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Abstract A label-free method for detecting the attachment
of human cancer cells to a biosensor surface for rapid screening for biological activity is described, in which attachment
of a cell results in highly localized increase of the resonant reflected wavelength of a photonic crystal narrowband
reflectance filter incorporated into a standard 96-well microplate. An imaging detection instrument is used to determine the spatial distribution of attached cells by mapping the
shift in reflected resonant wavelength as a function of position. The method enables monitoring of cancer cell attachment, cell proliferation, and cell detachment that is induced
by exposure of the cells to drug compounds. We demonstrate the efficacy of this method as an early screening technique for the rapid quantification of the rate of cancer cell
proliferation on the sensor surface, and subsequently as a
means for quantifying cell detachment resulting from apopL. L. Chan · B. T. Cunningham
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tosis that is induced by exposure of the cells to cytotoxic
chemicals.
Keywords Biosensor . Label-free detection . Cell imaging

Introduction
Cell-based assays are becoming an increasingly important
part of the preclinical pharmaceutical discovery and validation process, as researchers directly study the effects of
chemical compounds upon a wide variety of cell types. The
ability to rapidly quantify the toxicity and selectivity of potential drug treatments to both targeted cell populations and
to non-targeted cells would provide a means for efficiently selecting compounds for further study that are likely to perform
a desired function without undesired side effects. A variety
of assays for measuring necrosis, apoptosis, and cell proliferation are currently in widespread usage that are capable
of providing information from cell populations or individual
cells.
The most common necrosis assay measures the increased
plasma membrane permeability of dying cells, as leaky membranes permit perfusion of a dye or stain [1]. Conversely,
colorimetric assays for necrosis can measure the metabolic
activity of mitochondria in live cells by their ability to metabolize dyes [1, 2]. However, because the early phases of
apoptosis do not affect membrane permeability or alter mitochondrial activity, necrosis assays are not suitable for characterizing apoptosis [2].
Methods for determining apoptosis typically rely upon
detection of fragmented genomic DNA [3, 4], labeling of
the protein phosphatidylserine (PS) translocated to the outer
surface of the plasma membrane [2, 5], detection of released proteins such as cytochrome C and apoptosis inSpringer
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ducing factor (AIF) [6], or detection of activated caspases
[7, 8]. These methods measure biochemical consequences
resulting from the apoptosis process, but each requires
substantial manipulation of the cells to extract the required
analyte, label it with a dye, and to perform the measurement. Regardless of whether the protocol calls for ELISA,
flow cytometry, a fluorescence microplate reader, or fluorescence microscopy, each method results in removal of the
cells from their culture environment, the destruction of the
cells being measured, special reagents, and multiple washing/centrifugation steps. These methods are either capable of
measuring the aggregate properties of large cell populations
or small populations of individual cells, but generally not
both simultaneously, particularly with high assay throughput.
In cell proliferation assays, a defined number of cells are
typically plated onto an appropriate matrix and the number of colonies that are formed after a period of growth
are enumerated [9]. Because this method is time-consuming
and laborious, it is not practical for large numbers of samples, particularly for establishing growth curves for cell populations. Therefore, indirect analysis of cell proliferation
through measurement of DNA synthesis rate through the
incorporation of labeled DNA precursors during cell division [9]. As with apoptosis assays, each proliferation assay
requires staining of the cells with proprietary reagents (resulting in cell death), removal of cells from their culture environment, a multi-step assay protocol, and detection of either
the aggregate properties of cell populations (radiometry or
fluorescence microplate scanner) or the individual properties of a small number of cells with low throughput (flow
cytometry, fluorescence microscopy, or light microscopy).
In this work, a label-free detection system based upon the
unique properties of photonic crystal biosensors and a high
resolution imaging detection instrument is described that is
capable of quantifying cytotoxicity and proliferation. The
system is capable of detecting individual cells, but also measures large populations of cells with high throughput. The
sensor is incorporated within standard 96-well microplates,
and allows the same cells to be measured many times without
removal from their liquid environment. The assay protocols
for measuring cytotoxicity and proliferation require no additional reagents, centrifugation steps, wash steps, and are
not subject to quenching. Here, we demonstrate the first use
of an imaging instrument to detect the attachment of cells
to the surface of a photonic crystal biosensor. The imaging
instrument enables spatial maps of the attached cell density
in the bottom of the microplate wells to be measured by
detecting the local changes in the reflection spectrum provided by the photonic crystal. The capability for image-based
label-free detection of cell attachment to the sensor is used
to visualize and quantify the rates of human breast cancer
cell proliferation and subsequent cell apoptosis induced by
the introduction of a cytotoxic chemical compound.
Springer
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Materials and methods
Photonic crystal biosensors
Optical biosensors offer a means for detecting the attachment of cells to the surface of a transducer through their
increased dielectric permittivity with respect to their liquid
media [10]. While optical biosensors based upon surface
plasmon resonance have been used for many years to characterize macromolecular affinity interactions [11], they have
not found widespread usage for detecting cells for several
reasons. The detection system is generally arranged only to
interrogate a small (<1 mm2 ) region of the sensor surface
within a narrow (∼50 µm wide by 50 µm tall) flow channel under a constant flow of buffer. Blockage of the flow
channel by cells, low assay throughput, and assay conditions
not amenable to maintaining viable cells (such as lack of
incubation) have prevented biosensor-based methods from
becoming widely adopted.
A new class of optical biosensors based on the unique
properties of optical device structures known as photonic
crystals have been recently developed [12, 13]. A photonic
crystal is composed of a periodic arrangement of dielectric
material in two or three dimensions [14, 15]. A photonic
crystal structure geometry can be designed to concentrate
light into extremely small volumes and to obtain very high
local electromagnetic field intensities. As shown in previous publications, the photonic crystal biosensor behaves as
a narrowband wavelength reflectance filter, where the sensor
reflects ∼100% of incident light at the resonant wavelength,
while all other wavelengths are transmitted through the sensor structure.
Recently, we demonstrated a photonic crystal optical
biosensor that can be incorporated into standard format 96well microplates for the purpose of detecting the attachment
of cells to the biosensor surface without the use of fluorescent
labels or any other type of marker, and that the attachment
of cells to the biosensor can be modulated by the immobilization of cognizant ligands to the sensor surface that selectively recognize expressed outer membrane proteins [16]. In
our previous work, cells were detected with an instrument
that was capable of quantifying the attached cell density on
the surface of the photonic crystal biosensor within the microplate wells, but that did not provide images of the attached
cell density distribution.
The sensor operates by measuring changes in the wavelength of reflected light as biochemical or cellular binding
events take place within an evanescent field region adjacent to the surface. The resonant reflected wavelength of
the sensor can be measured by illuminating the photonic
crystal at normal incidence with white light, and collecting
the reflected light with a spectrometer. Illumination and collection may be performed through optical fibers to gather
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Fig. 1 (a) Schematic diagram of the imaging detection instrument. (b)
Cross-section schematic of photonic crystal biosensor. (c) Reflected
resonant spectrum measured from a single ∼22.3 × 22.3 µm2 pixel of

