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Effect of microtopographic structures of silk fibroin
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Abstract. Stent implantation has become the preferred
revascularization treatment for occlusive blood vessel disease;
however, there are occasionally complications resulting in
re-narrowing of the treated artery. One approach to over-
coming this problem is to establish a confluent monolayer
of endothelial cells (ECs) on the stent, and a coating would
facilitate the attachment of ECs. Silk fibroin was reported
to be used as an ideal coating applied to stent for the culture
of human ECs. The aim of the present study is to gain more
insight into the influence of the internal microtopographical
structure of silk fibroin on cell behavior, such as attachment
and growth, and to further investigate its molecular mecha-
nism using human umbilical vein ECs (HUVECS). Our results
evaluated the effect of different microtopographical structures
on cell behavior. In addition, we analyzed the cell cycle and
investigated relevant molecules involved. The results indicated
that the microtopographic structure of silk fibroin was associ-
ated with EC morphology, attachment and proliferation.

Introduction

A new era commenced when metallic stents were firstly
introduced into clinical practice for the management of coro-
nary and peripheral artery disease following transluminal
angioplasty. This development brought about a significant
reduction in restenosis compared to balloon angioplasty (1).
Stent implantation has improved outcomes and become
the preferred revascularization treatment for occlusive
blood vessel disease. However, during surgical intervention,
the unavoidable vascular trauma may initiate undesirable

Correspondence to: Professor Bo Yu, Department of Surgery,
Pudong Hospital of Fudan University, 2800 Gongwei Road, Pudong
New District, Shanghai 201399, P.R. China

E-mail: paul.yubo@gmail.com

Key words: silk fibroin, microtopographic structure, endothelial
cell behavior, molecular mechanism

responses such as the excessive proliferation of vascular
smooth muscle cells (SMCs), extracellular matrix synthesis,
thrombosis and a chronic inflammatory reaction, leading to
complications resulting in the re-narrowing of the treated
artery, known clinically as in-stent restenosis (ISR) (2). ISR is
defined as diameter stenosis of 250% in the stented area of the
vessel mainly due to excessive neointimal proliferation within
the stented segment. This reduces the long-term efficacy of
metal stent implantation to 20-40%.

ISR represents an abnormal vascular response and repair
to injury that results in excessive tissue growth. Angioscopic
and pathological evidence suggests that endothelial cell (EC)
dysfunction contributes to such development (3). A healthy
endothelium sustains an antithrombotic milieu by secretion of
various factors that exert antiaggregatory effects on platelets
or have anticoagulatory or fibrinolytic properties (4). When
in a confluent monolayer, ECs cease replication. Following
stent implantation, the attendant endothelial denudation
allows thrombus formation in response to exposure of highly
thrombogenic substances from ruptured or erosive plaques,
and in the meantime, the SMCs proliferate and migrate to
the deendothelialized vessel surface, where they continue to
proliferate and secrete extracellular matrix proteins, leading
to neointimal tissue formation.

A possible future approach to overcome ISR is to promote
and accelerate reendothelialization in the injured vessel,
which is more natural and consequently safer. Among them,
EC-capture stent, a type of stent used to attract ECs, would
ultimately promote the elution of biologically active substances
through a functioning endothelium monolayer, revealing
correlation with a decrease in thrombosis and intimal thick-
ening (5). Endothelium cell seeding techniques could be of
high value for the establishment of a confluent monolayer on
the stent in vitro. However, in vitro experiments showed that
limited ECs were retained after stent expansion at the time of
implantation and the subsequent pulsatile flow exposure (6,7).

Prior studies have suggested that coating the stent with
a matrix such as fibronectin or collagen would facilitate the
attachment of ECs. These studies have also demonstrated that
fibronectin-coated stents can be seeded in vitro with vascular
ECs (8,9) and that a number of the cells remain adherent to the
stent following balloon expansion of the stent (10). However,
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these matrices are thrombogenic and could increase stent
thrombogenicity. In addition, their poor mechanical property
and limited ability to sustain stent expansion and deployment
are also substantial challenges in clinical application (10,11).

