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Abstract. Confocal Raman microscopy is a noninvasive, label-free imaging technique used to study apoptosis of
live MCF-7 cells. The images are based on Raman spectra of cells components, and their apoptosis is monitored
through diffusion of cytochrome c in cytoplasm. K-mean clustering is used to identify mitochondria in cells, and
correlation analysis provides the cytochrome c distribution inside the cells. Our results demonstrate that incubation
of cells for 3 h with 10 uM of paclitaxel does not induce apoptosis in MCF-7 cells. On the contrary, incubation for
30 min at a higher concentration (100 uM) of paclitaxel induces gradual release of the cytochrome c into the cyto-
plasm, indicating cell apoptosis via a caspase independent pathway. © 2013 Society of Photo-Optical Instrumentation Engineers
(SPIE) [DOI: 10.1117/1.JBO.18.5.056010]
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1 Introduction removal of unwanted cells. Mitochondria play a crucial role
in regulating cell death."'® The proteases, known as caspases,
are activated through extrinsic and/or intrinsic pathways. The
extrinsic pathway is activated by cell surface death receptors,
while the intrinsic pathway is initiated by the formation of
the cytosolic apoptosome composed of Apaf-1, procaspase 9,
and the cytochrome c¢ released from mitochondria.'® We used
confocal Raman microscopy to monitor the paclitaxel, mito-
chondria, and cytochrome ¢ within cells. The presence of cyto-
chrome ¢ outside of mitochondria would indicate the start of
apoptosis via a mitochondrial apoptosis pathway independent
of the caspase 8/t-Bid pathway.”

A common method for monitoring the distribution of drugs in
fixed and live cells is fluorescent 1abe1ing.1 However, low con-
trast and photobleaching often impede fluorescence imaging,
and the introduction of fluorescent labels may change the mol-
ecule’s biochemical properties. Confocal Raman microscopy is
a powerful and unique tool for cell imaging and protein confor-
mation imaging.>® The Raman spectra of cells contain the
fingerprints of all molecules present, so they are very complex.
Individual cells’ Raman spectra *° and the localization of intra-
cellular nanoparticles®® have been reported previously. High
spatial resolution and a unique compositional sensitivity are
the main advantages of confocal Raman microscopy over other

spectroscopic methods.! A drug’s Raman signature enables its 2 Materials and Methods
detection in the cell without the need for labeling. A cell’s
biochemical composition in the laser spot volume can be 2.1 Cell Culture

recorded as its Raman spectra. Moreover, multivariate methods
of analysis can be applied to enhance the relatively small spec-
tral contrast between cellular components.’

Paclitaxel has been greatly used in medicine and as a
pro-apoptotic drug'>!® in cell biology research. Paclitaxel
(C47H5,NO, 4, molecular weight'* 835 Da) is categorized as a ) ¢ ! : '
microtubule-stabilizing agent.'* By binding to a second site, a mﬁ?dlum containing 7 mL (_)f Dulbecco’s Modified Eagle’s
the paclitaxel molecule can form a groove between a-tubulin Medium (DMEM; .T}}ermo Fisher, Strasbourg, F_rzlmce): ,20,%
and f-tubulin monomers.!” FBS, and 1% antibiotics (Streptomycin 100 ggml™" penicillin,

Apoptosis (programmed cell death) is a cellular self-destruction 109 Uml™) at 37°C anq 5% CO,. Cells were cultivated on to
mechanism that is essential for a variety of biological events, polished calcium fluoride (CaF,) substrates (Crystran Ltd,
such as developmental sculpturing, tissue homeostasis, and Dorset, UK.) - After 24 h, the gells adhered on the CaF, subsFrgte.

Cells were incubated for 3 h in a solution of DMEM containing
paclitaxel and rinsed with PBS before being transferred under
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The MCEF-7 cell line, first derived from a metastatic breast
cancer patient in 1970, was the first cancer cell line capable
of living longer than a few months and has become a standard
model in cancer research laboratories.”! MCF-7 cells were
grown in 75-cm? culture flasks (VWR, Strasbourg, France) in
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2.2 Raman Data Acquisition

