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Real-Time Monitoring of Epithelial Cell-Cell and Cell-Substrate Interactions
by Infrared Surface Plasmon Spectroscopy
Victor Yashunsky,†* Vladislav Lirtsman,† Michael Golosovsky,† Dan Davidov,† and Benjamin Aroeti‡
†The Racah Institute of Physics and ‡Department of Cell and Developmental Biology, The Alexander Silberman Institute of Life Sciences,
The Hebrew University of Jerusalem, Jerusalem, Israel
ABSTRACT The development of novel technologies capable of monitoring the dynamics of cell-cell and cell-substrate inter-
actions in real time and a label-free manner is vital for gaining deeper insights into these most fundamental cellular processes.
However, the label-free technologies available today provide only limited information on these processes. Here, we report a new
(to our knowledge) infrared surface plasmon resonance (SPR)-based methodology that can resolve distinct phases of cell-cell
and cell-substrate adhesion of polarized Madin Darby canine kidney epithelial cells. Due to the extended penetration depth of the
infrared SP wave, the dynamics of cell adhesion can be detected with high accuracy and high temporal resolution. Analysis of
the temporal variation of the SPR reflectivity spectrum revealed the existence of multiple phases in epithelial cell adhesion: initial
contact of the cells with the substrate (cell deposition), cell spreading, formation of intercellular contacts, and subsequent gener-
ation of cell clusters. The final formation of a continuous cell monolayer could also be sensed. The SPR measurements were
validated by optical microscopy imaging. However, in contrast to the SPR method, the optical analyses were laborious and
less quantitative, and hence provided only limited information on the dynamics and phases of cell adhesion.
INTRODUCTION
The emergence of stimuli upon attachment of a cell to its
neighboring cells and to extracellular substrates (e.g., the
extracellular matrix) plays an important role in cell differen-
tiation and tissue development. Epithelial cells have been
extensively studied in this respect. A well-recognized
example is simple epithelium, which forms a cell monolayer
with barrier properties. These epithelial cells employ
diverse means for contacting each other and the underlying
extracellular matrix. Other examples include protein
complexes and cytoskeletal elements that dynamically asso-
ciate with specialized plasma membrane domains at the
border between the apical and basolateral surfaces, which
form tight and adherence junctions, and protein assemblies
in the basal-lateral surfaces, which form desmosomal junc-
tions and focal adhesions. These complex interactions,
combined with the biochemical and physical characteristics
of the extracellular matrix microenvironment, play a vital
role in generating and maintaining epithelial cell polarity
and epithelial tissue differentiation (1–6).

Conventional techniques for monitoring cell-substrate
and cell-cell interactions typically involve fluorescent
labeling of cells (7,8). However, the labeling procedures
and the chemical modification introduced by the fluorescent
probe can affect normal cell behavior (8). Thus, the develop-
ment of sensitive label-free methodologies capable of
tracking cell-substrate and cell-cell interactions in real
time is crucial for ensuring reliable sensing of these impor-
tant cellular processes. Several label-free techniques have
been developed over the past few years to aid in the study
Submitted July 23, 2010, and accepted for publication October 12, 2010.

*Correspondence: victor.yashunsky@mail.huji.ac.il

Editor: Michael Edidin.

� 2010 by the Biophysical Society

0006-3495/10/12/4028/9 $2.00
of cell adhesion processes (9,10), including optical-based
techniques such as optical waveguide spectroscopy (11–
17), total internal reflection microscopy (18), reflectometric
interference spectroscopy (19), surface plasmon resonance
(SPR) (20–24), and infrared spectroscopy (25–28), and non-
optical methods such as electrochemical impedance spec-
troscopy (29–31) and quartz crystal microbalance (32,33).
However, most of these methodologies have been applied
to the monitoring of cell-substrate rather than cell-cell adhe-
sion since, the complexity of cell behavior precluded the
detection of specific cell adhesion phases by these label-
free methodologies (9–11).

Recently, we introduced the Fourier transform infrared
(FTIR)-SPR method to obtain real-time and quantitative
measurements of diverse dynamic processes that take place
in living cells (34–36). In the study presented here, we
combined what we believe is our novel FTIR-SPR method
with conventional optical microscopy to monitor cell-cell
and cell-substrate interactions. As a model cell system, we
used the highly differentiated Madin Darby canine kidney
(MDCK) epithelial cells. It is well recognized that these cells
can exploit the indicated junctional complexes to form
a highly polarized monolayer in vitro that faithfully mimics
the biology of simple epithelium in vivo (6). Our main find-
ings suggest that FTIR-SPR can quantitatively sense distinct
phases in cell-substrate and cell-cell adhesion. The observed
phases included cell sedimentation and attachment to the
underlying substrate, and subsequent cell spreading and initi-
ation of cell-cell contacts that eventually led to the formation
of a continuous cell monolayer. We were able to detect these
phases because of the unique ability of the FTIR-SPRmethod
to produce an evanescent wave that penetrates deep (up to
a fewmm) into the cell layer, and the large propagation length
doi: 10.1016/j.bpj.2010.10.017
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along the cell layer (up to ~70mm, or a few cells). These phys-
ical characteristics enable sensitive monitoring of global
changes in cell morphology that occur during cell-cell and
cell-substrate interactions.
THEORY OF FTIR-SPR

