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Abstract 
Endothelial cell (EC) morphology can be regulated by the micro/nano topo-
graphy in engineered vascular grafts and by hemodynamic forces in the native 
blood vessels. However, how EC morphology affects miRNA and thus EC 
functions is not well understood. In this study, we addressed this question by 
using human umbilical vein endothelial cells (HUVECs) cultured on micro-
grooves as a model. HUVECs were grown on either microgrooved (with 10 
μm width/spacing and 3 μm depth) or smooth surfaces. HUVECs on micro-
grooved surface had elongated and bipolar morphology, while HUVECs on 
smooth surface showed cobble stone shape or non-polar morphology. EdU 
staining indicated that HUVECs with elongated morphology had lower proli-
feration rate compared to their counterpart cultured on smooth surface. 
Quantitative PCR analysis demonstrated that the expression of the specific 
microRNAs (miR-10a, miR-19a, miR-221) that targeted proliferation-related 
genes was all up-regulated. Consistently, the mRNA levels of their respective 
target genes, mitogen-activated protein kinase kinase kinase 7, Cyclin D1 and 
c-kit were significantly reduced by a fold change of 0.12 ± 0.01 (p < 0.01), 0.70 
± 0.23 (p < 0.05) and 0.76 ± 0.21 (p < 0.05). Other miRNAs such as miR-126 
and miR-181a were up-regulated as well, leading to the repression of their 
targets vascular cell adhesion molecule-1 and prospero homeobox-1. Our re-
sults suggested that microgrooved surface may regulate microRNA levels and 
thus EC functions. These results provide insight into the modulation of EC 
functions by microtopographic cues, and will facilitate the rational design of 
microstructured materials for cell and tissue engineering. 
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1. Introduction 

Cardiovascular disease is one of the leading causes of death all around the world 
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[1]. Vascular tissue engineering provides a valuable approach to replace diseased 
arteries [2]. By far, one of the main challenges in vascular tissue engineering is to 
enhance endothelialization on the luminal surface of vascular grafts by optimiz-
ing extracellular microenvironment [3] [4] [5]. Therefore, fine-tuning the phys-
ical and chemical properties of the scaffolds, as well as their interaction with 
vascular cells is pivotal to regeneration outcome and long-term effectiveness in 
clinical application [6]. 

Many factors in the extracellular environment such as signal molecules, cell- 
cell adhesions and extracellular matrix affect cell behaviors. Among these fac-
tors, physical cues also play important roles in regulating cell functions. For 
example, micro/nano-topographic patterned surfaces of biomaterial have pro-
found impact on cell proliferation, differentiation, migration, apoptosis and re-
lated to immunology response. For example, micro-needles regulate cell adhe-
sion, cell lysing and cell growth [7], and microposts accelerate the proliferation 
of connective tissue progenitor cells [8]. Parallel microgrooves combined with 
surface energy affect rat dermal fibroblasts growth [9]. Microgrooved surfaces 
facilitate the derivation of cardiomyocytes from stem cells [10], affect prolifera-
tion of vascular smooth muscle cells [11] [12], and regulate cell reprogramming 
and epigenetic state [13] [14]. However, whether and how microgrooved surface 
modulates microRNA and thus endothelial cells (EC) functions is not well un-
derstood. 

It has been reported that EC functions can be regulated by microRNA [15] 
[16]. For example, miR-126 is essential in maintaining the proliferative capacity 
of EC by suppressing the Notch1 inhibitor Dlk1 and leading to EC proliferation 
after injury, showing a protective effect against atherosclerosis and free-radical 
induced apoptosis [17] [18]. Under physiological conditions in vivo, ECs are 
subject to laminar flow and high shear stress in the straight part of arteries, have 
elongated morphology, and microRNAs, including miR-10a, -19a and -126 are 
induced in these areas to inhibit proliferation and decrease inflammation [19] 
[20]. 

We postulated that microgrooved surface could induce elongated EC mor-
phology and mimick, at least in part, the effects of high shear stress on EC func-
tions. Therefore, in this paper, we investigated whether the microtopology of the 
substrate may affect specific miRNA expression to regulate cell proliferation. 

