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ABSTRACT: The ability of biomaterials to support the
adhesion of cells is a necessary condition for their use in
scaffold-guided tissue engineering. Waveguide evanescent field
fluorescence (WEFF) microscopy is a relatively new microscopic
technique that allows the number of cell adhesions to a
waveguide surface be measured by imaging the interfacial contact
region between the cells and their substratum. In this work, the
adhesion of human coronary artery smooth muscle cells
(HCASMCs) to ultrathin films (20 nm) of poly(ester amide)s
(PEAs) prepared by Langmuir−Blodgett (LB) technology on
waveguides was investigated and compared with conventional
vinculin immunostaining on solvent cast PEA films. Cell culture was conducted both in the presence and absence of serum to
evaluate the effect of nonspecific protein adsorption that mediates cell adhesion. WEFF microscopy analyses revealed that the
cationic PEA enhanced the number of attachment sites compared with the control waveguides regardless of the culture medium.
Although differences in cell adhesions between different PEAs were suggested by the results, no statistically significant differences
were found. Similar results were observed with presently and previously reported vinculin immunostaining studies, further
validating the use of WEFF microscopy to quantify cell adhesions. Moreover, the focal adhesions of the HCASMCs to the PEA
surfaces indicate these PEAs can promote integrin signaling, which is vital in cell survival, migration, and proliferation, and
ultimately in scaffold-guided vascular tissue engineering.

KEYWORDS: waveguide evanescent field fluorescence (WEFF) microscopy, Langmuir−Blodgett (LB) films,
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■ INTRODUCTION
With the aim of successfully engineering scaffold-guided tissues,
there is an ever-increasing interest in the interactions of cells
with both synthetic and natural biomaterials.1,2 When cells are
seeded onto a biomaterial, both nonspecific and receptor-
mediated cell interactions between various molecules on the
cell membrane and chemical groups on the biomaterial
determine the fate of cell adhesion, spreading, proliferation,
and differentiation.3 In view of this, the study of the contact
regions between a cell and its substratum is of considerable
interest as its investigation provides useful information about
the cytocompatibility of the substratum and the affinity of cells
toward that particular surface. Although information concern-
ing these interactions is often inferred from enzyme-linked
immunosorbent assays (ELISA) and immunostaining of focal
adhesion molecules,4 different microscopic techniques such as
total internal reflection fluorescence (TIRF),5,6 surface plasmon
resonance microscopy (SPRM),7 interference reflection mi-

croscopy (IRM),8 and fluorescence interference-contrast
(FLIC) microscopy9 have also been used.
Recently, waveguide evanescent field fluorescence (WEFF)

microscopy was developed with the capability to image cell-
substratum contact regions with certain advantages.10−15 In
WEFF microscopy, waveguides are implemented as microscopy
substrates. The generation of an evanescent field of up to ∼70
nm in depth from the waveguide surface enables the excitation
of fluorescent dyes located in the cells within this range only.
Because of evanescent field decay beyond ∼70 nm, the
remainder of the cell is not illuminated and thus does not
contribute to the image. It has been established that WEFF and
TIRF microscopy can deliver comparable information.13

However, the key advantages of WEFF microscopy are that
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biomaterials can be easily coated on to the surface of the
waveguide and that the user can freely choose the field of view
and the magnification during an experiment.12,14 As WEFF
microscopy restricts the distance above the waveguide to ∼70
nm, it necessitates the fabrication of ultrathin films of the
material being tested for cell adhesion.
The objectives of the present work were 2-fold: (i) to

prepare Langmuir−Blodgett (LB) films from three different
poly(ester amide)s (PEAs) on waveguide substrates and, (ii) to
describe the use of WEFF microscopy for investigating human
coronary artery smooth muscle cell (HCASMC) adhesions on
LB PEA films to compare it with a conventional immunostain-
ing approach. The class of biodegradable PEAs used in this
study is of significant interest for the development of a wide
range of biomedical applications as the incorporation of
naturally occurring α-amino acids enables the syntheses of
functional biomimetic materials. Recently, our group has been
investigating the potential of PEAs to serve as vascular tissue
engineering scaffolds.16,17 The favorable interaction of
HCASMCs with these materials will be a necessary condition
in enabling the attachment, proliferation, and differentiation of
cultured cells. Although a number of classes of PEAs have been
previously reported,18−20 the particular PEAs of interest in this
work are composed of α-amino acids, diols, and dicarboxylic
acids. As their backbones contain both ester and amide linkages
they can undergo both hydrolytic and enzymatic degradation
where suitable monomer selection can provide nontoxic
metabolic intermediates upon degradation. Another attractive
feature of these PEAs is that their biological and mechanical
properties can be readily tuned by the crystallinity, hydro-
phobicity and chemical functionality of their constituent
monomers.21 In the current study, Langmuir−Blodgett (LB)
technology was used to prepare ultrathin films of three different
PEAs on waveguide substrates and the average number of cell
adhesions (focal and close contacts) formed by HCASMCs
were determined as a function of the polymer structure and cell
culture conditions. The data obtained from WEFF microscopy
are compared with quantitative data obtained by immunostain-
ing for vinculin, which is a focal adhesion component localized
to adhesive plaques. The attachment, spreading, and morphol-
ogy of HCASMCs on PEA films were also evaluated.