Surface plasmon resonance

The surface plasmon (SP) is a surface electromagnetic wave
that propagates along the metal-dielectric interface (x-direc-
tion) and decays in the z-direction, which is perpendicular to
the interface. The SP is a transverse magnetic (TM) wave
that can be resonantly excited by the light wave incident
on the metal-dielectric interface using special couplers,
such as prism or diffraction grating. The SPR appears as
a sharp dip in the optical reflectivity spectrum. The position
and depth of the SPR are extremely sensitive to the refrac-
tive index of the dielectric layer in contact with a metal
that allows a highly sensitive refractometry. Currently,
SPR biosensors are widely used to characterize the
dynamics of molecular binding interactions, because the
change in the refractive index occurs when molecules
from a liquid sample bind to the metal surface coated with
antibodies (37,38).

The most convenient way to excite the SP is to use
Kretschmann’s geometry (39), which employs the high-
refractive index prism operating in the regime of attenuated
total reflection (Fig. 1). The SP wave vector is determined
by the complex dielectric permittivity of the analyte (i.e.,
FIGURE 1 Experimental setup. A gold-coated prism is attached to a flow

chamber filled with cell suspension in MEM-Hepes medium. The infrared

SPR monitors the cell deposition process from the bottom side, i.e., through

the substrate. A high-magnification zoom lens is used to observe the cell

deposition.
the dielectric medium overlaying the metal) 3d, and by the
complex dielectric permittivity of the metal, 3m. The compo-
nents of the wave vector along the metal-dielectric interface
and perpendicular to it are denoted as kx,SP and kz,SP, respec-
tively, and are given by the following expressions:

kx;SP ¼ k0

�
3m3d

3m þ 3d

�1=2

; jkz;SPj ¼ k0

�
32d

3m þ 3d

�1=2

; (1)

where k0 is the wave vector of the incident light. Because the
real part of the 3m is negative, kz,SP is imaginary in such
a way that the SP wave is evanescent in the z-direction.

The SP wave vector in x-direction has real and imaginary
parts, kSP¼kSP

0þikSP
00. The resonance appears when the real

part of kSP matches kx, the projection of the incident light
wave vector along the direction of the SP propagation:

k0SP ¼ kx ¼ k0npsinqSP; (2)

where np is the refractive index of the prism and qSP is the
internal incident angle (Fig. 1). For fixed incident angle
and wavelength interrogation, the SPR appears as a
minimum in reflectivity at a certain wavelength lmin, which
is inexplicitly given by the following equation:

ndðlminÞ ¼ 3
1=2
d ðlminÞ ¼ npsinqSP

 
3m

3m � n2psin
2qSP

!1=2

:

(3)

Note that 3p and 3m depend on the wavelength; in particular,
the real part of 3m is a negative and is proportional to 1/l2.
The reflectivity in the vicinity of the SPR can be approxi-
mated by a Lorentzian (39,40):

R ¼ jrmpj2 1� 4k00SPGrad�
kx � k0SP

�2 þ �k00SP þ Grad

�2:
At resonance (kSP

0¼ kx) the reflectivity achieves its minimal
value

Rmin ¼
�����rmp k

00
SP � Grad

k00SP þ Grad

�����
2

; (4)

where rmp is the Fresnel reflection coefficient at the prism-
metal interface, kSP

00 is the lossy part of the SP wave vector,
and Grad is the radiation (coupling) loss that appears when
the SP propagates along the thin metal film rather than along
the bulk metal surface. For optimal coupling, which is
achieved by a proper choice of the metal film thickness,
G ¼ kSP

00, and thus Rmin ¼ 0 (39,40).
Whereas conventional infrared spectroscopy traces spec-

tral features related to the molecular absorption lines of the
analyte, the FTIR-SPR technique uses spectroscopic infor-
mation to identify the SPR wavelength with high precision.
Because this wavelength is determined by the refractive
Biophysical Journal 99(12) 4028–4036
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index of the analyte (Eq. 3), the FTIR-SPR setup is in fact
a highly sensitive refractometer. Tiny variations of the ana-
lyte refractive index (Dnd) can be found from the shift of the
SP resonance:

Dlmin ¼ SDnd; (5)

where Dlmin is the resonance wavelength shift and
S ¼ vlmin=vnd is the bulk sensitivity (34,37,40), which
can be calculated analytically by differentiating Eq. 3 with
respect to lmin.

