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Abstract
A rapid and accurate quantitative method for screening the effects of drug compounds upon cells utilizing label-free photonic crystal optical
biosensors incorporated within 96-well microplates is described. The biosensors and associated imaging detection instrument enable visualization
and quantitative measurement of cell populations attached to the sensor surface with sensitivity sufficient for the detection of individual cells
without the use of labels or stains that typically induce the death of the cells under study. The detection method allows repeated measurement of the
same cells without removing them from their culture environment, and thus allows direct determination of proliferation and apoptosis rates. In this
work, a biosensor-based cell assay is used to screen the effect of a 61-member compound library of plant extracts upon human breast cancer cells,
in which some members of the library are shown to induce apoptosis, while others increase the rate of cancer cell proliferation. The results are
broadly applicable to a wide range of cell types and compounds, while the assay is simpler and more rapid than alternative apoptosis/proliferation
assays.
© 2007 Elsevier B.V. All rights reserved.
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1. Introduction
In the field of pharmaceutical research, the ability to rapidly
assess the effects of potential drug compounds upon cells is
an important capability for determining which compounds may
hold promise for selective cytotoxicity for undesirable cell populations while remaining nontoxic to healthy cells. The most
desirable traits of such methods include ease-of-usage, low
cost per assay, and the ability to quantitatively screen large
populations of cells. The most commonly used methods for
detecting cells involve the use of stains or fluorescent labels
that allow them to be easily visualized in an optical microscope,
fluorescent microscope, or flow cytometry [1]. The shortcoming of the colored staining methods is that the observed cells
either do not retain their function or are killed by the staining process, while fluorophores only allow a brief period of
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observation over a small surface area before the onset of quenching. While flow cytometry enables more quantitative study of
fluorophore-labeled cells than microscope-based methods, the
cells must be removed from their growth environment for measurement, and the ability to study cell–drug interactions with
high throughput is limited. Therefore, the ability to detect cells
without the use of fluorescent labels or stains would allow direct
repeated observation of cells within their growth media, and
enable study of processes such as proliferation, chemotaxis, and
death.
Because cells exhibit increased dielectric permittivity with
respect to their liquid media [2], they may be easily detected
without labels by several types of optical biosensors when the
cells become attached to the transducer surface. However, the
most common optical biosensors, based upon surface plasmon
resonance (SPR) in the Kreitchman configuration [3,4], lack
the ability to generate images of cells attached to the sensor
surface, while imaging SPR [5–7] methods generate images of
only a small area. These limitations, along with those imposed
by microfluidic channel-based methods for interfacing the test
sample to sensor, such as flow channel blockage and lack of incu-
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bation, have resulted in few applications of optical biosensors
in the field of cell-based assays.
In contrast to SPR, we have demonstrated cell detection
with a photonic crystal optical biosensor that is incorporated
into standard 96-well microplates [8] and an imaging detection
instrument that 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 was used to visualize
the attachment of Jurkat cells to ahCD3 [8].
In this work, the photonic crystal biosensor method is used
to screen the effects of a small library of chemical compounds
derived from plant extracts with unknown function upon the
MCF-7 human breast cancer cell line. Using the 96-well assay
format and the imaging detection instrument, the biosensor assay
provides images of the density distribution of cells attached to
the wells and quantitative determination of cell count and rate
of proliferation/death. The assay is used to rapidly differentiate
plant extracts that either enhance the rate of cell proliferation
relative to a negative control or that result in cytotoxicity relative
to a positive control.
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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 m increments. The detection instrument measures changes in the resonant reflected PWV of the
biosensor surface as the detected output on a pixel-by-pixel basis
that can generate images of PWV with a spatial resolution as low
as 4 m × 4 m. An imaging resolution of 22.3 m × 22.3 m
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 must
be scanned two times: once before and once after cells have been
immobilized on the surface. The two images are automatically
aligned (using incorporated alignment features) and mathematically subtracted by software to determine the difference in PWV
on the sensor surface between the two scans. 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. The method
has been shown to be capable of detecting the attachment of individual cells, and for scanning large populations of cells attached
within all the wells of the microplate [8,12].