A number of other different compounds have been utilized
as scaffold for the growth of ECs in the last decade. Among
them, silk fibroin, the material that remains after the removal
of sericin from silk, has demonstrated unique mechanical
properties as well as excellent biocompatibility, controlled
degradability and versatile processability in different material
formats, and could be used to coat the stent in an attempt to
increase attachment to ECs (12,13). Silk has been used for
centuries primarily as suture material. Its fibers are composed
of two major types of protein: a) sericin, the antigenic gum-
like protein surrounding the fibers; and b) fibroin, the core
filaments of silk responsible for silk's elasticity (14). If sericin
is removed, purified silk fibroin exhibits few immunological
reactions, retaining the strength and many other desirable
features of silk just as mentioned above.

Recent studies have revealed that physical modifications
of biomaterials may influence cell reaction (15), and that
nanostructured materials have been shown to support endo-
thelial cellular attachment and growth (16). Thus, to validate
silk fibroin's ability for coating the stent, it is our belief that a
deeper understanding of cell-material interactions is essential
for controlling endothelial cellular function by the physical
parameters of the material. In the present study, we focused on
employing a micromolding technique to produce silk fibroin
with different microstructural features at micron scale, and at
the same time, to evaluate the effect of these microtopograph-
ical features on cell behavior, such as attachment and growth,
using human umbilical vein ECs (HUVECs). Furthermore,
we analyzed the cell cycle and investigated relevant molecules
involved in the cell growth and adhesive molecules such as
integrin a5P1 and a5p3 for the study of the biological perfor-
mance of cells on different patterned surfaces.

Materials and methods

Fabrication of silk fibroin. Silk fibroins with different microto-
pographical features were kindly supplied by the Laboratory of
Advanced Materials, Fudan University. Polydimethylsiloxane
(PDMS) molds were surface modified by carving various
combinations of grooves and ridges into the surface using
a computer controlled excimer laser beam through a metal
photomask. The mask was not in close contact with the surface
and the desired pattern was projected via the laser beam onto
the area of interest. The silk fibroin solutions prepared earlier
were pipetted on top of the pattern present on the PDMS mold.
As the silk fibroin solution evaporated and transformed to
membrane, the micropatterns of the PDMS mold were trans-
ferred to the membrane. In this way, 4 types of silk fibroin
were obtained having microtopographical structures at micron
scale, as well as one control, having a non-patterned structure.

Cell culture on the silk fibroin surfaces. HUVECs were
isolated according to a previously published method (17).
Cells were cultured in medium M199 (Sigma, St. Louis, MO,
USA) supplemented with 20% fetal bovine serum (Thermo
Scientific Hyclone, South Logan, UT, USA). Cells were seeded
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at a density of 1x10* cells/cm? in a 6-well plate containing
4 types of silk fibroin with different microtopographic struc-
tures and one with a non-patterned structure. The plate was
incubated at 37°C in 5% carbon dioxide. Cells were cultured
for 3 days and were imaged at x160 magnification using an
IX-71 microscope (Olympus, Tokyo, Japan) equipped with a
high resolution digital camera.

Cell proliferation assay. Cell proliferation was evaluated
during culture time (24, 48 and 72 h) to detect the effect of
microtopographic structures on the proliferation of HUVECs
by Sulforhodamine B (SRB). Cells (5x10° cells/well in 100 pl
medium) were seeded in 96-well plates containing the 4 types
of silk fibroin with different microtopographic structures and
one with a non-patterned structure. After each time point,
50 ul of 30% trichloroacetic acid was added for 60 min at 4°C.
After washing and drying the plate, 100 ul of 0.4% SRB was
added for 30 min. The plates were rinsed with 0.1% acetic
acid and air-dried, after which 100 ul of Tris base (10 mmol/l)
was added, and the plates were agitated for 5 min. The SRB
value was measured at a wavelength of 490 nm by iMark™
Microplate Reader (Bio-Rad, Hercules, CA, USA). The experi-
ment was performed in quintuplicate and repeated three times.

