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In recent years, many subcellular proteins have emerged as promising therapeutic targets in oncology.
One crucial target is the epidermal growth factor receptor. Inhibition of this receptor has significantly
improved the survival rate of patients for many cancers. However, oncogenic mutations such as
B-RAFY®%%E have rendered tumours resistant to this therapeutic approach. Therefore, this mutation has
emerged as a potential target for cancer therapy. Sorafenib is developed to overcome the B-RAFY600E
mutation and restore the response of the mutated tumour to therapy. Here, we explore the efficacy and
distribution of sorafenib at a cellular level using colon cancer cell lines with B-RAFV60%F or K-RASSI2Y
mutations. The Raman results detected significant sorafenib-induced spectral differences in both cell
lines. In addition, the western blot and real-time cell analysis in vitro assays revealed that the ERK phos-
phorylation and the cellular proliferation of cells are inhibited, respectively, in the sorafenib-treated cells.
Thus, the observed Raman spectral changes illustrate the potent effect of sorafenib on cells despite the
presence of the B-RAFY69F or K-RASS2Y mutations. These results are in agreement with the clinical
studies, where patients with the B-RAFY6°F
spectral imaging results have shown the uptake and the distribution of sorafenib in colon cancer cells
with the B-RAFY69°E mutation through its label-free marker bands in the fingerprint region. The present
results of sorafenib efficacy and distribution in cells demonstrate the potential of Raman micro-spec-

mutation respond to sorafenib. Furthermore, the Raman
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Introduction

Despite the extensive efforts and huge investments made on
accelerating the development of drugs in oncology, cancer
therapy remains one of the highest demanding medical
needs.' The development of the molecular targeting strategy
has offered a great improvement in cancer therapy.’ In this
approach, a specific protein that contributes to cancer pro-
gression is targeted and inhibited by a therapeutic agent.
Epidermal growth factor receptor (EGFR) is one of the most
prominent targets in cancer therapy.>® This is due to its major
role in the regulation of cell proliferation and tumour growth.”
It is well established that EGFR activation by growth factors
initiates a cascade of downstream signalling through an RAS/
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troscopy as the in vitro assay for the assessment of drugs, which is important in drug discovery.

mitogen-activated protein kinase (MAPK) pathway, which leads
to genetic transcription engaging cell proliferation and survival
(Fig. 1).%° EGFR activation can be blocked using monoclonal
antibodies or tyrosine kinase inhibitors (TKIs). The blocking
of EGFR inhibits MAPK that ceases cell proliferation.’® The
MAPK pathway consists of RAF, MEK, and ERK proteins.”""
RAF exists in three isoforms: A-RAF, B-RAF, and C-RAF.'?
B-RAF received more attention than the other types after the
detection of the B-RAF mutation in 66% of melanomas and in
various types of human solid cancers."?

Among the 100 mutations that have been identified in
B-RAF, V600E is the most occurring one and has been reported
in several aggressive cancers including metastatic colon
cancer,"* thyroid cancer," non-small-cell lung cancer,'® and
melanoma.’” Furthermore, clinical studies indicated that
metastatic colorectal and lung cancer patients with the
B-RAF"*°’" oncogenic mutation were non-responders to EGFR
inhibitors such as cetuximab and erlotinib."®* This is
because the RAF°°" mutation causes a prolonged activation
of the MAPK pathway regardless of EGFR activation or inhi-
bition, leading to an activation of cell proliferation that
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Fig. 1 Mechanism of sorafenib action. Sorafenib is a multi-kinase
inhibitor that targets RAF, PDGFR, and VEGFR, inhibiting cellular prolifer-
ation. The dotted and non-dotted receptors undergo homodimerization
upon ligand binding to the receptor triggering autophosphorylation.
This leads to the activation of the tyrosine kinase signal transduction
pathways, which modulate cellular proliferation through the MAPK
pathway.

confers a refractory character to the EGFR-targeting
therapy.'>'® As a consequence, the mutated B-RAF®’°"
protein has emerged as one of the new targets in cancer
therapy.'”*°

