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! Department of Materials, Imperial College London, Exhibition Road,
London, SW7 2AZ, UK
2 Biomedical Sciences and Detection Departments of Dstl, Porton Down, Salisbury,
Wiltshire, SP4 0JQ, UK

A Raman spectroscopy cell-based biosensor has been proposed for rapid detection of toxic
agents, identification of the type of toxin and prediction of the concentration used. This
technology allows the monitoring of the biochemical properties of living cells over long periods
of time by measuring the Raman spectra of the cells non-invasively, rapidly and without
use of labels (Notingher et al. 2004 doi:10.1016/j.bios.2004.04.008). Here we show that this
technology can be used to distinguish between changes induced in A549 lung cells by the
toxin ricin and the chemical warfare agent sulphur mustard. A multivariate model based on
principal component analysis (PCA) and linear discriminant analysis (LDA) was used for the
analysis of the Raman spectra of the cells. The leave-one-out cross-validation of the PCA—
LDA model showed that the damaged cells can be detected with high sensitivity (98.9%) and
high specificity (87.7%). High accuracy in identifying the toxic agent was also found: 88.6%
for sulphur mustard and 71.4% for ricin. The prediction errors were observed mostly for the
ricin treated cells and the cells exposed to the lower concentration of sulphur mustard, as they
induced similar biochemical changes, as indicated by cytotoxicity assays. The concentrations
of sulphur mustard used were also identified with high accuracy: 93% for 200 uM and 500 uM,
and 100% for 1000 uM. Thus, biological Raman microspectroscopy and PCA-LDA analysis
not only distinguishes between viable and damaged cells, but can also discriminate between
toxic challenges based on the cellular biochemical and structural changes induced by these
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agents and the eventual mode of cell death.
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1. INTRODUCTION

The increased threat of bio-terrorism during the last few
years has led to an increased demand for systems able
to detect and identify chemical and biological warfare
agents and other toxic chemicals. In response to this
demand, much effort has been focused on developing
biosensors that have the potential to respond to a
diverse range of toxic chemicals and biological toxins
at relevant concentrations and in real-time. The use of
living cells as the sensor elements in such systems is one
approach that has undergone significant developments
during the last decade with single cells, layers of conflu-
ent cells, networks and arrays of living cells being used
for proof of principle studies or being incorporated into
prototype devices (see recent reviews by Pancrazio et al.
(1999) and Ziegler (2000)). The potential advantage of
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such cell-based systems over other types of biosensors,
such as molecular, antibody-biosensors for example, is
that they are not engineered to respond specifically
to a single toxic agent but are free to react to many
biologically active compounds.

Of critical importance for such cell-based biosensors
is the use of an appropriate method for interrogation
of the cellular sensor. Changes in cell behaviour, cell-
cell and cell-substrate contact, metabolism or induction
of cell death following exposure of the cells to toxic
agents can be measured and used to detect the presence
of the toxic agents. For example, variations in the
intensity of the intrinsic light emitted by biolumines-
cent bacteria can be used to detect toxic chemicals
such as polycyclic aromatic hydrocarbons and phenols
(Lee et al. 2003; Kim et al. 2003). Fluorescent labels
have been developed to monitor cellular functions and
various technologies have been implemented for high-
throughput screening (Fernandes et al. 1998). Neuro-
toxic chemicals can be detected by monitoring active

© 2004 The Royal Society
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neuronal networks using microelectrode arrays (Gross
et al. 1992, 1995; Potter & DeMarse 2001; Chiappalone
et al. 2003; Pancrazio et al. 2004). Changes in the
spontaneous electric activity, such as burst duration and
frequency, can be measured when neurons (Chiappalone
et al. 2003; Pancrazio et al. 2004) are exposed to
various neuroactive drugs and toxins. The extracellu-
lar potential of other electrically active cells, such as
osteoblasts, can also be measured and related to the
presence of various toxic agents (Yang et al. 2003).
Research from other groups has reported the use of
microelectronic pH sensors to monitor the acidity of
culture media in the vicinity of living cells (Lorenzelli
et al. 2003). Cells exposed to toxins known to inhibit
membrane ionic pumps show small decreases in the pH
which can be detected using integrated microelectronics
(Lorenzelli et al. 2003). Changes in the pH caused by
exposure of bacteria engineered genetically to express
various enzymes have also been used for the detection of
organophosphate toxins, such as nerve agents (Rainina
et al. 1996). Confluent layers of endothelial cells grown
on ion-selective membranes were able to detect various
concentrations of histamine in the culture medium due
to increased permeability caused by cell-cell contact
alteration and the formation of gaps (May et al. 2004).
Impedance measurements of cellular arrays have been
used to determine the behaviour of various cell types,
such as fibroblasts (Giaever & Keese 1993) and endo-
thelial cells (Tiruppathi et al. 1992).

