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ABSTRACT

Current cardiovascular implants cause restenosis, calcification and thrombosis due to insufficient
integration with native tissue. A thorough understanding of the interaction between the cells and
the biomaterial involved is fundamental in a successful implant that promotes healing and tissue
regeneration. In this study, we have developed collagen-immobilized nanostructured surfaces
from poly(e-caprolactone) for the growth and maintenance of co-cultures of endothelial and
smooth muscle cells. Cell adhesion, morphology and differentiation was investigated using
microscopy and western blotting. The results presented here indicate that collagen-immobilized
nanostructured surfaces may be good interfaces for use in cardiovascular applications and

warrants further investigation.



1. Introduction

Stents and vascular grafts have been used routinely for the treatment of cardiovascular
diseases. Prosthetic materials such as polyethylene terephthalate, polytetrafluoroethylene
(PTFE), expanded PTFE and polyurethane are common materials used for cardiovascular
implants '. Unfortunately these materials have limited re-endothelialization potential, promoting
thrombosis, restenosis and infection once implanted, eventually leading to implant failure
resulting in further interventions >. Cardiovascular tissue requires interactions between the
endothelial cells (ECs) and the underlying smooth muscle cells (SMCs), vital for cardiovascular
health and important for normal function of blood vessels **. The communication between these
cells, an essential aspect of natural maintenance of tissue and a number of pathophysiological
responses, is disrupted upon implantation of a cardiovascular biomaterial °. Any damage to the
EC layer following implantation exposes the underlying sub-endothelial extracellular matrix,
promoting thrombus formation, inflammation and SMC proliferation, thus demonstrating the
importance of re-establishing or maintaining the integrity of the EC layer and EC-SMC
communication.

ECs and SMCs act as a linked system for the communication of signals from receptors
confined on the endothelium surface to the vessel wall and vice versa. It has been shown that
bidirectional electrical signals flow in response to kinins between ECs and SMCs °. ECs and
SMC:s in the vascular wall can communicate through the release of signals into the surrounding
medium, or via direct cell-cell contact through junctions formed between the cells . ECs respond
to environmental cues by producing both growth inhibitors and stimulators of SMCs, affecting
SMCs both in vivo and in vitro. In particular, nitric oxide (NO) released by ECs is responsible

for inhibiting the proliferation of SMCs via the extracellular signal-regulated kinase (ERK)



pathway ®. Studies have also shown that the rate of proliferation of SMCs is directly dependent
on the state of endothelium °. When the endothelium is in a confluent state, the normal growth
rate of SMCs is completely inhibited. Further, ECs cultured with synthetic state SMCs separated
by a porous membrane demonstrated increased EC adhesion molecule expression, suggesting
that synthetic SMCs activate the endothelium '°. Therefore a specific ratio of ECs to SMCs and
maintenance of a differentiated cellular state is vital to healthy cardiovascular tissues.

An intact endothelium at the vessel-biomaterial interface is fundamental in preventing
thrombosis and over-proliferation of the SMCs. However, current biomaterial surfaces used for
cardiovascular implants are incapable of re-endothelialization, causing these adverse effects by
disrupting normal communication between ECs and SMCs. Previous studies have attempted to
prevent thrombosis and restenosis induced by SMC proliferation by incorporating drugs on the
surface of cardiovascular implants. Three drugs: heparin, sirolimus, and paclitaxel, have been
investigated for treating and/or preventing restenosis ''. However, drug eluting cardiovascular
implants require longer treatment with blood thinners to prevent sudden stent closure from
clotting. Previous research has shown that stents seeded with ECs before being implanted can

inhibit thrombosis and neointimal hyperplasia '*

. However, very few studies have looked at
providing nanotopography on implant surface to stimulate proper communication between ECs
and SMCs '* ",

In this study, we have investigated co-cultures of ECs and SMCs on nanostructured
surfaces fabricated from poly(e-caprolactone), a polymer often used in artificial vessel
development '*'*. By using a simple nanotemplating technique, nanotopography similar to the

features within the natural extracellular matrix of cardiovascular tissue was introduced. The

surface was immobilized with collagen, a key component of vascular tissue. Human



microvascular ECs and human aortic SMCs were used to investigate the ability of collagen-
immobilized poly(e-caprolactone) nanostructured surfaces to maintain differentiated phenotypes.
Previous studies have demonstrated an enhanced EC and SMC response on these nanostructured
surfaces, promoting the differentiation of both ECs and SMCs when cultured individually ">,

however not much is known about how these cells will interact in a co-culture environment, and

hence was investigated in this study.