2. Materials and Methods 
2.1. Material Preparation 

We used microfabrication technique to fabricate PDMS membranes with desired 
surface topography. Briefly, a silicon wafer was first prepared by soft lithogra-
phy. Poly(dimethyl siloxane) (PDMS, Sylgard 184, Dow Corning, Midland, MI) 
was spin-coated onto the patterned silicon wafers to desired thickness (~250 
μm). Then the membrane was degassed under vacuum and cured at 70˚C. The 
membrane was detached from the wafer, cleaned by sonication, treated with oxy-
gen plasma to enhance protein adsorption, and coated with 2% gelatin for 1 hour. 
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2.2. Surface Characterization 

PDMS membranes were cut into 1 × 1 cm2 to fit the carrier and processed by Au 
sputter. The images of the samples were collected by using scanning electron 
microscopy (SEM) (JEOL JSM-5600, Japan). The water contact angle was deter-
mined by EasyDrop (FM40Mk2, Kruss Gmbh, Germany) and the data was ana-
lyzed by KRUSSK100 software. 

2.3. Cell Culture 

Human umbilical vein endothelial cells (HUVECs) were purchased from Scien-
Cell (China). The cells were cultured with Endothelial Cell Medium (ECM, 
ScienCell, USA) supplemented with 5% fetal bovine serum, 1% Penicillin/ 
Streptomycin Solution and 1% EC growth supplement at 37˚C under 5% CO2. 
After reaching 80% - 90% confluency, cells were seeded on PDMS membrane for 
subsequent study. For consistency, cells from passages 4 - 7 were used. 

2.4. Fluorescence Staining 

Cells were fixed by 4% paraformaldehyde (PFA, Electron Microscopy Sciences, 
USA) followed by 0.5% Triton X-100 (Solarbio) to increase the permeability. Ac-
tin cytoskeleton was stained by FITC-phalloidin conjugate (AAT Bioquest) and 
nuclear by 4',6-diamino-2-phenylindole (DAPI, Beyotime, China). Laser scan-
ning confocal microscope TCS SP5II (Leica) was used to acquire microscopic 
images. 

2.5. Cell Proliferation Assay by EdU Staining 

At different time points, the cells were incubated with 50 mM EdU (RiboBio Co., 
Ltd, China) for 2 hour at 37˚C and 5% CO2. At the end of the incubation, the 
cells were rinsed by phosphate buffered saline (PBS) 3 times, fixed by 4% PFA, 
and incubated with 2 mg/ml amino acetic acid for 5 min with slow oscillation at 
room temperature. Then the cells were incubated with the penetrant followed by 
EdU dye liquor provided in the kit for 30 min at 37˚C. Cell nuclei were stained 
with DAPI for cell counting. The Laser scanning microscope TCS SP5Ⅱ (Leica) 
was used for imaging. 

2.6. Total RNA Extraction and Real-Time Polymerase  
Chain Reaction (PCR) Analysis 

RNA was isolated from cultured cells by using the TRIzol® Plus RNA Purifica-
tion Kit (No. 12183555, Thermo Fisher Scientific, USA). cDNA synthesis was 
performed by using the FastQuant RT kit (with gDNase) (KR106, TIANGEN, 
China), and SuperReal PreMix Color (SYBR Green) (FP215, TIANGEN, China) 
was applied for mRNA expression analysis. The primers used for real-time PCR 
are listed in Table 1. The annealing temperature in all the real-time PCR reac-
tion was set at 60˚C. The gene expression level in each sample was normalized 
with GAPDH level respectively. 
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Table 1. The primers used for mRNA real-time PCR. 

