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Resonant Waveguide Grating Biosensor for Living Cell Sensing
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ABSTRACT This article presents theoretical analysis and experimental data for the use of resonant waveguide grating (RWG)
biosensors to characterize stimulation-mediated cell responses including signaling. The biosensor is capable of detecting
redistribution of cellular contents in both directions that are perpendicular and parallel to the sensor surface. This capability relies on
online monitoring cell responses with multiple optical output parameters, including the changes in incident angle and the shape of
the resonant peaks. Although the changes in peak shape are mainly contributed to stimulation-modulated inhomogeneous
redistribution of cellular contents parallel to the sensor surface, the shift in incident angle primarily reflects the stimulation-triggered
dynamic mass redistribution (DMR) perpendicular to the sensor surface. The optical signatures are obtained and used to
characterize several cellular processes including cell adhesion and spreading, detachment and signaling by trypsinization, and
signaling through either epidermal growth factor receptor or bradykinin B, receptor. A mathematical model is developed to link the
bradykinin-mediated DMR signals to the dynamic relocation of intracellular proteins and the receptor internalization during B,
receptor signaling cycle. This model takes the form of a set of nonlinear, ordinary differential equations that describe the changesin
four different states of B, receptors, diffusion of proteins and receptor-protein complexes, and the DMR responses. Classical
analysis shows that the system converges to a unique optical signature, whose dynamics (amplitudes, transition time, and kinetics)
is dependent on the bradykinin signal input, and consistent with those observed using the RWG biosensors. This study provides

fundamentals for probing living cells with the RWG biosensors, in general, optical biosensors.

INTRODUCTION

The ability of examining living cells in their native and
physiological relevant context is crucial to understand the
biological functions of cellular targets, and to the success of
drug discovery and development. Although more complex
and less specific than biochemical assays, cell-based assays
that monitor the activities and health of living cells have
gained popularity in drug discovery and development,
because they have distinct advantages of extracting functional
information that would otherwise be lost with biochemical
assays and of being able to facilitate the measurements of
mode of action, pathway activation, toxicity, and phenotypic
responses of cells mediated by exogenous stimuli. Most of the
cell-based assays measure a specific cellular event, ranging
from second-messenger generation, to the translocation of
a particular target tagged with a fluorescent label, to the
expression of a reporter gene, and to the alteration of a
particular phenotype (1-3). However, current cell-based
assays require more manipulations (e.g., overexpression of
targets with and without a readout tag) than biochemical
assays; and such manipulations could pose significant issues
to the cellular physiology of the targets of interest (4,5). Thus,
a cell-based assay that is able to provide a noninvasive and
continuous record of cellular activity with high sensitivity
would be desired.

Optical biosensors that employ evanescent waves have
seen widespread utility in both basic and applied research
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(6,7). These biosensors including surface plasmon resonance
(SPR) and resonant waveguide grating (RGW) are mainly
used to determine the affinities and kinetics of target analytes
in a sample binding to the biological receptors immobilized
on the sensor surface. A rapid growing interest in this field is
to probe the activities of living cells, such as cell adhesion
and spreading, toxicity, and proliferation (8§—12). Recently,
we had applied RWG biosensors to investigate cytoskeleton
modulation (13), and cell signaling mediated through epi-
dermal growth factor (EGF) receptor (14) or a G-protein-
coupled receptor (GPCR) bradykinin B, receptor (15). These
studies had led to development of a novel label-free cell-
based assay, termed mass redistribution cell assay technol-
ogies (MRCAT). The core of MRCAT is to use optical
biosensors to online monitor the stimulation-mediated dy-
namic mass redistribution (DMR) within the bottom portion
of cells. When measuring the dynamic changes in incident
angle or resonant wavelength, the DMR signal is primarily
resulted from the redistribution of cellular contents that
occurs perpendicular to the sensor surface (14,15). The DMR
signal represents a novel quantifiable cellular readout for
studying cell activities including signaling and its network
interactions. Because stimulation could lead to dynamic
redistribution of cellular contents in three-dimension, mon-
itoring the cell responses with the changes in incident angle
or wavelength may not be sufficient for cell sensing with
the biosensors. Here we introduce multiple optical readouts
for cell sensing using the RWG biosensors, and present
theoretical analysis and experimental data with special focus
on the sensitivities of these optical readouts to the nature of
dynamic mass redistribution.

doi: 10.1529/biophysj.105.077818
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MATERIALS AND METHODS

Reagents

EGF, trypsin, dimethyl sulfoxide (DMSO), and vincristine were purchased
from Sigma Chemical (St. Louis, MO). AG1478 was obtained from Tocris
Chemical (St. Louis, MO). Texas red-labeled phalloidin (TR-phalloidin),
and Live/Dead cell viability reagent kit for animal cells were obtained from
Molecular Probes (Eugene, OR). Bradykinin and SLIGLR-amide were
obtained from Bachem Biosciences (King of Prussia, PA). Corning Epic
96well biosensor microplates were obtained from Corning (Corning, NY),
and cleaned by exposure to high intensity UV light (UVO-cleaner, Jelight,
Laguna Hills, CA) for 6 min before use.

Cell culture

Human epidermoid carcinoma A431 cells and Chinese hamster ovary
(CHO-K1) were obtained from American Type Cell Culture (Manassas,
VA). A431 were grown in Dulbecco’s modified Eagle’s medium (DMEM)
supplemented with 10% fetal bovine serum (FBS), 4.5 g/l glucose, 2 mM
glutamine, and antibiotics. Unless specifically mentioned, ~3-7.5 x 10*
cells suspended in 200 ul the DMEM medium containing 10% FBS were
placed in each well of a 96well biosensor microplate, and were cultured at
37°C under air/5% CO, until ~95% confluency was reached (~2—4 days).
For trypsin studies, cells in microplate were washed twice with 1X HBSS
(1X regular Hank’s balanced salt solution, 20 mM Hepes-KOH, pH 7.0),
and maintained with 100 wl HBSS buffer. For EGF, SLIGLR-amide and
bradyinin studies, cells in microplate were subject to starvation using
DMEM without any FBS for ~20 h, and then washed twice with HBSS, and
maintained with 100 ul HBSS. After washing, the sensor microplate
containing cells was placed into an arrayed angular interrogation system. For
cell adhesion and spreading, each biosensor was initially covered with a 100
wl DMEM medium in the absence and presence of 200 nM vincristine. After
reaching a stable resonant peak as well as a steady angular shift, 1 X 10°
cells suspended in 100 w1 DMEM containing 10% FBS were subsequently
added into each well.

