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Background: Macrophages play important roles in the immune response to, and successful
implantation of, biomaterials. Titanium nanotubes are considered promising heart valve stent
materials owing to their effects on modulation of macrophage behavior. However, the effects
of nanotube-regulated macrophages on endothelial cells, which are essential for stent endothe-
lialization, are unknown. Therefore, in this study we evaluated the inflammatory responses of
endothelial cells to titanium nanotubes prepared at different voltages.

Methods and results: In this study we used three different voltages (20, 40, and 60 V) to
produce titania nanotubes with three different diameters by anodic oxidation. The state of mac-
rophages on the samples was assessed, and the supernatants were collected as conditioned media
(CM) to stimulate human umbilical vein endothelial cells (HUVECs), with pure titanium as a
control group. The results indicated that titanium dioxide (TiO,) nanotubes induced macrophage
polarization toward the anti-inflammatory M2 state and increased the expression of arginase-1,
mannose receptor, and interleukin 10. Further mechanistic analysis revealed that M2 macro-
phage polarization controlled by the TiO, nanotube surface activated the phosphatidylinositol
3-kinase/AKT and extracellular signal-regulated kinase 1/2 pathways through release of vascular
endothelial growth factor to influence endothelialization.

Conclusion: Our findings expanded our understanding of the complex influence of nanotubes
in implants and the macrophage inflammatory response. Furthermore, CM generated from
culture on the TiO, nanotube surface may represent an integrated research model for studying
the interactions of two different cell types and may be a promising approach for accelerating
stent endothelialization through immunoregulation.

Keywords: TiO, nanotubes, axitinib, stent implant, endothelial cells, conditioned medium

Introduction
Heart valve replacement is the main treatment for heart valve disease. However, heart
valve stents are prone to thrombosis and have historically presented challenges.!
Recent research has indicated that rapid re-endothelialization after stent implantation
can reduce platelet adhesion and inflammatory responses, thereby decreasing the risk
of thrombosis.>* Hence, surface modification of stent materials is a promising method
to accelerate endothelialization.

Heart valve stents play a crucial role in the anatomy reconstruction of tissue dam-
age in heart valve replacement surgery, and the performance of implantable stents has
a considerable impact on material-host interactions. Titanium is the most commonly
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used metallic material for heart valve stents, whose superior
biocompatibility is related to the layer of titanium dioxide
(TiO,).* Nanotechnology has been widely used in surface
modification of materials. The nanostructure morphology on
the surface of implanted materials can affect the morphology
and function of adherent cells’ and can regulate cell behavior
as a drug nanoreceptor.® Moreover, TiO, nanotubes can
reduce the inflammatory response of macrophages by inhib-
iting the nuclear factor-kB (NF-kB) pathway,” and TiO,
is easily formed on the material surface through a simple
electrochemical process.®” Interestingly, highly ordered TiO,
nanotubes with a diameter of about 70 nm improve human
umbilical vein endothelial cell (HUVEC) adhesion, prolif-
eration, and angiogenesis,'? indicating that the morphology
of biomaterials is relevant to bodily responses. Although
endothelial cells can be guided by titanium nanotubes,''"3 the
interaction between the effects of nanotubes on macrophages
and the functions of endothelial cells remains unclear.
Unfortunately, common biomaterials (eg, bioceramic
and titanium) have adverse influences on tissues and cells
in vivo and in vitro.'*!> Host immune responses may have
a negative impact on recovery and can target implanted
biomaterials. When metallic implants are applied, various
proteins will adhere to the implants, subsequently induc-
ing a host inflammatory response and initiating endothelial
repair. Slight inflammation is necessary, and the environ-
ment around the implant material is affected by the inflam-
matory response.'® Although it is believed that proper
inflammation facilitates the recruitment of endothelial cells
from the surrounding environment, excessive or persistent
inflammation activates downstream pathways, leading to
delayed tissue healing and inflammatory damage.'”'® Mac-
rophages and their precursor monocytes, as pivotal players
in innate immunity, are largely involved in the develop-
ment and progression of inflammation, directly related to
M1/M2 polarization of macrophages. M1 macrophages
promote inflammation, whereas M2 macrophages inhibit
inflammation.!® Different tissue microenvironments induce
macrophage polarization and various cytokines will be
secreted in response. M1 macrophages synthesize tumor
necrosis factor alpha (TNF-a,), interleukin- 13 (IL-1f), IL-8,
inducible nitric oxide synthase (iNOS), C-C chemokine
receptor type 7 (CCR7), and others.?*?! M2 macrophages
produce arginase-1 (ARG1), mannose receptor (CD206),
and IL-10? as well as vascular endothelial growth factor
(VEGF),??* which supports the homing, migration, and pro-
liferation of endothelial cells.?® Therefore, further studies are
needed to investigate the promotion/inhibition of HUVEC

behaviors by the mixture secreted by macrophages on the
surface of TiO, nanotubes.