2. Materials and Methods
2.1. Fabrication of surfaces

Surfaces were fabricated and characterized as described previously '**'. In brief, control
(PCL) surfaces were fabricated by sintering polycaprolactone pellets on a glass plate in a 10 mm
Teflon washer. Polycaprolactone nanowire surfaces (NW) were fabricated using a solvent free
nanotemplating technique with 20 nm diameter nanoporous aluminum oxide membranes **. The
nanowires were gravimetrically extruded through the membrane and the aluminum oxide
membranes were dissolved in 1 M NaOH for 75 mins. The surfaces were then washed in DI
water (3x), dried and stored in a desiccator until their use was required.

Prior to any further use, all surfaces were sterilized in 70 % ethanol for 30 mins,
followed by a PBS rinse (2x). The surfaces were then air dried and further sterilized by UV

exposure for 30 mins.

2.2. Immobilization of collagen on PCL and NW surfaces.

PCL and NW surfaces were immobilized with collagen in three successive steps >.

First, the surfaces were subjected to aminolysis by incubation in 1,6-hexanediamine/2-propanol



(6 % wi/v) for 10 mins at 37 °C. This was followed by rinsing (3x) with DI water to remove
excess and unreacted 1,6-hexanediamine. Second, the surfaces were incubated in a
gluteraldehyde (1 wt%) solution at 2-4 °C for 24 hrs and rinsed (3x) with DI water to remove
excess gluteraldehyde. Third, the surfaces were placed in a type I collagen solution (1 % w/v)
for 24 hrs at 2-4 °C. After the incubation, the surfaces were rinsed with 0.1 M acetic acid
solution to remove ungrafted collagen, followed by a DI water rinse (3x).

Notation for different surfaces in the rest of this communication is as follows: Control

(PCL), Control + Collagen (cPCL), Nanowire (NW), Nanowire + Collagen (cNW).

2.3. Characterization of surfaces.

The surface architecture was characterized using scanning electron microscopy (SEM).
Prior to imaging, surfaces were coated with 10 nm of gold. Surfaces were imaged at 7 kV and
surface morphology was investigated to ensure topographies were similar before and after
collagen immobilization.

The surface composition was analyzed using X-ray photospectroscopy (XPS). Survey
scans were taken before and after collagen immobilization, in order to determine the overall

composition of the different surfaces.

2.4. Human Aortic Smooth Muscle Cell and Human Microvascular Endothelial Cell Culture

Both human aortic SMCs (Life Technologies) and human microvascular ECs were
suspended in MCDB 131 media (Life Technologies) enhanced with SMC growth supplement
(Life Technologies) or microvascular growth supplement (Life Technologies), respectively

(both supplemented with 2 mmol/l glutamine, 100 ug/ml penicillin, and 100 ug/ml



streptomycin) and added to 75 cm? culture flasks and incubated at standard culture conditions.
This study was performed using SMCs that were passage 4 and ECs at passage 5.

Prior to seeding, all surfaces were subjected to 30 min UV exposure and conditioned in
culture medium. To investigate cellular response to difference surfaces, first, SMCs were
cultured on PCL, NW, cPCL and cNW surfaces in a 48-well plate. The SMCs were seeded at a
high density of 5 x 10° cells/well. This cell density was chosen to promote initial adhesion and
quick confluency. The surfaces were incubated in standard culture conditionsin 400 ul of cell
rich medium and allowed to adhere for 24 hrs. After 24 hrs in culture, the ECs were seeded at a
similar density of 5 x 10° cells/well on top of the adhered SMCs. After 24 hrs of co-culture,
media changes were done with MCDB 131 media enhanced with SMC differentiation
supplement (supplemented with 2 mmol/l glutamine, 100 ug/ml penicillin, and 100 ug/ml
streptomycin). Cellular adhesion and morphology was investigated after 7 days in culture.

Cellular differentiation was investigated after 7 and 14 days in culture.