Primers Forward Primer Reverse Primer 

MAP3K7 5' TGA CTC CTC CAT AGC ATT GT 5' CAT CAA GCC TTA GCA TTC AC 

CCND1 5' CTC GGT GTC CTA CTT CAA AT 5' TCC TCC TCG CAC TTC TGT T 

c-Kit 5' GAA GTG GAA GGC ATC AGT C 5' AGC ATT ATG GAA GGT CTA AG 

VCAM-1 5' AAA GGG AGC ACT GGG TTG 3' 5' GCA CAG GAG TCT GAT GAA CA 

PROX1 5' ACA AAA GCC TGT CTC TCC AA 5' CCT TCA CCA TCC CAC CAT AG 

GAPDH 5' GGG AAG GTG AAG GTC GGA GT 5' GGG GTC ATT GAT GGC AAC A 

2.7. miRNA Preparation and Real-Time PCR Analysis 

The miRcute miRNA Isolation Kit (DP501, TIANGEN, China) was used for mi-
croRNA extraction. cDNAs were synthesized by miRcute miRNA First-Strand 
cDNA Synthesis Kit (KR201, TIANGEN, China) and the real-time PCR was 
performed by miRcute miRNA qPCR Detection Kit (SYBR Green) (FP401, 
TIANGEN, China) according to the manufacturer’s instruction. The real-time 
PCR reaction was performed on Applied Biosystems 7900 HT Fast Real-Time 
PCR System (ABI, USA) and the data were analyzed by using SDS Software 
(Ver. 2.4). The expression levels of the target microRNA were normalized to U6 
as the internal control. All reactions were performed in triplicates and the rela-
tive expression was calculated by comparative 2−∆∆CT method. The primers used 
for real-time PCR are listed in Table 2. The annealing temperature in all the 
real-time PCR reaction was set at 60˚C. 

2.8. Statistics 

Experiments were run in triplicates for each sample. Standard error was plotted 
as error bars in all figures. Statistically significant differences were assessed and 
determined by using GraphPad Prism 5. A difference with a p-value <0.05 was 
considered statistically significant. 

3. Results 
3.1. Characterization of the Microgrooved PDMS  

Substrates and HUVECs Morphology 

PDMS is a hydrophobic material, which is not suitable for cell attachment. In 
order to increase its biocompatibility, 2% gelatin was used to coat the PDMS 
membrane surface. After coating with gelatin, the PDMS surfaces hydrophilicity 
were determined by water contact angle measurements. The results are shown in 
Figure 1 and Table 3. For PDMS membrane with smooth surface, the average 
contact angle decreased from 145.567 to 71.267 degree, and for the microgroove 
pattern, the contact angle decreased from 125.967 to 72.433 degree. It is clear 
that gelatin coating significantly increased the hydrophilicity of the PDMS 
membrane. Since the water droplet was much larger than the size of the micro-
grooves, no significant difference was observed between the smooth surface and 
microgrooved surface. 
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Figure 1. Water contact angle. The water contact angle of both smooth and grooved sur-
face of PDMS membrane before and after gelatin coating following the process of plasma 
treatment. 
 
Table 2. The primers used for microRNA real-time PCR. 

Primers Forward Primer 

hsa-miR-10a-5p 5' CAC AAA UUC GGA UCU ACA GGG UA 

hsa-miR-19a-3p 5' UCA GUU UUG CAU AGA UUU GCA CA 

hsa-miR-221-3p 5' GAA ACC CAG CAG ACA AUG UAG CU 

hsa-miR-181a-5p 5' ACU CAC CGA CAG CGU UGA AUG UU 

hsa-miR-126-3p 5' CGC AUU AUU ACU CAC GGU ACG A 

 
Table 3. Contact angle of both smooth and grooved surface of PDMS membrane. 

PDMS membrane Smooth Grooved 

Gelatin coating − + − + 

Average contact angle (˚) 145.567 71.267 125.967 72.433 

 
To confirm that coating with gelatin did not change the membrane surface 

topography, the PDMS surfaces were also characterized by scanning electron 
microscopy (SEM). As shown in Figure 2(a), the micropatterned PDMS surface 
consists of 10-μm wide and 3-μm deep microgrooves. Therefore, the coating did 
not change the desired surface topography of the grooved PDMS membrane. 

HUVECs were seeded on both surfaces for 3 days (Figure 2(b)) and stained 
with phalloidin and DAPI before confocal imaging. On the smooth PDMS 
membrane, the cells spread out and had thick bundles of F-actin or stress fibers. 
On the contrary, the cells grew on microgrooved PDMS membrane demon-
strated an elongated shape, as the cytoskeleton arranged align in the direction of 
the grooves. 

3.2. Microgroove Reduced the Proliferation of HUVECs 

Next, we performed EdU staining to quantify cell proliferation (Figure 3). For 
cells cultured on smooth surface, proliferation rate was similar at the second and  
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(a)                                       (b) 

Figure 2. Effects of micropattern on the morphology of HUVECs. (a) SEM micrograph of 
PDMS membranes with smooth or microgroove surface. The parallel microgrooved were 
10 μm in width and 3 μm in depth, magnification = 100; (b) HUVECs stained by phalloi-
din (green) and DAPI (blue), magnification = 40, scale bar = 50 μm. 
 
third day after seeding. However, for cells cultured on microgrooved surface, the 
proliferation rate was significantly lower on day 2 (p < 0.01) and day 3 (p < 0.05) 
than the cells seeded on smooth surface. 

