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ARTICLE INFO ABSTRACT
Article history: Widefield surface plasmon resonance (WSPR) microscopy provides high resolution imaging of interfa-
Received 20 Febnuuy 2013 cial interactions. We report the application of the WSPR imaging system in the study of the interaction
Received in revised form 16 April 2013 between keratinocytes and liquid crystals (LC). Imaging of fixed keratinocytes cultured on gold coated
:?"mdl bt 16.‘."’"' nim] surface plasmon substrates fonctionafized with a thin film of fiquid crystals was performed in air using
a 1.45 NA objective based system_ Focal adhesion of the celis adhered to glass and LC were further stud-
ied using immunofluorescence staining of the vinculin The imaging systemn was aiso simolated with
m face pl 2% 2 scattering matrix to investigate the optical reflection of the resonant plasmonic wave via the
; o glass{goldfcell and glass{pold/LC/celi Jayers. WSPR imaging indicated that keratinocytes are less spread
Cell adhesion and formed distinct tpography of cell-liquid crystal couplings when cultured on liguid crysial coated
Keratinocytes substrates. The simulation indicates that glass{LC shifted the sarface plasmon excitation angle to 75.39°

Cell-liquid cxrystal intevface as compared to glass/air interface at 44°. The WSFR microcopy reveals that the cells remodelled their

topography of adhesion at different interfaces.

© 2013 Elsevier B.V. All rights reserved.

1. Introducticn

A chalienge to cell based biosensor development is being able
to achieve effective sensing of cell responses within support media
which are chemically and rheologically compatible. To this end,
our previous work has examined the emerging application of liq-
uid crystal thin films in single cell force sensing using conventional
oplical microcopy |5]. These liquid crystal based biosensors enable
cell adhesion and contractile activity to change the organization of
the liguid aystals leading to the detection of cell responses [1-5]
Our study [5] indicated that chelesteryl ester liguid crystals can
support cell adhesion and allow the detection of cellular contrac-
tions without pre-coating the liquid crystals with adhesion ligands.
Although cell-surface interactions have recently been examined
with liquid crystals functioning as the force transducer, it is not
understood how soft substrates such as liquid crystals affect the
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organization of the focai adhesions that enable cell attachment to
a culture substrate.

Surface plasmons (SP) are highly sensitive to dieleciric per-
mithivity changes on a metal-dielectric surface {6). Thus, surface
plasmon technology has been used in the development of light
microscope system in which differences in the optical densities
of the imaging target alter the way p-polarized light couples
into surface plasmons. This results in varying amount of light
reflected from a metallic coated surface such as a gold coated
glass substrate |7]. This means that surface plasmon microscopy
altows the acquisition of a sample image in which contrast is
dependent on the relative intensity of the reflected light, and this
in tum is dependent on the macromolecular interfacial optical
density. Surface Plasmon microscopes allow high contrast imag-
ing of antigen-antibody bindings in cells (8], monitoring local
impedance changes in refation to the dynamics of cellular pro-
cess [9] and determining the mass of the fibronectin absorbed on
glass substrate [10]. Attempts to interrogate the surface interac-
tions of cells using surface plasmon microscope have been made,
in which, the system incorporated an aluminium coated prism [11].
Although this system enabled reasonably high resolution imaging
of the cefl-surface interface, the microscope was fimited by poor
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contrast resolution of celtular structure due to the wide angles over
which p-polarized light excited surface plasmons. To circumvent
this optical limitation, the Widefield Surface Plasmon Micoscopy
(WSPR) was developed [12]. This microscope uses a high numer-
ical apetture lens (either NA 1.45 or 1.65) and a system in which
p-polarized light at a wavelength ol 633 nm is applied via a rotat-
able diffuser before striking to gold coated substrate. The WSPR has
been used to imaging of lamellipodium of human keratinocyies
with pood contrast at resolutions down to 500nm [12]. To date,
surface plasmon microscopy has not been used to examine cells on
liquid crystals.