Sorafenib (Nexavar™) is a multi-kinase inhibitor that is
developed to block the phosphorylation of RAF and its iso-
forms including the B-RAF'°°°" mutation, preventing cell pro-
liferation and tumour progression.?’** It also targets the vas-
cular endothelial growth factor receptors (VEGFR), platelet-
derived growth factor receptor-p (PDGFR), and fibroblast
growth factor receptor 1.>>7>* In addition, sorafenib inhibits
the MAPK pathway and ERK phosphorylation in a panel of
human breast, pancreatic, and colon cancer and melanoma
cell lines expressing either mutant B-RAF, mutant K-RAS, or
wildtype RAF or RAS.”>?° Sorafenib has been approved by the
U.S. Food and Drug Administration and European Medicines
Agency for the treatment of thyroid cancer, and hepatocellular
and renal cell carcinomas.?”>°

Sorafenib has also demonstrated promising results con-
cerning the treatment of colorectal cancer when it is used
alone or in combination with other anticancer drugs and it is
still in clinical trials for metastatic colon cancer.’*>! Here, we
examine the sorafenib efficacy and distribution in colon
cancer cells with and without B-RAF and K-RAS mutations
using Raman micro-spectroscopy.

Raman micro-spectroscopy has been implemented exten-
sively in several biomedical and clinical applications as well as
in the drug discovery process.”'° It offers great potential in
discriminating between different cells and eventually can

6070 | Analyst, 2018, 143, 6069-6078

Analyst
screen cancer cells,**** and also for the assessment of drugs
at the cellular level.”®™ For instance, Raman micro-spec-
troscopy has been used to monitor the efficacy of several
anti-cancer agents or drugs such as cisplatin, vincristine,
doxorubicin, panitumumab, and erlotinib on cancer
cells.*#4047:26:58:59 pyrthermore, the label-free Raman imaging
of the distribution of small molecule inhibitors or drug car-
riers containing functional groups such as an alkyne, nitrile,
or isotopic label (deuterium) in cells has been reported in the
literature,*>°%340°6% The label-free drug distribution approach
is based on the fact that these functional groups have
Raman bands in the silent region of the cell spectrum
(1800-2800 cm™") and they can be used as label-free markers.
However, small molecule inhibitors such as TKIs, which are
promising candidates used also as label-free Raman markers,
exhibit strong and sharp Raman lines in the fingerprint
region.”™®* For instance, Fu et al. used the Raman bands of
imatinib and nilotinib at 1300 cm™, of chloroquine at
1370 cm™?, and of GNF-2 and GNF-5 at 1600 cm ™' to monitor
their distribution in the cells.*® Aljakouch et al also used a
Raman band near 1386 cm™' to monitor the distribution of
neratinib in different cancer cells.®*

Here, we utilized Raman micro-spectroscopy to explore the
potency and efficacy of sorafenib on three colon cancer cell
lines with B-RAF (HT29 cells) and K-RAS (SW480 cells)
mutations and without these mutations (SW48 cells). The
Raman results displayed large sorafenib-induced differences in
the cells irrespective of whether they harbour B-RAF or K-RAS
mutations. The common in vitro assays such as western blot
and real-time cell analysis (RTCA) indicated that sorafenib
inhibited ERK phosphorylation and the proliferation of colon
cancer cells, respectively, in the case of HT29 and SW480 cells.
These results suggest that the observed Raman spectral
changes in the cells upon treatment with sorafenib are pro-
duced as a result of a cellular response. Furthermore, the
label-free distribution of sorafenib in the cells was monitored
through its Raman bands in the fingerprint region. The
present results demonstrate the potential of Raman micro-
spectroscopy as a companion diagnostics for screening anti-
cancer agents and could be of importance in drug discovery,
especially for preclinical in vitro screening.

Experimental section

Cell culture

HT29 (HTB-38), SW48 (CCL-231), and SW480 (CCL-228)
human colon cancer cell lines were obtained from the
American Type Culture Collection. HT29 cells have the
B-RAFY®°°F mutation,®>*® whereas SW480 cells harbour the
K-RASY"®Y mutation.®” The cell culture is conducted in
Dulbecco’s modified Eagle’s medium (DMEM; Invitrogen,
Carlsbad, USA) that is supplemented with 10% fetal bovine
serum (FBS; Invitrogen, Carlsbad, USA), 2 mM r-glutamine,
and 5% penicillin/streptomycin. The cells were incubated
under a 10% CO, atmosphere at 37 °C. CaF, slides (Korth
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Kristalle, Kiel, Germany) were used as the adherent surface for
cell culture and as the substrate for the Raman measurements,
in order to avoid background signals from conventional glass
slides. The cells were incubated with sorafenib (50 pM,
4 hours) for the drug uptake experiment and with sorafenib
(15-25 pM, 16 hours) for the drug effect experiment under a
10% CO, atmosphere. Afterwards, the cells were fixed in 4%
paraformaldehyde (VWR International, Darmstadt, Germany)
and submerged in phosphate-buffered saline (PBS; Invitrogen,
Carlsbad, USA) until further use.