■ MATERIALS AND METHODS
Waveguide Evanescent Field Fluorescence (WEFF) Micros-

copy. The WEFF microscope which is described elsewhere14 consists
of an inverted microscope (Carl Zeiss, Oberkochen, Germany), where
the specimen was placed on top of the waveguide. A HeNe laser (λ =
543 nm) was coupled into a waveguide mode by a grating located on
the waveguide. In order to block the undesired excitation wavelength, a
long pass filter with a cutoff wavelength of λcutoff = 560 nm was fitted
between the objective and the camera. The camera was connected to
the computer on which the images were processed with Image-Pro 6
software. Bright-field microscopy images of the sample were captured
with the same field of view as the WEFF microscopy images to enable
counting of cells.

Waveguide Fabrication. Step-index waveguides were fabricated
from SG11 glass slides (Schott, Grünenplan, Germany). The glass
slides were first sonicated in a 2% Hellmanex solution (Hellma,
Müllheim, Germany) in deionized (DI) water for 15 min and then
rinsed followed by a further sonication with DI water. The rinse and
sonication steps were repeated with anhydrous ethanol. Following this
cleaning procedure, the glass slides were placed in molten AgNO3
(EMD Chemicals, Gibbstown, NJ, U.S.A.) in a tube furnace
(Yokogawa Meters and Instruments Corporation, Tokyo, Japan).
This enabled ion exchange to occur at the interface of the glass slide
and molten salt. After ion exchange, the glass slides were removed
from the melt, cooled with nitrogen gas under ambient conditions,
thoroughly rinsed and sonicated for 30 min in Milli-Q water.13 A
waveguide mode coupling grating was fabricated by a holographic laser
set-up in photoresist.22 Multimode waveguides with thicknesses of
500−600 nm and gratings with periodicities (Λ) in the order of 530−
550 nm and 600−650 nm were achieved

Preparation of Ultrathin Langmuir−Blodgett (LB) Poly(ester
amide) (PEA) Films for Cell Culture. The syntheses and
characterization of the PEAs are described elsewhere.17 PEAs 1−3
(Scheme 1) were dissolved in chloroform at a concentration of 1.0
mg/mL. The solutions were sonicated to promote dissolution and
then filtered through a 0.2 μm syringe filter. The LB film preparation
parameters were identical for all PEAs: LB trough, KSV 3000 (KSV
Nima, Espoo, Finland); spread volume, 200 μL; compression rate, 5
mm/min; film lift speed, 2 mm/min; and surface pressure (Π) at
deposition, 2 mN/m. The substrates used for film transfer were the
waveguides, which were first cleaned with 70% ethanol followed by a
rinse with Milli-Q water. The waveguides were mounted in the water
phase of the trough before spreading the polymer solution. The
polymer solution was then carefully spread onto the Milli-Q water
subphase with a Hamilton microliter syringe. After solvent
evaporation, the barriers were moved to achieve a surface pressure

Scheme 1. Structures of PEAs 1−3a

aPEA 3 is a random copolymer where 10 mol % of L-phenylalanine was randomly replaced by L-lysine.
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of 2 mN/m. The LB transfer took place with the waveguide substrate
oriented perpendicular to the barrier direction, to allow for stretching
of the aggregates.
LB Film Characterization. LB films prepared from PEAs were

viewed under dark-field light microscopy (Axioskope-2 MAT, Carl
Zeiss, Oberkochen, Germany) to examine the homogeneity of the
films before cell seeding and culturing. Film thicknesses were
determined by interference between light reflecting from the surface
and light traveling through the film using variable angle spectroscopic
ellipsometer (M2000 V, J.A. Woollam, Lincoln, NE). For comparative
purposes, film thicknesses were also measured by Dektak 3 surface
profilometer and atomic force microscopy (AFM) (both from Veeco
Instruments, Santa Barbara, CA).
Cell Culture. Primary HCASMCs were purchased from Lonza

