4d.

46



Coatings 2020, 10, 999

Figure 4. SEM images of (a) bare and (b,c) TiO2-coated MgZn samples after 14 d immersion in simulated
body fluids (SBFs); (d) XRD pattern of corrosion products and (e) potentiodynamic polarization curves
in SBF of samples (tested after the coating preparation).

A more quantitative assessment of the corrosion resistance of the MgZn substrate with and
without the TiO2 coating was performed using potentiodynamic polarization curve measurements in
SBF, as shown in Figure 4e. From the polarization curves, the corrosion potentials (Ecorr) and corrosion
current densities (Icorr) were obtained. As is known, good corrosion resistance and low corrosion rate
can be reflected in a higher corrosion potential and a lowered corrosion current density. The Ecorr

of the MgZn sample increased from −1.70 to −1.65 V after the TiO2 coating deposition. The coated
sample exhibited a more positive corrosion potential than the bare substrate, so the substrate will be
corroded more easily than the TiO2-coated sample under the same conditions. In addition, it is found
that the Icorr of the TiO2-coated sample markedly decreased compared with that of the bare sample
(i.e., 49 vs. 1050 μA/cm2). Hence, the constructed TiO2 coating is a superior protective layer to retard
the corrosion rate of the MgZn substrate.

3.3. Biocompatibility

Materials with a poor hemolysis ratio could cause rupture of red blood cells, which may lead to
thrombosis and the implantation failure. The hemolysis ratio of biomaterials in contact with blood
should be less than 5%. The results in Table 1 show that serious hemolysis (47.23%, hemolysis ratio)
occurred in MgZn alloys without surface treatment, while the hemolysis ratio of samples modified
by the TiO2 coating was only 0.1%. The anti-hemolytic property of the Mg alloy was significantly
improved by TiO2 surface modification. Gao et al. [24] believed that the poor corrosion resistance
of the unmodified magnesium alloy increased the pH value of the blood rapidly and promoted the
combination of red blood cells and Ca2+ in the solution, finally resulting in the rupture of red blood
cells and serious hemolytic reaction. The above results demonstrate that the TiO2 coating can effectively
delay the corrosion of substrates and thus improve the hemolysis of Mg alloy.
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Table 1. List of the results of hemolysis and cytocompatibility tests.

Samples Hemolysis Ratio (%)
Cell Viability (%)

1 d 3 d

Control – 100 100
Bare MgZn substrate 47.23 94.1 89.5

MgZn substrate with TiO2 coating 0.10 93.4 94.8

Platelets play an important role in promoting blood coagulation. The platelet adhesion is an
essential reaction corresponding to the formation of thrombus and occlusion of arterial. Figure 5
provides the morphology of the platelets immobilized on samples. Figure 5a shows the adhesion of
platelets to MgZn alloy after 1 h of culture. The magnesium alloy surface was rapidly corroded in
plasma; hence, obvious cracks can be seen after the corrosion product layer drying. In respect of the
adhered platelets characteristic, a large number and serious aggregation of platelets was observed.
The adhesion and aggregation of platelets will be further activated to induce thrombosis. In addition,
the agglomerated platelets are likely to become fibrinogen adsorption sites, and the adsorbed fibrinogen
may also lead to thrombosis. The results indicate that the unmodified Mg alloy is easy to adsorb
platelets and has poor blood compatibility.

Figure 5. Typical morphology of adherent platelets on surface of (a) MgZn substrate and (b) TiO2 coating.

Figure 5b shows the adhesion of platelets on the surface of the TiO2 coating. The corrosion
resistance of the MgZn alloy was enhanced by surface modification, so after soaking in platelet-rich
plasma for 1 h, the sample was not corroded. Compared with the case of bare substrate, a remarkable
reduced number of adhered platelets could be seen on the surface of TiO2 samples, and no agglomeration
occurred. The nearly round shape and well-distributed morphology implied that the fixed platelets
were not activated during the culture. The results suggest that the TiO2 coating has a better ability of
anti-platelet adhesion.
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Accordingly, in consideration of the hemolysis ratio and the adsorbed platelets morphology of
different samples, the TiO2-coated MgZn alloy not only possesses excellent properties in cutting down
the hemolysis ratio but also has satisfied characteristics of not immobilizing or activating the platelets.

The TiO2-coated magnesium alloys exhibit good cytocompatibility. The viability of endothelial
cells reduced in the first 3 days when exposed to the bare magnesium extract. By contrast, the cell
viability of the coated group was above 90% at any time point, showing the desirable cytocompatibility,
as presented in Table 1. The results could be attributed to the lower values of Mg2+ ion concentration,
pH value, and osmolality in the extracts of TiO2-coated samples than those of bare magnesium [25].
Figure 6 shows the morphologies of Ea.hy926 cells cultured on the coated and uncoated groups for
1 day. For the uncoated samples, no cell was observed on the surface. As for the TiO2-coated sample,
it can be seen that the Ea.hy926 cells attached and proliferated well on the sample surface, and spread
in the shape of a spindle.

Figure 6. SEM images of Ea.hy926 cells after culturing for 1 d on (a) MgZn substrate and (b) TiO2 coating.

The endothelial cell plays a key role in constructing vascular tissue, and cell growth and
endothelialization can be controlled by the surface on which it attaches [26]. Generally, a smaller
contact angle can correspond to a stronger hydrophilicity of materials, which is more conducive to
cell adhesion [27]. The contact angle of the TiO2-coated sample is 79.6◦, much higher than that of the
uncoated MgZn alloy (8.4◦, see Figure 3a,b). However, although the uncoated MgZn alloy has the
better hydrophilicity, the cell adhesion on the surface is poor. In this paper, the results indicated that
the TiO2-coated sample was stable in the physiological environment and conducive for cell growth
and proliferation. Therefore, we believe that the effect of the alkaline environment and hydrogen
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evolution by the rapid corrosion might worsen the cell adherence and spreading on the uncoated Mg
alloy surface.

4. Conclusions

In this work, the titanium oxide coating was prepared on the MgZn alloy surface by magnetron
sputtering. The corrosion behavior and biocompatibility have been evaluated. The major conclusions
of the present work are as follows.

(1) A 400 nm-thick titanium oxide coating with a smooth surface was deposited on the MgZn
substrate after 2 h magnetron sputtering at room temperature. The coating was composed of
dense amorphous TiO2 nanoparticles.

(2) The corrosion resistance of MgZn alloy was improved apparently by the TiO2 coating. After 14 d
of immersion in SBF, the surface of the TiO2-coated sample was less corroded than that of
the substrate.

(3) The uncoated Mg alloys caused serious hemolysis and aggregation of platelets, whereas the
TiO2-coated sample had a hemolysis ratio of less than 1% and showed a better ability of anti-platelet
adhesion. The TiO2-coated MgZn alloy exhibited lower cytotoxicity and the endothelial cells
attached well on the surface, indicating good cytocompatibility.
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Abstract: Although coronary stents have improved the early and long-term consequences of arterial
lesions, the prevention of restenosis and late stent thrombosis is key to prevent a new obstruction of
the vessel. Here we aimed at improving the tissue response to stents through surface modification.
For that purpose, we used two different approaches, the use of nanostructuration by electrochemical
anodization and the addition of a quercitrin (QR) coating to the Ti surface. Four surfaces (Ti, NN,
TiQR and NNQR) were characterized by atomic force microscopy, scanning electronic microscopy
and contact angle analysis and QR content was evaluated by fluorescent staining. Cell adhesion,
cytotoxicity, metabolic activity and nitric oxide (NO) production was evaluated on primary human
umbilical cord endothelial cells (HUVECs). Platelet adhesion, hemolysis rate and Staphylococcus
epidermidis CECT 4184 adhesion at 30 min were analyzed. Nanostructuration induced an increase on
surface roughness, and QR coating decreased the contact angle. All surfaces were biocompatible,
with no hemolysis rate and lower platelet adhesion was found in NN surfaces. Finally, S. epidermidis
adhesion was lower on TiQR surfaces compared to Ti. In conclusion, our results suggest that NN
structuration could improve biocompatibility of bare metal stents on endothelial cells and reduce
platelet adhesion. Moreover, QR coating could reduce bacterial adhesion.

Keywords: stents; surface modification; flavonoids; quercitrin; TiO2 nanostructure; platelet adhesion;
in vitro endothelialization; hemolysis; bacterial adhesion

1. Introduction

Cardiovascular disease is the leading cause of mortality worldwide and its underlying cause is
atherosclerosis; a degenerative progressive disease characterized by the accumulation of lipids and
immune cell plaques that affect coronary, carotid and other peripheral arteries. The conjunction of
immune cells and inflammation with hyperlipidemia (elevated low-density lipoproteins (LDL) levels)
influences the plaque rupture and the development of myocardial infarction and stroke [1–3].

Different materials, such as titanium, nitinol, stainless steel and CoCr alloys have been widely
used as bare metal stent materials. However, in most cases the use of bare metal stents causes
the development of in-stent restenosis, producing the narrowing of the arterial walls due to the
vascular smooth muscle cells (SMCs) proliferation [4]. Restenosis consists of the arterial wall healing
response to the injury; and the resulting neointima is a combination of SMCs, the extracellular matrix
and macrophages [5]. Another less frequent but serious complication of metal stents is infections.
Metal stent infections are associated with an acute inflammation of the arterial wall and vessel
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thrombosis, and Staphylococcus aureus is responsible of about 80% of stent infections. Due to the
heterogeneous clinical presentation of stent infections its diagnosis is difficult and there are not many
standards for its prevention and treatment [6].

Drug eluting stents (DESs) are used to inhibit the proliferation of smooth muscle cells, decreasing
the risk of in-stent restenosis by the delivery of an appropriate concentration of an effective agent
locally without systemic toxicity [7]. Usually, this controlled liberation of the therapeutic agent is
achieved due to the use of a polymer coating; however, there are some complications associated to the
use of polymers, considered as one of the leading causes of late stent thrombosis [8,9]. Thus, the use of
a nanostructured surface could provide an alternative for the application of the stent coating without
the need of using a polymer.

Titanium oxide (TiO2) presents an excellent tissue response and although its mechanical properties
are not ideal for stents it has been proposed as a surface modification for bare metal stents, providing
an hemocompatible surface with improved biocompatibility [10], in which other coatings could also
be applied.

Nanoscale topography has shown to control several molecular and cellular processes on its own
without the need to change the surface chemical composition. This capacity to modulate cell behavior
through topographical features has been observed with different cell types [11,12], showing for example
an enhanced endothelial cell attachment and migration on stent surfaces. Furthermore, small pore
diameters, less than 100 nm, have proved to promote cell adhesion and differentiation, while bigger
diameters promote cell apoptosis [13,14]. Specifically, TiO2 nanotubes with a 100 nm diameter have
shown to decrease HUVEC viability and functionality, highlighting the importance of studying the
effect of nanostructures with diameters below 100 nm [15], as the creation of a nanoscale topography
on stent surfaces would mimic the vessel structure, improving its biocompatibility [4]. Recent studies
suggest that TiO2 nanotubes improve extracellular matrix secretion and endothelial cell functions
while inhibiting vascular smooth muscle cells proliferation, implying that nanostructuration may be a
good approach to achieve a faster endothelialization [4].

Another strategy to improve cell differentiation and to avoid bacterial adhesion on implantable
devices is to apply a coating with a biomolecule, which can add other beneficial properties to the stent.
The coating of TiO2 with biomolecules, such as fibronectin, has shown to improve HUVEC morphology
and nitric oxide (NO) production [15], showing the importance of the evaluation of biomolecule
functionalization of stents. Flavonoids are natural phenolic compounds present in the human diet
with antioxidant, anti-inflammatory and antimicrobial capacity, with demonstrated beneficial effects
on human cells. Quercitrin is a flavonoid that was selected among others in our previous research
due to its promotion of gingival cell differentiation and the decrease in Staphylococcus epidermidis
growth rate [16,17]. In the past years, the potential of poly-phenol (as flavonoids) based coatings in
medical devices has risen with applications in different fields such as, cardiovascular stents, dental or
orthopedic implants. Titanium surfaces functionalized with quercitrin have shown bone-stimulating,
anti-inflammatory and antifibrotic effects in vitro on human bone marrow mesenchymal stem cells
and human gingival fibroblasts [18–20].

We aimed to produce a surface that could promote HUVEC function while avoiding platelet
and bacterial adhesion. A quercitrin functionalized nanostructured TiO2 surface was produced and
characterized by atomic force microscopy (AFM), scanning electron microscopy (SEM) and contact
angle analysis. Then, we analyzed the effect of the surfaces on HUVEC biocompatibility and function,
in addition to its hemocompatibility and platelet adhesion. Finally, we evaluated Staphylococcus
epidermidis adhesion and biofilm formation to the different surfaces.
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2. Materials and Methods

2.1. Materials

Machined titanium discs, c.p. grade IV, 6.2 mm diameter and 2 mm height were purchased
from Implantmedia (Lloseta, Spain). APTES, quercitrin standard, 2-aminoethyl diphenylborinate
(DPBA), polyethylene glycol 4000 (PEG4000) and ammonium fluoride (NH4F) were purchased
from Sigma-Aldrich (St. Louis, MO, USA). Deionized water was obtained from a Millipore system
(Billerica, MA, USA). Technical acetone and NaOH were purchased from Fisher Scientific (Madrid,
Spain). Reagent grade nitric acid (69.5%), absolute ethanol and anhydrous toluene were purchased
from Scharlab (Barcelona, Spain). Hellmanex III solution was purchased from Hellma Hispania
(Badalona, Spain).

2.2. Surface Nanostructuration

Titanium discs were polished and cleaned as previously described [21]. Afterwards a nanonet
(NN) nanostructure was produced using an Autolab (Metrohm Autolab BV, Utrecht, The Netherlands),
the titanium samples as an anode and a platinum electrode (Metrohm Autolab BV, Utrecht,
The Netherlands) as a cathode as previously described [22]. Polished titanium discs were anodized in
an etilenglycol based electrolyte (0.1 M NH4F, 8 M H2O) with a first anodization of 30 min at 35 V
and a second one of 10 min at the same voltage. A peeling was done between the first and second
anodization using Scotch® MagicTM tape (3M, Maplewood, MN, USA).

2.3. Preparation of Quercitrin-Nanocoated Titanium Surfaces

To obtain the quercitrin-nanocoated titanium surfaces, machined Ti disks and NN-nanostructured
Ti disks were used. Machined Ti disks were passivated with 30% HNO3 for 30 min, rinsed with water
until the pH became neutral and left in water for 48 h. NN disks were rinsed with water and left in
water for 48 h. Then, all coins were dried under a N2 flow and aminosilanized with 2% APTES in
dry toluene for 24 h under a controlled atmosphere, in order to maintain the relative humidity levels
below 10%. After that, the surfaces were chemically functionalized with quercitrin by immersion in a
quercitrin hydrate 1 mM aqueous solution (250 μL/coin) at pH 5.5 for 1 h. Then, samples were washed
twice with water, dried under a N2 flow and stored under vacuum at −20 ◦C until use. The samples
were prepared in aseptic conditions.

2.4. Quantification of Quercitrin Grafted to Titanium Surfaces by Fluorescence Spectroscopy

A stock solution of quercitrin standard (500 μM) was prepared in absolute ethanol and stored
in aliquots at −80 ◦C. Standard surfaces with a known amount of quercitrin were prepared by drop
casting a volume of stock solution containing a known amount of quercitrin (0.1, 0.25, 0.5, 0.75, 1 or
1.5 nmol) on the surface of passivated Ti coins, which were further allowed to air-dry for 20 min. In a
96-well plate suitable for fluorescence measurements, the samples and standard surfaces were carefully
stained with 5 μL of DPBA (22 mM) in methanol and 5 μL of PEG400 (5%, m/v) in ethanol. After 1.5 h,
the fluorescence emission spectrum of the samples was acquired, from λem= 500 nm to λem= 700 nm at
an excitation wavelength of λex = 480 nm, using a Varian Cary Eclipse fluorescence spectrophotometer
with a microplate reader (Agilent Technologies, Santa Clara, CA, USA). A calibration curve was
obtained from the maximum fluorescence intensity at λem = 570 nm. Three sample and standard
replicates (n = 3) were used in each analysis. Fluorescence images (λex = 450–490 nm) were taken with
a Leica DM R (Wetzla, Germany) fluorescence microscope and pseudocolored with Leica software.

2.5. Surface Characterization

The morphology of the different surfaces was analyzed using scanning electron microscopy.
Samples were sputter gold coated before SEM analysis. Images were acquired using a scanning electron
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microscope (SEM; Hitachi S-3400 N, Krefeld, Germany) using secondary electrons, vacuum conditions
and 15 kV of voltage. Images were analyzed using ImageJ software (version 1.49u, National Institutes
of Health, Bethesda, MD, USA) to determine the pore diameter.

Topography of the samples was analyzed using an atomic force microscope (VECCO model
multicode, VECCO, Plainview, Oyster Bay, NY, USA) in the air tapping mode with a scan size of 10 μm
in combination with HQ: NSC35/Al probes (Mikromasch, Lady’s Island, SC, USA) with a nominal
spring constant of 16 N/m and resonance frequency of 300 kHz.

The static contact angle was calculated by the sessile drop method using a Nikon D3300 (AF-P DX
18-55 mm lent). The contact angle measurements were performed using four samples of each group
using 2 μL ultrapure water as the wetting agent. Image analysis was performed using ImageJ software
(National Institutes of Health, Bethesda, MD, USA).

2.6. Cell Culture

A pool of human umbilical vein endothelial cells (HUVECs) from different donors (Lonza,
Clonetics, Basilea, Switzerland) was used. Lonza assured that cells were ethically and legally obtained,
and all donors provided written informed consent. Cells were cultured at 37 ◦C, 5% CO2 and
maintained in basal medium EBMTM (Lonza, Clonetics, Basilea, Switzerland) supplemented with
EGM™ SingleQuots™ (Lonza, Clonetics, Basilea, Switzerland). Cells were seeded in 96-well plates at a
density of 7.0 × 103 cells per well for 7 days.

2.7. Bioactivity of Nanostructured Surfaces on HUVEC

Cell adhesion: HUVECs were allowed to adhere for 30 min to the different surfaces. Unbounded cells
were removed by washing twice with PBS and cell adhesion was analyzed using the Presto Blue reagent
following the manufacturer’s protocol (Life Technologies, Carlsbad, CA, USA). Briefly, 10 μL of Presto
Blue was added to all samples containing 100 μL of the culture medium. Samples were incubated at
37 ◦C overnight and then the absorbance of the medium was read at 570 and 600 nm.

Cytotoxicity assay: after 48 h of culture, the presence of lactate dehydrogenase (LDH) in
the culture media was used as an index of cell death. Following the manufacturer’s instructions
(Cytotoxicity Detection kit, Roche Diagnostics, Manheim, Germany), LDH activity was determined
spectrophotometrically after 30 min of incubation at room temperature of 50 μL of culture media
and 50 μL of the reaction mixture by measuring the oxidation of nicotinamide adenine dinucleotide
(NADH) at 490 nm in the presence of pyruvate. Results were presented relative to the LDH activity in
the medium of cells cultured in tissue culture plastic (TCP) (low control, 0% of cell death) and of cells
growing on TCP treated with surfactant triton X-100 1% (high control, 100% of cell death).

Metabolic activity: total metabolic activity was analyzed at 48 h and 7 days of HUVECs culture
using the Presto Blue reagent (Life Technologies, Carlsbad, CA, USA) following the manufacturer’s
protocol. Presto Blue was added to all samples containing 100 μL of the culture medium. Samples were
incubated at 37 ◦C for 1 h and then the absorbance of the medium was read at 570 and 600 nm.

NO production: NO production was analyzed by measuring the amount of nitrate and nitrite
present in the culture media after 48 h and 7 days of incubation using the Nitrate/Nitrite Colorimetric
Assay Kit (Cayman Chemical, Ann Arbor, MI, USA). NO production values were normalized by the
metabolic activity of each sample.

2.8. Hemocompatibility of the Modified Surfaces

To study the hemocompatibility of the modified surfaces the hemolysis rate was analyzed. In order
to do this, 15 mL tubes with 10 mL of PBS were prepared and incubated with the samples for 24 h at
37 ◦C in orbital agitation at 180 rpm. In addition, tubes with only PBS and no samples were incubated
as a negative control, and tubes with MilliQ water as positive control. After the incubation time, 2 mL
of blood samples were collected from two different donors and diluted with 2.5 mL of NaCl 0.9%. Then,
200 μL of the diluted samples were added to the 15 mL tube prepared the day before. Samples were
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then incubated at 37 ◦C for 1 h and then centrifuged at 1590× g for 5 min. After that, 100 μL of the
supernatant were collected and absorbance at 540 nm was read, calculating the hemolysis rate as %
versus positive control.

2.9. Platelet Adhesion on the Modified Surfaces

To study platelet adhesion on the modified surfaces, blood from three different donors was
collected and centrifuged at 390× g for 10 min. Supernatants were collected and mixed to create a
platelet pool. After that, 100 μL of the platelet pool were seeded on the implants and cultured for 2 h
at 37 ◦C, 5% CO2. Then, samples were washed twice with PBS and fixed with a 4% glutaraldehyde
solution for 2 h. Finally, samples were washed with MilliQ water and stored at 4 ◦C with water until
use. Samples were dehydrated before the analysis with scanning electron microscopy. Images were
acquired using a scanning electron microscope (SEM; Hitachi S-3400 N, Krefeld, Germany) using
secondary electrons, vacuum conditions and 15 kV of voltage. Images were analyzed using ImageJ
software (version 1.49u) National Institutes of Health, Bethesda, MD, USA) to determine platelet
number per implant.

2.10. Bacterial Culture

The bacterial strain used in this study was Staphylococcus epidermidis 4184 (CECT, Valencia, Spain;
S. epidermidis). The strain was maintained in Luria-Bertani (LB) agar plates (Scharlab, Sentmenat, Spain)
and cultured in LB broth (Scharlab, Sentmenat, Spain) for 24 h at 37 ◦C under aerobic conditions in an
orbital shaker (180 rpm).

2.11. Bacterial Adhesion and Biofilm Formation on the Modified Surfaces

S. epidermidis adhesion was analyzed after 30 min of incubation with the different surfaces.
A bacterial suspension with a 600 nm absorbance of 0.2 corresponding to 7.9 × 107 CFU/mL, estimated
from the plates that present between 25 and 300 CFUs, was prepared and 200 μL were seeded on
the implants. This bacterial suspension was incubated for 30 min at 37 ◦C under aerobic conditions.
After that, samples were washed twice with PBS in order to eliminate not attached bacteria and
then they were sonicated in 500 μL of PBS for 15 min at a frequency of 42 kHz using an ultrasonic
bath BRANSON 5510 (Emerson Industrial Automation, Soest, The Netherlands). After sonication,
samples were agitated by vortex to detach the bacteria from the surface and serial dilutions were made.
These dilutions were seeded in LB agar plates and incubated at 37 ◦C under aerobic conditions for 48 h.
Finally, bacterial colony forming units (CFUs) were estimated from the plates that presented between
25 and 300 CFUs. The results were expressed as CFU/cm2 of the implant surface.

To analyze the biofilm formation, the same procedure was followed but the samples were incubated
with the bacterial suspension for 24 h instead of 30 min. Results were also expressed as CFU/cm2 of the
implant surface.