2.5. Adhesion of EC and SMC on different surfaces

Cell adhesion was investigated by staining cells with rhodamine phalloidin
(Cytoskeleton) and 4',6-diamidino-2-phenylindole dihydrochloride (DAPI) (Invitrogen) nucleus
stain followed by fluorescence microscope imaging after 7 days in culture.

Prior to staining non-adherent cells were removed by aspirating the cell rich medium
from the surfaces followed by two gentle rinses with PBS. The surfaces were then transferred to
a new 48-well plate and fixed with 3.7% formaldehyde 15 mins at room temperature. This was
followed by a PBS rinse, followed by incubating the surfaces in 1 % Triton-X 100 for 3 mins in

order to permeabilize the cells. The surfaces were rinsed in PBS and transferred to a new 48-



well plate, then incubated in rhodamine-phalloidin at a concentration of 5 pL/mL (14 M stock)
for 30 mins. DAPI (300 nM) was added after 25 mins. All the surfaces were rinsed with PBS

and imaged with a fluorescence microscope (Zeiss).

2.6. Morphology of EC and SMC on different surfaces

The cell morphology was investigated using SEM imaging to visualize the cellular
interaction with the surface nanoarchitecture. The non-adherent cells were removed by aspirating
the media and unadhered cells from the surfaces followed by two gentle rinses with PBS. The
surfaces were then transferred to a clean petri dish where the cells were fixed and dehydrated.
The cells were fixed by incubating the surfaces in a solution of primary fixative (3 %
glutaraldehyde (Sigma), 0.1 M sodium cacodylate (Polysciences), and 0.1 M sucrose (Sigma))
for 45 min. They were then incubated in a solution of secondary fixative (primary fixative
without gluteraldehyde) for 10 min. Subsequently, the surfaces were dehydrated by incubation in
consecutive solutions of increasing ethanol concentrations (35 %, 50 %, 70 %, 95 %, and 100 %)
for 10 min each. Further dehydration of the cells was accomplished by incubating the surfaces in
hexamethyldisilazane (HMDS, Sigma) for 10 min. They were then air dried and stored in a
desiccator until further imaging by SEM. The surfaces were coated with a 10 nm layer of gold

and imaged at 7 kV.

2.7. Differentiation of EC and SMC on different surfaces
Western blotting was performed to identify the expression of EC and SMC specific
differentiation proteins, VE-cadherin and heavy chain myosin (MYH) respectively. Further, non-

muscle specific myosin IIB (SMemb), a marker of undifferentiated and proliferating SMCs was



blotted for. Briefly, cells on surfaces after 7 and 14 days in culture were homogenized in RIPA
lysis buffer (10.0 mM Tris pH 7.4, 100.0 mM NaCl, 5.0 mM EDTA, 50 mM EGTA, 1.0%
Deoxycholate, 0.1% SDS, 1.0% Triton X-100), also containing protease inhibitor cocktail. The
lysate protein content was determined by micro-BCA assay. The lysate was heated to 65 °C for
10 mins in sample buffer (62.5 mM Tris-HCI pH 6.8, 10.0 % glycerol, 5.0 % (-mercaptoethanol,
2.0% SDS, 0.025 % Bromophenol blue) in order to denature the proteins prior to gel loading.
Approximately 25 ug of total extract protein was electrophoresed through 8 % Tris-SDS gels and
transferred to PVDF membranes in 7.5% methanol. Blots were blocked for 1 hr at room
temperature. Primary monoclonal antibodies for VE-cadherin, MYH or SMemb were diluted
1:500 in 3% BSA in PBS-tween solution and incubated overnight at 4 °C. The PVDF
membranes were then washed three times with PBS-tween solution (5 mins per wash) before
they were incubated with goat anti-mouse or donkey anti-rabbit horseradish peroxidase (HRP)
conjugated secondary antibodies (Santa Cruz Biotechnology) at a dilution of 1:5000 for 1 hr at
room temperature. The PVDF membranes were then washed three times with PBS-tween
solution (5 mins per wash) followed by protein detection using chemiluminescence (WestPico
Chemiluminescent Substrate; Pierce). The PVDF membranes were imaged using an Alpha
Innotech Fluorchem gel documentation system, and band intensities were analyzed using ImagelJ

software.

