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Abstract

Coronary and peripheral stents are implants that are inserted into blocked arteries to restore blood 

flow. After stent deployment, the denudation of the endothelial cell (EC) layer and the resulting 

inflammatory cascade can lead to restenosis, the renarrowing of the vessel wall due to the 

hyperproliferation and excessive matrix secretion of smooth muscle cells (SMCs). Despite 

advances in drug-eluting stents (DES), restenosis remains a clinical challenge and can require 

repeat revascularizations. In this study, we investigated how vascular cell phenotype can be 

modulated by nanotopographical cues on the stent surface, with the goal of developing an 

alternative strategy to DES for decreasing restenosis. We fabricated TiO2 nanotubes and 

demonstrated that this topography can decrease SMC surface coverage without affecting 

endothelialization. In addition, to our knowledge, this is the first study reporting that TiO2 

nanotube topography dampens the response to inflammatory cytokine stimulation in both 

endothelial and smooth muscle cells. We observed that compared to flat titanium surfaces, 

nanotube surfaces attenuated tumor necrosis factor alpha (TNFα)-induced vascular cell adhesion 

molecule-1 (VCAM-1) expression in ECs by 1.8-fold and decreased TNFα-induced SMC growth 

by 42%. Further, we found that the resulting cellular phenotype is sensitive to changes in nanotube 

diameter and that 90 nm diameter nanotubes leads to the greatest magnitude in cell response 

compared to 30 or 50 nm nanotubes.
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1. INTRODUCTION

Coronary stenting is a procedure for opening blocked arteries. Post-procedure, the 

renarrowing of the artery through restenosis is a persisting complication that requires repeat 

procedures.1 Restenosis is caused by injury to the vessel wall during stent deployment, 

which denudes the endothelium and triggers an inflammatory cascade, leading to the release 

of proinflammatory cytokines, chemokines, and the expression of adhesion molecules.2,3 

Subsequently, the inflammation recruits smooth muscle cells (SMCs) to migrate to the 

vessel lumen, where the cells hyperproliferate and secrete excess extracellular matrix.4,5 

This leads to the formation of the restenotic lesion, which renarrows the vessel and causes 

the failure of stents to maintain patency. Restenosis can present as recurrent angina or acute 

myocardial infarction in some patients and may require repeat revascularization.

Drug-eluting stents (DES) inhibit the proliferation of SMCs and decrease restenosis, thus 

reducing the risk for repeat vascularizations.6,7 However, they also inhibit endothelial cell 

(EC) function and delay endothelial healing, leading to an increased risk of thrombosis.8 

Moreover, a meta-analysis of randomized clinical trials suggested that there is an increased 

mortality rate following application of paclitaxel-coated balloons and stents in patients with 

peripheral arterial disease.9 This study led the FDA to issue a warning letter to health care 

providers, cautioning them to weigh the relative risks and benefits of paclitaxel-coated stents 

and balloons for their patients. The risks of DES motivate the development of an alternative 

strategy to decrease restenosis in a safe and effective manner. The ideal stent surface would 

allow for rapid and functional reendothelialization and the suppression of SMC proliferation, 

in order to minimize the risks of restenosis and thrombosis.10

Nanomaterials have been widely explored as therapeutic agents for many biomedical 

applications, including drug delivery and regenerative medicine.11–17 In particular, 

nanoscale topographical cues have been engineered to modulate vascular cell adhesion and 

function for cardiovascular applications.18–21 Titanium, a common material used in medical 

devices and implants, can be patterned into vertically oriented, highly ordered nanotubes 
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(NTs) through a simple process of electrochemical anodization.22 Studies have shown that 

TiO2 NT surfaces can promote bovine aortic EC adhesion and proliferation, while also 

downregulating murine vascular SMC proliferation.23 In an in vivo rabbit iliac artery model, 

titanium stents coated with 90 nm NTs led to a 17% decrease in restenosis rates as compared 

to flat titanium stents.24 This study demonstrated proof of concept that TiO2 NT coatings 

can decrease restenosis in vivo, but the mechanism through which TiO2 NTs decreases 

restenosis is not yet fully understood.

Therefore, we sought to investigate the effect of NT topography on primary human vascular 

cell phenotype on a cellular level, to explain the tissue-level responses observed in vivo. We 

cultured primary human coronary artery ECs and SMCs and quantified their relative 

coverage on the surface as well as their responses to inflammation. To our knowledge, this is 

the first study that quantifies the effect of TiO2 NT topography on the inflammatory 

responses in primary human vascular cells. We also investigated the cell–interface 

interactions by quantifying focal adhesion kinase (FAK) expression and phosphorylation. 

Last, we compared EC and SMC response to varying NT diameters, to determine whether 

cellular responses were dependent on the size and spacing of the surface features. The 

information revealed in this study can guide the design of new stent surfaces to decrease 

restenosis.

2. EXPERIMENTAL METHODS

2.1. TiO2 NT Anodization

Titanium foil sheets (0.127 mm thickness, 99.7% trace metals basis), aluminum fluoride 

(ammonium fluoride, =99.99% trace metals basis), glycerol (ACS reagent, ≥99.5%), and 

ethylene glycol (ReagentPlus) were purchased from Sigma-Aldrich (Milwaukee, WI). 