The main disadvantage of the above techniques is
their inability to discriminate between diverse toxic
agents. However, whilst information regarding general
toxicity may be useful for classification of a poten-
tial agent, identification and quantification are also
desirable. With the possible exception of the neuronal
network type systems, it has proved difficult to identify
and quantify different toxic agents with many of these
approaches because the interrogation of the cellular
component results in a readout with limited biological
information, and thus results in similar changes in
the detected signal for many different toxic agents.
Furthermore, many of these techniques require invasive
methods of cell sampling, complex cellular modifica-
tions or use cell types that are difficult to establish in
reliable cell-lines. In a recent paper, we reported for the
first time the use of Raman microspectroscopy as a non-
invasive, label-free tool to monitor lung-derived cells
exposed to a toxic chemical (Notingher et al. 2004a).
Spectral changes related to proteins, DNA and lipids
were identified and quantified by measuring the area
of Raman peaks corresponding to these biopolymers.
The Raman spectrum of a cell therefore represents an
information rich ‘fingerprint’ of the overall biochemical
composition of the cell; thus, different toxic agents
that initiate different cellular responses and biochemical
changes should produce distinct changes in the Raman
spectra. Therefore, we hypothesized that this technique
might have the potential to discriminate between vari-
ous toxic agents and their concentrations by following
the time-dependent spectral changes induced.

The univariate methods used for the analysis of the
Raman spectra, such as calculation of certain peak areas
using peak fitting routines, are gross methods since the
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Raman spectra of living cells consist of complex bands
formed by overlapping peaks corresponding to differ-
ent chemical species. Therefore, various assumptions
regarding peak position, width and shape have to be
made for the analysis. Multivariate statistical methods,
however, such as principal component analysis (PCA)
and linear discriminant analysis (LDA), are superior
tools for analysing Raman spectra of biological samples,
as no such a priori assumptions are required. PCA and
LDA have been successfully used for the discrimina-
tion of various cancerous tissues (Stone et al. 2000,
2002; Nijssen et al. 2002; Hakka et al. 2002; Shafer-
Peltier et al. 2002a; Koljenovic et al. 2002; Kendall
et al. 2003; Crow et al. 2003; Smith et al. 2003),
identification of micro-organisms (Maquelin et al. 2000,
2003; Choo-Smith et al. 2001) and chemical imaging
of tissues (Nijssen et al. 2002; Shafer-Peltier et al.
2002a,b; Kneipp et al. 2003). Similar methods have also
been used to study individual living cells, such as the
monitoring of differentiation of embryonic stem cells
(Notingher et al. 2004b) and the discrimination of bone
cell phenotypes (Notingher et al. 2004¢). PCA and LDA
methods have also been used in conjunction with other
types of cell-based biosensors, such as monitoring the
collective behaviour of neurons (Takahashi 1996).

In this paper we investigate the capability of Raman
microspectroscopy to discriminate between the cellular
effects of ricin and sulphur mustard, two toxic agents of
bioterrorism and chemical warfare (CW) significance.
Ricin, a potent and potentially lethal ribosome inac-
tivating protein isolated from the seeds of the castor
bean plant (Ricinus communis), was infamously impli-
cated in the assassination, in London, of the Bulgarian
exile Georgi Markov in 1978. Sulphur mustard was
first used in WW1 and more recently in the 1980-
88 Iran Iraq war and is still a CW agent of concern.
Sulphur mustard is a potent bifunctional alkylating
agent that causes debilitating chemical burns to the
skin, eyes and respiratory tract. Raman spectra of type
IT pneumocyte-like cells (A549 cell line) exposed to ricin
or to sulphur mustard at various concentrations were
acquired and subsequently analysed using the PCA—
LDA methods. The prediction accuracy of this biosen-
sor for the identification of the challenge agent and
estimation of the concentration used has been assessed
using the leave-one-out, cross-validation method of the
PCA-LDA model that we built.

