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Abstract. The single-cell Raman spectra of human Burkitt’s lymphoma cells (CA46) including cells treated with different
doses of paclitaxel and controls without paclitaxel can be detected by confocal micro-Raman spectroscopy. It shows that the
Raman bands at 1094 cm ™! assigned to the symmetric stretching vibration mode of O—P-O in the DNA backbone, 1338 cm™!
and 1578 cm ™! due to adenine and guanine of DNA all decrease in intensity with increasing drug dose. On the contrary, the
intensity of peaks at 1257 em ™! due to characteristic vibration of a-helix of Amide III and 1658 cm™' due to characteristic
vibration of a-helix of Amide I both increases with increasing drug dose. Multivariate statistical methods, such as Principle
Components Analysis (PCA) and Linear Discriminant Analysis (LDA) were employed to discriminate normal lymphoma cells
(CA46) and cells treated with different doses of paclitaxel. It was found that the sensitivity and specificity of differentiating
the treated and untreated cell groups increase with drug doses and approach 100% for the high drug dose, consistent with
the perception that the cytotoxicity increases with drug dose. These results suggest that Raman spectroscopy combined with
multivariate analysis could become a useful tool for assessing the cytotoxicity of drugs such as paclitaxel on human lymphoma
cells.

Keywords: Raman spectroscopy, paclitaxel, lymphoma, CA46, Principle Components Analysis (PCA), Linear Discriminant
Analysis (LDA)

1. Introduction

The mechanism of most anti-cancer drugs is that they can disorder biochemical and biophysical in-
tracellular properties to induce apoptosis of the cancer cells. Currently, the investigation of cancer cells
treated with anti-cancer drugs in vitro culture has become one of main test methods for the efficacy of
anti-cancer drugs. Whereas, monitoring the changes of intracellular properties plays a significant role
in this method. Most current pharmacological, histological and cellular techniques, however, are low-
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specificity, complex procedures, or destruction to cell samples. There is a need for new technology that
surmounts these limitations to provide a convenient and accurate method for detection of cancer cells
treated with drugs.

Raman spectroscopy, based on the inelastic scattering of photons by molecular bond vibrations, has
been used in probing the structure and content changes of biochemical molecules inside tumor cells.
The intracellular information about DNA, protein and lipid content as well as conformation can be
probed by positions, intensities and line-widths of the various spectral bands. Moreover, this technology
is non-destructive, high-sensitive and high-automated [5,9,10,17,20]. Recently, Yao group have applied
near-infrared Raman spectroscopy to analyze the apoptosis of single human gastric cancer cells, induced
by 5-FU drug during incubation [28].

However, some spectral peaks belong to different compositions of living cells may overlap sometimes,
which make it difficult for us to analyze the Raman spectra and extract the useful information about
changes of intracellular properties. Therefore, it is not enough accurate and overall to study the changes
of biochemical molecules inside tumor cells only depending on the analysis of spectral assignment and
the changes of peak intensity. In order to extract more accurate and reliable Raman information, our
group employed the multivariate analysis methods, such as Principle Components Analysis (PCA) and
Linear Discriminant Analysis (LDA), to successfully differentiate the blood plasma of nasopharyngeal
cancer patients from that of healthy subjects [9]. The loan Notingher group also used PCA and LDA
methods to distinguish the living tumor cells from normal cells in vitro, and they obtained perfect results
too [23].

Paclitaxel, one of the best natural anti-cancer agents extracted from the taxus, is regarded that it can
destroy the dynamic equilibrium between the tubulin and tubulin dimmer inside cells, and then, the mi-
tosis will be arrested at the phase of G,/M until apoptosis, which achieves the purpose of anti-tumor.
Studies had shown that paclitaxel-induced apoptosis is effective in cells of brain cancer, lung cancer,
esophageal cancer, melanoma and leukemia tumors [1,2,4,7,8,11,12,14,16,19,22,25-27,29]. So, it is in-
teresting and significant to assess the cytotoxicity of paclitaxel on other tumor cells. Moreover, Burkitt’s
lymphoma is one of most aggressive malignant lymphoma and probably the fastest growing malignant
neoplasm, which seriously harms to human health [3,18].

In this work, the cytotoxicity of paclitaxel for the human Burkitt’s lymphoma cells (CA46) is explored
based on Raman spectroscopy. We employ the analysis of spectral assignment and the changes of peak
intensity combined with PCA and LDA that will be used to analyze and process the Raman spectra
obtained from living cells. We try to make it more intuitive, accurate and sensitive to explore the trend of
changes of intracellular properties depending on analyzing the cell clusters and calculating the sensitivity
and specificity by these multivariate analysis methods.