CHO-K1 cells were grown in Kaighn’s modification of Ham’s F12
medium (F-12K) supplemented with 10% FBS, 2 mM L-glutamine, 3 mg/ml
sodium bicarbonate, and antibiotics. For cell confluency studies, different
initial seeding numbers of cells suspended in 200 ul the F-12K medium
containing 10% FBS were placed in each well of a sensor microplate. After
cultured at 37°C under air/5% CO, for ~2 days, the resonant peaks were
collected and analyzed. The intensity of each biosensor with distinct cell
confluency was fine-tuned for reliable peak-at-half-maximum (PWHM)
calculation. For DMSO studies, 100 ul 36% DMSO in 1X HBSS was
applied to each biosensor covered with cells of ~80% confluency in
1X HBSS (100 ul), and the resonant peaks were recorded at specific times
during the treatment.

Optical biosensor measurements

Corning Epic angular interrogation system with transverse magnetic or
p-polarized TM, mode was used for all studies. The details of both
instrument and assay protocol were previously described (13,14). New
features were introduced to collect the kinetics of cell responses with
multiple optical parameters. Briefly, the sensor microplate with and without
cultured cells were placed into the system and equilibrated for certain time
until a steady state was achieved. After continuous monitoring for half an
hour to make sure no obvious drifting or changes in the resonant peak
occurred, a compound solution was introduced into each well. Cell
responses were then continuously recorded for a certain time. The effect
of the ““vehicle’’ (i.e., HBSS in most cases) was also monitored in parallel to
eliminate any artifacts. One response unit for the shift in incident angle,
obtained as a change in pixel of the central position of the resonant band of
each sensor recorded with a charge-coupled device camera with the current
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system, was found to correspond to ~5.82 X 10~* refractive index changes
in the cover medium (15).

Fluorescence imaging

After the assay with the biosensors, cells in the sensor microplates were di-
rectly stained with the Live/Dead reagent kit, or stained with TR-phalloidin
after fixed with 4% paraformaldehyde, permeabilized in 0.2% Triton, and
subsequently blocked with 1% bovine serum albumin. After final washes
and mounting, cells were examined with a 40X objective using a Zeiss
Axioplan fluorescence microscope.

Data analysis

The cell confluency was characterized by light microscopy imaging and
quantified with Metamorph image analysis software (Universal Imaging,
Downingtown, PA). At least three replicates were carried out for each
measurement. The graphs presented in the figures were representative from
at least three independent measurements.

THEORY OF MRCAT

Fig. 1 showed the principle of MRCAT. Cells are directly
cultured onto the surface of a RWG biosensor. Exogenous
signals mediate the activation of specific cell signaling, in
many cases resulting in dynamic redistribution of cellular
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FIGURE 1 The principle of RWG biosensor for sensing living cells. Cells
are directly cultured onto the surface of a RWG biosensor. The mass redis-
tribution within the bottom portion of cells, mediated by stimulus such as
GPCR agonists or EGFR ligands, is directly measured with the biosensor.
RWG biosensor utilizes an optical beam with an appropriate angular content
to illuminate a waveguide film in which a grating structure is embedded.
When this beam is reflected by the sensor surface, the resonant angle
dominates in the output beam. The mass redistribution within the sensing
volume alters the incident angle.
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contents (16—18), equivalent to dynamic mass redistribution.
When occurring within the sensing volume (i.e., penetration
depth of the evanescent wave), the DMR can be manifested
and thus monitored in real time by a RWG biosensor—a
label free technology that is sensitive to change in local
refractive index in the vicinity of the sensor surface (19).
Because of its ability for multiparameter measurements, the
biosensor has potential to provide high information content
for cell sensing. These parameters include the angular shift
(one of the most common outputs), the intensity, the PWHM,
and area of the resonant peaks. In addition, because of the
unique design of our angular interrogation system that uses a
light beam of ~200 X 3000 um to illuminate each sensor,
the resonant band image of each sensor can provide addi-
tional useful information regarding to the uniformity of cell
states (e.g., density and adhesion degree) as well as the homo-
geneity of cell responses for cells located at distinct locations
across the entire sensor (14). The following sections are
meant to address the theoretical considerations for the
MRCAT.

Sensor configurations and detection schemes

The RWG biosensor exploits the evanescent wave that is
generated by the resonant coupling of light into a waveguide
via a diffraction grating (19). The RWG biosensor typically
consists of a substrate layer, a waveguide film wherein a
grating structure is embedded, a medium, and an adlayer (i.e.,
a layer of adherent cells) (Fig.1). The guided light can be
viewed as one or more mode(s) of light that all have directions
of propagation parallel with the waveguide, due to the
confinement by total internal reflection at the substrate-film
and medium-film interfaces. The waveguide has higher refrac-
tive index value than its surrounding media. Because the
guided light mode has a transverse amplitude profile that
covers all layers, the effective refractive index N of each mode
is a weighed sum of the refractive indices of all layers (19):

N:fN(ann&nmvncvdthvAvmvo-)' (1)

Here, ng, ng, n,, and n. is refractive index of the
waveguide, the substrate, the medium, and the adlayer of
cells, respectively. dr and /4 is the effective thickness of the
film, and the height of the cell, respectively. A is the vacuum
wavelength of the light used. m = 0, 1, 2, ... is the mode
number; and o is the mode-type number that equals O for
transverse electric (TE), or s-polarized, and 1 for transverse
magnetic (TM), or p-polarized modes.

The weighing depends on the mode’s distribution of
power among all the layers. The effective indices of each
mode N can be determined by simply measuring the incident
angle of a beam on a diffraction grating incorporated in the
waveguide, as governed by the following equation (20):

A
= nypsin(6) + £
N = ng,sin(0) €A 2
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Here 0 is the maximum efficiency coupling angle. ¢ is the
diffraction order, and A is the grating period. n,, is the
refractive index of air and equals 1.

Optical sensing of adherent cells is unique and quite
challenging, because of the nature of cells interacting with
surfaces and the complexity of cell structure and functions.
Some types of cells are known to adhere to a surface, primarily
through three types of contacts: focal contacts, close contacts,
and extracellular matrix (ECM) contacts (21-24). The focal
contacts are narrow regions of an adhere cell membrane (e.g.,
0.2 wm X 10 wm) that come within 10—15 nm of the substrate
surface. The close contacts refer to regions of the cell
membrane separated from the substrate of 1-50 nm, whereas
the ECM contacts designate regions of the cell membrane
separated from the substrate by 100 nm or more. Thus, one can
imagine that the sensor is still able to sense the medium, even
when the cell confluency is high (~95%). However, it is
known that living cells contain ~70% water, and most of
intracellular bio-macromolecules are highly organized by the
matrices of filament networks (13,25) and spatially restricted
to appropriate sites in mammalian cells (26,27). Furthermore,
the height of the cells is typically beyond the wavelength of
incident light (here A = 830 nm), and the penetration depth is
generally much smaller than the height of cells. Thus, the
biosensor for cell sensing can be viewed as a three-layer
configuration: the substrate, the waveguide, and the cell layer.