The SP wave is affected by changes in neff occurring in
a thin layer in contact with the metal film. The thickness of
this layer (i.e., the SPR penetration depth into the analyte
layer (34,40)) is dz ¼ 1/2kz,SP. Equation 1 yields

dz ¼ Im

�
lmin

4pn2d

�
3m þ n2d

�1=2�
: (6)

The penetration depth depends strongly on the wavelength;
in particular, the penetration depth of the SP at the Au/water
interface grows from dz ¼ 0.3 mm at l~1 mm to dz ¼ 10 mm
at l~6 mm (34).

For an inhomogeneous medium whose properties vary in
the z-direction (perpendicular to the direction of propaga-
tion of the SP wave), the refractive index of the analyte as
it is sensed by the SPR is

neff ¼ 1

dz

ZN
0

nðzÞexpð�z=dzÞdz: (7)

Cell-sensing by SPR

Living cells contain up to 30% organic substances, and their
refractive index (ncell) differs from that of a water-based
medium (nmed) used to support cell growth. For a medium
with cells, the effective refractive index sensed by the SP
(Eq. 7) can be rewritten as

neff ¼ nmed þ CS

1

dz

ZN
0

ðncell � nmedÞAðzÞexpð�z=dzÞdz;

(8)

where A(z) is the cross-section of the cell at height z above
the substrate. During cell deposition and spreading, both A
and CS can change. If A(z,t) ¼ const., then Eq. 8 indicates
that neff monitors the surface cell concentration on the
substrate, CS. Alternatively, if CS(t) ¼ const., the SPR will
sense the changes in cell morphology.

The spectral range of l~2.5 mm is especially favorable for
monitoring cell deposition and spreading. On the one hand,
the SPR penetration depth (dz~2 mm) is lower than the cell’s
height, and hence the SPR senses only the cells that are in
contact with the substrate, whereas the cells in solution
Biophysical Journal 99(12) 4028–4036
are beyond the SP’s probing range. On the other hand, the
penetration depth of the SP is deep enough to sense a consid-
erable volume of the cells deposited on the substrate. This is
in contrast to the SP in the visible range, which has signifi-
cantly smaller penetration depth (dz ¼ 0.1–0.3 mm) and
therefore is sensitive mostly to the cell-substrate adhesion
interface (40).

Cells not only affect the effective refractive index of the
analyte but also introduce absorption and scattering of the
SP wave. The imaginary part of the SP wave vector (kSP

00)
includes both the absorption and scattering contributions:
kSP

00 ¼ kabs
00 þ ksc

00. The absorption term reveals specific
molecular spectroscopic information that in principle allows
tracing of different cell constituents (e.g., proteins, lipids,
polysaccharides, and water) (25–28), whereas the scattering
term is sensitive to the cell’s morphology.

Consequently, bymeasuring the resonantwavelength of the
SPR,we determine the kSP

0, which yields the cell coverage.On
the other hand, the reflectivity at resonancemeasures the imag-
inary part of the SP wave vector (kSP

00; Eq. 4), and thus
provides complementary information about the cell’s
morphology. In the following, we develop a semiquantitative
model that relates to the reflectivity at SPR, Rmin, to the cell
shape and arrangement on the substrate.
Scattering of the SP wave

Visible light scattering can provide valuable information
about cell shape and cell-cell attachment (41). Although
scattering of evanescent waves (including SP) has been
used in cell studies (12,15,16), the lack of adequate theoret-
ical models has prevented the acquisition of quantitative
information. Indeed, although SP wave scattering by subwa-
velength or one-dimensional defects has been intensively
studied (42,43), to our knowledge, scattering by large and
low-contrast objects such as cells on substrate (r>>l,
Dn/n~0.025) has not yet been studied theoretically.

In the absence of an appropriate theoretical model, we use
the simplistic formalism based on Beer’s law (44), which
predicts exponential decay of the surface wave upon scat-
tering: I ¼ I0exp(�kSP

00x), where

k00SP ¼ CSSSC (9)
Here CS is the surface concentration of scattering objects,
and Ssc is the scattering cross-section (for surface waves,
Ssc has units of length). Measurements of evanescent
wave scattering by large dielectric spheres (r>>l) showed
that the scattered light intensity scales with the sphere radius
(45), i.e., Ssc~r. We assume that the Ssc~r relation holds for
disk-shaped scatterers as well. Then Eq. 9 reduces to

k00SP ¼ 2prBCS ¼ BP; (10)

where k00SP is the imaginary part of the SP wave vector, P ¼
2prCS is the total perimeter of scatterers per unit area, and the
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(unknown) coefficient B is determined by the shape of the
scatterer and by Dn, the dielectric contrast between the scat-
terer and the surrounding medium. This prompts the inter-
esting conjecture that Eq. 10 is probably valid for a random
assembly of sufficiently large uncorrelated weak scatterers
of arbitrary shape, where P is the total length of scattering
interfaces per unit area. In the context of cells and cell
culture, this conjecture together with Eqs. 4 and 10 suggests
that Rmin measures the length of cell-medium interfaces per
unit area.
MATERIALS AND METHODS