2. Material and methods
2.1. Major drug reagents and instruments
Injection paclitaxel (30 mg/5 ml), fetal calf serum (SH30403 HYCLONE), RPMI-1640 medium

(GIBCO), PBS (BOSTER), CO, humidified incubator (THERMO), confocal micro-Raman spec-
troscopy (Invia Renishaw).
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2.2. Cells culture

The human Burkitt’s lymphoma cells (CA46) were supported by Fujian Medical University Union
Hospital, cultured at 37°C in the 5% CO, humidified incubator using a RPMI-1640 medium supple-
mented with 10% fetal calf serum. Then, the cells in exponential phase were used as samples.

2.3. Sample preparation

Four samples of CA46 were treated with 0.05, 0.5, 1 and 5 pg/ml paclitaxel for 24 h, respectively and
the control group (control) was supplied with an equal volume of CA46 cells. Before the measurement
of Raman spectra, these samples need to be centrifuged (2000 rpm) for 5 min and washed with PBS
twice.

2.4. Raman spectra and data process

The Raman spectra were recorded with a confocal Raman micro-spectrometer (Renishaw, UK) in the
range of 300-1800 cm™! under a 785 nm diode laser excitation. The spectra were collected in backscat-
tering geometry using a microscope equipped with a Leica 50x objective with a spectral resolution
of 2 cm™!; the detection of Raman signal was carried out with a Peltier cooled charge-coupled device
(CCD) camera. The software package WIRE 2.0 (Renishaw) was employed for spectral acquisition and
analysis. Each Raman spectra were acquired with a 10 s integration time. 20 cells selected from each
sample were measured. All measured Raman spectra were normalized to the integrated area under the
curve in the 300-1800 cm~' wavenumber range after the removal of fluorescence background from the
original spectral data. After that, the spectra of the control and treated groups were respectively averaged
over 20 cells that were measured, and the normalization whole Raman spectrum data set was fed into
the SPSS software package (SPSS Inc., Chicago, IL, USA) for PCA-LDA analysis. Besides, the Raman
spectra of different concentrations of paclitaxel also were recorded under the same condition.

2.5. Statistic analysis

Principal Component Analysis (PCA) is a multivariate technique used in spectroscopy, which defines
a new dimensional space in which the major variance in the original data set can be captured and repre-
sented by only a few principal components (PCs) variables. These PCs are used to build a model with a
resolution of recognition. In this work, the PCA combined with T'-test is performed on the spectral data
to distinguish control cells and cells treated with different doses of drug (Fig. 3). Linear Discriminant
Analysis (LDA) can project the high-dimensional pattern to the best distinction vector space to extract
classification information and the compress the dimension of feature space. LDA is a powerful method
for extracting the sample feature, maximizing the variance between groups and minimizing the variance
within groups according to Fisher’s criterion. In this work, the scores of the most significant PCs based
on each Raman spectra are used as input to a LDA model to perform the cluster discriminant based
on Posteriori Probability (Fig. 4) and determine the sensitivity and specificity of control cells and cells
treated with different doses of drug.
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3. Results and discussion

3.1. Analysis of mean spectra

The mean Raman spectra in the range of 300-1800 cm™—' of CA46 cells (control) and CA46 cells
treated with different doses of paclitaxel for 24 h are shown in Fig. 1(A). All spectra exhibit similar
overall features, characterized by Raman peaks based on specific DNA backbone, DNA ring bases and
proteins vibrations. The peak assignments [6,13,21,24] of the Raman peaks are given in Table 1. For
instance, the strong peak at 1003 cm~! can be attributed to the phenylalanine. Besides, the changes
in the Raman peak intensities located at 831, 1094, 1210, 1257, 1338, 1578 and 1658 cm~' will be
discussed as follows. Figure 1(B) shows the Raman spectra for 5 pg/ml paclitaxel and mean Raman
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Fig. 1. (A) Mean Raman spectra for the control CA46 cells (control) and the treated CA46 cells after interacting with paclitaxel
of different concentrations for 24 h. (B) Mean Raman spectrum for the CA46 cells after interacting with 5 ug/ml paclitaxel for
24 h (curve 1) and the background Raman signal of the 5 ug/ml paclitaxel (curve 2). (Colors are visible in the online version of
the article; http://dx.doi.org/10.3233/SPE-2011-0497.)

