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Raman spectroscopy has proven to be a very powerful technique and is currently experiencing a renaissance.
In this paper, it is used to explore the interaction between doxorubicin and malignant hepatocytes in vitro.
For the addition of doxorubicin, the band intensity at 1609 cm™?, mainly assigned to C=C in-plane bending
mode of phenylalanine and/or tyrosine residues, increases significantly, and the intensities of the bands at
1585 and 1313 cm™!, mainly due to the guanine bases, decrease greatly. In addition, Raman spectra are
investigated at different doxorubicin concentrations, and the mean areas ratios of the band at 1450 to that at

1003 cm™ !, A1450/A1003, fluctuate according to the doxorubicin concentration increasing, which suggests that
PACS: doxorubicin affects the relative content of lipid in cells.

87.64.Je; 87.15.He

Keywords:

Raman spectroscopy
Hepatocyte

Cancer

Doxorubicin

© 2008 Elsevier B.V. All rights reserved.

1. Introduction

All diseases and pathological conditions involve biochemical and
biophysical intracellular disorders. Monitoring the intracellular dis-
orders and developing is fundamental for understanding various
intracellular events, such as cell division, cell differentiation, apopto-
sis, necrosis, phagocytosis and the interaction of living cells with
drugs. The most common and typical methods for probing the
morphology and biochemical constitution of cells are electron
microscopy, immunocytochemistry, fluorescence spectroscopy, and
autoradiography [1,2]. However, these techniques require lengthy
procedures (hours, days), large number of cells, and complicated
preparations, such as labels or markers, cell lyses and cell fixation.

Raman spectroscopy, based on vibrational spectroscopy, is a rapid
and nondestructive technique for studying biological system, e.g.
the proteins, nucleic acids, cells and tissues. Raman spectroscopy has
the advantages for studying the cells in vitro, namely that no labels
and fixation are required. Furthermore, Raman measurements on
cells can be performed in physiological-like conditions [3-8]. Since
Raman spectrum is sensitive to the chemical and physical changes
of biomolecules, it has been successfully used to differentiate the
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normal and abnormal cells and tissues (cervix, genital tract, brain,
breast, larynx, skin and stomach), and investigate the distribution
of chemical composition in cells, and measurethe changes at sub-
cellular level induced by the external physical and chemical con-
ditions [9-17]. Besides, Raman spectroscopy has also been widely
used to investigate the interaction of the drugs with protein or DNA,
and a lot valuable results and information, such as the binding site,
the conformational transformation, and the structural change, have
been achieved [18-27]. However, the application in antitumor drug
interactions with human cells in vitro has not received widespread
attention.

Doxorubicin (its molecular structure is shown in Fig. 1) is a kind
of antibiotic anticancer drug and has been used for more than
30 years for treating a variety of malignancies. In spite of the
extensive clinical utilization of DOX, its mechanism is uncertain. A
number of different mechanisms have been proposed, such as
intercalation into DNA with the consequent inhibition of macro-
molecular biosynthesis, free radical formation with the consequent
induction of DNA damage or lipid peroxidation, DNA binding and
alkylation, DNA cross-linking, interference with DNA unwinding or
DNA strand separation and helicase activity, direct membrane
effects, and the initiation of DNA damage via the inhibition of
topoisomerase [28,29]. In this paper, the interaction between DOX
and malignant hepatocytes has been investigated by Raman
spectroscopy, and the alteration of intracellular composition and
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Fig. 1. The chemical structure of DOX.

conformation induced by antitumor drugs has been monitored and
the interaction mechanism of DOX with malignant hepatocytes is
discussed and analyzed.

2. Materials and methods
2.1. Materials

Cell line BEL-7404 was purchased from the cell bank of Shanghai
Institutes for Biological Sciences (Shanghai, China), and fetal calf serums
(FCS) and RPMI 1640 medium were purchased from Invitrogen (Carlsbad,
CA, USA).

2.2. Cell culture

The cell line of BEL-7404 was cultured in RPMI 1640 with 10% fetal
calf serums (Invitrogen, Carlsbad, USA) at 37 °C in a humidified
atmosphere containing 5% CO,. The cells were digested with 0.25%
trypsin, resuspended in serum-containing medium to 10* cells/mL,
and seeded on the quartz slide in culture medium containing DOX for
12 h. Before Raman analysis, the samples were rinsed and immersed
in PBS (0.01 M, PH7.2) to remove all growing medium.

2.3. Drug preparation and treatment

The stock solution of DOX was prepared in phosphate-buffered
saline (PBS) at the concentration of 0.1 mg/mL. 10, 25, 50, 75, and
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Fig. 2. The mean Raman spectrum of malignant hepatocytes. The inset is the Raman
spectrum in the range of 1200-1300 cm™ ! for Alll of proteins in malignant hepatocytes.