2. Materials and methods
2.2. MCF-7 cell line and plant extracts preparation
2.1. Sensor and instrument
The photonic crystal biosensors used in this work have
been described in previous publications [9,10], but their design
and operation will be briefly summarized. The sensor is comprised of a one-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 finished device structure. The biosensors are cut from the
polyester sheet and attached with adhesive to form the bottom
surface of standard 96-well format microplates [11]. The device
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.
The sensor operates by measuring local changes in the wavelength of reflected light as 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. 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 detection instrument (SRU Biosystems), previously
described [9,11], illuminates the sensor surface at normal incidence with a white light lamp, and a line from the sensor surface
is imaged into the entrance slit of an imaging spectrometer. The
reflected spectrum of each pixel across the image line is gathered,

The human breast cancer cell line MCF-7 cells were cultured
in minimum essential medium with 10% fetal bovine serum
and antibiotic–antimycotic (American Type Culture Collection
(ATCC)). The cells were maintained in an incubator at 37 ◦ C
with 5% carbon dioxide.
The 61 different plant extracts (Table 1) were provided by
Professor R. Chowdhury from University of Dhaka, Bangladesh.
Some of the same plant species are extracted by various methods
shown in Table 1. Stock solutions of the plant extracts were
prepared by dissolving them in ethanol at 25 mg/ml. The plant
extracts were diluted with cell culture media to a concentration
of 100 g/ml, so that the final concentration of ethanol was less
than 1% in sample solution.
2.3. MCF-7 cancer cell detection protocol and cell
counting method
The assay protocol is outlined in Fig. 1. A baseline PWV
image is initially scanned (Scan “A”) with the biosensor
microplate wells filled with 100 l cell culture media. Approximately 500–1000 cells are then introduced to each well and
allowed to immobilize to the sensor surface for ∼24 h in a CO2
incubator. A second PWV image is scanned (Scan “B”) after the
cells have attached to the sensor surface. Subtraction of Scan “A”
from Scan “B” generates a PWV shift image that measures the
distribution of attached cells. Next, the plant extract solutions are
exposed to the cells, 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. Cell proliferation
and death can be observed by comparing Scan (B–A) and Scan
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Table 1
The 61 different plant species and the method of extraction
No.

Name

Extract/partitionate

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
61

Aglaia roxburghiana
Alternanthera sessilis
Alternanthera sessilis
Alternanthera sessilis
Amoora chittagonga
Amoora chittagonga
Amoora chittagonga
Amoora cucullata
Amoora rohituka
Amoora rohituka
Anisoptera glabra
Anogeissus latifolia
Brunfelsia americana
Brunfelsia latifolia
Buchanania lanzen
Bursera serrata
Bursera serrata
Chukrasia tabularis
Cinnamomum zeylanicum
Citrus hystrix
Combretum coccineum
Combretum gradiﬂorum
Eclipta prostata
Eiroglossum edule
Ficus sp.
Garuga pinnata
Indigofera tinctoria
Lannea coromandelica
Nephelium litchi
Nephelium longum
Pesprum nocturnum
Petunia meleagris
Petunia phoenica
Petunia punctata
Petunia violaceae
Phyllanthus reticulatus
Phyllanthus reticulatus
Phyllanthus reticulatus
Phyllanthus reticulatus
Phyllanthus reticulatus
Poivrea coccinea
Pongamia glabra
Protium serratum
Pterospermum suberifolium
Quisqualis indica
Quisqualis indica
Sapindus mukurossi
Semecarpus anacardium
Shorea robusta
Solanum ferox
Solanum indicum
Spondias mangifera
Swintonia ﬂoribunda
Terminalia bellerica
Terminalia bellerica
Trachyspermum ammi
Xanthoxylum budrunga
Xanthoxylum budrunga
Xylocurpus mollucensis
Xylocurpus mollucensis
Zizyphus jujuba