the photonic crystal with water on its surface, where “PWV” represents
the Peak Wavelength Value of the reflected peak

single measurements over a large illuminated spot, or free
space optics can be used to generate a spatial image of the
resonant reflected wavelength. Image-based detection with
high spatial resolution is enabled by the photonic crystal
structure, which is designed to cut off lateral propagation
of the resonant wavelength, thus eliminating pixel-to-pixel
optical cross-talk. The sensors are inexpensively fabricated
on sheets of plastic film, and incorporated into standard microplates that are compatible with cell culture methods and
standard microplate handling procedures.
The photonic crystal is comprised of a 1-dimensional periodic grating surface structure (period = 550 nm) formed
within a UV-cured polymer on a transparent polyester sheet
using a room-temperature replica molding process. The low
refractive index grating is subsequently coated with a film
of high refractive index TiO2 by sputtering to achieve the
final photonic crystal cross section shown in Fig. 1. The
biosensors are cut from the polyester sheet and attached with
adhesive to form the bottom surface of standard 96-well for-

mat microplates [17]. The detection instrument, shown in
Fig. 1, illuminates the sensor surface at normal incidence
with a white light lamp (Oriel), and a line from the sensor
surface is imaged into the entrance slit of an imaging spectrometer (Acton Research). The reflected spectrum of each
pixel across the image line is gathered (Fig. 1(b)), and the
Peak Wavelength Value (PWV) of each resonant reflection
spectrum is mathematically determined. A PWV image is
constructed by sequential scanning of the sensor across the
imaged line region in 22.3 µm increments. The detection
instrument measures changes in the resonant reflected PWV
of the biosensor surface as the detected output on a pixel-bypixel basis that can generate images of PWV with a spatial
resolution as low as 4 × 4 µm2 . An imaging resolution of
22.3 × 22.3 µm2 was used for all the images reported in this
work, as higher resolution scans require time and computer
memory in proportion to number of image pixels. Detection
of cell attachment to the sensor requires measuring a shift
in PWV, so the sensor surface is scanned twice: once before
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and once after cells have been immobilized on the surface.
The two images are aligned and subtracted mathematically
to determine the difference in PWV as detected by the sensor.
Because the PWV is only increased for pixels in which a cell
has attached to the sensor, the imaging instrument measures
the density of cell binding as a function of position within
the microplate well.
MCF-7 cell line
The human breast cancer cell line MCF-7 was purchased
from American Type Culture Collection (ATCC). The cells
were cultured in minimum essential medium with 10% fetal bovine serum and antibiotic-antimycotic. The cells were
maintained in an incubator at 37◦ C with 5% carbon dioxide.
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generates a PWV shift image that measures the distribution
of attached cells. Next, chemical compounds are introduced
to the microplate wells by pipette, and the microplate is returned to the incubator for an additional 24 h before a third
PWV image is scanned (Scan “C”). Subtraction of Scan “A”
from Scan “C” generates a new PWV shift image of the
cell distribution. The PWV shift images of the original cell
distribution may be compared with the final cell distribution
after chemical exposure to determine whether the cells proliferated or detached from the sensor during the final 24-h
period. All conditions were measured in triplicate wells, and
wells without chemical compound introduction were utilized
as experimental control.