Accordingly, in this study, we evaluated the inflammatory
response to commercially pure Ti (CP) and to TiO, nano-
tubes generated using 20 (TNT20), 40 (TNT40), and 60 V
(TNT60). The objective of this study was to elucidate the
effects and mechanisms of nanotube-based implants, mac-
rophage polarization, and endothelialization. The results are
expected to establish a complete model for assessing the
characterization of heart valve stent materials and provide a
promising method to accelerate stent endothelialization via
immunomodulation.

Materials and methods
Nanotubular TiO, preparation and

characterization

Pure titanium (Baoti, Baoji, China) was used to fabricate cir-
cular pieces with a diameter of 34 mm and thickness of 1 mm
as raw materials. We employed the anodic oxidation method to
treat the Ti plates.? The Ti plates were cleaned with ethanol,
acetone, and double distilled water via ultrasonic treatment.
Then, polishing water containing HF, HNO,, and H,O (volume
ratio: 1:4:5) was used to polish the Ti plates for | minute. The
Ti plates were placed in electrolyte solution composed of HF
and ethylene glycol for 60 minutes under different voltages
(20, 40, and 60 V). A Ti plate that was not subjected to elec-
trolysis was used as a control. Before seeding cells, the plates
were exposed to ultraviolet radiation for 1 hour.

The surface morphology and topography of the Ti
samples were characterized by scanning electron microscopy
(SEM; JEOL JSM-6700F, Tokyo, Japan). The surface wet-
tability of each sample was examined using a contact angle
meter (DMCEL; Niiza, Japan).

Cell culture

Two cell types, THP1 human monocytic cells and HUVECs,
were cultured. THP1 cells were purchased from the cell bank
of the Chinese Academy of Sciences, and HUVECs were
purchased from American Type Culture Collection (ATCC,
Manassas, VA, USA). THP1 cells were cultivated in RPMI
medium containing 10% FBS under standard conditions (5%
CO,, 37°C, and 100% humidity). Before use, THP1 cells were
treated with phorbol myristate acetate (PMA, 100 ng/mL). The
cells were then seeded on Ti plates treated at TNT20, TNT40,
and TNT60, and pure Ti plates were used as a control. After
3 days, culture medium was collected and mixed with complete
DMEM at aratio of 1:1 to prepare conditioned medium (CM).
HUVECs were cultivated in DMEM containing 10% FBS
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under standard conditions (5% CO,, 37°C, and 100% humid-
ity). When cells were approximately 80% confluent, they were
subcultured using 0.25% trypsin-EDTA.

Behaviors of macrophages on

nanotubular Ti surfaces

Observation of macrophage morphology

THP1 cells were seeded onto different Ti plates in 24-well
plates (1x10° cells/mL) and cultured for 3 days. Next,
50 ng/mL IL-4 was added as a positive control group. For
SEM imaging, all samples were rinsed twice with PBS and
fixed in 2.5% glutaraldehyde overnight at 4°C. Then, samples
were dehydrated using increasing concentrations of ethanol.
All cells were finally dehydrated with hexamethyldisilazane
and air-dried for 40 minutes. All samples were sputter-coated
with gold before SEM.

Macrophage polarization analysis

Prior to confocal laser scanning microscopy (CLSM) obser-
vation, macrophage polarization was studied using indirect
immunofluorescence staining. Rabbit antihuman CD86
(1:500; Abcam, Cambridge, UK) was used as a pro-
inflammatory marker, and rat antihuman CD206 (1:50;
Abcam) was used as an anti-inflammatory marker. THP1
cells were treated with PMA (100 ng/mL) and then seeded
on Ti plates for 48 hours. The cells were fixed in parafor-
maldehyde at 4°C for 10 minutes and subsequently treated
with 0.1% Triton X-100 (Sigma-Aldrich, Shanghai, China)
for 10 minutes. After being blocked with normal goat serum,
the cells were incubated with primary antibodies at 4°C
overnight. Next, donkey anti-rabbit IgG (Alexa Fluor 488;
1:100; Abcam) and donkey anti-rat IgG (Alexa Fluor 488;
1:100; Abcam) secondary antibodies were used to visualize
the cells. The nuclei were stained with DAPI, and all samples
were observed by CLSM. Flow cytometry was used to detect
the polarization of macrophages. The macrophages on the
samples were collected by trypsinization. Next, samples
were fixed with 4% paraformaldehyde for 10 minutes and
then blocked with 10% goat serum for 30 minutes. Samples
were incubated with rabbit antthuman CD86 (1:100; Abcam)
and rat antihuman CD206 (1:50; Abcam) antibodies for 30
minutes, washed with precooled PBS three times (5 minutes
each), and incubated with fluorescently labeled secondary
donkey anti-rabbit IgG (Alexa Fluor 488; 1:200; Abcam) or
donkey anti-rat IgG (Alexa Fluor 488; 1:200; Abcam) for
30 minutes in the dark. After washing three times with PBS,
samples were detected by flow cytometry (BD LSRFortessa;
BD, Franklin Lakes, NJ, USA).

