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Radiotherapy has been widely used for nasopharyngeal carcinoma (NPC) treatment, which causes DNA
damage and alterations of macromolecules of cancer cells. However, the Raman profile alterations of
irradiated NPC cells remain unclear. In the present study, we used laser tweezers Raman spectroscopy
(LTRS) to monitor internal structural changes and chemical modifications in NPC cells after exposure at
a clinical dose (2.3 Gy) to X-ray irradiation (IR) at a single-cell level. Two types of NPC cell lines, CNE2
(EBV-negative cell line) and C666-1 (EBV-positive cell line), were used. The Raman spectra of cells
before and after radiation treatment were recorded by LTRS. The analysis of spectral differences
indicated that the IR caused Raman profile alterations of intracellular proteins, DNA base and lipids.
Moreover, by using the multivariate statistical analysis including principal component analysis (PCA) and
linear discriminant analysis (LDA) algorithm, an accuracy of 90.0% for classification between CNE2 cells
before and after IR could be achieved, which was 10% better than that of C666-1 cells. The results
demonstrated that CNE2 cells were more sensitive to IR in comparison to C666-1 cells, providing useful
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LTRS combined with multivariate statistical analysis would be a novel and effective tool for evaluating the
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Introduction

Nasopharyngeal carcinoma (NPC) is a prevalent malignant
tumor with an extremely high incidence in Southeast Asia.* Due
to its anatomic localization and extremely radiosensitive nature,
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radiotherapeutic effect on tumor cells, and for detection of the corresponding alterations at the

radiation therapy (RT) is the mainstay of the treatment for
NPC.*™*

Various imaging technologies are applied for evaluating the
curative effect and revealing the molecular mechanisms of RT.?
Raman spectroscopy (RS) is a rapid, accurate and convenient
technology providing spectral fingerprint information of the
cellular biochemical changes and identifying radiation-induced
alterations at the molecular level, including changes of the
content and conformation of key macromolecules (nucleic
acids, lipids, proteins and carbohydrates).*” The radioresistant
lung and breast cells showed radiation-induced RS spectral
features as glycogen accumulation at low RT doses, whereas the
radiosensitive prostate cells showed some membrane
phospholipid-related alterations.*® Roman et al. analyzed cyto-
plasmic and nuclear regions of irradiated prostate cancer cells
(PC-3) and suggested various DNA damages located in those two
regions.'® Lasalvia et al. observed that DNA was damaged in
breast cells (MCF104) irradiated by protons, in particular the
0O-P-O stretching mode at about 784 cm™'.** However, there is
barely attention toward the Raman technique study on
radiation-induced cellular response of NPC cells.

There are still some limitations associated with conventional
RS technique, such as the interference from chemical agent for
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cell fixation, making it different to actually reflect cellular bio-
logical activity after radiation.”” The advent of laser tweezers
Raman spectroscopy (LTRS) technology provides an alternative
strategy to circumvent the limitations by optically capturing
alive single cells in suspension without fixation and simulta-
neously measuring the Raman signals of the trapped cells.*
Recently, LTRS has been widely applied in red blood cell
detection,” diagnosis of cancer, and detection of cell
apoptosis.*®

This study is to explore the feasibility of applying the LTRS
technique for studying NPC cellular biochemical changes
induced by IR and to address the following questions: (1) could
any alterations of Raman profile reflecting the cellular macro-
molecules (protein, nucleic acid and lipid) after NPC cells
exposed to the clinical relevant 2.3 Gy IR dose? (2) Does alter-
ation of Raman profile differ between EBV negative CNE2 cells
and EBV positive C666-1 cells? Multivariate statistics methods,
including principal component analysis and linear discrimi-
nant analysis (PCA-LDA) algorithms, were utilized to analyze
and classify different cellular macromolecules based on spectral
data. To our best acknowledge, this is the first time to investi-
gate the spectral characterization of human NPC cells after
radiation using LTRS, and the results would aid in under-
standing the NPC cellular responses to the radiotherapy at the
molecular level.