Walkersville, Inc. (Walkersville, MD, USA) and used between passages
5 and 9. HCASMCs cultured in serum were grown in smooth muscle
cell basal medium (SmBM, Lonza Walkersville, Inc., Walkersville, MD,
USA) supplemented with smooth muscle cell growth medium-2
(SmGM-2, SingleQuots; Lonza Walkersville Inc., Walkersville, MD,
USA). HCASMCs cultured in the absence of serum were grown in
BioWhittaker PC-1TM base medium (Lonza Walkersville, Inc.,
Walkersville, MD, USA) supplemented with PC-1TM sterile supple-
ment (Lonza Walkersville Inc., Walkersville, MD, USA) and L-
glutamine (2 mM, Invitrogen Canada Inc., Burlington, ON, Canada).
All cultures were maintained at 37 °C in a humidified incubator
containing 5% CO2. Culture media was replaced at day 1 and every
other day thereafter.
Cell Culture for WEFF Microscopic Analysis. Waveguides were

sterilized with 70% ethanol for 30 min and were allowed to dry for 30
min under germicidal UV light. HCASMCs were then seeded directly
onto the surface of the PEA LB films or control waveguides at a
density of 10,000 cells/waveguide and cultured up to 80% confluency
(typically for 3 or 4 days). The cells were fixed at ambient temperature
for 10 min in 4% formaldehyde (0.5 mL; EMD Chemicals, Gibbstown,
NJ, USA) in phosphate-buffered saline (PBS), followed by 2 washes in
PBS. The cell membrane labeling solution was prepared by adding 5
μL of the lipophilic dye solution −1,1′-dioctadecyl-3,3,3′,3′-tetrame-
thylindocarbocyanine perchlorate in ethanol (Vybrant DiI cell-labeling
solution, Invitrogen Canada Inc., Burlington, ON, Canada) to 1 mL of
normal growth medium. The labeling solution (100 μL) was added
and gently agitated to cover the cell-seeded waveguides and then
incubated at 37 °C for 20 min. The staining medium was then drained
off and replaced with fresh media and incubated for a further 10 min.
The cells were washed three times with normal growth medium prior
to microscopic analysis.
Fluorescence Microscopy. Polymer films were obtained by twice

dip-coating 12 mm diameter glass coverslips into 1% (wt) solutions of
the PEAs in DMF and were dried at 60 °C under reduced pressure
overnight. One glass coverslip was placed in each well of a 24-well
culture plate. The films were sterilized with 70% ethanol for 30 min
and then exposed to germicidal UV for 1 h, prior to conditioning
overnight in Hank’s Balanced Salt Solution (HBSS, 0.5 mL; Invitrogen
Canada Inc., Burlington, ON, Canada). For examining HCASMC
morphology, the HCASMCs were seeded directly on the surface of the
dip-coated PEA films at a density of 15 000 cells/cm2 and cultured in
the presence of serum for 24 h prior to fixation and staining as
described below. For vinculin immunostaining studies, natural, human
fibronectin (FN, 2 μg/cm2; Santa Cruz Biotechnology Inc., Santa
Cruz, CA, USA) in HBSS was adsorbed to glass coverslips for 1 h and
the resulting surfaces served as positive controls. All cells were seeded
directly on the surface of the PEA or FN coated coverslips at a density
of 2000 cells/cm2 and cultured in the presence or absence of serum for
24 h (serum) or 4 days (serum-free). Cells were washed with
prewarmed PBS before fixation with a 4% formaldehyde solution (1
mL; EMD Chemicals, Gibbstown, NJ, USA) in divalent cation-free
PBS at ambient temperature for 10 min. Following 3 washes in PBS,
HCASMCs were permeabilized with 0.1% Triton X-100 (0.5 mL;
VWR International, Mississauga, ON, Canada) in PBS for 5 min and
again washed 3 times with PBS. The HCASMCs were incubated with
1% bovine serum albumin (BSA) in PBS (0.5 mL; Sigma-Aldrich,