2. MATERIALS AND METHODS
2.1. Cell culture

The human alveolar epithelial cell line A549 was
obtained from the European Collection of Animal
Cell Cultures (ECACC, Porton Down, UK; ECACC
No. 86012804). Cells were grown in foetal calf serum-
containing media and were passaged as recommended
by ECACC. For Raman spectroscopy measurements,
cells were plated onto 12mm MgF5 discs in six well
tissue culture plates at 200000 cells/well and allowed
to adhere and grow for 48-72h prior to measurements
being taken. For cytotoxicity and viability staining, cells
were plated in 96 or 24 well plates respectively, at 20 000


http://rsif.royalsocietypublishing.org/

Interface

OF

THE ROYAL

JOURNAL
SOCIETY

Interface

OF

THE ROYAL

JOURNAL
SOCIETY

Interface

OF

THE ROYAL

JOURNAL
SOCIETY

Downloaded from rsif.royalsocietypublishing.org

Discrimination between ricin and sulphur mustard toxicity 1. Notingher and others 81

and 80000 cells/well respectively, and allowed to adhere
and grow for 48 h prior to exposure to the toxic agent.

2.2. Toxic challenges

Ricin (from Ricinus communis wvar. zanzibariensis
which was isolated and purified to give a single band
by polyacrylamide gel electrophoresis at Dstl, Porton
Down) was stored at —20 °C in aliquots at 1 mgml~*
in phosphate-buffer saline (PBS). For use, ricin was
diluted into a serum-free culture medium and cells were
exposed to the indicated concentrations for 24 h.
Sulphur mustard (Dstl, Porton Down) was stored
at 4°C as a hexane solution at 100 mgml~—'. For use,
sulphur mustard was diluted first into isopropyl alco-
hol to give a 100mM solution and subsequently into
Dulbecco’s PBS (with Ca?T and Mg?T). Cells were
exposed to 0.5-1000 pM sulphur mustard as indicated in
Dulbecco’s PBS for 1h at 37 °C. This exposure medium
was subsequently replaced with a fresh culture medium
and the cells were returned to the incubator for 24 h.

2.3. Cytotoxicity and viability staining

Cell viability was measured using 3,[4,5-dimethyl-
thiazol-2-yl]-2,5-diphenyltetrazolium bromide (MTT).
MTT was added to the cells to give a final concentration
of 0.3mgml~!. After incubation at 37°C for 2h the
medium was removed and the blue formazan precipitate
was dissolved in dimethylsulphoxide. The absorbance at
540nm was used as a measure of cell viability.

For viability staining, control and treated cultures
were incubated with 5pgml~! Hoechst 33258 for 30
min at 37°C followed by 5pgml~! fluorescein diac-
etate (FDA) and 5pgml~! propidium iodide for 2-
5min. Prior to observation, cells were washed with a
HEPES-buffered balanced salt solution (HBBSS) of the
following composition (mM): NaCl, 135; KCl, 5; CaCla,
2; MgCly, 1; NaHCOs3, 5; HEPES, 5; and D-glucose,
10; pH 7.4 with NaOH. Annexin V staining was carried
out using Alexafluor-488-labelled annexin V (Molecu-
lar Probes). Cells were first incubated with 5ugml™!
Hoechst 33258 in culture medium for 30 min at 37 °C.
The cells were then washed in HBBSS and then exposed
to a staining solution containing Alexafluor-488 labelled
annexin V (1:20 dilution of the supplied stock) and
5ugml~! propidium iodide in HBBSS. Images were
acquired using a digital camera (Sony DSC S75) and
Zeiss Axiovert 25 and appropriate fluorescence filters
to achieve separation of the fluorescent signals.

2.4. Raman spectroscopic measurements

Cells cultured onto 12 mm MgF'5 substrates were placed
in an Attofluor cell chamber (Molecular Probes), with a
25 mm MgF5 window as the base, and placed under the
Raman microspectrometer. Cells were maintained in
HBBSS during Raman measurements. Raman spectra
were collected using a Renishaw RM equipped with a
63 x 0.9NA water immersion objective (Leica) and a
high-power, line-focused NIR laser (Renishaw, 785 nm,
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300mW output) for 120s integration time. MgFy sub-
strates were chosen for their low fluorescence back-
ground and low Raman scattering in the 6001800 cm ~*
region. Previous studies using inductively coupled
plasma (ICP) optical emission spectroscopy and MTT
viability tests showed that MgFs substrates had low sol-
ubility in water solutions. The concentrations of Mg?*
and F~ ions were found to be far below the toxic levels
for primary human osteoblasts (Notingher et al. 2004c).
A 50 pm spectrograph entrance slit and a 12 pixel width
image on the CCD were selected. This gave a spatial
resolution, measured using 1 pm diameter polystyrene
beads, of 4pum and 11 pm in the lateral directions and
7um in the axial direction.