The novel zim in this study is the use of widefield surface plas-
mon microscopy to capture interfacial images of cells grown on
liguid crystals in order to examine the restructuring of the adhesion
plagues of cells cultured on soft substzates. In order to support the
observations obtained by WSPR microscopy, immunocytochemical
staining againstvinculin will be used to confirm the outcomes of the
WSPR study in relation to any observed changes on focal adhesion
distribution. In order to uixlerstand the effects of the optical reflec-
tivity when adding a liquid crystal layer to a glass/goid substrates
interfacial substrate, Fresnel's eguation will be used to determine
the reflectance of Light incident on a multilayer system consists
of a glass/gold and glass/gold liquid crystal system. in considera-
tion of the multilayer reflection, a 2 x 2 scattering matrix technique
will be used to solve the reflective coefficients for the multilayer
system.

2. Materials and methods
2.1. Simulafion of widefield surfoce plasmor resonance profiles

Simulation of the WSPR optical function was petformed using
MATLAB Integrated Development Environment software. Fresnel’s
equations were used to compute the reflectance of light incident
on a muttilayer system consisting of either a layer of liquid crys-
tal extending beyond the evanescent field on a gold coated glass
cover slip or a simple gold coated glass cover slip. Surface plasmons
can be excited at the metal-dielectric interface when an incident
light strikes on the interface at a specific angie. At the resonance
angie, the energy carried by the photons of light is transfemred
to the interfadal electrons generating a surface plasmons wave.
The efficiency of this coupling can be measured in a surface plas-
mon microscope by measuring the light reflected by a gokd coated
surface.

Consider a ray of incident fight striking at the interface between
medivm © and 1 (Fig. 1a). Each has a refractive index of Ng and A,
respectively. The incident wave vector with amplitude of Eg arrived
to the interface at an angle of 8, with respect to the normal plane.

The Fresnel's coefficients of the reflectance of the s-polarized
amd p-polarized light are given by
E-
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where ro1s and rg; p are the reflection coefficients for s-polarized and
p-polarized light, respectively. 8, and &, are the angies of incident
and refraction, respectively as obtained from Snell’s law [13].

The method for computing the reflectance of the glass{gold/air
and plassfgold/LC systems (Fig. 13} is based on the appfication of
2 x 2 scattering matrix [14). The equation can be expressed as the
product of the interface matrices, 1 and the layer matrices, L. It
describes the effects of light interaction with individual interfaces
and layers of the entire stratified structures as

+ TER Ef
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Eﬂ Sn Sn 0
From Eq. (3), we obtained
Ey =SuE} )
and
Ey =SnE]} (5)
Therefore,
_E 5n
r= B S )
1

The matxix S for a three fayers system {1, 2 and 3} is
S =lplihalalinls (8)

The matrix | of an interface between two medium a and b is
given by

i 1 Fab
Iy =~ 9
= - I:rnb ) ] (9)
where the layer matrix for layer L, is given by
éf 0
L= ) (10)
0o &9

where g is the phase shift that is dependent on the layer thickness
{dy ), index of refraction (N;,) and angle of refraction {#, ), therefore,

B =KNyd, cos 6, (11)
and
K=2TI (12)

where K is the wavevector and A is the wavelength of incident fight.
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Fig 2. The configuration of a widefield suinface plasmen resonance microscopy system.

By determining 5 for the multilayer system, the total reflectance
is given by

R= [E_E]Z: {%]2 (13)

Es

Gold has a complex refractive index of —12.3+j1.29 [15] at
A=6328nm while the refractive index for glass, liquid crys-
tal and air are 1.515, 1558 and 1.0003, respectively [16-20).
The thickmess of gold and liquid cystals after immersion in
cell culture media are 50 and 5000 nm, respectively. The oil
immersiom objective used has a refractive index of 1512
Cholesteryl ester liguid crystal is an anisotyopic materiai that
may have more than one reflective indices [21] However, in
monechromatic jmaging of the WSPR, only the mean refrac-
tive index of the fiquid crystal was considered for this material
[16,18,20].