Confocal Raman microscopy

Raman micro-spectroscopy imaging was conducted using a
WITec alpha300 AR confocal Raman microscope (Ulm,
Germany), which is described previously.***>~*7%%% Two laser
sources, a frequency-doubled Nd:YAG laser source of 532 nm
(Crystal Laser, Reno, USA) and a single-frequency diode laser
of 785 nm (Toptica Photonics AG, Munich, Germany), were
used for monitoring the sorafenib (Fig. S17) effect on the cells
and its localization within the cells. The Raman intensity of
the sorafenib bands is stronger with 785 nm excitation com-
pared to that with 532 nm excitation. Therefore, a 532 nm
laser was used in the case of the drug effect experiment with
an output power of 12 mW approximately at the sample. In the
case of drug uptake measurements in which the cells were
treated with a high sorafenib concentration (50 pM), a 785 nm
excitation was used with an output power of 120 mW at the
sample. A Nikon NIR APO (60%/1.00 NA) water-immersion
objective is used for all measurements. The spot size of the
laser beam is ~1 pm. The Raman imaging measurements were
performed by raster-scanning the laser beam over the cells and
obtaining a full Raman spectrum at a speed of 0.5 seconds per
pixel and the pixel resolution is 500 nm.

Multivariate analysis

Hierarchical cluster analysis (HCA) and principal component
analysis (PCA) were utilized to analyse the Raman spectra of
the cells. The Raman hyperspectral results were exported to
MATLAB 8.2 (MathWorks Inc., MA), and the data pre-proces-
sing and cluster analyses were conducted using in-house built
scripts. For measurements with 532 nm excitation, the Raman
spectra that had no C-H band at 2850-3000 cm ™" were treated
as the background and deleted. The cosmic spikes were
removed using an impulse noise filter, and the Raman spectra
were interpolated to a reference wavenumber scale. All spectra
were then baseline-corrected by a third-order polynomial and
were vector normalized. We performed the HCA in the regions
of 700-1800 and 2800-3050 cm ™' using Ward’s clustering in
combination with the Pearson correlation distance for the
datasets obtained with 532 nm excitation. The PCA was per-
formed on the average spectra of the control and the sorafe-
nib-treated cells in the region of 700-3050 cm™" to obtain the
principal component (PC) scores and loadings. The first three
PCs generated the maximum variances within the Raman
results, highlighting the different spectral features between
the control and the sorafenib-treated cells. In the case of
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785 nm excitation, the HCA was performed in the region of
700-1800 cm ™.

Results and discussion

Cellular response to sorafenib by RTCA

To examine whether SW48, HT29, and SW480 colon cancer
cells respond to sorafenib or not, a standard RTCA bioassay
was used. RTCA evaluates cellular proliferation, migration and
invasion based on the impedance detection of the cell viability
in a label-free manner.”® This technique monitors non-inva-
sively the growth, shape, and damage of the cell over an
extended period of time. In an RTCA instrument, gold electro-
des located at the bottom of each cell culture well act as elec-
tronic sensors that measure changes in the impedance
induced by the adherent cells. When the cells are seeded into
the well, the impedance signal expressed in the cell index
value increases with cells attaching to the bottom of the cell
culture well. The division of the cells causes an increase in
impedance over time reflecting cell proliferation, whereas it
decreases as the cells detach when they die. RTCA (see the
ESIf) was conducted on SW48, HT29 (B-RAF mutation), and
SW480 (K-RAS mutation) cells treated with 15, 25, and 50 pM
concentrations of sorafenib, as well as on cells without sorafe-
nib treatment (control), and the results are shown in Fig. 2.
These concentrations are similar to the detected sorafenib con-
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Fig. 2 RTCA of SW48 (A), HT29 (B), and SW480 (C) cells of the control
and the cells treated with different sorafenib concentrations. The insets
show only the first 20 hours after drug treatment.
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centrations in the plasma (5-31 puM) of patients diagnosed
with hepatocellular carcinoma, after treatment with a single
oral dose of 200 or 400 mg per day.”*