Titanium foil sheets were cut into 2 cm × 2 cm squares and cleaned by sonication in a 

sequential bath of Micro-90 solution (International Products Corporation), 100% acetone, 

and 70% ethanol. To fabricate titanium NTs, the titanium foil and an equal-sized piece of 

platinum foil were secured in a custom-made, 3D-printed fixture (Figure 1A). The titanium 

and platinum foils were maintained parallel to each other and 19 mm apart. The foils were 

connected to electrodes using platinum wire, and the titanium foil served as the anode while 

the platinum foil served as the cathode. The foils in the fixture were submerged in an 

electrolyte solution, containing 90 wt % ethylene glycol, 9.1 wt % deionized (DI) water, and 

0.9 wt % ammonium fluoride. An anodic voltage of 30 V was applied for 60 min in order to 

fabricate the titanium NT coating. The NT surfaces were then annealed in a furnace at 450 

°C for 2 h and stored in a vacuum chamber until use.

For fabricating 30 and 50 nm NTs (NT30 and NT50), the electrolyte solution was composed 

of 94.3 wt % glycerol, 4.3 wt % water, and 1.4 wt % ammonium fluoride. Figure S1 shows 

the optimization of anodization parameters for achieving the target NT diameters. A 10 or 15 

V voltage was applied for 120 min for the NT30 and NT90 surfaces, respectively. To 

fabricate NT90* surfaces, the electrolyte solution was composed of 90.6 wt % glycerol, 8 wt 

% water, and 1.4 wt % ammonium fluoride. A voltage of 30 V was applied for 120 min. 

Following anodization, the foils were rinsed in DI water and then sonicated briefly in 70% 
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ethanol to clean off the residual electrolyte solution. The foils were then annealed in a 

furnace at 350 °C for 1 h.

2.2. Helium Ion Microscopy

Anodized NT surfaces were imaged using a Zeiss helium ion microscope at the University 

of California Berkeley Biomolecular Nanotechnology Center (Berkeley, California). Foils 

were sputter coated with gold–palladium at 10 mA for 45 s prior to imaging.

Cells cultured for 2 days on 90 nm diameter NTs (NT90), and flat foils were fixed in 

glutaraldehyde SEM fixation buffer overnight (2.7% (v/v) glutaraldehyde, 0.1 M sodium 

cacodylate buffer) and then washed 3× with 0.1 M sodium cacodylate for 10 min each. The 

sample was then dehydrated in serial baths of 35, 50, 70, 85, 90, 95, and 100% ethanol, for 

at least 10 min each. The foils were then dried using a critical point dryer in 100% ethanol. 

The cells were sputter coated with the same settings as above and then imaged using helium 

ion microscopy (HIM).

2.3. Atomic Force Microscopy

Atomic force microscopy (AFM) was performed using a NanoWizard Ultra Speed A AFM 

in soft tapping mode, using a BudgetSensors All-In-One probe (BudgetSensors, Sofia, 

Bulgaria). Scans were performed in three different fields of view, and root mean squared 

roughness (RMS) values were calculated using the Gwyddion software (Czech Metrology 

Institute, Jihlava, Czechia).

2.4. Cell Culture and Cell Proliferation Assays

Primary human coronary artery ECs and primary human coronary artery SMCs were 

purchased from PromoCell (Heidelberg, Germany). SMCs were maintained in smooth 

muscle growth medium-2 (PromoCell), and ECs were maintained in EC growth medium-2 

(PromoCell). ECs used for cell area measurements were cultured in EC growth medium-2 

MV.

Cells were seeded onto NT90 or flat surfaces to measure the effect of surface topography on 

cell behavior. To measure cell proliferation, ECs were seeded on foils at 8000 cells/cm2 and 

cultured for 1, 2, or 3 days. SMCs were seeded on foils at 10,000 cells/cm2 and cultured for 

1, 3, or 5 days. Cell numbers were quantified using a CyQUANT proliferation assay 

(Molecular Probes, Eugene, OR), using DNA content as a measurement of cell number. 

Experiments were performed in triplicate.

2.5. Cell Staining and Immunofluorescence

Cells were then fixed with 4% paraformaldehyde for 10 min at room temperature, washed 

three times with phosphate-buffered saline (PBS) for 5 min each, then permeabilized with 

0.1% Triton X-100 for 5 min.

For immunofluorescence, fixed and permeabilized samples were blocked for 1 h at room 

temperature with 10% goat serum, then incubated with primary antibody overnight at 4 °C. 

Either antipaxillin [ab32084] (Abcam, Burlingame, CA) or anti-vinculin [V9131] (Thermo 
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Fisher, Waltham, MA) antibodies were used to visualize focal adhesions. The antibodies 

were used at 1:250 and 1:400 dilutions, respectively. Cells were then washed and incubated 

with secondary antibodies for 30 min at room temperature. Cells were also counterstained 

with Alexa Fluor 488-tagged phalloidin (Invitrogen, Carlsbad, CA) at a 1:500 dilution and 

with DAPI at a 1:1000 dilution. Microscopy images were acquired using a Nikon 6D optical 

microscope (NIKON Instruments, Inc., Melville, NY) with 4–20× magnification. All image 

quantification was performed using ImageJ.