Table 1
Tentative Raman assignments for the malignant hepatocytes
Peak Assignments
position Protein Nucleic acid Lipid Ref.
(em™)
785 C, T, 0-P-0 [30,31]
825 Tyr 0-P-0 [30,31]
850 Tyr [30,31]
937 C-C BK str. a-helix [30,31]
1003 Phe [30,31]
1080 C-N str. C-Nstr.  [30,31]
1126 . C-Cstr.  [30,31]
1174 Tyr [30,31]
1200-1300  AIIl C-N str. [30,31]
1313 G [30,31]
1337 CH bend, Trp A (N7C5, C8N7) [30,31]
1450 CHy def  [30,31]
1585 G (C4N3-C5C4-N7C5), [20,30,31]
A (C5C4-C4N3)
1609 Phe, Tyr [30,31,32]
1660 Al C=0 str. C=Cstr.  [30,31]

Abbreviations: A, adenine; G, guanine; C, cytosine; T, thymine; BK, backbone; Phe,
phenylalanine; Tyr, tyrosine; Trp, tryptophan; def, deformation; str., stretching.

100 pL of the stock solution were added into five wells in 24-well
chamber, and the final concentrations of DOX were 1.00, 2.50, 5.00,
7.50, and 10.00 pg/mL, respectively.

2.4. Raman spectroscopy

Raman spectra were recorded by a confocal micro-Raman spectro-
meter (T64000, Jobin-Yvon, France), equipped with a 50 mW argon-
krypton laser excitation source at 514 nm, a microscope (IX 81,
Olympus, Japan), a holographic notch filter to reject Rayleigh
scattering and a liquid nitrogen cooled CCD detector (CCD-3000 V,
Edison N.J., USA). The spectrometer was calibrated with the silicon
phonon mode at 520 cm™!. A 100x microscope objective (NA 0.95
Olympus), which produced a laser spot size of about 1pum, was used to
focus laser and collect Raman scattering on the individual cell. The
power at the sample was about 2 mW to ensure no sample
degradation occurred. These experimental conditions were kept
constant for all measurements. Five cells per sample were analyzed
with micro-Raman spectroscopy and three different positions in a cell
were measured. The laser beam was interrupted between measure-
ments. Raman spectra in the range of 600-1800 cm™! were recorded
with an integration time of 100 s.

2.5. Data treatment

Spectral acquisition and all preliminary spectral correction such as
smoothing, baseline subtraction, normalization, and spectral analysis
were carried out using the Labspec6.0 software, and the spectra were
preprocessed by 5-point smoothing to reduce noise. Raman spectrum
baseline was corrected by fitting and subtracting a fifth order
polynomial function. The Raman signal of the PBS and the fluores-
cence background of DOX were subtracted. Each Raman spectrum was

normalized using entire spectral range of 600-1800 cm™ .

3. Results and discussion
3.1. Overview of malignant hepatocytes Raman spectra

The mean Raman spectrum of malignant hepatocytes is shown in
Fig. 2, and their tentative assignments are also listed in Table 1. As
shown in the insert of Fig. 2, the fitting curve in the amide III region
reveals the secondary structure of protein in malignant hepatocytes.
The major peak at the 1235 cm™! arises from the beta sheet
conformation. The peak at 1259 cm™' may arise from the alpha
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Fig. 3. (A) The mean Raman spectra of DOX treated malignant hepatocytes at the DOX concentrations of 0 (a), 1.00 (b), 2.50 (c), 5.00 (d), 7.50 (e), and 10.00 (f) pg/mL. (B) The magnified

Raman spectra in the region of 1100-1800 cm™ .

helical conformation which is confirmed by the presence of the band
at 937 cm™! assigned to C-C stretching motions in the protein
backbone. The band at 1003 cm™! is the symmetric ring breathing
mode of phenylalanine [24,25]. The bands at 825 and 850 cm™' are
due to Fermi resonance between the ring breathing vibration and the
overtone of an out of plane ring bending vibration of the parasub-
stituted benzenes of tyrosine. The band at 784 cm™! arises from the
overlap of the 782 cm™! and 791 cm™ ! bands, which can be assigned to
cytosine and a stretching vibration of backbone phosphodiester
groups of B-form DNA, respectively [33]. So the band at 785 cm™! in
Fig. 2 suggests that the conformation of DNA is B-form.

3.2. Impact of DOX on the malignant hepatocytes

Fig. 3(A) shows the Raman spectra arranged from bottom to top
with the DOX concentration increasing. Several predominant bands at
1660, 1450, and 1003 cm™ ! are observed, and there appear significant
changes of the spectral profile as the concentration of DOX increasing.
Fig. 3(B) shows the dependence of the detailed spectra on the con-
centrations of DOX in the region of 1100-1800 cm™ . The spectral
profile in the region of 1200-1300 cm™ ! for proteins Alll appear great
changes, and results in the alteration of secondary structure of
proteins induced by the environmental alterations of amino acids.