2.12. Statistical Analysis

All data are presented as the mean value ± standard error of the mean (SEM). A Shapiro–Wilk test
was done to assume parametric or non-parametric distributions. Variance homogeneity was analyzed
using Levene’s test. Parametric data was analyzed by a one-way ANOVA using as post hoc Bonferroni
for data with homogeneous variance or Games Howell for data with non-homogeneous variance.
Non-parametric data was analyzed by Kruskal–Wallis. To evaluate the effect of nanostructuration or
quercitrin functionalization a Student’s t-test (parametric) or Mann Whitney (non-parametric) was
used. Results were considered statistically significant at p < 0.05. SPSS software (version 18.0, Chicago,
IL, USA) and GraphPad Prism (version 7, La Jolla, CA, USA) were used.
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3. Results

3.1. Characterization of Surface Topography and Wettability

An NN surface was obtained with the anodization conditions used, as demonstrated by the SEM
images (Figure 1). In addition, coating of the Ti and NN surfaces with quercitrin did not affect its
morphology or the pore size, calculated measuring both the length and the width of the pore, since it did
not present a circular morphology (Table 1). The data obtained using AFM showed that nanostructured
surfaces presented higher Ra and Rq values compared to the non nanostructured ones (p < 0.001).
No differences on the roughness parameters were added by QR functionalization. In contrast, water
contact angle (CA) measurements indicated that although all surfaces were hydrophilic (CA lower
than 90◦), the contact angle of QR coated samples (TiQR and NNQR) was lower compared to Ti and
NN, respectively (QR coated versus non-coated groups; p < 0.001).

Figure 1. Physical characterization of nanostructured surfaces. Representative AFM (atomic force
microscopy) and SEM (scanning electron microscopy) images of the different nanostructured titanium
surfaces. Scale bars for each image are shown.

Table 1. Physical characterization of the different titanium surfaces. Values represent the mean ± S.E.M.
◦ = water contact angle, ⥈ = pore width,

⥈

= pore length, Ra = average roughness, Rq = root mean
square. Results were statistically compared by an ANOVA and Bonferroni as post hoc: * p < 0.05 versus
Ti; $ p < 0.05 versus TiQR and # p < 0.05 versus NN.

Parameter Ti TiQR NN NNQR

Contact angle (◦) 68.4 ± 1.4 61.3 ± 1.6 * 66.6 ± 0.6 60.5 ± 0.7 *,#
Pore size (nm) ⥈ - - 84.2 ± 4.2 79.8 ± 2.5
Pore size (nm)

⥈

- - 55.8 ± 2.8 51.0 ± 1.13
Ra (nm) 37.2 ± 5.9 25.0 ± 3.6 61.8 ± 5.3 *, $ 46.8 ± 7.2 $
Rq (nm) 46.8 ± 7.2 34.7 ± 4.2 78.4 ± 6.6 *, $ 70.6 ± 8.8 $

3.2. Physical Characterization of Quercitrin Nanocoated Surfaces

A homogeneous quercitrin coating was obtained on both Ti and NN surfaces as demonstrated
by the fluorescence coating. The fluorescence microscope images showed higher fluorescence in
NN-QR surfaces compared to TiQR, indicating a higher amount (2.5-fold) of quercitrin linked to the
nanostructured surfaces, as shown in Figure 2.
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Figure 2. Quercitrin functionalized titanium surfaces staining. Representative fluorescence images
of the quercitrin functionalized titanium surfaces after a fluorescence staining. 0.2 ± 0.1 nmol of QR
were immobilized for the TiQR group while up to 0.5 ± 0.2 nmol of QR could be detected for the
NNQR group.

3.3. Bioactivity of the Quercitrin Functionalized Nanostructured Surfaces on HUVEC

HUVECs were used as a vascular endothelial cell in vitro model to determine the potential effects
of the nanostructuration and quercitrin coating of surfaces on endothelial cells.

HUVEC adhesion on the different surfaces was analyzed 30 min after seeding (Figure 3A), showing
a higher adhesion on the NN surface compared to TiQR (24.7% increase) and a lower adhesion on
NNQR compared to NN surfaces (34.4% decrease). After 48 h of culture, cytotoxicity levels of cells
cultured on all surfaces were lower than 30% (Figure 3B), which is the limit for biological evaluation
of medical devices (ISO 10993-5:2009). Furthermore, all the modified surfaces showed improved
biocompatibility compared to Ti, though for the NNQR statistical significance was not reached. Next,
we evaluated the effect of the surfaces on HUVEC metabolic activity at 48 h and 7 days of culture
(Figure 3C,D). An effect of quercitrin functionalization was observed on metabolic activity, being higher
on cells cultured on the quercitrin coated surfaces (TiQR and NNQR) compared to Ti after 48 h (15.6%
and 46.7% increase respectively) and 7 days of incubation (57.2% and 78.1% increase respectively).

Furthermore, NO production was analyzed to study the effect of the surface modification on
HUVEC differentiation after 48 h and 7 d of incubation (Figure 4). NO levels in the cell culture media
were corrected by the metabolic activity levels of each specific sample. After 48 h of incubation lower
NO production was observed in cells cultured on the quercitrin coated surfaces, being significant for
both the TiQR and NNQR group compared to Ti (42.72% and 42.72% decrease respectively), and an
effect of quercitrin was observed. After 7 days of incubation a decrease in NO production can be
observed in all groups (TiQR, NN and NNQR) compared to Ti, although statistical significance was
only achieved in NNQR compared to Ti and TiQR. In addition, an effect of nanostructuration and
quercitrin was observed, showing a lower NO production in cells cultured onto nanostructured and
quercitrin coated surfaces.
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Figure 3. Surface bioactivity on human umbilical vein endothelial cells (HUVECs). (A) Cell adhesion to
the surfaces after 30 min of incubation, expressed as % vs. Ti (n = 6). (B) Cytotoxicity of cells cultured
on the different surfaces, measured as LDH activity; cells cultured on (TCP) are considered (−) an cells
treated with Triton 100X 1% are considered (+; n = 7). (C) Metabolic activity of cells cultured on the
different surfaces for 48 h; results are expressed as % vs. Ti (n = 7). (D) Metabolic activity of cells
cultured on the different surfaces for 7 days (n = 7). Values represent the mean ± S.E.M. Results were
statistically compared by an ANOVA and Bonferroni as a post hoc for LDH activity and metabolic
activity 7 d, by ANOVA and Games Howell as a post hoc for cell adhesion and by Kruskal–Wallis
for metabolic activity 48 h. * p < 0.05 versus Ti; # p < 0.05 versus NN and $ p < 0.05 versus TiQR.
QR indicates the effect of quercitrin functionalization (p < 0.05), as assessed by Student’s t-test for cell
adhesion, LDH activity and metabolic activity 7 d and by Mann–Whitney for metabolic activity 48 h.

Figure 4. HUVEC NO production corrected by metabolic activity levels. (A) NO production corrected
by metabolic activity levels after 48 h of incubation; results are expressed as % vs. Ti (n = 7). (B) NO
production corrected by metabolic activity after 7 d of incubation; results are expressed as % vs. Ti.
Values represent the mean ± S.E.M (n = 7). Results were statistically compared by an ANOVA and
Bonferroni as a post hoc for NO production 48 h and Kruskal–Wallis for NO production 7d. * p < 0.05
versus Ti; $ p < 0.05 versus TiQR; # p < 0.05 versus NN. QR indicates effect of quercitrin functionalization
(p < 0.05); NN indicates effect of nanostructuration (p < 0.05) as assessed by a Student’s t-test for NO
production 48 h or Mann–Whitney for NO production 7 d.
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3.4. Hemocompatibility of the Nanostructured Quercitrin Functionalized Nanostructured Surfaces

To test the hemocompatibility of the surfaces, a hemolysis rate test and a platelet adhesion
experiment were performed (Figure 5). All the surfaces tested showed no hemolysis rate when tested
using blood collected from different donors. In addition, platelet adhesion was lower in nanostructured
surfaces (NN and NNQR) compared to Ti (77.1% and 48.1% decrease respectively) and TiQR (93.9%
and 64.9% decrease respectively). Quercitrin coating of the surfaces did not decrease platelet adhesion,
in contrast, NNQR surface showed a higher platelet adhesion than NN, although this did not reach
statistical significance. In this case, the nanostructuration of the surfaces had a greater impact than the
quercitrin coating on the hemocompatibility of the surfaces.

Figure 5. Hemocompatibility and platelet adhesion. (A) Hemolysis rate induced by the surfaces after
1 h of incubation, expressed as % vs. (+) that was set to 100%. Blood incubated with water is considered
(+), and blood incubated with PBS is considered (−) (n = 6). (B) Platelet adhesion after 2 h on the
different surfaces (n = 8). (C) Representative SEM images of human platelets adhered to the different
surfaces. Values represent the mean ± S.E.M. Results were statistically compared by Kruskal–Wallis.
* p < 0.05 versus Ti; $ p < 0.05 versus TiQR. NN indicates the effect of nanostructuration (p < 0.05) as
assessed by Mann–Whitney.

3.5. Bacterial Adhesion and Biofilm Formation on the Nanostructured Quercitrin Functionalized Surfaces

S. epidermidis adhesion on the different surfaces was tested after 30 min of seeding (Figure 6A).
Bacterial adhesion was lower on TiQR surfaces compared to Ti (50.2% decrease) and there was no
difference between NN and NNQR compared to Ti. Although there was no decrease of bacterial
adhesion on these surfaces, it is important to mention the fact that there was no increase despite their
higher surface roughness on nanostructured groups. No differences were observed in the ability of the
bacteria to create a biofilm after 24 h among the groups (Figure 6B).
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Figure 6. Staphylococcus epidermidis adhesion and biofilm formation. (A) S. epidermidis adhesion after
30 min of incubation. (B) S. epidermidis biofilm formation after 24 h of incubation on the surfaces.
Values represent the mean ± S.E.M., (n = 6). Three different experiments were performed in duplicate.
Results were statistically compared by Kruskal–Wallis for bacterial adhesion and an ANOVA and
Bonferroni as a post hoc for biofilm formation. * p < 0.05 versus Ti; $ p < 0.05 versus TiQR.

4. Discussion

Cardiovascular diseases represent one of the leading causes of premature death and bring a
tremendous economic burden [23]. Ti and its alloys are widely used for biomedical implants, such
coronary bare metal stents, which usually fail due to in-stent restenosis. In this work, we tried two
different approaches to improve the outcome of this material: the use of nanostructuration and the
addition of a quercitrin coating to the Ti surface. Although we failed to find a synergic effect, we found
on one hand that nanostructuration decreased platelet adhesion and in turn decreased the risk of
thrombosis, while improving the biocompatibility of endothelial cells; and on the other hand we found
that QR coating decreased bacterial adhesion, thus decreasing the risk of infection.

The characterization of the nanostructures produced in the present study allowed the determination
of roughness, contact angle and geometry of the pores that could influence the cell and bacterial
response. Roughness was similar when compared to other studies [24], but geometry and hydrophilicity
of these surfaces showed some differences. Thus, our nanonet structure differed in morphology and
geometry compared to nanopores in other studies [25], showing also a higher hydrophilicity compared
to our study. The use of a nanostructured TiO2 surface of the stent allows the creation of a surface
that mimics the vascular walls, as it possesses nanostructured features, such as collagen and elastin of
the endothelial cellular matrix. Previous studies have described that the presence of nanostructures
on the surface enhances stent endothelialization preventing thrombosis [26–28]. However, in other
studies nanostructuration of Ti surfaces did not show any effect on platelet aggregation compared with
Ti before endothelialization [10,29]. In our study, all surfaces tested were hemocompatible, showing
a low hemolysis rate, and nanostructured surfaces (NN and NNQR) presented significantly lower
platelet adhesion compared to the non-nanostructured ones (Ti and TiQR). This result supports that
our nanostructured surface could help prevent stent related thrombosis, as nanostructuration prevents
platelet aggregation on the surface.

Another important aspect when developing new high-risk medical devices such as coronary stents
is the biocompatibility, which follows ISO 10993:5. All our new surfaces tested were biocompatible,
and the nanostructured surface (NN) showed the best biocompatibility results on endothelial cells of
all the groups, proving that TiO2 coatings possess excellent biocompatibility, in agreement with other
reports [22]. In regard to cell adhesion, some studies have shown a lower cell count after one day of
culture on Ti nanotubular surfaces with a 110 nm diameter [15], showing the importance of evaluating
nanostructured surfaces with smaller diameters, like the ones produced in this study, with an average
size of 84.2 ± 4.2 nm × 55.8 ± 2.8 nm. Although our results show a higher cell adhesion in the NN
group, we failed to find a significant difference with nanostructuration.
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Another aspect evaluated in this work is related to the differentiation of the HUVEC cells,
which can be measured with the release of nitric oxide. Nitric oxide synthase (NOS-3) is present in the
vascular endothelium and synthetizes nitric oxide (NO) from L-arginine. NO has an atheroprotective,
thromboresistant and vasodilator role in the endothelium. Therefore, the dysfunction of this pathway
contributes to various cardiovascular disorders such as hypertension, atherosclerosis, intimal
hyperplasia or restenosis [30,31]. Different studies have reported an increase in NO production
of HUVEC cultured on nanostructured surfaces compared to cells cultured on Ti [10,15]. However,
we observe a decrease in NO production of cells cultured on NNQR surfaces after 48 h and 7 d
compared to Ti, and after 7 days an effect of nanostructuration and QR coating was observed, leading
to a decrease in NO production, which could be related to a higher cell proliferation and a lower cell
differentiation. It should be kept in mind that both, micro and nanostructuration may affect the cellular
response to the surfaces, in fact, in a previous study, we could demonstrate that NN surfaces induced
an oriented alignment of both human gingival fibroblasts and human bone marrow mesenchymal
stem cells, leading in turn to an improved expression of differentiation markers [22,32]. In a previous
paper, we also showed that gingival fibroblast cells grew aligned to machined surfaces and disorderly
on the polished ones [32].

Finally, bacterial adhesion to the modified surfaces was studied. Infections following the placement
of cardiovascular devices is rare but it can be life-threatening and difficult to treat [6,33], and the
increase of surface roughness induced by the nanostructuration process could favor bacterial adhesion,
as reported in other studies [34]. Nevertheless, S. epidermidis adhesion was equal in nanostructured
and Ti surfaces.

In regard to the second strategy with the addition of a quercitrin coating, we have previously fully
characterized the coating and demonstrated that the flavonoid quercitrin could be an excellent
choice for implant coating due to its multifunctional properties [18,19,35,36]. Most flavonoids
are considered nontoxic and are present in plant-derived foods and present anti-inflammatory,
antimutagenic and anticarcinogenic properties [37]. In previous studies, we have demonstrated that
quercitrin coating presents good biocompatibility, osteopromotive, anti-inflammatory and antibacterial
activity [18,19,35,36]. Here, we proved that quercitrin could also be applied as a coating for bare metal
stents, and combined with the nanostructured surface, to overcome the main drawbacks of DES. In fact,
the coating procedure was adapted and proved to perform successfully on the nanostructured surfaces,
showing a higher amount of linked flavonoid. In addition, it is important to mention that the QR
coating did not alter the nanostructure morphology or topography, in agreement with previous studies
where it was demonstrated that the coating did not affect surface roughness [18,19]. The water contact
angle was the only parameter affected by the QR coating, and this decrease was expected due to the
presence of the biomolecule on the implant surface. The use of a coating that is covalently linked
to the surface, as demonstrated by FTIR spectroscopy and XPS in previous studies [18,19], could
provide an alternative to the use of a polymer, which is considered as one of the leading causes of
late stent thrombosis in DES [8,9]. Similar to previous reports [19,35], QR coated surfaces were also
biocompatible on HUVEC cells, and remarkably showed higher metabolic activity in all evaluated
time points, similar to other studies with mesenchymal stem cells [18,19]. This result is promising since
a rapid endothelialization of the stent surface is very important in order to avoid thrombosis, a major
complication of DES. After 48 h of incubation with the surfaces, NO production levels show an opposite
profile compared to the metabolic activity. This could indicate that the QR coating is promoting cell
proliferation rather than initiating cell differentiation. However, after 7 days of incubation a tendency
of lower NO production in the nanostructured surfaces (NN and NNQR) was found. In the case of
NNQR surface, this result correlated again with the metabolic activity profile, being this surface the
one that stimulated a higher cell proliferation and a lower cell differentiation.

On the other hand, QR coating did not seem to have an important impact on hemocompatibility
of the different surfaces, as no differences were observed on the hemolysis rate and platelet adhesion,
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despite flavonoids having been reported to present antiplatelet effects and to be able to inhibit platelet
aggregation [38,39].

Last, due to the clinical implications of implant-related infections and with the rising of
antimicrobial resistance, there is a need to develop antibacterial coatings with other molecules
rather than antibiotics. Plants synthesize flavonoids in response to microbial infection and they have
also been proposed as resistance-modifying agents that can act synergically with antibiotics against
resistant bacterial strains [37]. In previous studies in our research group, TiQR surfaces significantly
decreased Streptococcus mutans adhesion compared to Ti [20], similar to the present results with
S. epidermidis. Therefore, this type of surface could help to prevent intravascular bare metal stent
infections, which are rare but a serious complication, and often leads to emergency surgery. Moreover,
bacteria commonly found in skin flora such as S. aureus and S. epidermidis are the most common bacterial
causes of both vascular graft and stent infections [40], from which we reported an effect. However,
future studies in elucidating the effects of QR on different bacterial may be useful for optimizing the
efficiency and feasibility of the QR-coated biomaterials in biomedical applications.

The fact that these studies were performed using Ti discs represent a limitation in the study,
together with the fact that HUVEC behavior and hemocompatibility were tested in vitro in conditions
that are far from the in vivo situation. In future studies, nanostructuration or quercitrin coating should
be performed on a final medical device using coronary Ti stents, and including mechanical testing in the
studies using various modes of failing such as bending, torsion, tensile, crushing, abrasion and fatigue
to analyze if any of these modifications are affecting the mechanical properties and durability. Finally,
an in vivo study with a validated animal model under aseptic and infected conditions is necessary to
determine the histological effects of the coatings and its hemocompatibility in an in vivo environment.

5. Conclusions

Nanostructuration of Ti surfaces has shown improved biocompatibility on endothelial cells and
hemocompatibility, which could represent a good option as a surface modification for bare metal stents
to produce a rapid re-endothelialization and prevent thrombosis. Moreover, the use of quercitrin
functionalization on Ti implants has shown lower bacterial adhesion, which could reduce the risk of
bacterial infection.
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Abstract: The theory, known as the “brain-bone axis” theory, involves the central nervous system
in bone remodeling. The alteration of the nervous system could lead to abnormal bone remodeling.
Melatonin produced by the pineal gland is a hormone that is characterized by its antioxidant
properties. The aim of this meta-analysis was to examine the role of melatonin in the growth of
new bone around titanium dental implants in vivo. A manual search of the PubMed and Web of
Science databases was conducted to identify scientific studies published until November 2020. We
included randomized clinical trials (RCTs) and animal studies where melatonin was used with
titanium implants. Fourteen studies met the inclusion criteria. Quality was assessed using the Jadad
scale and SYRCLE’s risk of bias tool. Our meta-analysis revealed that the use of melatonin during
implant placement improves bone-to-implant contact percentages in animals (difference of means,
random effects: 9.59 [95% CI: 5.53–13.65]), reducing crestal bone loss in humans (difference in means,
random effects: −0.55 [95% CI: 1.10–0.00]). In animals, titanium implants using melatonin increase
bone-to-implant contact surface 2–6 weeks after their placement and reduce crestal bone loss in
humans following six months. The results of this meta-analysis should be taken with caution, due to
the small samples and the large heterogeneity among studies.

Keywords: melatonin; bone formation; titanium dental implants; systematic review; meta-analysis

1. Introduction

The first description of osseointegration was provided by Brånemark and colleagues [1]
more than 50 years ago, and to date, this process still remains unexplored. One of the
theories posed in recent years, referred to as the “brain-bone axis theory” by certain au-
thors [2], has drawn particular interest. It suggests the involvement of the sympathetic
nervous system (SNS) in bone remodeling, claiming the need for the autonomic nervous
system to be undamaged in order to contribute to the maintenance of healthy bone tissue,
with its alteration leading to possible anomalies in bone remodeling [3,4]. This remodel-
ing process would be mainly controlled by neurotransmitters (noradrenaline, serotonin
and dopamine), and growth hormones secreted by the pituitary gland could stimulate
osteoblast and osteoclast proliferation, which plays a crucial part in the bone formation-
destruction balance [5,6].

It has been proven that the group of glucose-sensing neurons in the hypothalamic
arcuate nucleus makes control of the skeleton by the brain possible [7], and that long-term
use of certain central nervous depressant drugs causes a reduction in bone mass that results
in osteoporosis, and therefore in high rates of dental implant failure in patients under
treatment with such drugs [8].

The biofunctionalization of a certain biomaterial consists of modifying the physico-
chemical characteristics of its surface, which improves a body’s biological response when
it comes into contact with it, despite the fact that there are other factors that influence
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the creation of an adequate surface bone-implant contact, such as bone quality or proper
surgical technique [9–11].

In recent decades, different techniques to improve titanium (Ti) surface topography
and promote osseointegration have been developed, since Ti surfaces have no antioxidant
properties and the cells that grow on the surface may be under permanent oxidative
stress [12]. Current research is focused on obtaining surfaces that may achieve better and
faster osseointegration through morphological or biochemical modification [13,14].

Melatonin (MT) (Melatonin, N-acetyl 5-methoxytriptamine) is a hormone that is
mainly synthetized in the pineal gland. It is regarded as a relevant mediator of angiogenesis
and bone formation due to its antioxidant effects, its production being precisely modulated
under the influence of the hypothalamus [15–17]. Previous studies have assessed its anti-
inflammatory properties, as well as its relevant role in peri-implant bone formation [18–21],
all due to its extraordinary capacity to destroy reactive oxygen species [22]. In this regard,
the benefits of its topical application on post-extraction sockets and before dental surgery
to prevent bisphosphonate-related osteonecrosis have also been noted [23]. However,
it should be noted that despite this knowledge, the clinical application of antioxidant
therapies and surface biofunctionalization in this respect to enhance dental-implant surgery
is very limited.

The purpose of our study was to carry out a systematic review of the literature related
to bone growth and remodeling around Ti dental implants, combined with MT.

2. Materials and Methods

Eligible studies were selected according to the Preferred Reporting Items for System-
atic Review and Meta-Analysis (PRISMA) guidelines for systematic reviews and meta-
analysis [24] (Table S1, Checklist).

2.1. Protocol

The Population, Intervention, Comparison and Outcome framework (PICO) was used
as a basis to formulate the research question, which was: “The inclusion of melatonin in
dental implant surgery: does it influence osseointegration?”.

(P) Participants: the subjects received endo-bone implant placement. (I) Interventions:
implants including melatonin. (C) Control: implants without melatonin. (O) Outcome:
Bone-to-Implant Contact (BIC) (in animal studies) and Marginal Bone Level (MBL) in
randomized clinical trials (RCTs).

2.2. Data Sources and Search Strategy

The PubMed and Web of Science electronic databases were searched for findings
published in the last 15 years until November 2020. The search terms used were: “titanium
dental implants AND melatonin surface”; “melatonin AND dental implants”; and “mela-
tonin AND dental implants AND bone formation”. The Boolean operator “AND” was
used to combine the searches.

2.3. Inclusion and Exclusion Criteria

The inclusion criteria for the study selection were:

• Randomized clinical trials and animal studies on Ti implants, with and without the
incorporation of melatonin.

• Randomized clinical trials and animal studies that reported bone-implant contact
percentages, with and without the incorporation of melatonin.

• Studies with a minimum of six implants/group.

The exclusion criteria for the study selection were:

• In vitro studies.
• Narrative and systematic reviews.
• Clinical cases.
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• Studies that assessed the effectiveness of melatonin in bone regeneration without in-
cluding dental implants, duplicates and those that failed to meet the inclusion criteria.

2.4. Data Extraction and Analysis

Those articles that failed to address the research question were removed. The corre-
ponding titles and abstracts of the eligible articles were taken, and two reviewers (NL-V
and AL-V) separately drew up a selection of them. The reviewers discussed and solved the
discrepancies over the choice of articles that arose. The full versions of the chosen articles
were then obtained for review and inclusion.

2.5. Risk of Bias (RoB) of the Selected Articles

The methodology of the scientific evidence gathered in the selected studies was
assessed using SYRCLE’s risk of bias tool (an adapted version of the Cochrane RoB tool,
with specific biases in animal studies) [25].

