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Abstract

The evaluation of anticancer drug to tumour cells is important to clinical practice. Raman
microspectroscopy-deutrium isotope probing (Raman-DIP) has been applied to study the
response of breast cancer cell line (MCF7 cells) to an anticancer drug (GSK233470) in vitro.
The cytotoxicity analysis of Raman-DIP was consistent to conventional cell counting kit 8
(CCKS8) assay, and both methods indicated that 10 uM of GSK233470 was the cytotoxic
concentration for regeneration inhibition to cancer cell line MCF7. Single-Cell Raman
Spectra were also used for sensitivity testing of targeted anti-cancer drugs. The variation of
the bio-macromolecules reflected by Raman signal in the fingerprint range were closely
related to the GSK233470 concentration. In brief, we propose that Raman DIP method can be
used to monitor the inhibition of the GSK233470 to the MCF7 cell proliferation with high
accuracy as CCKS8 assay. The combination of Raman DIP results and fingerprint range
information could effectively improve the evaluation, which could be a supplement for the

existing anti-cancer drug sensibility assay.

Keywords: Raman spectroscopy; Breast cancer; Deuterium isotope probing; Anticancer drug

screening



Introduction

Breast cancer is one of the most common cancer among women world widely and
chemotherapy is a main procedure during the cancer treatment [1, 2]. Recent development in
the targeted anticancer drugs helped to improve the treatment and ease the adverse drug
reactions. However, the therapeutic performance varies greatly among individuals regarding
to the patient’s physical conditions and the drug concentration. In vitro experiments, the
chemotherapy outcome can be influenced by several elements, for instance the cell
populations, the experimental condition of the cell regeneration, the drug concentration.
Therefore, cytotoxicity test became a useful way to evaluate the drug performance in vitro.
Among all the cytotoxicity test methods, the MTT assay is commonly used to assess cell
viability by monitoring its mitochondrial activities [3]. However, targeted anticancer drugs
have fewer inhibitory effects on tumour proliferation compared to cytotoxic anticancer drugs,
so conventional cytotoxicity testing is unsuitable for evaluating targeted anticancer drugs.
Currently, sensitivity to targeted drugs is usually evaluated by molecular biological methods,

such as gene mutation analysis, gene polymorphism analysis, and gene expression detection.

Raman spectroscopy is a label-free and non-destructive approach that provides intrinsic
molecular profile of a single cell. Single-cell Raman Spectra (SCRS) is widely used in
biomedical field, for instance, discriminating cancer cells from the normal ones [4], tracking
the drug biding sites, analyse the components in cancer cells, monitoring anticancer drug
treatment [5], et al. The combination of stable isotope probing and Raman spectroscopy can
reveal more information on cell metabolism [6]. Among all the isotopes, deuterium is the one
with universality as H,O is widely involved in cell metabolism, such as the synthesis of
lipids, fatty acids, proteins, and nucleic acids. The deuterium isotope of hydrogen (D,0) can
substitute hydrogen in water and participate in cell metabolism. Thus, using Raman-

DIP (Deuterium Isotope Probing) method, instead of forming C-H bands at around 2800-
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3000 cm™, the C-D bonds around 2040-2300 cm™ was formed during the metabolic activities
[7, 8]. According to this, Song et al. who used heavy water (D,O) to label the environmental
bacteria and studied the antimicrobial resistance of the bacteria [9]. We hypothesis that after
exposing to the targeted drugs, cells are supposed to become less active due to the inhibiting
effect from the drugs. By adding heavy water into the incubation buffer, the intensity ratio
between the C-D band and the C-H band can be monitored, which reveals the metabolism
rate of the cancer cells and the inhibiting effects of the targeted drugs on the cancer cells at a
single-cell level. In addition, the fingerprint range of the Raman spectra from 400 ¢cm™ to
1800 cm™ can provide much information like the cell composition, structural conformation
and can also provide specific diagnostic information about backbone structures of protein,
nucleic acid in cells [10]. Thus, by analysing the fingerprint range of the cancer cells, the

inhibiting effects of the targeted drugs could also be evaluated.