Expression of inflammation-associated proteins
Western blotting was performed for detection of NF-xB
pathway signaling molecules. Cells were lysed with radioim-
munoprecipitation assay buffer. Approximately 20—40 ug
of each cell extract was separated by electrophoresis and
transferred to polyvinylidene difluoride membranes. Next,
5% skim milk was used to block the membranes for
1 hour, followed by incubation with primary antibodies
overnight. Membranes were then washed three times and
incubated with secondary antibodies for 1 hour at room
temperature. Finally, membranes were developed using
enhanced chemiluminescence. Blots were exposed to Tanon
(Shanghai, China).

Subsequently, pro-inflammatory cytokines (TNF-a,
IL-1PB, and IL-8) were examined with chemiluminescence.
Macrophage supernatants were collected and then analyzed
with IMMULITE 1000 TNF-q, IL-1f, and IL-8 kits (Siemens
Inc., Los Angeles, CA, USA), according to the manufac-
turer’s instructions. The detection limits of the assays were
0.12-1,000 pg/mL for TNF-a., 1.5-1,000 pg/mL for IL-1j3,
and 2—7,500 pg/mL for IL-8.

RNA isolation and quantitative real-time PCR analysis
Total RNA was extracted using an RNeasy Mini Kit
(QIAGEN, Hilden, Germany) according to the manufac-
turer’s instructions. Five M1-related genes, ie, IL-1p, IL-8,
iNOS, CCR7, and TNF-q, and three M2-related genes, ie,
ARG1,CD206, and IL-10, were detected by quantitative real-
time PCR using a Bio-Rad Quantitative System (Hercules,
CA, USA). In addition, the mRNA levels of VEGF were
detected. Relative gene expression was normalized to the
housekeeping gene glyceraldehyde 3-phosphate dehydroge-
nase (GAPDH). The PCR primers used are listed in Table 1
(Sangon Biotech, Shanghai, China).

Endothelialization rate in CM

HUVEC adhesion and proliferation assay

HUVECs were cultured in 96-well tissue culture plates with
2x103 cells/mL in CM. After 2, 4, or 12 hours, wells were
rinsed with PBS three times. The adherent cells were cultured
with Cell Counting Kit-8 solution (Dojindo, Kumamoto,
Japan) for 2 hours and read with a 450 nm filter.

To investigate the proliferation of HUVECs in different
CM, cells were seeded at 2x10* cells/mL in a 96-well tissue
culture plate. After 1, 3, or 5 days, 10 uL. CCKS solution was
added to each well, and cells were incubated for 2 hours,
after which the absorbance at 450 nm was measured using
a microplate reader.
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Table | Primers used in this study

Gene and primer | Sequence
direction
Human GAPDH
Forward 5-TGAAGGTCGGAGTCAACGG-3’
Reverse 5-AGAGTTAAAAGCAGCCCTGGTG-3’
Human ARG/
Forward 5-GTGGAAACTTGCATGGACAAC-3’
Reverse 5-AATCCTGGCACATCGGGAATC-3’
Human CD206
Forward 5-TCCGGGTGCTGTTCTCCTA-3’
Reverse 5-CCAGTCTGTTTTTGATGGCACT-3’
Human IL-10
Forward 5-GTTGTTAAAGGAGTCCTTGCTG-3’
Reverse 5"-TTCACAGGGAAGAAATCGATGA-3’
Human IL-13
Forward 5-ATGATGGCTTATTACAGTGGCAA-3’
Reverse 5-GTCGGAGATTCGTAGCTGGA-3’
Human IL-8
Forward 5-TTTTGCCAAGGAGTGCTAAAGA-3’
Reverse 5-AACCCTCTGCACCCAGTTTTC-3’
Human TNF-or
Forward 5-CCTCTCTCTAATCAGCCCTCTG-3’
Reverse 5-GAGGACCTGGGAGTAGATGAG-3’
Human CCR7
Forward 5-TGAGGTCACGGACGATTACAT-3’
Reverse 5-GTAGGCCCACGAAACAAATGAT-3’
Human iNOS
Forward 5-TTCAGTATCACAACCTCAGCAAG-3’
Reverse 5-TGGACCTGCAAGTTAAAATCCC-3’
Human VEGF
Forward 5-ATCGAGTACATCTTCAAGCCAT-3’
Reverse 5-GTGAGGTTTGATCCGCATAATC-3’
Human ITGAV
Forward 5-ACAGGCAATAGAGATTATGCCA-3’
Reverse 5-TTTATCCTGTTTCGACCTCACA-3’
Human vWF
Forward 5-CCGATGCAGCCTTTTCGGA-3’
Reverse 5"-TCCCCAAGATACACGGAGAGG-3’

Abbreviations: ARG/, arginase-|; CCR7, C-C chemokine receptor type 7; CD206,
mannose receptor; GAPDH, glyceraldehyde-3-phosphate dehydrogenase; IL, inter-
leukin; ITGAV, integrin subunit alpha V; TNF-o, tumor necrosis factor o; VEGF,
vascular endothelial growth factor; iNOS, inducible nitric oxide synthase; vWF, von
Willebrand factor.