Cell culture

MDCKcellswere cultured routinely as described previously (46). Cellswere

prepared for the SPR experiments as follows: MDCK cells of a confluent

monolayer were detached from the dish by trypsinization (0.25% trypsin/

EDTA in Puck’s saline A; Biological Industries, Israel). The cells were

then resuspended in 10mL ofmodified Eagle’smedium (MEM)Hanks’salts

supplemented with 20 mM Hepes, pH 7.5 (MEM-Hepes). The suspended

cells were immediately injected into the flow chamber of the FTIR-SPR

setup (see Fig. 1).
FTIR-SPR setup

Our experimental setup is shown in Fig. 1. A right-angle ZnS prism (20 �
40 mm2 base; ISP Optics, Irvington, NY) with a 20-nm-thick gold overlayer

was attached to a 2 mL flow chamber filled with MEM-Hepes medium. The

temperature of the flow chamber was stabilized at 37�C. The flow rate was

controlled via a motorized bee syringe pump equipped with a variable

speed controller. The prism-flow cell assembly was mounted on the vertical

translation stage. The infrared SP was excited using Kretschmann’s

geometry as previously described (47). An FTIR device (Equinox 55,

Bruker) was used as the broadband infrared source. The p-polarized

infrared beam was collimated and reflected from the prism, and then

focused onto a liquid-nitrogen-cooled MCT (HgCdTe) detector. Each

FTIR spectrum lasted 25 s, representing an average over eight scans,

with 8 cm�1 resolution. The s-polarized reflectivity spectrum was used as

a background.
FIGURE 2 (A) Optical images of the gold-coated prism surface. All

images were taken at the same location but at different times, and corre-
Experimental procedure

The prism was attached to the flow chamber of the FTIR setup and exposed

to MEM-Hepes at 37�C for 1 h. The incident angle was set to qSP ¼ 32.8�

(Fig. 1). FTIR-SPR measurement started 15 min before cell suspension

(~5 � 105 cells/mL) injection. The cell injection lasted 10 min at a rate

of 200 mL/min, at which point it was stopped and replaced by a slow

flow rate (25 mL/min) of cell-free MEM-Hepes medium. This step lasted

for 260 min from initial cell sedimentation on the gold substrate to eventual

formation of the cell monolayer. Finally, we pumped trypsin solution into

the flow chamber at a flow rate of 200 mL/min during the first 2 min, and

then slowed the rate down to 25 mL/min. The pumping at this slow flow

rate continued for 15 min. Each experiment was repeated at least three

times and yielded similar results.

spond to different phases of injection and spreading processes (a: bare

gold; b: cell injection; c: cell spreading; d: cell-cell attachment; e: cell

monolayer). Phase f corresponds to cell detachment after trypsin treatment.

(B) Contour plots showing the cell coverage for the time moments indicated

in panel A. Red color indicates cells (as projected from the top), and green

color indicates the uncovered area. (C) Schematic description of different

phases of cell injection and spreading (side view).
Optical microscopy and image processing

Optical time-lapse images of cells cultured on the gold-coated prism

surface were synchronized with the FTIR scans. Images were taken through

a 0.5-mm-thick optical window by a CMOS camera (Lw 575; Lumenera)
connected to the high magnification optical zoom lenses (NAVITAR 12X

zoom) using a halogen-lamp upright coaxial illumination (Fig. 1). Fig. 2 A

shows a representative section of the imaged field (0.5 � 10�2 mm2).

The acquired imageswere processedwith the use of ImageJ software (W. S.

Rasband, ImageJ, National Institutes ofHealth, Bethesda,MD; http://rsb.info.

nih.gov/ij/, 1997-2010), as follows: To determine the cell concentration on the

Au surface (CS) during cell injection (Fig. 2 A, stage b), a threshold filter was

used todistinguish between the cells and the baregold surface.The cell interior

was then filled by means of a fill-hole procedure. In this way, the cell-covered

area was distinguished from the cell-free area (Fig. 2 B, stage b). The fraction

of the total image area covered by the cells yields the cell surface coverage, f,

which is related to the surface cell concentration as f¼CSA, whereA is the cell
Biophysical Journal 99(12) 4028–4036
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projection area. For spherical cells, A¼pr0
2, where r0 is the radius of a cell in