Spectra were obtained centrally over the nucleus of
the cells when visible, or over the estimated geometric
centre of the blebbing cells. The numbers of cells
analysed were: 49 control cells, 21 ricin treated, 15
for 200 and 500puM sulphur mustard treated and 40
for 1000puM sulphur mustard treated. For each cell,
a corresponding substrate background spectrum was
acquired at the same focal position from an adjacent
area of cell-free substrate. Cells were selected for study
based on their morphology by brightfield microscopy
being characteristic of apoptotic cells (ricin treated and
200 pM sulphur mustard treated). Control cells and cells
treated with higher concentrations of sulphur mustard
were chosen with the aid of brightfield microscopy as
being representative of these populations.

Raman spectra of human serum albumin, DNA RNA
and phosphatidylcholine were acquired as described
above from 50-80mgml~! solutions, or in the case of
phosphatidylcholine from undissolved solid immersed in
PBS. All compounds were from Sigma-Aldrich (Dorset,
UK).

2.5. Data analysis

All data analysis was performed using in-house software
written for Matlab® (Mathworks Inc, USA).

2.5.1. Spectra pre-processing. For each cell, the sub-
strate background was subtracted and the fluorescence
baseline was eliminated by subtracting a fifth-order
polynomial fit through the entire spectrum. The PCA—
LDA analysis was performed on the computed sec-
ond derivative of the background corrected spectra
(Savitsky-Golay method, 21 points, second-order poly-
nomial). All second-derivative spectra were normalized
using the standard normal variate method (SNV) in
which, for each spectrum, the mean was set to zero and
the standard deviation was set to one.

2.5.2. Principal component analysis. PCA analysis
finds combinations of variables that describe the major
trends in the data (Wold et al. 1987). This technique
reduces the dimensionality of the measurement matrix
with the goal to represent the data using a smaller
number of factors or principal components (PCs). The
scores of corresponding to each PC were calculated
as the projections of the entire Raman spectra on
the directions defined by the PC loadings. The PCs
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that described the most significant variance between 125
the spectra were retained for the analysis and the PCA
scores were used as input for the LDA model, while the
less significant PCs, describing mostly random noise,
were discarded.

(@)

100 1 T

2.5.8. Linear discriminant analysis. LDA computes Br ]

linear combinations of variables to determine directions
in the spectral space, discriminant functions (LDs),
that maximize the variance between groups and min-
imize the variance within groups according to Fisher’s
criterion (Hair 1998). For the validation of the LDA
model, the leave-one-out cross-validation was used
(Stone 1974). In this method, all spectra except one
were used to build a LDA model and then to classify 0 . . . . . . .
the left out spectrum. This method is repeated so that -15 -14 -13 -12 —-11 -10 -9 -8 -7
each spectrum is predicted once. log,o[Ricin (M)]
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3. RESULTS AND DISCUSSION

. 125 T ! !
3.1. Cytotoxicity )

Ricin caused a marked and potent concentration-
dependent cytotoxicity in A549 cultures with results
from MTT assays indicating a decrease in cell viability
by ~70% following exposure to the highest concen-
tration of ricin for 24h (figure 1). Ricin-induced cell
death was characterized by a gradual contraction of the
cell margins and blebbing of the cells. The staining of
the ricin-treated cultures with the DNA binding dye
Hoechst 33258 revealed extensive condensation of the
nuclear chromatin and morphological fragmentation of
the cellular nuclei, classical indications of apoptotic
cell death (figure 2). Early apoptotic cells retained the
ability to accumulate intracellular fluorescein following 0
incubation with FDA and to exclude the DNA binding -7 -6 -5 —4 -3 -2
dye PI indicating an intact plasma membrane. Late log [sulphur mustard (M)]

apoptotic or necrotic cells did stain with PI and lost

their ability to accumulate fluorescein (figure 2). . Figure 1. Concentration dependence of ricin (a) and sulphur

Sulphur mustard also produced a concentration-  ; tard (b) induced cytotoxicity. The curve in (a) was fitted
dependent cytotoxicity in A549 cells (ﬁgure 1)- The with a four-parameter logistic equation using GraphPad
morphological features of this cytotoxicity depended Prism.

greatly on the concentration of sulphur mustard used.