HUVEC angiogenic determination
Scratch assays were conducted to analyze endothelial cell
migration ability. HUVECs were seeded in 6-well plates, and
when cells reached 100% confluence, the cell monolayer was
carefully scratched with a pipette and then washed with PBS
three times. Next, CM was added, and images were acquired
at 0 and 6 hours after the cells were scratched. ImagelJ soft-
ware (Rawak Software Inc., Stuttgart, Germany) was used
to evaluate the area of the scratch.

When HUVEC: are grown on Matrigel (BD Biosciences,
San Jose, CA, USA), they spontaneously form capillary-like

structures. In tube formation assays, 96-well plates were
coated with 50 uL. Matrigel and incubated at 37°C for 30
minutes. HUVECs were seeded at a density of 4x10°/mL
with 100 pL CM and imaged after incubation for 6 hours.
Imagel] software was used to analyze the number of branch
points and total tube length per field. According to a previ-
ous description,?”?® the mRNA levels of von Willebrand
factor (vIWF) and integrin subunit alpha V (ITGAV) were
detected.

Mechanism of HUVEC endothelialization
A human VEGF ELISA kit (Multi Sciences, Hangzhou,
China) was used to analyze VEGF content in the superna-
tants of macrophages cultured on Ti plates. According to
the manufacturer’s instructions, all reagents and working
standards were prepared, mixed with 50 LL sample, and incu-
bated for 2 hours at room temperature. After aspiration and
washing six times, 100 UL diluted streptavidin-horseradish
peroxidase was added to each well, and plates were incubated
for 45 minutes at room temperature. Following aspiration and
washing six times, 100 uL substrate solution was added to
each well. Finally, 100 uL stop solution was added, and the
absorbance was read at 450 nm.

To determine whether VEGF was involved in the
regulation of endothelialization, 1 UM of the VEGF recep-
tor antagonist axitinib (Selleck, Houston, TX, USA) was
added to the endothelial cell culture medium. Cells were
incubated for 24 hours, and CM was then added, followed
by observation of endothelialization. Activation of the
extracellular signal-regulated kinase 1/2 (ERK1/2) and
phosphatidylinositol 3-kinase (PI3K)/AKT pathways was
detected by Western blotting. PD98059 (an ERK1/2 inhibi-
tor) and LY294002 (an AKT inhibitor) were also added
to the medium to verify the influence of the ERK1/2 and
AKT pathways.

Statistical analysis

The data were analyzed with GraphPad Prism7 (GraphPad
Software, Inc., La Jolla, CA, USA) and presented as the
mean = SD. Significant differences were identified using
one-way analysis of variance. Probability values of less than
0.05 were considered significant.

Results
Characterization of nanotubular TiO2

surfaces

Surface morphology

After anodization at several voltages (20, 40, and
60 V), the TiO, nanotubular surfaces were characterized by
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Figure | Characterization of nanotubular TiO, surfaces.
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Notes: (A) The surface morphologies of four samples (CP, TNT20, TNT40, and TNT60) observed using SEM at different magnifications. (B) The diameters of the nanotubes.
(C) Images of the water contact angles of samples. (D) Analysis of water contact angles in C. Results are presented as mean + SD (N=3). *P<<0.05, **P<<0.01.
Abbreviations: CP, commercially pure Ti; TNT20, TiO, nanotubes generated using 20 V; TNT40, TiO, nanotubes generated using 40 V; TNT60, TiO, nanotubes generated
using 60 V; SEM, scanning electron microscopy. 10,000, magnified 10,000 times. 200,000%, magnified 200,000 times.

SEM (Figure 1A). The diameter of the nanotubes increased
with increasing voltage but was largely consistent at
each voltage. As shown in Figure 1B, the diameters of
the nanotubes were 65+7.6 (20 V), 92+7.5 (40 V), and
14244.0 nm (60 V).

Surface wettability

Wetting angle measurements are shown in Figure 1C. The
contact angles of the water droplets on the CP, TNT20,
TNT40, and TNT60 samples were 82°+3°, 68°+3°,
52.5°%2.5°, and 40°+2.4°, respectively (Figure 1D).

Macrophage behavior on nanotubular

TiO, surfaces

Cell morphology

Macrophage morphology on different nanotubular TiO,
surfaces was observed by SEM. The macrophages displayed
distinct shapes on the varying surfaces. Macrophages on
CP stretched rapidly and exhibited an oval shape, whereas
those on TNT20, TNT40, and TNT60 appeared obviously
elongated. The morphology of macrophages on titanium
nanotubes was similar to that of the positive control group
(Figure 2A). Under high magnification, macrophages were
observed with long and abundant pseudopodia on the TNT20,
TNT40, and TNT60 samples. The elongated shape was con-
sistent with the morphology of M2 macrophages.