Oakville, ON, Canada) for 30 min at ambient temperature prior to
their incubation with monoclonal antivinculin (SPM227, 1:50 dilution;
Abcam, Cambridge, MA, USA) for 1 h. Following 3 washes in PBS, the
HCASMCs were then incubated in the dark for 1 h at ambient
temperature with Alexa Fluor 488-conjugated goat antimouse IgG
(1:300 dilution; Invitrogen Canada Inc., Burlington, ON, Canada).
Following 3 washes in PBS, the HCASMCs were further incubated in
the dark at ambient temperature with Alexa Fluor 568-conjugated
phalloidin (1:50 dilution; Invitrogen Canada Inc., Burlington, ON,
Canada) for 20 min in a 1% BSA/PBS solution followed by another 3
washes with PBS. The HCASMCs were then counterstained with 4′-6-
diamidino-2-phenylindole dyhydrochloride (DAPI, 300 nM in PBS,
0.5 mL; Invitrogen Canada Inc., Burlington, ON, Canada) for 10 min
to label the nuclei and again washed 3 times with PBS. The coverslips
were mounted on microscope slides with ProLong Gold antifade
reagent (Invitrogen Canada Inc., Burlington, ON, Canada), dried
overnight at room temperature in the dark, prior to sealing with nail
enamel. Samples were analyzed with a Zeiss LSM 5 Duo confocal
microscope with 9 laser lines and appropriate filters (Carl Zeiss,
Oberkochen, Germany).

Statistical Analyses. The statistical data are given as the mean ±
standard error for experiments conducted at least in triplicate.
Differences between two groups were compared using a two-tailed
unpaired student’s t-test with GraphPad Prism 4, where values of p <
0.05 were considered statistically significant.

■ RESULTS AND DISCUSSION
Although a diverse array of PEAs have been previously reported
by our group16,17,21,23 and others20,24−27 and recently
reviewed,28,29 PEAs 1−3 depicted in Scheme 1 were selected
for this investigation. This was in part due to their solubility in
chloroform, a solvent compatible with LB technology; whereas,
many previously synthesized PEAs are only soluble in water-
miscible solvents such as N,N-dimethylformamide (DMF).30 In
addition, PEAs 1−3 are currently under investigation in our
group as viable materials for the development of tissue
engineering scaffolds. PEAs 1−3 all contain sebacic acid and
L-phenylalanine. PEA 1 contains 1,4-butanediol, whereas PEA 2
contains 1,8-octanediol and is therefore slightly more hydro-
phobic. In PEA 3, 10 mol % of the L-phenylalanine was
randomly substituted with L-lysine. This PEA was of interest
because the cationic amines of the lysine moieties could be used
to promote cell adhesion31 or to conjugate biomolecules that
regulate cell growth, differentiation and other signaling
pathways.32 The molecular weight data of the specific batches
of PEAs used in this study are provided in Table 1.

Given that the evanescent field decays beyond 70 nm, the
polymer film thickness needed to be less than 20 nm to observe
cell adhesion to the various PEA surfaces. This film thickness
could not be achieved by solvent casting. Alternatively, spin-
coating was attempted but also proved unsuccessful because the
gratings on the waveguides were undesirably covered by the
PEA films. The above difficulties were addressed by using LB
technology to obtain ultrathin PEA films (Table 2). Polymers
are used in LB technology despite their long chains, inherent

Table 1. Molecular Weight and Polydispersity Indices of
PEAs 1−3

PEA
number average mol wt,

Mn (g/mol)
weight average mol wt,

Mw (g/mol)
polydispersity

index

1 53 500 103 000 1.92
2 65 600 89 100 1.36
3 20 700 44 700 2.15
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polydispersity, high viscosity, and strong intra- and intermo-
lecular interactions. For example, intra- and intermolecular
hydrogen bonding of the amide groups of these PEAs could
potentially lead to aggregate formation.33 As aggregates
deposited onto the waveguide at low pressure can result in
the formation of a nonclosed and nonuniform film, each PEA
solution was transferred to the waveguide perpendicular to the
barrier direction. This technique facilitated stretching of the
aggregates minimizing inhomogeneities in the PEA film
transfer, which otherwise could result in uncoated areas on
the waveguide. Despite this approach to minimize inhomoge-
neities in preparing LB films of the PEAs, those prepared from
DMF resulted in aggregation and inhomogeneous distribution
over the substrate as evidenced by the clustering of bright spots
in Figure 1B. This is attributed to DMF’s slow evaporation and
miscibility with the subphase. However, PEA LB films obtained
from a chloroform solution were more evenly distributed on
the subphase and the films formed more homogeneously as the
scattering spot distribution shows (Figure 1C). Unlike typical
LB monolayers, when the PEAs were compressed by the
barriers they did not collapse, even when the barriers were near
complete closure. This is evident in the isotherm as depicted
for PEA 1 in Figure 1D, which has no steep decline or peak
corresponding to a collapse of the solid phase at small mean
molecular areas. Similar isotherms with even lower mean

molecular areas were obtained with PEA 2 and PEA 3 (see the
Supporting Information, Figure 1A, B). Further compression
led to an undesirable thick smear between the barriers of the
LB trough resulting from stacked PEA chains. Consistent with
the present study, such stacked and noncollapsing films at
increased compression (corresponding to small mean molec-
ular areas) were also reported for collagen.34