At the single cell level, it is obvious that there are
differences in local refractive index from one area (i.e., focal
contact) to another area (i.e., noncontact area) (24). However,
because the RWG biosensor used gives rise to a relatively
poor lateral resolution due to the long propagation of the
guided light within the waveguide film, the signals measured
represent an average response of a cluster of cells, considering
the high cell confluency used for most of the assays. There-
fore, to simplify the numerical analysis, the thickness of the
bottom portion of cells probed by the sensor is assumed to be
approximately constant as determined by the penetration
depth. Because the refractive indices of the substrate and the
waveguide as well as the thickness of the waveguide are
known, it is possible from a measurement of the effective
refractive index, N, to deduce the local refractive index of the
cells probed and its changes mediated by stimulation.

Vertical mass movement

The value of effective refractive index N can be calculated
numerically from the mode equation for a given mode of a
three-layer waveguide (19):
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Here, the wave vector k = 27/A.

The guided light modes propagate parallel to the surface of
a plane waveguide, thus creating an electromagnetic field
(i.e., an evanescent wave) extending into low-refractive in-
dex mediums surrounding both sides of the film with a
characteristic of exponential decaying. The amplitude (E,,)
of the evanescent wave decays exponentially with increasing
distance z from the interface toward the cell layer or the
substrate (19):

—z
E.(d) = E,(0)exp (AZJ>’ 4
with:
2 2 —1
AZ - l—o a[(N/ng)"+ (N/ny)” — 1] )

k(NZ o nf)O.S k(NZ o n?)O.S

is the penetration depth of the evanescent tail of the wave-
guide mode that extends into the cell (/ = c) or substrate
(J/ = s). Based on the configuration of the biosensors used
and the dimensions of cells, the penetration depth of the TM,
mode used here is ~133 nm, meaning that we only moni-
tored the bottom portion of the cells.

The translocation of proteins and/or molecular assemblies
is common to many cell responses triggered by exogenous
signals. The translocation enables the precise control in the
amplitude, duration, and kinetics of cell signaling through a
specific target (28—32). In addition, in some cases exogenous
stimuli could also cause changes in cell status such as the
adhesion degree and cytoskeletal structure. When such
changes occur within the sensing volume, the mode index
N is altered due to the interaction between the cell and the
evanescent tail.

For the redistribution of cellular contents in a direction that
is perpendicular to the sensor surface but parallel to the
evanescent tail of the guided modes (referred as vertical mass
redistribution), we can divide the bottom portion of adherent
cells into multiple equal-spaced and homogenous thin layers,
assuming that the degree and configurations of adhesion are
similar for cells being probed with the light beam at a given
time. Each layer has its own refractive index #; and is away
from the sensor surface by a distance of z; (Fig. 2). The
thickness of each layer is denoted as d. All layers could be
considered to have equal volume, because the unit area A is
considered to be constant and determined by the spatial
resolution of the optical biosensor, which is limited to the
physical size of incident light beam as well as the propagation
length of the guided wave in the waveguide. The refractive
index of a given volume within cells is largely determined by
the concentrations of biomolecules, mainly proteins (33,34):

n; = n, + aC;. (6)

Here n, is the index of the solvent, which is constant and
approximately equals to water in cells. « is the specific
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FIGURE 2 A three-layer configuration for detecting the stimulation-
mediated vertical mass redistribution within the sensing volume. The bottom
portion of cells is viewed to consist of multiple equal-spaced and homo-
genous thin layers, each layer has its own refractive index n;, protein con-
centration C;, distance Z; (away from the sensor surface). A grating with a
periodicity of A is embedded with the waveguide film with a refractive index
of ng and a thickness of dr. The waveguide film is deposited on the top
surface of a substrate with a refractive index of n,.

refraction increment, and is ~0.0018/100 ml/g for protein,
and 0.0016/100 ml/g for other solutes found in cells such as
sodium (33). C; is the concentration of solutes (in g/100 ml)
in the layer i. Although the specific refraction increments are
similar for proteins and other solutes, proteins primarily
account for the refractive index of each layer because their
concentrations in terms of weight per volume are consider-
ably greater than other solutes (34). Thus, the refractive index
changes Ar; of the homogeneous layer i approximately form
a piecewise continuous function:

Considering the exponential decaying nature of the
evanescent wave (Eq. 4), the weighed index change An,
within the sensing volume should be the integration of An;
with a weighed factor exp(—z;/AZ.). Thus, we have:

Ao — N An(z)e(ﬁ) dz. ®
I e <[TC) dz

Integrated from z = 0 to z= o, after substituting Eq. 7 for
An(z) and rearrangement, we have:

Ane = a Z(ACi {eﬁ _ eﬁ} ) )

Because in most cases An. is a small portion of the
refractive index of the cells sensed by the biosensors
(generally <20%) (13), thus to first order the change in
effective refractive index is,

AN = S(C)An,, (10)
where S(C) is the sensitivity to the cells:
2 2 2 T
[ = N AZ.[ N
S(C) = ON/on, = ”[”5 Z}C [22 - 1} e
N ng —nc| der | ng
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with d.¢ being the effective waveguide thickness given by:
dyr = dp + AZ, + AZ,. (12)

Inserting Eqgs. 9 and 11 into Eq. 10, we obtain, for the
detected signal:

AN:nc[n;—Nz]Azc{zNj_1}}2@@[@2_6ing,

2 2
N | np—ng| deie | ng

13)

Equation 13 suggests: i), changes of the effective refrac-
tive index, thus the optical signature relating to the shift in
incident angle measured, is primarily sensitive to the vertical
mass redistribution within the sensing volume (this type of
signal was previously referred to as DMR (13-15)); ii),
changes of the effective refractive index is directly a function
of changes in protein concentration due to protein relocation,
rather than ion mobilization such as Ca>" influx and Ca®*
flux, mediated by a stimulation; iii), the relocation of a target
or complex of certain mass near the sensor surface contrib-
utes more to the overall response than those further away
from the surface; iv), the optical signature is an integrated
signal that is a sum of contributions from mass redistribution
occurring at different distances away from the sensor surface.
Because of the complex nature of cell signaling, the ac-
tivation of distinct cell signaling mediated through different
targets might result in similar overall DMR signal. Because
of ‘‘a priori’” known ensemble of targets and inhibitors for a
signaling process, it is possible to make a selective search for
the cell signaling activated by the target, based on the anal-
ysis of the modulation profiles of these inhibitors on the
optical response (14,35). The effect of an inhibitor on the
optical responses, in terms of the overall dynamics, the ki-
netics, and the amplitude of the response, is an indication of
whether the biomolecule with which the inhibitor interacts is
involved in the signaling or not.

Horizontal mass movement

As discussed above, the shift in incident angle or resonant
wavelength is largely determined by vertical mass redistri-
bution within the sensing volume when cells respond to
stimulation. Because of the poor lateral resolution of the
biosensor, the lateral mass redistribution may be difficult to
be resolved by these shifts. This section examines the
possibility of measuring the horizontal mass movement with
the resonant spectrum of a waveguide mode.