suspension.For later phasesof cell spreading,when the cell projectiondeviates

from the circle (Fig. 2 B, stages c–e), it is approximated by an ellipse, with

semiaxes a and b in such a way that its area is A ¼ pab.
RESULTS

Cell injection and spreading analyzed by FTIR-SPR

Fig. 3 shows three representative infrared reflectivity curves
in the SPR regime. In the absence of cells (lower curve, stage
a in Fig. 2), the SPR appears as a sharp reflectivity minimum
at nmin ¼ 4061 cm�1 (this corresponds to lmin ¼ 1/nmin ¼
2.46 mm). After cell injection and spreading (middle curve,
stages b and c in Fig. 2), this minimum is red-shifted toward
3920 cm�1, indicating that the refractive index sensed by the
SP (Eq. 8) has increased. During the cell-injection phase, the
refractive index increment is associated with the growth of
FIGURE 3 Infrared reflectivity spectra at different phases of cell deposi-

tion (see Fig. 2). The curves corresponding to each phase are vertically dis-

placed for clarity. (a) Reflectivity from the ZnS/Au/medium interface

before cell injection (background, t ¼ 0). The sharp minimum at nmin ¼
4061 cm�1 corresponds to the SPR. (b and c) Reflectivity from the ZnS/

Au/medium and cell interface (spreading phase, t¼ 50 min). The minimum

corresponding to the SPR has been shifted to 3920 cm�1. This shift is

related to the presence of the cells. The minimum also became broader

and shallower, indicating SP scattering on cells. (d and e) Reflectivity

from the ZnS/Au/cell monolayer (monolayer phase, t ¼ 250 min). The

cell monolayer has been formed. The SPR minimum is further shifted to

3850 cm�1. It also has become narrower and deeper, indicating decreased

scattering in the cell monolayer. Note a small minimum at 4170 cm�1

(boxed area) that we attribute to the guided TM1 mode in the cell mono-

layer.
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cell concentration (CS), whereas during the cell-spreading
phase it is associated with the growth of the projection area
(A). In addition, the SPR dip becomes wider and shallower
because the cells introduce scattering. Afterward, when the
cells begin to form a continuous monolayer (upper curve,
phases d and e in Fig. 2), the SPR is further red-shifted to
3850 cm�1 and becomes narrower. During these phases,
the neff increases due to continuous growth of A and the asso-
ciated increase in cell coverage (f), whereas the SPR narrows
due to decreased scattering in the continuous cell monolayer.
Moreover, an additional reflectivity minimum at 4170 cm�1

appears (Fig. 3, boxed area) at this stage. We attribute this
minimum to the excitation of the guidedTM1mode that prop-
agates inside the cell layer. The appearance of this dip
signifies the cell-cell attachment, since this waveguide
mode can only propagate in a cluster consisting of several
cells attached to one another. By analyzing the position
(nmin) and the depth (Rmin) of the reflectivity minima associ-
ated with the SPR and the guided mode, we can draw quan-
titative conclusions about the cell layer morphology.
Cell concentration and projected cell area
are measured by the SPR shift

The SPR wavelength is sensitive to the surface cell concen-
tration (CS) and the lower portion of the cell body (see
Theory of FTIR-SPR). In contrast to the visible SP wave
that probes primarily the cell-substrate contacts (dz %
0.3 mm at l~0.6 mm), the deep penetration depth of the
infrared SP (dz ¼ 2 mm at l~2.5 mm) allows sensing of the
cell area, which is almost the same as the projected cell
area (A) measured by optical microscopy.

To evaluate CS and A, we adopted the approach of Rams-
den et al. (14), which they have developed in the context of
an evanescent optical waveguide biosensing. The cell shape
variation through the spreading phase is schematically de-
picted in Fig. 4 (left to right). While it is still in solution,
the cell has a spherical shape with radius r0. Upon cell
spreading, the cell shape gradually changes from a full
sphere to a spherical cap (curvature radius r, height
h < 2r), whereas the cell volume V is preserved.
FIGURE 4 Schematic drawing of the cell shape during deposition. From

left to right: spherical cells settle down onto the gold substrate (phase b; see

Fig. 3) and then spread and become flat (phases c–e; see Fig. 3). The cell is

approximated by the spherical cap with height h and the curvature radius r.

The vertical axis on the left side schematically shows the evanescent field of

the SP. The SP penetration depth dz is comparable to the cell height.
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The cell height (above the substrate) is found from the
following equation:

h3 þ 3hr2 � 6V

p
¼ 0 (11)

The cell cross-section at height z is

AðzÞ ¼ pðh� zÞð2r � h þ zÞ (12)

The projected cell area (the area of the contact region
between the cell and the substrate) is found from Eq. 11 at
z ¼ 0:

A ¼ p h ð2r � hÞ (13)

The cells were considered as spheres, (r ¼ r0, h ¼ 2r0)
during the injection phase, whereas r0 ¼ 10 5 1 mm
(measured by optical microscopy). The surface cell concen-
tration (CS) was found from the SPR measurements using
Eqs. 8, and 12, and the refractive indices of the cell media
and the cells. These were found in a separate SPR experi-
ment: nmed ¼ 1.28, ncell ¼ 1.326 at n ¼ 4425 cm�1.

