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A B S T R A C T   

Re-endothelialization has been recognized as a promising strategy to address the tissue hyperplasia and subse
quent restenosis which are major complications associated with vascular implant/interventional titanium de
vices. However, the uncontrollable over-proliferation of smooth muscle cells (SMCs) limits the clinical 
application of numerous modified strategies. Herein, a novel modified strategy involving with a two-step anodic 
oxidation and annealing treatment was proposed to achieve rapid re-endothelialization function regulated by 
regular honeycomb nanotexture and specific anatase phase on the titanium surface. Theoretical calculation 
revealed that the presence of nanotexture reduced the polar component of surface energy, while the generation 
of anatase significantly enhanced the polar component and total surface energy. Meanwhile, the modified surface 
with regular nanotexture and anatase phase produced positive effect on the expression of CD31, VE-Cadherin and 
down-regulated α-SMA proteins expression, indicating excellent capacity of pro-endothelial regeneration and 
inhibition of SMCs proliferation and migration. One-month in vivo implantation in rabbit carotid arteries further 
confirmed that modified tube implant surface effectively accelerated confluent endothelial monolayer formation 
and promoted native-like endothelium tissue regeneration. By contrast, original titanium tube implant induced a 
disorganized tissue proliferation in the lumen with a high risk of restenosis. Collectively, this study opens us an 
alternative route to achieve the function that selectively promotes endothelial cells (ECs) growth and suppresses 
SMCs on the medical titanium surface, which has a great potential in facilitating re-endothelialization on the 
surface of blood-contacting titanium implant.   

1. Introduction 

Coronary artery disease, as a chronic inflammatory cardiovascular 
disease that seriously threatens human health, is caused by the accu
mulation of fatty deposits in the coronary arteries leading to arterial 
narrowing [1,2]. The advent of percutaneous coronary intervention has 
brought hope to millions of patients with coronary artery disease. 
However, implantation of cardiovascular devices often causes adverse 
effects such as thrombosis and restenosis and leads to implant failure, 

which is mainly attributed to endothelial damage caused by implanta
tion, delayed endothelialization due to non-specific interactions of 
antiproliferative drugs, and inadequate biocompatibility of matrix ma
terial [3,4]. As an internal barrier, the endothelium plays a vital role in 
several physiological and pathological processes, including vascular 
development and remodeling [5]. Endothelial damage will trigger 
excessive proliferation of smooth muscle cells, platelet activation, and so 
on, ultimately leading to a series of vascular diseases such as intimal 
hyperplasia and thrombosis [6,7]. Thus, promoting endothelialization 
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on vascular material surface by selectively favoring endothelial cells 
growth and inhibiting smooth muscle cells is considered as one of the 
most promising strategies in tissue engineering applications [8–12]. 

Currently, different modified strategies were proposed to maximize 
the rapid endothelialization and suppress tissue disorderly hyperplasia 
on the implant surfaces, such as surface bioactive modification and inert 
modification (physicochemical modification) [13–15]. Among them, 
bioactive strategy acted by immobilizing cell adhesion proteins or 
peptides on the biomaterial surfaces to promote the attachment and 
proliferation of endothelial cell, such as extracellular matrix-derived 
cell-selective peptides like YIGSR and REDV which act via direct inter
action with integrin receptors onto the endothelial cell surface [16–19]. 
However, the number of endothelial cell-selective peptides that can be 
applied is very limited until now. Moreover, these active peptides usu
ally face some problems including poor stability against enzymatic 
degradation, susceptibility to functional inactivation, long synthesis 
time, and difficulty in mass preparation, which greatly limit their 
widespread applications [20]. 

Unlike the bioactive modification strategy, inert modification strat
egy is considered as a stable and promising surface modification 
approach, where the proliferation behaviors of endothelial cells and 
smooth muscle cells usually are regulated by controlling the surface 
properties such as topography, chemical composition, wettability, 
crystalline phase, etc [21–23]. Titanium and its alloys are broadly 
applied in the various implantable/interventional medical devices due 
to its great physicochemical properties and biocompatibility, which is 
largely dependent on the oxide layer formed on the surface when 
exposed to air- or oxygen-containing solution [24]. It has been demon
strated that TiO2 is a promising biomaterial with good biological activity 
and responses, which is usually proposed as suitable inorganic coating 
for bare metal implants [25–28]. At present, some TiO2 coatings with 
nanomorphology have been widely reported, such as TiO2 nanotube, 
nanowire, nanoparticle, and nanorod, which showed great potential 
beneficial in modulating the biological response of endothelial cells, 
smooth muscle cells, and platelets due to special micromorphology [22, 
29–31]. On one hand, the nanomorphology can directly regulate the 
absorption behavior of typical functional proteins with nanoscale size in 
extracellular matrix, which in turn affected its binding to specific re
ceptor and subsequently cell response [32]. One the other hand, nano
texture with the dimension close to some important transmembrane 
receptors, such as integrin, contact-induced conformational changes in 
transmembrane proteins dependent on nanoscale morphology might 
trigger corresponding signaling pathway and direct cells adhesion or 
migration behaviors [33,34]. For example, TiO2 nanotubes layers with a 
pore size of 90–110 nm can effectively promote endothelial cells growth 
while inhibiting smooth muscle cells migration, the special biological 
effect induced by nanomorphology provides a new strategy to improve 
the hemocompatibility of titanium [31,35]. However, these TiO2 
nanotexture surface face a problem, i.e., the poor strength of the 
nanotextures and the bonding strength with the substrate, which hin
dered its further application in the blood-contacting medical devices. 

Additionally, crystal phase of TiO2 was also closely related to cells 
adhesion and proliferation. The favorable biocompatibility of TiO2 is 
also attributed to the n-type semiconductor properties and the difference 
in surface energy induced by different crystal phase (anatase and rutile) 
[21,36]. Compared with amorphous titanium, an enhanced endotheli
alization and bioactivity levels of the material surface with anatase and 
rutile were preliminarily confirmed. Anatase has a large band gap (3.2 
eV) than rutile (3.0 eV), and when the energy (photo energy) absorbed 
into the material surface is greater than the band gap of crystal phase, 
electrons were transmitted from the valence band to the conduction 
band generating electron-hole pairs. The electron-hole with strong 
oxidizing ability could react with water molecular to generate active 
groups such as –OH and O2

. − . These active groups could react with bio
molecules inside the cells, further affecting the response behaviors of 
cells [37]. For example, recent studies showed that anatase could 

enhance the adhesion of endothelial cells through the upregulation of 
various adhesion molecules while rutile seem to have litter effects on 
proliferation of endothelial cells [30]. Although the awareness that 
morphology or crystal phase of TiO2-based biomaterials has an impact 
on the biological behaviors of endothelial cells and smooth muscle cells 
is recognized by all, the intrinsic regulatory mechanism is currently 
unclear due to the difference in reference surface, measurement 
methods involved in the experiments, giving rise to a range of incon
sistent views [38]. In particular, the synergistic regulation mechanism of 
nanomorphology and crystal phase on biological response is still 
missing. Therefore, more systematic in vitro and in vivo experiments 
should be performed to deeply reveal the biological effect induced by 
morphology and crystal phase with the help of protein expression and 
cell morphology analysis. 

Here, a novel strategy for fabricating the highly organized and robust 
nanotexture on titanium substrate was proposed by a two-step anodic 
oxidation, combining with an annealing treatment to achieve a precise 
regulation of nanotexture topography and crystal phase of TiO2. The 
wettability and surface energy of different samples surface were char
acterized and calculated based on the complete Young-equation, theo
retical calculation revealed that the presence of nanotexture reduced the 
polar component of surface energy, while the generation of anatase 
significantly enhanced the polar component and total surface energy. In 
vitro and in vivo experiments revealed that synergistic regulation of 
nanotexture and anatase could accelerate confluent endothelial mono
layer formation and promote native-like endothelium tissue regenera
tion (Fig. 1). 