In breast cancer treatment, 3-phosphoinositide dependent protein kinase-1 (PDK-1) was used
as targets for estimating molecularly targeted drug effects. PDK-1 functions down stream of
phosphatidylinositol 3-kinase (PI3K) and activates members of the Bcl-2 family of protein
kinases that is known to play a key role in physiological processes associated with cell
metabolism, growth, proliferation and survival [11, 12]. Breast cancer express high level of
PDK-1 [13], so the inhibitors of PDK-1 signalling has therapeutic potential in suppressing the
growth of breast cancer. GSK233470 is one of PDK-1 inhibitors, which can decrease the
phosphorylation of PDK1 and activate protein kinase B (Akt) [14]. This could lead to the

upregulation of Cytochrome C and the downregulation of Bcl-2 triggering cell death [15].

In this study, we used Raman-DIP method to study the response of the human breast
adenocarcinoma cells (the MCF7 cells) to the targeted anticancer drug GSK233470 in vitro.
The result from the Raman-DIP method was compared with the that from the widely used

CCKS assay, and the stability and reproducibility of the Raman-DIP method was verified as



an anti-cancer drug sensitivity assay. The parametric correlation coefficient of drug responses
derived from CCKS8 and Raman-DIP results were calculated with Pearson’s correlation
coefficient. Pharmacologically, the dose-response relationship describes the change in the
effect on cells caused by different levels of exposure (doses) to a drug for a certain exposure
time, and dose-response curves are often fit to a classical Hill equation. Here, we fit the
relationship between drug dose and the cell response (RSI). The results indicated that our
experimental data identified with the dose-response relationship. Furthermore, we showed
that Raman-DIP method can be used for sensitivity testing of targeted anti-cancer drugs. In
brief, we propose a new method of quantifying heterogeneous characteristics of cancer cells
by treating cells with drugs. This method supplements the existing drug sensibility test

method.

Materials and Methods

Solution preparations

MCEF-7 cells were routinely cultured in culturing solution with 5% CO, at 37°C for 24 hours.
The culturing solution consists of DMEM (Gibco Company, USA) ,10% fetal bovine serum

(Gibco Company, USA), penicillin and streptomycin (Gibco Company, USA).

GSK233470 (FINE Scientific Ltd., USA) was diluted in DMEM to make a 10 mg mL™" stock

solution.

D20 (Huaxia Reagent Co., Ltd., China) was filtered by membrane with 0.22 pm pores

(Merck Millipore Ltd., Germany) before use.

CCKS assay for cytoxicity test



MCFT7 cells at a concentration of 10 thousand per well, were cultured in culturing solution
with 5% CO, at 37°C for 24 hours using a 96-well plate. Cells were then treated with
GSK233470 solution at 8 concentrations of 0 uM, 0.5 uM, 1.25 uM, 2.5 uM, 5 uM, 10 uM,
15 uM, 20 uM for 48 hours. To assess the cytoxicity of GSK233470, the IC50 value were
obtained from a Cell Counting Kit-8 (CCK-8) assay (GLPBIO, Montclair, CA, USA), which

refers to a 50% inhibiting concentration of cell growth.

D,0 treatment for Raman test

MCEF7 Cells at a concentration of 10 million cells per well, were cultured in culturing
solution with 5% CO, at 37°C for 24 hours using 6-well plates. Cells were then treated with
GSK233470 solution at different concentrations of 0 uM, 0.5 uM, 1.25 uM, 2.5 uM, 5 uM,
10 uM, 15 uM, 20 uM for 24 hours, followed by incubating with D,O (30% v/v) for another
48 hours. After the treatments, cells were washed 3 times using PBS buffer (PBS, Gibco
Company, USA). Finally, 2 pl of cell suspension was deposited on a piece of aluminum-
coated slide (Shanghai D-Band Medical instrument co., Ltd) for each GSK233470

concentration and left dry for Raman measurement.