Using a zigzag wave model (36), Horvath et al. (37) have
described a theory for explaining the relation between the
surface inhomogeneity and the shape of the resonant peak of
a given mode. After the guided modes propagating in the
planar waveguide have passed a full zigzag, the phase
difference between the ordinary wave and the twice-reflected
wave is a function of the y wave-vector component of a
guided mode (B) for a given waveguide structure and fixed
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polarization and wavelength. Determined by self-consis-
tency criteria, the 8-value of a mth guided mode can be cal-
culated numerically from the mode equation (37):

mm & dp(kzni - B2)0'5

<HF> 20 (BZ o k2n§>0-5
— arctan — 57 2
ns k'n. — B (14)
[ (nF) ’ (Bz T kzné) 0.5‘|
— arctan — 53 .
nc k'np — B

Here, the mode propagation direction in the waveguide is

X-
The coupled light intensity, /(6), as a function of the

incident angle 6, is governed by:

1(6) = / 1.(B.6)IG(B)dB. (15)

where 14(,0) is the intensity distribution of the first-order
diffraction:

2

. _ e 2
sin(0.5WB — 0.5W (kny;sin(0) + 27)) a6

B— (knai,sin(e) + 27")
and IG(B) is the intensity of the coupled light after the nth

section that is proportional to the absolute square of the
amplitude of the light G(83),

Id(Bvo) =

A 2

| (17

Here i is the imaginary unit, and G(3) is the amplitude or
intensity of the light. Assuming that the whole grating length
is illuminated (as in this study), the coupling length W equals
to the grating length, the total number, n, of the full zigzags

can be calculated:
Wy /knp — B’
= (18)

T 4B

Because of the finite width of the grating and laser beam,
the diffracted light can be described using a plane wave
distribution when illuminating the grating under angle 6,
with a plane wave. This leads to a peak at 8, with a PWHM
of ~2/W, calculated from the optical uncertainty principle,
when no any adlayer exists. Modeling using these equations
led to interesting findings, which suggest that the shape of
the resonant peaks (or spectra) carries valuable information
about the lateral inhomogeneity of mass distribution (36).
Such lateral inhomogeneity, as exampled in Fig. 3, does not
strongly perturb the cell refractive index, but significantly
alters the shape of the resonant peaks.

It is well known that certain exogenous signals could lead
to significant asymmetric lateral mass redistribution at
the levels of both single cell and multiple cells (38—40).
For example, distinct populations of cells could respond
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FIGURE 3 The phase shift as a function of asymmetrically lateral redistribu-
tion of cellular contents mediated by stimulation. The guided light, propagating
in the planar waveguide, is viewed as zigzag waves. The inhomogeneity of
lateral mass distribution within the sensing volume results in broadening,
and even splitting of the resonant peak of a given mode.

heterogeneously to compounds that are toxic to cells, while a
single adherent cell could undergo uneven distribution of
certain cellular targets or molecular assemblies during some
cellular processes such as cell migration and invasion. We
hypothesized that when occurring, the asymmetric lateral
mass redistribution could also result in the change in the fine
structure and shape of the resonant peaks.

RESULTS AND DISCUSSIONS

Multiple optical output parameters were recorded in real time
and in parallel for several well-studied cell responses and
processes, including adhesion and spreading, detachment, as
well as signaling of cells through EGFR or bradykinin B,
receptor. These optical readouts include the shift in incident
angle, as well as three parameters defining the shape of the
resonant peaks: intensity, PWHM, and area. Because of its
high sensitivity and information content, only TM, mode
was used for all data collection and analysis.

The shape of the TM, peak

As shown in Fig. 4 A, the shape and position of the TM, peak
for cultured CHO cells was found to be dependent on the cell
confluency. As the cell confluency increases, the resonant
peak shifts toward the direction of high incident angles. The
PWHM value, a parameter defining the peak shape, also
exhibited a dependence on the cell confluency (Fig. 4 B). The
PWHM value reached its maximum at the cell confluency of
~50%; the maximum PWHM was ~35% higher than those
in the absence or presence of cell monolayer with high den-
sity above 75%. It is worthy noting that these data were ob-
tained after cells became fully spread after ~2 days culturing
in a growth medium.
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FIGURE 4 The resonant peak (A) and the PWHM (B) of TM, mode as a
function of CHO cell confluency.

The TM, peak of adherent CHO cells was also found to be
sensitive to DMSO—a toxic compound when high doses are
used. As shown in Fig. 5 A, the shape and position of the
TM, peak exhibited dynamic changes when proliferating
cells, obtained in 10% FBS, was treated with 18% DMSO.
After treating with DMSO, both the intensity and area of the
peak increases throughout the time monitored (~3 h).
However, the peak position (i.e., the incident angle) showed
dynamic characteristics: the incident angle initially shifts
toward an increase in mass (e.g., 25 min), and then a
decrease in mass (e.g., 40 and 120 min). Similarly, the peak
shape initially became broadened and showed a complicate
fine structure (e.g., 25 min), and eventually became narrow
(e.g., 40 and 120 min). The appearance of complicated peak
structures has been used as an implication of large-scale
irregular inhomogeneity of mass at or near the sensor surface
(37), thus indicating that during certain period after treatment
with DMSO, the biosensor senses an increase in surface
inhomogeneity. The live/dead staining pattern of CHO cells,
obtained 25 min after the DMSO treatment, showed that
there were mixed populations of cells: viable, dead, and
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FIGURE 5 The effect of DMSO on adherent CHO cells. (A) The dynamic
effect of 18% DMSO on the shape of the TM, peak at a confluency of
~80%. (B) Live/Dead staining pattern of CHO cells after treated with 18%
DMSO for 25 min. The bar represents 60 um.

affected cells (Fig. 5 B), implying that the CHO cells seem to
respond heterogeneously to the DMSO treatment. These
results suggested that the shape of the TM,, peak is useful to
examine the heterogeneous lateral mass distribution within
the sensing volume.

Cell adhesion and spreading

The adhesion and spreading of cells at surfaces were well
studied using optical imaging techniques (41-43), as well as
optical biosensors such as SPR (44) and RWG (8,9). Cells
start to interact with a surface by initial contact or attachment
where cells generally retain the round shape they possessed
in suspension. Subsequently, attached cells undergo mor-
phological changes known as spreading—a process that the
cells increase their area in contact with the surface. Both
attachment and spreading are dependent on the nature of the
surface and of the medium in which the cells are suspended.
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Because cell adhesion and spreading obviously leads to both
vertical and horizontal mass redistribution within the sensing
volume, we first characterized the adhesion and spreading
of A431 cells in 5% FBS in the absence and presence
of vincristine. Vincristine is a plant alkaloid that inhibits
microtubule assembly by binding to tubulin (45).