2.6. Quality of the Reports of the Selected Articles

This assessment was based on the provided ARRIVE (Animal Research: Reporting of
In Vivo Experiments) guidelines [26], with a total of 23 items. The reviewers, N.L.-V. and
A.L.-V., allocated each item a score of 0 (not reported) or 1 (reported), including an overall
inventory of all the selected studies.

2.7. Quality of the Reports of the Included Randomized Clinical Trials

The assessment was carried out using the Jadad scale [27], which reveals the method-
ological quality of a study based on how it describes randomization, blinding and dropouts
(withdrawals). The scale goes from 0 to 5, with a score of ≤2 meaning poor quality and a
score of ≥3 meaning that the report meets high quality standards.

2.8. Statistical Analysis

The meta-analysis was conducted using the RevMan 5 program (Review Manager
(RevMan) [Computer program]. Version 5.4. Copenhagen, Denmark: The Nordic Cochrane
Centre, The Cochrane Collaboration, London, UK, 2014). Animal studies were assessed
for BIC [28–30] between 2 and 6 weeks after placement, and crestal bone loss or MBL of
implants was assessed in RCTs 6 months after placement [31,32]. Mean difference (MD)
and standard deviation (SD) were used for the assessment of continuous variables (BIC
and crestal bone loss), weighting by inverse variance with a 95% confidence interval (CI).
The threshold for statistical significance was established at p < 0.05. Heterogeneity was
assessed by calculating I2 and Chi-square, using a random effects model in both cases. The
sensitivity analysis was conducted by excluding one study at a time to check whether there
were changes in the results. A funnel plot graph was used to assess publication bias.

3. Results

3.1. Characteristics of the Studies

Until November 2020, a total of 135 studies were identified for subsequent assessment
by the reviewers. After a first screening, 41 duplicate studies were removed. In a second
screening, 26 studies that did not clearly meet the inclusion criteria, and were therefore
considered inadequate, were removed (Figure 1, Flowchart). Table 1 provide the evaluation
of the ARRIVE criteria in animal studies. Tables 2 and 3 provide a general description
of the details corresponding to the RCTs and experimental animal studies, respectively.
Table 4 provides the Jadad quality score in RCTs.
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Figure 1. Flowchart.

3.2. Risk of Bias and Quality Assessment of Animals Included Studies

The risk of bias assessment results for the animal studies are shown in Figure 2.
Although allocation to blinding was mentioned in several articles, the lack of information
resulted in a high and unclear risk of bias for most of the items. The ARRIVE checklist
criteria for the animal studies [26] included are shown in Table 1. The mean score of the
studies was 16.36 ± 0.88. All the studies provided adequate information in terms of title,
abstract, introduction, ethical declaration, species, surgical procedure, assessment of results
and statistical analysis. None of the studies reported items 5 (Reasons for animal models),
19 (3Rs, Replace, Reduce and Refine), 20 (Adverse events), 21 (Study limitations) or 22
(Generalization/applicability).
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Table 2. Characteristics of randomized clinical trials (RCTs).

Study, Year
Participants

Number
Interventions

Number
Implants
Number

Outcomes
Test Group

p-Values
Conclusions

Hazzaa et al.,
2020. [44]. 23

46 sites for
dental

implants.
46

- Radiographic
evaluation:
MBL and BL

- PPD
- PIST

p = 0.000

The combined use
of ABG with MLN

is a promising
alternative for early

loading.

Hazzaa et al.,
2019. [45]. 26

26 sites for
dental

implants.
52

- Radiographic
evaluation:
MBL and BD

- GI
p = 0.001

Application of
melatonin with

ABG around
immediate

implants is a
valuable option for
replacing missing

teeth in the esthetic
zone in terms of

soft and hard
tissues.

El-Gammal
et al., 2016.

[46].
14

14 sites for
dental

implants.
14 Periotest; MPD;

DPD; and MBL p = 0.2

The topical
application of

melatonin could be
a good treatment
option for dental
implants in the

posterior maxilla.

MBL (Marginal Bone Loss); BD (Bone Density); PPD (Pre-implant Probing Depth); PIST (Peri-implant soft tissue); GI (Gingival Index);
MPD (Mesial Probing Depth); DDP (Distal Probing Depth); ABG (Autogenous Bone Graft); MT (Melatonin).

 

Figure 2. SYRCLE’s risk of bias tool.
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Table 3. Characteristics of Animal Studies.

Studies, Year Animals
Melatonin

Administration Form
Implants
Number

Implantation
Sites

Tracing
(Weeks)

Conclusions

Palin et al.,
2018 [33] Rat model Melatonin in saline

solution; orally 36 Tibia 60 days

The use of melatonin
restores the bone repair

process during the
osseointegration phase.

Salomó-Coll
et al., 2016 [34]

American
foxhound dog

model

Implants submerged in
melatonin at 5% in

solution
36 Jaw, premolars

area 12 weeks

Topical applications of
melatonin to implants

placed immediately after
extraction improved
osseointegration and

reduced bone resorption.

Dúndar et al.,
2016 [35]

New Zealand
rabbit model

Locally (powder
melatonin) into the

dental implant socket
before implant

placement

24 Tibia 4 weeks

Local melatonin
administration at the
osteotomy site during

surgical implant
insertion may stimulate

more BIC.

Calvo-
Guirado et al.,

2015 [36]

New Zealand
rabbit model

Local application of
melatonin (Titanium
dental implant with
melatonin doping

surface)

20 Tibia 1 week and
4 weeks

The use of melatonin
improves the formation
of new bone around the

implants.

Tresguerres
et al., 2012 [37]

New Zealand
rabbit model

3 mg of melatonin
administered locally at
the osteoctomy site as a

lyophilizate powder
before implant

placement

20 Jaw, molars
area 4 weeks

Local melatonin
administered in the

osteoctomy site at the
time of implant

placement may induce
more trabecular bone to

implant contact and
more trabecular area

density.

Muñoz et al.,
2012 [38]

Beagle dog
model

Topical administration.
Prior to implanting, a

layer of 1.2 mg
lyophilized powdered
melatonin was applied

to the bone hole

48 Jaw, premolars
area.

2, 5 and
8 weeks

Melatonin has
stimulating effects on

osteogenesis and
enhances the formation

of new bone around
titanium implants in the
early stages of healing.

Guardia et al.,
2011 [39]

Beagle dog
model

Prior to implanting, a
layer of 1.2 mg

lyophilized powdered
melatonin was applied

to the bone hole

48
Jaw, premolars

and molars
area

5 and
8 weeks

Melatonin may bring
about a reduction in

bone resorption and an
increase in bone mass

because of its repression
of osteoclast activation.

Calvo-
Guirado et al.,

2010 [40]

Beagle dog
model

Implants covered with
5 mg lyophilized

powdered melatonin
36 Femur 2 and

4 weeks

Melatonin-coated
implants increase BIC

and reduce crestal bone
loss.

Calvo-
Guirado et al.,

2009 [41]

Beagle dog
model

Prior to implanting, a
layer of 5 mg

lyophilized powdered
melatonin was applied

to the bone hole

24 Jaw, premolars
area

2, 4 and
12 weeks

Melatonin increases BIC
and reduces

crestal bone loss.

Cutando et al.,
2008 [42]

Beagle dog
model

Topical administration.
Prior to implanting, a

layer of 1.2 mg
lyophilized powdered
melatonin was applied

to the bone hole

48 Jaw, premolars
area 2 weeks

Topical application of
melatonin may act as a
biomimetic agent in the

placement of
endoosseous dental

implants.

Takechi et al.,
2008 [43] Rat model

Locally injected around
the implant sites 5 days

after implantation
48 Tibia 4 weeks

Melatonin has effects on
osteogenesis and

enhances the formation
of new bone around
titanium implants.
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3.3. Methodological Quality of the Included Randomized Studies

The mean score of the studies was 3.3 ± 1.2. Two of the included studies [44,46] scored
≥3; the study by Hazzaa et al. [45] obtained the lowest score (Table 4).

Table 4. Jadad quality score of randomized controlled trial, included in the meta-analysis.

Study and Year Randomization Blinding Dropouts Total Score

Hazzaa et al., 2020. [44] 3 0 0 3
Hazzaa et al., 2019. [45] 1 0 0 2

El-Gammal et al., 2016. [46] 3 1 1 5
Each study was assigned a score of 0–5; Mode value: 3.3 ± 1.2 (Mean value and standard deviation).

3.4. Meta-Analysis Results

The meta-analysis for bone-implant contact was carried out between 2 and 6 weeks
after implant placement in animal studies [34–37,39,41–43], while that of crestal bone loss
was performed six months after placement in RCTs [44–46].

Three animal studies were excluded from the quantitative analysis: that by Palin et al. [33],
as it did not measure bone-implant contact; the study by Muñoz et al. [38], which com-
bined melatonin with growth hormone; and the study conducted by Calvo-Guirado et al. in
2010 [40], where melatonin was combined with pig bone.

Heterogeneity in the results was very high (I2 = 96%; Chi-square = 193.87; 95% CI),
which is why a random effects model was chosen, assuming that the differences among
studies were due to heterogeneity, and that the effect of small studies on the result of the
meta-analysis was relevant. The results of the sensitivity analysis did not suggest the
exclusion of any study to be the cause for heterogeneity, the latter being always above 90%;
however, it appeared to be the cause for significant changes in the direction or size of the
effect. Since in this case the large effect size suggested a positive result (higher percentage
of bone-implant contact), the forest plot’s labels were inverted.

The study of the forest plot (Figure 3) revealed no significant differences between the
two groups (melatonin vs. placebo) in the studies of Guardia et al. [39], Calvo-Guirado et al.
en 2015 [36] and Salomó-Coll et al. [34], since confidence intervals at 95% overlap and
cross the line of no effect. In the remaining studies [33,35,37,38,40–43], the experimental
group (melatonin) achieves significantly better results than the placebo group. There were
also no noticeable differences among studies, since the confidence intervals of the selected
studies overlap, except in the case of Takechi et al. [43], where results were more favorable
to melatonin than in the other studies.

Figure 3. Forest plot for the meta-analysis of animal studies assessing bone-implant contact between 2 to 6 weeks after
placement, taking the mean difference as the effect size index, weighting by inverse variance and assuming a random effects
model. CI = Confidence Interval.

The meta-analysis revealed that treatment with melatonin is associated with greater
contact between the implant’s surface and the bone in the assessment carried out between
2 and 6 months after implant placement (difference in means, random effects: 9.59 [95% CI:
5.53–13.65]).
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As regards RCTs, three studies [44–46] assessed crestal bone loss 6 months after
placement were selected.

Heterogeneity was high (I2 = 95%; Chi-square = 41, 50; 95% CI), so a random effects
model was chosen, assuming that the differences among studies were due to heterogeneity
rather than chance. The study of the forest plot (Figure 4) revealed that the difference
between the two study groups (melatonin vs. placebo) was not significant in the study by
El-Gammal et al. [46], while in the two studies by Hazzaa et al. [44,45], the experimental
group (melatonin) achieved better results than the placebo group.

Figure 4. Forest plot for the meta-analysis of the human clinical trials assessing crestal bone loss 6 months after placement,
taking the mean difference as the effect size index, weighting by inverse variance and assuming a random effects model. CI
= Confidence Interval.

The meta-analysis also proved that, after 6 months, the implants placed in the experi-
mental group (melatonin) presented less marginal bone loss than those placed in the control
group (difference in means, random effects: −0.55 [95% CI: 1.10–0.00]). The load increase
in the study by El-Gammal et al. [46] led to a widening of the confidence interval for the
overall effect size. Nevertheless, because of the small size of the sample and the large
heterogeneity among studies, the results of this meta-analysis should be taken with caution.

3.5. Publication Bias and Heterogeneity

The experimental studies show graphical signs of publication bias, as can be observed
in the Funnel Plot (Figure 5).

Figure 5. Funnel plot for animal studies. The asymmetry proves publication bias.

4. Discussion

The purpose of this study was to explore the role of MT in bone growth and remodeling
around Ti dental implants, both in RCTs and in experimental animal trials.

Bone remodeling involves hormones, cytokines, growth factors and other molecules [47],
with MT being one of the hormones that modulates bone formation and absorption.
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Certain studies have reported that MT stimulates the osteogenic activity of bone tissue,
increasing human osteoblast differentiation in vitro and inducing the formation of cortical
bone in mice in [48].

The relationship between MT and bone metabolism has been demonstrated in several
studies [37,41,45], with evidence of its effect as a precursor of bone cells in rat bone mar-
row [49]. Koyama and colleagues [50] were the first to prove that the administration of MT
in young rats during their growth period increased spongy bone mass and inhibited bone
resorption. If such findings were to be confirmed using adult animals with no endoge-
nous MT, they could be useful to explain the concept of osseointegration. Satomura and
colleagues proved that MT accelerates osteoblastic differentiation in humans and rodents,
suggesting its possible application as pharmaceutical agent to promote bone regenera-
tion [51]. Nevertheless, in an in vitro study on the effect of melatonin on adipogenesis
and osteogenesis in human mesenchymal stem cells, Zhang and colleagues [52] reported
an early increase in adhesion and proliferation but found no differences in extended
culture periods.

The experimental studies included in our meta-analysis [34–37,39,41–43] show the
beneficial effects of MT as regards bone regeneration around Ti dental implants, be it
topically applied on implant beds [34,37,39,41,42], coating the implant [35,36], or injected
around the implants at the time of placement [43]. However, although certain studies
reported a reduction in osteoclastogenesis [53] when topically applied to the alveolar
socket after extraction prior to surgery [23], Cobo-Vázquez and colleagues [54], in a pilot
study using a sample of 10 patients, found no differences regarding bone density when
MT was applied to post-extraction alveolar sockets of retained mandibular third molars.
According to our systematic review, Tresguerres and colleagues [37] presented the most
thorough histological results, reporting changes in the cortical and medullary regions, and
a larger amount of trabecular tissue in contact with the implants in the group treated with
MT. The remaining studies only reported histomorphometric results [34–36,39,40,42,43].

Current studies regard the skeleton as a true endocrine organ controlled by the
hypothalamus [55]. Protein degradation mediated by the ubiquitin-proteasome pathway
is essential to regulate the balance between bone formation and bone resorption through
certain signal transduction pathways, which regulate the activity of mature osteoblasts and
osteoclasts [56].

Apart from contributing to synchronize biological rhythms and its antioxidant and
inflammatory effects, among others, MT has immunomodulatory effects and induces
apoptosis [57]. However, the role of MT in the formation of new bone is not fully defined, its
reduction being regarded as proportional to skeletal maturation and with contraindications
concerning its function, such as the fact that certain individuals with different defects in
osteoblast function are at a greater risk for osteosarcoma. Conversely, MT can improve the
normal functions of osteoblasts, and would therefore play a protective role against bone
cancer [58,59].

Because of the ethical implications associated with histopathological examinations,
the RCTs included in our meta-analysis exclusively reported macroscopic and radiologic
results; nevertheless, the reduced number of included studies prevented an adequate and
conclusive meta-analysis. Moreover, the study by Hazzaa and colleagues [45] presented
certain limitations in its design and in how it was conducted, such as group randomization,
implant location, reason for removal, demographic characteristics of the participants
and the degree to which they balanced between groups that reduce the reliability of its
results [60]. Nonetheless, our meta-analysis found that MT stimulates the formation of
new bone and increases bone density around Ti dental implants, although it presented
serious limitations, mainly associated with the heterogeneity among the selected studies
and the scarcity of RCTs. On the other hand, there were significant discrepancies among
animal studies regarding measurement of the parameters of bone surface in contact with
the implant, as had been observed in the radiologic measurements in the RCTs. There
were also major differences regarding the amounts, preparation, forms of application,
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concentrations and application timing of MT. Another important limitation was that none
of the included studies considered factors such as bone quality or the surgical technique
used—these factors would provide biases in obtaining results.

The study by Takechi and colleagues [43], which is consistent with that of Satomura
and colleagues [51], was the only one where melatonin was used systemically (intraperi-
toneal, 100 mg/Kg weight) until the animals were sacrificed (4 weeks after implant place-
ment): this form of administration and dosage conflicts with those used by the other
authors included in the review [33–43]. The systemic administration of MT requires large
doses of the drug, which increases the possibility of side effects; therefore, the topical
application of MT is preferred over its systemic administration [61]. This same discrepancy
in form of administration and dosage could be observed in the RCTs, while Hazzaa and
colleagues and El-Gammal and colleagues [44,46] used MT in the form of topical gel, in
doses of 1.2 mg., and Hazzaa and colleagues [45] used it in powder form, not specifying
the dosage. Hence, there is no consensus as to the best route of administration for this
molecule, and the dosage required to achieve the desired effect.

5. Conclusions

Bearing in mind the limitations of most of the studies, all of those included in this
meta-analysis reported that the topical application of MT on the ostectomy site at the
time of implant placement can induce greater bone-to-implant contact, as well as greater
bone mass and density around Ti dental implants, especially in the earliest stages of
healing, thus favoring osseointegration. Nevertheless, to clearly confirm such affirmations,
further research using broader, well-designed samples with long-term monitoring and
standardized protocols for application, MT dosage and assessment of bone parameters is
required; all with the purpose of ensuring predictable and reliable outcomes.

Supplementary Materials: The following are available online at https://www.mdpi.com/2079-641
2/11/3/271/s1, Table S1: PRISMA Checklist.
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Abstract: Bare metal endovascular implants pose a significant risk of causing thrombogenic compli-
cations. Antithrombogenic surface modifications, such as phenox’s “Hydrophilic Polymer Coating”
(pHPC), which was originally developed for NiTi implants, decrease the thrombogenicity of metal
surfaces. In this study, the transferability of pHPC onto biomedical CoCr-based alloys is examined.
Coated surfaces were characterized via contact-angle measurement and atomic force microscopy. The
equivalence of the antithrombogenic effect in contact with whole human blood was demonstrated
in vitro for CoCr plates compared to NiTi plates on a platform shaker and for braided devices in a
Chandler loop. Platelet adhesion was assessed via scanning electron microscopy and fluorescence
microscopy. The coating efficiency of pHPC on CoCr plates was confirmed by a reduction of the
contact angle from 84.4◦ ± 5.1◦ to 36.2◦ ± 5.2◦. The surface roughness was not affected by the
application of pHPC. Platelet adhesion was significantly reduced on pHPC-coated specimens. The
platelet covered area was reduced by 85% for coated CoCr plates compared to uncoated samples.
Uncoated braided devices were completely covered by platelets, while on the pHPC-coated samples,
very few platelets were visible. In conclusion, the antithrombogenic effect of pHPC coating can be
successfully applied on CoCr plates as well as stent-like CoCr braids.

Keywords: antithrombogenic; endovascular implants; surface modifications; platelet adhesion;
hydrophilic polymer coating; shape memory alloys; biomaterials; CoCr alloys; medical devices

1. Introduction

Ischemic and hemorrhagic vascular diseases (e.g., myocardial infarct, stroke, atheroscle-
rosis) are among the most frequent causes of death in Western countries [1]. Today, metallic
implants are the mainstay of endovascular therapy, which is true for peripheral, cardiologi-
cal, and neurovascular interventions. For the purpose of vessel occlusion, device-induced
thrombus formation is desired, but when it comes to vessel reconstruction, the inherent
thrombogenicity of stents and their derivates is an issue [2,3].

Extended research in the field of endovascular treatments of diseases has brought
forth a large variety of devices designed for many purposes. While the designs of stents
and flow diverters vary significantly, the most commonly used materials today are NiTi
alloys, CoCr alloys, or medical-grade steel due to their excellent biocompatibility and
mechanical properties [4].

However, once exposed to blood, endovascular implants with a bare metal surface
trigger the adhesion of plasma proteins and activate both the coagulation cascade and
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surrounding thrombocytes. Thrombus formation may result, eventually causing local and
distal vessel occlusion [5–8].

The previous paradigm for dealing with this issue comprised the modification of the
coagulation system and the platelet function of the patient who is supposed to receive
the device implant. Medications that interfere with the various platelet receptors are
given according to complex regimens. Typically, the standard of care to prevent thrombus
formation on vascular implants is a dual antiplatelet therapy (DAPT) with acetylsalicylic
acid (ASA) and Clopidogrel, followed by monotherapy with ASA only, which is often
continued for the rest of the patient’s life [9,10].

DAPT was and remains, for the time being, the cornerstone of stenting. However, its
action is, to a certain degree, unpredictable, subject to several interactions, and difficult to
test [11]. Clinical complications may result from hypo- or hyperresponse of patients to the
same standard dosage. While DAPT does effectively lower the risk of vessel occlusion in
most patients, it simultaneously increases the risk of hemorrhagic events, especially in the
first year after implantation [7,8,12–17]. Finally, the emergency treatment of endovascular
diseases is severely limited, as effective platelet inhibition should ideally start a few days
prior to treatment. Especially in the case of hemorrhagic emergency (e.g., subarachnoid
hemorrhage after rupture of an intracranial aneurysm), early treatment is necessary to
prevent cerebral infarction, meaning that the application of antiplatelet agents might not
be recommended due to the increased risk of rebleeding [18].

Many attempts have been made to avoid this dilemma. There is a large variety of
biodegradable or drug-eluting stents with promising results that improved the situation,
but did not make DAPT obsolete [19,20].

Some more recent approaches have aimed to reduce the thrombogenicity of the
implant surface itself with coatings or surface modifications that disguise the foreign
material as endogenous. Efforts to develop such a surface modification have existed for
many years. Promising results were obtained in vitro, but most of these were limited to
ideal substrates like glass or carefully polished metal or polymer slides. Technical surfaces
and the highly complex forms of medical implants seem to hold more challenges regarding
antithrombogenicity [21–24]. Other approaches have managed to shorten the time that
DAPT is necessary by inducing faster endothelialization (e.g., the COBRA coronary stent
with Polyzene-F coating), but do not solve the problems with non-responders or when
emergency treatment is required [25].

Currently, only two coatings seem to follow a “bio-mimicry” approach on actual
devices: Medtronic’s “Shield” technology and phenox’s “Hydrophilic Polymer Coating”
(pHPC). The Shield technology is available on Medtronic’s Pipeline Flex Embolization
Device (PED) with Shield Technology (PED Shield). pHPC is currently available on the
pCONUS HPC Bifurcation Aneurysm Implant and on the p48 MW HPC and p64 MW HPC
flow diverters. All devices are indicated for the treatment of intracranial aneurysms.

The Shield technology is a synthetic phosphorylcholine polymer that is naturally
present on the surface of erythrocytes [26,27].

PED Shield implants have been shown to cause fewer thrombogenic effects compared
to other uncoated flow diverters in vitro and ex vivo. However, clinical data do not show
successful usage of the PED Shield under monotherapy [27–30].

pHPC is a coating technology developed by phenox GmbH, Bochum, Germany, and
has demonstrated effective antithrombogenic properties in vitro and in human approaches
when applied to NiTi surfaces of laser-cut or braided implants [31,32].

The successful and effective antithrombogenic “disguise” of devices would be a
significant advancement for all applications where foreign materials come in contact with
blood. That is why it is of utmost interest if pHPC can be applied to materials other than
NiTi that are commonly used for devices in blood contact. While NiTi exhibits a surface
oxide mainly consisting of TiO2, for CoCr alloys, the high amount of Cr is responsible for
the formation of a thick oxide layer that mostly consists of Cr2O3 [33].
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Therefore, the purpose of this study was to evaluate the compatibility of pHPC with
CoCr-alloy substrates. The coating efficiency, quality, and (anti)thrombogenicity of pHPC
on CoCr substrates was examined by means of dynamic contact-angle (CA) measurement,
atomic force microscopy (AFM), in vitro testing, fluorescence microscopy, and scanning
electron microscopy (SEM).