Raman spectra were collected using a Witec Confocal Raman
Microscope System alpha 300R (Witec Inc., Ulm, Germany).
Excitation in the confocal Raman microscopy is assured by a
frequency doubled Nd:YAG laser (Newport, Evry, France) at
a wavelength of 532 nm. The incident laser beam was focused
on to the sample through a 60x NIKON water immersion objec-
tive with a numerical aperture of 1.0 and a working distance of
2.8 mm (Nikon, Tokyo, Japan). Then Raman backscattered radi-
ation mixed with Rayleigh scattered light was passed through an
edge filter to block the Rayleigh scattering. The acquisition time
of a single spectrum was set to 0.5 s. A piezoelectric table was
used to record 150 X 150 points per image, leading to a total of
22,500 spectra for one image, each spectrum corresponding to a
spatial unit defined as a voxel. Data acquisition was performed
using Image Plus software from Witec.

2.3 Data Analysis

Data analysis was based on three methods. The first method pro-
vides integrated Raman intensities in specific regions, in particu-
lar the CH stretching mode. Data processing was performed
using Image Plus software from Witec. Each image regarding

these integrated intensities could provide a map of the region.
Using a lookup table, bright yellow hues indicated the highest
intensities, while orange hues indicated the lowest integrated
intensities of the chosen region.

The second method is K-mean cluster analysis (KMCA). K-
mean clustering partitions data into k mutually exclusive clus-
ters. It treats each observation in the data set as an object having
a location in space. It finds a partition in which objects within
each cluster are as close to each other as possible and as far from
objects in other clusters as possible. KMCA was realized using
the Witec Project Plus (Ulm, Germany) software.

As a third analysis method, the spectral correlation matrix
was calculated’ to find the most similar spectrum to the refer-
ence spectrum of paclitaxel. To quantify the similarity, as a
distance, the Pearson’s correlation coefficient was calculated
for each pair of spectra, given by

(=X 0= )
VL (= X7 (= 0

=

D

where N is the number of points within the spectrum, x; and y;
are the individual points, and X and Y are the mean value of each
spectrum. The value of r can vary between —1 and 1, and thus it

-

Fig. 1 (a) Bright-field microscopic image of a MCF-7 cell in buffer solution, 60x objective. (b) Integrated Raman intensities in the region of 2800 to
3000 cm™ of the cell, collected at a dwell time of 0.5 s/point and a point spacing of around 300 nm. Bright yellow and dark hues indicate the highest

and lowest integrated CH stretching intensities, respectively.

Intensity (Arbitrary Units)

m Raman peak cm™! Assignment
1 325 C-H out of plane / C-C=0 deformation
2 850
3 887 C-H in plane deformation
4 1006
5 1054 C-O stretching
6 1088
7 1135
8 1281 C-N stretching
9 1298
L 10 1460 (1428) CH3 deformation
11 1609 C-C stretching
12 1654
13 1738 C=O0 stretching
14 2887 CH3 / C-H stretching
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Fig. 2 Predominant bands in the Raman spectra of a clinical paclitaxel solution from Teva Ind. and the assignment of relevant peaks.
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Fig. 3 Predominant bands in the Raman spectra of (solid line) cyto-
plasm and (dashed line) mitochondria in cell.
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Fig. 4 Predominant bands in the Raman spectra of cytochrome c.

can be expressed as a percentage ranging from —100 (no cor-
relation) to 100% (the perfect match). From these values, a
pseudo color map can be constructed reflecting the quantified
similarities. All correlation calculations were performed with
a homemade code written in MatLab (Math Works Inc.,
Natick, Massachusetts).

2.4 Paclitaxel

In our experiments, paclitaxel (Taxol, Teva Pharmaceutical Ind.,
Tel Aviv, Israel) was added to a cell culture medium in two con-
centrations: 9.7 ugml~' which is equivalent to the clinically
used amount of paclitaxel, and a higher concentration of
100 uM. Cells were incubated for 3 h in the low concentration
of paclitaxel and for 30 min in the high concentration.

2.5 Cytochrome c

Cytochrome ¢ was bought from Sigma-Aldrich (St. Louis,
Missouri). The Raman spectrum of cytochrome ¢ solution in
a reduced state using ascorbic acid was acquired as a reference
spectrum.