Not surprisingly, these PEA LB films did not perform like
classic LB films. Aggregates were visible on the subphase which
may have been the result of strong intra- and intermolecular
interactions (Figure 1B, C). These aggregates were floating into
and upon each other, and the increase in the surface pressure
during compression of the barriers was caused by an increase in
packing density of the aggregates. An increase in the thickness
of the film must be accompanied by this pressure increase.
Therefore, when preparing LB films with these PEAs, the layer
formed on the subphase is not a monolayer, but most likely a
multilayer (Table 2).
Previously nonclassic LB behavior with aggregate formation

was observed for collagen due to strong intermolecular
interactions.34 Because the spacer diol chain between the
adjacent amide bonds is short for PEA 1 (Scheme 1) compared
with PEA 2 and PEA 3, the formation of a multilayer rather
than a monolayer is likely for PEA 1. This increased density of
amide bonds due to the short chain diol chain could yield more

Table 2. Film Thicknesses of PEA 1 from Different LB Film Preparation Conditions

LB film preparation conditions film thickness

spread volume (μL) concentration (mg/mL) surface pressure, Π (mN/m) ellipsometry (nm) Dektak (nm) AFM (nm) roughness (AFM) (nm)

300 1.0 5 14.4−14.6 16.9−17.9
300 1.0 10 15.8−16.0 11.0−12.0
300 0.5 10 13.0−16.0 12.0−14.0 0.28−0.45
200 1.0 10 20.0−21.0 13.0−15.0 0.40−0.45

Figure 1. Dark-field microscopy images of (A) a bare waveguide, (B) LB film of PEA 1 obtained using DMF, (C) LB film of PEA 1 obtained using
chloroform. (D) Surface pressure isotherm for PEA 1 from a solution in chloroform. Scale bar applicable to A, B, and C represents 200 μm.
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hydrogen bonding and an increase in film viscosity. In contrast,
PEAs 2 and 3 have a longer diol chain and therefore have fewer
possibilities for intra- and intermolecular hydrogen bonding
resulting in less viscous films. In addition to this longer diol
chain, PEA 3 has an L-lysine side chain that allows free rotation,
resulting in weaker intermolecular bonding. As presented in
Table 2, film thicknesses of LB films of PEA 1 were less than 20
nm when the spread volume was maintained at 300 μL. A
surface pressure change from 5 to 10 mN/m and a PEA
concentration change from 0.5 mg/mL to 1 mg/mL did not
have any appreciable effect on the film thicknesses. Although
film thickness data varied between ellipsometry and AFM
measurements for a spread volume of 200 μL, it appeared that a
higher film thickness resulted from a lower spread volume, at
least on the basis of the ellipsometry data.
To examine and quantify HCASMC adhesion to these PEAs,

two approaches were adopted − WEFF microscopy to observe
cell adhesion to the substratum and vinculin immunostaining to
illustrate possible integrin-mediated HCASMC focal adhesion.
For WEFF microscopy analyses, cells were grown on LB films
until 80% confluent (typically 3−4 days). The LB technology
for film formation was necessary because the total thickness of
the PEA film and the cell membrane should not exceed the
penetration depth of the evanescent field of the manufactured
waveguides, which decays within roughly 70 nm. By staining
the cell membranes with the fluorescent dye, DiI, the areas of
the cells that are closest to the surface of the waveguide, are the
most strongly excited and fluorescent, while those areas outside
the evanescent field do not fluoresce. In illuminating only this
interfacial area, the number of attachment sites per HCASMC
could then be determined by counting the bright spots
appearing in the WEFF microscopy images using ImageJ
software (National Institutes of Health, Bethesda, MD, USA)
and dividing it by the number of cells present. Figure 2 shows
representative images of HCASMCs cultured on the control
waveguide and PEA LB films taken with bright field and WEFF
microscopy. In the bright field images (left), individual cells are
well-spread. The white spots in the corresponding WEFF
images (right) show the sites of cell attachment to the PEA LB
films. The number of cells on the control waveguide (Figure 2A
and B) appeared to be lower than those on the PEA LB films
suggesting that the PEAs provided a better environment for
HCASMC attachment and spreading. The WEFF image of the
control waveguide (Figure 2B) does not exhibit any epi-
fluorescence because of the absence of the PEA film. The PEA
films located in the area of the highest evanescent fields of the
waveguide are the primary source of scattered excitation
photons (compare with Figure 1C). These scattered photons
can reach all areas of the cell, including those outside the
evanescent field and excite fluorescence photons. While the
WEFF images of the PEA-coated waveguides illustrate
predominantly the evanescent information and hence the
contact points of the cell, (Figure 2D, F, H), it could also show
a nebulous background outlining the cell body due to this epi-
fluorescence. Epi-fluorescence which is also a common
observation in TIRF can be removed from WEFF images by
choosing smaller integration times, but the cell outline
information will be lacking.13