Fig. 6 summarized the optical signatures of the adhesion
and spreading of A431 cells in 5% FBS in the absence and
presence of vincristine at room temperature (25°C). In the
absence of vincristine, the shift in incident angle exhibited
three major phases (Fig. 6 A). Following the addition of cell
solution (the point a), there is an immediate and rapid
increased signal (as indicated by the arrow b), which pro-
bably resulted from three events: the increased bulk index
from the addition of the cell solution, the immobilization of
serum proteins onto the sensor surface, and the sedimenta-
tion of cells and subsequent contact of cells with the surface.
Afterwards, a prolonged increased signal occurred (as indi-
cated by the arrow c), indicating the slow process of cell
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FIGURE 6 Real-time monitoring the adhesion and spreading of A431 cells
in the absence and presence of vincristine using the shift in incident angle
(A), or the PWHM of the TM; mode (B).
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spreading at room temperature. Ultimately a saturated level
was reached (as indicated by the arrow d). The saturated
level (16.8 = 0.6 unit, n = 3) was much lower than those of
fully spread cells at similar density obtained at 37°C (22.6 =
1.0 unit, n = 3). On the other hand, the normalized PWHM
value was also found to be dynamic with distinct character-
istics (Fig. 6 B). After the cell solution was added, the
PWHM value started to increase. About 20 min later, the
PWHM began to decay back to its original level within ~2 h,
followed by a slowly continuous increase until it reached a
plateau. The PWHM at the endpoint was ~25% higher than
that at the starting point, suggested that the cells were still not
fully spread, even after 20 h assaying with the biosensor
under ambient condition. This was confirmed by light
microscopy images (data not shown). These results sug-
gested that 1), at room temperature A431 cells seem not be
able to reach optimal degree of adhesion; ii), the cells interact
with the surface through multiple steps and each has its own
characteristics; and iii), the spreading step clearly increases
the mass within the sensing volume, which means increased
contact of the cell with the surface.

The presence of 100 nM vincristine significantly altered
the optical signatures. The presence of vincristine suppressed
not only both of the initial and total responses, but also
reduced the kinetics of cell spreading (Fig. 6 A). The total
change in incident angle in the presence of vincristine was
~20% less than that in the absence of vincristine. Interest-
ingly vincristine also altered the dynamic features of the
PWHM value (Fig. 6 B). Unlike that in the absence of
vincristine, the PWHM initially decreased and remained low
for ~3 h, and subsequently increased until it reached a
plateau, indicating that vincristine primarily affects the initial
steps during the cell adhesion and spreading processes.
These results suggested that the biosensor is not only able to
provide insights for the interaction of cells with the surfaces,
but also to differentiate compounds for their ability to alter
cell adhesion and spreading processes.

Cell detachment

Trypsin is a pancreatic serine protease with substrate
specificity based upon positively charged lysine and arginine
side chains (46,47). Because of its ability for orderly and un-
ambiguous cleavage of protein molecules, trypsin is widely
used to detach adherent cells from the surface of a cell
culture vessel. Thus, we characterized the optical signatures
of cell detachment by trypsinization.

Fig. 7 presented the DMR responses of quiescent A431
cells of ~95% confluency mediated by trypsin at different
doses between 0.03% and 1.96%. Treatment of A431 cells
with trypsin at different doses triggered a similar DMR signal
that consists of three phases: a phase with increased signal
(termed as positive-DMR, or P-DMR), a transition phase, and
a phase with decreased signal (termed as negative-DMR, or
N-DMR). As the concentration of trypsin increases, the
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FIGURE 7 The dynamic mass redistribution of A431 cells mediated by
trypsin at different doses. The final concentrations of trypsin are indicated
in the graph. The arrow indicates the time when a trypsin solution is
introduced.

amplitude of the P-DMR decreases whereas the amplitude of
the N-DMR increases. The increased N-DMR seems to
correlate well with the increased detachment of cells from the
sensor surface, as confirmed by light microscopy imaging
(data not shown). Compared to the total signal (25.4 £ 1.3
unit, n = 10) measured for cells of ~95% confluency (cul-
tured under normal conditions), the maximum value of the
amplitude of the N-DMR phase (18.2 = 0.7 unit, n = 3),
measured ~2.5 h after trypsinization using 1.96% trypsin,
was smaller. This was probably due to the fact that some
protein molecules or domains still remain on the surface after
trypsinization, meaning that the cell detachment mediated by
trypsinization is primarily resulted from the breakdown of the
““anchorage’’ protein molecules that facilitate the cell adher-
ence. The relatively slow kinetics in the N-DMR phase
observed seems due to the un-optimal trypsinization condi-
tions, because the detachment process was monitored at room
temperature, and HBSS contains Ca®" and Mg**.

Because trypsin of high doses led to complicated signa-
tures for the other three parameters defining the peak shape,
we mainly focused on the cell responses mediated by trypsin
at low doses between 0.005% and 0.04% (Fig. 8). Results
showed that similar to high doses, trypsin at these low doses
also mediated similar DMR responses, as implicated by
the shift in incident angle (Fig. 8 A). In addition, both the
PWHM and the intensity of the resonant peak also exhibited
a dynamic change in a dose-dependent manner. After trypsin
was introduced, the PWHM value started to increase and
subsequently decreased back to the original level (Fig. 8 B),
whereas both the peak intensity (Fig. 8 C) and area (data not
shown) showed a dynamic change that is opposite to the
PWHM. However, all three parameters posed similar ki-
netics to that of the incident angle change. These results
suggested that trypsinization triggers dynamic mass redis-
tribution in both vertical and horizontal directions.
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Interestingly, when the dose-dependent change in the
N-DMR amplitude seems well correlated with the fact that
trypsin causes cell detachment, the appearance of the P-DMR
phase suggested that the trypsin treatment might result in cell
signaling, which, in turn, contributes to the DMR signal. The
pretreatment of quiescent A431 cells with 10 uM AG1478—a
potent and selective EGF receptor tyrosine kinase inhibitor—
partially attenuated both the P-DMR and N-DMR mediated
by trypsin (data not shown), suggesting that EGF receptor
could be a downstream target of trypsinization (48). EGFR is
known to be a common downstream target of numerous
mitogenic GPCRs (49-51) and trypsin is a natural agonist of
protease-activated receptors (PARs) (52). Thus we reasoned
that the unique optical signature mediated by trypsin at low
doses indicates the activation of endogenous PARs in A431.
At high doses, trypsin results in cell detachment, which
dominates the optical signals obtained. However, at low doses
trypsin is not sufficient to result in significant cell detachment.
Instead, trypsin could activate endogenous PARs that lead to
typical G4-signaling. To test that, conventional Fluo-3 assays
were used to measure the effect of trypsin on intracellular
Ca*" level. Results showed that at doses below 0.03% trypsin
dose-dependently induced a rapid and transient increase in
intracellular Ca®* (data not shown), suggesting that trypsin
mediates a classical G-signaling in A431 cells. Since A431 is
known to endogenously express PAR, receptor (53,54),
SLIGLR-amide, a PAR,-activating peptide without the
cleavage activity of trypsin, was used to stimulate the cells.