Materials and methods

Cell lines and irradiations

Human NPC cell lines CNE2 and C666-1 were provided from
Cancer Research Institute, Fujian Provincial Tumor Hospital
(Fuzhou, China) and were routinely cultured in medium RPMI-
1640 containing 10% fetal bovine serum (FBS), 100 U mL ™"
penicillin and streptomycin in a humidified incubator with 5%
CO, at 37 °C. The usage of these cell lines and protocols in this
study was approved by the Ethics Committee of Fujian Provin-
cial Tumor Hospital. The CNE2 and C666-1 cells in logarithmic
growth phase were divided into a blank group and radiated
group. The irradiation was performed using a 6 MV electron
beam produced by an Elekta Precise linear accelerator equipped
with the Precise Treatment System™ (Elekta AB, Stockholm,
Sweden). Cells exposed to commonly clinical doses of radiation
2.3 Gy with a dose rate of 400 u min~" were studied together
with control group (0 Gy). 48 hours post irradiation, the
adherent NPC cells were digested by 2 mL 0.25% trypsin solu-
tion, suspension in culture medium, centrifuged at 1000 rpm
for 5 min to collect cells, and resuspended in phosphate-
buffered saline (PBS) solution for analysis with LTRS.

The LTRS system and Raman spectra measurements

Thirty living cells were collected randomly from each group in
suspension via laser tweezers and the Raman spectrum of each
living cell was recorded using the same laser beam by our
homemade LTRS system.'® Briefly, a 785 nm laser (LE-LS-
XXRaman, StarBright Laser AB, Sweden) was used to trap
single cell through beam expansion and shaping (Fig. 1), as well
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as a 100x oil-immersion objective (N.A. = 1.3, IX71; Olympus,
Center Valley, PA, USA). Then, the Raman scattering signals of
this cell were collected by the same objective and finally recor-
ded by a combination of a spectrograph (Holospec-f/2.2-NIR)
and a CCD camera (Princeton Instruments), with the acquisi-
tion time of 40 s and the laser power of ~6 mW in the region of
400-1800 cm . All the spectral data preprocessing was under
the same condition.

Spectral processing and data analysis

Due to that the raw Raman spectra of single cell containing
strong autofluorescence and background noises, a Vancouver
Raman algorithm was applied as a data preprocessing for
background and autofluorescence removal to extract pure
Raman spectra signals by performing a fifth-order polynomial
fitting procedure."” The spectra were subsequently normalized
according to the area under the curve to minimize the potential
variations caused by the system and measurement environ-
ment. Finally, we used PCA-LDA method to explore statistical
significance and perform classifications between the control
and radiated groups using the SPSS software package (version
20.0, IBM, USA).

Results and discussions
Assessment of radiation dose in NPC cells

NPC is an extremely radiosensitive disease. Assessment of
radiation dose is especially important in the treatment of NPC.
The personalized RT aims to achieve maximal tumor control
while minimum toxicity. However, the irradiated response
monitoring better treatment doses and fractionation schemes
remains a major impediment.'®* Conventional clinical doses for
curative RT are on the order of 2-10 Gy. It has been confirmed
that RS is capable of identifying radiation-induced biochemical
changes in tumor cells at these doses. But there is no such
a study on NPC cells.® The 2.3 Gy is a commonly used clinical
dose for NPC treatment.'?® Hence, two different radiation
doses of 0 Gy (control) and 2.3 Gy were chosen in this study.

Raman spectroscopy of NPC cells after 2.3 Gy irradiation and
the cellular effect of radiation

To investigate radiation-induced cellular responses of single-
living NPC cell, we recorded the Raman spectra using label-
free LTRS technique. Fig. 2 shows the averaged Raman spec-
trum and its differences between 0 Gy (control) and 2.3 Gy in
both CNE2 (Fig. 2(a)) and C666-1 (Fig. 2(b)) cells, demonstrating
the significant differences of Raman signals after irradiation,
especially for CNE2 groups. The shaded areas (grey) represent
the standard deviations of the means, indicating that the
spectral results of LTRS is highly reproducible and that the
spectral variances among 30 cell samples in each group are
relatively small.