An analysis of the number of adhesions that the HCASMCs
formed on both the control waveguide and PEA LB films was
first conducted in the presence of serum in the culture media.
As shown in Figure 3, few cell adhesion sites on the control
waveguide were observed. Although the waveguide was not

expected to be an ideal substrate for cell culture, the adsorption
of proteins on a surface is often considered the first step toward
the adhesion of cells on that surface.3 In particular, the serum
used in cell culture contains many cell adhesive proteins
including fibronectin and vitronectin, which may promote the
formation of differential focal adhesions.31 Therefore, the role
of protein adsorption in the establishment of adhesions of
HCASMCs on the waveguides was also evaluated by culturing

Figure 2. Bright-field and corresponding WEFF microscopy images of
(A, B) HCASMCs seeded on the control waveguide and (C, D) LB
films of PEA 1, (E, F) PEA 2, and (G, H) PEA 3. HCASMCs were
cultured until 80% confluent, fixed and stained using DiI prior to
imaging. Scale bars represent 200 μm.

Figure 3. Average number of attachment sites per cell on control
waveguides and on PEA LB films cultured in serum-containing (S+) or
serum-free (S−) media. * denotes statistical significance (p < 0.05).
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cells in the absence of serum. On the control waveguides, this
resulted in an average of 0.9 attachment sites per cell. This
result was not statistically significant (p > 0.05) from the serum-
containing (S+) media study of 2.1 attachment sites per cell
indicating protein adsorption did not play a significant role in
HCASMC adhesion to the control waveguides. Moreover, the
number of attachment sites in both S+ and S− control
waveguides appeared to be lower than those obtained from
immunostaining studies reported in the literature (at least 5−10
focal adhesions per cell) for various cell types on different
materials.35−38 In generating a waveguide on the surface of a
glass slide, low polarizability ions (sodium) are exchanged for
high polarizability ions (silver) to enhance the refractive index
on the surface. Given that the waveguide surfaces are silver ion-
exchanged, reduced attachment sites are attributed to residual
silver ions which are known to reduce cell adhesion.39

However, the presence of the LB PEA films may have masked
the detrimental effects of the residual silver ions on cell
adhesion. In addition to focal adhesions, there is a potential for
cells to also form nonfocal contacts such as close contacts.38

Although close contacts typically range from 20 to 50 nm from

the substratum, the ventral cell membrane of the HCASMCs
may remain equidistant from the surface, as previously reported
with retinal pigment epithelial cells,40 inhibiting effective
isolation and segregation of individual close contacts, arbitrarily
underestimating the number of cell attachment sites. We did
not distinguish between focal contacts and close contacts as the
distances of the individual contacts were not investigated in this
study.
Not only did the presence of serum not influence the

number of attachment sites in the control waveguide, this
behavior was also seen in all three PEA LB films as no statistical
significance was observed among them (p > 0.05, Figure 3). In
the S+ culture, PEA 1 exhibited 15.3 ± 6 adhesions per cell,
which was high but not significantly different from the control
waveguide. PEA 2 exhibited 27.2 ± 9 adhesions per cell
suggesting that the increased hydrophobicity imparted by the
longer chain diol created a more favorable environment for cell
attachment, potentially due to increased protein adsorption.
However, due to the relatively high standard error associated
with the measurements, these results were not statistically
different. PEA 3 containing the lysine moiety exhibited a similar

Figure 4. Phase contrast and confocal microscopy images of HCASMCs cultured on PEA films. Cells were seeded at 15 000 cells/cm2 and cultured
for up to 24 h in serum-containing (S+) media. Phase contrast images were taken at 4 and 8 h; whereas, the confocal microscopy images were taken
after 24 h of culture. HCASMC F-actin (green) and nuclei (blue) are shown in the confocal images (C, F, I, L). Phase contrast scale bar represents
200 μm, whereas confocal microscopy image scale bars represent 50 μm. Glass coverslips served as controls.
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number (28.7 ± 8) of cell adhesions to PEA 2, the same
polymer lacking the incorporation of the lysine residues. While
the presence of cationic lysine residues was expected to result in
increased cell adhesion based on previous reports,31,41 the
WEFF microscopy results suggest that the number of lysine

moieties incorporated into these polymers may not have been
sufficient to significantly increase the number of cell adhesion
sites. However, the number of adhesion sites of the HCASMCs
on PEA 3 in both S− and S+ culture was significantly higher
than the control waveguides (p < 0.05). This result may

