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Abstract: Nanomaterials with unique nanotube arrays
have attracted extensive attention in the field of blood-
contacting biomaterials. In this study, the regular titanium
dioxide nanotube arrays were first prepared on the pure
titanium surface by anodic oxidation. Subsequently,
copper ions (Cu®") and strontium ions (Sr**) were incor-
porated into the nanotubes by the chelation of dopamine
to improve biocompatibility. The as-prepared TiO, nano-
tubes had an inner diameter of about 60 nm and an outer
diameter of 90-110 nm, as well as a tube length of 4—6 pm.
The following annealing treatment and the incorporation
of Cu?* and Sr** had little effect on the morphology and
dimensions of the nanotubes, but can significantly improve
the hydrophilicity, and promote the adsorption of bovine
serum albumin concurrently inhibit the adsorption of
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fibrinogen, showing the effect of selective protein adsorp-
tion. At the same time, loading Cu?* and Sr** can also
effectively inhibit platelet adhesion and activation, pro-
mote endothelial cell growth, and upregulate the expres-
sion of vascular endothelial growth factor and nitric
oxide. Therefore, the results of this study showed that
the incorporation of Cu?* and Sr** into the TiO, nano-
tubes can simultaneously improve the hemocompat-
ibility and cytocompatibility of endothelial cells, which
can enlarge the application of titanium-based biomater-
ials in cardiovascular devices such as a stent.

Keywords: titanium dioxide nanotubes, copper ions,
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1 Introduction

Cardiovascular disease has the characteristics of high
prevalence, disability, and mortality, which seriously
threatens human health around the world. In addition to
drug administration and surgical treatment, stent inser-
tion has become one of the main approaches to treat
stenotic cardiovascular disease [1]. Titanium-based bio-
materials have excellent mechanical properties and cor-
rosion resistance in the physiological environment, and
they are good candidates for cardiovascular implant mate-
rials. However, the bioactivities of the titanium surface are
limited and it could easily cause surface thrombosis and
endothelial dysfunction after the implantation [2]. It has
been found that the materials with micro-nano surface
structure have outstanding performances in promoting
cell growth and improving blood biocompatibility. For
example, the titanium dioxide nanotube (TNT) array has
the advantages of the high specific surface area, control-
lable tube diameter and length, and the ability to load
bioactive factors, to improve the biocompatibility. It has
great potential for application in cardiovascular implant
materials [3]. The nanotube array in situ prepared on the
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titanium surface not only keeps the good mechanical
properties and corrosion resistance of the titanium itself
but also establishes a unique micro-nano structure on
the surface, leading to the improvement of biocompat-
ibility [4]. Anodic oxidation represents one of the simple
and cost-effective methods to in situ prepare regular
nanotube arrays with the different tube diameters and
lengths on the titanium surface [5]. Loading various
bioactive substances into the nanotubes can further sig-
nificantly improve biocompatibility [6-8].

Studies have shown that copper (Cu) plays an impor-
tant role in the physiological processes of cells. As a
cofactor of various enzymes, it is distributed in different
organelles of cells, such as mitochondria, nuclei, and
lysosomes [9,10]. Cu has been proved to have a variety
of biological functions. The introduction of Cu** on the
biomaterial surface can not only improve anticoagulation
and promote angiogenesis [11] but also enhance the
activity and proliferation of the endothelial cells by upre-
gulating the expression of vascular endothelial factors,
to accelerate endothelialization [12]. Therefore, loading
Cu?* into TNT can significantly improve hemocompat-
ibility and promote the growth of endothelial cells. At
the same time, strontium (Sr) is also an essential trace
element in the human body. In the body, the level of Sr is
closely related to vascular diseases [13], and Sr deficiency
leads to vascular diseases such as vascular injury and
arteriosclerosis of the central nervous system [14]. In addi-
tion, Sr has the function of promoting angiogenesis [15]. A
recent study indicated that Sr can promote the early
vascularization of biomaterials by regulating the micro-
vascular phenotype [16]. In addition, Sr can promote the
migration, proliferation, and angiogenesis-related ribonu-
cleic acid (RNA) expression of human vascular endothelial
cells [17]. However, there are still a few reports exploring
the effects of Sr** on blood compatibility and endothelial
cell behaviors.

In this study, based on the application potentials of
TNT, Cu, and Sr in the cardiovascular biomaterials, TNT
were in situ prepared on the pure titanium surface by
anodic oxidation and then annealed to obtain anatase
nanotube arrays. Finally, Cu®*" and Sr** were incorpo-
rated into the nanotubes by the chelation with metal
ions and the self-polymerization of dopamine (Dopa)
on the surface. The results showed that the TNT incor-
porated with Cu®" and Sr** can significantly improve
blood compatibility and promote endothelial cell growth
through the sustainable release of Cu** and Sr**.
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2 Materials and methods

2.1 Preparation of TNT

TNT arrays were prepared according to our previous
method [18]. The oxidation was carried out with a tita-
nium sheet as anode and graphite rod as the cathode. The
electrolyte was ethylene glycol containing 0.5 wt% NH,F
and 2vol% H,0. The voltage was 45V and the current
was 3 A. The samples were taken out after 1h anodiza-
tion, and they were ultrasonically cleaned with ethylene
glycol and ethanol for 5min, respectively. After being
dried, they were annealed at 450°C in the box resistance
furnace (AY-BY-145) for 2.5 h to obtain the annealed TiO,
nanotubes (TNTA).

