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Targeted cancer therapies block cancer growth and spread using small molecules. Many molecular targets
for an epidermal growth factor receptor (EGFR) selectively compete with the adenosine triphosphate-
binding site of its tyrosine kinase domain. Detection of molecular targeted agents and their metabolites
in cells/tissues by label-free imaging is attractive because dyes or fluorescent labels may be toxic or
invasive. Here, label-free Raman microscopy is applied to show the spatial distribution of the molecular
targeted drug erlotinib within the cell. The Raman images show that the drug is clustered at the EGFR
protein at the membrane and induces receptor internalization. The changes within the Raman spectrum
of erlotinib measured in cells as compared to the free-erlotinib spectrum indicate that erlotinib is
metabolized within cells to its demethylated derivative. This study provides detailed insights into the drug
targeting mechanism at the atomic level in cells. It demonstrates that Raman microscopy will open
avenues as a non-invasive and label-free technique to investigate pharmacokinetics at the highest

www.rsc.org/analyst possible resolution in living cells.

Introduction

In drug discovery and development, the uptake and distribution
of a drug candidate in targeted cells/tissues are pivotal for the
evaluation of its pharmaceutical properties. Important infor-
mation related to the absorption, distribution, metabolism, and
excretion of drugs, such as accumulation at the level of the
targeted cell/tissue, is also desired. The distribution of phar-
maceutical compounds inside cells/tissues has been investi-
gated using several techniques such as positron emission
tomography, magnetic resonance imaging, and whole body
autoradiography.'” These techniques may be applied in vivo;
however, the major limitations include the requirement of
radioactive isotope labeling or the use of a reporter molecule. In
recent years, there has been growing interest in applying label-
free imaging methods such as matrix-assisted laser desorption
ionization with mass spectrometry (MALDI-MS) to the analysis
of pharmaceutical compounds and their metabolites in bio-
logical tissue sections.*” However, this method can be applied
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only to low molecular weight compounds and suffers from a low
spatial resolution of approximately 20 um. All the above
methods suffer from either low sensitivity and/or low spatial
resolution. On the other hand, Raman microspectroscopy is a
non-invasive and label-free method to assess and image cellular
processes based on their biochemical changes without further
sample preparation.®*** Raman microspectroscopy affords high
sensitivity to small intracellular fluctuations as well as a high
spatial resolution of approximately 0.5 pm. This technique is
based on the identification of molecular vibrations that are
distinct for all major species in cells and tissues such as
proteins, nucleic acids, lipids, phospholipids, and carbohy-
drates as well as a variety of molecules such as drugs or
metabolites. Raman microscopy has been used to image cellular
organelles®**** and also to follow the uptake of liposomal drug
carrier systems'®™® and alkyne-tagged proliferation probes.* In
addition, the distribution of chemotherapeutic drugs in cells
has been reported.”** However, the cellular uptake of these
drugs in the cell culture occurred without carrier systems. The
distribution and metabolism of the molecular targeted agent
using a carrier system will be discussed in the present study.
Targeted cancer therapies have been directed towards
cancer-specific molecules and signaling pathways.>>*” Some
targeted agents have high selectivity and potency, are less
harmful to normal cells, and have reduced side effects, and thus
may be more effective than chemotherapy. Tyrosine kinase
receptors are important targets because they play a vital role in
the modulation of growth factor signaling, and their activated
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forms can induce an increase in cancer cell proliferation and
growth. Tyrosine kinases catalyze the transfer of the terminal
phosphate group from adenosine triphosphate (ATP) to target
proteins that contain tyrosine residues.”*°

Inhibitors of tyrosine kinase receptors are selective small
molecules and compete with the ATP binding site of their
tyrosine kinase domain, and their pharmacokinetics are not
fully understood.** Several inhibitors of tyrosine kinase have
been found to exhibit anti-tumor activity and have been
approved by the United States Food and Drug Administration
(FDA) and European Medicines Agency.** For instance, erlotinib
(Tarceva) is an epidermal growth factor receptor (EGFR) inhib-
itor approved for the treatment of locally advanced or metastatic
non-small cell lung and pancreatic cancers.*® Erlotinib is also
used in clinical trials to treat colon cancer. EGFR is over-
expressed in several tumors, such as those of the breast, head
and neck, lung, bladder, colon, cervix, kidney, and brain, and it
is one of the main strategic target for systematic therapy.***

Here, we investigate the uptake, distribution, and metabo-
lism of erlotinib in colon cancer cells by Raman microscopy.
Erlotinib shows a strong signal due to the acetylene (C=C)
stretching that can be used as a label-free marker for imaging
this drug or its metabolite in cells. Furthermore, the results
indicated that erlotinib is internalized and metabolized to its
demethylated derivative in colon cancer cells.