For the cell-spreading phase, we found A from Eqs. 8, 12,
and 13, assuming that after the injection phase was over, the
cell concentration remained unchanged (CS ¼ C0; in other
words, we neglected cell proliferation and cell death, which
were minimal under our experimental conditions).

Fig. 5 shows the time-dependent alterations in CS and A as
derived from the SPR shift. It can be clearly seen that the
cell projection area A increases with time. The increase is
slower at the initial phase of cell spreading and faster at later
times. After 180 min, A reaches a plateau at 840 mm2 corre-
sponding to surface coverage f ¼ CS � A ¼ 0.92. The pro-
FIGURE 5 Time dependence of the projected cell area, A (solid circles),

estimated from the SPR shift. Open squares show corresponding optical

microscopy measurements. Note the good agreement. The inset shows

surface cell concentration at the deposition phase as found from the SPR

shift (solid circles) and optical microscopy (open squares). The different

phases of cell spreading defined in the graph follow the notation of

Fig. 2. The onset and duration of these phases were found from the SPR

reflectivity.
jected area as measured by the SPR (solid circles) matches
the direct optical microscopy measurements (open squares).
Note, however, that the precision and time resolution of the
SPR measurements are higher because it represents an
average over 105 cells illuminated by the FTIR beam,
whereas the optical microscopy averages only over a dozen
cells. The inset shows that the CS measured by the SPR and
optical techniques are consistent as well.
The SPR depth/width monitors cell-cell
attachment

Fig. 6, c and b, shows the time dependence of the SPR shift
n(t) and reflectivity Rmin(t). The n(t) continuously grows
with time, whereas the Rmin(t) achieves a maximum at
c

FIGURE 6 Time dependence of the SP position, vmin, and depth, Rmin,

during cell deposition and spreading; t ¼ 0 corresponds to cell injection.

Lower panel: The SPR is continuously shifted, indicating an increase of

the refractive index of the layer contacting the substrate. This is associated

with cell deposition. Middle panel: The SP depth (which is determined by

the scattering on cells) varies nonmonotonously through the cell deposition

process. Upper panel: The magnitude of the reflectivity minimum is asso-

ciated with the resonant excitation of the guided mode in the cell mono-

layer. This minimum characterizes the cell monolayer rather than

individual cells. The SP and the guided-mode resonances characterize the

cell-cell attachment for basal and apical cell sides, respectively.

Biophysical Journal 99(12) 4028–4036



FIGURE 7 Dependence of Rmin on surface coverage f (estimated from

vmin) during cell deposition (solid circles) and detachment after trypsiniza-

tion (open circles). Although the rates of these two processes are very

different, the Rmin(f) dependences are almost identical, indicating that

upon detachment the cells pass through essentially the same stages as

upon spreading, but in reverse order.
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t ¼ 60 min and then decreases. Previous studies (11,15,16)
that probed the spreading of living cells using an evanescent
field of the optical waveguide observed a similar nonmonot-
onous time dependence of reflectivity, and attributed it to the
different regimes of the evanescent wave scattering in the
cell array. The information achieved so far from the scat-
tering of evanescent waves (including SP) on cells has
been mostly qualitative, due to the absence of appropriate
theoretical models. Following the approach described by
Cottier and Horvath (15) and Ramsden and Horvath (16),
in this study we take the first steps, to our knowledge, to
convert SP scattering into a quantitative tool to characterize
cell spreading and cell-cell attachment.

Equations 4 and 10 suggest that the depth of the SPR,
Rmin, measures the length of cell-medium interfaces per unit
area. Fig. 6 b shows that through the injection of cell suspen-
sion (t ¼ 0–15 min), the Rmin grows due to increasing CS

(whereas the cell shape does not change; see Fig. 2, stage b).
When cells start to spread on the substrate (t ¼ 15–55 min),
the cell concentration remains unchanged (CS ¼ const).
Then, the Rmin grows mostly as a result of an increase in the
cell perimeter, P (Eq. 10), arising from the expansion of indi-
vidual cells on the substrate (Fig. 2, stage c).

When surface coverage achieves f~0.3 (at t¼ 55 min), the
cells start to attach to each other (Fig. 2, stage d) and cell
clusters appear. Here, f still increases. However, Rmin grows
much more slowly and even saturates, because the onset of
cell-cell attachment is marked by the disappearance of cell-
medium interfaces associated with scattering.