Results
Incubation with known drugs and plant extracts
The anticancer agents doxorubicin hydrochloride and curcumin were purchased from Sigma Aldrich. Plant extracts
from the species Protium serratum and Sapindus mukurossi
were provided by Professor R Chowdhury from University
of Dhaka, Bangladesh. Stock solutions of the plant extracts
were prepared by dissolving them in ethanol at 25 mg/ml.
The plant extracts were dissolved in ethanol and diluted with
cell culture media to a concentration of 100 µg/ml. Doxorubicin was dissolved in sterile cell culture grade water and
curcumin was dissolved in ethanol. Both drugs were diluted
with cell culture media to a concentration of 100 µm. The
final concentration of ethanol was less than 1% in sample
solution.
Doxorubicin IC50 measurement
The IC50 value of doxorubicin exposed to MCF-7 breast cancer cells was measured using the photonic crystal biosensor
and compared to a standard colorimetric assay (MTT). Eight
concentrations of doxorubicin were introduced to triplicate
wells of MCF-7 cells at 0.5, 1.0, 2.5, 5.0, 10, 25, 50, and
100 µM. The cells were allowed to stabilize and scanned
after 24 h of incubation and scanned again after 24 h of
doxorubicin incubation.
MCF-7 cancer cell detection protocol
The assay protocol is outlined in Fig. 3. The biosensor microplate wells are initially filled with 100 µL cell culture
media, and a baseline PWV image is scanned (Scan “A”).
Next, cells are introduced to the wells by pipetting ∼500–
1000 cells per well and allowing them to attach to the sensor surface for ∼24 h in the CO2 incubator. After the cells
have attached to the sensor surface, a second PWV image is
scanned (Scan “B”). Subtraction of Scan “A” from Scan “B”
Springer

Figure 2(a) shows a typical PWV shift image for the attachment of MCF-7 cells to the biosensor (Scan “B”—Scan
“A”). The PWV shift as a function position is represented
as a false color image, and the PWV shift through a horizontal line that intersects multiple cells is shown (Fig. 2(b)).
Each pixel location with an attached cell results in a locally
elevated PWV that does not extend to neighboring pixels,
thus demonstrating negligible pixel-to-pixel optical crosstalk. The cells are found distributed randomly across the
biosensor area, but are often found to cluster in groups. Cell
clusters were observed visually by microscope corresponding to the locations of cells clusters observed by the PWV
shift image. Each pixel with a single attached cell results in a
PWV shift of ∼0.6 nm, and pixels within a cell cluster result
in PWV shifts up to ∼2.0 nm, possibly due to the presence
of multiple cells ( ∼10 µm diameter) within a single pixel.
In order to estimate the number of immobilized cells, we
apply a PWV shift threshold to each pixel in the PWV shift
image to determine whether cell attachment has resulted in
a locally higher PWV. The horizontal bar shown in Fig. 2(b)
represents a PWV shift threshold of 0.62 nm. For each well,
a histogram can be used to visualize the proportion of pixels
with a PWV shift above the selected threshold, as shown in
Fig. 2(c). For this work, all pixels above the threshold are
counted as a single cell, thus it is possible that this simple
algorithm would undercount cells for pixels with large PWV
shift due to multiple cells/pixel.
An example of MCF-7 cell proliferation is shown in
Fig. 3(a), where the PWV shift image is shown after cell
attachment after subsequent proliferation in the CO2 incubator for 24 h. Without introduction of chemical compounds,
the cell count shows an average of ∼240% increase.
Having established that the sensor and detection instrument are capable of measuring cell attachment and cell proliferation, we studied how the process of cell proliferation
may be modified by the addition of a chemical compound
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Fig. 2 (a) PWV shift image of a single 6 mm diameter well of a microplate with MCF-7 cells immobilized on the surface and (b) the PWV
shift as a function of lateral position for one horizontal line from the
PWV image, selected to intersect single cells and cell clusters, where