As showed in Fig. 2 black line at the bottom, some changes in
some Raman peaks appeared in both NPC cell lines after irra-
diation, suggesting that the Raman profile could reflect alter-
ation of cellular macromolecules (protein, nucleic acid and
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Fig. 2 Pair-comparison of normalized mean Raman spectra from (a)
control group and radiated groups of CNEZ2 cells, (b) control group and
radiated group of C666-1 cells. The shaded areas (grey) indicate the
standard deviations of means. The difference spectrum (2.3 Gy minus
control) is shown at the bottom of the black lines.

lipid) after NPC cells exposed to the clinical relevant 2.3 Gy IR
dose. Table 1 lists the tentative assignments for several
observed prominent Raman bands, according to previous
studies, which can be assigned to nucleic acids, carbohydrates,
proteins or lipids and provide rich information to assess

Schematic of the home-made laser tweezers Raman spectroscopy (LTRS) system.

cellular molecular structure and content changes via spectral
characteristics.”*>*

Comparing the mean spectra and their difference spectra
between control and irradiated cells, the significant decreased
signals were detected at 1297 and 1440 cm ™, corresponding to
CH, bending mode of protein and lipid components, and
1655 cm™ " reflected amide I and C=C lipid stretch (Fig. 2(a)
and (b)) after two NPC cell lines irradiated. The cellular Raman
spectral features of the three significant bands were assigned to
bending modes of proteins and lipids as reported by Movasaghi
et al.,”> which are main components in cells, indicating the
damage of cellular components after radiation. In addition, the
radiation-induced cellular responses observed in CNE2 cells
were generally more notable than C666-1 cells. For instance, the
differences of spectra at 1264 cm ' (came from protein),
970 cm ' and 1065 cm ™" (attributed to C-C stretching mode of
lipids) showed less significant (Fig. 2(a)). It indicates that the
relative content of cellular components with corresponding
bond to the spectrum decreased after radiation, which can be
attributed to special structure scissions and conformation

Table 1 Band positions and assignments of NPC cells from control and radiated group

Peak position

(em™) Assignment

492 Tyrosine

724 A (ring breathing mode of DNA/RNA bases)

752 T (ring breathing mode of DNA/RNA bases)

785 U, T, C (ring breathing modes in the DNA/RNA bases), backbone O-P-O

853 Ring breathing mode of tyrosine & C-C stretch of proline ring

875 Tryptophan

970 Lipid: chain C-C

1003 Symmetric ring breathing of phenylalanine

1033 Phenylalanine, C-N stretching of proteins, C-H in-plane phenylalanine (proteins)
1065 Protein: C-N stretch, lipid: chain C-C stretch

1156 C-C, C-N stretching (protein)

1264 Amide III, T, A (ring breathing modes of the DNA/RNA bases), =C-H bend (protein)
1297 CH, twisting (lipids)

1335 A, G (ring breathing modes in the DNA bases), C-H deformation (protein)

1440 CH, deformation (lipids and proteins)

1552 Tryptophan

1612 C=C stretching mode of tyrosine & tryptophan

1655 Amide I (C=0 stretching mode of proteins, a-helix conformation), C=C lipid stretch
1743 Lipids: C=0 ester
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aggregation. However, the band at 1003 cm ™" (from symmetric
ring breathing of phenylalanine) in CNE2 cells showed an
increased signal as compared to the control group. The inten-
sity of certain Raman peaks associated with DNA damage
increased in irradiated group. In particular, the intensity of
a Raman peak at 752 cm ™" (constituted of the ribose bands of
thymine) and 1335 cm ™" (from the ribose bands of adenine and
guanine) were related to the fragmentation of nucleic acids
bases, as a result of radiation-induced DNA damage and bases
unstacked. All other bands showed relatively little change after
irradiation.

Above results indicate that Raman spectroscopy is extremely
sensitive to identify the information about IR-induced proteins-
and lipids-rearrangements and DNA damage at the clinical
dose. DNA is considered to be the most important target for
radiation, mediating the lethal cellular effects and delivering
benefit after treatment. Radiotherapy is effective in inducing
the apoptosis of tumor cells through breaking chemical
bonds,* single- and double-strand nucleic acid breaks, and
modifying bases of DNA and RNA. The interesting findings from
Raman peak analysis and simplistic peak intensity analysis
described above only used limited peak information. There are
other significant variations and overlapping intensities of
Raman spectra between control and treated cells. Hence,
multivariate statistical analyses were conducted by employing
whole spectral data for further analysis.