In the case of the control, the results revealed an increase
in the cell index value over time, indicating that the cells still
proliferate. In contrast, the cell index values decreased to
~0.5-0 after ~30 hours when the cells were treated with higher
sorafenib concentrations (25 pM in the case of SW48 and
HT29 cells and 50 pM in the case of all cell lines). However,
the cell index values of the cells treated with lower sorafenib
concentrations (15 pM in the case of SW48 and HT29 cells and
25 uM in the case of SW480 cells) remain almost constant at
~1 but did not increase significantly as in the control nor
dropped to ~0.5-0 as in the case of the cells treated with
higher sorafenib concentrations. These results suggest that
lower sorafenib concentrations induce a cytostatic effect by
interfering with the cell-cycle machinery leading to growth
arrest. On the other hand, higher concentrations of sorafenib
may induce a cytotoxic effect on the cells after ~30 hours of
incubation leading to necrosis, apoptosis and/or cell lysis.”?
These results indicate that the SW48, HT29, and SW480 cells
responded to sorafenib irrespective of whether they harbour
B-RAF or K-RAS mutations. Therefore, we used the SW48 and
HT29 cells treated with 15 pM sorafenib and the SW480 cells
treated with 25 pM sorafenib for 16 hours to monitor its
efficacy by Raman micro-spectroscopy. At these concen-
trations, sorafenib itself is not detectable. On the other hand,
the cells treated with 50 uM sorafenib for 4 hours were used to
localize sorafenib in the cells. At these concentrations and
incubation times, most of the cells are viable and adherent to
the cell culture well.

Inhibition of ERK phosphorylation by sorafenib

In order to confirm that sorafenib inhibits the activity (phos-
phorylation) of RAF to prevent cellular proliferation, we tar-
geted the ERK proteins which can be used as an indicator of
RAF protein activity. It is well established that RAF activation
increases the phosphorylation of ERK, whereas inhibiting RAF
can block ERK phosphorylation.”> We used the western blot
assay to evaluate the inhibitory effect of sorafenib on ERK
phosphorylation in SW48 (A), HT29 (B), and SW480 (C) cells as
shown in Fig. 3. The results indicate an increase in the acti-
vation level of phospho-ERK (P-ERK) in the cells treated with
epidermal growth factor (EGF; a positive control) compared to
the control cells that exhibit ERK phosphorylation. This can be
attributed to the activation of EGFR by EGF binding that in
turn activates the RAS-RAF-ERK pathway as shown in Fig. 1.

In the case of 15-50 pM sorafenib-treated HT29 (B) and
SW480 (C) cells, the signal of P-ERK is clearly inhibited as a
result of an inhibition of an upstream RAF protein, which is
expressed in these cells (Fig. S21). In contrast, the P-ERK
signal was not inhibited in the sorafenib-treated SW48 cells
(A) but it is increased. The amount of T-ERK was also
increased upon sorafenib treatment. The reproducibility of
the P-ERK results for the sorafenib-treated SW48 cells was
confirmed using three different cell batches. However, the
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Fig. 3 Effect of sorafenib on ERK phosphorylation in SW48 (A), HT29
(B), and SW480 (C) cells. Cell lysates were resolved by SDS-PAGE and
western blot analysis using antibodies that recognize phosphospecific
ERK1/ERK2 (P-ERK1/2) and total ERK1/ERK2 (T-ERK1/2). B-Actin was
used as a loading control.

reason for these results is not clear. Therefore, the used sora-
fenib concentrations clearly inhibited the cell growth and
proliferation as revealed by the RTCA results (Fig. 2) for all
cell lines. In addition, western blot (Fig. 3) showed that sora-
fenib inhibited the P-ERK expression in both HT29 and
SW480 cells.

Cellular response to sorafenib by Raman micro-spectroscopy

Raman spectral imaging was conducted on the SW48, HT29,
and SW480 cells treated with sorafenib for 16 hours as well as
on the cells without treatment. The average Raman spectra of
the control and the sorafenib-treated cells (approximately
50-60 cells per cell line) are displayed in Fig. S3.T As indicated
by RTCA, the adherent cells still remain viable after drug treat-
ment for 16 hours (Fig. 2). The white dots in the images
(Fig. 4A and B) reflect the presence of lipid droplets that have a
strong Raman intensity and a characteristic Raman spec-
trum.*®*” The average Raman spectrum of the control
(Fig. 4C(a)) contains bands at 1008 cm ™' (phenylalanine ring-
breathing mode), 1098 cm™" (phospholipid C-C stretching),
1130 cm™' (C-N stretching), 1260-1350 cm™' (amide III
vibration of peptide linkages), 1451 cm™" (C-H deformation or
CH, bending modes), 1660 cm™' (amide 1), and
2800-3020 cm ™' (C-H stretching of CH;, CH,, and CH).*>*%*”
The tentative assignment of the main Raman bands is also
indicated in Table 1.
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The difference spectra of the untreated cells versus the
sorafenib-treated cells are determined and presented in
Fig. 4C(b-d). These difference spectra revealed the molecular
changes in cancer cells upon treatment with sorafenib. They
display clear negative bands in the fingerprint region around

(c) HT29

W

Intensity / a.u.