n-Hexane partitionate of MeOH extract
Pet-ether fraction of MeOH extract
MeOH residue of MeOH extract
CHCl3 fraction of MeOH extract
Pet-ether partitionate of MeOH extract
CHCl3 partitionate of MeOH extract
EtOAc partitionate of MeOH extract
MeOH extract
Pet-ether extract
MeOH extract
MeOH extract
EtOH extract
MeOH extract
MeOH extract
MeOH extract
Pet-ether extract
Dichloromethane extract
MeOH extract
MeOH extract
MeOH extract
CHCl3 partitionate of acidified MeOH extract
MeOH extract
MeOH extract
MeOH extract
MeOH extract
MeOH extract
EtOH extract
MeOH extract
MeOH extract
MeOH extract
MeOH extract
MeOH extract
MeOH extract
MeOH extract
MeOH extract
CHCl3 fraction of MeOH extract
CHCl3 fraction of pet-ether extract
Hexane fraction of CH2 Cl2 extract
Acidified CHCl3 fraction of aqueous extract
Acetone extract
MeOH extract
MeOH extract
MeOH extract
MeOH extract
Pet-ether extract
MeOH extract
MeOH extract
MeOH extract
EtOH extract
MeOH extract
MeOH extract
MeOH extract
MeOH extract
MeOH extract
MeOH extract
EtOH extract
MeOH residue of MeOH extract
Pet-ether fraction of MeOH extract
n-Hexane partitionate of MeOH extract
MeOH residue of MeOH extract
MeOH extract
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Fig. 1. Cell cytotoxicity assay protocol: (a) a baseline is scanned with cell culture media in the wells, and the MCF-7 cells are allowed to incubate in the wells for
24 h, (b) a cell immobilization image is scanned, and the cells are exposed to 61 plant extracts for another 24 h, and (c) a final image is scanned with the remaining
cells in the wells.

(C–A). All conditions were measured with triplicate wells, and
wells without chemical compound introduction were utilized as
experimental controls.
In order to estimate the number of cells attached to the sensor
surface, we apply a PWV shift threshold to the pixels collected
in the PWV shift image to separate and disregard lower PWV
pixels while counting only the locally higher PWV pixels. For
each well, a histogram is used to visualize the proportion of
pixels with a PWV shift above the selected threshold. For this
work, the 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.
A cell count value was determined for each well before and
after incubation of the cells with the plant extract compounds,
and the percentage change of cell count during the incubation
period was calculated.
3. Results
The plant extracts were screened simultaneously with triplicate negative controls (no drug compound present) and positive
controls (doxorubicin and curcumin). The negative controls were
measured by allowing the MCF-7 cells to incubate and grow
without drug compound for 24 h, which resulted in an average proliferation rate of 92.29% ± 30.61/day (Thus, a 100%
proliferation rate represents a doubling of the cell count).
The positive controls were measured by allowing the MCF7 cells to incubate in 100 M of doxorubicin and curcumin
solutions for 24 h, which resulted in an average death rate of
−89.65% ± 7.41 and −92.92% ± 4.48/day, respectively (Thus,
a −100% death rate represents complete loss of all the original
cells).

The screening of 61 plant extracts revealed several distinct
types of behavior within the MCF-7 cancer cells. The effects
may be divided into five categories: (1) no effect (rate of proliferation is within ±20% of the negative control), (2) enhanced
proliferation (rate of proliferation ≥20% higher than the negative
control), (3) reduced proliferation (rate of proliferation ≥20%
lower than the negative control, but still proliferating), (4) cytotoxic (cell death rate ≥10% lower than the positive control), and
(5) highly cytotoxic (cell death rate within 10% of the positive
control). Biosensor images of representative individual wells
from each category before and after the compound incubation
period are shown in Fig. 2.
Fig. 2a shows the PWV images after the initial cell incubation
(left image) and after the same cells are allowed to proliferate
for 24 h (right image) without the presence of a compound. The
images show distinct regions with pixels displaying an elevated
PWV with respect to the PWV of the background due to the
attachment of cells to the biosensor. Because each pixel of the
image represents a ∼22.3 m × 22.3 m region of the biosensor
surface, attachment of an individual cell within a region corresponding to one pixel results in an elevated PWV measured for
only one pixel, and many single-pixel cells are observed. The
cells also have a tendency to group within clusters, and clusters are distributed in random patterns within the well. Within
a cluster, a single pixel may hold more than one cell, and pixels within clusters are observed to register a higher PWV shift
than individual cells. Regions with locally elevated PWV for
both cell clusters and individual cells are observed to grow in
size with time. It is important to note that regions with elevated PWV represent cells that have formed a close physical
attachment to the biosensor surface, and that dead cells—even
if physically deposited on the same sensor surface—do not reg-
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Fig. 2. Examples of PWV shift images are shown, with PWV shift scale bars indicating the magnitude of the wavelength shift in units of nanometers. Pixels with
greater PWV shift are displayed with brighter colors, and indicate locations in which cancer cell attachment occurs. The five categories of the results are shown, (a) the
negative control (no drug compound present), (b) the positive control (curcumin), (c) the positive control (doxorubicin), (d) “highly cytotoxic” (Pesprum nocturnum),
(e) “cytotoxic” (Indigofera tinctoria), (f) “reduced proliferation” (Ficus sp.), (g) “no effect” (Pterospermum suberifolium), and (h) “enhanced proliferation” (Sapindus
mukurossi) both before and (left image) after (right image) a 24 h incubation period.
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Table 2
List of plant extracts divided into five categories, “highly cytotoxic”, “cytotoxic”, “reduced proliferation”, “no effect”, and “enhanced proliferation”. The table is
ranked from the most cytotoxic to the most proliferative plant extract. The last column represents the percentage of cell cytotoxicity and proliferation for each plant
extract, where negative values correspond to cytotoxicity, and positive percentage represents proliferation
Name