2.2 Loading Cu®* and Sr** via dopamine

First, 50 mL of 2mg/mL dopamine solution (Tris HCl
buffer, 0.01M, pH 8.5) was prepared and then 100 mg
of CuCl, was added to the solution. The TNTA samples
were immersed into the solution for reacting 12h. After
being washed with deionized water and dried, the samples
were immersed into 50 mL dopamine (2 mg/mL) solution
with the different feed of Sr (OH),. The additional amount
of Sr (OH), was calculated according to Cu:Sr atomic ratio
of 1:0.5, 1:1, and 1:2. After being washed and dried, three
groups of TNT incorporated with the different ratios of
Cu®*" and Sr** were obtained (TNTA-Dopa—Cu-Sr0.5,
TNTA-Dopa-Cu-Srl and TNTA-Dopa—Cu-Sr2). As a con-
trol, the TNTA sample was immersed into the above dopa-
mine solution to prepare the dopamine-modified TiO,
nanotubes (TNTA-Dopa).

2.3 Surface characterization

The morphologies and dimensions of different nanotubes
were examined by scanning electron microscopy (SEM,
FEI Quanta250). The element distribution and content on
the surface were analyzed by energy dispersive spec-
trum (EDS, IMA X-Max 20, Britain). To further observe
the cross-sectional morphology and element distribu-
tion, the sample was cut and observed by SEM and
EDS. X-ray diffraction (X-ray Diffraction, Switzerland,
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SCINTXTRA) was used to investigate the crystal struc-
tural changes on the titanium surface, and the scanning
range was 15-85°. The surface hydrophilicity was charac-
terized by water contact angle measurement (DSA25,
KriissGmbH, Germany). Three parallel samples were mea-
sured at room temperature and the values were averaged.

2.4 The release profiles of Cu** and Sr**

The TNT array samples loaded with Cu®* and Sr** were
immersed into 5 mL phosphate buffer solution (PBS) solu-
tion (pH 7.4) at 37°C for 14 days. At different intervals,
500 pL PBS was taken out for the measurement and 500 pL
fresh PBS solution was supplemented. The release concen-
trations of Cu?* and Sr** were measured using an induc-
tively coupled plasma emission spectrometer (Optima
7000 DV, USA). The release curves were plotted according
to the standard curves.

2.5 Protein adsorption

Bicinchoninic acid (BCA) Protein Assay Kit (Shenzhen
Ziker Biological Technologies Co., Ltd) was used to mea-
sure the adsorption behaviors of bovine serum albumin
(BSA) and fibrinogen (FIB) on the surfaces. First 1 mg/mL
of BSA and FIB solution (in 0.01 M PBS) were prepared.
The samples were equilibrated with PBS solution for 2 h,
and then immersed in 2 mL protein solution at 37°C for
3h. After being rinsed three times by PBS, they were
immersed in 2mL of sodium dodecyl sulfate (SDS, 1wt%)
solution, and then ultrasonically cleaned for 30 min. 100 pL
eluent and 100 pL. BCA working solution (reagent A:reagent
B = 50:1) were mixed for reacting 20 min at 37°C, and then
200 pL of the reaction liquid was transferred into a 96-well
plate to measure the absorbance at 562 nm using a Microplate
Reader (Bio-Tek, Eons), and the protein adsorption amount
was calculated according to the standard curve.

2.6 Blood compatibility
2.6.1 Platelet adhesion and activation

The fresh human whole blood containing anticoagulant
was centrifuged for 10 min at 1,200 rpm to obtain the
platelet-rich plasma (PRP). Nearly, 200 uL. of PRP was
dropped on each sample surface and incubated for 2h
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at 37°C. Afterward, the samples were washed twice with
normal saline and then fixed at 4°C by 2.5% glutaralde-
hyde solution (prepared with normal saline) for 3 h. After
being successively dehydrated by 50, 70, 90, and 100%
ethanol solutions for 15 min each, the samples were dried
at room temperature. The number and morphologies of the
attached platelets were observed by SEM (FEI Quanta250).
Enzyme-linked immunosorbent assay kit (ELISA;
Shanghai Enzyme-Linked Biotechnology Co., Ltd) was
used to determine the platelet activation by measuring
the released GMP140 of the attached platelets. Each sample
was covered by 50 pL PRP and then cultured at 37°C for 2 h.
In a 96-well plate, 40 pL diluent and 10 pL cultured PRP
were mixed, followed by adding 100 pL enzyme-labeled
reagent. The mixed solution was incubated for 1h at
37°C. After being washed five times, the chromogenic agent
was added and kept away from light for 15 min at 37°C.
Finally, 50 pL termination solution was added to each
well to terminate the reaction. The absorbance was mea-
sured at 450 nm, and the amount of the platelet activa-
tion was calculated according to the standard curve.