Table 1
The peak positions and assignment of Raman spectra [6,13,21,24]
Peak positions (cm™ 0 Major assignment
831 O-P-0 asym. str., Tyr
1003/1004 Symmetric ring breathing mode of Phe
1094 DNA: O-P-O™ p: C-N
1210 Tyr and phe v mode
1257 p: Amide lII-«
1338 A, G, p: C-H def.
1578 A,G
1658 p: Amide I[-«

Notes: str. — stretching; def. — deformation vibration; sym. — symmetric; asym. —
asymmetric; A, G — ring breathing modes of the DNA/RNA bases; p — protein;
Tyr — tyrosine and Phe — phenylalanine.
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spectra for the CA46 cells interacted with 5 pg/ml paclitaxel, respectively. In this study, the Raman
spectra of different concentrations of paclitaxel were recorded and it was found that their spectra exhibit
same overall features. Here, the contrast between the Raman spectra for 5 pg/ml paclitaxel and mean
Raman spectra for the CA46 cells interacted with same does of paclitaxel suggests that the drug hardly
has interference signal, which ensures the accuracy of following Raman spectral analysis.

As the concentration of paclitaxel increases, the band at 831 cm™! assigned to asymmetric stretch of
O-P-0 in DNA gradually increases in intensity, which indicates the conformation of DNA has been
changed possibly. The band at 1094 cm™! is attributed to the symmetric stretching vibration mode of
PO, ™ in the DNA backbone and it is regarded as an internal intensity standard for the DNA content [15].
The intensity of peak at 1094 cm™~! decreases, however, its position have no change as the concentration
of paclitaxel increases, suggesting that changes occur only in the content of DNA rather than the double
helix structure of it. Moreover, the peaks at 1338 and 1578 cm~! due to adenine and guanine of DNA
also decrease obviously as the concentration of paclitaxel increases, which illustrates DNA replication
has been affected result from the destruction of base pair of DNA.

In addition, the bands at 1210 and 1003 cm~! due to phenylalanine decrease with the increase in the
concentration of agent, which reflects changes in amino-acid residues of protein molecule. Moreover,
the bands at 1257 and 1658 cm™! are characteristic vibration of a-helix of Amide III and Amide I,
respectively. And their intensity increases after the increase of drug, which indicates the double helix
structure of protein has been changed possibly. From the above, those changes will cause disorder for
structure of protein. As mentioned before, paclitaxel can destroy the dynamic equilibrium between the
tubulin and tubulin-dimer inside cells, and then, the mitosis will be affected at the phase of G,/M until
apoptosis, which is coincident with the analysis of spectra above.

3.2. Analysis of mean difference spectra

Figure 2 illustrates the mean Raman spectra of the CA46 cells treated with different concentrations of
agent are directly compared to the control cells to identify the most significant spectral differences with
difference spectra. Motivated by this, it is evident that the difference between the cells treated with agent
and control cells become greater as the concentration of paclitaxel increases, which indicates there are
something abnormal in the structure and content of biochemical molecules inside tumor cells and most
of cells come to apoptosis or death with the increase in the concentration of drug. Thus, we conclude that
the cytotoxicity of paclitaxel for CA46 is likely related to its concentration, which is coincident with the
analysis of spectra above. Besides, it is obvious that there is a strong fluctuation in the difference spectra
of control cells and the cells treated with 5 pug/ml paclitaxel, so, the 5 ug/ml of paclitaxel is likely to be
as an effective and suitable concentration for damaging the CA46 cells.

3.3. Analysis of Raman spectra by PCA

The results of PCA performed on the data sets are shown in Fig. 3, in which the cell clusters standing
for control cells and cells treated with 0.05, 0.5 pg/ml all overlap and cannot be distinguished by any
clear delineation between different groups, which illustrates the difference between control cells and
cells treated with 0.05, 0.5 pg/ml is unconspicuous, and most of treated cells still have a strong activity
because there are few great changes in the structure and content of biochemical molecules. That is to say
the cytotoxicity under these two concentrations of drug for the CA46 cells is low.
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Fig. 2. Direct comparisons of mean Raman spectra between control cells and the cells treated with (A) 0.05 pug/ml, (B) 0.5 pg/ml,
(C) 1 pg/ml and (D) 5 pg/ml paclitaxel, respectively. Also shown at the bottom of each graph are the difference spectra (blue
lines) obtained by subtracting the control spectrum from the treated cell spectrum. (The colors are visible in the online version
of the article; http://dx.doi.org/10.3233/SPE-2011-0497.)