2.6. Cell Area Measurements

To measure cell area, EC and SMC were cultured for 24 h on NT90 or flat surfaces. The 

cells were fixed, permeabilized, and stained with phalloidin and DAPI as described 

previously. Cell area quantification was performed using ImageJ. The images were 

thresholded, then individual cells were selected and their areas were measured. 

Measurements were taken from at three foils per condition, with at least three fields of view 

measured per foil.

2.7. Quantitative Real-Time Polymerase Chain Reaction

To measure gene expression, the cells were cultured on NT90 or flat surfaces for 24 h. For 

ECs, the cells were then stimulated with 2 ng/mL of human tumor necrosis factor alpha 

(TNFα) for 4 h (R&D Systems, Minneapolis, MN). mRNA was extracted using the RNeasy 

Mini Kit (Qiagen, Hilden, Germany). Reverse transcription was performed using the iScript 

cDNA Synthesis Kit (Bio-Rad Laboratories, Hercules, CA). Quantitative polymerase chain 

reaction (qPCR) was performed using Fast SYBR Green Mastermix (Life Technologies, 

Grand Island, NY) and a Viia7 qPCR machine (Life Technologies, Carlsbad, CA). The 

relative transcript quantities were calculated using the ΔΔCt method and normalized to the 

housekeeping gene encoding RPL19. Custom-made DNA primers were purchased from 

Integrated DNA Technologies (Coralville, IA), and the sequences are shown in Table 1.

2.8. ELISA

Collagen production was measured using the Human Pro-Collagen I alpha 1 ELISA Kit 

(Abcam, Cambridge, UK). SMCs were cultured on NT90 or flat surfaces for 24 h. The 

conditioned media was collected to measure secreted pro-collagen I concentration, and the 

cell extract was collected to measure pro-collagen I concentration within the cells. Cell 

extracts were prepared using the extraction buffer and enhancer provided in the kit, 

following manufacturer instructions.

To measure monocyte chemoattractant protein-1 (MCP-1) secretion, SMCs were cultured on 

NT90 or flat surfaces for 24 h. Cells were treated with either 1 ng/mL of TNFα or an equal 

volume of PBS as a vehicle control. All cells were incubated for an additional 24 h. The 

conditioned media was then removed and MCP-1 concentration was measured using a 

Human CCL2/MCP-1 Quantikine ELISA Kit (R&D Systems) according to manufacturer 

instructions.

To measure FAK and phosphorylated FAK (pFAK) expression, SMCs or ECs were cultured 

on TiO2 NT and flat surfaces for 24 h. The foils were washed with PBS, and cells were lysed 
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with cell extraction buffer (Invitrogen, Waltham, MA, USA) supplemented with Pierce 

Protease and Phosphatase Inhibitor Mini Tablets (Thermo Scientific, Waltham, MA, USA) 

for 10 min on ice. Cells were then scraped off the surface, transferred to centrifuge tubes, 

and spun down at 10,000 rpm for 10 min at 4 °C. The supernatant was removed and cell 

lysates were analyzed using the FAK (total) Human ELISA Kit and FAK (phospho) [pY397] 

Human ELISA Kit (Invitrogen, Waltham, MA, USA). The total FAK concentration was 

normalized to total protein concentration of the same sample, as measured using a BCA 

assay. The pFAK concentration was normalized to total FAK concentration of the same 

sample. Experiments were performed in triplicate or quadruplicate.

2.9. Statistical Analysis

All data are reported as mean ± standard deviation (SD). Statistical analysis was performed 

using GraphPad Prism 6 (San Diego, CA). Student’s t-tests were used to compare cell 

responses on flat versus NT90 surfaces. For the cell number assays performed at 3 time 

points, a multiple t-test was performed using the Holm–Sidak method for multiple 

comparisons correction.

For experiments comparing flat, NT30, NT50, and NT90 surfaces, one-way analysis of 

variance (ANOVA) was performed followed by Tukey’s method for multiple comparisons 

correction. For the cell number assays comparing cell numbers on these surfaces over 

multiple time points, a two-way ANOVA was performed, followed by Tukey’s method for 

multiple comparisons correction.

3. RESULTS

3.1. NT Surface Characterization and Cell Morphology

Helium ion microscopy (HIM) images revealed that TiO2 NT surfaces with 90 nm diameters 

(NT90) were successfully fabricated (Figure 1). The average NT diameter (Figure 1C) and 

RMS (Figure 1E) are reported.

Ridges can be observed on flat surfaces, likely due to draw marks formed during the process 

of casting the titanium sheets. AFM revealed that NT90 surfaces have greater roughness than 

the flat surfaces, with an RMS value of 55 nm as compared to 18 nm for flat (Figure 1). EC 

and SMC both adhere to the surfaces and can form cytoplasmic projections including 

filopodia on both the flat and NT90 surfaces (Figure 2).