Macrophage polarization analysis

Confocal images showed that the CP group had stronger
fluorescence when the sample was incubated with the
M1 -related anti-CD86 antibodies (Figure 2B). When anti-
CD206 antibodies were used, the fluorescence of the
titanium nanotube group was stronger, consistent with
the results in the positive control group supplemented
with IL-4 (Figure 2C). Flow cytometry also showed a
large positive ratio of the macrophage M1 marker pro-
tein (CD86) on CP and a large fluorescence positive
ratio of the macrophage M2 marker protein (CD206) on
TNT20, TNT40, and TNT60 (Figure 2D). Digitization of
the images (Figure 2E and F) suggested that the surface
structures of Ti implants influenced macrophage shape
and indicated that the TiO, nanotubes promoted M2 mac-
rophage polarization.

Inflammatory response of macrophages

RT-PCR revealed the level of M1 polarization- and M2
polarization-related genes (Figure 2G). With M1 polarization,
IL-1B, IL-8, TNF-o,, CCR7, and iNOS expression was high.
In contrast, high ARG, CD206, and IL-10 expression rep-
resented M2 polarization. Chemiluminescence was used to
detect the release of inflammatory factors, and Western blot-
ting was used to detect the activation of inflammation-related
pathways. Inflammatory factors (IL-183, IL-8, and TNF-a) in
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Figure 2 Macrophage behavior on nanotubular TiO, surface.

Notes: (A) SEM of macrophages incubated for 3 days on different samples (CP, TNT20, TNT40, and TNT60). (B) Confocal detection of the M| marker protein CD86
after 48 hours of culture. (C) Confocal detection of the M2 marker protein CD206 after 48 hours of culture. (D) Flow cytometry for detection of the membrane surface
proteins CD86 and CD206. (E) Analysis of flow cytometry results for CD86-positive rates. (F) Analysis of flow cytometry results for CD206-positive rates. (G) Real-time
PCR detection of macrophage polarization and inflammation-related gene expression after 24 hours of culture. (H) Chemiluminescence detection of inflammatory factors
in supernatants. (I) Western blot analysis of inflammation-related proteins on CP, TNT20, TNT40, and TNT60 after 20 minutes of culture. (J) Analysis of phospho-IKB-ou
activity using the images shown in I. (K) ELISA of macrophage-secreted VEGF in supernatants after 72 hours of culture. (L) VEGF gene expression levels in macrophages after
24 hours of culture. Results are presented as mean + SD (N=3). *P<<0.05; **P<0.01.

Abbreviations: CP, commercially pure Ti; TNT20, TNT40, and TNTé0, TiO2 nanotubes produced by different voltages; VEGF, vascular endothelial growth factor;
SEM, scanning electron microscopy; LM, low magnification; HM, high magnification; PCR, polymerase chain reaction.
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the TNT20, TNT40, and TNT60 supernatants were reduced
compared with those in the CP supernatants (Figure 2H).
The levels of phospho-IKB-a, part of a traditional inflam-
matory pathway, were decreased in the TNT20, TNT40, and
TNT60 groups compared with that in the CP group (Figure 21
and J). Our data revealed that TiO, nanotubes caused less
inflammation than CP.

Through ELISA and RT-PCR, we found that the macro-
phages secreted more VEGF when seeded on TiO, nanotubes
(Figure 2K), and TiO, increased VEGF gene expression
compared with CP (Figure 2L). Taken together, these data
demonstrated that macrophages tended toward M2 polariza-
tion on TiO, nanotubes and secreted more VEGF, which
could lead to regulation of endothelial cell behavior.

In vitro acceleration of endothelialization
by macrophages on nanotubular TiO,

surfaces

Effects of macrophage CM on endothelialization of
HUVECs

A schematic diagram based on the cell culture model is
shown in Figure 3. Cell migration, tube formation, prolifera-
tion, adhesion, and expression of endothelialization-related
genes were evaluated to determine the endothelialization
speed induced by nanotubular TiO, surfaces via macro-
phages. As shown in Figure 4A, CM from TNT20 (CM20),
TNT40, and TNT60 significantly enhanced cell migration.
For HUVECS treated with CM from CP, only 45.47% of the
wound was closed after 6 hours, whereas for those treated
with CM from TNT20, TNT40, and TNT60, wound clo-
sure rates were 59.12%, 60.26%, and 69.86%, respectively
(Figure 4B). Additionally, we observed apparent capillary-
like networks in all groups except the CP group (Figure 4C).
Moreover, quantitative analysis revealed a significant
increase in the number of new tubes and total tube length of

Supernate
\\-/

(o) >

HUVEC:s cultured in CM from all Ti samples (CP<< TNT20<
TNT40< TNT60; Figure 4D and E). As shown in Figure 4F
and G, cell proliferation and adhesion were evaluated using
CCK-8 assays. Cell density significantly increased after cell
culture for 3 days in CM from TNT20, TNT40, and TNT60
compared with that in cells cultured in CM from CP. All
TNT20, TNT40, and TNT60 samples improved HUVEC
adhesion after cultivation for 12 hours when compared with
that on CP. Further exploration of the expression levels of
the endothelial markers /TGAV and vWF was carried out
by RT-PCR at 24 hours after culture in CM from different
samples. The expression levels of both genes were increased
in CM from TNT60 compared with those in CM from CP
(Figure 4H). Furthermore, the mRNA level of /TGAV in
macrophages cultured on TNT20 and TNT40 was slightly
increased when compared with that on CP.