2.6.2 Hemolysis rate (HR)

The human blood from a healthy volunteer was centri-
fuged for 10 min at 1,200 rpm to collect the erythrocytes
for hemolysis assay. The red blood cells were prepared
into 2% suspension with 0.9% NaCl solution. 2 mL suspen-
sion was added to each sample and incubated for 3h at
37°C. About 1 mL of red blood cell solution was taken out
from each sample to centrifuge for 5min at 3,000 rpm.
200 uL supernatant was transferred into a 96-well plate
for measuring the absorbance at 450 nm. The 2% red blood
cells were separately dissolved into the distilled water
and physiological saline as the positive control (D1) and
negative control (D2). The average value was taken from
multiple measurements, and then the HR for each sample
was calculated according to the following formula:

Hemolysis rate (%) = (DO — D2)/(D1 — D2) x 100%,

where DO is the absorbance of the sample.

2.7 Endothelial cell growth behavior
2.7.1 Cell adhesion
The sterilized samples were firstly placed in a 24-well

culture plate. Nearly 0.5mL endothelial cell (ECV304)
suspension (5 x 10%cells/mL) and 1.5mL medium
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(DMEM) were successively added to each sample. After
being incubated 1 and 3 days at 37°C in a humidified
atmosphere containing 5% CO,, respectively, the samples
were washed three times by PBS, and then the adhered
cells were fixed 3 h by 2.5% glutaraldehyde at 4°C. 200 pL
rhodamine (10 pg/mL in PBS) was added to the surface of
each sample for 30 min, and then the sample was washed
twice with PBS. Afterward, 200 pL DAPI (500 ng/mL in
PBS) was added to the stain for 8 min, and then the
sample was washed twice with PBS. Finally, the stained
sample was observed away from light using fluorescence
microscopy (Zeiss, invertedA2).

2.7.2 Endothelial cell proliferation

Endothelial cells (5 x 10* cells/mL) were seeded on the
samples and cultured as described above. After being
cultured 1 and 3 days, respectively, each sample was
added 0.5 mL CCK-8 (Beyotime Biotechnology Co., Ltd,
Shanghai, China) solution (CCK-8:medium = 9:1) and
then incubated 3.5 h at 37°C. Subsequently, 200 pL super-
natant was transferred to a 96-well plate, and the prolif-
eration activity of endothelial cells was evaluated by
measuring the absorbance at 450 nm with a microplate
reader (Bio-Tek, Eons).

2.7.3 Determination of nitric oxide (NO) activity of the
endothelial cells

NO release from the endothelial cells was measured by
the Griess method. The Griess Reagent I and II (Beyotime
Biotechnology Co., Ltd, Shanghai, China) were firstly
restored to room temperature and the standard samples
were prepared at the same time. The endothelial cells
were cultured on the sample surface for 1 and 3 days,
respectively. 50 pL cell supernatant was added into a
96-well plate. Then, 50 pL of Griess Reagent I and II
were added in turn. Finally, the OD value was measured
at 540 nm with a microplate reader (Bio-Tek, Eons), and
the NO concentration was calculated according to the
standard curve.

2.7.4 Expression of vascular endothelial growth
factor (VEGF)

The VEGF expression of the endothelial cells was measured
by ELISA (Beyotime Biotechnology Co., Ltd, Shanghai,
China). The endothelial cells were cultured on the sample
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surface for 1 and 3 days, respectively. The endothelial cell
culture supernatant was taken out to dilute five times
and then added to the bottom of the enzyme label plate.
After being cultured for 30 min at 37°C, the enzyme label
plate was washed five times with PBS. About 100 pL of
horseradish peroxidase (HRP) enzyme agent was added
to each hole to incubate for 60 min at 37°C. After the
samples were washed five times, 50 pL chromogenic
agents A and B were added into each hole in turn. The
samples were kept away from light for 15 min at 37°C.
Finally, the termination solution was added to terminate
the reaction. The OD value was measured at 450 nm with
a microplate reader (Bio-Tek, Eons), and the concentration
of VEGF was calculated according to the standard curve.

2.8 Statistical analysis

For the analysis of water contact angle, protein adsorp-
tion, ions release, GMP140, HR, endothelial cell prolifera-
tion, NO, and VEGF expression, three parallel samples
were measured, the values were averaged and expressed
as mean + standard derivation (SD). The results were
statistically analyzed by SPSS software using one-way
analysis of variance, and p < 0.05 is considered to be
statistically significant.