2.2. Cell culture and preparation of imaging somple

Celis for all experiments were obtained from sub-colftured
human keratinocytes cell lines (HaCiTs) that were incubated at
37°C. Upon reaching confiuency, the cefls were split and re-
suspended in Rosewell Park Memorial Instihite media (RPMI-1640,
Sigma-Aldrich, UK). Two round glass cover slips with a diam-
eter of 22 mm and coated with a 45nm thick gold layer were
used in this study. Cholestery! ester liquid crystals were spin-
coated at 1600 rpm to a thickness of 5um on a gold substrate
and the substrate was immersed in the Smi of RPMI-1640 cul-
ture medium prior to cefl plating. The preparation of cholesteryl
ester liquid crystals used is as described in our previous work
[4]. Cells at a density of 1.0x10* cellsfem? were plaied in
the two Petri dishes, each containing one pold coated cover
slip coated with or without kiquid aystals (Fig. 1b. c). Subse-
quently, the two Petri dishes were incubated at 37°C for 24h
After incubation, the cells were washed in HBSS twice and
fixed in 1% Formaldehyde for 6min Fixation was [oliowed by
a 5min wash and dehydration by a series of 5min washes in
serial dilutions of ethanol in distilied water from 10% through
o 100% ethanol. After dehydration, each gold cover slip was
transferred to a custom built WSPR micoscope to be imaged
(Fig. 2).

22.1. Widefield surface plasmon resonance imaging of cell-liquid
aystal inierfece

The WSPR microscope configuranion used in the experiment is as
shown in Fig. 2. A monochromatic laser diode {(wavelength 633 nm)
illuminated the substrate via a rotatable diffuser an annular mask
and a Zeiss Plan Fluar 100x objective with a numerical aperture
of 1.45 coupled to the sample via immersion oil with a refractive
index of 1.512. The rotatabie diffuser allowed the sample to be illu-
minated with a speckied pattern when stationary, but on rotation
alfowed the speckled ilumipation to be averaged. From the dif-
fuser, the incident light passed through a beam expander lens (L1
and 12) before striking the annular mask The annular mask was
coupled to the back focal plan (BFP) allowing the angle of incidence
on the substrate via the objective lens to be optimized, whilst block-
ing out unwanted fight Light reflected from the sample was then
directed via a beam splitter to an imaging arm and an arm enabling
the imaging of the BFP. In our experiments, the incident p-polarized
light from the laser diode was used to excite surface plasmons at
the gold layer at an excitation angle (9, ) of 44°. The system enabled
imaging of the back focal plane and the sample via two separate
charge-coupled devices (CCD) cameras linked to Scion software on
a personal computer. Both images contained information associat-
ing with the interfacial interaclions between cells and the surface.
The interfacial interaction images acquired from the WSPR imag-
ing system were used for the apalysis of morphology changes. The
projected surface area of cells (A} in the WSPR micrographs can be
used to compute the index of spreading or shape index which is
defined as

Shape_index = ‘%A

where A is the area and P is the perimeter of the cell, respectively
[22]. The shape index of 1 indicates a perfect circle, whereas ©
is the index for a line. Measurements of the cell projected area
and perimeter were performed in Imagef software. All values were
expressed in mean -+ SD.

23 Immunocytochemical staining of vinculin and nucleus

The fluprescence staining experiments were copducted to iden-
tify the expressions of vinculin for cells interacted with the
cholesteryl ester liguid crystals. First, glass cover slips were coated
with liquid crystals as described in Soon et al. [23). Then, HaCaT
cell cultures were prepared based on the standard cell culture
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pri)cedl.lres as described in Soon et al [4]. Cells were main-
tained wunder two cenditions, on plain glass cover slips and on

* glass cover slips coated with liquid crystals, both at a density

of 1.3 x 10} celis/cm?. After the cells reached sub-confluency, the
glass coverslips were removed from the Petri dishes and washed
twice with Hanks Balanced Salt Solution (HBSS, Sigma—Aldrich,
UK). Subsequently, the cells were fixed with 1% formaldehyde in
HBSS for 6min, rinsed twice with HBSS and permeabilized with
0.1% Triiton X-100 for 3 min. In the sizining procedure, cells were
rinsed and freated with a blocking solution. For vinculin staining,
the cells were hathed in HBSS containing 2% bovine serum albumin
(BSA, Sigma-Aldrich, UK). After blocking, cells were washed three
times in HBSS and incubated in 50l of menecional anti-human
vinculin antibody (1:40 in 1% BSA, Sigma-Aldrich, UK) for 24h
in a hwmidity chamber at 5°C. After incubation for 24 h, the sub-
strates were washed three times with HBESS, blotted and incubated
with goat anti-mouse Immunogiobulin (1gG) secondary antibody
Jabelted with Alexor Fluor 488 (5 pgiml diluted in 1% BSA, Sigma
Aldrich, UK) for 1h. After staining, the subsirates were subjected
to three 5min washes in HBSS before mounting onto the glass
slides with DAP] dihydrochioride (0.1 pg/mi difuted in HBSS). All
the immnumHuorescence staining were observed using a plan Buor
Tens (N_A of 1.3) Nikon Eclipse 80i Auorescence microscope under
dark field (DF) at 40x magnification and the images were capiured
with ACT-2u sofiware.