2. Materials and Methods

2.1. Specimens and Coating

Coated and uncoated specimens that were manufactured from two commercially
pure, biomedical-grade CoCr-based alloys were analyzed. In particular, plates made from
L-605 (CoCr-based alloy, ASTM F90) and flow-diverter-like braids made from 35NLT wires
(CoCr-based alloy, ASTM F562) served as substrates for different tests. L-605 is a Co-based-
alloy with chromium (Cr), tungsten (W), and nickel (Ni) as the main alloying elements.
The 35NLT braid resembles the design of the p48 MW (HPC), and was used to compare
the coating efficiency and antithrombogenicity of pHPC on a flow diverter made of CoCr
wires. 35NLT is a Co-based-alloy with Ni, Cr, and molybdenum (Mo) as the main alloying
elements [34]. Both CoCr alloys are standard materials for medical applications and are
already in use for stents, flow diverters, or artificial heart valves [35,36].

NiTi plates and p48 MW or p48 MW HPC implants (provided by phenox GmbH,
Bochum, Germany) were used as references to compare the performance of the antithrom-
bogenic pHPC coating on CoCr and NiTi alloys. The test plates (9 × 9 × 0.5 mm) were
laser-cut, pickled, electropolished, and passivated to create a homogenous, shiny surface re-
sembling that of laser-cut stents made of CoCr or NiTi alloys. Subsequently, the specimens
were coated with the antithrombogenic pHPC by phenox GmbH.

pHPC is a newly developed glycan-based multilayer polymer mimicking the gly-
cocalyx from the natural outer layer on cells. As the outer layer of endothelial cells, the
glycocalyx forms the inner lining of blood vessels. On NiTi surfaces, the pHPC’s thickness
ranges between 5 and 20 nm, as estimated by X-ray photoelectron spectroscopy [31,37].
The application process and the thin nature of the coating do not influence the physical
and mechanical properties of the devices that it is applied to.

2.2. Coating Efficiency—Wettability

In the literature, the antithrombogenic pHPC coating is known to change the wettabil-
ity of NiTi surfaces, and can therefore be used as an indicator for the coating efficiency [31].
Thus, in this study, the wettability and hydrophilicity of the plates were measured using
a modified Wilhelmy Plate method in a tensiometer (DCAT 21, DataPhysics Instruments
GmbH, Stuttgart, Germany) through immersion of the sample plates in pure water. The
dynamic contact angle was derived from the weight change during immersion, as water
will form a larger lamella when the specimens are more hydrophilic. The CAs of the NiTi
(n = 10) and CoCr (n = 10) plates were measured before and after the coating of the samples.

2.3. Atomic Force Microscopy

AFM of coated and uncoated NiTi and CoCr plates was performed on a Dimension
FastScan AFM (Bruker, Billerica, MA, USA) to characterize the topographic nature of the
plates before and after coating. An area of 1 × 1 μm was scanned on each sample, and the
surface analysis was assessed through determination of the mean arithmetic roughness
value, Ra, from three randomly chosen line scans (length of 1 μm each).

2.4. In Vitro Blood Contact

Blood sampling was performed under the approval of the ethics commission of the Fac-
ulty of Medicine of the Ruhr Universität Bochum, Germany (registration number: 16-5991).
Informed consent was obtained from all individual participants included in the study. All
procedures performed in studies involving human participants were in accordance with
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the ethical standards of the institutional and/or national research committee and with the
1964 Helsinki Declaration and its later amendments or comparable ethical standards.

For in vitro testing, the plates were incubated under dynamic conditions on a shaker
in heparinized human venous blood. The blood was collected from 10 voluntary and
healthy donors. An abnormal blood count measured via a hematology analyzer (KM-21 N,
Sysmex, Nordersted, Germany) and the intake of drugs interfering with blood coagulation
were exclusion criteria for participation in the study. All steps were performed under sterile
conditions. The plates were rinsed twice in phosphate-buffered saline (PBS) before blood
contact. Afterwards, they were incubated under dynamic conditions in 24-well plates in
2 mL blood on a shaker (speed level 4; Titramax 100, Heidolph Instruments, Schwabach,
Germany). After 10 min of incubation, non-adherent cells were removed by rinsing the
specimens with PBS.

The stent devices were incubated in a modified Chandler loop flow model. Blood
was collected with the “S-Monovette Blood collection system” (Sarsted, Nümbrecht, Ger-
many). An abnormal blood count measured via a hematology analyzer (KM-21 N, Sysmex,
Nordersted, Germany) and the intake of drugs interfering with blood coagulation were
exclusion criteria for participation in the study. The devices were deployed in PVC tubes
(Rehau, Erlangen, Germany) with an inner diameter of 3 mm. The tubes were first rinsed
with PBS and filled with 2 mL of blood, leaving an air bubble of 1 mL inside the tube; then,
the tube’s ends were interconnected, forming loops. The loops were then rotated at a rate
of 30 rotations per minute in a water bath at 37 ◦C for 120 min. The rotation speed resulted
in a flow volume of 60 mL/min and a flow velocity of 90 mL/min (due to the air bubble),
thereby resembling typical flow rates in the vertebral artery [38]. The blood count was
again performed after incubation.

2.5. CD61 Immunohistochemistry

CD61 (integrin b-3) is a glycoprotein found on the surface of platelets. CD61+ adherent
platelets were stained using CD61-PE antibody (BD Pharmingen, Heidelberg, Germany)
fluorescence staining. After incubation in whole blood, the specimens were rinsed with
PBS twice in order to remove non-adherent cells. The antibody was diluted 1:5 in PBS and
added to the specimens. After 15 min incubation in the dark, specimens were rinsed with
PBS twice, fixed with 1% paraformaldehyde (Sigma-Aldrich, Taufkirchen, Germany) in
PBS, and analyzed using a fluorescence microscope (Olympus BX40, Olympus, Hamburg,
Germany) equipped with a digital camera (Moticam 5, Motic, Wetzlar, Germany).

2.6. Semi-Quantitative Phase Analyses

Platelet adherence was assessed by analyzing the platelet-covered area of the plates
using ImageJ software (National Institutes of Health, Bethesda, MD, USA). Four defined
areas of interest per plate (0.06 mm2 each, total 0.24 mm2) were examined. The results were
reported as the percentage of positively stained area by relating the positively stained area
(CD61+ stained cells) with the absolute area of the regions of interest.

2.7. Scanning Electron Microscopy

To examine the level of platelet activation and clot formation on the stent devices,
SEM examinations were performed after incubation in the Chandler loop on the same
specimens used for fluorescence imaging.

After incubation, the specimens were prepared for SEM examination by rinsing with
PBS twice, fixing with 3.7% glutaraldehyde (Sigma-Aldrich, Taufkirchen, Germany) in
PBS for 15 min, dehydrating with an ascending series of alcohols, drying for 24 h at room
temperature, and, finally, sputtering with gold (Edwards Sputter Coater S150B9, Edwards
Limited, Crawley, UK).

SEM was performed on an LEO 1530 Gemini (Carl Zeiss AG, Jena, Germany).
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2.8. Statistical Analysis

Data from platelet activation were analyzed with the Mann–Whitney test. If a signifi-
cant difference was found, treated groups were compared with the control group by using
Dunn’s post-test. GraphPad Prism software (version 3.03; GraphPad Software Inc., La Jolla,
CA, USA) was used for the analysis. p-values of less than 0.05 were considered statistically
significant. The data of the surface roughness was assessed by determining the average Ra
for three individual lines per scan. Results are presented as ‘mean ± standard error of the
mean’ (mean ± SE).

3. Results

3.1. Surface Analysis—Wettability and Surface Topography

The results of the CA measurement are given in Table 1. The CAs were 78.1◦ ± 4.8◦
for the uncoated NiTi specimens and 84.4◦ ± 5.1◦ for the uncoated CoCr specimens. After
functionalization with pHPC, the CAs of CoCr and NiTi plates were decreased by roughly
45◦–50◦ (CA of 31.6◦ ± 2.2◦ for the NiTi plates, 36.2◦ ± 5.2◦ for the CoCr plates).

Table 1. Contact angle (CA) and arithmetic roughness of coated and uncoated NiTi and CoCr
specimens.

Specimen
NiTi Plate
Uncoated

NiTi Plate pHPC
Coated

CoCr Plate
Uncoated

CoCr Plate
pHPC Coated

Contact Angle (CA) [◦] 78.1 ± 4.8 31.6 ± 2.2 84.4 ± 5.1 36.2 ± 5.2
Average roughness (Ra) [nm] 0.383 ± 0.094 0.214 ± 0.020 0.029 ± 0.002 0.036 ± 0.001

Figure 1 shows representative AFM images of the uncoated (Figure 1a,c) and coated
specimens (Figure 1b,d). Microscopically, the surface of the NiTi plates had a homogeneous
surface with a honeycomb-like structure and minimal waviness. The evenly distributed
peaks were about 50 nm apart and had an altitude of about 8 nm. The CoCr plates had a
homogenous surface profile with peaks of less than 0.2 nm height and a spacing of less
than 10 nm, with some slight waviness. The corresponding results of a nanoscopic analysis
of the mean arithmetic roughness values (Ra) are given in Table 1. The coating of the
specimens did not alter the homogenous surface profile compared to the corresponding
uncoated specimens.

 
Figure 1. Representative atomic force microscopy (AFM) images of the uncoated (a) and coated (b)
NiTi plates and the uncoated (c) and coated (d) CoCr plates.

3.2. Thrombogenicity—Fluorescence and SEM Imaging

Figure 2 shows the representative fluorescence microscopic images of pHPC-coated
(Figure 2b,d) and uncoated (Figure 2a,c) NiTi and CoCr plates, which were incubated
in vitro in human blood and stained with CD61 antibody. Few CD61+ platelets were
detected on the coated specimens (yellow fluorescence), whereas the uncoated specimens
were homogenously covered with cells in each experiment.
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Figure 2. Representative fluorescence micrographs of uncoated (a,c) and phenox’s “Hydrophilic
Polymer Coating” (pHPC)-coated (b,d) NiTi (a,b) and CoCr (c,d) specimens. The plates were
incubated in whole human blood for 10 min under dynamic conditions. Adherent platelets were
stained with a CD61 antibody (yellow fluorescence). (Scale bar for all images 100 μm.)

Figure 3 shows the results of the quantitative phase analysis of the platelet-covered
area on the plates. The amount of surface area covered with adhering thrombocytes was
significantly lower on the pHPC-coated NiTi and CoCr plates compared to the uncoated
ones. Overall, the CoCr plates did elicit more platelet activation than the NiTi plates.
Uncoated CoCr specimens were covered with CD61+ platelets by 85.5% ± 10.7%, while the
uncoated NiTi specimens were covered by 66.9% ± 21.5%. The pHPC-coated CoCr plates
were covered by 12.8% ± 9.4% and the coated NiTi plates by 6.7% ± 8.8%. On average, the
platelet adherence was reduced by 90% on coated NiTi and by 85% on the pHPC-coated
CoCr specimens.

Figure 3. Quantitative phase analysis of the area coated with CD61+ cells from experiments with
ten different donors (mean ± SE; asterisks denote significance at *** p ≤ 0.001; Mann–Whitney and
Dunn’s post-test; sample size uncoated vs. coated n = 10). While significantly fewer CD61+ platelets
adhered to the coated specimens than to the uncoated ones, there is no significant difference between
the NiTi and the CoCr specimens.

Additionally, stent devices were incubated in a modified Chandler loop flow model
with whole human blood for 120 min, and adherent cells were again stained with a CD61
antibody and analyzed using fluorescence microscopy.

Figure 4 shows representative fluorescence micrographs of uncoated and pHPC-coated
p48 MW (NiTi) and CoCr braids. While the uncoated devices were completely covered with
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adherent platelets, there were considerably fewer fluorescent cells on the pHPC-coated
braids. On both the p48 MW HPC and the coated CoCr braids, the adherent cells tended to
adhere to contact points where the wires of the braids crossed over each other.

 

Figure 4. Representative fluorescence micrographs of uncoated and pHPC-coated p48 MW and
CoCr specimens. The devices were incubated in whole human blood in a modified Chandler loop
flow model under dynamic conditions at 37 ◦C for 120 min. Adherent platelets were stained with a
CD61 antibody (yellow fluorescence). Though the uncoated devices were completely covered with
adherent platelets, there were considerably fewer fluorescent cells on the pHPC-coated braids. (Scale
bar for all images 200 μm.)

Figure 5 shows representative SEM images of the respective stent devices after in-
cubation in the Chandler loop. The wires of the uncoated devices (Figure 5a,c,e,g) were
completely covered by a dense layer of fibrin and embedded platelets. In contrast, only
a few platelets were visible on the pHPC-coated samples (Figure 5b,d,f,h). Again, the
predominant adherence of platelets at the crossings of the wires on the coated devices
was observed.

 

Figure 5. Representative scanning electron microscopy (SEM) images (in secondary electron contrast) of coated (b,d,f,h) and
uncoated (a,c,e,g) NiTi (a,b,e,f) and CoCr (c,d,g,h) devices after incubation in whole human blood in a modified Chandler
loop flow model under dynamic conditions at 37 ◦C for 120 min. The uncoated devices were completely covered with
adherent platelets and fibrin clots, while only a few cells adhered to the pHPC-coated devices. (Scale bar for the upper row
100 μm, scale bar for the lower row 30 μm.)
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4. Discussion

pHPC was originally developed for surface modification of NiTi devices and is ap-
proved and available on endovascular stent devices made from NiTi. However, the most
commonly used materials for similar applications, apart from NiTi alloys, are CoCr alloys
and medical-grade steel [4]. While NiTi exhibits a surface oxide that mainly consists of
TiO2, for CoCr alloys, the high amount of Cr is responsible for the formation of a thick
oxide layer that mostly consists of Cr2O3 [33]. Hence, the purpose of this study was to
evaluate the compatibility of pHPC with CoCr-alloy substrates to expand the range of
antithrombogenic biomaterials that are commonly used in blood contact. Therefore, the
coating efficiency, quality, and (anti)thrombogenicity of pHPC on CoCr substrates was
examined by means of dynamic contact-angle (CA) measurement, atomic force microscopy
(AFM), in vitro testing, fluorescence microscopy, and scanning electron microscopy (SEM).

The platelet activation and adhesion were significantly reduced on pHPC-coated CoCr
specimens compared to the corresponding uncoated specimens (Figures 2–4). The surface
area covered by adherent platelets was reduced by 85% on the pHPC-coated CoCr plates
compared to a reduction by 90% on coated NiTi (Figure 3). This is also true for pHPC-
coated NiTi and CoCr braids when tested under dynamic conditions in a Chandler loop
experiment (Figures 4 and 5). It is known that the thrombogenicity of a surface depends on
the preceding adhesion of proteins [39]. In turn, the adhesion of proteins depends on the
surface topography and wettability [40].

The surface topography of a biomaterial’s surface has been shown to have a great
impact on the adherence and proliferation of proteins and, thereby, cells; therefore, it is of
interest regarding platelet activation and endothelialization of vascular implants [40]. The
microscopic and nanoscopic surface structure was apparently unaffected by the coating
(Table 1, Figure 1). The NiTi plates were very smooth and had a consistent surface structure,
typical for electropolished NiTi [41], while the CoCr plates were even smoother. The surface
structures of the NiTi and CoCr samples were not microscopically or macroscopically
affected by the coating. The coating is known to be extremely thin (<10 nm) on NiTi [31]
and apparently formed the same way on CoCr, as the coating procedure did not affect the
original surface. The smooth surfaces of the plates resembled those of typical bare metal
stents, which are also usually electropolished to deburr the edges and to create a smooth
surface finish after laser cutting, thereby lowering the likelihood of a foreign body response
by blood or vessel cells [42,43].

While the pHPC coating does not affect the topography of the NiTi and CoCr plates,
it certainly does affect the wettability (Table 1).

The CAs of the uncoated plates can be considered as weakly hydrophilic, with
78.1◦ ± 4.8◦ for the NiTi surface and 84.4◦ ± 5.1◦ for the CoCr surface (Table 1) [44].
After functionalization of the surfaces using the pHPC coating, the decrease of the CA by
roughly 45◦ to 50◦ resulted in a moderately hydrophilic surface (CA of 36.2◦ ± 5.2◦ for the
CoCr plates and 31.6◦ ± 2.2◦ for the NiTi plates—see Table 1), thereby indicating successful
coating of both materials.

A biomaterial’s wettability is known to influence the adhesion of proteins and, thereby,
to influence the interaction with cells [45]. However, the wettability of devices is of interest
for further reasons. The adhesion of proteins is known to be the start of cell-surface inter-
action [46]. Firstly, thrombocyte activation and adhesion might be affected by a changed
wettability on the surface of implants designed to treat vascular disease, and secondly,
the proliferation of endothelial cells might be enhanced or decreased due to the same
effect. A moderate wettability with CAs of around 35◦ can be considered optimal for
devices that are in contact with blood. Protein adsorption to surfaces is the beginning of
all cell-surface interactions. Extremely hydrophilic (CA < 25◦) or hydrophobic surfaces
(CA > 85◦) do reduce protein adsorption and, thereby, reduce cell-surface interaction in
general [45]. Platelet activation and adherence are known to be decreased by increasing
wettability [47–49]. However, endothelialization, which is important for the long-term
biocompatibility of endovascular devices, is decreased on extremely hydrophilic or hy-
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drophobic surfaces due to the reduced adhesion of extracellular matrix proteins (EMPs).
Moderately hydrophilic surfaces, like pHPC-coated NiTi or CoCr surfaces, however, do
allow the adherence of extracellular matrix proteins (and, therefore, endothelialization),
with a maximum endothelial cell adhesion occurring at a CA of 35◦ to 50◦ [45,50].

This is in line with the observations from our three animal studies. In those studies,
pHPC-coated and uncoated specimens were implanted in the carotid arteries of New
Zealand white rabbits for 30 and 120 d. It was shown that pHPC coating of NiTi surfaces
does not delay the ingrowth of stent devices into the vessel wall [51,52]. The antithrom-
bogenic effect of pHPC has been shown to last long enough after implantation to keep
patients under ASA monotherapy until the device is completely incorporated by endothe-
lial cells [32]. If this is true for CoCr substrates as well still needs to be examined in
further research.

Overall, the antithrombogenic effect of pHPC was successfully applied to two different
medical CoCr alloys (plates from L-605 and flow-diverter-like stent devices from 35NLT
wires). The transfer onto other materials for biomedical applications might be of interest for
further research. The remaining platelets on the coated stent devices were predominantly
observed at the contact points of the crossings of wires. This has been observed before
on braided devices after implantation in animals and humans, and is mainly caused
by additional turbulence at these points, as platelets are activated by additional sheer
stress [53–55].

However, the surfaces of medical-grade CoCr alloys and stainless steels are effectively
alike. While NiTi exhibits a surface oxide mainly consisting of TiO2, for CoCr alloys and
stainless steel, the high amount of Cr is responsible for the formation of a thick oxide layer
that mostly consists of Cr2O3 [33]. pHPC might, therefore, be effortlessly transferred onto
stainless steel devices as well.

Even though the results are promising, further experiments regarding the coating’s
mechanical and biological durability on CoCr surfaces might be of further interest. How-
ever, these properties need to be evaluated under consideration of the actual application
because, e.g., different implant designs might generate different loads, have different
surface properties, or hold other challenges.

5. Conclusions

The conducted experiments demonstrate the transferability of the pHPC technology
onto two different CoCr alloys for biomedical applications. The coating was successfully
applied to plates and braided wires without negatively affecting the materials’ surface
quality. Furthermore, the platelet adhesion was significantly reduced on coated NiTi and
CoCr devices compared to uncoated devices. The results of this study show that antithrom-
bogenic pHPC coating is a promising candidate for the development of endovascular
devices of different materials with antithrombogenic surface properties.

6. Patents

Patent “Beschichtung für Medizinprodukte” pending under the application numbers
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Abstract: Peri-implant bone density plays an important role in the osseointegration of dental implants.
The aim of the study was to evaluate via micro-CT, in Hounsfield units, the bone density around
dental implants coated with chitosan and melatonin and to compare it with the bone density around
implants with a conventional etched surface after 12 weeks of immediate post-extraction placement
in the jaws of Beagle dogs. Six dogs were used, and 48 implants were randomly placed: three
groups—melatonin, chitosan, and control. Seven 10 mm × 10 mm regions of interest were defined in
each implant (2 in the crestal zone, 4 in the medial zone, and 1 in the apical zone). A total of 336 sites
were studied with the AMIDE tool, using the Norton and Gamble classification to assess bone density.
The effect on bone density of surface coating variables (chitosan, melatonin, and control) at the crestal,
medial, and apical sites and the implant positions (P2, P3, P4, and M1) was analyzed at bivariate and
multivariate levels (linear regression). Adjusted effects on bone density did not indicate statistical
significance for surface coatings (p = 0.653) but did for different levels of ROIs (p < 0.001) and for
positions of the implants (p = 0.032). Micro-CT, with appropriate software, proved to be a powerful
tool for measuring osseointegration.

Keywords: titanium dental implants; chitosan coating; melatonin coating; bone density; Hounsfield
unity; micro-computed tomography

1. Introduction

Due to its excellent mechanical and biological properties, pure titanium (Ti) and
different alloys have been widely used in the fields of orthopedics and dentistry. The use of
Ti dental implants has revolutionized the field of dentistry, with implant treatments being
performed all over the world, with exponential growth over the years [1,2].

Current dental implant surfaces (SLA, sandblasted, large-grain, acid-etched) require
periods of 3 to 6 months to achieve adequate osseointegration [3]. On the other hand,
such surfaces are prone to certain bacterial infections, and it is not known whether this
propensity is due to the dubious antibacterial properties of Ti, or to the compromised
defenses of a certain type of host [4]. For all these reasons, the surfaces of Ti implants
are under constant study and evolution, with the aim of shortening waiting times and
ensuring osseointegration.
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Chitosan (Ch) is a cationic polysaccharide derived from chitin, composed of N-
acetylglucosamine and D-glucosamine [5]. It is a biopolymer with interesting proper-
ties such as biodegradability, biocompatibility, nontoxicity, and low allergenicity, which,
together with other antimicrobial and antifungal properties, make Ch one of the most
widely used polymers in the study of antimicrobial chemotherapies in therapeutic devel-
opment [6–9]. Its favorable biological properties, together with its availability and variety
of forms, have made it a good candidate for medical applications, such as periodontal and
bone regeneration [10]. Several studies have demonstrated its usefulness as an osteocon-
ductor and for enhancing bone formation, both in vitro and in vivo [11–14], as well as an
inducer of apatite and calcium/phosphorus ion deposition, with active biomineralization
properties, and its broad potential as a bone regenerator has been demonstrated [15–18].
In vitro and in vivo studies have shown that chitosan stimulates polymorphonuclear and
progenitor cell migration, enhancing angiogenesis and extracellular matrix reformation,
resulting in accelerated wound healing [19].

Melatonin (Mt, N-acetyl 5-methoxytryptamine), derived from tryptophan, is a hor-
mone synthesized and produced mainly in the pineal gland in a circadian manner [20],
with outstanding importance in angiogenesis, bone formation, and remodeling, due to its
antioxidant and anti-inflammatory effects and its extraordinary capacity to destroy reactive
oxygen species [21,22], the benefits of its application being known as a coating of dental
implants to improve their osseointegration [23–25].

In 1972, Godfrey Hounsfield communicated to the scientific community an imaging
technique called transverse computed axial tomography. Currently, CT is the only diag-
nostically justifiable imaging technique that allows approximate conclusions about the
structure and density of the maxillary bones and is considered an excellent tool for assess-
ing the distribution of compact and cancellous bone. Bone density (BD) can be assessed
using Hounsfield units (HU), which are directly related to tissue attenuation coefficients.
The Hounsfield scale is based on density values for air, water, and dense bone, which are
arbitrarily assigned values of −1000, 0, and +1000, respectively [26].

X-ray microtomography (micro-CT) is a conservative technique used in the evalua-
tion of bone morphometry, and several studies have demonstrated its usefulness in the
quantification of bone tissue [27–30]. Micro-CT systems developed in the early 1980s
have a high spatial resolution, producing voxels approximately 1,000,000 times smaller in
volume than CT voxels [31], making it possible to measure trabecular and cortical bone
and provide a spatial representation of bone structure in the peri-implant region while
assessing the qualitative and quantitative morphometry of the bone integration of dental
implants, having become one of the most widely used anatomical imaging modalities for
both research and clinical purposes [32,33].