2. Experimental section 

2.1. Materials 

Medical pure titanium (TA1, Baoji Dexin Titanium Co.,Ltd) sheets of 
0.1 mm thickness were cropped to the appropriate size of 10 mm × 15 
mm. To clear the surface oxidized layer and smooth the titanium sheet 
surface, they were washed in ultrasonic bath with an acid solution of 
0.66 wt% hydrofluoric acid (HF, AR, Macklin) and 0.8 wt% nitric acid 
(HNO3, AR, Kant Chemical Co.,Ltd). Subsequently, these samples were 
further ultrasonically washed with acetone, anhydrous ethanol and 
deionized water followed by air drying. Accordingly, the fresh titanium 
sheet was named as P–Ti in this research. 

2.2. Fabrication of nano-texture 

Then, the fresh titanium sheet with an exposed area of 1 cm2 was set 
as an anode for twice electrochemical anodization. In which, the 
graphite sheet was applied as a cathode, the electrolyte consisted of 0.5 
wt% ammonium fluoride (NH4F, AR, Tianjin Damao Chemical Reagent 
Co.Ltd), 2 vol% deionized water and ethylene glycol (C2H6O2, AR, 
Tianjin Fuyu Chemical Co.Ltd) in the first anodization treatment. This 
anodic oxidation reaction was performed with a DC regulated power 
supply (MS1003DS, Maisheng Powere Technology Co.Ltd, China) at a 
constant potential 50 V for 1 h. After the nanotube generated on the 
titanium sheet surface by the first anodization, the titanium sheet was 
put out and placed into an ultrasonic water bath device for peeling the 
ordered nanotube layer shown in Fig. 2(a1-a3). Subsequently, the 
sample was again adopted as an anode and anodized in 5 wt% phos
phoric acid (H3PO4, 85 %, Macklin) electrolytes at potential 50 V for 3 
min. After the second anodization, the regular nanotexture was prepared 
on the titanium sheet surface shown in Fig. 2(a4). Accordingly, the 
sample with nanotexture was named as N–Ti. To separately explore the 
effect of nanostructure on cells adhesion, fresh titanium sheet was 
adopted as an anode and anodized only in 5 wt% H3PO4 electrolytes at 
potential 50 V for 3 min, the sample was named as F–Ti, which was 
shown in Fig. 2(a1) and (b1). 
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2.3. Heat treatment for crystal phase regulation 

Annealing treatment, as a common heat treatment process, is usually 
adopted to regulate the physicochemical properties such as crystalline 
structure and grain size. To obtain different TiO2 crystal phase, the N–Ti 
and F–Ti were respectively annealed in air at 550 ◦C, 900 ◦C for 3 h using 
a muffle furnace (KSL-1200X, Hefei Kejing Material Technology Co., 
Ltd, China), where the heat rate is 15 ◦C/min. Finally, the annealed N–Ti 
and F–Ti samples were named as N-550, N-900, F-550, and F-900, 
respectively. 

2.4. Surface characterization 

The surface morphology of different samples was characterized using 
scanning electron microscope (Quanta FEG250, SEM, USA). Based on 
the SEM images, the structural parameters of honeycomb nanotexture 
annealed under different temperatures were quantitively analyzed with 
the help of ImageJ software. The crystal phase was detected by X-ray 
diffraction (Bruker D8 Advance, XRD, Germany) with an incident Cu Kα 
radiation (λ = 0.154 nm). Additionally, the static water contact angle of 
different samples (n = 3) was measured with an optical contact angle 
system (CAM101, KSV, Finland). Meanwhile, the contact angles of polar 
liquids (glycerol (C3H8O3, AR, Tianjin Fuyu Chemical Co.Ltd)) and 
apolar liquids (diiodomethane (CH2I2, AR, Energy Chemical Co.Ltd)) on 
the different sample surfaces were also measured, which were adopted 
to characterize and calculate the surface tension component of all 
samples. Each experimental group has three individual separate samples 
to ensure the reliability of the measurement result. 

2.5. Cells attachment and proliferation on modified surfaces 

Human vascular endothelial cells (HUVECs) and human aortic 

smooth muscle cells (HASMCs) was selected to analyze the synergistic 
regulation mechanism of vascular tissue cells adhesion and proliferation 
affected by crystal phase and nanotexture of TiO2-based biomaterials. 
First, all samples were sterilized by using 75 % alcohol solution. HUVECs 
and HASMCs were seeded on each sample surface at a concentration of 
1.5 × 104 cells/mL and 2 × 104 cells/mL, respectively. Subsequently, 
they were cultured in humidified air containing 5 % CO2 at 37 ◦C for 24 
h, 48 h, and 72 h, respectively. After each predetermined time out, the 
sample was put out and cells adhered on the surface were fixed with 4 % 
paraformaldehyde. Then, the TRITC-phalloidin (Solarbio, CA1610) was 
used to stain the filamentous actin (F-actin) which is one of the com
ponents of cell cytoskeleton and closely related to cytoskeleton rear
rangement and motility of cells. Hoechst 33342 (Solarbio, C0031) was 
used to stain the nuclei of the adherent cells. After completion, the 
proliferation behaviors of HUVECs and HASMCs were observed by laser 
confocal microscope (LSM900, Zeiss, Germany). Cells proliferation was 
quantitively analyzed by calculating the density and spreading area of 
cells adhered on the materials surface. In this case, each experimental 
group has three individual separate samples, three pictures taken from 
each sample surface were applied to count the number of cells and 
spreading area. 

2.6. Analysis of CD31 and VE-cadherin expression in HUVECs 

CD31 and VE-Cadherin expression were detected to assess the 
quality of endothelium. HUVECs were seeded at a concentration of 1 ×
104 cells/mL, and then were cultured in fresh medium for 48 h. After 
incubation, CD31 and VE-Cadherin of HUVECs were stained by using 
mouse anti-CD31 antibody (Bioss, BH0190) and rabbit anti- VE- 
Cadherin as the primary antibody, respectively. Then, Alexa Fluor 594 
goat anti-mouse IgG (Boiss, bs-0296G-AF594) and Alexa Fluor 488 goat 
anti-rabbit IgG (Boiss, bs-0295G-AF488) were used as the secondary 

Fig. 1. EC-selective modified strategy. (a) Nanotexture and crystal phase-derived surface properties for EC-selective cells adhesion and rapid endothelialization to 
address the clinical problem of tissue disorderly hyperplasia on the vascular implant/interventional devices surfaces; (b) Fabrication process and physicochemical 
properties of the modified surface; (c) Biological effect of vascular tissue cells adhesion and proliferation regulated by nanotexture and crystal phase on the 
modified surface. 
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antibody. Additionally, cell nuclei of HUVECs were counterstained with 
Hoechst 33342. Finally, the CD31 and VE-Cadherin expression in single 
HUVEC was observed by laser scanning confocal microscopy. Similarly, 
each experimental group has three individual separate samples, three 
fluorescence pictures were taken from each sample surface. To ensure 

the accuracy of the fluorescence intensity measured from single cell and 
the validity of data in the statistical analysis, some cells with clear and 
integral boundaries were selected from multiple immunofluorescence 
images to measure the fluorescence intensity using ImageJ software. 