3 Results

Figure 1 illustrates the data acquisition and analysis used for the
intracellular detection of paclitaxel. The low contrast in the
bright field image is due to the absence of staining of MCF-
7 living cells in PBS solution, as shown in Fig. 1(a). The
total integrated Raman intensities of the CH stretching mode
in the domain of 2800 to 3000 cm™' provided an image repre-
senting the quantity of proteins, as shown in Fig. 1(b). Bright
yellow hues correspond to high intensities of CH stretching
band inside the cell, while dark hues indicate the lowest inte-
grated intensities of the CH stretching band belonging to
PBS. This image is in good correlation with the bright field opti-
cal image of the MCF-7 cells.

The Raman spectrum of the paclitaxel solution prepared
from taxol was recorded, and the results are shown in Fig. 2.
The assignment of relevant peaks is gathered in the table.

Fig. 5 (a) Correlation map and correlation coefficient between the whole cell image spectra (treated cells for 3 h with 10-uM paclitaxel from Fig. 1) and
that of cytochrome c taken as a reference (spectrum in Fig. 4). The best correlation is obtained for the red spots: the region with more than 50%
correlation between the reference spectrum of the cytochrome ¢ and their spectra in the cells. The region with no correlation to cytochrome c is
due to the PBS buffer (blue region). (b) Mitochondria cluster (gray) was overlapped with the correlation map of cytochrome c. All the positions
corresponding to cytochrome c are covered. The differences between (a) and (b) indicate localization of cytochrome c inside mitochondria.
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The Raman vibrations obtained for the paclitaxel used in our
research are very similar to the spectra previously reported
for functional derivatives of paclitaxel.®

The detailed average spectrum of a cell’s cytoplasm and
mitochondria calculated by KMCA are shown in Fig. 3. The
number of spectra contributing to the average spectra of each
cluster is on the order of thousands. Consequently, the observed

4781 CCD cts

0CCDcts |gepmmi
2739 CCD cts

0 CCD cts
2796 CCD cts

0CCDocts |yl
2760 CCD cts
| 4

signal-to-noise ratio for an average spectrum is very good. The
two arrows indicate specific Raman bands of mitochondria.
Because KMCA enabled us to separate the mitochondria cluster,
the next step was to detect cytochrome c in cells.
cytochrome c acts as a trigger of caspase cascade activation,
and its release from mitochondria is a sign of apoptosis. cyto-
chrome ¢ solution in a reduced state obtained using ascorbic

0CCDects |uegwe

Fig. 6 (a) Bright-field microscopic image of a MCF-7 cell in buffer solution, 60x objective. (b) Overlap of the mitochondria cluster (gray) on the
correlation map of cytochrome c. (cf) Integrated Raman intensities in the region of 2800 to 3000 cm™" of the cells shown in (a). Image (c) was
collected after 30 min of contact with 100-uM paclitaxel, at a total dwell time of 60 min per image. Bright yellow and dark hues indicate the highest
and lowest integrated CH stretching intensities, respectively. The images in the series (c—f) were collected sequentially with the same accumulation
times. (g—j) Correlation map and the correlation coefficient between the whole cell image spectra [cells from (c—f)] and that of cytochrome c taken as a
reference (spectrum in Fig. 4). The best correlation is indicated by the red spots.
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acid was measured as a reference spectrum for the correlation
coefficient map.?*** The Raman spectrum of the reduced cyto-
chrome c is presented in Fig. 4.

As a final step in the eventual detection of apoptosis in cells,
we traced cytochrome ¢ within the cells. Figure 5 illustrates the
correlation coefficient map of cytochrome ¢ obtained by com-
parison of the reference spectrum of cytochrome ¢ and the whole
MCEF-7 cell image spectra after 3 h of treatment with 10-uM
paclitaxel.

In Fig. 5(a), red pixels belong to the most correlated spectra
to the reference spectrum of cytochrome c¢ (correlation coeffi-
cient up to 50%). As discussed before with Fig. 3, KMCA ena-
bles us to position the mitochondria in cells. Mitochondria
clusters in the cell are plotted in gray in Fig. 5(b). When we
superposed these clusters on the cytochrome c¢ correlation
map, we found that the mitochondria cluster covers all the cyto-
chrome ¢ positions in the cell. Comparing Fig. 5(a) and 5(b)
clearly indicates that cytochrome c is localized inside the mito-
chondria of the MCF-7 cells.