The purpose of this study was to evaluate and compare, via micro-CT, the BD around
Ti dental implants coated with Ch and Mt, with implants with the SLA-type conventional
etched surface (Bioetch®, Bioner, Spain), after 12 weeks of immediate post-extraction
placement, in the jaws of Beagle dogs.

2. Materials and Methods

2.1. Study Design

Six Beagle breed dogs, aged approximately 5 years and weighing between 15 and
16 kg, were used, following the 3R principle in animal experimentation (replacement,
reduction, and refinement). A total of 48 implants were inserted, 4 implants in each
hemiarch, and randomly divided into three groups: melatonin test group (MtG), chitosan
test group (ChG), and control group (CG). It has been approved by the Ethics Committee of
the Catholic University of Murcia (Spain), study protocol, date 24 July 2020, code CE072004.
All dogs were in good health prior to the start of the study.
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2.2. Implant Surface Preparation

The manufacturer packaged the melatonin test group (MtG) implants immersed in
5% Mt-containing saline (TM-M5250 Sigma-Aldrich®, St. Louis, MO, USA), according to
Salomó-Coll et al. [34], and Ch group (ChG) implants immersed in a film-forming solution
according to the procedure described by Zhang et al. with slight modifications [35]. Ch
(1.6 g) and glycerol (0.4 g) were dispersed in 80 mL of an acetic acid solution (1% w/v),
shaking for at least 12 h (4 ◦C). Similarly to the control group (CG) implants, they were
sterilized by gamma irradiation. The control group implants (CG) did not receive any type
of surface coating.

2.3. Surgical Protocol

All surgical procedures were performed under general anesthesia via an intravenous
catheter in the cephalic vein, infusing Propofol® (Propovet, Abbott Laboratories Ltd., Queens-
borough, Kent, UK). Maintenance anesthesia was performed with volatile anesthetics. Local
anesthesia (Articaine 40 mg, with 1% epinephrine, Ultracain®, Normon, Madrid, Spain)
was administered at the surgical sites. All procedures were performed under the super-
vision of a veterinary surgeon. Extractions of premolars and the mandibular first molar
(P2, P3, P4, and M1) were performed in the mandibular hemiarch of each animal. Implant
placement was determined by the randomization program (http://www.randomization.com)
(29 October 2020), in which the experimental animals were assigned to the three different
implant surfaces: 16 implants with Mt (MtG), 16 implants with Ch from the test group
(ChG), and 16 uncoated implants from the commercial company Bioner (Bioetch®, Bioner
Sistemas Implantológicos, Barcelona, Spain) (CG), randomly distributed in six dogs. Each
dog received eight conical screw implants (Bioner®, Barcelona, Spain) (Ø3.5 mm × 8.5 mm
in the premolar area and Ø5 mm × 8.5 mm in the molar area), four per hemiarch, ran-
domly and bilaterally in the mandible. After placement, closure screws were placed to
allow for a submerged healing protocol (Figure 1A–D). No grafting materials were used in
the gaps between the bone cortices and the implants. The flaps were closed with simple
nonabsorbable interrupted sutures (Silk 4-0®, Lorca Marín, Lorca, Spain). Sacrifice was
performed 12 weeks after implant placement using pentothal natrium (Abbot Laboratories,
Madrid, Spain) perfused through the carotid arteries after anesthesia. Sectioned bone
blocks were obtained. The animals were maintained on a soft diet from the time of surgery
until the end of the study.

2.4. Micro-Computed Tomography Analysis

After euthanasia of animals (after 12 weeks of implants placement), the sections of
the block were preserved and fixed in 10% neutral formalin. Image acquisitions were
performed using a multimodal SPECT/CT Albira II ARS scanner (Bruker® Corporation,
Karksruhe, Germany). The acquisition parameters were 45 kV, 0.2 mA, and 0.05 mm voxels.
The acquisition slices were axial, 0.05 mm thick, and 800 to 1000 images were obtained
from each piece through a flat panel digital detector with 2400 × 2400 pixels and a FOV
(field of view) of 70 mm × 70 mm. The implants were grouped according to the three axes
(transverse, coronal, and sagittal). The sagittal section was used for BD measurements, as it
provided the best details of the bone structure. In all the images, the same color scale was
used (0 min and 3 max) with the same parameters in FOV (%): 90 and zoom: 0.6, with a
hardness of 1. BD around the implant was quantified in HU, using seven 10 mm × 10 mm
squares or regions of interest (ROI) in the bone implant contact area, two in the crestal area,
four in the medial area, and one in the apical area of the implant, using a medical image
data examiner (Figure 2A,B).
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Figure 1. (A–D) Dental extractions and implant placement.

Figure 2. Bone implant contact area (A) and regions of interest (ROIs, 1–7) (B).

The Norton and Gamble classification [36], modified by Misch [37], was used to assess
BD according to Lekholm and Zarb [38]. Once the 7 ROIs (Figure 2B) were positioned,
the AMIDE tool allowed us to obtain the data in statistical form, with maxima, minima,
and standard deviations; AMIDE is a tool for visualizing, analyzing, and registering
volumetric medical image data sets (AMIDE, UCLA University, Los Angeles, CA, USA).
It allows one to draw three-dimensional ROIs directly on the images and to generate
statistics for these ROIs. In addition, the program supports the following color maps:
Black/White, Red/Orange, Blue/Pink, and Green/Yellow, and each color has a given UH
range (Figure 3).
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Figure 3. Example of coded BD values from the AMIDE program at 12 weeks after implant placement in transverse, sagittal,
and coronal sections of P2, P3, P4, and M1: 250–400 HU (orange color); 400–500 HU (green color); 500–700 HU (pink color);
700–900 HU (yellow color); 900–1200 HU (red color). >850 HU, bone type 1; 500–850 HU, bone type 2/3; 0–500 HU, bone
type 4 (according to Norton and Gamble [36]).

2.5. Statistical Analysis

BD variables were analyzed in crestal, mid, and apical areas. Descriptive analysis was
performed with SPSS Windows 20.0 and the calculation of p-values was performed with
SUDAAN 7.0 (RTI, RTP, NC) to account for clustering (multiple sites around implants). We
estimated a posteriori, and using Sample Power 2.0 (SPSS, Chicago, IL, USA), the statistical
power obtained with those 336 studied locations (=6 dogs × 8 implants/dog × 7 locations/
implant), i.e., 112 locations/group. We initially considered from our experience a large
design effect (owing to locations being clustered within implants) of 1.33 in estimating
the HU measurements. This means that the effective sample size per group would be
84 (=112/1.33). These sample sizes allow, by using the t-test for independent groups
and with a power of 80% and 5% alpha error, the detection of an estimated Cohen’s d of
0.45 (below a medium effect size according to Cohen’s scale [39] when comparing HU
measurements between two groups). For crestal sites, the effective sample size per group
is 24 (=32/1.33), and this allows the detection of an effect size of 0.8 (large) [39]; for me-
dial sites, the corresponding figure is 48 (=64/1.33) with the capacity to detect an effect
size of 0.6, which is between medium (0.5) and large (0.8) [39]; and for apical sites, it is
12 (=16/1.33) and the detectable effect size is 1.2 (very large) (1.2) [40].

3. Results

The total sample consisted of 336 sites (ROIs). A wide range of BD was observed
in the different ROIs, depending on their location or level (crestal, medial, and apical)
and implant position (P2, P3, P4, and M1). In terms of surface coating, the highest BD
(+986 HU) was recorded in the medial of left P2, in CG, with mean values of 0.58 ± 0.20,
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0.54 ± 0.13, and 0.59 ± 0.14 for ChG, MtG, and CG, respectively, and the lowest BD was
recorded in the apical area (−243 HU) in left P4 in MtG, with mean values of −0.20 ± 0.32,
−0.18 ± 0.38, and −0.11 ± 0.33 for ChG, MtG, and CG, respectively. The lower BD in the
apical area could be explained by the proximity of the dental nerve canal in this region.
Regarding implant position, the highest BD (+995 HU) was recorded in left P3 and the
lowest (−330 HU) in left M1; mean values ranged from 0.12 ± 0.35 for P2 with the Mt
coating to 0.05 ± 0.23 for M1 with the Ch coating. Mean values and standard deviations are
shown in Table 1. Statistical analysis by linear regression showed no statistical significance
for surface coatings (ChG, MtG, and CG); however, we found statistical significance in
UH for ROIs in the different levels (crestal, medial, and apical) (p < 0.001) and implant
positions (P2, P3, P4, and M1) (p = 0.032) (Table 2).

Table 1. Description and comparison of BD measurements studied a in 336 sites b.

Variable
ChG MtG CG

p-Global c

- Mean ± SD n Mean ± SD n Mean ± SD

All 112 0.35 ± 0.32 112 0.33 ± 0.32 112 0.37 ± 0.30 0.631

ROI’s (in levels) - - - - - - -
Crestal [C] 32 0.58 ± 0.20 32 0.54 ± 0.13 32 0.59 ± 0.14 0.438
Medial [M] 64 0.38 ± 0.18 64 0.35 ± 0.22 64 0.38 ± 0.19 0.680
Apical [A] 16 −0.20 ± 0.32 16 −0.18 ± 0.38 16 −0.11 ± 0.33 0.723
p-global c - <0.001 - <0.001 - <0.001 -

paired
comparisons d - C �= M �= A - C �= M �= A - C �= M �= A -

Tooth type
(position) - - - - - - -

P2 35 0.11 ± 0.34 21 0.12 ± 0.35 28 0.09 ± 0.31 <0.001
P3 28 0.11 ± 0.34 35 0.08 ± 0.28 21 0.12 ± 0.34 0.207
P4 35 0.11 ± 0.33 35 0.12 ± 0.34 14 0.05 ± 0.22 0.963
M1 14 0.05 ± 0.23 21 0.07 ± 0.27 49 0.08 ± 0.29 0.693

p-global c - 0.003 - 0.004 - 0.582 -
paired

comparisons d - PM2 �= M1 - PM2 �= PM3,
M1 - - -

a: The measuring device makes a sweep with multiple measurements. The median of all measurements is taken. b: Corresponding to
6 dogs × 8 teeth/dog × 7 sites/tooth (6 × 8 × 7 = 336). c: With procedure REGRESS in SUDAAN to account for clustering (multiple sites
within teeth). d: With procedure DESCRIPT in SUDAAN, where “ �=“ means p < 0.05.

Table 2. Multiple linear regression with BD as the dependent variable, in 336 sites a.

Variable β ± se b p-Value c

Group -

0.653
ChG 0.00 ± 0.04
MtG −0.04 ± 0.04
CG 0

ROIs (in levels) -

<0.001
Crestal 0.73 ± 0.04
Medial 0.54 ± 0.04

Apical (reference) 0

Tooth type (position) -

0.032
P2 −0.10 ± 0.04
P3 −0.04 ± 0.05
P4 −0.04 ± 0.05

M1 (reference) 0
a: Corresponding to 6 dogs × 8 teeth/dog × 7 sites/tooth (6 × 8 × 7 = 336). b: se = standard error. c: With
procedure REGRESS in SUDAAN to account for clustering (multiple sites within teeth).
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4. Discussion

The aim of this study was to evaluate, via micro-CT, the BD around Ch- and Mt-coated
Ti dental implants and to compare it with conventional SLA-type etched surface implants,
after 12 weeks of immediate post-extraction placement, in the jaws of Beagle dogs.

Micro-CT has proven to be the most suitable technique for the assessment of bone
mass in animal models; it is also a valuable tool for evaluating human biopsies and
necropsies [41,42], having been used not only qualitatively, but also quantitatively in
different clinical situations [43–46]. It is a noninvasive diagnostic tool that allows the
reuse of samples for other types of measurements and is also of great interest in the clinic,
where, for obvious reasons, conventional histomorphometry cannot be performed [47]. It
is currently used to evaluate morphometric characteristics as a complementary alternative
to conventional histological analysis [48]. Particularly in dentistry, it is an extremely useful
method for the study of human maxillary bone tissue associated with different conditions
and pathologies, and to evaluate the changes when the bone evolves after certain injuries or
is subjected to surgical procedures. In addition, it is an accurate and time-saving technique
for determining bone morphometry compared to manual methods [49–51].

Ch is considered an excellent material for osteoblast growth, due to its structural
characteristics similar to hyaluronic acid; some authors have reported its osteoconductive
capacity as a coating for implant materials, so it is widely used for bone regeneration
methods, due to its biocompatibility and anti-inflammatory power [52–54]. Khajuria
et al. [55] demonstrated in a periodontitis rat model that the local administration of Ch
preparations produced significant improvements in periodontal bone support ratios and
bone mineral density. In addition, López-Valverde et al. [56] reviewed the literature and
concluded that Ch-coated Ti dental implants may have a higher osseointegration capacity
and could become a commercial option in the future.

Mt has the capacity to stimulate osteoblastic differentiation and inhibit osteoclast
differentiation. Koyama et al. [57] demonstrated in mice that, at pharmacological doses,
causes an increase in bone mass by inhibiting bone resorption. Cutando et al. [58] first
applied it topically to the surface of dental implants. In vivo studies have shown that local
Mt administered at the ostectomy site at the time of implant placement can induce increased
contact between the trabecular bone and the implant and increased density of the trabecular
area [59]. Similarly, a recent meta-analysis [60] reported that the topical application of Mt
to implant sites could induce increased BD around Ti dental implants in the early stages
of healing. In this sense, certain studies support the hypothesis that wettability, together
with surface micro-texture, would be the determining factors in osteoblast response [61];
therefore, the surface preparation of implants has become a technical challenge.

Different studies have assessed the effectiveness of Ch and Mt as biofunctionalizers of
the surface of Ti dental implants, but, to our knowledge, our study was the first to compare
both coatings with each other and with a conventional SLA-type coating.

In our investigation, HU measurements ranged from −330 to +995, when all 336 sites
were evaluated, 12 weeks after implantation. A total of 112 sites were analyzed in the
crestal, medial, and apical levels (ROIs) and at the implant locations (P2, P3, P4, and M1),
for the three surfaces studied. In the Norton and Gamble study [36], taken as a reference, a
single standard implant of Ø3.5 mm × 11 mm L was used to allow the software to calculate
the BD values and, in our study, two implants of different thicknesses (Ø3.5 mm × 8.5 mm
and Ø5 mm × 8.5 mm) were used, depending on the premolar or molar area, so there
could be a bias in the reporting of the Hounsfield values.

The results of our study provided valuable information on different coatings of dental
implants in order to achieve better and faster osseointegration: the surfaces coated with
Ch and Mt achieved similar BD values around the implants to the control surface, with
conventional SLA etching (Bioetch®), with no significant statistical association observed in
the BD measurement values of Mt- and Ch-coated implants and conventional etched surface
implants. In this regard, Sultankulov et al. [62] in a recent review concluded that the Ch
could introduce valuable properties, such as antimicrobial activity and mucoadhesiveness,
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recommending further studies on this biopolymer and its osteogenic properties. Similarly,
Lu et al. [63] in another recent review highlighted the protective role of melatonin in
periodontitis, bone lesions, and osteoporosis, but, because a number of studies have shown
adverse effects, they recommended exploring and investigating the optimal conditions
of administration.

However, it is possible that these types of surface coatings are eliminated by the action
of the forces used during implantation, due to their low mechanical resistance, which
would explain the absence of statistical differences between the coated surfaces and the
control surfaces.

The most validated strategy to improve the bone-implant interface continues to
be the modification of the surface topography by increasing macro-, micro-, and nano-
roughness [64].

However, in order to improve the bioactivity of implants, some studies have proposed
surface modification by incorporating organic and inorganic ions and molecules, through
peptides, proteins, enzymes, and pharmaceuticals, on the Ti oxide layer (TiO2). All this
would lead to an improvement in the biological performance of Ti implants, which would
directly influence the local response of the surrounding tissues, improving the apposition
of the newly formed bone. In this regard, it is believed that the combination of organic
and inorganic components in Ti surface re-coatings would lead to bone-like coatings and,
thus, to new generations of surface-modified implants with improved functionality and
biological efficacy [65,66].

Another finding of our study was the statistical significance we found for BD in
different levels (crestal, medial, and apical) (p < 0.001) and positions (P2, P3, P4, and M1)
(p = 0.032) of the implants. In this regard, our results agreed with Shapurian et al. and
Di Stefano et al. [67,68] who, in their respective studies in mandibles, found significant
variations in bone density within the mandible, which would underline the importance of
identifying specific locations prior to implant placement.

We also found that micro-CT proved to be a very useful diagnostic method in the
measurement of peri-implant BD measured in HU. Panoramic radiography provides a
two-dimensional view of the anatomical structures of the mandible; however, micro-CT
provides much more specific data, such as height, width, or BD in the peri-implant area.
This parameter is a key factor to take into account when predicting implant stability and
survival. This survival is conditioned by bone quality, i.e., BD, as it has been shown that
BD around implants is decisive for their osseointegration [69,70]. In our study, the highest
BD was located at the P3 level in the Ch-coated implant group (+995 HU) in the crestal ROI
and the lowest (−330 HU) in the apical ROI in M1, probably due to the proximity of the
dental canal.

However, the results of our study were biased by a number of limitations that we
describe below: first, when defining an ROI in a micro-CT image, one has to take into
account that an artefact is always generated when there is a pronounced density gradient.

Due to the nature of the convolution kernels used in the filtered back-projection algo-
rithms, the area adjacent to a high-density object (e.g., the implant) is shown with too low
a HU number. This problem could be overcome, in part, if high-resolution kernels are used
when reconstructing the images, but this will result in an extremely noisy image and will
seriously impair the quantification of the BD in trabecular areas that are not affected by the
artefact. In this study, we draw ROIs at a “safe” distance from the implant in cross-sections,
but, despite this, an image may be distorted by metallic scatter, and certain studies have
highlighted the difficulty in performing an accurate morphometric analysis of the bony
areas surrounding an implant [71,72]. Secondly, Rebaudi et al. and Stoppie et al. [73,74]
reported that these artefacts created in the areas close to the implant would lead to bi-
ases in the measurement of BD in these areas, as it is measured including this artefact.
Song et al. [75], in a study with implants in beagle dogs, demonstrated that 45 to 63 μm
was a reasonable distance to compensate for artefacts in bone morphometric analysis of an
implant containing the tissue sample assessed by micro-CT, and the acquisition distance
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in our study far exceeded this figure. Thirdly, the micro-CT techniques used to quantify
peri-implant BD do not provide specific histological information on the nature of the bone
formed around the surfaces tested, despite the color coding of the HU provided by the
AMIDE software. Fourth and lastly, regarding clinical applicability, we are aware that
with the dog, despite having a similar bone structure to humans, both corticoradicular
configuration and mandibular bone remodeling follow different patterns [76].

5. Conclusions

The surface coatings tested/coated with Ch or Mt showed no difference in peri-
implant BD compared to the control group with a conventional etched surface, but they
did for implant locations and for position. On the other hand, despite the aforementioned
limitations, micro-CT, with appropriate complementary software, proved to be a very
useful method for the measurement of BD, providing quantitative data of the trabecular
bone around the implants.
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Abstract: Hydroxyapatite coatings were deposited for 1, 2, and 3 h on NiTi substrates using plasma-
assisted radio frequency sputtering. The matrix consisted of NiTi B2 and NiTi B19’ phases and Ti2Ni,
Ni3Ti, and Ni4Ti3 intermetallic compounds. The surface coating was monoclinic hydroxyapatite.
Increasing the deposition time to 3 h made it possible to form a dense hydroxyapatite layer without
visible defects. The phase contrast maps showed that the coating consisted of round grains of different
fractions, with the smallest grains in the sample deposited for 3 h. The wettability tests showed that
the coating deposited for 3 h had the highest surface energy, reflected in the proliferation density of
the MCF-7 cell line.

Keywords: NiTi; sputtering; coating; hydroxyapatite; structure; biocompatibility

1. Introduction

NiTi-based alloys are widely used for various applications in the medical field such
as dentistry, orthopedics, as parts for artificial organs, etc. [1–3]. The main reasons are
their shape memory and superelasticity effects, along with high corrosion resistance in
the aggressive body environment [4–8]. Large reversible deformation of NiTi alloys up
to 10% results in high fatigue strength of implants subjected to high-cycle dynamic loads.
The corrosion resistance of NiTi alloys increases the service life of implants due to the
presence of a thin electrochemically passive surface titanium oxide layer, which does
not provide good corrosion resistance after long usage of an implant in the human body.
It causes Ni segregation out of the matrix, which is toxic for the organic tissues [4]. It
is necessary to achieve a high level of both bioactivity and bio-inertness and corrosion
resistance in implants; therefore, surface modifications and bioactive coatings are used in
medical materials science.

One of the most popular candidates as a bioactive coating is hydroxyapatite (HAp), in
which the Ca/P molar ratio of 1.67 is considered to be the most stable during healing [9,10].
The advantage of calcium phosphate phases is their structural and compositional similarity
to the mineral compounds of human bones and teeth [10], which significantly increases
the bioactivity of implants coated with calcium phosphates [9,11–13]. There are various
methods of depositing hydroxyapatite on various medical alloys. The most commonly used
are plasma spraying, sol-gel, electrochemical and electrophoretic deposition, micro-arc
oxidation, plasma electrolytic oxidation, and other methods [9–17] with their corresponding
advantages and disadvantages. High variability allows control of coating parameters such
as morphology, thickness, density, Ca/P ratio, crystallinity, wettability, solubility, etc. For
example, different oxidation methods allow the creation of porous coatings. While this
positively affects cell viability, it is not good for the wear resistance of the implants, which
may lead to their failure [18]. Other deposition methods can create dense defect-free
coatings that may have poor adhesion to a substrate. To solve this problem, substrates
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with lattice parameters that closely match the deposited film must be chosen, or additional
treatments or buffer layers must be implemented [11,15,17]. This negatively affects the cost
and labor intensity of the entire process.

Plasma-assisted radio frequency (RF) sputtering is one of the methods used for de-
positing different coatings on metal surfaces [19]. This method makes it possible to obtain
a dense defect-free layer of hydroxyapatite, which has high biocompatibility, and by chang-
ing the deposition parameters, it is possible to control the morphology of the coatings [19].
While it is a promising method, there are not many articles devoted to the deposition of
calcium phosphate on NiTi substrates. This work aims to study the phase composition,
structure, wettability, and cytocompatibility of the Ca-P coatings on NiTi substrates by
varying the modes of plasma-assisted RF sputtering.

2. Materials and Methods

Monolithic plates of polycrystalline NiTi were used as substrates. Plasma-assisted
RF sputtering with a 200 mm diameter calcium phosphate powder target was used for
the deposition of calcium phosphate coatings. The base pressure was 5 × 10−3 Pa. Argon
gas was supplied to the sputtering chamber at 0.3 Pa pressure. The plasma generator
was turned on, and a negative bias voltage was applied to the substrate to clean and
activate the surface with argon plasma for 10 min. After surface treatment, the RF generator
connected to the target was turned on to initiate the material sputtering process. The
formation of a coating on the surface of the substrate occurred as a result of applying a
bias voltage. The optimal deposition parameters were 30 A current and 600 W RF power.
The calcium phosphate film deposition rate was 0.5 μm/h. The negative bias on the target
was 800–1100 V, which was optimal for sputtering the material, ensuring stable operation
of the plasma generator without damage to the RF input insulators and no overheating
of the target. For further determination of the optimal phase composition and surface
properties, sputtering was carried out for 1, 2, and 3 h at a deposition rate of 0.5 μm/h. The
sample number corresponds to the deposition time in hours. These deposition parameters
were chosen because Ni can negatively affect cell proliferation during cultivation. The
increasing deposition time results in a thicker coating, improving the corrosion resistance
and protecting the cells.