Fig. 2. Fabrication process and surface morphology of different samples. (a1-a5) Fabrication process of the sample with honeycomb nanotexture; (b1-b2) Fabri
cation process of the samples with TiO2 oxide layer; (c1-c2) Original pure titanium surface (P–Ti); (d1-d2) Surface morphology of unannealed honeycomb nano
texture (N–Ti); (e1-e2) Surface morphology of unannealed oxide layer (F–Ti); (f1-f2) Surface morphology of honeycomb nanotexture annealed at 550 ◦C (N-550); 
(g1-g2) Surface morphology of oxide layer annealed at 550 ◦C (F-550); (h1-h2) Surface morphology of honeycomb nanotexture annealed at 900 ◦C (N-900); (i1-i2) 
Surface morphology of oxide layer annealed at 900 ◦C (F-900); (j) Wall thickness and diameter of honeycomb nanotexture without annealing treatment; (k) Wall 
thickness and diameter of honeycomb nanotexture annealed at 550 ◦C. 
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2.7. Cells migration behaviors on modified surfaces 

Enhanced migration of HUVECs and suppression of HASMCs are vital 
for in situ regeneration of a healthy endothelial layer on the surfaces of 
blood-contacting vascular implants. In this work, the migration test was 
performed to further reveal the endothelialization potential of modified 
surfaces with different crystal phase and nanotexture. In brief, a 12 mm 
× 3 mm specimen sheet was vertically folded in half, then one half of the 
specimen was immersed into the cells suspension to obtain a confluent 
cells layer on the surface. After incubation for 12 h, the specimen was 
taken out and vertically turned over before placed into a new plate, then 
fresh culture medium was added. After incubation for 72 h, the spec
imen sheet was cut along the crease line and cells adhered on the surface 
was stained according to the staining processed described above. 
HUVECs and HASMCs migration ability on different modified surfaces 
was evaluated by measuring the distance from the most distal migrating 
cells to the crease line. Among them, each experimental group has three 
individual separate samples, and the migration behavior and distance of 
cells on each sample surface were recorded for each group. 

2.8. Co-culture of HUVECs and HASMCs on modified surfaces 

In the co-culture experiment, HUVECs and HASMCs were mixed at a 
ratio of 1:1 with a final concentration of 2 × 104 cells/mL. Subsequently, 
they were seeded on the sample surfaces and co-cultured for 7 days in a 
mixed medium consisting of 50 % Endothelial Cell Medium (ECM, Sci
encell, Cat. No 1001) and 50 % Smooth Muscle Cell Medium (SMCM, 
Sciencell, Cat. No 1101), in which the culture medium was replaced 
every 24 h. After the predetermined time point, the samples were taken 
out and adherent cells were fixed with 4 % paraformaldehyde. To 
further analyze the competitive growth behavior between HUVECs and 
HASMCs and evaluate the integrity and maturity of cells co-cultured on 
different sample surfaces, the proteins expression of CD31 in HUVECs 
and α-SMA in HASMCs were detected by immunofluorescence staining. 
CD31and α-SMA was stained with mouse anti-CD31 antibody (Bioss, 
BH0190) and rabbit anti-α-SMA (Bioss, bs-10196R) as the primary 
antibody, respectively. Then, Alexa Fluor 594 goat anti-mouse IgG 
(Boiss, bs-0296G-AF594) and Alexa Fluor 488 goat anti-rabbit IgG 
(Boiss, bs-0295G-AF488) were used as the secondary antibody. Addi
tionally, cell nuclei of HUVECs and HASMCs were counterstained with 
Hoechst 33342. Finally, the CD31 and α-SMA expression was observed 
by laser scanning confocal microscopy. From there, it was also further 
observed whether the endothelial cells could proliferate massively to 
cover the smooth muscle cells after long-term co-culture thereby 
assessing the pro-endothelialization performance of the modified sur
faces. Similarly, each experimental group has three individual separate 
samples, and the proliferation behaviors of cells on each sample surface 
were recorded for each group. 

2.9. In vivo animal test 

The lamellar samples were rolled into tube implants with small 
diameter (sizes of tube implant: approximately 1.1 mm inner diameter, 
7 mm length and 0.1 mm thickness), followed by seam-sealing with 
jewelry welding. After that, the tube implants were implanted into the 
left carotid artery of rabbit. Briefly, New Zealand rabbits weighting 
2.5–3.0 kg were selected as experimental animals (the number of ani
mals in the control and experimental groups was three, respectively.), 
and all rabbits were fed under the same experimental conditions, and 
anesthetized by inhalation anesthetics. After being completely uncon
scious, the rabbit hair around the neck was removed with depilatory 
cream and the skin surface was disinfected using iodophor, followed by 
a skin incision to expose the left internal carotid artery. The proximal 
and distal ends of the vessel are clamped with two vascular clips, an 
incision of approximately 3–5 mm length is made in the clamped carotid 
artery region. The prepared tube implant is then immediately placed 

into the vessel and the vascular incision is closed with a 6–0 prolene 
suture. After confirming that there was no bleeding from the vascular 
incision when the clip was removed, the soft tissue and skin were closed 
sequentially and the wound was finally disinfected. To exclude the in
fluence of anticoagulants on the evaluation of antithrombotic perfor
mance of implant surface, experimental rabbits were not given any 
anticoagulants after surgery. Each rabbit was only injected intramus
cularly with enrofloxacin (0.5 mL/10 kg) twice a day for one week to 
prevent wound infection. Whole experimental procedure complied with 
the Animal Ethics Committee of Shandong University (Approval No. 
ECSBMSSDU2020-2-059). 

One month after implantation of the tube implant, the experimental 
rabbit was reoperated and the neck skin was incised to expose the left 
internal carotid artery. A section of vascular tissue wrapping the tube 
implant was intercepted for the histological analysis. Specifically, as 
shown in Fig. S1, the vascular tissue wrapping the tube implant was 
dissected along the axial direction, and the profile of vascular tissue was 
stained to observed the tissue proliferation and inflammatory response. 
Meanwhile, as shown in Fig. S2, the hyperplasia tissue generated in the 
lumens of tube implant was also stained for histological analysis to 
further evaluate endothelial regeneration on the surface of tube implant. 
Firstly, the vascular tissue was fixed, dehydrated, and embedded in 
paraffin. Then the tissue was respectively stained with Hematoxylin - 
eosin (HE) and Masson’s trichrome to analyze the inflammatory 
response and re-endothelialization behavior. Additionally, the immu
nofluorescent staining was performed to further observed endothelial 
regeneration. Endothelial cells grew in the vascular tissue wrapping the 
tube implant were stained with rabbit anti-CD31 antibody (Bioss, bs- 
0195R), and smooth muscle cells were also stained with rabbit anti- 
alpha smooth muscle actin (anti-α-SMA) antibody (Bioss, bs-10196R). 
After that, Alexa Fluor 594 goat anti-rabbit IgG (Boiss, bs-0295G- 
AF594) and Alexa Fluor 488 goat anti-rabbit IgG (Boiss, bs-0295G- 
AF488) as the secondary antibody, respectively. Lastly, the stained tis
sue was observed by laser confocal microscope. 

2.10. Statistical analysis 

All experiments were repeated with three individual separate sam
ples in each group. Experimental data was presented as mean ± stan
dard deviation. To ensure the validity of the statistical analysis, all data 
was previously checked for normality test and homogeneity of variance 
test. Subsequently, statistical analysis was performed using one-way 
analysis of variance (ANOVA) followed by Tukey’s post hoc test with 
the Origin software. A p value less than 0.05 was considered statistically 
significant. 