3 Results and discussion

3.1 Sample characterization

Figure 1 shows the SEM images of different samples. The
regular nanotube arrays with an inner diameter of about
60 nm and an outer diameter of about 90-110 nm were
successfully prepared on the titanium surface after anodi-
zation. After annealing at 450°C, the diameter of the nano-
tubes could expand outward by about 5-10 nm, and the
tube wall became thicker, but the overall morphologies of
TNTA remained unchanged. Some studies have shown
that the TNTA could be transformed into anatase crystal
[18], which has a larger volume, resulting in the outward
expansion of the nanotubes. In addition, the anatase TiO,
can also be gradually integrated into the nanotube wall
by forming large microcrystals, leading to the expansion
of the nanotube structure and rougher surface [19]. After
the deposition of polydopamine on the surface, the inner
diameter of TNTA-Dopa nanotubes decreased slightly and
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Figure 1: Surface morphologies of (a) TNT, (b) TNTA, (c) TNTA-Dopa, (d) TNTA-Dopa-Cu-Sr0.5, (e) TNTA-Dopa—Cu-Sr1, and

(f) TNTA-Dopa-Cu-Sr2.

the wall thickness increased, but the regular nanotube
array structure was not changed. After the incorporation
of Cu®* and Sr**, the surface tubular structure did not
change significantly, but the wall thickness and the sur-
face roughness of the nanotubes further increased, and the
inner diameter of the nanotube decreased by 5-10 nm,
suggesting that Cu®>" and Sr** were successfully incorpo-
rated into the nanotubes via the chelation of dopamine.

Figure 2 is the cross-sectional view and the main
element distribution maps of the different samples, and
Table 1 shows the element amounts of the different sam-
ples. The length of the nanotube was about 4-6 pm mea-
sured by the cross-sectional view. The results of element
distribution maps showed that the elements were evenly
distributed in the nanotube wall. After the anodization, a
large number of O elements appeared on TNT, which was

Figure 2: Cross-section morphologies and elements mapping of TNT (a), TNTA (b), TNTA-Dopa (c), TNTA-Dopa-Cu-Sr0.5 (d), TNTA-Dopa-

Cu-Sr1 (e), TNTA-Dopa-Cu-Sr2 (f)
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Table 1: The element concentrations (wt%) of the different samples
characterized by EDS

Element Ti 0 F C Cu Sr
TNT 64.4 253 103 — — —
TNTA 58.9 40.6 0.5 — — —
TNTA-Dopa 48.2 37.8 0.4 13.6 — —
TNTA-Dopa-Cu-Sr 0.5 47.6 31.3 0 19.8 0.2 13
TNTA-Dopa—-Cu-Sr 1 48.0 33.2 O 14.8 1.2 2.8
TNTA-Dopa—Cu-Sr 2 54.4 313 0 10.3 0.5 3.6

mainly due to the formation of oxides on the surface. After
annealing treatment, the amount of oxygen increased
greatly because of aerobic treatment. At the same time,
the F element almost disappeared. After the polydopamine
coating was prepared on the surface of TNT, a C element
could be detected on the TNTA-Dopa surface, indicating
that the polydopamine coating was successfully intro-
duced on the surface and inside the nanotubes. After
loading different amounts of Cu*" and Sr** there were dif-
ferent contents of Cu”** and Sr** in TNTA-Dopa-Cu-Sr0.5,
TNTA-Dopa-Cu-Srl, and TNTA-Dopa—Cu-Sr2 nanotubes.
At the same time, the content of Sr** increased with the
increase of Cu/Sr ratio, which proved that Cu?* and Sr**
were successfully loaded into the nanotubes.

Figure 3 shows the XRD patterns of the different sam-
ples. It can be seen that no new diffraction peaks were
found on the Ti surface beside the titanium peak. Com-
pared with the titanium alloy, the diffraction pattern after
the anodization had hardly been changed with only
peaks of Ti matrix, suggesting that no new crystalline
phase was formed during the anodizing process. It has
been reported that the oxide layer on the titanium surface

. Ti
Ll S Tl\‘r
A-TiO, (anatase) T;\‘r 5

—— TNTA-Dopa-Cu-Srl
T

Intensity (a.u.)

2 Theta (Degree)

Figure 3: XRD of pure Ti, TNT, TNTA, and TNTA-Dopa-Cu-Sr1.
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is semi-crystalline, while the synthesized TNT are amor-
phous [20]. After annealing treatment at 450°C, in addi-
tion to the diffraction peaks of Ti, the diffraction peaks
of anatase TiO,(101), (103), (004), (200), (105), (211),
and (116) appeared at 260 = 25.37, 37.88, 38.61, 48.10,
53.90, 55.10 and 68.76, respectively, indicating that the
annealing treatment can change the surface crystal struc-
ture of the nanotube arrays and new crystal phases
appeared. The formation of a new phase had a significant
influence on the properties and functions of materials
[21,22]. After Cu?* and Sr** loaded, the crystal structure
was not affected obviously.