The band intensity at 1609 cm™, assigned to C=C in-plane bending
mode of phenylalanine and/or tyrosine residues, increases remarkably,
and it is suggested that a vital change in the environment of the Phe and/
or Tyr residues of malignant hepatocyte proteins. In the living malignant
hepatocyte, the protein folds in an ordered structure and the Phe/Tyr
side chain may be “buried” or “masked”, and so their Raman intensity
appears rather weak [34]. When treated by antitumor drug, DOX, the
hydrogen bond will be disrupted, and the Phe/Tyr side chain will be
“exposed”, and so the exposed Phe/Tyr will generate a large Raman
scattering at 1609 cm ™.

The relative intensities of the Raman bands at 830 and 850 cm™! are
related to the environment of the tyrosine side chain [35]. If the tyrosine,
as a strong hydrogen-bond donor, is buried, the intensity ratio of the band
at 850 cm™ ! to that at 830 cm™, Igs3/lg30, is about 0.5. As shown in Fig. 2,
their intensity ratio, Igso/Igos, is about 0.43, and it is inferred that tyrosine is

buried and phenolic group acts as hydrogen bond donor. As shown in
Fig. 3(A), the spectral profile in range of 800-860 cm™ ' arose changes for
DOX addition and the intensity ratio of the band at 850 cm™! to that at
825 cm™ !, Igso/ls2s, has slight increase. The experimental result suggests
that DOX alters the environment of tyrosine in cells and parts of tyrosine
residues are exposed.

As shown in Fig. 3(B), there observed the significant changes in the
region of 1100-1800 cm™ .. The band at 1585 cm™ !, corresponding to the
overlap of the C4N3-C5C4-N7C5 vibration mode of guanine (G) and
(C5C4-C4N3 vibration mode of adenine (A) [20], shows a strong decrease
by the addition of DOX, and more the band at 1313 cm™}, assigned to
guanine (G), decreases and shifts from 1313 cm™! to 1317 cm™! as DOX
increasing. It suggests that DOX may interact with the N7 and/or N3
position of guanine in DNA. As aforementioned, the DNA in malignant
hepatocytes is B-form, and guanine is exposed to the major groove. The
hydroxylcyclohexylether-amine-group in DOX is similar to a polyamine,
and it can bind preferentially in the major groove of B-form DNA [36]. So, it
is reasonable that DOX interacts with guanine. As the N7 and N3 positions
of guanine are proton-acceptor sites, it is very probable that DOX interacts
with guanine via the formation of hydrogen bond with the N7/N3 position
of guanine. However, in view of the stereo-hindrance effect, N7 is more
reactive than N3, and so DOX will interact with the N7 position of guanine
by hydrogen bond.

3.3. Influence of DOX concentrations on malignant hepatocytes

The bands at 1450 and 1003 cm™! can be assigned to lipids and
proteins, respectively. Their relative intensity can reveal a structural
modification. In order to evaluate the structural alteration induced by

Table 2
The mean area of Raman bands at 1450 and 1003 cm™ !, and the ratio of these two bands
at different concentration DOX

Concentration of DOX (ug/mL) 0 1.00 2.50 5.00 7.50 10.00
A1as0 19.8 19.1 20.2 79 18.4 15.8
A1o03 11 12 11 0.8 11 0.8
Aas0/A1003 18.0 15.9 184 79 16.7 19.7
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Fig. 4. The mean ratio between the 1450 cm™' and 1003 cm™! bands (A1450/A1003) at
different DOX concentration (squares).

DOX, the band mean areas ratio, A1450/A1003, has been calculated for DOX-
free and DOX treated cells (as shown in Table 2). As we can see from Fig. 4,
the mean ratio fluctuates according to the concentration of DOX. As the
concentration of DOX is in the range of 0-2.50 and 7.5-10.0 pg/mL, the
fluctuation range is small. As the concentration of DOX increase from 2.50
to 7.50 pg/mL, the fluctuation range increases sharply. The ratio first
decreases rapidly and then increases, and the ratio reaches the lowest
point at about 5.00 pg/mL. It means that the relative content of lipids in
cells will fluctuate according to the change of concentration of DOX. As the
concentration of DOX is about 5.00 pg/mL, the influence of DOX on the
malignant hepatocytes is the strongest.

4. Conclusions

In this paper, the Raman spectra for the malignant hepatocytes
treated by DOX have been explored. The changes in the Raman bands for
the guanine (1313 cm™' and 1585 cm™ ') of DNA suggest that DOX may
interact with DNA by the hydrogen bond to the N7 position of guanine.
The antitumor drug, DOX, affects the secondary structure and the
environment of the amino acids of protein in malignant hepatocyte, and
the Phe/Tyr side chain and tyrosine residue become exposed by the
addition of DOX. The area ratio of the band at 1450 cm™' to that at
1003 cm™! will fluctuate according to the concentration of DOX, and it
indicates that relative content of lipids in cells is affected by the DOX
concentration increasing.
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