3. Results and Discussion
Current biomaterial surfaces used for cardiovascular implants are incapable of re-
endothelialization, causing adverse effects by disrupting normal communication between ECs

and SMCs. In this study, we have investigated the co-culture of ECs and SMCs on collagen



immobilized polycaprolactone nanowire surfaces. In order to provide insights into the material
surfaces’ feasibility for use as an interface in cardiovascular applications, human microvascular

ECs and human aortic SMCs were used.

3.1. Characterization of Surfaces

The surface architecture of the different surfaces before and after the collagen
immobilization process was characterized using SEM. Results reveal that surface architecture
remains consistent before and after collagen immobilization (Fig. 1).

The surface composition of the surfaces was analyzed using X-ray photoelectron
spectroscopy (XPS). Survey scans were taken before and after collagen immobilization in order
to determine the overall composition of the different surfaces. Results indicate an increase in the

N1s peak after the after collagen immobilization on both PCL and NW surfaces (Table 1).

3.2. Adhesion of ECs and SMCs on different surfaces

The adhesion of EC and SMC co-cultures on different surfaces was investigated after 7
days in culture by using Rhodamine Phalloidin (Cytoskeleton) and 4',6-diamidino-2-
phenylindole dihydrochloride (DAPI) (Invitrogen) nucleus stain, followed by imaging with a
fluorescence microscope (Fig. 2). Results indicate that NW, cPCL and cNW surfaces are
confluent with cells, unlike PCL surfaces that are not confluent with cells. It is well known that
both SMCs and ECs adhere better to either nanostructured surfaces and/or bioactive surfaces '
*2¢ However, due to lack of these features on PCL surfaces, the cells did not reach confluency.
Further, cells on all surfaces appear to be aligning and have a “spindle” shape. SMCs are

incredibly plastic and are known to exhibit two different phenotypes depending on their
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environment: a synthetic phenotype and a contractile phenotype >. Synthetic SMCs exhibit an
epithelioid morphology, linked to high rates of proliferation. Contractile SMCs are elongated
and spindle shaped, and also associated with low proliferative activity. Further, ECs are also
known to have elongated morphology in vivo. The high magnification fluorescence microscopy
images show elongated and spindle shape morphologies of cells indicating that most of the cells
on the surfaces are either contractile SMCs or normal ECs. The images also show cellular

filopodia interactions with surrounding cells on all surfaces.

3.4. Morphology of EC and SMC on different surfaces

The cell morphology was investigated using SEM imaging to visualize the cellular
interaction with the surface nanoarchitecture. The results indicate that NW, cPCL and cNW
surfaces are confluent with cells (Fig. 3). Similar to fluorescence imaging results, high
magnification images show cellular filopodia interactions with surrounding cells on all the
surfaces. Further, co-cultures on NW, cPCL and ¢cNW surfaces appear more spindle-shaped

(contractile-appearing phenotype), with more evenly distributed cells.

3.5. Differentiation of SMC and EC co-cultures on different surfaces

The differentiation of ECs and SMCs in co-culture on surfaces was investigated by
detecting VE-cadherin, MYH and SMemb expression through western blotting techniques after 7
and 14 days in culture. Both VE-cadherin and MYH are specific to a differentiated EC and SMC
phenotype, respectively. VE-cadherin expression is important in EC contacts, which will
eventually regulate the permeability of the blood vessel, thus an increase in VE-cadherin

expression is necessary for healthy vasculature. MYH expression is an end-state differentiation
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marker highly specific to SMCs. SMemb is also expressed in SMCs undergoing growth and/or
cell division, such as proliferating (undifferentiated, synthetic) SMCs **. The results indicate that
VE-cadherin expression is significantly higher on PCL and NW surfaces after 7 days in culture
compared to cPCL and cNW surfaces (Fig. 4). However, the expression of VE-cadherin after 14
days in culture decreases on both PCL and NW surfaces. VE-cadherin expression on collagen
immobilized surfaces increases significantly from 7 days in culture to 14 days in culture,
indicating an increase in the amount of EC cell-cell junctions formed via VE-cadherin.