24. Statistical analysis

The differences between the cell projected area, cell perime-
ter and shape index of cells adhered to the glass and LC in three
repeats of experiment were analyzed for significant differences
{N=200, P<0.05) using independent t-test in statistical tools for
social sciences {SPSS).

3. Resuits and discussion

In order to develop a robust simulation, the interface between
the cells, gold substvate and LC was characterized by multiple
layered optical densities. This computer simulation is needed in
order to determine the feasibifity of using the WSPR microscope
to image 2 biomaterial such as a liquid crystal layered on 1op of
a gold coated substrate. The Fresnel's equation based computer
simulation was thus used to model the reflectivity in this mul-
tilayer system, However, it was modified into a 2 x 2 scattering
mairix because this is more suitable for sofving the reflectance and
transmittance coefficients in a multilayer sandwich system [24]. It
was assumed that LC is dosely coupled to the glass without gaps.
Fig. 3{a) shows the intensity of reflectance for P-polarized light (R, )
amd for S-polarized light (Rs) as a function of the incident angle for
the glass/goldfair system. The intensity of the reflectance for the
glass/gold/fair interface shows a sharp dip at 43.65° indicating the
coupling of the p-polarized fight into surface plasmons. This simu-
lared angle is very dose to the experimental excifation angie (44°)
which was determined by scanning wide incident angies stepwise
through the system and the corresponding back focal plane is as
shown in Fig. 4a. Fig. 4a shows a pair of dearly defined vertical arcs
formed in the back focal plane which indicates the generation of
strong surface plasmons. These arcs also comrespond to the dip in
p-polarization reflection coefficient for the glass/gold/air interface
(Fig. 3a} The strength of the dip in the vertical direction is strong
compared with the dip in the horizontal direction (Fig. 4(a}). In the
horizontal direction, the incident fight is mainly s-pofarized. For
the s-polarized light, the reflectivity is rather monotonical because
it does not interact with the metal-dielectric to generate evanes-
cent waves (Fig. 3(a. b)) However, for the p-polarized fight, a dip
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Fig- 3. The reflectance coefficients of the s-polartzed (Ropa) and p-polarized (Rypu )
light incident at the (a} glass/gold/air and (b) glass{gold/LC systems.

at a surface plasmon excitation angle of 75.38° was found (Fig. 3b}.
1L with a refractive index of 1.558 nearly shifted the angle out of
the range of the objective lens and this can be seen from both the
reflective coefficent derived from the theoretical simufation and
the experimental imaging of the back focal plane (Fig. 3 (b} and
Fig. 4(b). respectively)

The sharp decrease in the reflecive coefficient for the p-
polarized light relates to the energy of the surface plasmons being
dissipated in the gold layer. The interaction of the surface plasmons
and the metallic layer geperates an evanescent field at the interface
between the metal and the final dielectric material {gold/LC/cefl or
goldjceil). The additional dielectric material {(LC) deposited on the
gold layer interferes with the evanescent field resulting in changes
in the ability of the system to excite surface plasmoans. This poten-
tially makes the WSPR a good tool for examining defomiation in
a [iguid crystal gel at its interface with a gold layer, in that any
changes in the refractive index of the LC at the LCfgokd interface
will modify the ability of P-polarized light to couple into surface
plasmoens. The liquid crystal deformation or patterns of concentric
bands observed in Fig. 5a and b arise as a result of the pressure
exerted by cells via the focal adhesions in the x, y and z-directions
{Fig. 1b, ¢).
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Fie £ Back fecal plane of the(a) glassjgpid/oell and (b} glass/gold {LC/cell systems. The inset in (b) shows the bosder of the contrast enhanced hack focal plane for (b).