3. Results and discussion 

3.1. Surface topography and microstructure of modified surfaces 

Honeycomb nanotexture was fabricated as described in Fig. 2(a1- 
a5), as illustrated in Fig. 2(c1-c2), the original titanium surface exposed 
clear grain boundaries after ultrasonic acid etching. Highly organized 
honeycomb nanostructure formed on the titanium surface shown in 
Fig. 2(d1-d2). Subsequently, the surface morphology of honeycomb 
nanotexture presented slight change when the annealing temperature is 
at 550 ◦C. Specifically, the nanotexture suffered a slight dissolution and 
wall thickness observed from the micrography became thinner shown in 
Fig. 2(f1) and (f2). Based on the SEM images, the structural parameters 
including the diameter and wall thickness of individual honeycomb 
nanopore were measured and analyzed with the help of ImageJ soft
ware. Specifically, the individual data point in Fig. 2(j) and (k) referred 
to the structural data of each nanopore. Statistical analysis showed that 
the diameter and wall thickness of the unannealed honeycomb nanopore 
was approximately 100 ± 11 nm and 60 ± 6 nm. However, the diameter 
of the honeycomb nanopore increased to 120 ± 7 nm and the wall 
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thickness decreased to 36 ± 5 nm after the annealing treatment at 
550 ◦C. By contrast, as the annealing temperature increased to 900 ◦C, 
the regular nanotexture completely disappeared leaving small and dense 
grains with irregular shapes. According to the XRD spectra shown in 
Fig. 3(a), besides some diffraction peaks corresponding to titanium, 
many additional diffraction peaks corresponding to rutile phase were 
observed in the XRD spectra, which indicated that only rutile generated 
in the samples N-900 and F-900. Due to the difference in the lattice 
constants between the anatase and rutile, the crystal phase trans
formation from anatase to rutile would induce volume contraction 
(approximately 8 %) [39,40], which was reflected by the collapsed of 
regular nanotexture and the formation of fine rutile grains shown in 
Fig. 2(h1-i2). Meanwhile, to comparative analyze the effect of nano
texture on modified surface performance while excluding the interfer
ence of chemical composition, the TiO2 oxide layer was prepared on the 
titanium surface as presented in Fig. 2(b1-b2). As shown in Fig. 2(e1-e2) 
and (g1-g2), the surface morphology of samples did not show significant 
difference compared to the original titanium surface whether they were 
annealed at 550 ◦C or not. However, the previously formed flat oxide 
layer also completely disappeared at 900 ◦C. Similar to N-900, a large 
number of fine grains generated spontaneously, disorderly stacking to 
form particles with varying sizes as shown in Fig. 2(i1-i2). 

3.2. Analysis of crystal phase transformation 

Annealing treatment can effectively regulate the crystal structure (e. 
g., crystal phase type, grain size and shape) of materials, which is widely 
applied to improve the physicochemical properties of materials. Crystal 
phase of modified layer in all samples were characterized by XRD shown 
in Fig. 3. Only some peaks corresponding to Ti were detected for origin 
titanium surface (P–Ti), un-annealed nanotexture surface (N–Ti), and 
un-annealed oxide layer surface (F–Ti), indicating that the crystal phase 
in the modified layer of N–Ti and F–Ti were amorphous. At the 

annealing temperature of 550 ◦C, some additional diffraction peaks 
corresponding to anatase presented in the XRD spectra of N-550 and F- 
550 shown in Fig. 3(b1-b2) and (c1-c2), which manifested that 
annealing treatment induced the transformation of crystal phase from 
amorphous to anatase. Thus, the reorganization and growth of the 
crystal structure resulted in a slight change in the surface topography of 
nanotexture (N-550) compared with N–Ti. Furthermore, annealing 
treatment at higher temperature 900 ◦C favored the formation of rutile 
phase, resulting in only rutile generated in the surface of N-900 and F- 
900. According to previous research [41], due to the difference of lattice 
constants between the anatase and rutile, the crystal phase trans
formation from anatase to rutile would induce volume contraction 
(approximately 8 %), which is reflected by the collapsed of regular 
nanotexture and the formation of fine rutile grains shown in Fig. 2 
(h1-i2). As stated by Huang et al. [42,43], the collapse of regular 
nanotexture could be traced to growth of rutile at the interface between 
the barrier layer (an electrically insulating layer separating nanotexture 
from contacting titanium) and titanium substrate in which the metal is 
thermally anodized. 

3.3. Wettability characterization and surface energy calculation 

Surface wettability plays an important role in regulating biological 
effect of material surface. Typically, the wettability is characterized by 
the contact angle of water droplets on the material surface. As shown in 
Fig. 4, the contact angle of water droplets reflected an enhancement in 
the hydrophilicity of the sample surface as the annealing temperature 
increased. Furthermore, to quantitatively analyze the wettability, the 
surface energy components (apolar component and polar component) of 
different sample surfaces were calculated based on the complete Young- 
equation. For the condensed phase materials, the surface tension γtotal of 
sample consists of two components which are apolar component (γLW) 
induced by van der Waals force and polar component (γAB) induced by 

Fig. 3. Detection of crystal phase on the surface of all samples. (a) XRD spectra of all samples; (b1-b2) Detailed analysis of XRD spectra located at 38.1◦–38.9◦ of 
nanotexture and oxide layer annealed at 550 ◦C (N-550 and F-550); (c1-c2) Detailed analysis of XRD spectra located at 70.2◦–71◦ of N-550 and F-550. 
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Lewis acid-base force [44], which can be expressed as 

γtotal = γLW + γAB (1)  

where γLW and γAB respectively denote apolar component and polar 
component of surface tension [45]. Additionally, according to Young-
Dupré equation that is the best described as a force-balance equilibrium 
[46], we can get that the following equation 

(1+ cos θ)γtotal
L = − ΔGSL (2)  

where θ is the contact angle of liquid on the solid surface, γtotal
L is the 

total surface tension of liquid, ΔGSL denotes the interaction energy be
tween the solid phase and liquid phase. At the same time, by using Dupré 
equation [47], ΔGSL can be obtained as follows 

ΔGSL = − 2
( ̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

γLW
S γLW

L

√

+

̅̅̅̅̅̅̅̅̅̅

γ+S γ−L
√

+

̅̅̅̅̅̅̅̅̅̅

γ−S γ+L
√ )

(3)  

In Eq. (3), the footnotes S and L respectively denote solid phase and 
liquid phase. In addition, the polar component of surface tension γAB, 
contains two non-additive parameters, which are the electron-acceptor 
surface tension parameter named as γ+ and the electron-donor param
eter named as γ− , which can be shown as 

γAB = 2
̅̅̅̅̅̅̅̅̅̅
γ+γ−

√
(4)  

combining Eq. (2) and Eq. (3), the complete Young-equation can be 
expressed as 

(1+ cos θ)γtotal
L = 2

( ̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

γLW
S γLW

L

√

+

̅̅̅̅̅̅̅̅̅̅

γ+S γ−L
√

+

̅̅̅̅̅̅̅̅̅̅

γ−S γ+L
√ )

(5) 

According to Eq. (5), the γLW
S , γ+S , and γ−S of all samples can be ob

tained by measuring the contact angle θ of three kinds of liquids with 
known surface tension on the sample surfaces. 

As shown in Fig. 4 and Table 1, the polar liquids (water and glycerol) 
and apolar liquids (diiodomethane) were adopted to characterize and 
calculate the surface tension component of all samples. Based on Eq. (5), 

γLW
S , γ+S , and γ−S of all samples were obtained shown in Table 1. The 

surface tension of original titanium surface was 53.46 mN/m. 
Combining Table 1 and Fig. 4, it could be observed that nanotexture 
generated on the titanium surface without annealing treatment (N–Ti) 
induced a slight decrease in the surface tension compared to pure tita
nium surface (P–Ti), which could be attributed to the difference in 
composition and micromorphology, i.e., the nanotexture layer covering 
titanium surface was composed of amorphous TiO2. Additionally, a 
pinning effect induced by regular semi-closed nanotexture hindered the 
liquid infiltration, thus resulting in a lager liquid contact angle 
compared to flat titanium surface [48]. When the samples were 
annealed at 550 ◦C, whether the surfaces were with nanotexture (N-550) 
or without nanotexture (F-550), the surface tension increased to about 
60 mN/m compared to P–Ti, and the polar component increased 
significantly. The phenomenon was mainly associated with the genera
tion of anatase with high surface energy in the oxidized layer shown in 
Fig. 3. As shown in Fig. 4, the remarkable decrease in the liquids contact 
angles on the surfaces of N-550 and F-550 could intuitively reflected an 
increase of surface energy. Upon annealing temperature up to 900 ◦C, 
rutile with higher surface energy nucleated at the interface of anatase 
grains due to the increase in thermal vibrational energy of Ti and O 
atoms [43]. With the increase in annealing time, many fine rutile grain 
generated shown in Fig. 2(h1-i2). On the nanoscale, surface area per unit 
volume would increase due to the grain refinement and increased grain 
boundary, accompanied with higher surface energy. Through a series of 
comparative analysis, it was found that the nanotexture and crystal 
phase can effectively regulate the surface energy of material, thus 
inducing change in its apparent wettability. 