MYH expression is significantly higher on NW, cPCL and cNW surfaces after 7 and 14
days in culture compared to PCL surfaces. However, MYH expression significantly decreases on
NW, cPCL and cNW surfaces from 7 days in culture to 14 days in culture (Fig. 4), while no
significant difference was seen in MYH expression on PCL surfaces from 7 days in culture to 14
days in culture. These results suggest that SMCs might be switching to a synthetic phenotype and
proliferating on NW, cPCL and cNW surfaces, or that the SMCs are differentiated. Once SMCs
are in a differentiated state, their proliferation rates are significantly lower which would account
for the decrease in MYH expression normalized to a-tubulin on NW, cPCL and cNW surfaces.
o-tubulin is present in the microtubules of both ECs and SMCs. This conclusion is further
supported by the significant decrease in SMemb expression on all surfaces from 7 days in culture
to 14 days in culture, indicating that a significant amount of SMCs are not switching to a
synthetic phenotype (Fig. 4).

Studies have shown that SMCs and ECs exhibit favorable interactions when co-cultured
*31_ By incorporating nanotopography or a cell binding motif, more ECs and SMCs are able to

attach and interact, thus explaining the increased expression of differentiation proteins specific to
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ECs and a decrease in SMC synthetic state markers on NW, cPCL and cNW surfaces compared

to PCL surfaces.

3. Conclusions

Cardiovascular tissue requires interactions between the endothelium with the underlying
SMCs, which is vital for cardiovascular health and is considered to be important in the functions
of blood vessels. In this study, we have investigated EC and SMC co-cultures on collagen-
immobilized poly(e-caprolactone) nanostructured surfaces. It is important to understand how
ECs and SMCs interact together on these surfaces in order to have a successful cardiovascular
implant. Fluorescence microscopy and SEM images reveal that NW, cPCL and cNW surfaces
are confluent with cells. Further, ECs and SMCs on these surfaces seem to be more aligned and
more spindle-shaped (contractile-appearing phenotype), with more evenly distributed cells.
Western blotting results reveal that there is a significant increase in VE-cadherin expression after
14 days in culture on NW and cNW surfaces. MYH expression decreases on NW, cPCL and
cNW surfaces from day 7 to day 14 in culture. The decrease in MYH expression can be
attributed to the decrease in proliferation of differentiated SMCs. This is confirmed by the
significant decrease in SMemb, an undifferentiated, synthetic state SMC marker, from day 7 to
day 14 in culture. After 14 days in culture MYH expression is significantly higher on NW, cPCL
and cNW surfaces compared to PCL surfaces. These combined results indicate that collagen-
immobilized nanostructured surfaces may be good interfaces for use in cardiovascular

applications and warrants further investigation.
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TABLE CAPTIONS
Table 1 Surface elemental composition analyzed using XPS on different surfaces before
and after collagen immobilization. Results indicate presence of N1s peaks after

collagen immobilization.
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FIGURE CAPTIONS

Figure 1

Figure 2

Figure 3

Figure 4

Representative SEM images of PCL and NW surfaces before and after collagen

immobilization

Representative fluorescence microscopy images of EC and SMC co-cultures
stained with Rhodamine Phalloidin (red) and DAPI (blue) on PCL, NW, colPCL
and colNW surfaces. Experiments were replicated on at least three different

samples with at least three different cell populations (nmin = 9).

Representative low (left) and high magnification (right) SEM images of SMC and
EC co-cultures after 7 days of culture on different surfaces. Note: the surfaces
were coated with a 10 nm layer of gold and imaged at 7 keV. Experiments were
replicated on at least three different samples with at least three different cell

populations (nyi, = 9).

Western blot analysis of the expression of VE-cadherin, heavy chain myosin and
non-muscle specific myosin IIb on different surfaces after 7 and 14 days in
culture. Experiments were replicated with western blots with at least three
different cell populations (nmin = 9, p<0.05)). In addition, after 14 days in culture,
heavy chain myosin expression significantly decreases on NW, cPCL and cNW
surfaces; and non-muscle specific myosin IIb expression significantly decreases

on all surfaces.
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Table 1

PCL |cPCL| NW | cNW
Cils | 745 | 723 | 74.5 | 747
N1s | 0.0 7.1 0.0 3.4
O1s | 2565 | 206 | 255 | 21.9
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Figure 2
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Figure 3
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Figure 4
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