The microstructure characterization was carried out using the equipment of Tomsk
Regional Core Shared Research Facilities Center of National Research Tomsk State Univer-
sity, sponsored by the grant of the Ministry of Science and Higher Education of the Russian
Federation No. 075-15-2021-693 (No. 13.RFC.21.0012). An X-ray diffractometer XRD-7000
(Shimadzu, Kyoto, Japan) was used to analyze the phase composition of the coated samples.
The survey was carried out using a Cu anode at a voltage of 30 kV and a current of 30 mA.
The scanning speed was 2 degrees/min. Cu Kα radiation was used with the symmetric
geometry of the Bragg–Brentano survey in the standard mode. Qualitative analysis was
performed using the Profex software and two crystallography databases: Crystallography
Open Database and Materials Project.

The surface structure of the samples was examined using scanning electron microscopy
(SEM, Axia ChemiSEM, Thermo Fisher Scientific, Waltham, MA, USA) in the secondary
electron detection mode. EDS was carried out to determine the elemental composition
of the samples’ surface. The measurements were conducted using 10–20 kV accelerating
voltage, 100 mA beam current, 10 Pa vacuum, and 4.5–6 μm spot size. The surface wetting
angle was measured with the sessile drop method using an EasyDrop DSA20E instrument
(KRÜSS, Hamburg, Germany). Water and diiodomethane were used as test liquids. The
surface free energy was calculated using the Owens, Wendt, Rabel, and Kaelble method.
The contact angle was measured at room temperature. Liquids with known surface energy
and their polar and dispersive parts were used in the experiment.

σS = σSL + σL × cos θ (1)
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Here, σS is the surface free energy, σSL is the interfacial tension, σL is the surface tension of
the liquid, θ is the contact angle, σD

S and σP
S are dispersive and polar parts of the surface

energy of the solid, and σD
L and σP

L are dispersive and polar parts of the surface energy of
the liquid.

Atomic force microscopy in the tapping mode (AFM, NT-MDT, Zelenograd, Russia)
with a SOLVER HV vacuum chamber was used to study the morphology of the coatings.
MCF-7 cells were used to investigate the biocompatibility of the samples. MCF-7 cells were
cultured in a medium consisting of DMEM/F12 (Paneco, Tokyo, Japan) supplemented
with 10% fetal bovine serum, antibiotics (100 U/mL of penicillin and 100 mg/mL of
streptomycin), and 2 mM L-glutamine at 37 ◦C in a 5% CO2 and humid atmosphere. Cells
were incubated for 72 h in 12-well cell culture plates with a medium in each well. The SEM
images were obtained at a low vacuum.

3. Results and Discussion

X-ray diffraction patterns were obtained from three NiTi samples coated with hydrox-
yapatite in Figure 1. Interpretation of X-ray diffraction patterns made it possible to establish
that all samples consisted of the TiNi phase in two crystallographic modifications: cubic
B2 austenite (cod_1100132) and monoclinic B19’ martensite (cod_9015813). Secondary in-
termetallic inclusions Ti2Ni (cod_1527848), Ni3Ti (cod_1010452), and Ni4Ti3 (cod_2100704)
were also found, which are the result of the technological process of obtaining monolithic
alloys. Monoclinic hydroxyapatite (HAp, mp-721624, a = 9.39 Å, b = 6.87 Å, c = 2a, and
γ = 120◦) was found on the surfaces of all samples. With an increase in the coating depo-
sition time, the intensity of the HAp diffraction reflections increased, indicating a thicker
surface layer. In addition to reflections corresponding to crystalline HAp, X-ray diffraction
patterns did not reveal reflections related to other calcium phosphates. In hard tissues
such as bones and teeth, the crystal structure of hydroxyapatite is hexagonal with lattice
parameters a = b = 9.4 Å, c = 6.86 Å, and γ = 120◦ (mp-41472). Monoclinic HAp is more
thermodynamically stable than hexagonal HAp, even at room temperature. However, the
main difference between the forms of HAp lies in the orientation of the hydroxyl groups.

A pronounced splitting of the structural reflection was observed in sample 3 at the
42–42.5◦ diffraction angle range, which was not present in the other two samples in Figure 1.
Probably, with an increase in the deposition time, the Ni4Ti3 reflection began to manifest
itself more clearly, but it was not possible to establish the reason for this. A slight shift of
the high-intensity reflection from the NiTi phase with the B2 austenite structure is worth
noting. The shift is associated with a change in the crystal lattice parameters caused by the
incorporation of coating atoms into the NiTi bcc structure. Thus, the XRD method shows
that, with an increase in the deposition time of the coating, the diffraction reflections from
the hkl planes of the HAp become more intense, indicating an increase in the deposited
coating thickness.

The surface of NiTi alloys coated with HAp was studied using scanning electron
microscopy. Samples 1 and 2 had a similar surface morphology in Figures 2 and 3 with
small inclusions up to 2 μm in size. Elemental composition analysis showed that the
coatings consisted of calcium, phosphorus, and oxygen. Ti and Ni substrate elements were
also detected since the spectra registration depth reaches 2 μm. The detected inclusions
consisted of the Ti, Ni, and O elements. In terms of size and quantity, these inclusions
predominated in sample 1. According to the Ca, P, and O element distribution maps, the
coatings were formed unevenly, and a deposition time of 2 h was not enough to obtain a
dense HAp layer.

The coating on sample 3 was characterized by a uniform dense surface morphology
over the entire area without visible defects, cracks, or chips as seen in Figure 4 in contrast
to the coatings on samples 1 and 2.
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Figure 1. XRD patterns of NiTi samples with hydroxyapatite coatings deposited for 1, 2, and 3 h
(samples 1, 2, and 3).

 

Figure 2. (a) SEM image of the NiTi with hydroxyapatite coating deposited for 1 h and elemental
maps of: (b) Ti; (c) Ni; (d) Ca; (e) P; and (f) O.

Quantitative EDS analysis showed a decrease in Ti and Ni content and an increase
in Ca, P, and O content with deposition time in Figure 5. These data were consistent with
the XRD results, according to which the number and intensity of diffraction reflections
increased with deposition time. Quantitative EDS analysis of hydroxyapatite-coated NiTi
samples also suggested an increase in the coating thickness.
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Figure 3. (a) SEM image of the NiTi with hydroxyapatite coating deposited for 2 h and elemental
maps of: (b) Ti; (c) Ni; (d) Ca; (e) P; and (f) O.

 

Figure 4. (a) SEM image of the NiTi with hydroxyapatite coating deposited for 3 h and elemental
maps of: (b) Ti; (c) Ni; (d) Ca; (e) P; and (f) O.

Phase images 1 × 1 μm2 in size were obtained using AFM in Figure 6. Since the
survey was carried out in the tapping mode, the tip of the probe touched the surface during
oscillations. Because of this, it experienced not only the influence of Coulomb forces, but
also adhesive, capillary, and other forces. This caused a phase shift of the oscillations, which
made it possible to obtain phase images showing the differences between the areas of the
surface. The surface of sample 1 showed large gaps at the grain boundaries, confirming the
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SEM data of an uneven coating. With an increase in the deposition time, samples 2 and 3
formed a more uniform coating with many small formations of various shapes ranging in
size from 0.1 μm to 0.2 μm.

 
Figure 5. Quantitative elemental EDS analysis of NiTi with hydroxyapatite coatings.

 

Figure 6. Phase contrast maps obtained using AFM of NiTi with hydroxyapatite coatings deposited
for: (a) 1 h; (b) 2 h; and (c) 3 h.

The contact angle was determined using the sessile drop method, and the surface
free energy was calculated in Figure 7. Sample 1 exhibited a water contact angle of
approximately 56◦ with a surface free energy of 52 mJ/m2, which predominantly consisted
of a dispersive component. An increase in the deposition time to 2 h contributed to the
formation of a more hydrophobic HAp coating for sample 2 with a wetting angle of 86◦,
while the surface energy decreased to 41.39 mJ/m2 due to a significant decrease in the polar
energy part to 6.12 mJ/m2. Hydrophobic surfaces are known to exhibit low cell culture
attachment efficiency and a long induction period before cells enter the exponential growth
phase [20]. Sample 3 was characterized by the most hydrophilic surface of all three coatings
with a contact angle of 40.2◦ and with a maximum surface energy of 57.17 mJ/m2 due to an
increase in the polar part to 17.66 mJ/m2.
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Figure 7. (a) Contact angle; (b) surface energy values of NiTi with hydroxyapatite coatings; the
purified water drops on hydroxyapatite coatings deposited for: (c) 1 h; (d) 2 h; and (e) 3 h.

Considering that the ratio between the dispersive and the polar parts of the surface en-
ergy made it possible to predict the adhesion between the two phases, it was concluded that
samples 1 and 3 would have the best adhesion during in vitro biocompatibility tests. This
is because an increase in surface energy—in particular, an increase in the polar component
of the surface energy—has a positive effect on cell adhesion [5]. However, since defects in
the coating were found on the surface of sample 1, which could affect the contact angle and
surface energy, it made sense to consider only sample 3 for in vitro tests. It should be noted
that not only polar groups but also non-polar groups, as well as ligands on the cell surface
and protein secretion, are responsible for the behavior of cells on the surface [21], which
makes it quite difficult to predict the behavior of cells on artificial materials.

Samples 2 and 3 were chosen for in vitro studies since the coating of sample 1 had
pronounced defects. SEM studies after 3-day cultivation of the cells made it possible to
establish their normal morphology in Figure 8. The cells spread across the whole surface of
sample 2. Some of them formed colonies consisting of several cells, but individual cells can
also be seen. After 3 h of deposition, the adhesion of the cells became much better. There
were no areas without the cells, so the calcium phosphate coating on sample 3 positively
affected cell proliferation.

Despite the in vitro tests, one cannot claim that the increase in deposition time allowed
for a boost in the number of viable cells, as some of them could have died. We can only
estimate the level of proliferation, which certainly increased after 3 h of deposition. Other
researchers have provided the results of in vitro experiments and proved that sputtered
hydroxyapatite coatings increase cell viability [22].
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Figure 8. SEM images of hydroxyapatite coatings deposited for (a) 2 h and (b) 3 h after 72 h culture
with MCF-7 cells.

4. Conclusions

Three samples with hydroxyapatite coatings were obtained using plasma-assisted
RF sputtering for different deposition times of 1, 2, and 3 h. It was established using
XRD that a coating of thermodynamically stable monoclinic HAp was formed on all three
samples. The NiTi substrate had a mixed structure. The TiNi phase was in the form of two
crystallographic modifications of B2 austenite and B19’ martensite, as well as intermetallic
Ti2Ni, Ni3Ti, and Ni4Ti3 compounds. The structural studies showed that the densest defect-
free coating was formed on sample 3 after 3 h of deposition, and according to EDS data,
calcium, and phosphorus were evenly distributed over the surface. Sample 3 had the most
hydrophilic surface with a contact angle of 40.2◦ and showed a significantly increased polar
surface energy component of 17.66 mJ/m2 and a high total surface energy of 57.17 mJ/m2.
Tests for cytocompatibility in vitro conditions showed that the surface of sample 2 was
filled with cells unevenly, while the coating on sample 3 had a positive effect on adhesion
and proliferative activity. Based on the obtained results, it can be concluded that a 3 h
deposition time is promising for obtaining biocompatible HAp coatings on NiTi.
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Abstract: Confluent monolayers of human umbilical vein endothelial cells (HUVECs) on a
poly(2-methoxyethyl acrylate) (PMEA) antithrombogenic surface play a major role in mimicking
the inner surface of native blood vessels. In this study, we extensively investigated the behavior
of cell–polymer and cell–cell interactions by measuring adhesion strength using single-cell force
spectroscopy. In addition, the attachment and migration of HUVECs on PMEA-analogous substrates
were detected, and the migration rate was estimated. Moreover, the bilateral migration of HUVECs
between two adjacent surfaces was observed. Furthermore, the outer surface of HUVEC was exam-
ined using frequency-modulation atomic force microscopy (FM-AFM). Hydration was found to be
an indication of a healthy glycocalyx layer. The results were compared with the hydration states of
individual PMEA-analogous polymers to understand the adhesion mechanism between the cells
and substrates in the interface region. HUVECs could attach and spread on the PMEA surface with
stronger adhesion strength than self-adhesion strength, and migration occurred over the surface of
analogue polymers. We confirmed that platelets could not adhere to HUVEC monolayers cultured on
the PMEA surface. FM-AFM images revealed a hydration layer on the HUVEC surfaces, indicating
the presence of components of the glycocalyx layer in the presence of intermediate water. Our
findings show that PMEA can mimic original blood vessels through an antithrombogenic HUVEC
monolayer and is thus suitable for the construction of artificial small-diameter blood vessels.

Keywords: poly(2-methoxyethyl acrylate) (PMEA); human umbilical vein endothelial cell (HUVEC);
cell-cell interaction; cell adhesion strength; cell migration; frequency-modulation atomic force
microscopy (FM-AFM); hydration; artificial small-diameter blood vessel

1. Introduction

According to the World Health Organization (WHO), due to the rapid increase in
cardiovascular diseases (CVDs) and the associated number of deaths, the 17.9 million deaths
from CVDs in 2019 is estimated to increase to 23.6 million by 2030 [1,2]. Approximately
32% of total deaths worldwide are caused by the diverse categories of CVDs, such as
coronary heart disease (CHD) and peripheral artery disease (PAD). Currently, researchers
are focusing on obtaining the most suitable treatments for CVDs. To date, angioplasty,
atherectomy, stent insertion, and bypass of the injured vessels are the most well-known
treatments [3]. Bypass of injured vessels is an effective treatment, and autologous saphenous
vessels are generally selected. However, there is a risk of secondary trauma. Therefore,
synthetic artificial vascular grafts can be suitable alternatives to autologous saphenous
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vessels. To date, polyethylene terephthalate (PET) and expanded polytetrafluoroethylene
(ePTFE) have been used as synthetic grafts for large-diameter vessels. However, these grafts
show poor patency for small-diameter blood vessels due to thrombus formation inside
them [4]. PET and ePTFE are unable to promote endothelialization and induce thrombosis
and inflammation due to platelet and neutrophil activation [5]. Therefore, vascular graft
diameter smaller than 6 mm presents a high risk of thrombus formation. In addition,
protein adsorption boosts the platelet adhesion in surface induced clotting [6].

Many methods have been implemented to improve the surface of synthetic grafts
through surface modification, new polymer development, and cell–substrate interaction
investigation using mechanobiology assessments. Various surface modification techniques
have been used to functionalize the substrate interface for cell attachment, growth, mi-
gration, rapid endothelization, and long-term anticoagulation [7–9]. Polymer coating
is an effective approach to functionalize biomaterial surfaces. Functionalization with
poly(ethylene glycol) and zwitterionic polymers, including poly(2-methacryloyloxyethyl
phosphorylcholine) (PMPC), suppresses biofilm formation, immune responses to biomate-
rial surfaces, and adhesion of platelets [10–16]. Moreover, several approaches have been
introduced to obtain smart or responsive surfaces. Temperature-responsive grafted polymer
brushes based on LCST open opportunities for the fabrication of responsive surfaces [17].
On the other hand, stimuli-responsive macromolecules have significantly impacted new
developments in polymeric coatings where the surface shows responsiveness to bacte-
rial attacks, ice or fog formation, anti-fouling properties, autonomous self-cleaning and
self-healing, or drug delivery systems [18].

A stable, confluent endothelium lining may act as a completely antithrombogenic
surface. However, such an endothelial cell (EC) layer does not form spontaneously at
the surface of a vascular implant in humans in vivo. Subsequently, one researcher has
proposed pre-seeding ECs or progenitor cells prior to implantation in order to increase the
patency of synthetic vascular grafts [19,20]. However, poor cell adhesion ability under flow
condition indicates low compatibility [21]. Consequently, polymers with antifouling and
antithrombogenic properties with strong endothelial cell attachment abilities are desirable
for researchers to develop artificial small-diameter blood vessels (ASDBVs) that can mimic
native blood vessels.

In this regard, poly(2-methoxyethyl acrylate) (PMEA), an antithrombogenic synthetic
polymer, is a suitable alternative to ePTFE and PET because of its intermediate water
(IW, loosely bound water) content, which is a measure of biocompatibility and blood
compatibility [22,23]. It was found that IW is present in natural biocompatible polymers,
such as DNA (and RNA), heparin, and chondroitin sulfate [24]. PMEA is a US Food
and Drug Administration (FDA)-approved biocompatible polymer used in artificial lungs,
catheters, and stents as an antithrombogenic coating material. PMEA is water insoluble
and hydrophobic in nature. It makes thin film coatings on substrates, such as PET or
other surfaces where coating needs to be performed. When the biomaterials contact with
the body fluids, the primary interaction happens on the biomaterial–fluid interface in
hydrated state. First, proteins are adsorbed and then denatured on the hydrated material
surface. Cell adherent protein adsorption depends on the wettability, polymer rich and
poor regions, as well as the microphase separation of a homopolymer at an interface. The
amount and degree of denaturation of adsorbed proteins affect subsequent cell behavior,
including cell adhesion, migration, proliferation, and differentiation. The modification in
the chemical structure of PMEA shows distinct morphological and interaction behavior with
the blood component [25,26]. A polymer with similar chemical and structural properties to
PMEA is named PMEA analogous polymer. Our recent investigation reveals that PMEA
analogous polymers suppress platelet adhesion, and the degree of suppression depends on
the amount of IW present in each polymer [22,26]. In particular, a polymer with high IW
content (e.g., PMPC, IW = 11.11% w) suppresses platelets more effectively than a polymer
with low IW content [27]. However, PMPC does not allow the attachment of cells, proteins,
or any other blood components on its surface.
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A monolayer of ECs can effectively protect surfaces from the adhesion of blood
components (platelets, white blood cells, red blood cells, and proteins), thus suppressing
platelet coagulation and thrombus formation [28]. Alternatively, PMEA, a blood-compatible
polymer, does not activate leukocytes, erythrocytes, or platelets, in vitro [22]. Furthermore,
because PMEA and analogous polymers promote the attachment of non-blood cells, they
are believed to facilitate endothelization [29]. Therefore, endothelization over the polymer
surface may play a major role in surface antithrombogenic properties.

In recent years, the human umbilical vein endothelial cells (HUVEC) model has been
used in cardiovascular and clinical research as compared to animal models. In vitro HUVEC
models have been convenient to study platelet adhesion to the endothelium, endothelial
dysfunctions, the potential effect of atherosclerosis in initial stages and atherosclerosis
progression [30,31]. On the other hand, EC activation, migration, and proliferation are
responsible for the formation and organization of tubular structures to form new blood
vessels through the angiogenesis process [32,33]. Finally, HUVEC as a model to study the
endothelium has greatly facilitated the study of cardiovascular disease. In contrast, the
glycocalyx is a combination of hydrated sugar-rich molecules (heparin sulfate, chondroitin
sulfate, and hyaluronic acid) coating the surface of ECs lining the inside of blood vessels.
Our previous study showed that promoting the glycocalyx of HUVECs with transforming
growth factor-β1(TGF-β1) decreased platelet adhesion, while degrading the glycocalyx
with heparinase I increased platelet adhesion. These results suggested that the glycocalyx of
cultured HUVECs modulates platelet compatibility, and the amount of glycocalyx secreted
by HUVECs depends on the chemical structure and cross-linker concentration of the
scaffolds [34]. Matrix stiffness is also known to affect the expression of the glycocalyx in
cultured ECs [35].

In the present study, we aim to find the best polymer from PMEA analogous polymers
that can be used to construct an artificial small diameter vascular graft as a coating material.
For this purpose, the polymer should fulfil the basic needs, such as antithrombogenic
surface, good HUVECs attachment, growth, proliferation, migration, monolayer formation,
and strong adhesion strength to the surface. We used HUVECs to measure cell–cell and
cell–substrate interactions using single-cell force spectroscopy (SCFS). We found a possible
mechanism of HUVECs monolayer formation over a biocompatible polymer surface by
comparing the strength of cell–cell and cell–substrate interactions. We then evaluated the
migration behavior of HUVECs on the PMEA polymer analogs. In addition, the bilateral
migration of HUVECs between two adjacent polymer surfaces was observed, indicating
migration of HUVECs from native blood vessels to artificial implants in vitro. Furthermore,
a platelet adhesion test was performed on HUVECs monolayers cultured on PMEA and
PET. Finally, the upper surface of a single HUVEC was investigated using frequency-
modulation atomic force microscopy (FM-AFM) to determine the hydration states of the
HUVEC surface to verify the expression of the glycocalyx layer as well as IW states.

2. Materials and Methods

2.1. Chemicals and Materials

Hydrophilized PET sheet (thickness = 120 μm) was purchased from Mitsubishi Plastic Inc.
(Tokyo, Japan). PMEA (Mn = 26.9 kg/mol, Mw/Mn = 2.73), poly(3-methoxypropyl acrylate)
(PMC3A, Mn = 20.8 kg/mol, Mw/Mn = 3.83), and poly(n-butyl acrylate) (PBA, Mn = 62.8 kg/mol,
Mw/Mn = 1.41) were synthesized as previously reported [26]. Poly(n-butyl mathacrylate-
co-2-methacryloyloxyethyl phosphorylcholine) (BMA 70 mol%, MPC 30 mol%) (PMPC,
Mw = 600 kg/mol) was a gift from the NOF Corporation, Tokyo, Japan. Tissue culture
polystyrene (TCPS) was purchased from IWATA, Japan. The chemical structures of the
polymers used in the present study are shown in Figure 1. Fibronectin was purchased from
Wako Pure Chemical Industries (Osaka, Japan). The platelet adhesion test was performed
using human whole blood, which was purchased from Tennessee Blood Services (Memphis,
TN, USA). Human whole blood was collected from healthy donors and stored in a vacuum
blood collection tube (Venoject II; Terumo Co., Tokyo, Japan) containing 3.2% sodium
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citrate as an anticoagulant. Blood was used within a week after collection. Blocking reagent
was purchased from Nacalai Tesque (Kyoto, Japan). All other reagents and solvents were
obtained from Kanto Chemical Co. (Tokyo, Japan).

Figure 1. Chemical structure of (A) polyethylene terephthalate (PET); (B) poly(n-butyl acrylate)
(PBA); (C) poly(2-methoxyethyl acrylate) (PMEA); (D) poly(3-methoxypropyl acrylate) (PMC3A),
and (E) poly(n-butyl mathacrylate-co-2-methacryloyloxyethyl phosphorylcholine) (BMA 70 mol%,
MPC 30 mol%) (PMPC).

2.2. Fabrication of Polymer-Coated Substrates

PET was used as a substrate for the polymer coating. Initially, the PET sheet was cut
into a circular shape with a diameter of 14 mm using a hand press cutter and cleaned by
washing with toluene. PMEA, PMC3A, and PBA were dissolved in toluene (0.5% w/v) to
obtain the polymer solution. PMPC was dissolved in methanol at the same concentration.
The PMEA analogous polymer solutions of 40 μL were charged on the PET substrates
for spin-coating using a Spin Coater (Mikasa MS-A100) at a constant speed of 3000 rpm
for 40 s, ramped down for 4 s, and then dried for at least for 24 h in a vacuum dryer at
25 ◦C. Bare PET was used as the positive control and TCPS was used as the cell culture
dish. The morphologies of the polymer-coated surfaces were observed by atomic force
microscopy (AFM) and the thickness was estimated at around 100 nm using transmission
electron microscopy [25,36]. The surface roughness of all polymer coatings was almost the
same within 10–20 nm. However, AFM observation showed that the interfacial structures
of the PMEA and PMC3A were highly ordered, homogeneous, and compactly dispersed
in nanometer scale, although the low blood-compatible polymer PBA interface had an
irregular structure [25].

2.3. Contact Angle

Contact angle measurements were conducted using milli Q water. Two methods
(sessile drop and air bubble) were used to measure the contact angle values of PMEA
analogous surfaces at 25 ◦C using a DropMaster DMo-501SA (Kyowa Interface Science Co.,
Tokyo, Japan (shown in Table 1). Following the sessile drop method, 2 μL of water droplet
was dropped on the polymer surface for 60 s, and the contact angles were calculated from
the photograph. In the captive bubble method, PMEA analogous substrates were immersed
in Milli-Q water for 24 h. Then, a 2 μL air bubble was injected beneath the substrate surfaces
located in water, and the contact angles were also measured using photographic images.
Finally, the contact angle at 30 s was counted as the contact angle of that substrate.
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Table 1. Contact angle and water content of studied polymers.