Raman measurement and data analysis for cytoxicity test

The Raman properties of samples were measured on a WITec alpha300 Raman microscope
(WITec GmbH, Germany). The microscope is equipped with 2 sets of light sources: a 532 nm
laser for Raman measurement; and a LED white light for wide field images. The excitation
light is focused by a 100 x objective (Epiplan-Neofluar, NA = 0.9, Zeiss) and the Raman
emission is collected from the same focal spot on the sample. The laser power on sample was
around 8 mW and a grating with 600 lines mm™ was used to spread the Raman emission for
wavelength recording. For each sample, 150 Raman spectra were acquired with the spectrum

ranging from 400 to 3400cm™ and with the acquisition time set to 3 seconds per spectrum.



Raman spectra were analysed by Project FIVE 5.1 (WITec, Germany) and Labspec 6
(HORIBA, Japan), the routine data analysis including cosmic ray removal, background
subtraction and normalization. The normalization was performed referring to the area of C-H
band between 2800 cm™ and 3100 cm™. The C-D/C-H band intensity ratios were used to
assess the metabolic activity of the cells. The C-D/C-H band intensity ratios were calculated
by their integrated band area as from 2040 cm™ to 2300 cm™ for C-D band and from 2800 cm
"to 3100 cm™ for C-H band. The Raman fingerprint range from 400 cm™ to 1800 cm™ was
used to study the effect of GSK233470 on cells. The 150 spectra from each sample was

averaged for comparation.

Results
PDK1 inhibitor cytotoxicity evaluated by CCKS8 assay

MCF7 cells were cultured in culturing solution for 24 hours and then treated with
GSK233470 at 8 different concentrations for 48 hours. The CCK8 assay kit was applied to
evaluate the PDK1 inhibitor cytotoxicity according to the cellular survival rate, shown as cell
visibility (Fig. 1). The ICs (half maximal inhibitory concentration) was used to define the
cytotoxicity of the drug. The calculation result from data Fig. 1 shows that the ICs
concentration of the GSK233470 was around 10 puM. As can be seen, most cells were still
actively alive when GSK233470 concentration was below 5 uM, where the cell visibility
varied from 93.9% to 63.7% when the GSK233470 concentration was between 0.5 uM and 5
uM. With GSK233470 concentration rose up to 10 uM, the cell visibility dropped to 50.9%,
which matched the calculated GSK233470 cytotoxicity value (the ICsy concentration) for the
cultured MCF7 cells. The cell visibility dropped to 16.3% and 7.5% for GSK233470

concentration at 15 pM and 20 puM, respectively.



Cell metabolism level and PDKI1 inhibitor cytotoxicity evaluated by Raman DIP

MCF7 cells were cultured in culturing solution for 24 hours and then treated with
GSK233470 at 8 different concentrations for 24 hours, followed by incubating with D,O
(30% v/v) for another 48 hours. After the treatments, the MCF7 cells went through digestive
procedure and deposited on a chip for image. White light images were taken to show the
morphological appearance of the MCF7 cells (Fig. 2). Regarding to positive control (cells,
D,0, no GSK233470) and negative control (cells, no D,O, no GSK233470), cells showed a
comparative population and reasonable shape when the GSK233470 concentration was below
10 uM. When GSK233470 concentration rose up to 10 pM, cells began to appear the cell
atrophy on their shape and population. The GSK233470-induced cancer cell death that we
observed showed the typical morphological features of oncosis, including the fact that these
cells became bigger than normal living cells, and cellular volume obviously increased with

the drug concentration.