(d) SW480

1500 2000

gl
Wavenumber / cm

Fig. 4 Raman spectral imaging of HT29 cells with 532 nm excitation.
The integrated Raman intensity images of the C—H stretching region
(2800-3050 cm™) of the control (A) and the sorafenib-treated cells (B).
(C) Average Raman spectra of HT29 cells of the control (a) and the
difference spectra (control — sorafenib-treated cells) of SW48 (b), HT29
(c), and SW480 (d) cells.

Table 1 Tentative assignments of the Raman bands shown in Fig. 4 and 5

Paper

1451 em™" (lipids) and 1660 cm™
bands in the C-H stretching region near 2840-2960 cm™
(lipids and proteins).*>*” These results may suggest that the
lipid and protein contents are increased upon sorafenib treat-
ment. This is perhaps due to drug-induced cell stress and sub-
sequent apoptosis.”*”>

The PC scatter plots for the Raman results displayed in
Fig. 5 show a distinctive separation between the control and
the sorafenib-treated SW48 (A), HT29 (B), and SW480 (C) cells.
In addition, the PC loadings are presented in Fig. 5 for the
Sw48 (D), HT29 (E), and SW480 (F) cells. All the three PCs
show variation in the lipid, protein, nucleic acid, amino acid,
and polysaccharide contents of the cells. For instance, the PC1
of the SW48 cells is dominated by the lipid (1446 cm™") and
protein (amide I: 1664 cm™") contribution. The PC2 shows
variations in proteins (Tyr: 1169 cm™ ', Phe: 1588 cm™", and
amide I: 1630 cm™'), lipids (1308 and 1445 cm™'), nucleic
acids (1308 cm™"), and polysaccharides (1205 cm™"). The PC3
also depicts variations in proteins (amide III: 1250-1340 cm ™
and amide II: 1552 cm™"), lipids (1453 em™'), and nucleic
acids (1525 cm™"). The lipids and proteins in all the three PCs
also contribute to the 2850-2945 cm™" region. In addition, the
three PCs of the HT29 cells (E) display variations in lipids
(1453 cm™') and proteins (amide III: 1250-1320 cm™ ' and
amide 1: 1630 and 1657 cm™'), and both of them contribute
also to the 2850-2945 cm ™" region. Furthermore, the three PCs
of the SW480 cells (F) show variations in lipids (1453 cm™"),
proteins (amide III: 1250-1320 cm™" and amide I: 1630 and
1657 em™ "), and nucleic acids (1090 ecm™" and 1190 cm ™), and
PC1 and PC3 have contributions also to the lipids and proteins
in the 2850-2945 cm ™" region. It is noted that H-O-H bending
of water may contribute to the PC2 of both HT29 (E) and
SW480 (F) cells, where a broad band around 1640 cm™ is
present in PC2 loading.”®

These variations indicate a clear alteration in the protein,
lipid, and nucleic acid contents of the cells upon sorafenib
treatment. They also refer to a major metabolic shift within
the cell, which can be attributed to the apoptotic changes
induced by sorafenib treatment. The observed variations in the
loadings (mainly in lipids and proteins) are in good agreement
with those spectral changes detected in the Raman difference
spectra (Fig. 4C).

(proteins), as well as the
1

Wavenumber (cm™") Assignment

1008
1098
1130
1169
1205
1250-1340
1308
1451
1588
1660
2850-2945

C-N stretching

Polysaccharides

This journal is © The Royal Society of Chemistry 2018

Ring-breathing mode in phenylalanine
Symmetric PO, stretching vibration of the DNA backbone or phospholipid C-C stretching

C-H in plane-bending mode of tyrosine and phenylalanine; cytosine, guanine

Amide III (C-N stretching, N-H bending, proteins), and/or PO, asymmetric stretching
CH; and/or CH, twisting or bending mode of lipids or collagen

CH (CH,) bending mode in proteins and lipids

Adenine, guanine and/or C=C bending mode of phenylalanine

Amide I (C=O stretching, C-N stretching, and N-H bending, proteins)

C-H symmetric stretching (lipids and proteins)
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Fig. 5 Principal component analysis (PCA) of the Raman results for colon cancer cells. The PCA scatter plots for (A) SW48, (B) HT29, and (C) SW480
cells. The control and sorafenib-treated cells are shown in red and blue, respectively. Principal component loadings of the Raman results for (D)

SW48, (E) HT29, and (F) SW480 cells.