Real-time PCR analysis. HUVECs were seeded in 60 mm
plates (1x10%plate) containing the 4 types of silk fibroin
with different microtopographic structures and one with a
non-pattened structure. After incubation for 72 h, cells were
removed from plates with trypsin and then centrifuged. The
total cellular RNA was extracted from the cell pellets using
TRIzol (Invitrogen, Carlsbad, CA, USA) and then transcribed
into cDNA with a RevertAid™ first strand cDNA synthesis
kit (Fermentas, Vilnius, Lithuania) using 2 pg total RNA and
oligo(dT) primers. The quantitative PCR included 2 p1 cDNA
and 10 pl SYBR-Green Master mix (Takara, China) with a
pair of primers. The reactions were monitored on the ABI
PRISM 7500 sequence system (Applied Biosystems, Carlsbad,
CA, USA). mRNA levels of VEGF, VCAM-1, Eselectin, a5p3
and E-cadherin were calculated using the equation 242 and
normalized to human GAPDH mRNA levels. The primer
sequences for specific mRNA are shown in Table I.

Western blot analysis for adhesive molecules. HUVECs were
seeded in 60-mm plates as described above. Following incuba-
tion for 72 h, cells were removed from the plates with trypsin
and then centrifuged. Cell pellets were resuspended in lysis
buffer (1% Triton X100, 50 mM Hepes, pH 7.4, 150 mM NaCl,
1.5 mM MgCl,, | mM EGTA, 100 mM NaF, 10 mM NaPPi
and 10% glycerol to which 1 mM PMSF, 1 mM Na,VO,,
and 1X protease inhibitor were added before use) to harvest
cell lysates. Proteins from total cell lysates were separated
using a 10-15% SDS-PAGE gel and then transferred to PVDF
membranes (Millipore, Billerica, MA, USA). The membranes
were blocked, washed, and incubated with specific primary
antibodies. The primary antibody incubation was followed by
incubation with HRP-conjugated secondary antibodies. The
bands were detected with an enhanced chemiluminescence
assay (PerkinElmer, Waltham, MA, USA). The protein expres-
sion level of a5P1 and a5P3 was calculated using Quantity
One software (Bio-Rad).
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Table I. Primer sequences for specific genes.

Gene Primer sequences (5'-3")
VEGF F: AATCATCACGAAGTGGTGAAG

R: AATCTGCATGGTGATGTTGGA
VCAM-1 F: TTAGATAATGGGAATCTACA

R: TCAACATGACTGAGTCTCCAA
Eselectin F: TGAGTGTGATGCTGTGACAAA

R: TTCTGAGGCTGGCGGACGG
a5p3 F: TTAAGAATGCTTACAATAA

R: AACGACTGCTCCTGGATGCAC
E-cadherin F: TTGCTCACATTTCCCAACTCC

R: TTTCAATAATAAAGACACCAA
GAPDH F: TTCACCACCATGGAGAAGGCTG

R: TTCCACGATACCAAAGTTGTCA

F, forward; R, reverse.

Enzyme-linked immunosorbent assay (ELISA) test. HUVECs
were seeded in 60-mm plates as described above. Supernatants
were harvested after 72 h and centrifuged at 2,000 x g to
measure the concentration of protein factor by an ELISA
according to the manufacturer's instructions for the ELISA kit
(R&D Systems, Minneapolis, MN, USA).

Cell cycle analysis. HUVECs were seeded in 60-mm plates as
described above. After incubation for 72 h, cells were trypsin-
ized, collected in phosphate-buffered saline (PBS) and fixed
on ice followed by 70% cold ethanol. After treatment with
10 ug/ml RNase, cells were stained with 50 yg/ml propidium
iodide (Sigma) for 15 min at room temperature to prepare for
cell cycle analysis. Stained cells were analyzed by flow cytom-
etry (FACSCalibur; BD Biosciences, Franklin Lakes, NJ,
USA). The cell cycle information was analyzed using ModFit
3.0 software.