Multivariate analysis of Raman spectra from NPC cells

We first performed PCA on the whole Raman data with the
factor analysis to demonstrate significant spectral differences
between control and radiated group. The first two principal
components (PCs) describe the most variance in original spec-
tral information and contain primary effects in the PCA process,
while the explained variance gradually decline by PCs > 3. In
addition, the significance of first two PCs scores were deter-
mined by independent sample T test (p < 0.05). Therefore we
generated the scatter plot depicted by scores of the first 2 PCs,
which can keep the near original spectral information shown in
the Fig. 3. In Fig. 3(a), we found the radiated and control CNE2
were distributed in obvious separate regions with some degree
of overlap. However, most of radiated C666-1 cells samples
overlapped with control cells shown in Fig. 3(b). These results
suggested greater variation of cellular components appear in
CNE2 cells, compared with C666-1 after radiation exposure.
These phenomena suggest that the damage of radiated-induced
stress is common to both cell lines, but the degree of the
damage between cell lines is not the same, which results in
different distribution based on PC score, and is consistent with
above spectral peak analysis.

Next, the most significant PCs defined by the independent 7-
test were loaded into the LDA model to explore effective clas-
sification algorithms for different NPC cell groups. The ob-
tained classification sensitivity and specificity using PCA-LDA
with the leave-one-out, cross-validation method for comparison
are shown in Table 2. The accuracy of 90.0% for classification
between CNE2 cells before and after radiation could be

This journal is © The Royal Society of Chemistry 2020
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Fig. 3 Scatter plot of the first 2 principal components from NPC cell
line CNE2 (a) and C666-1 (b) radiated by X-ray for clinical dose O (the
control group) and 2.3 Gy, respectively, by analysis of whole Raman
data, along with (c and d) the loading plots.

achieved, which was 10% improvement than that for C666-1
cells. It further confirms that sensitivity of CNE2 cells to IR
was significantly higher than that of C666-1 cells. A previous in
vitro study also found that the survival rate of C666-1 cells was
significantly higher than that of CNE2 cells with photodynamic
therapy, which indicating the biological characteristics of NPC
cells can affect the susceptibility of therapy.”” The reason might
be attributed to different EBV transcript expression. In this
study, the CNE2 cells do not express EBV transcripts in long-
term culture, whereas the C666-1 is the only EBV+ human
NPC cell line in long-term culture. EBV may promote develop-
ment and progression of NPC by regulating special RNA
expressions, such as miR-BART4, consequently inhibiting its
radiosensitivity,”® which confirmed the radiosensitivity of EBV-
CNE2 cells is higher than EBV+ C666-1 cells.

Furthermore, loadings of the first two components (PCs)
contributed for the classification are shown in Fig. 3(c) and (d),
respectively, where we can explore the important Raman bands
contributing to discriminant analysis. Fig. 4 displays the
comparison of the mean intensities of the selected peaks with
the most significant differences between control and IR treated
cell samples for CNE2 group and C666-1 group. The normality
and significate variance of these spectral intensities were
assessed by Shapiro-Wilk test and F-test followed by Mann-

Table 2 The sensitivity and specificity of classification results
executed by LDA algorithm based on whole cell Raman data in two cell
lines

Predicted
Model Cell Accuracy Sensitivity Specificity
Control vs. 2.3 Gy CNE2 90.00% 86.70% 93.30%
C666-1 78.35% 76.70% 80.00%
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Fig. 4 Comparison of the mean intensities of the selected peaks with
the most significant differences between control and IR treated cell
samples for CNE 2 groups (a and b) and C666-1 groups (c). *p < 0.05,
**p < 0.001.