No.

Effects

Average% cell cytotoxicity/proliferation

Trachyspermum ammi
Xylocurpus mollucensis
Eiroglossum edule
Pesprum nocturnum
Phyllanthus reticulatus
Petunia phoenica
Xanthoxylum budrunga

56
60
24
31
36
33
58

Highly cytotoxic
Highly cytotoxic
Highly cytotoxic
Highly cytotoxic
Highly cytotoxic
Highly cytotoxic
Highly cytotoxic

−0.97
−0.97
−0.96
−0.95
−0.95
−0.93
−0.93

Positive control

−0.93

6
12
18
37
8

Highly cytotoxic
Highly cytotoxic
Highly cytotoxic
Highly cytotoxic
Highly cytotoxic

−0.92
−0.92
−0.92
−0.92
−0.90

Positive control

−0.90

Curcumin
Amoora chittagonga
Anogeissus latifolia
Chukrasia tabularis
Phyllanthus reticulatus
Amoora cucullata
Doxorubicin
Aglaia roxburghiana
Alternanthera sessilis
Amoora rohituka
Amoora chittagonga
Garuga pinnata
Buchanania lanzen

1
4
9
5
26
15

Highly cytotoxic
Highly cytotoxic
Highly cytotoxic
Highly cytotoxic
Highly cytotoxic
Highly cytotoxic

−0.89
−0.85
−0.84
−0.83
−0.82
−0.81

Combretum coccineum
Phyllanthus reticulatus
Petunia violaceae
Solanum ferox
Eclipta prostata
Indigofera tinctoria
Solanum indicum
Bursera serrata
Petunia meleagris
Poivrea coccinea

21
38
35
50
23
27
51
17
32
41

Cytotoxic
Cytotoxic
Cytotoxic
Cytotoxic
Cytotoxic
Cytotoxic
Cytotoxic
Cytotoxic
Cytotoxic
Cytotoxic

−0.77
−0.63
−0.62
−0.57
−0.46
−0.45
−0.41
−0.31
−0.31
−0.28

Ficus sp.
Petunia punctata
Terminalia bellerica
Quisqualis indica
Xylocurpus mollucensis
Nephelium longum
Swintonia ﬂoribunda
Zizyphus jujuba
Anisoptera glabra
Alternanthera sessilis
Xanthoxylum budrunga
Alternanthera sessilis
Phyllanthus reticulatus
Brunfelsia latifolia
Citrus hystrix
Cinnamomum zeylanicum
Nephelium litchi
Brunfelsia americana
Quisqualis indica
Spondias mangifera

25
34
55
46
59
30
53
61
11
3
57
2
40
14
20
19
29
13
45
52

Reduced proliferation
Reduced proliferation
Reduced proliferation
Reduced proliferation
Reduced proliferation
Reduced proliferation
Reduced proliferation
Reduced proliferation
Reduced proliferation
Reduced proliferation
Reduced proliferation
Reduced proliferation
Reduced proliferation
Reduced proliferation
Reduced proliferation
Reduced proliferation
Reduced proliferation
Reduced proliferation
Reduced proliferation
Reduced proliferation

0.01
0.01
0.02
0.04
0.07
0.10
0.25
0.26
0.26
0.29
0.31
0.35
0.41
0.45
0.48
0.50
0.50
0.54
0.73
0.74

Amoora rohituka
Phyllanthus reticulatus
Pterospermum suberifolium
Bursera serrata

10
39
44
16

No effect
No effect
No effect
No effect

0.79
0.79
0.89
0.90
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Table 2 (Continued )
Name

No.