Experimental
Cell culture

Human colorectal adenocarcinoma SW480 (CCL-228) cells were
obtained from the American Type Culture Collection. The cells
were grown in Dulbecco's modified Eagle's medium (DMEM,
Invitrogen, Carlsbad, USA) supplemented with 10% fetal bovine
serum (FBS, Invitrogen, Carlsbad, USA), 2 mM r-glutamine, and
5% penicillin-streptomycin and incubated at 37 °C in 5% CO,
atmosphere. Cells were regularly subcultured when they reached
~80% confluence with 0.25% trypsin-EDTA. Raman data were
acquired on cells grown on CaF, windows (Korth Kristalle, Kiel,
Germany) to avoid background signals from the regular glass
slides. Cells were grown under these normal conditions and also
were synchronized in G, by serum starvation, where the FBS-
containing medium was removed and cells were cultured on a
starving medium (0.1% FBS) containing 2 mM t-glutamine for
24 hours. Cells were not so stressed under serum starvation
conditions (see Fig. S1 in the ESIt). Cells were incubated with
erlotinib (~100 uM) at 37 °C in 5% CO, for 12 hours. Afterwards,
cells were fixed in 4% paraformaldehyde (VWR International,
Darmstadt, Germany) and subsequently submerged into the
phosphate-buffered saline (PBS; Invitrogen, Carlsbad, USA).

Confocal Raman microscopy

Raman microspectroscopy was acquired using a WITec alpha
300AR confocal Raman microscope (Ulm, Germany) as
described in detail previously.*® Briefly, a frequency-doubled
Nd:YAG laser operating at 532 nm (Crystal laser, Reno, USA)
was used as an excitation source with the output power around
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40 mW. The exciting laser radiation was coupled into a Zeiss
microscope through a wavelength-specific single-mode optical
fiber with a diameter of 25 um. The incident laser beam was
collimated via an achromatic lens and passed through a holo-
graphic band-pass filter before being focused into the sample
through a Nikon NIR APO (60x/1.00 NA) water immersion
objective. The sample was located on a piezoelectrically driven
microscope scanning stage, which had an x, y resolution of
3 nm, a reproducibility of 5 nm and a z resolution of 0.3 nm
with a repeatability of £2 nm. Raman back-scattered light was
collected through a microscopic objective and passed through a
holographic edge filter onto a multimode fiber (50 pm diameter)
and into a 300 mm focal length monochromator incorporating
a 600 mm~ " grating blazed at 500 nm. Detection of Raman
spectra was provided by a back-illuminated deep-depletion
charge coupled device (CCD) camera operating at —60 °C.
Imaging experiments were performed by raster-scanning the
laser beam over cells and accumulating a full Raman spectrum at
each pixel at a speed of 0.5 s/pixel. The image size is in the range
of 170 x 170 pixels and 85 x 85 pm, depending on the shape and
size of the cells studied. Raman images were constructed by

integrating over the C-H vibrational bands at 2800-3050 cm ™.

Fluorescence microscopy

CaF, windows used previously in the Raman measurements
were used for immunofluorescence imaging. First, the
formalin-fixed cells were permeabilized with 0.2% Triton X-100
for 5 minutes at room temperature. After washing with PBS,
cells were blocked with 1% bovine serum albumin (BSA) for
30 minutes. The cells were incubated with the primary rabbit
monoclonal anti-EGFR (D38B1; Cell Signaling Technology,
Danvers, USA) overnight at 4 °C followed by washing with the
PBS buffer and incubation for 1 hour with the secondary anti-
body conjugated with tetramethyl rhodamine isothiocyanate
(TRITC; Jackson ImmunoResearch, West Grove, USA), at room
temperature. Excess antibodies were removed by washing three
times with the PBS buffer. Cells were incubated with 1,5-bis{[2-
(di-methylamino) ethylJamino}-4,8-dihydroxyanthracene-9,10-
dione (DRAQ-5; Cell Signaling Technology, Danvers, USA) for
10 minutes followed by washing with the PBS buffer.

Fluorescence measurements were performed with a confocal
laser scanning microscope (Leica TCS SP5 II) using a Leica HCX
PL APO (63x/1.4 NA) oil immersion objective. Nucleus and
EGFR fluorescence was imaged sequentially by exciting with the
633 nm red helium-neon and 561 nm diode-pumped solid state
lasers, respectively.

Multivariate analysis

The Raman spectra of cells were analyzed using an unsuper-
vised learning algorithm, hierarchical cluster analysis (HCA). All
data were imported into the Matlab 7.13 software package
(R2011b; MathWorks Inc., MA) and data preprocessing and the
multivariate analysis were implemented using in-house built
scripts. Spectra which had no C-H band at 2850-3000 cm ™"
were considered as the background and were deleted. Peaks
caused by cosmic rays were removed. Afterwards, all spectra were
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baseline corrected using a 3rd order polynomial and were also
vector normalized. HCA on the regions of 700-1800 and 2800-
3050 cm ™' using Ward's clustering in combination with Pearson
correlation distance was found to produce the best clustering as
judged by the homogeneity of the spectra in each cluster.