3.4. Attachment and proliferation behaviors of HUVECs and HASMCs 

For bare metal implants, TiO2 is widely considered as one of the most 
promising inorganic coatings [28], with alteration in its surface chem
istry, crystalline phase and topography contributing to improved 
biocompatibility. Therefore, the effect of surface topography and crystal 
phase of TiO2-based biomaterials on vascular tissue cells adhesion and 
proliferation were analyzed by characterizing the adhesion and prolif
eration behaviors of HUVECs and HASMCs on different sample surfaces. 

The preliminary discussion about adhesion and proliferation be
haviors of cells was performed by observing the immunofluorescence 
images. As shown in Fig. 5(a1-g3), red color denoted filamentous actin 
which was characterized to analyze cytoskeleton development and 
evaluate the cells attachment behaviors on different sample surfaces. 
First, the fluorescence micrographs showed that individual HUVEC 
grown on the surfaces of N–Ti, N-550, and F-550 displayed a larger 
spreading morphology compared with other groups, and when the in
cubation time was prolonged to 48 h, these sample surfaces were fully 
covered by the HUVECs showing a tight fusion with each other. How
ever, compared with the above experimental groups, the surfaces of P–Ti 
and F–Ti were not completely covered by cells until the incubation time 
was extended to 72 h, implying a decrease in the cell proliferation rate. 

Fig. 4. Contact angles of water, glycerol, and diiodomethane droplets on 
different samples surfaces. Original pure titanium (P–Ti), un-annealed nano
texture (N–Ti); un-annealed oxide layer (F–Ti), nanotexture annealed at 550 ◦C 
(N-550), oxide layer annealed at 550 ◦C (F-550), nanotexture annealed at 
900 ◦C (N-900), oxide layer annealed at 900 ◦C (F-900). 

Table 1 
Surface tension properties of all samples.  

Materials γtotal (mN/ 
m) 

γLW (mN/ 
m) 

γAB (mN/ 
m) 

γ+ (mN/ 
m) 

γ- (mN/ 
m) 

Water 72.80 21.80 51.00 25.50 25.50 
Glycerol 64.00 34.00 30.00 3.92 57.40 
Diiodomethane 50.80 50.80 0 0 0 
P–Ti 53.46 42.88 10.58 2.59 10.80 
N–Ti 46.72 40.12 6.60 0.89 12.24 
F–Ti 61.29 45.69 15.60 2.52 24.14 
N-550 60.59 43.48 17.11 1.68 43.56 
F-550 60.05 39.86 20.19 2.57 39.64 
N-900 62.71 44.53 18.18 2.21 37.39 
F-900 62.85 42.54 20.31 2.23 46.26  
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Additionally, HUVECs showed an inactive morphology on the surfaces 
of N-900 and F-900, and the sample surfaces were still not completely 
covered after 72 h, suggesting an extremely slow proliferation rate. 
Besides the biological behavior of HUVECs, which is relevant for tissue 
hyperplasia and thrombosis on the surfaces of blood-contacting medical 
devices, the adhesion and hyperproliferative behavior of HASMCs is 
major factor affecting its occurrence. As shown in Fig. 5(h1-n3), 
HASMCs mainly exhibited disorderly extension morphology, accompa
nied by longer tentacles. Preliminarily, the proliferation pattern of 
HASMCs on different samples surfaces were not consistent with those of 
HUVECs. Among them, the proliferation rate of HASMCs on the F–Ti 
surface showed no significant difference compared with that of P–Ti due 
to possessing the same crystal phase and surface topography, and it was 

also the fastest compared with other groups. Additionally, the prolifer
ation rate of HASMCs on the surfaces of N-900 and F-900 was the 
slowest, which indicated that N-900 and F-900 not only inhibited the 
adhesion and proliferation of HUVECs, but also limited the growth of 
HASMCs. Initially, it could be found that the surface topography and 
crystal phase of TiO2-based materials have a significant effect on the 
proliferation behaviors of HUVECs and HASMCs. To deeply discuss the 
effect of modified surface properties on the proliferation behaviors of 
cells, the number and single-cell spreading area of HUVECs and HASMCs 
were quantitatively and statistically analyzed in the next section. 

Cells grew on the foreign material usually from following a series of 
developmental process such as substrate attachment, cell spreading, and 
cytoskeleton development [49]. Fig. 6 presented the fluorescence 

Fig. 5. Immunofluorescence staining micrographs of HUVECs and HASMCs after being cultured for 24 h, 48 h, and 72 h on different sample surfaces. (a1-g3) 
HUVECs respectively adhered on original pure titanium surface (P–Ti), un-annealed nanotexture surface (N–Ti); un-annealed oxide layer surface (F–Ti), nanotexture 
surface annealed at 550 ◦C (N-550), oxide layer surface annealed at 550 ◦C (F-550), nanotexture surface annealed at 900 ◦C (N-900), oxide layer surface annealed at 
900 ◦C (F-900); (h1-n3) HASMCs respectively adhered on the surfaces of P–Ti, N–Ti, F–Ti, N-550, F-550, N-900, and F-900. (Blue color denoted nucleus, red color 
denoted filamentous actin). (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.) 
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microscopic image and statistical results of HUVECs cultured on 
different sample surfaces for 24 h. First, red color denoted filamentous 
actin which was stained by TRITC-phalloidin to analyze cytoskeleton 
development and evaluate the cells attachment behaviors of cells. As 
shown in Fig. 6(a1-g2), much more pronounced filamentous extension 
and lager spreading area of each cell was observed on the N-550 surface, 
accompanied with a fully developed cytoskeleton, which indicated that 
the N-550 surface provided a better microenvironment for attachment 
and spreading of HUVECs compared with other samples. In contrast, 
HUVECs attached on the surfaces of N-900 and F-900 exhibited small 
and rounded morphology without obvious pseudopod extensions, 
implicating a slower proliferation rate. 

Subsequently, the statistical analysis revealed that nanotexture 

significantly promoted cell spreading by a comparison between the 
groups of N–Ti and F–Ti. According to the statistical results of cells 
adhered on the F-550, it could be found that the presence of anatase did 
not produce significant effect on both cells attachment and morphology 
compared to the F–Ti. However, the comparison of cells growth states on 
the surfaces of N-550 and N–Ti, N-550 and F-550 showed that the 
combination of regular nanotexture and anatase greatly promoted the 
attachment and spreading of HUVECs. As presented in Fig. 6(i) and (j), 
the number of HUVECs adhered to the surface of N-550 was maximum 
and they had the largest cell spreading area. Some studies have 
confirmed that highly ordered features, such as TiO2 nanotube, can 
result in an enhancement in HUVECs motility and proliferation [50]. As 
shown in Fig. 2(d2) and (f2), highly organized honeycomb 

Fig. 6. Cytoskeletal actin stains and statistical analysis of HUVECs cultured on different samples surfaces for 24 h. (a1-g2) Fluorescent images of HUVECs attached 
on different sample surfaces; (h) Statistical analysis of adhered number and spreading area of HUVECs using one-way analysis of variance (ANOVA) followed by 
Tukey’s post hoc test, *P＜0.05, * *P＜0.01, ***P＜0.001; (i) Amounts of HUVECs attached on the different samples surfaces; (j) Single-cell spreading area of 
HUVECs on different sample surfaces (blue color denoted nucleus, red color denoted filamentous actin). (For interpretation of the references to color in this figure 
legend, the reader is referred to the Web version of this article.) 