Raman spectra of the MCF7 cells were taken after being treated with GSK233470 and
incubated in D,O. The C-D/(C-H+C-D) ratio was used to reflect the level of the cell
metabolism and to evaluate the PDKI1 inhibitor cytotoxicity. The C-D/(C-H+C-D) band
intensity ratios were calculated by their integrated band area, as from 2040 cm™ to 2300 cm’
for the C-D band and from 2800 cm™ to 3100 cm™ for the C-H band. As can be seen in Fig. 3,
the C-D band intensity dropped when the GSK233470 concentration rose. For the positive
control (no GSK233470, 30% D,0), the C-D/(C-H+C-D) ratio was 3.13%. The ratio
gradually dropped to 1.37% when the GSK233470 concentration rose to 5 uM. A sharp
decrease from 1.37% to 0.53% was seen when the GSK233470 concentration increased from
5 uM to 10 uM, which indicated that 10 uM of GSK233470 could effectively depress the

metabolism of the MCF7 cells. The C-D/(C-H+C-D) ratio dropped to 0.14% and 0.15% when



the GSK233470 concentration were at 15 uM to 20 puM, respectively. For the negative

control (no GSK233470, no D,0), the C-D/(C-H+C-D) ratio was 0.15%.
Compare inhibition rates from Raman DIP result and CCKS8 assay result

To verify the feasibility of Raman DIP method we compared it with CCKS8 assay. The
inhibition rates of GSK233470 to MCF7 cells were calculated based on Raman DIP results
and CCKS assay results, separately. The correlation of the inhibition rates based on the two
methods was shown in Fig. 4. As can be seen, the inhibition rates from Raman DIP method
were highly correlated with those from the CCKS8 assay and the correlation coefficient value
(R?) was 0.88. Such a high correlation indicated that the Raman DIP method can be used to
evaluate the GSK233470 inhibition just as the CCK8 assay and that the CCKS8 assay and

Raman DIP methods fitted the dose-response curves well.
Result of the fingerprint range analysis

In order to evaluate the feasibility of Raman spectrum applied in the targeted drug sensitivity
assay, fingerprint range analysis was applied to MCF7 cells. Raman spectrum of bio-sample
has an intrinsic fingerprint range between 400-1800 ¢cm™. Raman bands in this range contain
rich information about the intracellular proteins, nucleic acids, lipids, and other biological
macromolecules. Thus, this fingerprint range reflects the physiological and biochemical
status of the bio-sample. Here, we recorded the fingerprint range Raman signal of the MCF7
cells with and without GSK233470 treatment to study the drug effects on the cells through
intracellular macromolecules. For each sample 150 Raman spectra were recorded, and the
averaged spectrum of each sample was plotted in Fig. 5. The solid line is the averaged Raman
spectra for cells at each GSK233470 concentration and the shade area is the =1 standard

deviation acquired for the test.



The Raman spectra of MCF7 cells showed intensity increase and decrease for certain bands
when the GSK233470 concentration rose from 0 puM to 20 uM. Specifically, with
GSK233470 concentration increasing, the Raman intensity decreased at 781 ¢cm™, 1084 ¢cm™,
1263 cm’, 1304 cm™ and 1655 cm’, whilst increased at 1128 c¢cm™. In addition, with the
GSK233470 concentration increasing, the bands at 1579 cm™ and 1616 cm™ merged into
1601 cm™. The single-cell Raman spectrum intensity changed as a whole and demonstrated

the changes of intracellular components.

Then we conducted the analysis on the Raman bands by R-studio software (Fig. 6).
Compared with negative control (no D,O, no GSK233470), the Raman band at 781 c¢cm’,
1084 cm™, 1128 em™, 1263 cm™ and 1304 cm™ bands were changed (increased or decreased)
evidently with the increase of GSK233470 concentration (p<0.001). Apart from 1128c¢m™,
significant intensity change was observed when the GSK233470 concentration rose up to 10
uM, which is consistent with the cytotoxicity value of the GSK233470 evaluated by the
CCKS8 assay and the Raman DIP method. The results revealed that drug-treated cells showed
varying Raman bands intensity with the increasing of drug concentration. Such intensity
change could possibly relate to the amount or density differences of the cellular components,
such as the nucleic acid, protein, and lipid, which varied during the drug-induced cell death
process. This spectral presentation was consistent with the fact that the chromatin of the
nucleolus and other cellular components is highly fragmented in the oncosis process as the

drug concentration increases.