Cholesteric liquid crystals are known as the chiral nematic liquid
crystals bexcause they consist of layers of nematic molecules twisted
along ahelical axis at a pitch length of ~5000 nm [25,26]. The height
of the evarsescent field generared via a gold fayer mnges from 70 to
300 nm [11.27]. At this range, one can imagine that the evanescent
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wave interacts with a few bundreds of the chiral nematic liguid
arystal molecules (thickness of a layer=20-35 A) [28,29] vertically
coupled to the metailic surface. Due to the anisotropic properties
of the LC, the wave can be refracted by the gold/LC interface and
thus could reduce much of reflective coefficient as indicated by
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(e} The bar charts of area and perimeter for cells cultured on glass and Jiqud crystats, (f) The bar charts of shape index for cells cultured on glass and liguid crystals The
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Fig. 6. Micographs of WSPR imaging for single ceils cultured on {a) glzss amd (b)
liquid crystal and their corresponding graphical depictions of cell attacrhments on
the gold and liquid crystal substrates in {c) and {d). respectively (scale bar- 25 pm).

the fading of the vertical arc in the BFP (Fig. 4b). This signifies a
decrease in the surface plasmon generation in the gold/LC system.
The liquaid crystal phase is recognized as the fourth phase of matter
with phuysical properties that lies in between an amorphouss liquid
and a solid crystal [30]. Therefore, it has the ability not just to refract
incident light like a Buid but also to reflect fight back to the image
capturing system [20]. Despite the weakened excitation of surface
plasmonis, imaging the fixed celljLC adhesion in air is still achievable
(Figs. 5b, 6b) at an excitation angle of 75.39°. In the usual liquid
aystal display system, light propagates perpendicular to the optical
axis. The periodicity of the cholesteric phase causes a diffraction of
the polarized light following the helically twisted molecules, The
refractivity of the incident Light from the helical structure of the
cholesteric phase is difficuit to be calculated but it is assumed in
index of approximately 1.558 {16,18,20]

From the monochromatic snicrographs generated in the WSPR
system (Figs. 5a and 6a}, HaCaTs cultured directly on the gold sub-
strate (hard surface) formed a wide band Like contact area with
irregular spread of punctuated patterns. The wide bands repre-
sented the cefl body and the centrally located nudeus {Fig. 6a, c).
The close coupling of the cell to the glass surface is an indication of
the large contact area at the goldjcefl subsirate interface. In addi-
tion, WSPRimaging reveals a thin film of lamellipodia characterized
by a ranslucent structure {Fig. 6a). The punciuated white spots of
contact appearing at the edges of the lamellipodia and the irrep-
ularly spread of regions at the cell body-gold substrate interface
(Figs. 5a and 6a) are in agreement with observation of the scattered
focatl adhesions seen in cells spread on glass substrate (Fig. 5c). The
centre band found in Fig. 5a is probably associated with the adhe-
sion sites close to the supporting nucleus region of the celi which
is also indicated in the micrograph of the DAPI (blue) stainings
(Fig. 5¢).

Conirarily, the cells cultured on liguid crystals (soft surface)
were found to be less well spread and three dearly defined nar-
row concentric rings or bands in a restricted area were observed
around the nucleus and the periphery of the cell (Figs. 5b and 6b).
The three bands (inner, middle and outer bands) correspond to the
LC couplings from the nudeus, cell body mass and smali area of
famellipodia seen in cells grown on soft substrates (Fig. 6b, d). They
represent topographic features assodated with the cells coupling
with the liquid crystal. From the WSPR micrograph (Fig. Gb), the
inner band is indicative of the stress from the mass of the nucleus
amnt this is supported by the DAP} stainings (Fig. 5d) The middle

band of L.C coupling was associated with the cell body mass (Fig. 6b).
The outer band of LC coupling (Fig. 6b) was formed by the exer-
tion of uniformly arranged short focal adhesions (Fig. 5d). This gave
an indication that the stresses of the focal adhesions were reason-
ably regular around the periphery of the cell membrane when cells
were coupled by liquid crystals to the gold substrate. The grey and
dark areas in between the bands indicate weak adhesion and no
adhesion, respectively. immunofluorescence staining of o and B
integrins in cells cultured on plain and liquid crystal coated sub-
strates only showed the general distribution of the integrins on
the cell surface (nnpublished resuit), whilst the vinculin staining
reported here was useful in sepporting the view that the interfacial
stnuctures observed in WSPR imaging were associated with focal
contact formation. However, it was apparent that conventional
immunocytochemical imaging did not allow the identification of
the thin lamellipodia and the topographic features associated with
cell-surface interactions caused by the cell body mass observed via
the WSPR microscope in cells cultured on plain WSPR substraies
and L coated WSPR substrates