Further, we increased the paclitaxel concentration to 100 M,
and its effect on MCF-7 cells after 30 min of incubation was
monitored. Figure 6 illustrates the data acquisition and analysis
used for intracellular detection of cytochrome c. Figure 6(a) is a
bright field image of MCF-7 living cells in PBS solution. The
mitochondria cluster overlapping the correlation map of cyto-
chrome c is shown in Fig. 6(b). The gray cluster of mitochondria
covers most of cytochrome c (red spot). Few red spots are
outside the mitochondria cluster, which presents the start of re-
leasing cytochrome c. The total integrated Raman intensities of
the CH stretching mode in the domain of 2,800 to 3,000 cm™! is
provided in Fig. 6(c)-6(f). The image shown in Fig. 6(c) was
collected after 30 min of contact with the 100-uM paclitaxel.
Then paclitaxel was rinsed with PBS, and a series of Raman
images, shown in Fig. 6(c)-6(f), were collected on the same
cells at a total dwell time of 60 min per image. Bright yellow
hues indicate the highest integrated CH stretching intensity, and
the dark hues indicate the lowest integrated CH stretching inten-
sity. The correlation maps of these series were created as
described before, and each image spectrum was compared to
the reference spectrum of cytochrome ¢ (Fig. 4). A map
shown in Fig. 6(g)-6(j) presents the most correlated points to
reference. The best correlation is indicated by the red spots.
A comparison of Fig. 6(g) with 6(j) demonstrates the gradual
release of cytochrome ¢ from mitochondria.

4 Discussion

A key issue in presenting evidence of cell apoptosis is detecting
the release of cytochrome ¢ by mitochondria. Previous methods
to monitor modifications in cell organelles have involved exten-
sive sample preparation for electron microscopy or staining
mitochondria using fluorescent dyes, but these are rather inva-
sive methods that might disturb the normal cell cycle. Confocal
Raman microscopy enables us to overcome these problems and
provides a noninvasive method to study live cells. The spectral
contrasts between cellular components are relatively small,
because they are very similar in terms of Raman vibrations,
but with appropriate data treatment, it is possible to reveal
very small differences between the various parts of the
cell.>** The Raman reference spectra of mitochondria, cyto-
plasm, and nuclei were previously published.! Also, previous
research has monitored mitochondrial respiration activity in vivo
and in vitro by quantifying the redox states of cytochrome b and
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¢ simultaneously without using any labeling or genetic manipu-
lation.? Other treatments, such as docetaxel in lower concentra-
tions and with longer contact times with cells, have been
studied.?® In this study, we demonstrate the possibility of
detecting apoptosis in cells merely by post-measurement data
analysis, which is a novel method and to best of our knowledge
has not been previously reported. As mentioned before, cyto-
chrome ¢ acts as a trigger of caspase cascade activation, and
its release from mitochondria is a sign of apoptosis. By meas-
uring cytochrome ¢ spectrum as a reference and comparing it
with all other spectra of the Raman image of the cell, we
were able to obtain the correlation coefficient map of cyto-
chrome c. When MCEF-7 cells were in contact for 3 h with pacli-
taxel at a low concentration, no released cytochrome ¢ was
observed, but it was localized within mitochondria. When the
paclitaxel concentration was increased to 100 yM, our Raman
image sequences (recorded with intervals of 60 min) of treated
cells showed evidence of the gradual release of cytochrome ¢
into cytoplasm. The main interest of this study is that it dem-
onstrates the ability of Raman microscopy to go beyond detec-
tion of intracellular drugs. The effect of paclitaxel on MCF-7
cells was successfully imaged by monitoring cytochrome c
release in cytoplasm for several hours.

5 Conclusion

This study demonstrates the ability of confocal Raman micros-
copy to detect apoptosis mediated by cytochrome ¢ release from
mitochondria. A comparison between localization of clusters of
mitochondria and those of cytochrome ¢ within the MCF-7 cells
provides evidence that cytochrome c is inside the mitochondria
after 3 h of incubation with paclitaxel at 9.7 uM (a clinically
used concentration). A higher concentration (100 uM) of pacli-
taxel triggers the release of cytochrome ¢ into the cytoplasm.
Confocal Raman microscopy is a powerful technique for
label-free and noninvasive detection of drugs and monitoring
their diffusion within cells. Moreover, our novel post-measure-
ment data analysis methods enabled the identification of the
drug-induced cell apoptosis as one occurring via a mitochondria
pathway.
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