J. Zhang et al.                                                                                                                                                                                                                                   



Materials Today Bio 25 (2024) 100968

10

nanostructure was formed on the surfaces of N–Ti and N-550, which 
provided a suitable nano-topography for promoting HUVECs growth. In 
addition, as the annealing treatment increased to 900 ◦C, the regular 
nanotexture completely disappeared generating many small and dense 
rutile grains with irregular shapes. As a result, the attachment and 
cytoskeleton development were significantly suppressed along with the 
disappearance of the nanotexture and generation of rutile. Specifically, 
the comparative analysis of F-900 and F-550 revealed that rutile phase 
resulted in a substantial weakness in cells proliferation, and the cells 
growth state on the surfaces of N-900 and N-550 further confirmed that 
the collapse of nanotexture and formation of rutile did not provide a 
suitable microenvironment for cells attachment, spreading, and cyto
skeleton development. 

To further examine the integrity and maturity of endothelial cells 
cultured on different sample surfaces, the expression of CD31 (platelet 
endothelial cell adhesion molecule) in HUVECs cultured in ECM with 
different samples was analyzed by immunofluorescence staining. As 
shown in Fig. 7(a2-a5), the presence of nanostructures significantly 
elevated the spreading of the endothelial cell skeleton as well as the 
expression of CD31, suggesting a high cell maturation by comparing the 
fluorescence results of the two groups, N–Ti and F–Ti, N-550 and F-550. 
Additionally, a further scrutinization delineated an intensified expres
sion of CD31 within HUVECs cultured on the nanotexture surface 
annealed at 550 ◦C (N-550), demonstrating that the transition from 
amorphous to anatase phase of TiO2 promoted the formation of 
confluent and compact endothelial monolayer. Overall, distinct increase 
in CD31 expression were observed in the HUVECs attached on the sur
face of N-550 than other samples, reaffirming the ability of nano
structure and crystal phase offered a positive effect on endothelial 
maturation. Meanwhile, expression of the junction protein VE-Cadherin 
was further examined to confirm the integrity of the regenerated cell 
monolayer. As shown in Fig. 7(d1-f7), HUVECs cultured on the surface 
of N-550 was visually integrated well with the neighboring cells, a close 
look into the cell-cell junction indicated cell-cell junctions became 
thicker, forming a more stable reticular morphology after the combi
nation between nanostructure and anatase on the titanium surface, 
while significant decline in expression of VE-Cadherin was observed 
when the annealing treatment temperature of samples increased to 
900 ◦C, which mainly attributed to the disappearance of nanostructure 
and anatase. The immunofluorescent results showed that either nano
structure or anatase phase upregulated the expression of VE-Cadherin 
and promoted cell-cell interaction for HUVECs monolayer integrity. 

In the early stage of vascular implantation, an anti-proliferative 
performance against smooth muscle cells is crucial to inhibit tissue 
disorder proliferation such as in-stent stenosis. Therefore, more details 
about proliferation behavior of HASMCs on different sample surfaces 
needed to be discussed. Fig. 8(a1-g2) presented the typical fluorescence 
microscopic images of cytoskeleton arrangement in the HASMCs 
cultured on different samples surface for 24 h. First, HASMCs attached 
on the pure titanium surface presented a fully spreading cell morphology 
with a large cell size than that attached on other sample surfaces, 
indicating an active cells growth state. The statistical results of adhered 
number and single-cell spreading area revealed that the pure titanium 
surface favored the rapid proliferation of HASMCs, which also 
confirmed that the bare titanium implant surface still faced a high risk of 
tissue proliferation. Subsequently, a comparative analysis of cell 
morphology on the surfaces of N–Ti and P–Ti revealed that the existence 
of nanotexture led to a decrease in the number and spreading area of 
adherent HASMCs. As shown in Fig. 8(a2), HASMCs adhered to the N–Ti 
surface through localized adhesion sites generated by multiple circular 
pseudopodia, indicating a potential local adhesion behavior compared 
to the fully spreading morphology on the pure titanium surface. 
Furthermore, at annealing temperature of 550 ◦C, the introduction of 
anatase induced a decrease in the HASMCs attachment by statistically 
analyzing the number of cells in these groups of F-550 and F–Ti. Taking 
it further, we could find that the combination of nanotexture and 

anatase exhibited inhibitory effect on the spreading and skeleton 
development shown in Fig. 8(c2) and (a2). However, when the 
annealing temperature increased to 900 ◦C, HASMCs attached on the 
surfaces of N-900 and F-900 were slenderer and more isolated compared 
with other samples, implying a significant inhibition of normal 
expressing of HASMCs, which mainly attributed to the formation of 
rutile and deteriorated surface morphology that reduced the effective 
area of cells attachment. 

Nano- and micro-topography can regulate the biological behaviors of 
different types of cells, including endothelial cells (ECs), smooth muscle 
cells (SMCs). The direct effect of surface topography on the proliferation 
and phenotype of ECs and SMCs has been extensively discussed. Spe
cifically, some studies have confirmed that highly ordered features, such 
as TiO2 nanotube, can induce a decrease in the proliferation and cyto
skeleton alignment of SMCs and an enhancement in ECs motility, pro
liferation, and migration [35,50]. Furthermore, nanotexture with 
special size could effectively stimulate or regulate several molecular 
adhesion and cellular events such as extracellular matrix protein 
secretion. Lee et al. [35] demonstrated that the amount of elastin and 
collagen produced by ECs cultured on regular nanotexture with the pore 
size of 110 nm were 6–8 and 2–3 times more than that of flat titanium 
surface, respectively. Collagen and elastin are necessary to form the 
ECM upon which they grow. As a result, the large amount of collagen 
and elastin under the simulation of nanotexture could provide a favor
able microenvironment for ECs proliferation. Meanwhile, Peng et al. 
[51] reported that SMCs respond more effectively to submicrometric 
texture than nanoscale or microscale texture. The nanotextured surface 
could result in a decrease in SMCs proliferation and upregulate the 
expression of smooth muscle α-actin maintaining a differentiated state 
may aid in preventing disorder growth. As shown in Fig. 2, the pore size 
of regular nanotexture in the N–Ti and N-550 were approximately 100 
± 11 nm and 120 ± 7 nm, respectively. As stated above, it could provide 
a suitable nano-topography for promoting ECs growth and suppressing 
SMCs proliferation. 

Furthermore, the crystal phase of metallic material also plays an 
important role in regulating biological response of cells [21]. For the 
TiO2-based biomaterials, anatase and rutile are the two stable crystal 
phases of TiO2, and both of them have semiconductor properties with 
band gap of 3.2 eV and 3.0 eV, respectively. Unlike the rutile phase, it 
could easily absorb visible light over a wider range of wavelength and 
excite electrons [39]. Anatase prevented the generation and transfer of 
electrons by reducing the likelihood of the photoelectric effect due to the 
high energy band gap than rutile, thus preventing the proteins adsorbed 
on the material surface from losing their original bioactivity or altering 
their function [52]. As shown in Figs. 5–8, HUVECs cultured on the 
surfaces of N-550 and F-550 present extensive filopodia and excellent 
spreading in multi-directions, indicating a great cellular adhesion and 
growth state. However, when the heat treatment temperature reached to 
900 ◦C, the regular nanotexture completely disappeared companied by 
the generation of many refined rutile grains. One the one hand, 
micro-pits with lager size and irregular surface topography could not 
provide adequate effective contact area for the ECs and SMCs adhesion 
and proliferation. On the other hand, the abundant grain boundaries 
resulted in an increased specific surface area and surface energy shown 
in Table 1, providing more oxidation channels and active sites to react 
with biomolecules in the cells and thus inhibit cell activity [53]. As a 
result, HUVECs and HASMCs cultured on N-900 and F-900 all presented 
inactive growth behaviors. 