Whitney U test and T-test. We found that the difference in
proteins was prominent, compared to other cellular compo-
nents between the control and irradiated group at the cell level,
suggesting that the radiation effect was concentrated in the
majority of some amino acids molecules or deformation mode.®
For amino acids in CNE2 cells (Fig. 4(a)), the relative contents of
protein bands such as tryptophan (the peaks at 875, 1552 and
1612 cm™ ') and tyrosine (the peaks at 492 and 1612 cm™ ') were
significantly different between the control and irradiated group
(p < 0.05). For example, the intensity at 1612 cm ™" was signifi-
cantly increased in the irradiated group, demonstrating that the
internal C=C stretching mode of tryptophan and tyrosine were
affected by radiation. It also showed that the band of 853 cm™"
(related to ring breathing mode of tyrosine) (F = 5.973, p < 0.05)
and 1552 cm ™ (related to tryptophan) (F = 5.236, p < 0.05) were
significantly increased in C666-1 cells (Fig. 4(c)). Such changes
also suggested the molecular structural vibration of proteins
was sensitive to radiation. With the help of KEGG online data-
base, characteristic metabolites with significant changes from
Raman bands when compared with normal cells could be
rationally used to derive the potential disordered metabolic
networks of NPC cell lines after radiation. The phenylalanine
together with tyrosine contributed to the common pathways
such as TCA cycle and several amino acid metabolisms in NPC
cells with RT.”* Moreover, the bands related to amide (1264 and
1655 cm ' from amide I and amide III respectively), C-N
stretching (i.e. 1065 cm ') and C-H stretching (i.e. 1033, 1335
and 1440 cm™ ") of proteins were deviated obviously in irradi-
ated group in CNE2 cells (p < 0.05). The change of amides may
suggest that a desamidization was triggered and resulted in
modification of the spatial structure and eventually leaded to
cellular protein function lost." However, we failed to find the
significant difference in changes of amide in C666-1 cells.

In addition, the significant changes occurring in DNA, as the
most important target, due to the radiation can be seen at
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a clinical dose of 2.3 Gy in CNE2 cells, confirming that it was
very sensitive to radiation. Such phenomenon was particularly
shown in the peaks of 752, 1264 and 1335 cm™ " in CNE2 cells,
for which a statistically significant difference (p < 0.001) were
found between control cells and radiation exposed cells.
According to the PC loading shown in Fig. 3, the PC1 score of
the loading of the 1335 cm ™' (from A and G) and 752 cm™*
(from T) also have a positive value for the irradiated samples,
thus meaning that the contribution of the positive feature is
increased in the spectra from irradiated cells. DNA damage
induced by IR activates the DNA damage responses of a complex
network of proteins that involves in cell cycle coordination, DNA
repair and apoptosis.® It is essentially step to protein-mediated
modifications and activating downstream signaling pathways.*"
It also suggests that RT-induced damage can be corrected by
various DNA repair pathways.**> The Raman spectroscopy
provides a new method to explore the intricacy of DNA damage
response in cancer cells and normal cells. For lipid as the main
component of cell membrane, we also analyzed the intensity of
some lipid peaks. Several relative contents from lipid also
altered significantly, compared to the control group, in CNE2
cells, but not in C666-1 cells (Fig. 4(b) and (c)). The failure of
radiation to play an aggressive role in DNA and lipid damage
suggested its damage in C666-1 cells was limited.

So according to above results, we have reciprocally authen-
ticated that Raman spectra of the NPC cells have significant
changes after the radiation exposure. Together with several
changes of Raman band intensity by combining the above
metabolic pathway analysis with KEGG database, we confirmed
that several radiated-induced pathways were involved,
including several amino acid metabolisms, energy metabolism
and purine metabolism. Such a phenomenon was resulted from
the biological effect of radiation interacting with tumor cells.*?
The detailed molecular mechanism is remained to be further
elucidated. We further confirmed that the dose of 2.3 Gy was
capable of triggering the radiation-induced cellular response. In
addition, we found CNE2 cells is more sensitivity than C666-1
cells, which may be due to the biological characteristics of
NPC cell lines, including different EBV transcript expression.

Conclusions

We provide evidences about the potential utilization of LTRS in
the observation of IR-induced NPC cell damages. A multitude of
changes of cellular biochemistry within NPC cells were observed
after radiation treatment. In addition, the PCA-LDA methods
were applied to explore statistical analysis on significant
modifications and provide classification results. The Raman
spectrum highlight variations were found in specific protein
and lipids rearrangements and DNA damage, such as the rela-
tive content of specific Raman bands related to the C-H defor-
mation and DNA bases. This study demonstrates that the LTRS
technology can identify unique biochemical signatures occur-
ring in NPC cells after response to radiation at the level of single
living cells. The results may contribute to further under-
standing interacting mechanism between tumor cells and

This journal is © The Royal Society of Chemistry 2020
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radiation and the RS would be a complementary technique for
assessing cellular response to radiotherapy.
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