Immediately after the addition of the 200 pM sulphur

mustard, the majority of the cells had a normal mor-

phology. However, following the 24h incubation in in early morphological changes including rapid lysis
normal culture medium, there was a decrease in the of cells and the appearance of large membrane blebs
cell viability by approximately 50% and the number  that were evident at the end of the exposure period.
of condensed and blebbing cells increased (figures 3 ~ This morphology was remarkably stable over the 24h
and 4). Many of these cells stained with FDA, contained  incubation following the 1h exposure. Figure 4 shows
condensed fragmented nuclear chromatin and excluded that the treated cells stained strongly with alexafluor-
PI suggesting an apoptotic cell death. Additionally,  488-annexin V and with PI, indicating compromised
these cells also stained positively for externalized phos-  plasma membranes and thus free access of the dyes in
phatidylserine, a marker of early apoptosis (figure 4). At  internal membranes.

500 pM, sulphur mustard induced rounding of the A549
cells, with many cells detaching from the substrate.
Following wash-off of the sulphur mustard and 24h
incubation in complete culture medium, these cells still The pre-processed averaged Raman spectra of healthy

100 1

75
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25

-@- vehicle
-O- sulphur mustard

viability (% of control MTT conversion)
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Interface
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‘zf %‘E appeared abnormal and rounded (figure 4). However, A549 cells and A549 cells treated with ricin and sulphur
%5 iS many of these cells remained viable according to their mustard are presented in figure 5. All Raman spectra
Q| E3 ability to accumulate FDA and exclude PI (data not showed features similar to the Raman spectra of A549

shown). Treatment of the A549 cells with the highest  (Notingher et al. 2003; Verrier et al. 2004) and other cell
concentration of sulphur mustard, 1000 uM, resulted types (Puppels et al. 1990; Uzunbajakava et al. 2003a,b;

J. R. Soc. Interface (2004)
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83

Hoechst 33258

fluorescein

.

™

propidium iodide

Figure 2. Viability staining of control (a) and ricin-treated (b) A549 cells. Cells were stained with FDA, PI and Hoechst
33258 as described in the methods. Phase contrast and fluorescence images are all of the same field of view. (Scale bar =

30 pm.)

Krafft et al. 2003; Notingher et al. 2004a—c) reported
previously. Contributions corresponding to all major
cellular biopolymers, i.e. proteins, DNA, RNA, lipids
and carbohydrates, can be identified (Tu 1982; Gremlich
and Yan 2001), as summarized in table 1 (see also fig-
ure 6). Proteins have strong Raman peaks at 1660 cm !
(Amide 1), 1200-1300cm~! (Amide III), 1005cm~*
(phenylalanine) and 1449 cm~! (C-H vibrations). The

J. R. Soc. Interface (2004)

main Raman peaks of nucleic acids correspond to
the phosphate-sugar backbone vibrations, such as
the 1095cm~! (phosphodioxy group PO;), 788 cm™!
(C;-O-P-O-Cf phosphodiester bonds in DNA) and
813cm~! (CL-O-P-O-C% phosphodiester bonds in
RNA) and to the nuclear bases, such as 782cm~!
(thymine, cytosine and uracil) and 1578 cm~! (guanine
and adenine). Lipids have strong Raman peaks at
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e %Ay
Hoechst 33258

propidium iodide

Figure 3. Viability staining of control (a) and 200 uM sulphur mustard-treated (b) A549 cells. Cells were stained with FDA,
PI and Hoechst 33258 as described in the methods. Phase contrast and fluorescence images are all of the same field of view.

(Scale bar = 50 pm.)

1449cm~1, 1301 em™! (C-H vibrations) and 1660 cm ™!
(C=C stretching). A strong peak at 719cm~! can
also be observed, which corresponds to the C-C-N+
symmetric stretching in phosphatidylcholine, one of the
major constituents of cellular membranes.