To monitor the effect of sorafenib on the subcellular com-
ponents, the average cluster spectra of the plasma membrane
region, cytoplasm, nucleus, and lipid droplets for the sorafe-
nib-treated cells and the control of, for example, the HT29
cells were recorded as described previously,”” and the results
are displayed in Fig. S4 and S5.f Only the average spectra of
the nucleus contain the DNA marker band near 790 cm™*
(O-P-0O backbone stretching). The average spectra of the lipid
droplets are similar to those of high lipid or phospholipid con-
tents.*>*” The difference spectra (untreated cells - sorafenib-
treated cells) of the plasma membrane region, cytoplasm,
nucleus and lipid droplets were also determined and are
shown in Fig. S6.f These difference spectra revealed spectral
changes implying variations in the subcellular organelles upon
treatment with sorafenib.

Taking together the Raman results, RTCA, and the western
blot analysis, the detected Raman spectral changes can be con-
sidered as a cellular response to sorafenib.*®*” However, there
is a discrepancy in the case of SW48 cells between the RTCA
and Raman results on the one hand and those of ERK phos-
phorylation on the other hand. Both the RTCA and Raman
results suggest that the SW48 cells responded to sorafenib,
while ERK phosphorylation was not inhibited by sorafenib
under similar experimental conditions. Such discrepancy has
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been observed previously for the SW480 cells treated with pani-
tumumab. The Raman results suggested that the SW480 cells
did not respond to panitumumab due to the K-RAS mutation
similar to the clinical observations, while ERK phosphoryl-
ation was inhibited by panitumumab.*”

In our previous study,’® the Raman difference spectra of the
untreated cells versus the erlotinib-treated cells displayed
major spectral changes in the SW48 cells harbouring wild-type
B-RAF, whereas minor/limited changes were detected in the
case of the HT29 cells containing the B-RAF'*°°F mutation.
These minor/limited changes were observed because the HT29
cells harbouring the B-RAFY®°°® mutation have a limited
response to EGFR inhibitors." In the present study, sorafenib
overcomes the B-RAF'®°°" mutation, and larger spectral
changes especially in the C-H stretching region and conse-
quently a clear effect on the HT29 cells were observed. These
results are in agreement with the clinical results that indicate
a positive response of B-RAFV**°F-mutated tumours to sorafe-
nib treatment.*”°

The SW480 cells harbouring the K-RAS mutation showed
no response to EGFR inhibitors such as panitumumab and
erlotinib.*®*” These results are in agreement with the observed
response of colorectal cancer patients in clinics. In contrast,

the SW480 cells showed a response to sorafenib, which is a

This journal is © The Royal Society of Chemistry 2018
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multi-kinase inhibitor. These results are in the same line with
the clinical trial Phase II (NEXIRI) results, conducted on
patients with K-RAS-mutated metastatic colorectal cancer. The
results showed that using sorafenib in combination with irino-
tecan enhances the tumour response of patients who are
initially resistant to irinotecan monotherapy.>®