3.2. NT Surface Decreases SMC Cell Coverage without Affecting EC Coverage

The cell number and cell area of ECs cultured on flat and NT90 surfaces were measured 

over the course of 3 days (Figure 3A,B). For both NT90 and flat surfaces, cell growth was 

negligible between days 1 and 2, before increasing after day 2. This delay may be due to the 

time needed for sufficient serum protein to adsorb onto the surface and allow for cell 

attachment and spreading. For ECs, the number of cells is about 1.5-fold greater on NT90 

than flat surfaces after 1 day. By day 3, cell numbers were more similar between the two 

surfaces (Figure 3A). When we quantified EC spreading on NT90 surfaces, we found that 

the cell area decreased by about 40% on NT90 surfaces. We then quantified overall cell 
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coverage by calculating the percent of the foil surface covered by EC cellular material to 

gauge the effect of NTs on endothelialization (Figure S2). We found that when accounting 

for both cell number and cell area, the overall cell coverage on flat and NT90 surfaces are 

similar over the course of 7 days (Figure S2.) Further, in confluent EC layers, we observed 

staining for circumferential actin bundles along cell–cell junctions on both flat and NT90 

surfaces (Figure S4B,D,F,H). The accumulation of polymerized actin at cell–cell contacts 

have been shown to contribute to vascular endothelial-cadherin stabilization.34 Therefore, 

our results suggest that intact endothelial layers can be formed on both flat and NT90 

surfaces. In summary, NT90 surfaces increase the number of ECs compared to flat surfaces 

but decrease the average cell area, leading to a similar extent of endothelialization as 

compared to flat titanium.

The number of adherent SMCs on day 1 is similar on both flat and NT90 surfaces (Figure 

3B). After 3 days, there is a trend of fewer SMCs on NT90 than flat surfaces. By day 5, 

there are 40% fewer SMCs on NT90 than flat surfaces (p < 0.05). In addition to the 

differences in cell number, we observed that SMCs are also approximately 40% smaller 

surface areas on NT90 as compared to flat surfaces (Figure 3C,D). This suggests that the 

cells are less spread on NT90 as compared to flat surfaces. For SMCs, the decrease in both 

cell number and cell area of SMCs on NT90 surfaces leads to a substantial decrease in 

overall SMC coverage (Figure 3G,H). In summary, we observe that NT90 surfaces can 

decrease SMC coverage without adversely affecting endothelialization.

3.3. NT Surfaces Decrease the Inflammatory Responses in Endothelial and Smooth 
Muscle Cells

Several cytokines are implicated in the development of restenosis, including MCP-1,25 

IL-6,25,26 and TNFα.27 We chose TNFα as a model cytokine to simulate an inflammatory 

environment. We added TNFα to ECs and SMCs cultured on flat and NT90 surfaces to 

assess their reponses to inflammation.

To probe the effect of NT90 surfaces on the inflammatory response in ECs, we stimulated 

the cells with TNFα and then measured the gene expression of vascular cell adhesion 

molecule-1 (VCAM-1), which encodes an adhesion molecule that mediates immune cell 

binding and tissue inflammation.29 Increased levels of VCAM-1 expression are correlated 

with patients who develop restenosis.30,31 We used qPCR to measure the expression of 

VCAM-1 in ECs cultured on NT90 and flat surfaces and found that NT90 decreased the 

VCAM-1 expression by 1.8-fold (Figure 4A). This result suggests that NT90 has a 

protective effect against the stimulation of the inflammatory molecule TNFα on ECs. The 

decreased expression of adhesion molecules may dampen the inflammatory cascade and 

attenuate overall tissue inflammation in the area of stent deployment.

NT90 has a similar anti-inflammatory effect in SMCs stimulated with TNFα. This effect 

was seen in two ways: inflammation-induced cell growth and cytokine production. First, 

during the pathogenesis of restenosis, inflammatory cytokines induce the hyperproliferation 

of SMCs. TNFα is one of the mitogens that stimulates SMC proliferation.32,33 As expected, 

we observed that TNFα increases cell number on both flat and NT90 surfaces after 48 h, as 

compared to control media that does not contain TNFα. When cultured on flat surfaces, 
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SMC numbers increased by 42% when stimulated with TNFα (Figure 4B). However, when 

cultured on NT90, SMC numbers increased by only 34%. In the presence of TNFα, there 

were 29% fewer SMCs on NT90 than those cultured on flat surfaces. These data indicate 

there is less inflammation-induced SMC proliferation when the cells are cultured on NT90 

sufaces, and that NT90 may be protective against the mitogenic effects of TNFα.

Second, SMCs also respond to inflammation by producing their own cytokines, including 

MCP-1. We observed that the gene expression of CCL-2, the gene that encodes MCP-1, 

increased when SMCs were cultured on NT90 (Figure S3A). However, we that MCP-1 

protein secretion decreased, which is potentially due to the decrease in the total cell number. 

Under standard media conditions, we observed that SMC cultured on NT90 secreted 39% 

less MCP-1 than those cultured on flat surfaces (Figure 4C). When stimulated with 1 ng/mL 

TNFα, SMCs secrete 18% less MCP-1 when cultured on NT90 (p = 0.055) (Figure S3B). 

These results indicate that NT surfaces can decrease SMC cytokine secretion, and may 

subsequently dampen the pathogenesis of restenosis by decreasing the inflammatory 

response of SMCs.