No drug compound

Effects

Average% cell cytotoxicity/proliferation

Negative control

0.92

Combretum gradiﬂorum
Terminalia bellerica
Protium serratum

22
54
43

No effect
No effect
No effect

0.99
1.02
1.03

Lannea coromandelica
Semecarpus anacardium
Shorea robusta
Pongamia glabra
Sapindus mukurossi
Amoora chittagonga

28
48
49
42
47
7

Enhanced Proliferation
Enhanced proliferation
Enhanced proliferation
Enhanced proliferation
Enhanced proliferation
Enhanced proliferation

1.34
1.38
1.38
1.59
1.83
2.32

ister an increase in PWV. Fig. 2 also highlights the advantage
of using an image-based detection system to perform cell-based
assays, as measurement of only a portion of the well could result
in large errors in determination of the actual growth rate. Fig. 2b
and c demonstrate the effects of cytotoxic chemical compounds.
Although the cells are initially attached to the biosensor, induction of apoptosis causes fragmentation of the cells and eventual
loss of adhesion, resulting in a biosensor surface that has fewer
(or no) attached cells after a 24-h exposure. Example images
from the exposure to the plant extract library show the complete
range of response between extracts that are nearly as cytotoxic
as the positive controls, to extracts that actually accelerate the
rate of proliferation. The results of screening, summarized in
Table 2 , show that, of the 61 plant extracts, 18 are “highly
cytotoxic”, 10 are “cytotoxic”, 20 result in “reduced proliferation”, 7 have “no effect”, and 6 result in “enhanced proliferation”
according to our previously described definitions. The average standard deviation of the categories is approximately
±10%.

responses was obtained. While some compounds (including doxorubicin and curcumin—the positive controls) indeed induced
cell death, as detected by cell detachment, others resulted in
an increased rate of cell proliferation as compared with the
negative control (no drug exposure). The screening procedure
presented here represents only one small part of the process
of identification of a potential drug treatment. Having identified several compounds with cytotoxic behavior, more detailed
dose/response characterization of these compounds must be performed to determine and compare their IC50 concentrations
(concentration at which the compound is toxic to 50% of the
cell population). Further screening must be performed in order to
determine the toxicity of selected compounds to non-cancerous
cells in order to determine the likelihood of toxic side effects.
The photonic crystal biosensor assay protocol described in this
work is expected to be useful for these types of studies as well,
and will be the topic of future publications.

5. Conclusion
4. Discussion
The screening capability demonstrated in this work is made
possible by the combined ability of the biosensor structure to
produce a highly localized shift in reflected wavelength at the site
of cell attachment, and the ability of the imaging detection instrument to scan a large sensor surface area with sufficient resolution
to monitor the attachment/detachment of individual cells. As
the biosensor is incorporated into a 96-well format (as opposed
to a microfluidic channel) the cells are maintained within their
culture environment, where they remain viable for repeated measurements that may extend over the course of several days. The
cell attachment images are useful for direct visualization of
cell behavior and also readily translated to a simple cell count.
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.
Using the biosensor assay, we were able to rapidly differentiate and classify the effects of several plant extracts upon cancer
cells with previously unknown function. A broad continuum of

In this work, a label-free photonic crystal biosensor incorporated into a standard 96-well microplate format in conjunction
with a high resolution imaging detection instrument is used
to study the effects of a small library of chemical compounds derived from plant extracts with unknown function upon
MCF-7 human breast cancer cells. The assay provides rapid
images of the density distribution of cells attached to the sensor surface and quantitative determination of cell count and
rate of proliferation/death. The assay was used to differentiate
plant extracts that either enhance the rate of cell proliferation
relative to a negative control or that result in cytotoxicity relative to a positive control. Because the method does not use
labels or stains, the same population of cells can be measured multiple times without removing them from their culture
environment. The system has resolution for detection of individual cells, and yet can gather statistics on large populations
of cells. The method is broadly applicable for screening the
interaction of many cell types with exposure to potential drug
compounds to determine their effect upon proliferation and/or
cytotoxicity.
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