Polymers

Contact Angle * [deg]

Sessile Water Drops Captive Air Bubble IW

(30 s) (30 s) 24 h (wt.%)

PET 73.3 (±0.9) 125.5 (±2.2) 125.4 (±0.5) 0
PBA 83.8 (±1.9) 126.7 (±2.8) 125.0 (±1.7) 0.31

PMEA 44.3 (±2.1) 134.0 (±0.9) 132.9 (±1.8) 3.7
PMC3A 52.1 (±0.5) 126.9 (±1.0) 127.8 (±0.7) 2.8
PMPC 108.9 (±0.5) 152.4 (±2.9) 150.0 (±3.8) 11.11

* 2 μL water droplet in air (sessile drop) and 2 μL air bubble in water (Captive bubble). The data represent the
means ± SD (n = 5).

2.4. HUVECs Culture

ECs were solely used for all experiments described in this article. Commercially
available HUVECs (Lonza, Cologne, Germany) were cultured under static cell culture
conditions (37 ◦C, 5% CO2) in polystyrene-based cell culture flasks. Cells were used
for 4–6 passages and cultured in endothelial basal medium (EBM-2) supplemented with
endothelial growth medium (EGM-2) Single Quots® kit and 2% fetal calf serum (FCS;
Lonza). Before starting the experiments, cells were detached using 0.25% trypsin/EDTA
solution (Thermo Fisher Scientific, Rockford, IL, USA) from the culture dish. Then, HUVECs
solution was centrifugated for 3 min at 1200 rpm to isolate HUVECs from the medium.
Initial cell counting was performed using a hemocytometer to adjust the cell density.

2.5. Cell Attachment, Proliferation, and Immunocytochemical Analysis

Cell attachment and proliferation assays were performed using a 24-well plate (IWATA).
The 24-well plate was first coated with PMPC (0.5% w/v) and allowed to dry. The pre-
coated polymer substrates were then fixed onto the 24-well plate using glue on the back
side of each substrate and cured under UV light for 30 min. Phosphate-buffered saline (PBS)
was then added to the wells and incubated for 1 h at 37 ◦C. Afterwards, culture media were
added and incubated for another hour at 37 ◦C. HUVECs were seeded on the substrates at
1 × 104 cells/cm2 in serum-containing media and allowed to adhere and proliferate on the
surface of the substrates for 1 h, 1 day, or 3 days. After cultivation at these specific time
intervals, the cells were analyzed using ImageJ software (version 1.53C; National Institutes
of Health, Bethesda, MD, USA).

In addition, before starting the immunocytochemical analysis, the prepared sub-
strates were preconditioned, as in the cell attachment and proliferation assays. HUVECs
were seeded (5 × 103 cells/cm2) on polymer-coated PET substrates and incubated for 1,
24, or 72 h. After culturing for specific times, the cells were fixed using preheated (37 ◦C)
4% (w/v) paraformaldehyde (Fujifilm Wako Pure Chemical Co., Ltd., Osaka, Japan) and
stored outside for 10 min. Thereafter, 1% (v/v) Triton X-100 (Fujifilm Wako Pure Chemi-
cals Co., Ltd.) in PBS (−) was added to increase plasma membrane permeability. After
washing, the sections were blocked for 30 min. Then, the substrates were stained with
mouse monoclonal anti-human vinculin antibody (VIN-11-5; Sigma-Aldrich, St. Louis,
MO, USA) (1:200) diluted in PBS (−) for 90 min at room temperature (RT), and subse-
quently stained with Alexa Fluor 568-conjugated anti-mouse immunoglobulin G (IgG)
(H + L) antibody (1:1000 dilution), Alexa Fluor 488-conjugated phalloidin (1:1000 di-
luted), and 4,6-diamidino-2-phenylindole (DAPI, 1:1000 dilution) (all from Thermo Fisher
Scientific, Waltham, MA, USA), all diluted in 10% blocking solution in PBS, treated for
1 h at RT. After performing these steps, stained cells were fixed on glass slides. Fluo-
rescence photographs were taken using a confocal laser-scanning microscope (CLSM)
(FV-3000; Olympus, Tokyo, Japan). The HUVEC morphology was quantitatively assessed
using ImageJ.
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2.6. HUVECs Migration Analysis

HUVECs migration analyses were executed in six-well plates. Initially, one half of the
PET substrate (ϕ = 30 mm) was coated with a PMEA-analogous polymer and the other
half was exposed to bare PET. First, HUVECs were cultured on all studied substrates,
placed into six-well plates with a seeding density 1 × 104 cells/cm2 and incubated at
37 ◦C until full confluency. After confluency, the cell monolayer surface was scratched
using a 4 mm wide rubber cell scraper in the PET–polymer interface region and kept in
incubator for migration. Finally, cell migration towards the scratched area was observed
at 0, 24, and 48 h of scratching, and time-lapse images were taken using a phase-contrast
microscope (Figure 2). The migrated area was quantified using ImageJ software and
denoted as A0 − At, where A0 is the initial area before migration and At is the area at the
certain time t (i.e., o, 24, or 48 h). The migration rate was then plotted against the types of
substrates where migration happened.

Figure 2. Schematic representation of the HUVECs migration rate measurements and observation of
HUVECs migration through the coated polymer-PET interface.

2.7. HUVEC-PMEA and HUVEC-HUVEC Interaction Determined by SCFS

Prior to the HUVEC–PMEA interaction measurement, the PMEA-coated substrates
were placed under UV light for 30 min before the PBS was poured and placed in incubator
for 1 h at 37 ◦C. Subsequently, EGM-2 medium was added to the substrate and freshly
detached cells (five to six passages) were injected into it. In addition, the tipless cantilever
named TL-CONT (spring constant k = 0.2 N/m; Bruker, Billerica, MA, USA) was coated
with fibronectin solution (1 mg/mL) and kept for around 20 min to dry. Then, a single
HUVEC was captured with a tipless cantilever for 10 min with set point: 2 nN. The
force–distance curves between the cells and the substrates were measured using an AFM
(CellHesion JPK; Bruker, Billerica, MA, USA) equipped with a tipless cantilever (set point:
2 nN, approaching rate: 5.0 μm/s, holding time: 120 s, retraction rate: 15 μm/s). The value
of set point for the measurement of HUVEC adhesion strength was used from our previous
report, where the relationship between the set points and the cell adhesion strength of HeLa
cells were evaluated [37]. In this investigation, the maximum force for cell detachment
from the substrate is denoted as adhesion force, which is indicated at the lowest point of
the retraction curve. Adhesion work was estimated as the amount of work required to
detach the cell from the substrate, corresponding to the area enclosed by the baseline and
retraction curve [38]. The same experimental conditions were used to determine HUVEC–
HUVEC interactions. The only exception was that HUVECs were cultured on both the
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PMEA-coated PET substrate and TCPS. HUVEC adhesion strength was measured on the
attached HUVECs using the same procedure as described earlier in this section.

2.8. Platelet Adhesion Test on Cultured HUVECs Monolayer

The platelet adhesion test was performed under static conditions as previously de-
scribed [22,34,39]. In brief, fresh blood was centrifuged at 400× g for 5 min to obtain
platelet-rich plasma (PRP), and the remaining blood was centrifuged at 2500× g for 10 min
to obtain platelet-poor plasma (PPP). The platelet concentration was determined using a
hemocytometer. Cell density (4 × 107 cells/cm2) was adjusted by mixing PPP and PRP.
Prior to this experiment, HUVECs were cultured on the PMEA-coated and bare PET sub-
strates. Before loading the platelet suspension, the cultured HUVECs layer was washed
with PBS (−). Then, 450 μL of platelet suspension was loaded onto HUVECs proliferated
on the confluent layer and incubated for 1 h at 37 ◦C. After 1 h of incubation, the weakly
adhered platelets were rinsed three times with PBS. Adhered platelets were then fixed
using 1% glutaraldehyde for 2 h at 37 ◦C. After this period, samples were rinsed with
PBS, 50% PBS, and Milli-Q water. Finally, the samples were dried at RT for 1–2 days
before being subjected to sputter gold coating for scanning electron microscopy (SEM)
observation. Then, the number of adhered platelets was counted from SEM images using
ImageJ software (n = 15 of each substrate).

2.9. FM-AFM of Single HUVEC Surface

FM-AFM was conducted using an SPM-8100FM (Shimadzu Co., Kyoto, Japan) in water
at 23 ◦C. A PPP-NCHAuD cantilever (typical spring constant, k = 42 N/m, NanoWorld AG,
Neuchâtel, Switzerland) was used. The resonance frequency in water was approximately
140 kHz, and the scan in the z-direction was performed with a force limit of 2.5 V, which
corresponds to a frequency shift of approximately 500 Hz. The amplitude of the cantilever
oscillation was maintained constant at approximately 2 nm.

2.10. Statistical Analyses

Data from at least three independent trials were used in calculation of mean ± stan-
dard deviation (SD). Significant differences were assessed using one-way analysis of vari-
ance (ANOVA) (Tukey–Kramer multiple comparison test) with Origin Pro (version 2019b;
OriginLab Co., Northampton, MA, USA). p < 0.05 was set to evaluate statistical significance.

3. Results and Discussion

3.1. HUVECs Cultured on PMEA-Analogous Polymers

The formation of confluent EC monolayers on implanted materials has been identified
as a method to avoid thrombus formation [28,40]. PMEA polymer analogs (PMEA, PMC3A,
and PBA) and PMPC were coated on PET substrates to culture HUVECs and investigate
HUVECs adhesion ability. The physical properties of the studied polymer are shown
in Table 1. HUVECs attachment ability depends on the surface type, morphology, and
biomechanical interaction in the interface. In our previous study, we mentioned the
surface morphology of our polymer studied by AFM observation [25]. Figure 3 shows the
phase-contrast micrographs of the sub-confluent to confluent layer of HUVECs attached
to the PMEA polymers at 120 h. Bare PET and PMPC were used as the positive and
negative controls, respectively. It was found that HUVECs can attach to PMEA polymer
analogs and form a confluent monolayer. This confirms our previous findings that ECs
can attach, proliferate, and form a layer on PMEA-coated surfaces compared with other
analogous polymers. The proliferation of HUVECs on the various substrates decreased
in the following order: TCPS > PET ≈ PMEA > PMC3A ≈PBA > PMPC. No considerable
number of HUVECs was found on PMPC at 120 h. HUVECs could not survive on PMPC
because of their strong antithrombogenic properties. These results agree with those of our
previous study in which HUVECs and aorta smooth muscle cells (AoSMCs) were cultured
on PET, PMEA, and PMPC [41].
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Figure 3. Phase-contrast micrographs of the HUVECs cultured for 120 h on PMEA-analogous
polymers and on TCPS, PET, and PMPC as controls (scale bar = 200 μm).

The different attachment behaviors of HUVECs on PMEA-analogous polymers de-
pend on the hydration state, surface morphology, and stiffness of each polymer [35,40,42].
Generally, cells adhere to a polymeric surface via cell-binding proteins, such as fibronectin
or fibrinogen, through integrin [43]. HUVECs are more likely to adhere to fibronectin than
fibrinogen through the RGD sequence, which is a universal binding site [44]. It has been
proven that cells can attach to PMEA in an integrin-dependent and -independent manner
through direct interaction between the cell membrane and the polymer interface [45]. In this
study, we found a more confluent HUVECs monolayer on PMEA-coated substrates than on
other analogous polymers. This can be attributed to the selective protein adsorption and
integrin-independent and -dependent adhesion mechanism of PMEA, which is regulated
by the IW content [41].

3.2. Possible Mechanism of HUVECs Monolayer Formation on PMEA (Cell-Cell Interaction)

The initial interactions between individual HUVECs cultured on the PMEA surface
were measured using the SCFS. Figure 4 shows the HUVEC adhesion strength in nN,
measured at three different places of the attached HUVEC on PMEA. We found that the
adhesion strength was highest in the external cellular matrix (ECM) of the attached single
HUVEC, lower on arbitrary positions of the monolayer, and lowest on the top of the cell
where the nucleus is present. Therefore, variation in interaction strength can occur because
of the concentration of adhesion proteins in the serum medium. Previous studies have
shown that cell adhesion on PMEA in serum-free medium is similar to that on serum-
containing medium [45]. In contrast, the adhesion energy differed among the various
interaction locations of the attached HUVEC, which may be due to the dissimilar surface
interaction area and number of focal adhesion points.

In contrast, intercellular adhesion plays a major role in tissue development and home-
ostasis [46]. Sancho et al. measured the cell adhesion forces of HUVECs on substrates in
well-attached individual cells and monolayers. In the present study, we measured and
compared the initial HUVEC adhesion strength between HUVEC–PMEA and HUVEC–
HUVEC, where the HUVECs were cultured on both TCPS and PMEA surfaces, as shown
in Figure 5. The average HUVEC–HUVEC interaction strength was calculated, as shown in
Figure 4, and results revealed that there is no effect of culture substrates on cell–cell interac-
tion strength. However, the HUVEC–PMEA adhesion strength was much higher than the
cell–cell interaction. Therefore, initially, HUVECs seem to be more involved in attachment
to the substrates than individual cells, even though a few portions of seeded cells were
in a tri-dimensional (3D) aggregated form. After seeding, the cells spread and formed a
two-dimensional (2D) layer. Therefore, the initial cell adhesion strength is a measure of
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monolayer formation. This result shows that the measurement of cell adhesion strength
is vital for the development of endothelial monolayers for the construction of ASDBV. In
addition, ECs forming the inner wall of every blood vessel are constantly exposed to the
mechanical forces generated by blood flow [47]. If the cell–substrate interaction is not
sufficient to resist the force exerted by blood flow, then no cell can be attached or migrate
to form a confluent layer of cells. Therefore, EC responses to these hemodynamic forces
and interaction strength play a critical role in the homeostasis of the circulatory system in
the development of ASDBV.

Figure 4. Cell-cell interaction strength measured in three positions (ECM, arbitrary point of confluent
layer, top of nucleus) of confluent HUVECs monolayer. The data represent the mean ± SD (n = 4).
Red arrows represent the typical positions at which the force measurements were done.

Figure 5. Comparison of HUVEC adhesion strength between cell-PMEA, cell-cell cultured on TCPS,
and cell-cell cultured on PMEA. The data represent the mean ± SD (n > 4).

3.3. HUVECs Migration Analysis

HUVECs migration analysis was performed to evaluate the migration ability of HUVECs
on the different polymeric surfaces. Figure 6 shows the HUVECs migration analysis on
the PMEA, PMC3A, PBA, and PET. The left side of each substrate was coated on the
polymer side, and the right side was always bare PET. The white dotted line in each image
indicates the interface between the PMEA-analogous and bare PET. The migration time
was recorded from 0 to 48 h using a time-lapse microscope. The red dotted line indicates
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the area occupied by HUVECs before and after migration at the various time intervals. In
Figure 2, we demonstrate the HUVECs migration procedure, in which the layer of HUVECs
was scratched in both the vertical and horizontal directions. After migration, five locations
were selected for each substrate to calculate the migration rate. From Figure 6, we can see
that those cultured monolayers of HUVECs were scratched using a rubber scraper to set
the initial area of cultured HUVECs on PMEA-analogous polymer and PET surfaces. Then,
images were taken every hour for 48 h.

Figure 6. HUVECs migration analysis on PMEA, PMC3A, PBA, and PET (scale bar = 500 μm). The
white dotted line indicates the interface between PMEA-analogous polymers and bare PET. Migration
was recorded from 0 to 48 h. The red dotted line indicates the HUVECs occupied area before and
after migration.

3.4. Observation of Cell Migration between Surfaces

In addition, we observed HUVECs migration between the surfaces through the in-
terface. Focusing on the interface (white dotted line) of each polymer, we identified the
migration of HUVECs from the bare PET side to the PMEA side through the interface. The
migration is marked by a red rectangle in Figure 7, and it increased with time. Furthermore,
we calculated the HUVECS migration rate for all the substrates from the newly covered
area after migration. We found that the migration rates were slightly different, although
the differences were not statistically significant (Figure 8). However, PMEA showed the
highest average migration rate among all samples.

The most vital task of ECs is to protect the vascular system through the formation of an
antithrombogenic monolayer that is periodically renewed to maintain proper endothelial
functions [48,49]. To treat CVDs, after the implementation of cardiovascular devices or
artificial blood vessels, the capacity to migrate ECs toward injured or foreign surfaces
is crucial. Endothelization and migration of HUVECs are influenced by many factors,
including the physical and chemical properties of polymers, surface characteristics, and
adhesion of binding proteins on specific polymeric substrates. In the present study, PMEA
analogs showed similar migration behavior, although PMEA-analogous polymers have
dissimilar wet abilities, surface characteristics, and binding protein adsorption abilities,
as already known from our previous study. These effects did not affect the migration rate
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of HUVECs. In addition, migration from the bare PET to the PMEA side confirmed the
mimetic behavior of native blood vessels.

 
Figure 7. Observation of HUVECs migration between the substrate surfaces (scale bar = 500 μm).
Time laps imaging confirmed the HUVECs migration from PET to polymers through the interface
of PMEA-PET, PMC3A-PET, and PBA-PET. Migration was recorded from 0 to 48 h. The migration
processes are marked with red rectangles and yellow arrows.

Figure 8. (a) Migration area (b) migration rate on PMEA-analogous polymers and bare PET. The data
represent the mean ± SD (n = 5). p < 0.05 was used to define statistical significance.
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3.5. Platelet Adhesion on HUVECs Monolayer Cultured on Polymers Film

The biocompatibility and antithrombogenic behavior of PMEA-analogous polymers
have already been studied based on different factors, such as contact angle, protein ad-
sorption, surface roughness, polymer chain length, platelet adhesion behavior, and IW
content of each polymer. In the present study, we limited our investigation to only PMEA
and PET because of the results of previous platelet adhesion tests under static conditions.
PMEA showed an antithrombogenic surface compared with PET, where more platelets
were adhered. In contrast, there is no significant study on platelet adhesion on a HUVECs
monolayer that acts as an internal antithrombogenic surface of real blood vessels.

Figure 9 shows confocal images from the immunocytochemical analysis of HUVECs
cultured on PMEA and PET. These CLSM images reveal that a similar type of HUVECs
monolayer was formed on PET and PMEA. In addition, the shape of adhered HUVECs
was comparable in both substrates. In our previous study, we found that cell adhesion
depends on the integrin-mediated binding protein adhesion to the specific surface, known
as integrin-dependent adhesion [45]. However, cells can adhere to PMEA through direct
physicochemical contact (integrin-independent contact) and via integrin-dependent adhe-
sion. Furthermore, the HUVEC adhesion strength on PMEA was similar to that on PET. If the
PET-based artificial vascular graft needs to be replaced because of thrombus formation after
implementation, PMEA seems to offer the best alternative due to its proven antithrombo-
genicity. We observed that the number of platelets was much higher on bare PET (Figure 10a)
than bare PMEA (Figure 10e), which agrees with our previous studies [23,41,50]. In contrast,
few adhered platelets were found on the HUVECs monolayer on PET (Figure 10b–d), and
this was lower than in the bare PET. However, no significant number of platelets was found
on the surfaces of HUVECs cultured on PMEA (Figure 10f–h). Therefore, PMEA seems
to keep its antithrombogenic activity before and after HUVECs monolayer formation on
PMEA. A summary of the platelet adhesion test is shown in Figure 10i. This antithrombo-
genic property of HUVECs monolayer on PMEA is essential to the construction of ASDBVs.
Further investigations are still needed regarding blood flow conditions, including in vivo
experiments, for additional confirmation of this antithrombogenic property of PMEA.

 
Figure 9. CLSM images of HUVECs cultured on PET and PMEA-coated surface. Blue: Cell nuclei;
green: vinculin; red: actin fiber.

3.6. FM-AFM of HUVECs Surface

To investigate the antithrombogenic activity of the HUVEC monolayer on PMEA from
the hydration state perspective, FM-AFM was performed. Figure 11 shows the results of the
FM-AFM (z–x scan) on the HUVEC–PBS interface. The repulsive layer observed is marked
in blue and white, demonstrating the degree of frequency shift. This repulsive layer may
be attributed to the glycocalyx, which is composed of a hydrated sugar-rich layer. Our
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previous work demonstrated that such a hydrated polymer layer could contribute to the
antithrombogenicity of the surfaces [51]. The repulsive layer on HUVEC was thicker than
10 nm. This is thicker than that observed on the PMEA spin-coated surface (approximately
5 nm) and thinner than that on the PMPC spin-coated surface (approximately 20 nm) on
PET (see Figure S1 in Supplementary Material). Thus, the FM-AFM results corroborated
the high antithrombogenic activity of the HUVEC monolayer on PMEA, as well as the
platelet adhesion test results.

Figure 10. SEM image of (a) bare PET; (b) HUVEC monolayer on PET (scale bar = 50 μm);
(c,d) HUVEC monolayer on PET (scale bar = 20 μm); (e) bare PMEA; (f) HUVEC monolayer on
PMEA (scale bar = 50 μm); and (g) and (h) HUVEC monolayer on PMEA (scale bar = 20 μm). Red
arrows indicate the typical positions of observed cells. (i) Number of adhered platelets counted from
SEM images. The data represent the means ± SD, n = 15, ** p < 0.05; NS means not significant deference).

Figure 11. FM-AFM z-scan image on the HUVEC/PBS interface.
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4. Conclusions

In conclusion, the comparison study of HUVEC–substrate and HUVEC–HUVEC
adhesion strength revealed the mechanism of HUVECs monolayer formation on PMEA-
coated substrates. HUVECs attachment, proliferation, and migration indicated the blood
compatibility of PMEA as a coating material. HUVECs migration from bare PET to the
PMEA-coated side is a sign of cell migration from the native blood vessel to the artificial
graft. In addition, the HUVECs monolayers effectively suppressed platelet adhesion.
Finally, the FM-AFM observation of the hydration layer of HUVECs may be attributed to the
presence of the glycocalyx layer. A healthy glycocalyx contributes to the antithrombogenic
property of the PMEA-coated surface. Based on our results, a confluent monolayer of
HUVECs can prevent platelet adsorption. Therefore, the PMEA coating can mimic the
native blood vessel and can be used as a construction material for the development of
ASDBVs for the antithrombogenic and confluent monolayer formation of ECs.

Supplementary Materials: The following supporting information can be downloaded at: https://www.
mdpi.com/article/10.3390/coatings12060869/s1. Figure S1: Images of FM-AFM z—x scan on (left)
PMEA/PBS and (right) PMPC/PBS interface.
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Abstract: The enamel white spot lesion is a common complication of orthodontic treatment with a
high prevalence. This research aims to create an artificially induced white spot lesion, evaluate three
different commercial products in terms of visual appeal, mineral reestablishment, and roughness, and
determine which material can recover the initial structure. We created an artificially induced white
spot lesion in extracted teeth. The materials used in the study were peptide p11-4 (CurodontTM
Repair, Credentis AG), bioactive glass toothpaste (Biomin F, BioMin Technologies Limited), and local
fluoridation (Tiefenfluorid, Humanchemie) in conjunction with low-level laser therapy (LLLT). To
objectively assess the surface, the roughness, mineral content, and esthetic were measured. The
roughness increased with a median difference of −0.233 μm in the bioactive glass group; the color
parameter delta L decreased dramatically with a median difference of 5.9–6.7; and the cervical third
increased the Ca-P mineral content above the starting stage. Each material contributed significantly
to enamel consolidation, with peptide therapy providing the most encouraging results.