Label-free distribution of sorafenib in cells by Raman spectral
imaging

One of the major evaluation criteria of drug pharmacokinetics
is the detection of the subcellular uptake of the therapeutic
agent. However, imaging the uptake of small molecule drugs
or drug carriers is highly challenging using conventional
Raman micro-spectroscopy. This is because drugs or their car-
riers often accumulate at lower concentrations within cells.
There is a general consensus to use functional groups such as
an alkyne, nitrile, or isotopic label (deuterium or **C) as a label-
free marker to improve the Raman sensitivity of the molecule of
interest since these groups have Raman bands in the silent
region of the cell spectrum (1800-2800 cm™*).*%%2:34,60-64
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Fig. 6 (A) The Raman spectra of free sorafenib tosylate (a) and p-tolue-
nesulfonic acid (b), the average Raman spectrum of the sorafenib-con-
taining cluster in HT-29 cells (c), and the average Raman spectrum of
the control cells (d) excited at a wavelength of 785 nm. The chemical
structures of sorafenib tosylate and p-toluenesulfonic acid are also
shown. (B—1) Raman imaging of the HT-29 cells treated with 50 uM sora-
fenib for 4 h. Raman images reconstructed from the band’s intensities at
1420-1470 cm™ (B) and 1015-1040 cm™! (C). Panel C represents sora-
fenib (red structure only) without its tosylate. (D) Overlay of Panels B and
C. (F—H) Cross-sectional Raman images along the x—z axis of the same
cells. The scanning positions are indicated by the white line in Panel
B. (D and H) represent the distribution of sorafenib (red structure) in the
cells. (E and 1) The HCA results based on the Raman data shown in
Panels B and F and the red clusters. (E and I) represent sorafenib.
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These label-free Raman tags are in some cases inherent to the
chemical structure of the molecule under examination such as
the presence of an alkyne group in erlotinib and EdU, and a
nitrile group in neratinib,** or alternatively, they may be inte-
grated by the chemical modification of the parent struc-
ture.*>>! On the other hand, the sorafenib chemical structure
(Fig. 6) does not contain any of these label-free Raman tags
that can provide vibrational bands in the silent region of the
Raman cell spectrum. Consequently, it is more challenging to
detect the intracellular uptake of sorafenib using only Raman
bands in the fingerprint region of the Raman spectrum.

Sorafenib-p-toluenesulfonate (sorafenib tosylate) is a com-
monly used form of sorafenib in clinics.””””® Introducing the
tosylate moiety to sorafenib can enhance its water solubility
due to salt formation, which facilitates oral drug applications.
The Raman spectrum (a) of pure sorafenib tosylate reveals
bands at around 744, 798, 822, 858, 918, 1005, 1028, 1112,
1159, 1262, 1324, 1603, and 1719 ecm ™" as depicted in Fig. 6A.
The strong sorafenib bands at 798, 1005, 1028, 1112, 1324, and
1603 cm ™" are potential candidates to monitor the localization
of sorafenib within the HT29 cells. However, the Raman bands
near 798 and 1112 cm™' may originate from the p-toluenesul-
fonate moiety as indicated by the Raman spectrum of p-tolue-
nesulfonic acid (spectrum b). It is noted that the band at
1122 em™ " in p-toluenesulfonic acid is downshifted in sorafi-
nib tosylate (1112 cm™") most likely due to salt formation.”
Since sulfonic acid salts offer a relatively higher dissolution
rate compared to other salts moieties,* the p-toluenesulfonate
moiety is expected to dissociate before sorafenib interacts with
the RAF protein. It is noted that the dissociation of the p-tolue-
nesulfonate moiety was not detected in the present study.
Therefore, the 798 and 1112 cm™' bands cannot be used to
monitor the distribution of sorafenib within the cells.

Furthermore, the Raman spectrum (d) of the HT29 cells dis-
plays Raman bands near 1005 cm™" (ring-breathing mode of
phenylalanine), ~1324 cm™" (amide III), and ~1656 cm "
(amide I) that overlap with sorafenib bands at 1005, 1324, and
1603 cm ™, respectively. Thus, it is safer to conclude that only
the sorafenib Raman band at 1028 cm™" (spectrum a), which
has no corresponding band in the cell spectrum (d), can be
used as a label-free marker candidate to monitor sorafenib
localization within the HT29 cells. The Raman spectral
imaging was conducted on the HT29 cells treated with 50 uM
sorafenib for 4 hours. Most of the cells are viable at that time
as shown by the RTCA results (Fig. 2). By constructing the
Raman intensity image of HT-29 cells at 1420-1470 cm™* (C-H
deformation region), the major cellular architecture can be
visualized as depicted in Fig. 6B, whereas the Raman intensity
image constructed around the band of 1028 ecm™" reveals the
distribution of sorafenib within the cells (Panel C). By overlay-
ing images (B) and (C), the subcellular distribution of sorafe-
nib (red structure in Fig. 6) without its salt can be visualized in
image (D), which indicates a clear spatial distribution of sora-
fenib in the HT29 cells.