Overall, these results demonstrated that all CM from TiO,
nanotubes (TNT20, TNT40, and TNT60) accelerated in vitro
endothelialization of HUVEC:s, particularly the TNT60 TiO,
nanotubes, compared with CM from CP.

Effects of axitinib on endothelialization of HUVECs

We observed high expression of VEGF in macrophages
that were seeded on nanotubular TiO, surfaces. In order to
verify the effects of VEGF on HUVECs, we added axitinib,
an efficacious inhibitor of VEGF, to CM prior to culture of
HUVECs. As shown in Figure 5SA—C, when axitinib was
added, the migration and tube formation ability of HUVECs
were almost nonexistent. In the cell proliferation assay
(Figure 5D), the density of HUVECs with axitinib added
to the CM was significantly reduced compared with that
of HUVECs cultured in only CM. In addition, the results
showed that HUVEC density remained low and increased
slowly when axitinib was added. Furthermore, axitinib
affected the activation of the ERK1/2 and PI3K/AKT

i Proliferation :

(O Macrophage ® VEGF & HUVEC \ ) Different surface titanium

Figure 3 Schematic of cell culture model.

Note: Effects of macrophage supernatants on HUVECs tested under in vitro conditions.
Abbreviations: VEGF, vascular endothelial growth factor; HUVEC, human umbilical vein endothelial cell.
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Figure 4 Evaluation of the in vitro behaviors of HUVECs stimulated with conditioned medium.

Notes: (A) Representative images of HUVEC migration. (B) The percentage of coverage after 6 hours of wound healing. (C) Representative images of tube formation for
6 hours. (D) Quantitative analysis of the lengths of new tubes. (E) Quantitative analysis of the number of new tubes. (F) Cell proliferation in HUVECs for |, 3, and 5 days.
(G) Cell adhesion in HUVEC: after 2, 4, and 12 hours. (H) Relative expression of the ITGAV and vWF genes in HUVEC:s after incubation in macrophage CM for 24 hours.

Results are presented as means + SD (N=3). *P<<0.05; **P<<0.01.

Abbreviations: HUVEC, human umbilical vein endothelial cell; CP, TNT20, TNT40, and TNT60, conditioned medium from commercially pure Ti or TiO, nanotubes
produced by 20, 40, or 60 V; ITGAYV, integrin alpha chain V; vVWF, von Willebrand factor.

pathways (Figure 5E and F). Axitinib slightly reduced
the phosphorylation of AKT and significantly reduced the
phosphorylation of ERK1/2. The addition of 100 nm and
1 um axitinib reduced the phosphorylation of AKT, whereas
10 nm, 100 nm, and 1 wm axitinib reduced the phosphoryla-
tion of ERK1/2. These findings suggested that when VEGF
inhibitor was added to CM, the CM did not accelerate endo-
thelialization. Thus, VEGF was found to be important for

CM-accelerated endothelialization and may function through
the ERK1/2 and PI3K/AKT pathways.

Effects of HUVEC stimulation with CM on the
ERK1/2 and AKT pathways

Scratch, tube formation, and cell proliferation assays were
performed to assess endothelialization when CM (from
TNT60 TiO, nanotubes) contained PD98059 and LY294002.
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Notes: (A) Representative images of HUVEC migration. (B) The percentage of coverage after 6 hours of wound healing. (C) Representative images of tube formation for
6 hours. (D) Cell proliferation in HUVECs for 1, 3, and 5 days. (E) Determination of AKT and ERK /2 phosphorylation in HUVECs by Western blotting. (F) Analysis of AKT
and ERK1/2 phosphorylation using the images shown in E. Results are presented as mean + SD (N=3). ¥P<0.05, **P<<0.01.

Abbreviations: HUVEC, human umbilical vein endothelial cell; CP, TNT20, TNT40, and TNT60, conditioned medium from commercially pure Ti or TiO, nanotubes

produced by 20, 40, or 60 V; CM, conditioned medium.

When PD98059 (20 um), LY294002 (20 um), or LY294002
(20 um)+ PD98059 (20 wm) were added to CM (TNT60),
migration and tube formation were impaired (Figure 6A—C).
Moreover, these inhibitors suppressed HUVEC prolifera-
tion (Figure 6D). Western blot assays were then performed
to evaluate the phosphorylation of ERK1/2 and AKT.
As shown in Figure 6E and F, CM (TNT60) clearly acti-
vated ERK1/2 and AKT phosphorylation. In contrast,
when PD98059 (ERK1/2 inhibitor, 20 um) and LY294002
(AKT inhibitor, 20 um) were added to CM (TNT60), the
phosphorylation levels of ERK1/2 and AKT were obviously
reduced. A schematic of the VEGF signaling pathway acting
on endothelialization is presented in Figure 7. These data

verified that CM from TiO, nanotubes may accelerate endo-
thelialization through VEGF-activated phosphorylation of
ERK1/2 and AKT.