Figure 5. Confocal microscopy images of (A−D) vinculin immunostained HCASMCs on glass coverslips, (E−P) PEA films, and (Q−T) FN-coated
coverslips in the absence or presence of serum. Black and white images show vinculin immunostaining only, while fluorescence labeling of HCASMC
F-actin (green), vinculin (red), and nuclei (blue) are all shown in the composite images. Scale bar represents 50 μm.
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indicate the cationic nature of the lysine residues of PEA 3 is
engaged in nonspecific electrostatic binding with the negatively
charged glycocalyx layer on the cell surface in the absence of
serum. In S+ culture, the cationic amine groups of PEA 3 may
also bind electrostatically with cell adhesive proteins such as
fibronectin or vitronectin, which carry net negative charges at
physiologic conditions as their isoelectric points are 5.6−6.1
and 4.8−5.0 respectively, thereby also enhancing cell
adhesion.31,42 Ultimately, the number of attachment sites
observed in the comparative serum study, suggests that for all
substrata, protein adsorption did not play a major role in the
establishment of cell adhesions.
After evaluating the potential use of WEFF microscopy for

determining the number of cell attachment sites on PEA LB
films, we compared the data with vinculin immunostaining,
which is a well-established method for quantifying focal
adhesions. To achieve this, we cultured HCASMCs on
solvent-cast PEAs films. Initially, a time-course analysis was
conducted using phase contrast microscopy to ensure
HCASMC attachment and spreading on the solvent cast PEA
films, prior to their immunostaining (Figure 4). To emulate the
expected cell density on the waveguides after 3 or 4 days
culture, we seeded cells at 15 000 cells/cm2 on the solvent cast
PEA films. Four hours after seeding, most cells adhered to the
surface (including the glass coverslip control), but remained
spherical in shape with little evidence of spreading (Figure 4A,
D, G, J). However, after 8 h, cell spreading was observed on all
materials as judged by the flat morphology and larger contact
areas occupied by individual cells (Figure 4B, E, H, K). Given
that the surfaces were not coated with cell adhesive proteins,
the observed spreading is likely attributed to the surface
adsorption of serum proteins from the culture media. To
confirm this, we cultured cells in the absence of serum and
evaluated cell spreading. The data (see the Supporting
Information, Figures 2 and 3) suggest that cell attachment
and spreading on the PEAs is retarded when compared with
those cultured in the presence of serum as cell spreading only
became evident at 24 h of culture, presumably due to cell-
secreted adhesive proteins. Although this was not entirely
unexpected, it suggests that these PEAs can support attachment
of HCASMCs even in the absence of serum. Complete
HCASMC spreading and their cell−cell contact formation is
seen following 24 h of S+ culture as presented by the confocal
microscopy images (Figure 4C, F, I, L). It is noted that
favorable cell-substratum adhesion is required for subsequent
cellular responses such as proliferation and differentiation.
Given that HCASMCs were well-spread on all PEA films

after 24 h, we then examined whether these cells could form
focal contacts also known as focal adhesions (FAs), which are
specialized sites of adhesion between the cell and the substrate.
In addition to anchoring cells, focal adhesion proteins are
involved in integrin signaling that activates various intracellular
signaling pathways that direct cell viability, proliferation, and
differentiation. Although there are many proteins involved in
FAs, vinculin is the most studied and well-understood actin-
binding protein;4,43 therefore, we immunostained for vinculin
and quantified the number of HCASMC focal contacts. As
shown in Figure 5, HCASMCs expressed vinculin in both S−

and S+ culture media. However, the vinculin appeared to be
concentrated at the cell periphery for the S− cultures with the
exception of the fibronectin coated control cultures (Figure 5A,
E, I, M). The rationale for using fibronectin was due to its cell
adhesive RGD peptide motif, which served as a positive control.