3.3. Microgroove Substrate Regulated the Expression of miRNAs  
and Their Target Genes Related to EC Proliferation 

We further investigated the microRNAs that had been reported to regulate EC 
proliferation. As shown in Figure 4(a), miR-10a, miR-19a and miR-221 were 
up-regulated in HUVECs cultured on microgrooved surface by a fold change of 
7.67 ± 1.11 (p < 0.01), 9.76 ± 3.83 (p < 0.05) and 1.92 ± 0.03 (p < 0.01), respec-
tively. Based on previous findings, miR-10a attenuates the expression of mito-
gen-activated kinase kinase kinase 7 (MAP3K7; TAK1) by binding to the 3’ UTR 
of its gene and then affects IκB/NF-κB pathway [21]. MiR-19a can significantly 
decrease the protein level of cyclin D1 (CCND1), leading to an arrest of cell cycle 
at G1/S transition [22]. Unlike the role in cancer cells, miR-221 reduce c-kit ex-
pression in EC and thus inhibit cell proliferation and vessel growth [23]. All the 
above microRNAs, with their up-regulation attenuating the expressions of their 
target genes, may lead to the inhibition of EC proliferation. 

Therefore, to confirm this, the target genes of miR-10a, miR-19a and miR-221 
were specifically selected and real-time PCR was used to examine the gene ex- 

50μm

50μm
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(a) 

 
(b) 

Figure 3. EdU staining of cells cultured on smooth or microgrooved PDMS membranes. 
(a) HUVECs were cultured for 2-3 days, and stained by EdU (green) for proliferated cells 
and by DAPI (blue) for all cell nuclei; (b) The proliferation index of cells cultured on 
smooth or microgrooved surface. The data were shown as the means ± SE. n = 3, *p < 
0.05, **p < 0.01. 
 
pression level at day 3. Previous work has shown that MAP3K7 is a key regulator 
of IκBα, which is a core member of IκB family. A sustained binding of IκB and 
NF-κB will cause a lower growth rate of multiple types of cells including ECs 
[24]. Furthermore, over-expressed CCND1 binds to and activates CDK4 causing 
hyperphosphorylation of RB1, which promotes cell cycle G1/S transition [25]. 
And c-kit protein is a member of trans-membrane receptor tyrosine kinase 
(RTK) family that is activated by stem cell factor to promote cell activity includ-
ing proliferation [26]. As shown in Figure 4(b), cell cycle-related genes MAP3K7,  

GroovedSmooth

Ed
u

D
AP

I
M

er
ge

d

75μm

75μm

75μm

GroovedSmooth

Day 2 Day 3



D. Wang et al. 
 

196 

 
(a) 

 
(b) 

Figure 4. Real-time PCR analysis of growth-related miRNAs and target genes for cells 
cultured on microgrooved or smooth PDMS membrane. Results were normalized to 
smooth surface as control, n = 3, *p < 0.05, **p < 0.01. 
 
CCND1 and c-kit, predicted as the target genes of miR-10a, miR19a and miR- 
221 respectively, were all down-regulated on microgrooved surfaces compared 
to that on smooth surfaces and the fold change values are 0.12 ± 0.01 (p < 0.01), 
0.70 ± 0.23 (p < 0.05) and 0.76 ± 0.21 (p < 0.05), respectively, consistent with the 
finding on cell proliferation. 

3.4. Microgroove Substrate Regulated the Expression of miRNAs  
and Their Target Genes Related to Other EC Functions 

We also investigated the microRNAs that had been reported to participate in the 
regulation of EC inflammation and differentiation. As shown in Figure 5(a), 
miR-126 and miR-181a were both up-regulated in the HUVECs cultured on mi-
crogrooved surface by a fold change of 5.46 ± 0.86 (p < 0.01) and 2.41 ± 0.82 (p 
< 0.05). Based on previous findings, miR-126 is one of the most abundant mi-
croRNAs in ECs and involves in diverge biological processes, such as anti-in-  
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(a) 

 
(b) 