Discussion

The immune system is important for the success of implants.?’
When an implant is introduced to the body, a sequence of
immune responses and tissue recovery processes, including
a range of vascular, muscular, and cellular responses, occur
in the surrounding tissue.* In all of these events, macro-
phages play an essential role in identifying and adhering
to the foreign material in addition to secreting chemokines,
growth factors, and cytokines, which direct tissue formation
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Figure 6 Effects of AKT and ERK /2 pathway inhibitors on endothelialization.

Notes: (A) Representative images of HUVEC migration. (B) The percentage of coverage after 6 hours of wound healing. (C) Representative images of tube formation for
6 hours. (D) Cell proliferation in HUVECs for |, 3, and 5 days. (E) Determination of AKT and ERK1/2 phosphorylation in HUVECs by Western blot. (F) Analysis of AKT
and ERK1/2 phosphorylation using the images shown in E. Results are presented as mean + SD (N=3). ¥P<0.05, **P<<0.01.

Abbreviations: LY294002, AKT pathway inhibitor; PD98059, ERK /2 pathway inhibitor; HUVEC, human umbilical vein endothelial cell; CP, TNT20, TNT40, and TNT60,
conditioned medium from commerecially pure Ti or TiO, nanotubes produced by 20, 40, or 60 V; CM, conditioned medium.

and repair.’'*> Macrophages are the first cells to reach the
tissue/implant interface and identify the foreign matter.*
Histological studies have shown that macrophages and multi-
nucleated cells are present at the stent interface of Ti implants
in the early stages of implantation.’*** Inappropriate macro-
phage activation may exacerbate inflammation and destroy
healthy tissue/implant integration, and proper responses to
implant surfaces have been shown to be beneficial for tissue
healing and implant performance.***¢ However, heart valve

stent thrombosis is a fatal side effect. Fortunately, some
research has shown that rapid re-endothelialization can
substantially decrease thrombosis risk.>*-*® In animal experi-
ments with vascular injury, exfoliation of endothelial cells
leads to thrombosis of platelets.*® Endothelial cell growth,
including proliferation, attachment, migration, survival, and
secretion of products on the valve, plays a crucial role in
preventing blood clotting.* Thus, rapid growth of endothelial
cells after stent implantation may be beneficial for patients
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undergoing stent therapy. In this study, we observed the
influence of TiO, nanotube topography on the activation of
macrophages, their paracrine interactions with HUVECs,
and the specific mechanisms involved. We demonstrated
that TiO, nanotube surfaces were capable of manipulating
macrophage polarization and secretion of VEGF, which led
to proper endothelialization via the ERK1/2 and PI3K/AKT
pathways.

Our results revealed that the TiO, nanotube surfaces
(TNT20, TNT40, and TNT60) changed macrophage mor-
phology. Macrophages on CP exhibited an egg-shaped
morphology that was representative of M1 macrophages.
In contrast, macrophages on TiO, nanotube surfaces (TNT20,
TNT40, and TNT60) displayed a fusiform shape and many
extended pseudopods that corresponded to M2 macrophages.
McWhorter et al found that M2 macrophages displayed an
elongated shape and more pseudopods compared with M1
macrophages.*’ Furthermore, other studies have confirmed
that elongated macrophages on the surface of modified bio-
materials exhibit the M2 phenotype.*'* However, some other
studies have demonstrated opposing results.* Therefore,
future research must investigate the detailed mechanisms
through which TiO, nanotube surfaces regulate macrophage
polarization.

In general, it is believed that the M1 macrophage pheno-
type is pro-inflammatory and involved in tissue destruction,
whereas the M2 macrophage phenotype is anti-inflammatory
and involved in tissue regeneration.*” M1 macrophages with
enhanced IL-1, IL-8, TNF-oa, CCR7, and iNOS expression
indicate delayed tissue healing and heavier inflammatory
response.’’?! IL-1 activates the NF-kB pathway through

binding to IL-1R/toll-like receptors, activating interleukin-
receptor-associated kinase-1.% Tossetta et al found that IL-1
and transforming growth factor can destroy tight junctions
of endothelial cells.*” In addition, excessive secretion of IL-8
impairs endothelial tube growth.* Therefore, inhibition of
inflammatory factor production on TiO, nanotubes in the
present study would benefit endothelialization and tissue
healing around the implant. Moreover, TiO, nanotubes
are likely to induce healing-associated M2 polariza-
tion with increasing levels of ARG1 and IL-10.* These
anti-inflammatory factors contribute to the ability of M2
macrophages to improve tissue regeneration. IL-10 can
inhibit the activity and production of the pro-inflammatory
cytokines described above and can suppress nitric oxide
secretion.”® The TiO, nanotube surfaces showed promising
results for maintaining the balance of anti-inflammatory
and pro-inflammatory cytokines. However, TiO, nanotubes
of different diameters exhibited different anti-inflammatory
capabilities. TNT60 induced in the weakest inflammatory
response and secretion of more anti-inflammatory factors
compared with TNT20 and TNT40. Thus, our results demon-
strated that large-dimension TiO, nanotube surfaces reduced
pro-inflammatory cytokine release from macrophages and
produced an anti-inflammatory microenvironment that
favored endothelial cell growth.