The averaged difference spectra between the Raman
spectra of healthy A549 cells and the Ab549 cells
subjected to toxic challenges are shown in figure 6,

J. R. Soc. Interface (2004)

alongside the Raman spectra of pure DNA, RNA,
human serum albumin and phosphatidylcholine. The
difference Raman spectra suggest that there are sim-
ilarities between the spectral changes of A549 cells
treated with ricin and the lower concentrations of
sulphur mustard (200-500uM) compared to high con-
centrations of sulphur mustard (1000 pM). Since the two
cell death mechanisms (apoptosis and necrosis) involve
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5 1]
g
NG

-

Figure 4. Phase contrast and fluorescence (Annexin V, Hoechst 33258 and propidium iodide) micrographs of A549 cells
exposed to sulphur mustard. Cells were exposed to the indicated concentration of sulphur mustard as described in the
methods. Micrographs were taken 24 h after exposure. Fluorescence images are composites of three pseudocoloured images
of Annexin V (green), Hoechst 33258 (blue) and propidium iodide (red). Images were pseudocoloured and combined using

Adobe Photoshop. (Scale bar = 50 pm.)

different biochemical processes, the measured spectral
changes can be used as discriminating signatures for
the two toxic agents and may also be used to determine
the concentration of the toxic agents. The A549 cells
undergoing apoptosis showed a relative decrease in
the Raman peaks corresponding to DNA (782cm™!

J. R. Soc. Interface (2004)

and 788cm~!, DNA) and proteins (1005cm~!, HSA),
and an increase in the Raman peaks corresponding
to lipids (1301em™!, 1449cm™', 1660cm™') (peaks
marked by #* in figure 6). In comparison, the necrotic
A549 cells treated with the highest concentration of
sulphur mustard showed no apparent changes in the
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Figure 5. Averaged Raman spectra of A549 cells: (a) control,
treated with 10 nM ricin and treated with 500 pM sulphur
mustard; (b) exposed to sulphur mustard at various con-
centrations. (Spectra have been base-line corrected, SNV
normalized and shifted vertically for clarity).

Raman peaks corresponding to DNA and lipids but a
decrease in the peaks corresponding to RNA (782 and
813cm~!, RNA), and an increase in the protein peaks
(1005) (peaks marked by + in figure 6).

The spectral changes observed in the Raman spectra
of A549 cells subjected to toxic challenges can be
correlated to intracellular biochemical changes. In apop-
totic cells major changes in the structure, packaging
and integrity of nuclear DNA occur as do changes in
cytoplasmic biochemistry and cell volume, yet cellular
membranes including the plasma membrane can remain
intact for prolonged periods (see figure 2). These fea-
tures of apoptosis could therefore be responsible for the
observed relative decrease in the concentrations of DNA
and proteins with respect to the lipid concentration.
However, the changes related to the peaks of lipids
and proteins in the Raman spectra of necrotic cells
are more difficult to explain. Necrotic cells would be
expected to lose cytoplasmic protein upon plasma mem-
brane lysis; indeed, this effect has been observed using
Raman spectroscopy in Triton-X-100-lysed A549 cells
(Green, Dyer and Perkins, unpublished observations).

J. R. Soc. Interface (2004)

The reason why these changes were not observed may
be due to the ability of sulphur mustard, a bifunctional
alkylating agent, to cross-link proteins thus potentially
‘fixing’ the cells. It is also important to note here
that, as a consequence of the normalization methods
used, changes in absolute concentrations of cellular
constituents within the sampling volume are lost and
the changes reported are relative changes in the cellular
composition.

Although the interpretation of the spectral changes
observed in figure 6 is not straightforward, these
changes might be sufficient to detect, identify and to
estimate the concentration of a toxic agent. To test
this hypothesis, PCA-LDA analysis was applied to the
data. The first step for the discrimination analysis was
to determine the most relevant principal components in
the PCA analysis of the Raman spectra of all cells, prior
to data compression and input for the LDA analysis.
Only the first six PCs were retained for the LDA
analysis (captured 39.63% of the variance between the
mean-centred spectra of all cells), since the loadings of
the higher-order PCs had low signal-to-noise ratios.

The following scheme was adopted for determining
the capability of the biological Raman spectroscopy and
PCA-LDA model to discriminate between ricin and sul-
phur mustard treated cells, and to discriminate between
various sulphur mustard concentrations. The first step
was the discrimination of damaged cells from healthy
cells, which is achieved by determining the discriminant
function LD1; the next step was to discriminate between
ricin and sulphur mustard (LD2) using all cells known
to be damaged. Lastly, the cells challenged by sulphur
mustard were further analysed to predict the concen-
tration used (LD3 and LD4). The results of the leave-
one-out, cross-validation method used in conjunction
with this scheme are shown in table 2 and graphical
representations of the relationships between the linear
discriminant functions are shown in figure 7.