When the surface coverage reaches f~0.75 (at t ¼ 120
min), the cells form a continuous monolayer with some
cell-deficient voids (Fig. 2, stage e). Further cell spreading
results in a gradual filling of these voids, in such a way
that Rmin decreases due to the disappearance of scattering
interfaces. However, Rmin does not regain its initial value
even for the continuous monolayer, due to the proximity
of the water absorption peak at 3400 cm�1.

To characterize the varying cell morphology during the
cell attachment process, we use the time excluding represen-
tation (Fig. 7). To this end, we plot Rmin(nmin) dependences,
in similarity to previous studies (11,15,16). Since nmin
measures surface coverage, f, whereas Rmin, measures the
length of cell-medium interfaces per unit area, P (Eq. 10),
the Rmin(nmin) dependence mimics the P(f) dependence.
The latter is well known in the context of thin-film growth
(48) and has been used to characterize morphological
changes during film deposition. Indeed, Fig. 7 clearly shows
the different phases of cell-substrate and cell-cell interac-
tions: individual cell spreading, development of cell clus-
ters, and formation of a continuous monolayer. It is
noteworthy that the Rmin(vmin) dependences for the direct
process (cell attachment; black symbols) and the reverse
process (cell detachment after trypsinization; red symbols)
almost coincide, although the latter process is much faster
than the former.
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Cell-cell attachment revealed by the appearance
of a guided mode

Additional evidence that allows one to pinpoint the onset of
cell-cell-attachment comes from the kinetics of the guided
mode resonance in the cell monolayer, which results in an
additional reflectivity dip apart from that associated with
the SPR (see Fig. 3, boxed area). Indeed, the cell monolayer
between the metal substrate and growth medium can be
considered as a very imperfect planar optical waveguide.
The cutoff condition for the TM1 mode excitation there is
k0hðn2cell � n2medÞ1=2 ¼ p=2 (34), where h is the height of
the waveguide and k0 is the wave vector of the incident light
wave. To excite this mode effectively, the interaction
between the incident electromagnetic wave and the guided
optical wave must be sufficiently long. An individual cell
is not large enough to allow guided-mode excitation; there-
fore, to excite this guided wave, a cluster containing several
cells is required.

Fig. 6 a shows how the magnitude of the guided-mode
resonance varies during cell spreading. The guided-mode
resonance is absent during cell injection and initial
spreading. It appears only at t1 ¼ 55 min. The magnitude
of the guided-mode resonance increases with time and
achieves saturation after t2 ¼ 120 min. We attribute t1 to
the onset of cell-cell attachment, and t2 to the completion
of the cell monolayer.

Although the cell-cell attachment and monolayer forma-
tion can be traced indirectly through the measurement of
Rmin and nmin (Fig. 6, b and c), the guided-mode resonance
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monitors the cell-cell attachment directly and allows precise
timing of its onset.
DISCUSSION

FTIR-SPR versus other label-free techniques

In this work we demonstrate the ability of FTIR-SPR to
measure quantitatively and with high temporal resolution
the different phases of cell adhesion, i.e., initial cell-
substrate attachment, cell spreading, cell clustering, and
subsequent formation of an epithelial cell layer. The ability
of the FTIR-SPR method to resolve these phases stems from
two features of the infrared SP: 1), the extended penetration
depth into the cell body/layer (up to 2 mm), which permits
sensitive probing of the degree of cell coverage (f) on the
substrate; and 2), the pronounced lateral propagation length
of the infrared SP (~70 mm). These features allow recon-
struction of the cell shape and cell organization on the
substrate from the SP shift and scattering, as derived from
the SPR depth (Rmin). In visible-wavelength-based tech-
niques (e.g., optical waveguide spectroscopy and SPR),
these two parameters are considerably smaller (penetration
depth is normally < 0.3 mm (11), and in the case of SPR
the propagation length extends only to ~2 mm (40)). Hence,
the sensitivity of these methodologies is confined mainly
to the cell-substrate interface. In contrast, the FTIR-SPR
method is sensitive not only to the cell-substrate contacts
but also to large portions of the cell body, thus allowing
the detection of changes in cell shape as well as processes
related to intercellular communication processes (e.g.,
cell-cell attachment and cell monolayer formation).