3.4. FAK Expression and Phosphorylation

Changes in FAK activity mediate numerous downstream signaling processes. Focal 

adhesions and the actin cytoskeleton in ECs cultured on flat and NT90 surfaces can be seen 

in Figure S4. We observed via vinculin staining that punctate focal adhesions can be formed 

on both flat and NT90 surfaces. We quantified FAK expression and phosphorylation via 

ELISA and found that ECs cultured on NT90 had a similar level of total FAK and pFAK 

protein levels as compared to flat surfaces (Figure 5A,B). This result suggests that FAK total 

expression and phosphorylation is not a mechanism that mediates the differences that we 

observe in EC behavior on NT90 surfaces.

SMCs cultured on both flat and NT90 surfaces were also able to form punctate focal 

adhesions, as shown in Figure S4 with paxillin staining. We also observed a 5-fold decrease 

in total FAK expression, as quantified by ELISA, when the cells are cultured on NT90 (p < 

0.001) (Figure 5C). Since NT surfaces have decreased available adhesive area compared to 

flat surfaces, this may have led to decreased focal adhesion formation. Interestingly, there 

was an increase in the ratio of pFAK on SMCs cultured on NT90 compared to those cultured 

on flat surfaces (Figure 5D). The increase in FAK phorphorylation could be a mechanism for 

the cells to compensate for traction forces lost due to the decrease in total FAK expression.

3.5. NT Effects on EC and SMC Response Is Diameter-Dependent

We fabricated TiO2 NTs with 30 and 50 nm diameters to investigate whether tuning TiO2 

NT diameter has an effect on cell responses. To fabricate these smaller diameters, the 

electrolyte base was switched from ethylene glycol to glycerol, a more viscous liquid that 

changes the kinetics of the anodization process to result in different NT features. 

Anodization parameters including the electrolyte content and voltage were tuned to achieve 

these specified diameters, and the optimization of the parameters is shown in Figure S1. 

These surfaces were characterized using HIM and AFM as indicated above and 

representative images are shown (Figure 6).
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The number of ECs on all NT surfaces, regardless of diameter, was increased as compared to 

flat surfaces on day 1 (Figure 7A). All NT surfaces increased EC cell numbers over 3 days. 

For SMCs, all NT surfaces decreased SMC cell numbers compared to flat, but only NT90 

led to a statistically significant decrease in cell number by day 5 (Figure 7C).

Next, we measured how response to inflammation changes with the NT diameter. All NT 

surfaces led to a decrease in VCAM-1 expression in ECs cultured with 2 ng/mL of TNFα 
(Figure 7B). Larger diameters led to increasingly greater reductions in VCAM-1 expression, 

with NT90 leading to the greatest reduction in adhesion molecule gene expression.

For SMCs under standard media conditions, all NT surfaces led to slight reductions in cell 

number as compared to flat, with the greatest magnitude of cell number reduction on NT90 

(Figure 7D). These results agree with cell number results in Figure 4C. In the presence of 2 

ng/mL TNFα, all NT surfaces led to decreased cell numbers as compared to flat surfaces.

When measuring SMC MCP-1 secretion, we observed that NT30 and NT50 led to similar 

levels of MCP-1 secretion as flat surfaces, and only NT90 led to a statistically significant 

decrease (p < 0.01) as compared to all other NT or flat surfaces (Figure 7E). These data 

demonstrate that NT90 led to the greatest reduction in anti-inflammation markers for both 

ECs and SMCs compared to flat and NT surfaces with smaller diameters.

We noted that NT surfaces with smaller diameters also had decreased overall surface 

roughness, possibly because the differences in the fabrication process led to different growth 

rates of the NTs on the surface. NT90 surfaces have an RMS of 58 nm, whereas NT30 and 

NT50 have a RMS of 24 and 29 nm respectively (Figures 1, 6). Therefore, we set out to 

change the roughness independently from the diameter to investigate whether roughness or 

diameter is the primary driving force behind these observed changes in cellular response. We 

fabricated NT90*, a NT surface with 90 nm diameter NTs (Figure S5A), but 33 nm RMS 

roughness (Figure S5B), which was more similar to the roughness of NT30 and NT50 

surfaces. For SMCs cultured on NT90* surfaces, we obseved similar cell adhesion and cell 

areas compared to to those cultured on NT90 surfaces (Figure S5D,F). For ECs cultured on 

NT90* surfaces, we observed similar cell numbers as onNT90 (Figure S5C), but EC cell 

areas on NT90* was greater than on NT90, and more closely resembled cell areas of ECs 

cultured on flat surfaces (Figure S5E). This suggests that while roughness did not change 

SMC response, EC responses were affected by changes in surface roughness. When we then 

assayed the effect of NT90* on inflammatory responses in terms of EC VCAM-1 expression 

and cytokine-induced SMC growth, we found that NT90* did not have an anti-inflammatory 

response like NT90. In fact, there was no statistically significant difference in inflammation 

on NT90* surfaces as compared to flat surfaces (Figure S5G,H). Therefore, while a decrease 

in roughness in the NT90* surfaces may potentially improve EC surface coverage, the anti-

inflammatory effects were diminished.