3.5. Migration and proliferation behaviors of HUVECs and HASMCs 

Migration ability of endothelial cells is another important indicator 
to evaluate the pro-endothelialization performance of modified surfaces. 
Meanwhile, suppressing the smooth muscle cell migration is equally 
crucial for preventing the tissue hyperplasia. Therefore, an idea modi
fied surface is one that supports rapid endothelialization while reducing 
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Fig. 7. Evaluation of endothelium quality and maturity based on the expression of CD31 and VE-Cadherin. (a1-c7) Immunofluorescence of CD31 in HUVECs 
cultured for 48 h on the surfaces of pure titanium (P–Ti), un-annealed nanotexture surface (N–Ti), un-annealed oxide layer surface (F–Ti), nanotexture surface 
annealed at 550 ◦C (N-550), oxide layer surface annealed at 550 ◦C (F-550), nanotexture surface annealed at 900 ◦C (N-900), oxide layer surface annealed at 900 ◦C 
(F-900); (d1-f7) Immunofluorescence of VE-Cadherin in HUVECs cultured for 48 h on the surfaces of P–Ti, N–Ti, F–Ti, N-550, F-550, N-900, and F-900; (g) 
Quantified fluorescence intensity of CD31 in HUVECs cultured on different sample surfaces for 48 h; (h) Quantified fluorescence intensity of VE-Cadherin in HUVECs 
cultured on different sample surfaces for 48 h; (i) Statistical analysis of CD31 and VE-Cadherin expression using one-way analysis of variance (ANOVA) followed by 
Tukey’s post hoc test, *P＜0.05, * *P＜0.01, ***P＜0.001, (blue color denoted nucleus, red color denoted CD31, green color denoted VE-Cadherin). (For inter
pretation of the references to color in this figure legend, the reader is referred to the Web version of this article.) 
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the migration rate of smooth muscle cell on the surface. As shown in 
Fig. 9(a1-a3) and (b1-b3), the migration distance and density of the 
HASMCs on the surfaces of P–Ti, N–Ti, and F–Ti did not present signif
icant differences, while some differences can be observed in migration 
ability and proliferation density of HUVECs on these sample surfaces, 
implying that presence of nanotexture provided a friendly microenvi
ronment for HUVECs attachment, cytoskeleton development, and 
rapidly migration. Furthermore, when the samples subjected to an 
annealing treatment at 550 ◦C, by comparing the migration distance and 
cells density on the surfaces of P–Ti, N–Ti and N-550, it could be found 
that HUVECs migration ability was greatly promoted while HASMCs 

migration was obviously suppressed on the surface of N-550, which 
indicated that anatase produced positive effect on promoting HUVECs 
migration ability and inhibiting HASMCs proliferation. The biological 
effect induced by anatase could be also confirmed from the migration 
behavior of HUVECs and HASMCs on the surfaces of F-550 and F–Ti, 
where only crystal phase differed in the two groups. Moreover, the cells 
migration behaviors on the surfaces of N-550 and F-550 reflected that 
the biological effect induced solely by anatase was lower than what was 
triggered by the coupling of anatase and nanotexture. As shown in Fig. 9 
(a4) and (b4), HUVECs showed the longest migration distance with the 
largest single cell spreading area and proliferation density on the surface 

Fig. 8. Cytoskeletal actin stains and statistical analysis of HASMCs cultured on different samples surfaces for 24 h. (a1-g2) Fluorescent images of HASMCs attached 
on different sample surfaces; (h) Statistical analysis of adhered number and spreading area of HASMCs using one-way analysis of variance (ANOVA) followed by 
Tukey’s post hoc test, *P＜0.05, * *P＜0.01, ***P＜0.001; (i) Amounts of HASMCs attached on the different samples surfaces; (j) Single-cell spreading area of 
HASMCs on different samples surfaces (Blue color denoted nucleus, red color denoted filamentous actin). (For interpretation of the references to color in this figure 
legend, the reader is referred to the Web version of this article.) 
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of N-550, whereas HASMCs presented the shortest migration distance. 
As discussed above, the regular nanotexture with size of 110–120 nm 
employed in the surface of N-550 could provide a suitable nano- 
topography for promoting ECs attachment, cytoskeleton development, 
and rapidly migration while suppressing SMCs proliferation [35,51]. 
Also, the anatase has a higher band gap compared to other crystal phase, 
which can effectively avoid electron spillover and transfer, preventing 
the proteins adsorbed on the material surface from losing their original 
bioactivity or altering their function, thereby also providing a stable and 
friendly microenvironment for cells growth [52]. Subsequently, when 
the annealing treatment temperature reached to 900 ◦C, both the 
migration distance and cells density on the surfaces of N-900 and F-900 
were considerably lower than that of pure titanium, which indicated 
that the crystal phase transformation from anatase to rutile accompa
nied by the deteriorated surface morphology strongly inhibited 
HUVAECs and HASMCs migration ability. 

3.6. Competitive proliferation behaviors of HUVECs and HASMCs 

Enhancing the proliferative activity of HUVECs could accelerate 
wound healing resulting from vascular implant placement. However, the 
competitive effect of HUVECs with HASMCs in vivo cannot be ignored, 
and rapid HASMCs proliferation can also cause tissue disorderly hy
perplasia on the implant surface. Separately analyzing the effect of the 
material properties on HUVECs proliferation, without considering the 
competition with HASMCs, may not be accurate to evaluate its 

biocompatibility. Therefore, the competitive growth behavior between 
HUVECs and HASMCs on different sample surfaces were further 
analyzed by a long-term co-culture test. As an endothelial cell marker, 
CD31 is widely involved in growth behaviors of endothelial cells such as 
adhesion and migration and plays an important role in maintaining the 
integrity of endothelial cell junctions. α-SMA, a characteristic marker to 
distinguish the phenotype of vascular smooth muscle cells, performs 
important role in cell motility, structure, and integrity. Therefore, the 
competitive proliferation behaviors of endothelial cells and smooth 
muscle cells were distinguished and observed according to proteins 
expression of CD31 and α-SMA after co-culture on different modified 
surfaces for 7 days. 

First, the cells morphology was observed after being cultured for 7 
days. As shown in Fig. 10(a1-a5), After 7 days of co-culture on the 
surface of P–Ti, HASMCs proliferated substantially under the co-culture 
environment, far outnumbering endothelial cells, and a smaller number 
of HUVECs were observed from the profiles of the fluorescence image in 
which they were covered by HASMCs. In addition, immunofluorescence 
staining showed significant expression of α-SMA protein in HASMCs 
along with higher cells adhesion and proliferative activity, indicating 
that the growth of HASMCs was dominant in this competitive environ
ment on the pure titanium surface. However, when the honeycomb 
nanotexture was fabricated on the pure titanium surface, i.e., N–Ti 
shown in Fig. 10(b1-b5), the number of CD31-labeled HUVECs increased 
while α-SMA-labeled HASMCs showed a significant decrease compared 
to that of P–Ti, which was consistent with the aforementioned results of 

Fig. 9. Immunofluorescence staining micrographs of HUVECs and HASMCs migration on different sample surfaces after being cultured for 72 h. (a1-a7) Migration 
distance of HUVECs on the original pure titanium surface (P–Ti), un-annealed nanotexture surface (N–Ti); un-annealed oxide layer surface (F–Ti), nanotexture 
surface annealed at 550 ◦C (N-550), oxide layer surface annealed at 550 ◦C (F-550), nanotexture surface annealed at 900 ◦C (N-900), oxide layer surface annealed at 
900 ◦C (F-900); (b1-b7) Migration distance of HUVECs on the surfaces of P–Ti, N–Ti, F–Ti, N-550, F-550, N-900, and F-900 (blue color denoted nucleus, red color 
denoted filamentous actin). (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.) 
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Fig. 10. Competitive adhesion and proliferation of HUVECs (red color denoted CD31 in HUVEC) and HASMCs (green color denoted α-SMA in HASMC) after co- 
culture on different sample surfaces for 7 days. (a1) Immunofluorescence images of CD31 and α-SMA expression in HUVECs and HASMCs co-cultured on the 
pure titanium surface (P–Ti) under a large field of view; (a2-a4) local details of competitive adhesion and proliferation behaviors of cells; (a5) Cells distribution 
analysis based on profiled view of cells adhesion layer on pure titanium surface; (b1-b5) Un-annealed nanotexture surface (N–Ti); (c1-c5) Un-annealed oxide layer 
surface (F–Ti); (d1-d5) Nanotexture surface annealed at 550 ◦C (N-550); (e1-e5) Oxide layer surface annealed at 550 ◦C (F-550); (f1-f5) Nanotexture surface 
annealed at 900 ◦C (N-900); (g1-g5) Oxide layer surface annealed at 900 ◦C (F-900). (For interpretation of the references to color in this figure legend, the reader is 
referred to the Web version of this article.) 