As shown in Fig. 5e, the projected area (2400.70 £+ 856.26 pm?)
of cell on the glass is significantly larger (N=200, p=0.05)
than those cells cultured onm the liguid crystal substrale
(849.36+27726um2). The perimeter of the cells adhered to
the glass slides (192.93 1£37.59 um) is also larger than (N~=200,
p=005) the celis spread on LC substrates (112.99+ 19.81 pm). The
shape index in Fig. 5 indicates that the cells culiured on the LC
substrates had taken reand morphology (shape index = 0.82 4 0.68)
whereas cells spread in poly-hedrai shapes on the giass substrates
(shape index =062 + 0.06). The shape indices are significantly dif-
ferent for p~0.09. These results indicate that the softness of the
culture substrate plays a role of the mechanical signal in regulating
the interface topology and indicates a change in the phenotype of
the cell [31]. Clearly, the dynamic behaviour of ceils in accomimo-
dating to the stiffness of the Jiguid ciystal substrate has induced
significantly smaller vinculin staining regions that applied regu-
lar stresses at the edges of the cell membrane [32]. This supporis
the idea that celis have a closed-loop mechano-sensing mechanism
that constaniy sense the stiffness of the sumounding substrate, and
changes in this stfiness can subsequently result in remodeliing of
the cytoskeleton and reosganization of focal adhesions.

Although sutface plasmon resonance microscopy has been
applied in experimenis to acquire images of the cell surface fea-
tures, it has not been used to image cefl cultured on a thin film such
as liquid crystals capable of bio-sensing [1,3,33]. A recent study
[5] sugeested that liguid crystals may be used as a ransducer in
detecting cell traction forces. However, such a liguid crystal based
cell traction force measurement is limited by the resolution of the
imaging systems in the xy-direction. It is possible that the resolu-
tion of this system may be enhanced by a WSPR system being used
to image cell induced deformations in the liquid crystals towards
the vertical direction (z-direction). The evidence presented in this
paper certainly suggests that this may be the case and that a liguid
crystal coated surface plasmon system may be used to interrogate
the stresses generated between a cell andd a soft subsirate enabling
further interrogation of the influence of cell signalling systems on
the forces exerted on a substrate by cells. Although the WSPR sys-
tem can be used to map the interfacial stresses associated with cell
surface adhesions, the system isn’t optimized. To image using a sur-
face plasmon system, one has to ensure that the biomaterial placed
on the gold substrate has an optical density (refractive index) ciose
to the refractive index of the glass/gold substrate. it is probable that
if live cells grown on LC coated WSPR substrates were imaged in
culture media, the culture media would provide a refractive index
close to that of water n ~1.33 in the system [17]. This tends to shift
the excitation angie of surface plasmon out of the objective lens
and subsequently, impede the surface plasmon activity leading to
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-retardation in the imaging as experienced in our experiment. This
specific problem can be resolved by using a higher NA oil immer-
sion Jens im the WSPR system as reported in Somekh et al. [7] but
the spatiat resolution in this case needs further enhancemenis.

4. Conchssion

Ins this work, the WSPR microscope was found to be an effective
tool in interrogating cell-soft surface interactions. The organization
of focal adhesions and location of the nucleus found inimmunofluo-
rescence skainings matched the observations in the WSPR imaging
except in delils associated with the coupling between the celi
body mass and the swrface. WSPR imaging revealed that cefl body
mass could contribute to different topographic features at the celi-
surface interface depending on the absence and presence of a soft
substrate such as a thin fiquid crystal Alm. Results to date also indi-
cated that cell growth on soft substrates resulted in a reduced cell
adhesion area and was associated with the remedeliing of focal
adhesions. Through the simulation of the reflective coefficients of
the s-polarized and p-polarized, the parameters showed adecrease
in the surface plasmon excitation when Jiquid crystals were used
as coupiing medium. Theoretical simulation suggested that liguid
crystals could shift the excitation angle to ahigher order yet provide
sufficient reflectivity to aflow surface plasmoen resonance imaging.
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