4. DISCUSSION

Tuning cell behavior on the stent surface using NT topography has several advantages: (1) 

the anodization process for patterning surfaces is simple and compatible with metallic 
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substrates, (2) the surface topography can be modified without altering the bulk mechanical 

properties of the stent, and (3) it avoids the use of the toxic drugs commonly used in DES. In 

this study, we investigated how TiO2 NT topography can affect the responses of vascular 

endothelial and smooth muscle cells, with respect to their roles in restenosis. We quantified 

three major hallmarks of restenosis: EC coverage, SMC coverage, and inflammatory 

responses.

4.1. TiO2 NT Decrease SMC Coverage without Changing Endothelialization

When SMCs were cultured on NT surfaces, we found that cell numbers were 40% less on 

NT90 by day 5. We also found that cell area was 40% smaller on NT90. This results in an 

overall decrease in cell coverage when SMCs were cultured on NT surfaces. This result 

agrees with previous literature reporting that NT surfaces decrease mouse aortic vascular 

SMCs proliferation23 and decrease SMC coverage.35 A decrease in SMC coverage on the 

stent surface could lead to a decrease in restenosis in vivo.

For ECs, we found that NT surfaces resulted in a similar rate and extent of endothelialization 

compared to flat surfaces (Figure S2). While the cell number increased, the cell area 

decreased (Figure 3). Previous work has also shown that NT surfaces increase the human 

umbilical vein endothelial cell (HUVEC) number as compared to flat,35 which agrees with 

our results shown here. However, the study also shows that HUVEC cell spreading is not 

affected by NT surfaces, thus leading to an increase in total cell coverage attributed to the 

increase in cell number. The difference in our results may be due to different cell types used 

or due to distinctions in the fabrication of NT surfaces. In our study using primary human 

coronary artery ECs, we found that endothelialization was comparable on both NT90 and 

flat surfaces.

Because the restenotic lesion is composed of both cellular material and secreted matrix 

proteins, we also measured pro-collagen I secretion from SMCs. Collagen I is one of the 

major components of the restenotic lesion,39 and pro-collagen I is the un-crosslinked 

precursor to the crosslinked, insoluble collagen I. As shown in Figure S3C,D, SMCs 

cultured on flat and NT90 surfaces have similar pro-collagen I content per cell, as measured 

both internally in the cell lysate and externally in the conditioned media. This suggests that 

tissue-level changes in collagen I content would likely be driven by total cell number and not 

the level of production per cell.

4.2. Response to Inflammation

Inflammation plays a significant role in the development of restenosis.26,40,41 Therefore, we 

set out to assess how NT surfaces affect the responses of ECs and SMCs to the inflammatory 

cytokine TNFα, which is implicated in restenosis.27

Our data demonstrate that NT topography decreases the gene expression of VCAM-1 by 1.8-

fold. VCAM-1 encodes adhesion molecules that contribute to the inflammation within the 

vessel wall. Their expression is induced by inflammation, and in turn, they increase EC 

activation and mediate immune cell binding and extravasation.28–31 In particular, VCAM-1’s 

role in restenosis has been previously reported, and its blockade can lead to decreased 

restenosis.42,43 For example, blocking VCAM-1 using monoclonal antibodies was 
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demonstrated to reduce neointimal formation after periadventitial carotid artery injury in 

genetically hypercholesterolemic mice.42 In addition, siRNA inhibition of VCAM-1 reduced 

neointimal formation after surgical mechanical injury of the carotid artery in a rat model.43 

Taken together, the decrease in VCAM-1 expression is likely a mechanism through which 

NT topography can decrease tissue-level inflammation and attenuate restenosis.

We also found that when SMCs are cultured on NT90, TNFα induced a smaller degree of 

hyperproliferation as compared to SMCs cultured on flat surfaces. This indicates that in an 

inflammatory environment, there is a significant decrease in SMC number when cells are 

cultured on NT90 surfaces. NT90 surfaces may act in concert with TNFα receptor signaling 

to attenuate SMC growth on the surface, because in the absence of TNFα, cell numbers on 

the two surface types are not statistically significantly different at the same time point.

NT90 also affects SMC response to inflammation by decreasing levels of MCP-1 produced. 

MCP-1 mediates monocyte recruitment and activation, which is a necessary contributor to 

restenosis.44 MCP-1 is produced by many cell types, including macrophages, ECs, 

fibroblasts, and SMCs. MCP-1 production is induced by other growth factors and cytokines, 

causing the cell to amplify the inflammatory cascade. We found that under both normal and 

inflammatory conditions, the total amount of secreted MCP-1 is lower on NT90 surfaces as 

compared to flat. The decreased numbers of SMC on NT surfaces likely contributes to the 

decrease in total MCP-1 concentration.

Our study indicates that TiO2 NTs can curb the inflammatory cascade surrounding restenosis 

in several ways: (1) decreasing EC expression of adhesion molecules, (2) decreasing SMC 

mitogenesis in response to inflammatory cytokines like TNFα, and (3) decreasing the 

production of inflammatory cytokines such as MCP-1 by SMC.

4.3. Effect of NT Surfaces on Focal Adhesion Expression and Phosphorylation

Cells sense mechanical signals via integrins, which physically engage the ECM and can 

become the nucleation points for focal contacts, and subsequently focal adhesions. Integrins 

also trigger intracellular signals that regulate the remodeling of the actin cytoskeleton and 

other downstream activities. FAK as well as Src, paxillin, and several other adaptor proteins 

are associated with integrins on the membrane45 and affect many physiological responses 

including proliferation, migration, and growth factor signaling.