To date, many studies have addressed the key roles of Ti
implants in anti-inflammatory responses and have empha-
sized the important role of nanostructured surfaces.*>'-
However, most of these studies have focused on the prolifer-
ation, adhesion, and secretion of pro-inflammatory cytokines
from macrophages on the material.’*>° Yao et al similarly
used different voltages to fabricate nanotube surfaces and
found that larger nanotubular surfaces (120 nm) could
inhibit the expression and secretion of pro-inflammatory
cytokines in macrophages.>* Our results were consistent
with these findings. We suspect that nanotube diameter
may affect the hydrophilicity of the surface, thereby altering
macrophage polarization. Cultured macrophages produce an
anti-inflammatory microenvironment on high-surface-wetta-
bility materials, and this function may promote the healing
response to biological materials.*® Acid treatment increases
hydrophilicity,’” and the larger the diameter of Ti nanotubes,
the greater the hydrophilicity.”® The general rule is that a
hydrophilic surface is conducive to cell adhesion, growth,
and spreading.*® The charge properties and charge density of
the surface of the material have an important effect on cell
growth, and in the absence of serum, the adhesion of cells
on the surface of positively charged materials increases.®
This occurs mainly because of the electrostatic interaction
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between the surface of the positively charged material
and the negatively charged cells, which facilitates cell
adhesion.®! Moreover, some studies have explored macro-
phage polarization, but the specific correspondence between
macrophage polarization and nanotube dimension is still
uncertain. In our study, the largest size of TiO, nanotubes
(TNT60) had the strongest hydrophilicity, and the surface
area of the macrophages was the largest. The TNT20 and
TNT40 samples also had stronger hydrophilicity than CP,
but these results were opposite to those of a study conducted
by Ma et al.** This difference may be due to the different
methods used to form the nanotube surfaces. Furthermore,
it was demonstrated that the production and activation of
pro-inflammatory factors in macrophages were influenced by
Ti surface characteristics, including surface wettability and
topography.*® Thus, further studies are necessary to evaluate
how the surface properties of biomaterials are related to the
activation of macrophages.

To improve the outcomes of heart valve implants,
an appropriate microenvironment that accelerates tissue
healing and reduces side effects, such as thrombosis, must
be developed. It is not sufficient solely to analyze the
polarization of macrophages on the surface of the implant.
Investigation of the interactions between macrophages and
surrounding cells, such as endothelial cells, will improve
our understanding of the roles of macrophages in tissue
regeneration. There is ample evidence that activated mac-
rophages and M2 polarization enhance the expression of
VEGF.?%26 VEGF is a key regulator of endothelializa-
tion and can synergistically enhance tissue regeneration.
Among pro-endothelialization factors, VEGF is the most
potent identified to date.®* Our results were consistent with
these findings. TiO, nanotube supernatants, compared
with those of CP, contained more VEGF and promoted
HUVEC proliferation, adhesion, migration, and tube for-
mation. Additionally, HUVECs expressed more ITGAV
and vWF when stimulated with the TiO, nanotube super-
natant. Moreover, when the VEGF inhibitor was added, the
endothelialization-accelerating effect of the supernatant
disappeared. These results demonstrated that macrophages
cultured on TiO, nanotubes accelerated endothelialization
by secreting VEGF.

Many studies have suggested that VEGF contributes to
the migration, proliferation, and angiogenesis of HUVECs
via ERK1/2 and PI3K/AKT signaling pathways.®> VEGF
binds to the Ig domain of the extracellular domain of
VEGFR2, activates the mitogen-activated protein kinase
cascade, and further activates ERK1/2, thereby promoting
cell proliferation.®® VEGF also activates AKT to regulate

cell survival.”” In our study, addition of the ERK 1/2 inhibitor
PD98059 significantly inhibited cell proliferation, whereas
the PI3K/AKT inhibitor LY294002 primarily inhibited
endothelial cell migration; both inhibitors together blocked
endothelial cell formation. Taken together, these results
supported the use of the TiO, nanostructure surface to
effectively modulate macrophage polarization and produce
a beneficial immune microenvironment for endothelializa-
tion. Additional studies are needed to verify the results of
this work in vivo.

Conclusion

Our results demonstrated that TiO, nanotubes regulated
macrophage polarization. Macrophages on the TiO, nanotube
surface tended toward M2 polarization, particularly for the
TNT60 group, with lower production of pro-inflammatory
cytokines and higher expression levels of VEGF. In addition,
M2 macrophages on the TiO, nanotube surface facilitated
endothelialization of HUVECs via the ERK1/2 and PI3K/
AKT pathways. Therefore, we consider TiO, nanotubes
a promising candidate for heart valve implants to achieve
favorable, rapid endothelialization induced by activated
macrophages.
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