Other nonoptical, label-free methods, such as electro-
chemical impedance spectroscopy and quartz crystal micro-
balance, have been used to study cell adhesion (31).
However, although these methods can sense the dynamics
of cell adhesion, they typically cannot relate the measured
parameters to specific changes in cell morphology and
substrate coverage.
FTIR-SPR versus optical microscopy

In principle, cell-substrate and cell-cell adhesion phases can
be quantitatively evaluated by various types of optical
microscopy, including fluorescence and phase contrast/
reflection microscopy (18). However, the FTIR-SPR method
provides several significant advantages. Whereas optical
microscopy can normally examine relatively small cell
numbers (from a single cell up to a few hundreds of cells),
FTIR-SPR measures simultaneously the behavior of >105

cells. Thus, the FTIR-SPR approach could be superior to
microscopy-based techniques because it allows cell adhe-
sion processes to be studied quantitatively over large cell
populations. Second, the sensitive detection of steps in
cell-substrate and cell-cell adhesion would require the appli-
cation of several optical microscopy-based approaches (e.g.,
total internal reflection fluorescence microscopy would
sensitively detect cell-substrate but not cell-cell attach-
ments, and conventional and confocal laser scanning
fluorescence microscopy would sense mainly cell-cell adhe-
sion). Here we show that the FTIR-SPR method is capable
of sensitively and simultaneously detecting cell-substrate
and cell-cell attachment.
CONCLUSIONS

Using FTIR-SPR, we demonstrated the existence of
multiple phases in cell-substrate and cell-cell interactions
of epithelial cells. Remarkably, the FTIR-SPR method was
able to measure the dynamic occurrence of these phases in
real time, with high sensitivity and in a label-free manner.
We predict that our current development of FTIR-SPR
will serve as a powerful new experimental strategy for
studying cell adhesion processes in health and disease.

We thank Dr. Boaz Ran and Dr. Tsafrir Bravman (Bio-Rad, Haifa, Israel)

for constant encouragement and stimulating discussions, and Prof. A. A.

Maradudin for discussions about SP scattering.

This research was supported by the Israeli Ministry of Industry and Trade

through the Nofar program.
REFERENCES

1. Gumbiner, B. M. 1996. Cell adhesion: the molecular basis of tissue
architecture and morphogenesis. Cell. 84:345–357.

2. Nelson, W. J. 2003. Adaptation of core mechanisms to generate cell
polarity. Nature. 422:766–774.

3. Ingber, D. E. 2003. Tensegrity II. How structural networks influence
cellular information processing networks. J. Cell Sci. 116:1397–1408.

4. Bershadsky, A. D., N. Q. Balaban, and B. Geiger. 2003. Adhesion-
dependent cell mechanosensitivity. Annu. Rev. Cell Dev. Biol.
19:677–695.

5. Engler, A. J., S. Sen, ., D. E. Discher. 2006. Matrix elasticity directs
stem cell lineage specification. Cell. 126:677–689.

6. Bryant, D. M., and K. E. Mostov. 2008. From cells to organs: building
polarized tissue. Nat. Rev. Mol. Cell Biol. 9:887–901.

7. Axelrod, D. 2008. Chapter 7: Total internal reflection fluorescence
microscopy. Methods Cell Biol. 89:169–221.

8. Wang, Y. X., J. Y. J. Shyy, and S. Chien. 2008. Fluorescence proteins,
live-cell imaging, and mechanobiology: seeing is believing. Annu. Rev.
Biomed. Eng. 10:1–38.

9. Cooper, M. A. 2006. Non-optical screening platforms: the next wave in
label-free screening? Drug Discov. Today. 11:1068–1074.

10. Marcotte, L., and A. Tabrizian. 2008. Sensing surfaces: challenges in
studying the cell adhesion process and the cell adhesion forces on
biomaterials. IRBM. 29:77–88.

11. Fang, Y., A. M. Ferrie, ., J. Balakrishnan. 2006. Resonant wave-
guide grating biosensor for living cell sensing. Biophys. J. 91:
1925–1940.

12. Horvath, R., K. Cottier, ., J. J. Ramsden. 2008. Multidepth screening
of living cells using optical waveguides. Biosens. Bioelectron. 24:
805–810.

13. Hug, T. S., J. E. Prenosil, and M. Morbidelli. 2001. Optical waveguide
lightmode spectroscopy as a new method to study adhesion of
anchorage-dependent cells as an indicator of metabolic state. Biosens.
Bioelectron. 16:865–874.
Biophysical Journal 99(12) 4028–4036



4036 Yashunsky et al.
14. Ramsden, J. J., S. Y. Li, ., J. E. Prenosil. 1995. Optical method for
measurement of number and shape of attached cells in real time.
Cytometry. 19:97–102.

15. Cottier, K., and R. Horvath. 2008. Imageless microscopy of surface
patterns using optical waveguides. Appl. Phys. B. 91:319–327.

16. Ramsden, J. J., and R. Horvath. 2009. Optical biosensors for cell adhe-
sion. J. Recept. Signal Transduct. Res. 29:211–223.

17. Aref, A., R. Horvath, ., J. J. Ramsden. 2009. Optical monitoring of
stem cell-substratum interactions. J. Biomed. Opt. 14:010501.

18. Axelrod, D., and G. M. Omann. 2006. Combinatorial microscopy. Nat.
Rev. Mol. Cell Biol. 7:944–952.
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