We investigated how NT surfaces affect FAK expression and phosphorylation. For ECs, we 

found that NT90 surfaces do not cause a significant difference in FAK expression or levels 

of phosphorylation. However, because ECs do demonstrate different behavior on NT90 

surfaces, as evidenced by smaller surface area, differences in cell numbers, and decreased 

VCAM-1 expression, we believe that the NT topography is regulating cell phenotype via a 

different mechanism. Some potential examples include the regulation of focal adhesion 

localization, composition of the plaque components, and focal adhesion size.36

In SMCs, NT topography led to decreased total FAK expression, but an increased ratio of 

FAK phorphorylation. Increased FAK expression is correlated with increased traction forces 

and cell spreading area,46,47 which agrees with our data illustrating that cells on flat 
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surfaces, which had higher FAK expression, also had greater spreading area compared to 

NT90 surfaces. The decreased FAK expression could be explained by the decreased amount 

of available surface area on TiO2 NT surface because cells can only adhere to the walls of 

the tubes and not the void space in the middle of the NT. This means that there is less area 

for cells to attach and form focal adhesions. Despite the decrease in FAK protein expression, 

there is an increase in the ratio of FAK phosphorylation. This could be a compensatory 

mechanism through which the cells try to exert enough traction force despite the decreased 

total FAK expression. Further, there is a well-documented cross-talk between the growth 

factor receptor and integrin-mediated signaling in cells.48,49 The formation and 

phosphorylation of FAK is likely to affect growth factor signaling and other downstream 

cellular processes, which would contributes to the differences we observed in SMC response 

to TNFα stimulation when cultured on NT90 versus flat surfaces.

4.4. Vascular Cell Responses to TiO2 NTs Are Diameter-Dependent

The size, density, and regularity of nanotopographical features are factors that influence cell 

response.37,38,50,51,52 Cells attach to substrates via integrins and several studies have shown 

that ECM ligands and integrin spacing affect focal adhesion formation, growth factor 

signaling, proliferation, and more.36,50,53 The geometric constraints of the TiO2 NT surfaces 

affect the possible patterns of integrin clustering, focal adhesion activation, and subsequent 

downstream signaling events. Further, TiO2 NTs with varying diameters have been shown to 

exert different effects on cells. However, conflicting reports exist regarding the diameters 

that are optimal for eliciting the desired cellular response for a stent material.20,35 We tuned 

NT diameter to study how it affects cell–substrate interactions,ell growth and inflammation.

In terms of EC number, we found that there is no statistically significant difference in cell 

number amongst any of the TiO2 NT surfaces. These data suggest that while the presence of 

NTs has an effect on cell number, changing the NT size does not significantly affect EC cell 

adhesion and growth. For SMCs, the largest NTs, NT90, resulted in the greatest decrease in 

SMC cell number compared to flat and smaller diameter NT surfaces. One way that NT 

surfaces lead to differences in cell behavior is by changing the total amount of possible 

adhesive area, as well as the density of potential integrin binding locations. To study the 

effect of ligand density on cell behavior, Le Saux et al. fabricated surfaces with controlled 

RGD ligand density and size and measured the resulting EC adhesion and cell area.50 The 

study reported that with decreased RGD density, cell adhesion increased significantly until a 

certain threshold and then began to decrease. In our study, NT surfaces can be comparable to 

surfaces with decreased ligand density. We found that NT surfaces, like the surfaces with 

decreased ligand density, increased EC adhesion, agreeing with results of the 

aforementioned study. However, NTs decreased SMC number compared with flat surfaces. 

Thus, there likely exists an optimal range of ligand densities for cell adhesion, and this range 

varies depending on the cell type. We can take advantage of this differential cell response to 

engineer material surfaces to have cell-specific effects.

We also measured functional outputs in response to TiO2 NTs of varying diameters. In some 

cases, the presence of NTs of any diameter led to significant changes in cell behavior. For 

instance, SMC growth in response to TNFα stimulation was significantly decreased on all 
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NT surfaces compared to flat titanium. In other cases, the response to diameter is a graded 

response. For example, increasing NT diameters led to greater decreases in VCAM-1 

expression in ECs. Last, there are other cases in which only the largest NT90 surfaces had an 

effect on cell phenotype, while NT30 and NT50 cause no change compared to flat surfaces. 

This was the case of MCP-1 production in SMCs. Given these observations, there likely 

exists a threshold of ligand spacing and density that is necessary for eliciting a change in cell 

behavior. More importantly, this threshold is different depending on the cell type and the 

signaling pathways involved.

We also found that changing surface roughness independently of NT diameter led to changes 

in EC surface area but does not affect SMC area and cell number. NT90* surfaces with 

decreased surface roughness could potentially increase EC coverage by increasing EC 

spreading, but the surface had no the anti-inflammation effects. Thus, surface roughness is 

another important parameter to tune for modulating cell response. Our results show that 

NT90 surfaces are a promising combination of NT diameter and surface roughness to 

achieve an anti-restenotic phenotype in vascular endothelial and smooth muscle cells.