For determining the release profiles of Cu and Sr ions,
the TNTA-Dopa—Cu-Sr samples were immersed in PBS
solution for different times, and Cu®* ions and Sr** were
collected to measure the release curves. The release pro-
files of Cu and Sr ions are shown in Figure 4. According
to the literature, the concentration of Sr*" at 2-8 mg/L
can promote endothelial cell viability, proliferation, and
adhesion [14]. It can be seen that the content of Sr**
released in this study was within the range of cell phy-
siological concentration. In general, for both the Cu and
Sr ions, the release amounts had a burst release beha-
vior on the first day. The release amounts of two ions
decreased slowly and became steady after 1 day. The
larger the loaded ion amount was, the faster the ion
was released. Moreover, the release rate of Sr** was sig-
nificantly higher than that of Cu®" which can be attrib-
uted to the fact that the dopamine coating containing
Sr** was exposed to the outer surface. After the first week,
the release of ions entered a stage of slow increase. After
that, there would be a stable release lasting until 14 days,
indicating that the ions from the samples could release
over 14 days.

3.2 Surface hydrophilicity and protein
adsorption

Generally speaking, the hydrophilic surface can adsorb
a large number of water molecules to reduce the non-
specific protein adsorption and further prevent platelet
adhesion, which can improve the anticoagulant perfor-
mance [23]. To clarify the relationship between the sur-
face morphology and the biocompatibility of TNT, its
hydrophilicity/hydrophobicity was studied by measuring
the water contact angle, and the adsorption of two main
proteins (albumin and FIB) in human blood was charac-
terized by the BCA method.
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Figure 4: Cu (a) and Sr (b) ions release profiles in PBS for 14 days.

Figure 5a shows the water contact angle results of the
different samples. After anodization, a layer of porous
TNT could be produced on the titanium surface. The
hollow nanotubular structure not only increased the sur-
face roughness but also can accommodate water to some
degree. At the same time, a large number of hydrophilic
oxygen atoms were introduced on the surface and inside
of the nanotubes after the anodization. Therefore, TNT
showed good hydrophilicity. Some reports have shown
that the annealing treatment can remove organic pollu-
tants and enhance the hydrophilicity of the TiO, surface
[24,25]. And the increase of the surface roughness will
reduce the contact angle and affect the wettability by
increasing the critical surface tension [26]. After annealing
treatment, the hydrophobic fluorine element almost dis-
appeared and the diameter of TNT expanded outward as
well as the roughness increased. In addition, as shown in
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Figure 3, the amorphous TiO, can be transformed into
the anatase crystal structure after annealing treatment
which has better hydrophilicity than amorphous TNT [27].
Consequently, the hydrophilicity of TNTA was further
improved. The preparation of polydopamine introduced
amine groups on the surface, which can form hydrogen
bonds with water molecules to further improve hydrophi-
licity [28]. When the polydopamine coating was fabricated
on the surface of TNT, the surface hydrophilicity further
increased. On one hand, the Cu?* and Sr?** were loaded in
the hydrophilic polydopamine coating. On the other
hand, after Cu?* and Sr** were loaded, the sample sur-
face became rougher. Therefore, the hydrophilicity of
the samples loaded with Cu®" and Sr** was improved,
especially the water contact angle of TNTA-Dopa-—
Cu-Sr1 was less than 5°, indicating that it had super
hydrophilicity.
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Figure 5: (a) Water contact angle, (b) BSA absorption, and (c) FIB absorption of the different samples.
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The adsorption concentrations of BSA and FIB on
the different surfaces are shown in Figure 5b and c,
respectively. Generally speaking, when biomaterials are
implanted into the human body, proteins will be firstly
adsorbed on the surface. Additionally, competitive adsorp-
tion, desorption, and rearrangement will occur. These
behaviors of proteins further determine the adhesion
behavior and activation state of the platelets in the
blood and affect blood compatibility [29]. By and large,
albumin adsorption can reduce the platelet adhesion
and thus inhibit the occurrence of coagulation and pro-
long the coagulation time [30]. On the contrary, FIB
adsorption can deteriorate the blood compatibility of
biomaterials [31]. It was also found that the shape of
protein may affect adsorption [32]. The small size and
heart shape of albumin make it easy to pass through a
stable water layer near the surface. However, FIB is
stretched and cannot easily attach to the hydrophilic
surface. For hydrophobic surfaces, the water layer is
weakened, which helps FIB diffuse to the surface and
adjust its direction. Therefore, albumin tends to be
adsorbed on the hydrophilic surface, while FIB tends
to be adsorbed on the hydrophobic surface [32].