As shown in Fig. 8 D, SLIGLR-amide dose-dependently
triggered a DMR signal that is similar to those induced by
trypsin at low doses, suggesting that the optical signature
induced by trypsin at low doses is primarily originated from
the Gg-signaling.

Epidermal growth factor receptor signaling

Previously, we had characterized a unique optical signature
for EGF receptor signaling in A431 cells mediated by EGF
using the RWG biosensors (14). Rich information had been
obtained through analysis of the modulation of the EGF-
induced DMR signals by a variety of known modulators.
Results showed that the DMR in quiescent A431 cells
mediated by EGF required EGFR tyrosine kinase activity,
actin polymerization, and dynamin activity, and mainly
proceed through MEK (MAPK/ERK kinase). Here we
further characterized the optical signatures of EGFR signal-
ing mediated by EGF using parallel multiparameter mea-
surements. As showed in Fig. 9 A, stimulation of quiescent
A431 cells with EGF at appropriate doses triggered almost
identical DMR signatures to those previously reported (14).
The cell responses, as manifested by the angular shift,
induced by high doses of EGF were particularly interesting.
When stimulated with high doses of EGF above 32 nM, a
novel phase of DMR signal was observed for quiescent A431
cells. Besides an initial rapid P-DMR with increased signal
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followed by a short transition phase and a long decay
N-DMR with decreased signal, there is a partial recovery
phase with increased signal before the cells ultimately reach
a plateau, which exhibits a similar level to those induced by
either 16 nM or 32 nM. One possibility is that after stim-
ulated with high doses of EGF the cells underwent a de-
tachment process (14,17), followed by a partial reattachment
process.

Because EGF mediates asymmetric lateral redistribution
of certain cellular targets such as PI3K that is important for
EGF-induced cell migration (38—40), parameters defining
the shape of the resonant peak were monitored in parallel.
However, all three parameters seem to remain constant after
stimulated with EGF at different doses (Fig. 9 B; only the
PWHM was presented), suggesting that there is no detect-
able inhomogeneity of lateral mass distribution within the
bottom portion of cells mediated by EGF. This is contra-
dictory to the staining pattern of actin filaments with TR-
phalloidin (Fig. 9, C and D). These images showed that EGF
mediated significant rearrangement of actin filaments in
lateral dimensions. Because the EGF stimulation is known
to lead to the cell rounding and detachment (17), it is
conceivable that the inability to detect any inhomogeneity of
lateral mass redistribution triggered by EGF indicates that the
asymmetric redistribution might mainly occur outside the
sensing volume.

Fang et al.

Bradykinin B, receptor signaling

Bradykinin B, receptor is a G-protein-coupled receptor, and
accounts for most of the physiological and pathophysiolog-
ical action of bradykinin (BK) (55,56). Bradykinin appears to
act as a mediator of a wide variety of physiological and
pathophysiological responses including mitogenic and anti-
mitogenic effects. A431 cells endogenously express brady-
kinin B, receptor, but not B; receptor (57). Previously we had
studied the optical signatures of quiescent A431 cells
in response to BK stimulation, and found that A431 cells
responded to BK stimulation with dynamic mass redistribu-
tion; its kinetics, amplitudes, and duration depend on the cell
culture conditions, the dose of BK, and the cellular context
(15). Here quiescent A431 cells, obtained through culturing
using the medium without any serum for at least 20 h, were
used. As shown in Fig. 10, BK stimulation of quiescent A431
cells leads to an optical signature that is similar to those
induced by SLIGLR-amide or trypsin at low doses. BK stim-
ulation of quiescent A431 cells resulted in a rapid increase in
PWHM, followed by a slow decay back to the original level,
while the peak intensity gave rise to a dynamic response that
is inverse to those of the PWHM and the angular shift.
Furthermore, the changes in both parameters are also BK
dose-dependent, and their dynamics and kinetics exhibited
similarity to the DMR signals previously reported (15). These
results suggested that compared to EGF-mediated cell

FIGURE 9 The responses of quies-
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FIGURE 10 Optical signatures of quiescent A431 cells mediated through
bradykinin B, receptor by bradykinin: the PWHM (A) and the intensity (B)
of the resonant peak of the TM, mode. The arrows indicate the time when a
bradykinin solution is added.

responses, BK stimulation leads to more significant asym-
metric redistribution of cellular contents, which, in turn,
increases the inhomogeneity of lateral mass distribution
within the bottom portion of cells.

MATHEMATICAL MODELING

Dynamic redistribution of cellular contents is common to
many cellular processes including the signaling through
G-protein-coupled receptors in response to stimulation.
Monitoring such redistribution has provided insights into
GPCR signaling and a powerful means for GPCR screens
(58,59). For example, direct visualization of the relocation of
B>-adrenoceptor-GFP conjugates after agonist stimulation
(16) initiated interest in this process as a direct screening
strategy (58). In this section, we developed a mathematic
model of the dynamics of the coupling between B, receptor
activation and the relocation of intracellular proteins
(recruitment to the cell plasma membrane) and activation
receptors (internalization to endosomes).

1935

Upon bradykinin stimulation, B, receptor becomes acti-
vated, which, in turn, leads the activation of its coupled
heterotrimeric G-proteins composed of a-, 8-, and y-subunits.
The G.q- and Gg,-subunits dissociate, and each triggers its
own downstream signaling pathway(s). Meanwhile, GPCR
kinase (GRK) is recruited to the activated receptor at the
plasma membrane, and phosphorylates the carboxy terminus
of the receptor. Afterwards, many intracellular proteins
including protein kinase C (60) and B-arrestin (16) rapidly
translocates from the cytoplasm to the activated receptors at
the plasma membrane. Interestingly, B-arrestin binds the
phosphorylated receptor, and acts as an adaptor protein to
interact with other signaling proteins to form a signaling
complex, which eventually translocates to clathrin-coated
pits at the cell surface where the receptor is internalized in
clathrin-coated vesicles. Finally some GPCRs dissociate
from SB-arrestin at or near the plasma membrane and recycle
rapidly to the cell surface, whereas others remain associated
with arrestin and traffic into endocytic vesicles.