Figure 5. Real-time PCR analysis of other miRNAs and target genes for cells cultured on 
microgrooved or smooth PDMS membrane. Results were normalized to smooth surface 
as control, n = 3, *p < 0.05, **p < 0.01. 
 
flammation, angiogenesis and vascular remodeling under shear stress [27] [28] 
[29]. By looking at the inflammatory biomarkers, we found that vascular cell 
adhesion molecule 1 (VCAM-1), a target of miR-126, was reduced and the fold 
change is 0.71 ± 0.12 (p < 0.05), as shown in Figure 5(b). In addition, the ex-
pression of Prospero Homeobox 1(PROX1), a target gene of miR-181a, was also 
reduced by a fold change of 0.57 ± 0.03 (p < 0.01). PROX1 expresses during 
vascular development and neo-lymphangiogenesis [30]. miR-181a binds to its 3' 
UTR resulted in reduced levels of PROX1 and then reprogramming of lymphatic 
ECs toward a blood vascular phenotype. 



D. Wang et al. 
 

198 

4. Discussion and Conclusions 

It is known that atherosclerotic plaques occur in bifurcation of vessels or curved 
arteries, where ECs are exposed to disturbed flow, featuring low speed and oscil-
latory shear stress. In addition, vascular ECs sense and respond to blood flow, 
ultimately, change gene expression [31] [32]. The shape of ECs exposed to lami-
nar shear stress is elongated and unidirectional along with the flow direction. 
From this point of view, the physical effect of microgrooved surface is similar to 
that of laminar shear stress, at least in some ways. Indeed, cell proliferation on 
microgrooves or in response to shear stress decreases. Therefore, tissue engi-
neered blood vessel with aligned micro or nano patterns might mimic the effect 
of higher shear stress on ECs, and ECs on aligned matrix, upon implantation in-
to low-speed blood flow area, may still behave as they were under high shear 
stress blood flow, and are thus inhibitory for atherosclerotic lesion formation. 

Accumulative evidence indicates that so called “mechanical microRNAs” are 
responsible for the flow-dependent control of endothelial function [19]. Anti- 
atherogenic mechanical microRNAs such as miR-10a and 19a are either up-re- 
gulated by high shear stress or are down-regulated by low shear stress in vivo 
[33]. miR-10a inhibits NF-κB through stabilizing IκB/NF-κB complex by target-
ing MAP3K7 and βTRC that are the key factors for IκB degradation, and thus a 
variety of cell behaviors are affected, including proliferation. Correspondingly, 
in our study, after 3 day of seeding, miR-10a was upregulated and the prolifera-
tion of HUVECs was attenuated. 

Previous studies on HUVEC in vitro culture system determined flow-sensi- 
tive miRNAs; after 12 h of shear stress (12 dyn/cm2) treatment, miR-19a, which 
targets CCND1, was identified as an upregulated miRNA. Consistently, after 3 
days of seeding, just like miR-10a, miR-19a was upregulated and the prolifera-
tion of HUVECs was inhibited in our study. 

miR-221 is a multiple target microRNA. c-kit, p27, p57 are all targets of miR- 
221/222 cluster. p27 and p57 are both tumor suppressor genes. High expression 
of miR-221 in cancer cells promotes cell proliferation by targeting the cell cycle 
inhibitor p27 [34]. However, c-kit was reported to be strongly expressed in ECs, 
whereas both p27 and p57 expressed weakly. Therefore, high expression of 
miR-221 in EC showed an opposite effect to cancer cells. 

As a mechanical microRNA, miR-126 has been implicated in either pro- or 
anti-atherogenic events, and the role is determined by lots of variables which in-
fluence cell sensitivity to the laminar flow. In our study, we detected up-regula- 
tion of miR-126 induced by microgrooved surface and reduced expression of 
VCAM-1, which imply a possible anti-inflammation effect of EC on micro-
grooved surface. 

The proliferation of HUVECs can be regulated by numerous factors; in our 
study, microgrooved PDMS membrane exert the proliferation inhibitory effect 
on HUVEC by up-regulation of a variety of microRNAs, the high level of miR- 
10a, -19a, -221 leading to down-regulation of MAP3K7, CCND1 and c-kit, 
which were key factors during the proliferation process. The method of mod-
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ulating material surface morphology to interfere cell behavior, or specifically, 
using scaffold with microgrooved surface to affect EC proliferation, might be 
used in engineer surface in blood vessel tissue engineering. 
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