Raman spectral data were analysed using the HCA, con-
ducted on the spectral range of 700-1800 cm™". In the HCA
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index-colour image, the subcellular distribution of a sorafenib-
containing cluster is indicated in red (E). The average Raman
spectra of the HCA are shown in Fig. S7.7 It is noticed that the
HCA image displays more sorafenib-containing clusters than
the corresponding Raman intensity image (Fig. S8t). This is
because the HCA clustering assigns each pixel exclusively to a
cluster, producing a better image than the univariate Raman
intensity image. The average spectrum of the blue cluster
(Fig. S71) contains a DNA marker band (784 cm™"). Thus, the
blue cluster is tentatively assigned to the nucleus. It also con-
tains sorafenib since the average Raman spectrum of the
nucleus displays a band at 1028 cm™'. An average Raman spec-
trum of the sorafenib-containing cluster within the HT29 cells
is depicted in Fig. 6A(c). Although the average Raman spec-
trum of the sorafenib-containing cluster in the cells contains
strong cellular contribution, the sorafenib marker bands at
1028 cm™" are clearly visible. In addition, most likely the sora-
fenib bands at 1603 and 1005 ecm™" (spectrum a) contribute to
the spectrum of the sorafenib-containing cluster (spectrum c).
Furthermore, cross-sectional Raman imaging in the x-z axis
was also conducted to confirm that the detected sorafenib is
confined within the cell and not precipitated extracellularly, as
shown in Fig. 6(F-I). In order to validate the reproducibility of
these findings, Raman measurements of three more replicates
of HT29 cells were performed and shown in Fig. S9-S14.7
Similar results were obtained using SW48 cells (Fig. S15 and
S16%). Thus, Raman spectral imaging demonstrates the sorafe-
nib uptake, utilizing Raman marker bands in the fingerprint
region. The concentration of sorafenib within the cancer cells
is presumably in the mM range as quantitatively estimated for
other tyrosine kinase inhibitors using Raman microscopy.’®®*
Sorafenib is a multi-kinase inhibitor blocking the phos-
phorylation of RAF and its isoforms including B-RAFY®°F, A

Fig. 7 (A) Integrated Raman image of the HT29 cell treated with sorafe-
nib. (B) The HCA of the Raman data shown in (A) containing sorafenib
(red). (C) Fluorescence image of the same cell that shows B-RAF (green)
and the nucleus (blue). (D) Overlay of the sorafenib-containing cluster
(red) from (B) and B-RAF (green) from (C); the overlaid regions are
shown in yellow.
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combination of Raman spectral imaging followed by fluo-
rescence imaging was used to monitor the distribution of not
only sorafenib but also the B-RAF in the same cell as shown in
Fig. 7 and S11-13.7 The HCA of the Raman results and fluo-
rescence imaging are shown in Panels B and C, respectively.
The sorafenib-containing cluster (red) from (B) is overlaid with
the B-RAF (green) from (C) and the results are shown in (D).
The overlaid region (yellow) suggests that a large amount of
sorafenib is colocalized with B-RAF, which is one of the targets
of sorafenib. These results suggest that some of the sorafenib
binds to B-RAF, blocking its phosphorylation and then inhibit-
ing the MAPK pathway and subsequently the cellular
proliferation.*"**

Conclusions

The present Raman results detected large sorafenib-induced
differences in HT29 colon cancer cells harbouring the
B-RAFY*°°® mutation. Under the same experimental con-
ditions, cellular proliferation and ERK phosphorylation are
inhibited in the sorafenib-treated HT29 cells as illustrated by
the in vitro RTCA and western blot assays, respectively. Thus,
the Raman micro-spectroscopic results illustrate the potent
effect of sorafenib on HT29 cells despite the presence of the
B-RAFV*°F-resistant mutation. These results are also in agree-
ment with the clinical studies, where patients with the
B-RAFY*°°F mutation respond to sorafenib. Similar results were
also observed for SW480 cells harbouring the K-RAS mutation.
On the other hand, SW48 cells showed a discrepancy in the
results of different conventional in vitro assays. Furthermore,
the Raman spectral imaging results have provided a proof of
the uptake and the label-free distribution of sorafenib in
cancer cells and its colocalization with B-RAF. The results
demonstrate that the capability of Raman micro-spectroscopy
in drug uptake detection is not only limited to the Raman
marker bands in the silent region of the cell spectra
(1800-2800 cm ™), but it can also be extended to bands in the
fingerprint region as shown here for sorafenib. Taking
together the results of sorafenib efficacy and distribution in
cells, the capacity of Raman micro-spectroscopy for monitor-
ing both drug efficacy and distribution can be further extended
for drug evaluation in the in vivo environment such as mouse
models, which is the next step in pre-clinical evaluation and
drug discovery.
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