Discussion

Here, we have used Raman-DIP method to study the response of the human breast

adenocarcinoma cells (the MCF7 cells) to the targeted anticancer drug GSK233470 in vitro.
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The PDK1 inhibitor cytotoxicity evaluated by Raman DIP method was highly consistent with
that evaluated by the widely used CCKS assay. The inhibition rates from Raman DIP method
showed a correlation coefficient value (R*= 0.88) with the CCK8 assay, indicating that the
Raman DIP method could be as accurate as the CCKS8 assay. Furthermore, the fingerprint
range of the Raman spectra revealed the amount/density changes on cellular components in
the MCF7 cell after the GSK233470 treatment, for the cellular component abundance varies
during the drug-induced cell death. Compared with the negative control, the intensity of
certain Raman bands in the fingerprint range showed significant changes when the
GSK233470 concentration rose to 10 uM, which is consistent with the cytotoxicity value of

the GSK233470 evaluated by the CCK8 assay and the Raman DIP method.

The fingerprint range Raman spectra between 400-1800cm™ contains rich information about
the intracellular proteins, nucleic acids, lipids, and other biological macromolecules, which
reflects the physiological and biochemical status of the bio-sample. Previous study has
reported Raman band intensity from cancerous nasopharyngeal tissues increased at 1268 cm’
', 1579 cm™ and 1660 cm™ when compared to normal tissues, referring to higher quantity of
proteins, lipids, and nucleic acids in the cancerous cells [16]. Our results showed that with the
GSK233470 concentration increasing, the Raman intensity decreased at 781 cm™
(cytosine/uracil ring breathing mode of nucleotide) [17], 1084 cm™ (phosphodiester groups of
nucleic acids) [18], 1263 cm™(thymine, adenine; =C-H bending mode of phospholipids) [16,
19, 20], 1304 cm™ (CH, twisting mode of lipids, adenine, cytosine) [21] and 1655 cm™ (C=0
stretching mode of amide I proteins, a-helix conformation, C=C stretching mode of lipids)
[21, 22]. Referring to the previous study, where the increased Raman band intensity related to
higher quantity of intracellular components, our result showed intensity decreases from these
relative Raman bands, indicating that the GSK233470 at certain concentrations can interrupt

the synthesis of nucleic acid and protein in the MCF7 cells and reduce their intracellular
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quantity. Meanwhile, the band intensity increased at 1128 ¢m™ (C-N stretching mode of
proteins, C-O stretching mode of carbohydrates, resonance Raman from cytochrome C) [22,
23], indicating the upregulation of the Cytochrome C. The Bcl2 family protein was known to
affect cell apoptosis by activation or inactivation of mitochondrial outer membrane
permeabilization pore, which is involved in regulation of Cytochrome C release into cytosol
[24, 25]. Wang et at. found DT-13 treatment for prostate cancer can increase the expression
level of Cytochrome C level in cytoplasm and trigger cell apoptosis [15]. The increased
Raman band at 1128 cm™ (Cytochrome C) could indicate that higher concentration of
GSK233470 attributed to the blockade of Bcl-2/Akt pathway and the upregulation of the
Cytochrome C, resulting in the cell apoptosis [15]. In addition, with the GSK233470
concentration increasing , the bands at 1579 cm™ (C=C bending mode of phenylalanine) [16]
and 1616 cm™ (C=C stretching mode of tyrosine and tryptophan) [17] were combined to form
a higher 1601 ¢m™ band (C=C bending mode of phenylalanine and tyrosine) [22, 26].