For numerical analysis, a simplified signaling cycle of
Gg-coupled receptors was used to predict a quantitative
relationship between ligand binding and the DMR response.
The model is:

ke kp

L+R LR

R+ —2LR, R. (19)

&

R is a homogenous, and monovalent population of surface
receptors (no./cell), L is the extracellular ligand concentra-
tion introduced at time # = 0 (assumed constant for ¢ > 0),
and LR is the number of ligand-receptor complexes (no./cell)
that form with an association rate constant of k; and are lost
with a dissociation rate constant of k.. R* is the number of
phosphorylated receptors with a rate constant of k. The R*,
complexed with ligands, initiate the translocation of cyto-
plasmic proteins to the cell membrane and interact with the
receptor to form complexes. The complexes eventually
internalize with a rate constant of k;, to give internalized
complexes (R;,) into vesicles or endosomes in the cell. Some
receptors dissociate from B-arrestin at or near the cell surface
and recycle to the cell surface with a rate constant of k... To
achieve steady state, the rate of formation of internalized
complexes R* should be equal to the rate of loss, thus k, =
kin- We have assumed that internalization occurs only after
the formation of R*.

The characteristics of this model are as follows: i), the
adherent cell adopt an ellipsoid geometry with a height of A
and a radius of r; ii), the bottom surface region of the cell is in
close contact with the sensor surface, and can be considered
as being continuously flat but with an average separation
distance of ~20 nm from the sensor surface; iii), a receptor at
the cell surface binds only one ligand, but with multiple
intracellular proteins a; iv), there are two classes of receptors:
phosphorylated and unphosphorylated, after ligand binding;
v), only phosphorylated receptors, together with other
regulatory proteins, are internalized; vi), there are two
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classes of proteins or molecular assemblies in the cell:
relocated and nonrelocated. During the relocation processes,
except for the relocated biomolecules, the rest of the cell
remains static; vii), the receptor activation at the cell surface
triggers bidirectional relocation of cytosolic proteins: the
proteins at the top half of the cell move toward the top cell
membrane surface, and the proteins at the bottom half of the
cell move toward the bottom cell membrane surface. Only
the latter relocation event contributes to the DMR signals
measured, because of the short penetration depth of the
biosensor; viii), the relocation of proteins or molecular as-
semblies is governed by diffusion; ix), the receptors are
randomly distributed at the cell surface; and x), both the total
number of relocated proteins in the cell and the receptors at
the cell surface is conserved.

The total number of receptors, Ry, iS assumed constant.
Hence we have, according to the conservation law,

[Roi] = [Ro] = [R] + [LR] + [R¥] + [R;]. (20)

Changes in the four states of the receptors are given by:

d[Rin] _
R kin[R¥] — ki [Rin] 21
d[R¥] B
= kalLR] — ko[Re] (22)
d[ZR] = k(L][R] — (ke + ky][LR] (23)
% = —k[L][R] + k[LR] + K..[Ri,] (24)
[R] =1;  LR(0) =R« (0) = R;,(0) = 0. (25)

For protein translocation and receptor internalization,
considering the array of equal-spaced layer within a cell
(Fig. 2), the change in the concentration of biomolecules in
the ith layer, C; = Ci(x,f), i = 0,1,2,...,n, is governed by
the rate of formation of phosphorylated receptors that are
capable of interacting with the intracellular proteins, the rate
of formation of internalized complexes, as well as the
cytoplasmic diffusion of proteins or protein complexes, with
an effective diffusion coefficient Dy,

2
dcC; _ DSL?’

dt dx
where 4 denotes the height of a cell, and x is mapped for each
layer individually to the interval (0, #/2). The diffusivity of
molecules or molecular assemblies in the cytosol Dy can be
estimated based on measurements made in intact eukaryotic
cells following the diffusion of proteins of various molecular
weights (61,62), The value of Dy is observed to be 0.5-2 X
10°® cm?s !, relatively insensitive to molecular size. Be-
cause of the small dimension of a cell as well as the small
penetration depth of the RWG biosensors used, the diffusion
time, for either the intracellular proteins reaching the cell
surface or the internalized complexes moving out of the
sensing volume, is estimated to be within seconds. Compared

h
OSXS? (26)
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to the dynamics of the optical responses observed, the dif-
fusion of molecules or molecular assemblies can be consid-
ered as a secondary factor. Thus, the net change in protein
concentration within the sensing volume is the sum of
protein accumulation near the cell surface and the internal-
ization of receptor complexes. For the net change in protein
concentration adjacent to the cell surface, we have:

dC;
dt

where a is the number of proteins interacting with an ac-
tivated receptor, where b is the number of proteins internal-
izing together with the receptor.

Following stimulation with bradykinin, fluorescent pro-
tein kinase C isoforms, initially randomly distributed in the
cytoplasm of the cell, translocated and enriched near the cell
surface (<200 nm) (16). Thus we reasoned that the net
change in protein concentration among different layers near
the cell surface (z; < 200 nm) is same, we have:

= ak,[LR] — bk, [R+], (27)

AN=ACY (¢35 — ¢ 52), 28)

This simplified model neglects several events in GPCR
signaling, including i), changes in the oligomerization state
of the receptors; ii), the fate of ligand beside binding, such as
degradation, internalization with the receptor through endo-
cytosis or diffusion into the cytoplasm of the cells; iii),
morphological changes of the cell; iv), the conversion of
the affinity state of ligand-receptor complex; v), receptor
upregulation after stimulation; vi), both de novo receptor
synthesis and the degradation of internalized receptors are
negligible throughout the assay (~1 h); vii), the constitutive
endocytosis; viii), the rate of membrane synthesis; and ix),
the compartmentalization of cell surface receptors.

Table 1 shows the model parameters. Using the simplified
model, numerical analysis showed that in the physiological
range from 1 to 128 X 10~° M, the variation in bradykinin
signal input results in a clearly dose-dependent dynamics in
the different states of receptors (Fig. 11). Upon bradykinin
stimulation, all four states of receptors eventually reach
steady state, each with distinct characteristics. Interestingly,
the model predicts that at each bradykinin concentration, the
rate of formation of phosphorylated receptors is faster than
that of internalized complexes, and the total number of phos-
phorylated receptors is typically greater than that of inter-
nalized receptors.