In addition, Fig. 3 also shows most of the clusters standing for control cells and cells treated with
1 pg/ml cells have been broadly separated into two parts except the overlap of a few cells, reflecting that
variances between control cells and treated cells begin to appear under the concentration of 1 ug/ml, and
most of cells have been damaged. Moreover, the trend of separation between different cell clusters is
more obvious under the concentration of 5 pug/ml. The control cells and cells treated with 5 pug/ml have
formed distinct, separate groups absolutely in this case, and the resolution ratio reaches to 100%. So, it
can be concluded that almost all of the CA46 cells have been damaged or induced to apoptosis with the
concentration of 5 ug/ml.

Besides, from the analysis above, we also find that the variance of control cells and cells treated with
drug become greater gradually as the concentration of paclitaxel increases, which is coincident with the
analysis of spectra before. Motivated by this, the strong evidence of statistics for the research has been
supported by PCA.
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Fig. 3. PCA scatter plots comparing control cells and the cells treated with (A) 0.05 pg/ml, (B) 0.5 pg/ml, (C) 1 pg/ml and
(D) 5 pg/ml drug doses. (Colors are visible in the online version of the article; http://dx.doi.org/10.3233/SPE-2011-0497.)

3.4. Analysis of Raman spectra by LDA

Figure 4 shows the posterior probability provided by LDA of control CA46 cells and the cells treated
with 0.05, 0.5, 1, 5 ug/ml, based on their Raman spectra. It is found that the cluster points of control cells
and cells treated with different doses of drug constantly gather to their respective ends, as the concentra-
tion of drug increases. This illustrates that the variance between groups is getting larger, meanwhile, the
variance within groups is becoming smaller. In addition, the cells treated with 1 and 5 pg/ml drug can be
easily distinguished from the control cells by LDA method. Furthermore, when the drug dose reaches to
5 pg/ml, the largest between-class scatter and smallest within-class scatter appear between control cells
and treated cells. It is clear that the changes of intracellular properties become bigger with the increase in
the dose of drug, which indicates the cytotoxicity of paclitaxel for the CA46 is getting stronger. Besides,
the specificity of control CA46 cells and the cells treated with 0.05, 0.5, 1 and 5 pg/ml respectively is
75, 85, 95 and 100%, and the sensitivity for all these cases is 100%. This is consistent with the clus-
tering trend shown by Fig. 4. Through the LDA’s discriminant analysis, it is again confirmed that there
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Fig. 4. LDA scatter plots comparing control cells and the cells treated with (A) 0.05 pg/ml, (B) 0.5 pg/ml, (C) 1 pg/ml and
(D) 5 pg/ml drug, based on the posterior probability (@ — control group of CA46 cells; A — treated group of CA46 cells with
different doses of drug). (Colors are visible in the online version of the article; http://dx.doi.org/10.3233/SPE-2011-0497.)

is concentration-dependent in the process of paclitaxel for the CA46 cells. Moreover, we believe that
5 ug/ml is optimal dose of paclitaxel for the CA46 cells.

4. Conclusion

In this paper, Raman spectroscopy combined with multivariate analysis methods was used to study
the interactional efficacy of human Burkitt’s lymphoma cells (CA46) in vitro with paclitaxel. Raman
spectra were successfully obtained from individual CA46 cells treated with different doses of paclitaxel
to detect the structure and content changes of biochemical molecules. Specific biomolecular differences
observed include the change in protein structure and the decrease in the cellular DNA concentration,
as the concentration of paclitaxel increases, depending on the analysis of spectral assignment and the
changes of peak intensity. Besides, the multivariate methods, such as PCA and LDA, can be employed
to build high accuracy models to discriminate between control CA46 cells and the cells treated with
different doses of paclitaxel, which showed that the specificity of control CA46 cells and the cells treated
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with 0.05, 0.5, 1 and 5 pg/ml respectively is 75, 85, 95 and 100%, and the sensitivity for all these cases
is 100%. This demonstrates that the variances of control cells and cells treated with drug become greater
gradually as the concentration of paclitaxel increases. It is obvious that these multivariate methods can
enhance the advantages of Raman spectroscopy study in individual living cells. These results suggest
that the cytotoxicity of paclitaxel for the CA46 would increase gradually as the increase in the dose of
drug, and 5 pg/ml of paclitaxel is likely to be as an effective and suitable concentration for damaging
the CA46 cells. This study also indicates that Raman spectroscopy combined with multivariate analysis
methods could become a non-destructive real-time tool for in vitro studying the paclitaxel effect for
human Burkitt’s lymphoma cells.
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