Tryptophan is an a-amino acid that is used in the biosynthesis of proteins [27]. It can improve

potassium or  carbohydrate  supplements [28] and increase co-enzymes = such

as pyridoxine or ascorbic acid synthesis [29]. Decreasing of tryptophan can leading to
stunted growth. The Raman spectra showed a decrease on tryptophan and an increase on
tyrosine, which possibly revealed that the growth of the MCF7 cells became stunted with the

increase of the GSK233470 concentration.

Multiple in vitro tests are widely applied to assess the anticancer activity of new compounds.
The MTT has been widely used and is considered as a gold standard for measuring cell
viability and drug cytotoxicity. The assay is based on the assumption that MTT tetrazolium
salt reduction to formazan occurs in the mitochondria of living cells due to the activity of
mitochondrial dehydrogenases. However, use of MTT has proven inconsistent and

nonspecific in many experimental circumstances. The MTT assay is significantly influenced
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by compounds that modify cell metabolism by increasing the NADPH level or the activity of
LDH. Furthermore, MTT tetrazolium salt may be reduced not only in the mitochondria but
also within the cytoplasm, on the surface of cell, endosome or lysosome membranes, or even
in the extracellular environment. Factors influencing the reduction process include the current
phase of growth, the cell cycle phase, and reaction conditions such as pH and D-glucose
concentration. A series of improved methods based on the principle of MTT method can
overcome the shortcomings of MTT method, such as XTT, MTS, CCK8 and WST method.
However, the four still have their own characteristics. XTT is not stable and is relatively
difficult to dissolve. It needs to be heated when it is used to prepare liquid, so it is rarely used.
MTS, CCKS8 and WST are commercial kits, although the cost is relatively high, the
experimental results are more objective and reliable. Whatever, all of these methods cannot
avoid the edge effect that effect the accuracy and precision during cell culture. Raman
spectroscopy, however, is a label-free and non-destructive approach. It provides intrinsic
molecular profile of a single cell, and requires no complicated sample preparation nor
expensive chemistry. With the D,O stable isotope probing, Raman spectra can reveal the
metabolism rate of the cancer cells and the inhibiting effects of the targeted drugs on the
cancer cells at a single-cell le CCK8vel. Thus, Raman spectra can be a new method for

evaluating targeted drugs on cancer cells.

Conclusion

Many studies have been performed using cultured cells with drug exposure to evaluate the
chemotherapy effect through CCKS assay in vitro. This study compared the cytotoxicity level
of the GSK233470 to the MCF7 cell evaluated by Raman DIP method and CCKS assay. The
results from the two methods are highly matched, as both suggested that 10 uM was the

cytotoxic concentration for cell regeneration inhibition. Thus, Raman DIP method can be
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used to monitor the inhibition of the GSK233470 to the MCF7 cell proliferation with high
accuracy as CCKS8 assay. Furthermore, Raman signal can provide additional information on
the bio-macromolecules of the cells from the fingerprint range. This study also showed that
the variation of the bio-macromolecules reflected by Raman signal in the fingerprint range

could also be used to evaluate the GSK233470 cytotoxicity.

This study shows that Raman DIP method can be an accurate method to evaluate the
cytotoxicity of the GSK233470 to the MCF7 cells. The combination of Raman DIP results
and fingerprint range information could effectively improve the evaluation, which can help to

obtain a better result.
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Fig. 1. MCF7 cells visibilities at different GSK233470 concentrations.

Fig.2. White light images of MCF7 cells after GSK233470 treatment
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Fig. 3. Raman result of the MCF7 cells after GSK233470 treatment and 48-hour D,O

incubation. (A) Raman spectra of the MCF7 cells. (B) The C-D/(C-H+C-D) ratio of each

Raman spectra.
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Fig.4.Compare inhibition rates from Raman DIP results and CCKS assay results
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Fig. 5 The fingerprint range Raman spectra of MCF7 cells at different GSK233470

concentrations.
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Fig.6. Raman band intensity at different GSK233470 concentration comparing with negative

control (no D,O, no GSK233470).
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