The change in effective index AN, is found to be sensitive
to a number of parameters, including the total number of
receptors, the total number of translocated proteins from
cytosol to the cell membrane, and the ligand concentration.
Based on the typical G4-signaling cycle through a G4-coupled
receptor, it is reasonable to assume that each phosphorylated
receptor recruits an adaptor protein which, in turn, recruits
and interacts with the other three proteins to form complexes,
and all proteins have a molecular weight of ~80 kDa.
Although the size of internalized complexes (i.e., vesicles) is
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TABLE 1 Model parameters
Parameter Definition Value Reference
Optical
o Refraction increment of proteins 0.0018/100 ml/g (33,34)
L Diffraction order —1
A Tllumination wavelength 830 nm
T Mode type number 1 (19)
A Grating period 500 nm
dp Thickness of waveguide film 150 nm
dag Thickness of cell layer 3000 nm
desr Effective waveguide thickness 517 nm*
AZ. Penetration depth into the medium 133 nm*
AZ Penetration depth into the substrate 234 nm*
w Grating length 3000 nm
m Mode number 0
N Effective index 1.685*
ne Refractive index of cell 1.372 (33,34)
Nair Refractive index of air 1.00
N Refractive index of medium 1.328
ng Refractive index of waveguide film 2.37
ng Refractive index of substrate 1.51
Cell dimension
d Imaginary thickness of a layer
h Height 3000 nm
r Radius 5000 nm
Signaling
a No. of proteins interacted with the receptor 3-4 (59,60)
b No. of proteins internalized with the receptor 2-3 (59)
Riot Total number of receptors per cell 2 x 10* (50,63)
Pio Total number of translocated proteins per cell 2 x 10* (63)
D, Diffusion constant of proteins or assemblies 0.5-2 X 1078 cm?s™! (61,62)
Ky Association rate constant 13X 10°M ! 57! (64)
Ky Dissociation rate constant 1.6 X 107* 7! (64)
Kp Rate of receptor phosphorylation 33X 1077 s (65)
Kin Rate of receptor internalization 33 % 1073 57! (65)
Kre Rate of receptor recycling 33 x 103 s7! (65)
L Ligand concentration 1-128 nM

*The values were calculated based on the three-layer waveguide configuration.

much bigger (typically 100400 nm in diameter) than
individual proteins, the internalized process can be approx-
imately viewed as an inverse process to the recruitment,
assuming that the loss in membranes due to internalization is
balanced by the rearrangement/synthesis of membranes.
Because some portions of recruited proteins stay at/near the
cell surface to fulfill their functions throughout the signaling
cycle, the loss in mass due to the internalization is assumed
to be one receptor associated with three proteins. Using Eqgs.
27 and 28, numerical analysis showed that bradykinin
stimulation leads to a dose-dependent AN, response. The
AN, is normalized to the unit measured using the RWG
biosensor system. As shown in Fig. 12 A, the optical sig-
natures predicted exhibit interesting characteristics; its
amplitude, overall dynamics, and kinetics are similar to
those observed using the biosensors for the DMR responses
mediated by bradykinin, SLIGLR-amide, or trypsin at low
doses. The amplitudes of the P-DMR phases also clearly
exhibit a dose-dependence (Fig. 12 B). Both types of cal-
culations, based on either the amplitude at a given time after

stimulation (250 s) or the maximum amplitude, gave rise to
similar ECsy (42 and 24 nM, respectively). These results
suggested that the protein translocation and receptor inter-
nalization are two primary resources for the DMR signatures
observed for Gy-coupled receptor signaling (15).

CONCLUSIONS

Conventional cell-based assays typically measure a specific
cell response (e.g., Ca>" mobilization, or reporter gene
expression) or a change in location of a tagged molecule in
the signaling cascade mediated through a particular target. In
most cases the target-mediated signaling dominates the
cellular response measured, although compounds that acti-
vate other endogenous targets might also lead to similar
response. Therefore, the signaling specificity is mostly con-
served. On the other hand, for optical biosensor-based cell
assays the signaling specificity is believed to be largely
problematic, because i), these assays typically do not use
specific labeled target, ii), the cell signaling is a complicated
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process and depends on the cellular context (i.e., cell status
and types); and iii), the optical signature obtained is an
integrated response, meaning that distinct types of stimula-
tion could lead to similar optical signature. For example, two
completely distinct stimuli: EGF (a natural agonist of EGF
receptor) and methyl-B-cyclodextrin (a cholesterol-depletion
reagent), had been found to mediate similar optical signa-
tures (14,35). Although it appears that the DMR signals are
not specific in these cases, signaling pathway analysis, based
on the modulation profiles with a panel of well-known
modulators using the biosensors, suggests that both stimu-
lations lead to similar but not identical cellular signaling
events. The EGF-mediated DMR signal in quiescent A431
cells is primarily linked to the Ras/mitogen-activated protein
(MAP) kinase pathway (14), while the DMR signals induced
by cholesterol depletion are primarily linked to the trans-
activation of EGF receptor, and involve multiple signaling
pathways including MAPK, PKC, and phosphatidylinositol
3-kinase (35). Furthermore, the similarity of the optical
responses in A431 cells mediated by bradykinin, SLIGLR-
amide, or trypsin at low doses suggested that these agonists
trigger similar cell signaling event (e.g., G-mediated sig-
naling), as confirmed by conventional Ca>* mobilization as-
says. These studies suggest that the activation of a particular
signaling pathway (i.e., Gg-signaling or EGFR signaling)
could lead to a unique type of optical signature. Interestingly,
although same family receptors (e.g., G4-coupled receptors
B, and PAR,) may lead to the same type of optical signature,
distinct members may have its own fine characteristics (i.e.,
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the amplitudes and the kinetics of DMR responses), due to its
own signaling network interaction. Based on our previous
studies on the signaling of EGFR and B, receptor, as well as
the cellular function of cholesterol, we believe that the RWG
biosensor is well suited for analyzing signaling pathway and
its network interaction, and is able to provide rich informa-
tion content for monitoring cell activities.

In this article, we further characterized the optical bio-
sensors for probing cell activities, based on theoretical, ex-
perimental, and numerical analysis. Theoretical analysis
revealed that the optical signatures measured are integrated
responses and can be used as novel readouts for examining
cells in their native environments without the need of labels.
Several cell responses and processes including adhesion and
spreading, detachment, and cell signaling through EGFR and
bradykinin B, receptor had been investigated systematically.
Parallel and kinetic measurements of multiple optical output
parameters led to identification of unique signatures for
stimulation-mediated dynamic mass redistribution in both
vertical and lateral dimensions within the bottom portion of
cells. Cell adhesion and spreading had been found to involve
multiple steps; vincristine was found to be able to modulate
the cell adhesion and spreading by interfering with its initial
steps. Trypsinization not only led to cell detachment from the
sensor surface, but also mediated cell signaling, which prob-
ably involves EGFR transactivation and G,-mediated sig-
naling. Unexpectedly, EGF did not trigger obvious asymmetric
lateral mass redistribution, at least within the bottom portion
of cells. On the other hand, the activation of B, receptor in
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FIGURE 12 The DMR signals mediated by bradykinin, as predicted by
the model. (A) The responses as a function of time and bradykinin
concentration. (B) Two types of amplitudes of the P-DMR phase, obtained at
a given time (250 s) after stimulation or the maximum level, as a function of
bradykinin concentrations. The change in effective index of the cell layer is
calculated and normalized to the unit measured using the present optical
sensor system.

A431 induced by bradykinin triggered both vertical and
lateral mass redistribution. Numerical analysis provides a
link between the DMR signal and the signaling cycle of a G-
couple receptor. This study highlighted the great potentials
of the RWG biosensors for sensing living cells.

The authors appreciate valuable suggestions from anonymous reviewers.
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