Figure 7a presents the PCA-LDA scores correspond-
ing to LD1 and LD2 of all the A549 cells analysed.
The formation of three analytical clusters is observed,
corresponding to healthy A549 cells, ricin-treated A549
cells and sulphur-mustard-treated A549 cells. While
the cluster of the healthy A549 cells is well separated
(except for five cells), some overlapping between the
cells treated with ricin and low concentrations of sul-
phur mustard can be observed. The PCA-LDA scores
corresponding to LD3 and LD4 for the discrimination
between the effects of different concentrations of sulphur
mustard on the A549 cells are presented in figure 7b.
The analytical clusters corresponding to all treatment
groups are well separated, except two cells treated
with 200 uM sulphur mustard being close to the cluster
corresponding to the A549 cells treated with 1000 pM
sulphur mustard.

The high discrimination power of the Raman spec-
troscopy combined with the PCA-LDA method sug-
gested by the distinctive analytical clusters observed
in the LD1 versus LD2 and LD3 versus LD4 plots (fig-
ure 7a and b) can be tested using the well-established
method of leave-one-out cross-validation (Stone 1974).
The results of the cross-validation analysis are sum-
marized in table 2. The first discriminating function
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Table 1. Peak assignment of the Raman spectra of A549 cells.

m Assignment
U Peak (cm™') DNA/RNA Proteins Lipids Carbohydrates
G 1736 C=0 ester
* 1680-1655 Amide I C=C str.
. 1617 C=C Tyr, Trp
w 1607 C=C Phe, Tyr
1578 G, A
wd 1480-1420 G, A, CH def CH def CH def CH def
: 1342 A, G CH def CH def
1320 G CH def
— 1301 CH twist
2=, 1284-1220 T, A Amide TIT —CH bend
Z.05 1209 C-CgHs str. Phe, Trp
8 T ;g 1176 C-H bend Tyr
Sl EE 1158 C-C/C-N str.
1128 C-N str. C-O str.
1095-1060 PO, str. Chain C-C str. C-0, C-C str.
1033 C—-H in-plane Phe
1005 Sym. ring br. Phe
980 C—C BK str. B-sheet =CH bend
937 C-C BK str. a-helix C-0-C glycos.
877 C-C-NT sym. str. C-O-C ring
854 Ring br. Tyr
w 828 O-P-0O asym.str. Ring br. Tyr
u 811 O-P-0 str. RNA
788 O-P-0 str. DNA
G 782 U,C,T ring br.
h 760 Ring br. Trp
L 729 A
717 CN*(CHz3)s3 str.
) o T
H 645 C-C twist Tyr
: 621 C-C twist Phe
]
2=
Z Ei 8 T T T T T T
% g E £ \ * * * c-ricin
Q 2 6 W"J\WW\’ i
c-sm 200
4 MMWMN/W\N -
c-sm 500
-~ 2 WMMWMMW g
§ + * + + c-sm 1000
£ 0 WWWH\/’“\ ]
S *
> %k
w2 MM/\’\/\_/W DNA b
=] +
3
g
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Figure 6. Differences between Raman spectra of control A549 cells and A549 cells treated with 10 nM ricin, 200 pM, 500 uM
or 1000 pM sulphur mustard compared to the reference Raman spectra of DNA, RNA, human serum albumin (HAS) and
phosphatidylcholine (PHC). * spectral changes associated to apoptosis; +, spectral changes associated to necrosis. (Spectra
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Table 2. Classification accuracy of the PCA-LDA model by the leave-one-out, cross-validation method (note that the
sulphur-mustard-treated cells predicted as ricin-treated cells (total of eight): six were 200 uM, two were 500 uM).

Classification
Sulphur Sulphur Sulphur
Sulphur mustard mustard mustard Total cell Correct

True class Healthy Damaged Ricin mustard 200pM  500uM 1000 puM  number class (%)
Healthy 43 6 49 87.7
Damaged 1 90 91 98.9
Ricin 15 6 21 71.4
Sulphur mustard 8 62 70 88.6
Sulphur mustard 200 pM 14 1 0 15 93.3
Sulphur mustard 500 pM 1 14 0 15 93.3
Sulphur mustard 1000 pM 0 0 40 40 100
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Figure 7. PCA-LDA scores of: (a) control A549 cells and all
A549 cells treated with ricin (10nM) and sulphur mustard
for 24 h; (b) A549 cells treated with various 200 uM, 500 uM
and 1000 pM sulphur mustard.