5. CONCLUSIONS

In this study, we fabricated TiO2 nanotubes with 90 nm diameters to investigate how NT 

nanotopography affects endothelial and smooth muscle cell response, with the goal of 

designing a surface coating for bare metal stents that can decrease restenosis. We observed 

that NT surfaces decreased SMC coverage by decreasing both cell adhesion and cell 

spreading area. In addition, we found significant reductions in the inflammatory responses of 

both cell types cultured on NTs compared to unmodified surfaces. TiO2 NT surfaces 

attenuated TNFα-induced SMC proliferation, as well as TNFα-induced EC adhesion 

molecule expression. NT90 surfaces also decrease SMC MCP-1 cytokine secretion. Further, 

we compared the 90 nm NTs with 30 and 50 nm NTs and found that 90 nm NTs led to the 

greatest decrease in SMC coverage and inflammatory response. Taken together, we show 

that TiO2 NT surface coatings on stents are a promising alternative to DES for decreasing 

restenosis.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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ABBREVIATIONS

NT90 90 nm diameter nanotube surfaces

NT30 30 nm diameter nanotube surfaces

NT50 50 nm diameter nanotube surfaces

NT90* 90 nm diameter nanotube surfaces with decreased root mean squared 

roughness

SMC smooth muscle cell

EC endothelial cell

HIM helium ion microscopy

AFM atomic force microscopy

MCP-1 monocyte attractant protein-1

FAK focal adhesion kinase

pFAK phosphorylated focal adhesion kinase

RMS root mean squared roughness

CCL-2 CC chemokine ligand 2 (the gene encoding MCP-1 protein)
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Figure 1. 
(A) Schematic of the electrochemical anodization of TiO2 NT coatings on titanium foil 

using a custom 3D printed fixture. (B) HIM images of flat and (C) NT90 surfaces. (D) AFM 

projections of flat and (E) NT90 surfaces. D = diameter; RMS = root mean squared 

roughness. Scale bar = 200 nm.
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Figure 2. 
Representative HIM images of primary human coronary endothelial muscle cells on (A) flat 

(scale bar = 2 μm) and (B) NT90 surfaces (scale bar = 200 nm). Representative HIM images 

of primary human coronary SMCs on (C) flat (scale bar = 1 μm) and (D) NT90 surface 

(scale bar = 2 μm). Cells were fixed after 2 days of culture. Filopodia are indicated by white 

arrows.
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Figure 3. 
EC and SMC cell coverage on flat and NT surfaces. (A) EC and (E) SMC cell numbers on 

flat and NT surfaces were measured using a CyQUANT assay, which quantifies DNA 

content in cell lysates. (B) EC and (F) SMC area were quantified using fluorescence 

microscopy and ImageJ. Representative images of (C,D) ECs and (G,H) SMCs cultured on 

flat and NT surfaces are shown. Green: phalloidin. Blue: DAPI. Scale bar: 150 μm.
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Figure 4. 
Effect of NT topography on inflammatory response. (A) VCAM-1 gene expression in ECs. 

(B) SMC cell numbers when cultured on flat or NT90 surfaces in control media or under 

stimulation with 2 ng/mL TNFα, an inflammatory cytokine and known mitogen for SMCs. 

(C) MCP-1 secretion by SMCs cultured on flat or NT surfaces was measured in conditioned 

media using ELISA. Data are expressed as mean ± SD.
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Figure 5. 
Total FAK and pFAK were quantified by ELISA using cell lysates from (A,B) ECs and 

(C,D) SMCs cultured on flat and NT90 surfaces. Total FAK concentration was normalized to 

the total protein content. The pFAK concentration was normalized to the total FAK 

concentration. Data are expressed as mean ± SD.
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Figure 6. 
Fabrication and characterization of (A,C) NT30 and (B,D) NT50 surfaces. (A,B) HIM 

images and (C,D) AFM 3D-projections are shown. D = diameter; RMS = root mean squared 

roughness. Scale bar = 200 nm.
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Figure 7. 
Effect of varying NT diameter on EC and SMC response. Cell growth rates on flat and NT 

surfaces using (A) ECs and (D) SMCs. Significant values are represented as follows: x 

NT30; # NT50; *NT90. One symbol: p < 0.05; two symbols: p < 0.01. (B) Relative 

VCAM-1 mRNA expression in ECs cultured on flat and NT surfaces. Values are normalized 

to mRNA expression on flat surfaces. (C) SMC cell numbers cultured on flat and NT 

surfaces in control media and in media containing 2 ng/mL TNFα. (E) MCP-1 secretion by 

SMCs cultured on flat and NT surfaces. Note: data shown here for flat and NT90 surfaces 

are identical as those in previous figures. They are shown here as a reference for comparison 

purposes.
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Table 1.

Primer Sequences Used for qPCR

gene primer sequence

RPL-19 fwd: TCGCCTCTAGTGTCCTCCG

rev: GCGGGCCAAGGTGTTTTTC

VCAM-1 fwd: GGGAAGATGGTCGTGATCCTT

rev: TCTGGGGTGGTCTCGATTTTA

CCL-2 fwd: CAGCCAGATGCAATCAATGCC

rev: TGGAATCCTGAACCCACTTCT
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