Statistical analysis. All data were subjected to statistical
analysis and were reported as the mean =+ standard deviation.
ANOVA was used to assess the statistical differences in means
among these groups. The criterion for statistical significance
was taken as P<0.05 using a two-tailed t-test. The analyses
were performed using SPSS 15.0 software.

Results

Fabrication of micropatterned silk fibroin.In this study, micro-
molding was used to develop microtopographic structures of
silk fibroin. Four defined types of silk fibroin demonstrated
features of microtopographical structure and another showed
a non-patterned structure as a control (Fig. 1).

Cell behavior on micropatterned silk fibroin surfaces. Fig. 2
shows micrographs of HUVEC imaged at x160 magnification
on silk fibroin with different microtopographic structures or
non-patterned structure after 72 h in culture. Notably, most
of the ECs had preferential spreading along the ridges and
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Figure 1. Four samples of silk fibroin showing different features of microto-
pographical structure under the microscope. In this study, micromolding was
used to develop the microtopographic structures of silk fibroin.

Figure 2. Human umbilical vein endothelial cells (HUVECs) imaged at x160
magnification on silk fibroin with different microtopographic structures or
non-patterned structure after 72 h in culture. (A) Non-silk fibroin. (B) Silk
fibroin of non-patterned structure. (C) Silk fibroin of Structure 1. (D) Silk
fibroin of Structure 2. (E) Silk fibroin of Structure 3. (F) Silk fibroin of
Structure 4.

grooves of the microtopographic structure. The cells clearly
show a different adhesion and proliferation behavior depending
on the underlying microtopographic structure as described in
Table II. Cells in the non-patterned structure group showed a
changed morphology, such as fusiform or spherical, compared
to the cells of the microtopographic structure groups, which
were well attached and stretched, particularly in Structure 1.
Meanwhile, the cell debris in the non-patterned structure
group was far greater than in the other groups.
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Table II. Micrographs of HUVECsS on different types of silk
fibroin.

Group Cell debris Morphology
Non-patterned More Changed
structure
Structure 1 Less Very good
Structure 2 Less Not bad
Structure 3 Less Good
Structure 4 Less Good
HUVECSs, human umbilical vein endothelial cells.
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Figure 3. Microtopographic structures had a positive effect on the prolifera-
tion of human umbilical vein endothelial cells (HUVECs). Cell proliferation
on silk fibroin of 4 types of different microtopographic structures (Str-1, 2,
3 and 4 and a non-patterned structure as a control (Ctrl) were evaluated by
Sulforhodamine B (SRB) and detected at a fixed wavelength of 490 nm after

incubation for 24, 48 and 72 h ("'P<0.01, "P<0.05).
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Figure 4. mRNA level of adherent molecules and growth factor of cells
growing on silk fibroin of different microstructures were significantly higher
than that of the non-patterned structure. Human umbilical vein endothe-
lial cells (HUVECs) were seeded on 4 types of silk fibroin with different
microtopographic structures (Str-1, 2, 3 and 4) and one with a non-pattened
structure as a control (Ctrl). After incubation for 72 h, nRNA levels of VEGF,
VCAM-1, Eselectin, a583 amd E-cadherin were analyzed by real-time PCR
("P<0.01, "P<0.05).