LD1 showed that the damaged cells can be detected
with 98.9% sensitivity (90 out of 91 damaged cells) and
87.7% specificity (43 out of 49 healthy cells). The second
test for identification of the toxic agent used (LD2)
showed that 88.6% of the cells treated with sulphur

J. R. Soc. Interface (2004)

mustard and 71.4% of the cells treated with ricin were
correctly classified. From the total of eight A549 cells
incorrectly predicted as being exposed to ricin, six were
treated with 200 uM and two with 500 uM. These errors
in the prediction of the toxic agent used are most
probably due to the fact that ricin and sulphur mustard
at low concentrations induced similar apoptotic changes
in the A549 cells (see figure 4) and similar changes
in Raman spectra (figure 6). However, we have only
examined a single time point in these studies and the
possibility of examining time-dependent changes with
Raman spectroscopy (Notingher et al. 2004a) could
lead to better discrimination between agents which have
similar apoptotic or necrotic endpoints. Discriminant
functions LD3 and LD4 showed that the concentra-
tions of sulphur mustard could be predicted with high
accuracy; the percentage of cells classified correctly was
93.3% for the 200puM and 500puM and 100% for the
1000 uM concentrations. The high prediction accuracy
(100% sensitivity) achieved for the A549 cells exposed
to the highest concentration of sulphur mustard is
because sulphur mustard at 1000 uM induced very dif-
ferent spectral changes (figure 6) due to the induction of
necrotic type cell death rather than apoptosis (figures 3
and 4).

4. CONCLUSIONS

This study shows that application of Raman microspec-
troscopy to the study of living cells is an effective
non-invasive, label-free, sampling method which, when
combined with multivariate statistical methods of spec-
tral analysis, is able to detect the damage induced
in A549 cells by two highly toxic agents, ricin and
sulphur mustard. The leave-one-out cross-validation of
the PCA-LDA analysis showed that damaged cells can
be detected with high sensitivity (98.9%) and high
specificity (87.7%). Moreover, this method showed high
accuracy in identifying the nature of the toxic agent,
as 88.6% of the cells treated with sulphur mustard and
71.4% of the cells exposed to ricin were classified cor-
rectly. The similarity between the spectroscopic changes
caused by cellular modifications induced by ricin and
sulphur mustard at low concentrations (200uM) were
responsible for most of the prediction errors. The poten-
tial of the Raman microspectroscopy to discriminate
between concentration-dependent effects of sulphur
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mustard on A549 cells was also demonstrated, as dif-
ferent cell-death mechanisms were observed: 200 puM
and 500 uM sulphur mustard induced apoptosis, while
at 1000 uM necrosis was observed. The two cell-death
mechanisms also induced distinct changes in the Raman
spectra of A549 cells, as indicated by the computed
difference spectra. The A549 cells exposed to sulphur
mustard in the 200-1000 pM range were correctly iden-
tified with a precision higher that 90% (93% for 200 uM
and 500 uM, and 100% for 1000 uM).

The main advantage of this technology is that it
allows the monitoring of the biochemical properties
of the same cells over long periods of time since no
labels, cellular modifications or invasive methods are
required to obtain the Raman spectra of the cells
(Notinger et al. 2004a). This technology could also be
applied to other cellular studies, such as interactions
between cells and drugs, toxic chemicals, substrate
materials or early detection of cancerous/abnormal
cells in explants or in wvitro studies. Future work will
establish spectral signatures of other toxic agents, such
as organophosphate pesticides, nerve agents and other
toxins of bioterrorism and CW relevance, to further
characterize the discriminant power of this approach
and to provide data that could be used subsequently
for the detection, identification and quantification of
a large range of toxic agents. Moreover, time course
experiments will be carried out because spectroscopic
monitoring of cells during the early stages of exposure
to toxic agents may increase the discrimination power of
this technique. Early time-dependent cellular responses
are more likely to depend on the type and concentration
of the toxic agent than the final cell death mechanism,
apoptosis or necrosis.
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