As shown in Figure 5b, due to the hydrophobicity of
the blank pure titanium, the BSA protein adsorption was
very low. The specific surface area and surface hydrophi-
licity increased significantly after the anodic oxidation,
which is conducive to the adsorption of albumin [33].
Moreover, protein adsorption also depends on the surface
charge characteristics of materials and proteins, and the
electrostatic interaction between BSA and TNT may pro-
mote or inhibit protein adsorption [34]. This study has
also shown that TNT are negatively charged [35], which
can promote the adsorption of the positively charged
BSA. Therefore, when titanium was anodized to form a
TiO, nanotube structure, the content of BSA adsorbed on
the surface increased. After annealing treatment, the con-
tent of FIB protein adsorbed on the surface was signifi-
cantly reduced while the adsorption capacity of BSA
was increased. This was because the increase of surface
roughness, hydrophilicity, and the change of crystal
structure further enhanced the albumin adsorption and
weakened the adsorption performance of FIB. There was
competitive adsorption between albumin and FIB. After
the polydopamine coating was prepared on the surface,
the adhesion of dopamine can significantly increase the
content of BSA and FIB adsorbed on the surface [36]. The
chelation of Cu?* and Sr** made the tube wall thicker, but
the thicker tube wall has a weak effect on the protein
accumulation [37]. The adsorption capacity of BSA was
reduced as compared to TNTA-Dopa. However, after Cu?*
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and Sr** were loaded, the hydrophilicity was significantly
improved when compared with TNTA, leading to the
enhancement of BSA adsorption. The competitive adsorp-
tion of albumin and FIB was particularly obvious for Cu
and Sr ions incorporated nanotubes. Among them, TNTA-
Dopa—Cu-Sr1 had the best hydrophilicity, the most BSA
protein adsorption, and the lowest FIB protein adsorp-
tion can occur on the surface, which may make the
material have the best blood compatibility.

3.3 Blood compatibility

Platelet adhesion is one of the important methods to eval-
uate blood compatibility. Platelets can promote blood
coagulation through adhesion, aggregation, and release
of other components. Therefore, the materials with good
blood compatibility should have the ability to inhibit pla-
telet adhesion and activation [29]. Studies have shown
that the adsorbed albumin can inhibit platelet adhesion,
while the adsorbed FIB will promote platelet adhesion
and activation [38]. As shown in Figure 6a and b, it can
be seen that the number of the platelets adhered to the
titanium surface was relatively large and the attached
platelets spread obviously, indicating that the platelets
on the blank titanium surface had been activated and the
blood compatibility was limited. After the anodization,
the number of the attached platelets decreased signifi-
cantly, because the surface of TNT can inhibit the adhe-
sion of platelets by reducing the FIB adsorption. After
annealing treatment, the platelet adhesion did not change
significantly. After the deposition of dopamine coating,
platelet adhesion increased significantly because dopa-
mine was oxidized and polymerized to form a layer of
polydopamine (Dopa). The disadvantage of Dopa layers
is that they usually strongly adsorb proteins. As shown
in Figure 5b and c, the content of albumin and FIB sig-
nificantly increased on TNTA-Dopa. Therefore, Dopamine
coating must be completely covered by the bioactive
substances to avoid nonspecific adsorption [39]. After
the incorporation of Cu®* and Sr**, the number of pla-
telet adhesion decreased significantly, and the trend of
decreasing platelet adhesion of TNTA-Dopa—-Cu-Sr1 was
the most obvious. On one hand, Cu can reduce platelet
aggregation through collagen [40]. On the other hand,
with the increase of Sr** concentration, albumin adsorp-
tion increased and FIB adsorption decreased, which also
contributed to reducing the adhesion of platelets.

The GMP140 expression can be used to judge the
degree of platelet activation. The more the platelets
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Figure 6: (a) SEM images of platelets adhered on the surface of pure Ti (a), TNT (b), TNTA (c), TNTA-Dopa (d), TNTA-Dopa—Cu-Sr0.5
(e), TNTA-Dopa-Cu-Sr1 (f), TNTA-Dopa-Cu-Sr2 (g)); (b) the number of the platelets on the different samples; and (c) and (d) are the
results of GMP140 and the hemolysis rate for the different samples, respectively.

adhere, the more content of GMP140 can be detected,
leading to form the thrombosis [41]. Figure 6¢ shows
the GMP140 results of the different samples. It can be
seen that the platelets were highly activated on the pris-
tine titanium surface, which is easy to induce human
blood coagulation. After the anodic oxidation, the TNT
were formed so that the platelet adhesion and activation
were significantly reduced. The TNTA had good blood
compatibility, which was the same as TNT. After the
polydopamine deposition, platelet adhesion increased
sharply due to its high viscosity and the content of pla-
telet activation also increased significantly. It has been
found that FIB deposition on the surface of platelet mem-
brane-binding receptors will lead to platelet activation
and plasma coagulation [42]. After Cu** and Sr** were
loaded, the amount of FIB adhesion decreased with the
increase of Sr’*, resulting in the decrease of platelet
adhesion and activation. The GMP140 value for TNTA-
Dopa-Cu-Sr1 was the smallest, indicating that the amount
of FIB adsorption and platelet adhesion were positively
correlated with platelet activation.