J. Zhang et al.                                                                                                                                                                                                                                   



Materials Today Bio 25 (2024) 100968

15

individual cells adhesion, further suggesting that special nanotexture 
could contribute to the selective promotion of HUVECs proliferation and 
inhibition of HASMCs. Furthermore, when annealing treatment was 
performed at 550 ◦C, both N-550 and F-550 selectively and greatly 
promoted the attachment and spreading of HUVECs relative to HASMCs 
shown in Fig. 10(d1-d4). Especially for N-550, the CD31expression of 
HUVECs grown on the modified surface was remarkable and the cyto
skeleton spread out sufficiently shown in Fig. 6(c1-c2). Meanwhile, the 
junction of cell-to-cell showed a tight morphology, which further 

indicating that the combination of nanotexture and anatase phase could 
induce favorable biological responses in terms of HUVECs proliferation 
and facilitate the formation of integrated monolayers of endothelium. 
However, no obvious proliferation was observed on the surfaces of N- 
900 and F-900 for HUVECs and HASMCs, and the cytoskeleton of 
HASMCs exhibit a reticulately connected morphology that indicating an 
extremely inactive state of cells growth and proliferation due to the 
reduction of local adhesion caused by crystallographic properties of 
rutile phase and deteriorating surface topography. 

Fig. 11. Histopathological analysis of the blood vessel tissue and the hyperplasia tissue at the site of tube implants. (a1-a2) Hematoxylin-eosin (HE) staining of the 
blood vessel tissue at the site of P–Ti implant; (b1-b2) Masson staining of the blood vessel tissue; (c1-c2) HE staining of hyperplasia tissue generated in the lumen of 
P–Ti implant; (d1-d2) Masson staining of hyperplasia tissue generated in the lumen of P–Ti implant; (e1-e2) HE staining of the blood vessel tissue at the site of N-550 
implant; (f1-f2) Masson staining of the blood vessel tissue; (g1-g4) Immunofluorescent staining of CD31 and α-SMA expressed in the blood vessel tissue at the site of 
P–Ti implant; (h1-h4) Immunofluorescent staining of CD31 and α-SMA expressed in the blood vessel tissue at the site of N-550 implant (blue color denoted nucleus, 
red color denoted CD31, green color denoted VE-Cadherin). (For interpretation of the references to color in this figure legend, the reader is referred to the Web 
version of this article.) 
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3.7. In vivo rapid endothelialization analysis of modified tube implants 

Through analyzing the in vitro biological effects of different modified 
sample surfaces, the sample with honeycomb nanotexture annealed at 
550 ◦C (N-550) showed excellent functions of selective pro- 
endothelialization and inhibition of SMCs proliferation. Therefore, the 
N-550 and pure titanium sample (P–Ti) were selected as the experi
mental group and control group during animal experiment to deeply 
analyze the synergistic regulation mechanism of vascular tissue cells 
adhesion and proliferation affected by nanotexture and crystal phase. 
One month after in vivo implantation, the small-diameter tube implants 
were removed from the left carotid artery. Histological staining 
including HE, Masson staining and immunofluorescence staining were 
carried out to further analyze the vascular remodeling and organization. 
Obviously, large amount of hyperplasia tissue generated in the lumens of 
P–Ti implant shown in Fig. 11(c1-d2), and obvious blood clots and some 
new capillaries appeared in the regenerated tissue, representing a high 
risk in eliciting thrombogenesis-resultant vascular occlusion. Addition
ally, as shown in Fig. 11(c2) and (d2), many fibroblasts and smooth 
muscle cells disorderly grew and some inflammatory cells infiltrated 
into hyperplasia tissue, and intimal thickening of the blood vessel at the 
site of implantation was particularly pronounced. By contrast, the 
luminal surface of N-550 implant was largely covered by a confluent and 
oriented cells without blood clots and new capillaries generated in the 
proliferated tissue. Compared to the disorganized hyperplasia tissue 
induced by P–Ti implant, the regenerated tissue layer on the surface of 
N-550 implant lumen exhibited an artery-like tissue with obvious cell 
orientation. As displayed in the HE and Masson staining images, well- 
organized elastin and collagen fibrillar formed in the regenerated tis
sue layer. 

To analyze the rapid endothelialization on the luminal surfaces of 
tube implant, immunofluorescence staining of CD31 and α-SMA was 
performed. As shown in Fig. 11(g1-g4), strong positive expression of 
α-SMA protein revealed that the hyperplastic tissue of the vessel wall 
was filled with many smooth muscle cells in a disordered arrangement. 
Moreover, extremely low level of CD31 expression indicated that inef
ficient endothelialization capacity. Especially at the initial end of pro
liferative tissue (near the vessel wall) where an intact and continuous 
endothelial monolayer was still lacking. In contrast, as shown in Fig. 11 
(h1-h4), an obvious confluent endothelial monolayer with strong posi
tive expression of CD31 was visible even at the distal part of regenerated 
tissue layer, indicating the high efficiency of rapid endothelialization on 
the surface of N-550 implant. As a result, the rapid endothelialization 
rate effectively promoted the vascular remodeling and inhibited disor
dered tissue proliferation. In summary, in vitro and in vivo results showed 
that the special modification on the titanium surface was confirmed 
capable of programmatically regulating endothelium regeneration 
through guiding cell adhesion, promoting confluent endothelial mono
layer formation, inducing endothelium maturation as well as suppress
ing disordered proliferation. 

4. Conclusion 

Selective pro-endothelialization and suppression of smooth muscle 
proliferation play a vital role in maintaining stable long-term service of 
blood-contacting implantable/interventional titanium devices. In this 
work, a novel strategy for fabricating the highly organized nanotexture 
on titanium substrate was proposed by a two-step anodic oxidation, 
combining an annealing treatment to achieve precise regulation of 
nanotexture topography and crystal phase. Among them, the morpho
logical evolution of nanotexture is closely related to the transformation 
of the crystal phase. In particular, the phase transformation from anatase 
to rutile lead to the collapse of the regular honeycomb nanotexture, 
accompanied by the formation of fine rutile grains. The characterization 
of wettability and surface tension calculation showed that the presence 
of nanotexture reduced the surface tension of titanium, especially for the 

polar component, while the generation of anatase significantly 
enhanced the polar component of surface tension. Furthermore, rutile 
forming with deteriorated surface morphology reduced the effective 
area accessible to HUVECs and HASMCs attachment, thus hindering 
cells focal adhesion, cytoskeleton development and migration. By 
contrast, the combination of regular honeycomb nanotexture and 
anatase present positive effect on expression of CD31 and VE-Cadherin 
of ECs and provided a favorable microenvironment for HUVECs prolif
eration in a competitive with HASMCs. In vivo study further confirmed 
the modified tube implant with honeycomb nanotexture and anatase 
could facilitate rapid re-endothelialization, suppress neointimal disor
dered proliferation and reduce the risk of restenosis. The proposed 
modified strategy is hence believed to inspire the development and 
deployment of blood-contacting titanium implant to exploit their full 
potential. 
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