Effect of microtopographic structure of silk fibroin on cell
growth. Cell proliferation evaluated by SRB suggested that
cultured HUVECsS on silk fibroin with different microtopo-
graphic structures or non-patterned structure proliferated
from day 1 to 3 of culture and the cell number in Structure
1 increased the most. Compared to the non-patterned struc-
ture group, the optical density (OD) values were statistically
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Figure 5. Protein expression of integrin of cells growing on silk fibroin of dif-
ferent microstructures was significantly higher than that of the non-patterned
structure. (A) Human umbilical vein endothelial cells (HUVECs) were
seeded on 4 types of silk fibroin with different microtopographic structures
(Str-1, 2, 3 and 4) and one with a non-pattened structure as a control (Ctrl).
After incubation for 72 h, the protein expression levels of a5p1 and a5p3 were
analyzed by western blotting (*'P<0.01, “P<0.05). (B) The protein expression
levels of a5p1 and a5p3 were calculated by Quantity One software.

significant for the microtopographic structure groups (P<0.01,
P<0.05), with the exception of Structure 4 (P>0.05), although
for the first 2 days no statistically significant difference was
observed, suggesting that HUVECSs would proliferate better on
silk fibroin with different microtopographic structures (Fig. 3).

Effect of microtopographic structure of silk fibroin on mRNA
level and protein expression of growth factor and adhesive
molecules. To understand the mechanisms of how most ECs
adhere and grow more effectively on silk fibroin with micro-
topographic structures compared to that of non-patterned
structure, we performed molecular studies on the adhesive
molecules and growth factor using real-time PCR and western
blot analysis. We found that after 72 h, the mRNA level of
adherent molecule Eselectin was upregulated in Structure 1,
and VCAM-1 was upregulated in Structure 1 and 3; moreover,
a5p3, E-cadherin and VEGF were upregulated in all micro-
topographic structure groups except Structure 4, compared to
the non-patterned structure group, particularly in Structure 1
group (P<0.01, P<0.05; Fig. 4). In addition, the protein
expression of adhesive molecule aS1 was upregulated in the
microtopographic structure groups except Structure 4, and
a5p3 was upregulated in Structure 1 and 2, compared to the
non-patterned structure group (P<0.01, P<0.05; Fig. 5).
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Figure 6. Protein factor secreted in the medium of cells growing on silk fibroin of different microstructures was significantly higher than that of the non-
patterned structure. Human umbilical vein endothelial cells (HUVECs) were seeded on 4 types of silk fibroin with different microtopographic structures (Str-1,
2,3 and 4) and one with a non-pattened structure as a control (Ctrl). After incubation for 72 h, the secretion of growth factor and molecular factors was analyzed
by ELISA; (A) Eselectin, (B) VEGF, (C) ICAM-1 and (D) VCAM-1. “P<0.01, "P<0.05.
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Figure 7. Frequency of cells growing on silk fibroin of different microstructures at the S or G1 phase was markedly increased or decreased compared to that
of the non-patterned structure. (A) Human umbilical vein endothelial cells (HUVECS) were seeded on 4 types of silk fibroin with different microtopographic
structures (Str-1, 2, 3 and 4) and one with a non-pattened structure as a control (Ctrl). After incubation for 72 h, cells were fixed on ice followed by 70% cold
ethanol and stained with propidium iodide. Stained cells underwent cell cycle analysis by flow cytometry. (B) The cell cycle information was analyzed using
ModFit3.0 software.
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Table III. Cell cycle analysis of HUVECs.

Group GO/G1 (%) S (%) G2/M (%)
Non-patterned ~ 46.00+4.58  11.88+237  42.12+2.78
structure

Structure 1 29334808  7.00+1.76  63.67+6.36
Structure 2 33.67+8.02  6.09+2.07  60.24+7.08
Structure 3 3200+3.61  10.68£335  57.32+5.58
Structure 4 5133351  8.88+073  39.79+4.25

HUVECsSs, human umbilical vein endothelial cells.

Effect of microtopographic structure of silk fibroin on secre-
tion of protein factor. The influence of microtopographic
structure on protein factor secreted in the HUVEC culture
supernatant was further investigated using ELISA. We found
that after 72 h in culture, the secretion of growth factor VEGF
and adhesive molecules Eselectin and VCAM-1 increased
significantly in microtopographic structure groups except
Structure 4. Moreover, the secretion of adhesive molecule
ICAM-1 increased significantly in Structure 1 and 2 groups
(particularly in the former), compared with the non-patterned
structure group (P<0.01, P<0.05; Fig. 6).