To further study the effects of the different materials
on red blood cells, HR was also measured. HR is one
of the important factors to characterize the interaction
between biomaterials and erythrocytes. According to the
international standard (IS010993-4), the HR below 5%
means that the material meets the requirements of HR. If
the measured HR is more than 5%, the material is not
suitable for use as a blood-contacting biomaterial [43].
Hemolysis can affect thrombosis by affecting coagulation
and other processes [44,45]. Figure 6d shows the HR of
the different samples. It can be seen that the HR of all
samples was less than 5%, indicating that none of them
can cause serious hemolysis. Studies have shown that
the increase of hydrophilicity can lead to higher hemo-
lytic activity [46], but some studies have shown that the
increase of hydrophobicity can lead to higher hemolytic
activity [47]. As shown in Figure 6d, the surface of TNT
had good hydrophilicity and a lower HR than the pure
titanium, which could improve blood compatibility. After
annealing treatment, the hydrophilicity increased and the
HR decreased again. After the construction of polydopamine
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coating, the hydrophilicity increased again and the HR
decreased. It can be considered that hydrophobic mate-
rials are more likely to cause higher HR. However, when
Cu®" and Sr** were loaded, the results were reversed and
the HR was improved. The hydrophilic materials may
lead to higher HR. Therefore, the hemolytic property of
the material can’t be judged only from the hydrophilicity
and hydrophobicity. The hemolytic property is not only
related to the hydrophilicity/hydrophobicity but also
related to the chemical composition, morphology, and
structure of the surface. With the increased content of
Sr**, the HR was higher than that of TNTA. In addition,
due to the reason that the surface was too rough and the
large release of Sr** in a short time, it can result in the
rupture of some red blood cells and then lead to higher HR.

3.4 Endothelial cell growth behaviors

Endothelial cells control the angiogenesis of each organ
system and participate in regulating nutrients, various
bioactive molecules, and the flow of the blood cells.
Generally speaking, cells will change their morphologies
after contact with biomaterials to realize the integration

d1- TNTA-Dopa el- TNTA-Dopa-Cu-

Sr0.5

e3- TNTA-Dopa-Cu-
Sr0.5

d3- TNTA-Dopa
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of materials and cells. The whole process of cell adhesion
and diffusion includes cell adhesion, filamentous pseu-
dopodia growth, cytoplasmic reticular structure change,
flattening of cell clusters, and surrounding cytoplasmic
folding [48]. Cell adhesion is widely used to investigate
cell behaviors. In this study, the cell adhesion behavior
was first studied by cell fluorescence staining. Figure 7 is
the fluorescent images of the endothelial cells adhered
to the surfaces of the different samples. It can be seen that
the number of cells adhered on the blank titanium sur-
face was few and the adhered endothelial cells were
mainly circular, indicating that the cells did not grow
well on the surface. The number of endothelial cell adhe-
sion decreased after the anodic oxidation. This is because
the thickness and diameter of the nanotubes have an
important effect on cell behavior. Nanotube thickness
can affect cell behavior through any form of surface
leaching (such as fluoride in the structure) and the che-
mical accumulation effects [49]. Due to the reduction of
cytotoxic fluoride ions on the surface, the number of cell
adhesion decreased after the anodization, but the mor-
phology of cells began to spread. This is because OH™ and
F~ in the anodizing electrolyte solution were adsorbed on
the surface of TNT during the anodization. The negatively
charged nanotubes could attract the positively charged

c¢l- TNTA

1d

f1- TNTA-Dopa-Cu-{ 81- TNTA-Dopa-Cu
Sr2

c3- TNTA

3- TNTA-Dopa-Cu-{ g3- TNTA-Dopa-Cu

Figure 7: The fluorescent images of the endothelial cells adhered to the different samples.



1460 —— Minhui Yang et al.

proteins to improve cell adhesion [50]. After annealing
treatment, the hydrophilicity and the surface area of
TNTA were increased due to the increase of roughness.
At the same time, the fluorine ions were greatly reduced,
so the cells adhered to the surface were significantly
increased and most of them were spread. When the
polydopamine coating was formed on the surface, the
surface became super hydrophilic. Studies have shown
that hydrophilic surfaces interact closely with the biolog-
ical fluids to promote protein adsorption and subsequent
interaction with the cell receptors [51]. Moreover, dopa-
mine coating has a certain viscosity, which can make
cells adhere more easily on the surface, therefore, the
number of endothelial cells adhered to TNTA-Dopa sur-
face increased significantly. Sr is an essential micronu-
trient affecting many aspects of human health. The home-
ostasis of Sr** in cells is very important for cell function
and survival. McAuslan and Gole [52] first reported that
micromolar CuSO,, can induce angiogenesis in rabbits, and
Cu?* can attract endothelial cells to migrate and form new
capillaries [53]. Therefore, after Cu?* and Sr** were loaded,
the cell adhesion was improved. With the increase of Sr**
concentration, more and more endothelial cells adhered
to the surface and most of them were spreading, indi-
cating that TNTA-Dopa—-Cu-Sr can promote the growth
of endothelial cells.