Keywords: bioactive glass; fluoride; laser; peptide; remineralization; white spot lesion

1. Introduction

The literature defines a white spot lesion (wsl) as an initial, non-cavitated, and active
caries in the tooth’s enamel. This surface is recognized and macroscopically altered in
a white/opaque formation with an uninterrupted external layer [1,2]. Enamel initial
demineralization is the most frequent complication during orthodontic treatment [3,4].
The plaque accumulation of bacteria around the bracket is the etiology of this condition,
which encourages an acidic attack on the tooth’s outer shell, disintegrating the enamel
minerals [4–7]. According to Chapman et al., the ratio of this disease in the upper teeth
divides as follows: 34% for the lateral incisor, 31% for the canine, 28% for the first premolars,
and only 17% for the central incisors [4,5]. This lesion’s consistency appears on the buccal
maxillary surface, the middle third of the tooth around the bracket, and the cervical
third [8]. The accuracy of white spot lesions for patients undergoing fixed orthodontic
treatment ranges between 2–97 percent, and it has been highlighted four weeks after the
application [2,7,9]. We chose this theme because treating this pathology remains challenging
due to the complexity of the enamel structure and individual customs. Numerous attempts
in the literature to find a remedy have resulted in two distinct paths: remineralization
or camouflage [4,7,9]. The camouflage technique employs resin infiltration, whereas the
second method, which is the most debated and is currently being researched, refers to
mineral structure recapturing. The remineralization approach offers a variety of options,
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ranging from the commonly used fluoride and casein phosphopeptide-amorphous calcium
phosphate products in various forms to the newly added substances in adhesion, pastes, or
solutions, such as bioactive glass, nanohydroxyapatite, peptide p11-4, and cold plasma [10–15].
The evolution of research in dental prophylaxis is ongoing to identify the best product
for caries prevention and the remineralization of the white spot lesion. Fluoride is an
essential agent in caries prevention because it inhibits tooth demineralization; therefore,
many different types of fluoride with different concentrations, releasing systems, and
enrichments with other substances have been developed.

Tiefenfluorid is a material that provides deep-penetration fluoridation by precipitating
calcium fluoride in the funnels of the loosened enamel (approx. 7 m) of hard tooth tissue. It
generates spontaneously in a precipitation reaction, in addition to magnesium fluoride and
silica gel, after applying the solutions [16,17]. In the literature, few articles have tested this
novel therapeutic approach. Laser irradiation has been used for a while in studies for caries
prevention. It has been demonstrated that it produces a significant decrease in dissolution at
the surface of the enamel, as well as fusion and recrystallization of hydroxyapatite crystals
that are more resistant to acidic solutions [18,19]. The combination of fluoride with low-level
laser therapy has been less studied. BioMin F technology, which contains fluoro calcium
phosphosilicate bioactive glass, was recently introduced. Any substance that can form
a hydroxyl-carbonated apatite layer within a biological system is considered a bioactive
material. The bioactive glass material interacts with cells and tissues and starts a layer
inside the saliva. The general similarity in the chemical constituents of enamel and bone
material has increased interest in dentistry [11,20–22]. Another material recently gaining
popularity is the peptide p11-4, a class of peptides that goes through a hierarchical order and
a predetermined process of scaffold assembly and formation. Curodont Repair is a guided
enamel regeneration product that uses the p11-4-based Curolox technology. By binding
phosphate and calcium ions from saliva, this regeneration process restores the original
composition of the enamel by inducing de novo hydroxyapatite crystal growth [14,23].

The advancement and development of technologies and materials are currently putting
a strain on society. Testing the products is required to assess the materials and their impact
and to narrow the knowledge gap. Experiments are classified into three types: in vitro,
in vivo, and in silico, each playing an essential role in research. In vitro research involves
studying tissues, human cells, animal cells, or bacteria outside a living organism. The
investigations are well controlled, making them suitable for studies requiring a particular
target; however, they can only partially replicate natural functioning; it is difficult to predict
what would happen within an organism, and the results obtained may differ from time
to time. In vivo studies are carried out within a living organism, including animal testing
and clinical trials on human applicants. The advantage of these studies is that they can
measure the effects of mixtures and are standardized. In contrast, animal experiments
require significant resources, and only a few species represent a large ecosystem. An in
silico experiment is conducted using computer software or a computer simulation. It is the
most recent of the three research methods and has significantly contributed to biomedicine
research and clinical trials. They do not require synthesis or preparation; toxicity can be
determined before the materials enter production. As a disadvantage, it is critical to check
the data quality because it can distort the results; they do not prove an experimental result
and require validation to demonstrate predictability [24,25]. We chose to conduct the study
in vitro because it gave us greater control over the environment in which we worked. We
wanted to verify the biomechanical efficiency of these materials through roughness and the
restoration of the composition of the dental hard tissue through X-ray, neither of which can
be performed in vivo or in silico.

The novelty of this work originated from the testing of fluoride with low-level laser
therapy, as well as the comparison of these three products in terms of esthetics, the reminer-
alization effect by mineral content regain, mechanical testing by roughness, and the plaque
accumulation susceptibility.
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The objectives of this paper are to create an artificially induced white spot lesion,
to treat this lesion with three novel technology materials, and to compare it in relation
to esthetics and physical and remineralization terms and to determine which material
provides the best outcome for recovering the original structure.

2. Materials and Methods

The study was conducted at the “Raluca Ripan” Institute for Research in Chemistry
at the University “Babes-Bolyai” in Cluj-Napoca, Romania, and the Department of Pre-
vention in Dentistry at the University of Medicine and Pharmacy “Iuliu Hatieganu” in
Cluj-Napoca, Romania. Fifty-four randomly selected teeth (19 incisors, 6 canines, 4 premo-
lars, and 25 molars) from periodontal disease patients were used in the study. The inclusion
criteria for the tooth selections were no macroscopical cracks, hypoplasia, or caries lesions
on the tooth’s buccal surface. The exclusion criteria were visible cracks, fractures, or decay
on the enamel. The probes were scaled and polished before being placed in a silicon
cup filled with acrylic resin (Duracryl Plus Spofa Dental) until the buccal outer layer of
the teeth was sectioned with a microtome machine, yielding slices of enamel ranging in
thickness from 1–3 mm. The buccal outer layer of the enamel, which was kept intact after
vertical sectioning, was the tested surface of the tooth and had a size of approximately
8 mm × 10 mm. We wanted to replicate the conditions found in the oral cavity using artifi-
cial saliva; the template was Na2HPO4 0.426 g, NaHCO3 1.68 g, CaCl2 0.147 g, H2O 800 mL,
and HCl-1 M 2.5 mL, and the pieces were kept at room temperature (25 ◦C) throughout the
experiment. The research strategy, divided into three stages, is summarized in Scheme 1, as
are the chemical compositions of the materials used and the manufacturer information. The
primary step coincided with the teeth preparation. The second step met the intermediate
phase, where a 37 percent (H3PO4) acid etching solution was prepared to assess white spot
lesions, immersing the teeth for 4 min. In the last step, the teeth were divided into three
groups to test different therapeutic approaches. The teeth were split into groups using
the random.org website. The first option was to combine local fluoridation (Tiefenfluorid
Humanchemie) with low-level laser therapy (group F+LLLT). The teeth were dried with
a cotton roll before applying Tiefenfluorid Tochierlosung with an applicator. After the
solution was assimilated, Tiefenfluorid Nachtouchierlosung was used and irradiated with
the laser Sirolaser Blue Sirona at a distance of 4 mm, with a wavelength of 660 nm, a power
of 100 mW, and a time of irradiation of 60 s. Biomin F, a toothpaste enriched with a bioactive
glass (BAG), was the second treatment option (group BAG). A cotton roll was used to dry
the teeth, and a 1 cm toothpaste was applied twice daily for 2 min until the fourth day.
Peptide p11-4 (CurodontTM Repair) was used in the final alternative therapy (group p11-4).
The teeth were dried with cotton rolls, disinfected with sodium hypochlorite 2% (Chloraxid
2% Cerkamed) for 20 s, etched with acid orthophosphoric 35% for 20 s, washed, and dried.
Finally, Curodont repair was utilized and allowed to diffuse for 5 min.

The surface measurements were made in all stages (initial—before creating wsl,
intermediate—after completing the wsl, and final—after the treatment application), eval-
uating the teeth’s surface roughness, color, and enamel mineral stability. The roughness
was measured optically on the Alicona Infinite Focus microscope (Alicona Imaging GmbH,
Graz, Austria), which provides 3D surface quantification by integrating the absolute value
of roughness (Ra). This machine precisely measures tools for tolerances in the μm and
sub-μm ranges. The surface was scanned over a 4 mm2 area in the middle third of the tooth.
A 2 mm line was drawn in the area with no scanning gaps, and a cut-off (λ c) of 250,000 μm
was used to process the measurement in accordance with DIN EN ISO 4288. A high Ra
value influences plaque accumulation, which could favor dental caries over time.
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Scheme 1. The research’s strategy.

The color parameter was measured using the Vita Easy Shade spectrophotometer
(Vita Zahnfabrik, Bad Säckingen, Germany). This digital device was designed to identify
the shade of natural teeth and ceramic restorations precisely, quickly, and reliably. The
accuracy is very high, 93.75%, and the measurement’s reliability is based on LED technology,
which is unlikely to be affected by environmental conditions. The spectrophotometer
calculates the CIELAB (Commission Internationale de L’Eclairage L*a*b) color notation
system. Before each evaluation, the probe tip was calibrated on the calibration port built
into the machine. The teeth were measured by holding the device tip 90 degrees to the
surface in the middle third of the teeth. All samples were analyzed using measurement
methods of lightness (parameter L) and color (parameters a for red/green and b for
yellow/blue). The measurements were formalized using the same background, operator,
and lighting conditions. The Fischerscope X-ray fluorescence analysis (Helmut Fischer
GmbH, Sindelfingen, Germany) was used to determine the enamel’s mineral content. The
software converts the data from the measured X-ray spectra into parameters for layer
thickness measurement and material analysis. The technique is based on the fact that when
atoms are excited by primary X-rays, they discharge power in the form of element-specific
fluorescence radiation. The spectrum of the energy radiated reveals information about
the sample’s composition. The detector has a high energy resolution and, therefore, can
provide precise, measured data in a short amount of time. For each treatment group, we
examined the report between the elements Ca (Calcium) and P (Phosphorus) and Ca/F
(Fluoride) in four regions: the middle third of the incisal, cervical, mesial, and distal
zone. The results are interpreted by analyzing whether the initial report is re-established.
All the data from the study were analyzed using IBM SPSS Statistics 25 and illustrated
using Microsoft Office Excel/Word 2013. Quantitative variables were tested for normal
distribution using the Shapiro–Wilk test and were written as averages with standard
deviations or medians with interquartile ranges. Quantitative independent variables
with non-parametric distribution were tested using the Mann–Whitney U/Kruskal–Wallis
H tests. Quantitative independent variables with normal distribution were tested using the
Student/One-Way ANOVA/Welch ANOVA tests. Post-hoc analysis was made using the
Tukey HSD/Games–Howell/Dunn–Bonferroni tests. Quantitative variables with repeated
measures and non-parametric distribution were tested using related samples Wilcoxon
signed-rank tests. Quantitative variables with repeated measures and normal distribution
were tested using paired-samples t-tests. In each treatment group, the comparison was
made according to the distribution of the measured intervals.
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3. Results

3.1. Surface Roughness Measurement Ra Parameter in Each Treatment Group

The evolution of the Ra parameter in each treatment group is shown in Figure 1.
According to the Wilcoxon tests, the Ra parameter did not change significantly in evolution
in the F+LLLT and p11-4 peptide groups (median difference of −0.038 and 0.031 μm), and
the observed difference in Ra was not statistically significant. The Ra parameter in the
BAG group increased significantly in evolution (p = 0.039), with a significant difference
(median = −0.233 μm, IQR = −0.473–0.140 μm).

Figure 1. Boxplot representation of Ra parameter initial and final in each treatment group.
* Ra_i−parameter Ra initial; Ra_f−parameter Ra final.

3.2. Color Measurement of “L” Parameter in Each Treatment Group

The progression of the L parameter is represented in Figure 2, and according to the
paired-samples t-tests/Wilcoxon tests, the F+LLLT and BAG groups reduced dramatically
in advancement, with a significant difference in comparison to the p11-4 peptide group,
where there was no change in evolution and statistical significance.

Figure 2. Boxplot representation of the evolution of “L” parameter initial and final in each treatment
group. * L_i−color parameter “L” initial; L_f−color parameter “L” final.
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3.3. Colour Measurement of “a” Parameter in Each Treatment Group

The evolution of the a parameter is shown in Figure 3; it rose exponentially in progres-
sion (p < 0.001) in all three treatments, with a significant difference.

Figure 3. Boxplot representation of the evolution of “a” parameter initial and final in each treatment
group. * a_i−color parameter “a” initial; a_f−color parameter “a” final.

3.4. Colour Measurement of “b” Parameter in Each Treatment Group

The boxplot from Figure 4 exposes the evolution of the b parameter in each treat-
ment group. The paired-samples t-tests show that the parameter changed radically in all
treatment groups, with a significant difference.

Figure 4. Boxplot representation of the evolution of “b” parameter initial and final in each treatment
group. * b_i−color parameter “b” initial; b_f−color parameter “b” final.

3.5. Evolution of the Incisal Third Ca/P and Ca/F Ratio in Each Treatment Group

The data from Figure 5 show the evolution of the incisal third Ca/P ratio in each
treatment group. With regard to the Wilcoxon tests, the results show that in all the groups
the Ca/P ratio did not change significantly in evolution. The observed difference was not
statistically significant. The incisal third Ca/F ratio variation is represented in Figure 6,
and according to the Wilcoxon tests, the treatment groups were not altered in progression.
The observed difference was not statistically significant.
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Figure 5. Boxplot representation of the evolution of the incisal third Ca/P ratio initial and final in
each treatment group. * Incisal Ca/P_i−incisal third Ca/P ratio initial; incisal Ca/P_f−incisal third
Ca/P ratio final.

Figure 6. Boxplot representation of the evolution of the incisal third Ca/F ratio initial and final in
each treatment group. * Incisal Ca/F_i−incisal third Ca/F ratio initial; incisal Ca/F_f−incisal third
Ca/F ratio final.

3.6. Evolution of Cervical Ca/P and Ca/F Ratio in Each Treatment Group

Figure 7 records show the effects of the cervical Ca/P proportion in each treat-
ment. According to the Wilcoxon tests, the Ca/P ratio in the p11-4 peptide group in-
creased significantly in evolution (p = 0.022), with a significant difference (median = −2.912,
IQR = −4.157–1.250) in reference to the other groups where the ratio did not change sig-
nificantly in evolution, and the observed difference was not statistically significant. The
development of the cervical Ca/F ratio for each treated group can be seen in Figure 8.
According to the Wilcoxon tests in all the groups, the Ca/F balance did not significantly
change in evolution and the observed difference was not statistically significant.

135



Coatings 2022, 12, 1285

Figure 7. Boxplot representation of the evolution of Ca/P ratio in the cervical third initial and final in
each treatment group. * Cervical Ca/P_i−cervical third Ca/P ratio initial; cervical Ca/P_f−cervical
third Ca/P ratio final.

Figure 8. Boxplot representation of the evolution of Ca/F ratio in the cervical third initial and final in
each treatment group. * Cervical Ca/F_i−cervical third Ca/F ratio initial; cervical Ca/F_f−cervical
third Ca/F ratio final.

3.7. Evolution of Mesial Ca/P and Ca/F Ratio in Each Treatment Group

The data in Figure 9 show the variation of the mesial Ca/P balance in each treatment
group. The results indicate that the Ca/P ratio did not change considerably in all the groups
over time, and the identified difference is insignificant. The data from Figure 10 show the
existence of the mesial Ca/F ratio in each treatment group. The findings suggest that the
mesial Ca/F ratio in the BAG group dropped dramatically in evolution (p = 0.016), with
a significant difference (median = 0.422, IQR = 0.19–0.497) compared to the other groups,
where the ratio did not change significantly in advancement, and the observed difference is
not statistically significant.
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Figure 9. Boxplot representation of the evolution of Ca/P ratio in the mesial third initial and final in
each treatment group. * Mesial Ca/P_i−mesial third Ca/P ratio initial; mesial Ca/P_f−mesial third
Ca/P ratio final.

Figure 10. Boxplot representation of the evolution of Ca/F ratio in the mesial third initial and final in
each treatment group. * Mesial Ca/F_i−mesial third Ca/F ratio initial; mesial Ca/F_f−mesial third
Ca/F ratio final.

3.8. Evolution of Distal Ca/P and Ca/F Ratio in Each Treatment Group

The data in Figure 11 show the evolution of the distal Ca/P ratio in each treatment
group. According to the Wilcoxon tests, the distal Ca/P ratio in all three treatments did
not alter in evolution, and the reported difference was not statistically significant. The data
from Figure 12 show the development of the distal Ca/F ratio in each treatment group;
the distal Ca/F ratio in the BAG group decreased significantly in evolution (p = 0.048),
with a significant difference (median = 0.374, IQR = 0.053–0.515). The ratio did not change
significantly over time compared to the other groups, and the reported difference was not
statistically considerable.
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Figure 11. Boxplot representation of the evolution of Ca/P ratio in the distal third initial and final
in each treatment group. * Distal Ca/P_i−distal third Ca/P ratio initial; distal Ca/P_f−distal third
Ca/P ratio final.

Figure 12. Boxplot representation of the evolution of Ca/F ratio in the distal third initial and final
in each treatment group. * Distal Ca/F_i−distal third Ca/F ratio initial; distal Ca/F_f−distal third
Ca/F ratio final.

4. Discussion

An imbalance of the demineralization and remineralization process provokes the
mechanism involved in the white spot lesion. The alteration depends on the variations
of the oral environment with regard to their duration and intensity. Demineralization is
reversible as long as the conditions necessary for remineralization are met and the organic
matrix is intact. The process’s dynamic is based on the phenomenon of the dissolution
of the apatite crystal and precipitation of salts in the fluid of the bacterial biofilm [26–28].
Remineralization does not reconstruct the initial enamel prism architecture, but it does
form a thick layer of calcium phosphate and fluoride. This dense layer becomes more
durable to further demineralization than regular enamel [29].

The study’s objectives were met, and each treatment significantly contributed, more
or less, to restoring the teeth’s surface. The novelty of this research was the comparison
of the efficacy of three different commercial products, the use of fluoride combined with
low laser therapy, and the comparison of treatment achievements not only esthetically
but also structurally. The microstructure of the enamel is fully accountable for its natural
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roughness. Enamel etching and material use may make restoring the enamel’s original
condition challenging. Dental materials can potentially roughen the teeth’s outer layer,
influencing plaque accumulation and discoloration [30]. Our findings showed no difference
between the group with the fluoride and low-level laser therapy and the peptide p11-4
before and at the end of the treatment. This discovery could imply that the initial roughness
of the enamel was maintained, which is consistent with the findings of Sindhura et al. and
Magalhaes et al., who demonstrated the recovery of the tooth’s exterior layer in just seven
days after treatment [31,32]. The bioactive glass group showed increased roughness after
treatment, indicating a greater preference for enhancing bacterial deposition and raising
the risk of demineralization. The last statement contradicts the study of Farooq et al., in
which commercial fluorided bioactive glass toothpaste reduced roughness values, with the
maximum decrease obtained using a combination of theobromine and fluoride bioactive
glass toothpaste [33]. Other published studies also confirmed roughness reduction after
using bioactive glass [34,35].

The color of a natural tooth is defined by the projection of incident light [36]. This
feature has been utilized to develop diagnostic techniques for caries lesions relying on
enamel fluorescence. Color analyses on enamel decay are rarely performed, even though
they appear in the initial phases as increased whiteness that raises concerns and may
need restorative approaches [37,38]. A spectrophotometer was used to properly assess
the modification in color parameter (L*a*b) for the conventional quantitative assessment
of coloration. The reliability and validity of the measurements have contributed to its
popularity [38,39]. The L parameter represents the color’s lightness [40]. Many studies
have shown that creating the wsl raises the whiteness of the tooth by affecting the absorbing
light in that region, implying the treatments’ influence on the teeth’s brightness [41]. In
comparison to the peptide group, our findings show that the groups F-LLLT and BAG
had a significant reduction in tooth color. Clinically, this affirmation shows that the color
for the last two groups darkened in contrast to the baseline color. This result was similar
to the findings of Mohamed et al. but contrary to the research results of Yetkiner et al.
They investigated the color stability for fluoride treatments and accomplished a color
improvement near the baseline level. Iwami et al. demonstrated that the L and components
are related to caries activity; therefore, a low value may indicate a high bacterial activity
that leads to enamel decay. This observation may imply that the enamel remineralization
in groups F-LLT and BAG was incomplete due to a lack of deep material infiltration in
the created white spot lesion and the persistence of discoloration [42–44]. The red-green
chromaticity increased in all groups, indicating a transition to the red component, which
is consistent with the findings of Mohamed et al. The yellow-blue chromaticity also rose
in all groups except the peptide group, resulting in a much more yellow component,
which contradicts the outcomes of Mohamed et al.; Polo et al. explored natural tooth
color prediction in Caucasians from Spain [45]. The study’s conclusion revealed that
teeth appear darker, yellow, and reddish with age. This is similar to our observations
because we used extracted teeth from Caucasians in Romania with periodontal disease.
Consequently, this remark may indicate that all treatment groups display asymmetrical
coloristic improvement.

The presence of a white spot lesion induces enamel mineral loss, implying degradation
of the dental tissue, which leads to a change in the structure, sensitivity, and esthetics [46].
The mineral constituent of the tooth’s outer layer is substituted calcium hydroxyapatite
(HAP). Numerous element substitutions can replace the concentration of ions missing
from HAP, such as calcium replacing magnesium, carbonate replacing phosphate, and
hydroxyl replacing fluoride [47–49]. These changes can affect HAP’s actions, particularly
its dissolution rate at low pH. Calcium deficiency and carbonate-rich areas are likely
exposed to acid demineralization but replacing hydroxide with fluoride increases protection
against demineralization [50]. When the caries threat is prevented, it is acknowledged that
white spot lesion seems to regress with the appearance of remineralizing agents [51–53].
The remineralization process is not mineral precipitation onto the tooth structure but
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rather a crystal restoration in the lesion’s subsurface [54]. We evaluated three different
remineralization therapies in different regions of the buccal surface of the tooth in this
study (middle incisal, cervical, mesial, and distal third). Compared to the other regions,
the mineral gain of Ca and F in the BAG group decreased significantly in the mesial and
distal middle thirds. These results have many possible interpretations. The mineral loss
and regain may vary between thirds, the fluoride intake from the BAG group may diffuse
slowly in comparison with the other buccal areas, and the use of the commercial products
Tiefenfluorid and Curodont repair may have a better intake of the minerals. Calcium is
the favored element for dissolution during the first four hours of demineralization [55].
When there is a calcium deficiency, there is selective absorption of calcium and a tendency
to return to a Ca/P apatite, as demonstrated by the precipitation of calcium phosphates
on hydroxyapatite crystals [56,57]. In our study, all the groups experienced a significant
recovery in Ca/P, but only the peptide group gained a higher value after the treatment
application in the cervical third. This fact is important because the cervical third of the
tooth is known to be the least mineralized zone, with increased porosity and a higher risk
of caries [58,59]. The Biomin F treatment was the least effective in returning the tooth to its
original state; we encountered roughness, color, and mineral uptake issues. Tiefenfluorid
and low-level laser therapy was the second effective remedy; the difficulties were noticed
only with the esthetics of the enamel reformation. Finally, the peptide p11-4 Curodont
repair commercial product delivered the best performance, improving all measurements
and ensuring the recovery of the lost surface.

The limitations of these studies include the small number of teeth used, the lack of oral
cavity conditions, the demineralization process being more aggressive than a typical acid
attack in the oral cavity, and the need for additional analyses to confirm crystal reintegration.
Another limitation of our study was the experiment type, in vitro, because it replicates only
a portion of the natural functioning of an organism, in our case the oral cavity, and the
results obtained may differ from those obtained in vivo or in silico.

5. Conclusions

P11-4 peptide Curodont Curolox technology had the best outcome in terms of improv-
ing white spot lesions compared to the other tested materials. However, more research is
needed to confirm the research approach. We believe that developing new technologies
and materials will help us understand the remineralization process of the enamel white
spot lesion and that this lesion will be history in the future.
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