In the presence of serum, the vinculin was distributed uniformly
throughout the cell body (Figure 5C, G, K, O). For the
fibronectin treated positive control cultures, the distribution of
vinculin seems to be independent of serum (Figure 5Q, S).
Because vinculin is localized on the cytoplasmic face of integrin-
mediated cell−extracellular matrix junctions,43 HCASMCs
cultured on these fibronectin coated controls appear to be
making more focal contact areas than on the PEA surfaces.
In order to gain further insight into these cultures, the

number of FAs per cell and per unit area of cell on the PEA
films were determined (Figure 6A, B), where the number of

focal contacts and cell area were both calculated using ImageJ
software. In the S+ cultures, there was a significant increase in
FAs in the fibronectin coated control cultures compared with
both PEA 1 and PEA 2, but not PEA 3 likely due to the scatter
in data that introduced a relatively large error in this case. This
scatter in the data is in part attributed to those cells fixed in the
process of migration as they tend to form extensive close
contacts,44 which under-express vinculin.40 This data, however,
is consistent with the immunostaining findings, where
HCASMCs formed more FAs with the fibronectin coated
controls (Figure 5S, T). Although the fibronectin coated
control in the S+ culture exhibited an increased number of focal
adhesions, there was no statistical significance in the number of
FAs per cell on all other materials tested regardless of culture
conditions (p > 0.05). Similarly, the number of focal adhesions
per unit area on all the materials cultured in serum is
significantly lower than the fibronectin coated controls (p <
0.05). However, fibronectin had no significant effect on the
number of focal adhesions per unit area in the absence of serum
(p > 0.05). In comparison to the WEFF data presented in
Figure 3 where PEA 3 showed a statistically significant increase
in the number of attachment sites per cell, the immunostaining
data (Figure 6) did not show significance between the control
and PEA 3. This difference is attributed to the two different
control surfaces used in the respective experiments. For reasons

Figure 6. Number of focal adhesions (A) per HCASMC and (B) per
unit area (μm2) on the PEA films in serum-containing (S+) and serum-
free (S−) media. The * denotes statistical significance (p < 0.05).
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mentioned earlier, the WEFF control experiments were done
on silver ion-exchanged glass slides needed to form a
waveguide, whereas the immunostaining experiments were
conducted using conventional cell culture glass coverslips.
Overall, an average of 35−64 FAs per HCASMC cultured on

PEA films calculated from vinculin immunostaining are
consistent with the WEFF microscopy data. Although the
WEFF microscopy data shown in Figure 3 (average attachment
sites of 15−29 per cell) are slightly lower than the vinculin
immunostaining data shown in Figure 6 (average focal
adhesions of 35−64 per cell), there is no statistical significance
among any of the PEAs tested in either serum-containing or
serum-free culture media (p > 0.05). In addition, these results
compare favorably with literature data.45−48 For example, for
fibroblasts, an average of 20−30 FAs per cell is reported;35,36

whereas, for myoblasts an average of 70 FAs per cell is
reported.37,49 It also appears that FAs per cell is dependent on
the culture substrates used where stiff surfaces had higher FAs
per cell than flexible substrates. For example, fibroblasts
cultured on graphene and carbon nanotubes had more than
100 FAs per cell;50 whereas, the same cells cultured on a
standard culture dish had 20 FAs per cell, whereas lung
fibroblasts seeded on silicone rubber had 5 FAs per cell.45

Finally, a decrease in the FAs per cell from 20−5 is reported for
HT-1080 cells cultured in 3D surfaces.47 In view of these
reported values, our data on solvent cast PEA films are within
the expected range. Furthermore, given that HCASMCs were
making focal adhesions on these PEAs, it suggests these
materials can promote integrin signaling, which is critical to cell
migration and differentiation.

■ CONCLUSIONS
In this study, we investigated the adhesion of HCASMCs to
PEA films using WEFF microscopy and compared it with a
conventional vinculin immunostaining technique. The WEFF
microscopy work required the preparation of ultrathin films of
the PEAs on waveguide surfaces by LB technology, an aspect
that was challenging due to the hydrogen bonding capabilities
of the PEAs resulting in their propensity to aggregate. Despite
this challenge, 20 nm thick PEA films were successfully
prepared. The WEFF results indicated that all PEAs deposited
on the waveguides enhanced HCASMC adhesion compared
with the uncoated control waveguides. However, due to the
relatively high standard error in the WEFF data, only the
cationic PEA was significantly higher than the control
waveguide. The quantification of vinculin immunostaining
supported the WEFF microscopy data, as there was no
statistical difference in the number of focal adhesions per cell
or per unit area among the PEAs tested regardless of culture
conditions. Only the fibronectin coated controls in serum-
containing media exhibited a significantly higher number of
focal adhesions per cell and per unit area. The presence of these
focal adhesions implies that all these PEAs promote integrin-
mediated signaling, a crucial step in cell migration and
proliferation. Taken together, our results demonstrate the
promise of PEA surfaces for the attachment of HCASMCs and
suggest that a diverse range of PEAs can potentially be used for
vascular tissue engineering applications.
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