Endothelial cell proliferation also affects re-endothe-
lialization after the implantation. Rapid endothelializa-
tion on the surface contributes to preventing intimal
hyperplasia and restenosis after vascular stent implanta-
tion [54]. To further study the proliferation of endothelial
cells on the surface of TNT loaded with Cu?*" and Sr**,
endothelial cells were cultured with samples for 1 day
and 3 days, respectively, and CCK-8 was tested and the
results are shown in Figure 8a. It can be seen that the
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proliferation of the endothelial cells on the surface of
titanium alloy was restricted. When the titanium alloy
was anodized, the proliferation of the endothelial cells
on the surface was improved. This was because the sur-
face of TNT can adsorb more nutrients, thus promoting the
proliferation of endothelial cells. In general, endothelial
cells are more likely to adhere to hydrophilic surfaces.
After annealing treatment, the surface of TNTA samples
showed super hydrophilicity, so the proliferation of
endothelial cells on the TNTA surface was more obvious.
When dopamine was polymerized on the surface, the
hydroxyl and amine groups on the surface further incre-
ased, and the cells could adhere to these functional sur-
faces through nonreceptor-binding force (electrostatic
interaction), to promote cell proliferation. After loading
Cu®* and Sr**, the cells further proliferated. With the
increase of Sr concentration, the proliferation was more
obvious, indicating that the loading of Cu®" ions could
promote the growth of endothelial cells and the loading
of Sr** could further promote cell proliferation.

VEGF is a highly specific vascular endothelial growth
factor. It can induce angiogenesis in vivo and promote
vascular permeability, extracellular matrix deformation,
vascular endothelial cell migration, and proliferation [55].
Normal endothelial cells will express a certain amount
of VEGF, and its normal expression can further promote
the growth of endothelial cells. Therefore, the study of
VEGF expression is of great significance to evaluate the
function of endothelial cells. As shown in Figure 8b, the
VEGF expression of the anodized TNT was higher than that
of pure titanium because the number of endothelial cell
adhesion increased significantly. VEGF is one of the sub-
stances secreted by the normal endothelial cells, which
plays an important role in maintaining normal physiolo-
gical function and cell proliferation. The increase of VEGF
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Figure 8: CCK-8 values (a), VEGF (b), and NO (c) activities of the endothelial cells grown on the different samples surfaces for 1 and 3 days,

respectively.
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expression indicates a normal function of endothelial
cells. When the polydopamine coating was prepared on
the surface, due to the good biocompatibility of dopamine,
it was conducive to the growth and function expression
of the endothelial cells, and thus the endothelial cells
would release more VEGF. After loading Cu®** and Sr*,
the expression of VEGF increased again because Cu?'
can upregulate VEGF gene expression by affecting the reg-
ulator hypoxia-inducible factor 1 to stimulate endothelial
cells [11,56]. Studies have shown that Sr coating can also
promote angiogenesis, VEGF release, and angiogenesis
gene expression [57]. As shown in Figure 8b, the expres-
sion of VEGF increased with the increase of Sr**.

The NO production is one of the key physiological
functions of the endothelial cells. NO plays many key
roles in the vascular system. It can maintain the hemos-
tasis of the blood vessels, act as an effective vasodilator,
regulate the proliferation and migration of endothelial
cells and inhibit the formation of thrombosis [58].
Figure 8c shows the NO secretion of endothelial cells
growing on the different samples’ surfaces. It can be
seen that the endothelial cells on the TiO, nanotube sur-
face released more NO than pure titanium, which was
related to the TiO, nanotube’s excellent biocompatibility.
The TNT can stimulate endothelial cell growth and VEGF
expression, which can activate the production of eNOS in
endothelial cells by mediating protein kinase, to increase
the release of NO. The TNTA promoted the growth of
endothelial cells, so they released more NO after the
annealing treatment. When the polydopamine coating
was further prepared on the surface, the released NO
was also larger due to the large number of endothelial cells
growing on the TNTA-Dopa surface. Studies have shown
that the addition of Cu?* will not only promote the release
of NO [12] and help to improve endothelial cell function,
but also maintain normal vasodilation and contribute to
reducing the risk of acute thrombosis after stent implan-
tation [59]. A certain concentration of Sr can promote the
proliferation of vascular endothelial cells. By affecting the
secretion of endothelin and NO, Sr can reduce vascular
tension [14]. Therefore, when Cu®* and Sr** were released
from the sample surfaces, the NO release was also
increased.

4 Conclusion

The regular TNT arrays were successfully prepared on the
titanium surface by anodic oxidation. After annealing
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treatment, the amorphous TNT changed into an anatase
crystal structure, which significantly affected the proper-
ties of the titanium surface. The loading of Cu®** and Sr**
via dopamine on the surface of TNT can not only signi-
ficantly improve the hydrophilicity but also promote
albumin adsorption and inhibit FIB adsorption (espe-
cially TNTA-Dopa—-Cu-Sr1), showing a selective adsorp-
tion effect between albumin and FIB. At the same time,
loading Cu and Sr ions can not only reduce platelet adhe-
sion and activation, but also promote the adhesion, pro-
liferation, and functional expression of endothelial cells.
Therefore, the method of this study can be used for the
surface modification of the blood-contacting titanium-
based biomaterials to simultaneously improve blood com-
patibility and promote the growth of endothelial cells,
which can be further used in implantable medical devices
such as vascular stents.
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