Effect of microtopographic structure of silk fibroin on cell
cycle. In line with the cell proliferation results, Fig. 7 shows
that, with the exception of Structure 4, the frequency of cells
at the S or G1 phase was markedly increased or decreased
in the microtopographic structure groups compared to the
non-patterned structure group (P<0.01, P<0.05; Table III).

Discussion

One of the currently discussed concepts to improve the
vascularization of metallic stents is the prevascularization by
including vascular ECs. A wide variety of coatings have been
explored for stents, targeting the objective to promote endo-
thelialization. The success of such biomaterial is dependent
on its ability to support the growth and functioning of the cells
growing on it. Prior studies (12,13) showed that silk fibroin
had unique properties that fulfill many of the requirements for
biomaterial scaffolds and could be used as a coating applied
to stent for the culture of human ECs. It was demonstrated
that the biophysical environment consisting of microstruc-
tures could influence the cellular behavior; however, whether
the silk fibroin of different microstructures could support the
growth of human ECs and exert effects on endothelial pheno-
types or functions have never been discussed.

In this study, silk fibroin of microtopographic structure
with four different patterns developed by micromolding
were synthesized to evaluate the response of vascular ECs
to topographic cues. Laser and UV-based patterning are
two prevalent alternative methodologies for engineering and
micromolding the surface with specific patterns (18), allowing
enhanced resolution despite the higher costs. Of these
methods, we adopted the former. We used HUVECs in our
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experiment since this endothelial cell type is of embryonic
origin and of the macrovascular type, whereas ECs involved
in inflammation, healing and vascularization are primarily of
microvascular origin.

In the present study, we provided quantitative data in order
to gain more insight into the effect of the microstructure of silk
fibroin on cell growth and further investigated the mechanism
of it. The response of HUVECs growing on non-patterned
and microtopographic structure silk fibroin scaffolds was
compared, with emphasis on cell morphology, proliferation,
cell cycle, expression of adhesive molecules and secretion of
relevant protein factors.

Our results suggested that the morphology of the HUVECS
could be influenced by the microstructure of silk fibroin. It
has been reported that cells align along microfeatures in a
process resulting from the rearrangement of the cellular
cytoskeleton (18,19) and that the cells form cytoplasm exten-
sions and cellular associations over different ridges while
populating the groove of the pattern. Cells may have different
morphologies on sensing the distinct surface topography and
in aggregate, a microtopographic structure would be more
helpful to the morphology of the cells than a non-patterned
structure.

We also found that silk fibroin of microtopographic struc-
ture had positive effects on endothelial cell attachment, with
respect to the adhesive molecules expressed intracytoplasm
and secreted in the medium, suggesting the potential ability of
the cells induced by the microtopographic structure to synthe-
size, adapt and produce adhesive proteins, to ensure effective
adhesion on the surface. In light of the fact that the micro-
structure influenced the morphology of cells, it is obvious that
there is an initial correlation between the attachment and the
morphology of cells, which is supported by our observation
that cells on silk fibroin of non-patterned structure were round
in shape and the substrate demonstrated a low ability to stimu-
late cell adhesion. However, the mechanism of this requires
further investigation.

It is reported that changes in cell shape impacted by the
microstructure of the biomaterial have been implicated in
alterations in the cell cycle which would directly influence
the proliferative state of ECs (20). In our studies, HUVECs
demonstrated a significant change in proliferation and cell
cycle on the silk fibroin of microstructures compared with that
of the non-patterned structure, which was consistent with the
morphology of the cells.

Of all the microtopographic structures, the behaviors and
inherent phenomena of the cells were particularly influenced
by Structure 1, containing arrays of large holes within a flat
surface. As most of the cells were inclined to spread along
the ridges and grooves of the microtopographic structure, we
supposed that an architecture like Structure 1, possessing a
great number of large holes, may afford more space for cells
to adhere and thus obtain the best advantage. However, the
mechanism has to be further investigated.
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