the threshold PWV shift value selected to indicate cell attachment is
shown. (c) Histogram of PWV shift values for the pixels within the
image, showing (inset) the distribution of pixels above the PWV shift
threshold for cell attachment

during the proliferation phase of the assay. Curcumin and
doxorubicin are both known to induce apoptosis in MCF-7
cells [18–21], while the plant extracts, Protium serratum and
Sapindus mukurossi [22], have unknown effect on the breast
cancer cells. However, Protium serratum is a medicinal
plant that has been explored in earlier studies of allelopathic
activity [23]. Sapindus mukurossi is also a medicinal plant
that is known to possess potent spermicidal activity and
hence can be used as an aid in contraceptive methods [24],
and monodesmosides extracted from pericarps of Sapindus
mukurossi have been reported to enhance the rectal absorption of antibiotics in rats [25].
Figure 3(b) and (c) shows the PWV shift images before
and after the MCF-7 proliferation in the presence of Sapindus mukurossi and Protium serratum, respectively. In each
case, the cells are observed to grow rapidly, as quantified
by the cell count, which increased by ∼200% for Sapindus mukurossi and 283% for Protium serratum. Figure 3(d)
and (e) shows that the curcumin and doxorubicin wells have

undergone termination of cell growth and loss of attachment to the biosensor. Since curcumin and doxorubicin are
known to induce apoptosis in MCF-7 cells, the cells should
be released from the surface of the sensor, thus returning the
PWV image to its original “blank” baseline. The curcumin
wells show an average of 93% decrease in cell count and
the doxorubicin-induced wells show an average of 89% decrease, which closely correspond to the experimental results
published previously [20].
In order to validate the biosensor cell viability measurement against a conventional apoptosis assay, the doseresponse characteristic was obtained by exposure of the
MCF-7 cells to range of concentrations of doxorubicin and
compared to published results using the same cell line and
drug using an MTT assay [26]. Figure 4 shows the cell viability as a function of doxorubicin concentration plotted on the
same graph as the MTT assay (reference) for doxorubicin
concentration ranging from 0.0001 to 100 µM. The MTT
assay results in an IC50 value of approximately 1 µM while
Springer
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Fig. 3 (a) PWV shift images of a single 6 mm diameter microplate
well after MCF-7 cell attachment (upper), and the same cells after 24 h
of incubation (lower) without chemical exposure, where proliferation
results in ∼ 2 × increase in the number of attached cells. (b) PWV shift
images of attached MCF-7 cells before and after 24 h incubation in the
presence of extract from Sapindus mukurossi and (c) Protium serratum,

which display accelerated proliferation with respect to the control and
the formation of cell clusters. (d) PWV shift images of attached MCF-7
cells before and after 24 h incubation in the presence of doxorubicin
and (e) curcumin, in which ∼ 90% of the cells undergo apoptosis, and
release from the biosensor surface

the biosensor assay results in an IC50 value of ∼ 2 µM.
The correlation between the methods, plotted in the inset of
Fig. 4, reveals excellent agreement between the two assays.
The label-free cell assay presented in this work represents
a new method for direct visual observation of cell behavior

without the use of labels or stains. Because the cells are maintained within their culture environment, they remain viable
for repeated measurements that may extend over the course
of several days. While the MCF-7 human breast cancer cells
studied in this work adhere readily to the TiO2 surface of the
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Fig. 4 The dose-response
characteristic for cell viability of
MCF-7 cells exposed to
doxorubicin results in an IC50
determination of ∼ 2 µM by the
photonic crystal biosensor assay
(solid line) and 1 µM by the
MTT assay (dotted line). The
correlation is plotted in the inset
plot showing % Cell Viability of
MTT versus photonic crystal
biosensor (The MTT assay data
was obtained from previously
published work [26])

photonic crystal, it is also possible to attach suspension cells
to the sensor through an immobilized protein that will form
a high affinity bond with proteins expressed on the outer
surface of the cell.
Conclusion
The methods described are broadly applicable to a wide
range of cell types, both diseased and healthy, to study the
effects of exposure to potential pharmaceutical treatments or
toxins. Although the cell-attachment images are useful for
direct visualization of cell behavior, the image data is easily translated to quantitative measures such as a simple cell
count. The ability to gather repeated images of the same cells
enables not only two-step before/after comparison, but also
multi-stepped “movies” of cell behavior including proliferation and chemotaxis. Although the method does not have
sufficient optical resolution to gather detailed images within
a single cell, the method can easily detect a single cell, and
is useful for studying large populations of cells. The plasticbased photonic crystal biosensor design allows the sensor
to be inexpensively fabricated over a large enough surface
area to be incorporated into standard cell assay laboratory
formats such as 96-well microplates. The method represents
a new approach for visualization and quantitative measurement of a broad range of cell types to the effects of the cells’
environment, including chemical exposure.
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