Quantum chemical calculations

The geometry of the fragments shown in Fig. S2 (see the ESIY)
was optimized at the B3LYP/6-31G(d) level of theory using the
gaussian03 program package. The water environment was
simulated by the Onsager model with the dielectric constant ¢ =
78.39. Vibrational frequencies were calculated analytically and
non-resonant Raman intensities were obtained from the
polarizability derivatives. No scaling factor was applied.

Results and discussion
Label-free Raman imaging of erlotinib in colon cancer cells

In the present study, we follow the uptake of the molecular tar-
geted agent erlotinib to its site of action, the tyrosine kinase
domain of EGFR, within colon cancer cells (SW480). To improve
the solubility of erlotinib in cell culture and facilitate its delivery,
it was dissolved in 6% captisol in water. Captisol is a polyanionic
B-cyclodextrin derivative modified by a sulfobutylether. In addi-
tion, captisol has an excellent clinical safety record and is
currently used as a safe drug carrier in several FDA approved
drugs.*” Erlotinib is also given to the patients orally in combi-
nation with captisol. Fig. 1 shows the Raman microspectroscopic
results for SW480 cells incubated for 12 hours with approxi-
mately 100 uM (~50 mg kg™ ') erlotinib. At this concentration,
most of the cells are viable, as indicated by the cytotoxicity assay
(see Fig. S3 in the ESIf). It is a colorimetric assay used for
measuring the activity of mitochondria and it reflects the
number of the present viable cells. The concentration we used in
the present study is at least 10 times lower than that used for
Raman imaging of a drug candidate for cancer therapy in a
recent study** and is similar to the concentrations used for in vivo
studies of mice.*® SW480 cells have a characteristic shape and
size, typically between 15 and 20 pm in diameter. Fig. 1A depicts
the integrated Raman intensity of the C-H stretching region
(2800 to 3050 cm ™), reflecting the different densities of various
cellular components. Clearly discernible is the nucleus with
distinct nucleoli, surrounded by the cytoplasm. Panel B displays
the integrated Raman intensity of the C=C (2085 to 2140 cm ')
stretching vibrations for the same cells. The C=C stretching
vibrations occur in a Raman silent region of cells (1800 to
2800 cm ') and are used as a label-free marker for erlotinib. It
appears that after 12 hours of incubation with erlotinib, some of
it gets associated with the cells. Panel C shows an overlay of C-H
(panel A) and C=C (panel B) intensities, indicating that erlotinib
is distributed in the cell periphery.

The feasibility of using Raman microscopy coupled with
multivariate analyses to visualize cellular and tissue compo-
nents has been demonstrated.*>* In the present study, we have
computed HCA of a Raman dataset and the results are shown in
panel D. HCA determines the similarity of the spectra within the
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Fig. 1 Raman imaging of SW480 cells treated with approximately
100 uM erlotinib for 12 hours. (A) Raman image reconstructed from the
C—H stretching intensity. (B) Raman image reconstructed from C=C
stretching intensity. (C) Overlay of panels (A) and (B). (D) HCA results
based on the Raman data shown in (A). (E) Overlay of (B) in cyan with
the erlotinib cluster from (D) in pale yellow.

dataset by calculating the correlation distance of each single
spectrum with every other spectrum in the same dataset. The
most similar spectra are grouped together into separate clusters
and each cluster is assigned a colour.***" The clustering
was performed in the spectral range of 700 to 1800 and 2800 to
3100 cm . This region exhibits most predominant bands of
amino acids, protein backbones, nucleotides, nucleic acid
backbones, carbohydrates and lipids; it contains sufficient
spectral information to give the best clustering results. Eleven
clusters were chosen to contrast the drug in one cluster. The
clustering reproduces the position of the nucleus with nucleoli,
as well as several regions within the cytoplasm, reflecting
different compositions of the cytoplasm with various subcellular
components. In addition, the spectrum of one cluster (shown in
cyan) shows most of the features of the erlotinib spectrum,
including the signal of the C=C band, while this band is absent
in all other clusters (see below). Thus, HCA was able to detect the
drug in a cluster separate from other cellular components.

Furthermore, we have compared HCA results with other
multivariate methods such as multivariate curve resolution-
alternating least squares, vertex component analysis, and
principle component analysis of the Raman dataset (Fig. 1) and
the results are shown in Fig. S4 (see the ESIf). All methods
allocate the drug at the same positions in cells but HCA satis-
factorily visualizes several cellular components.
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To confirm that erlotinib is not precipitated on the surface of
cells, we performed three-dimensional Raman imaging (see
Fig. S5 in the ESIt) and the results clearly demonstrate that the
drug is accumulated inside cells. This is because the univariate
Raman maps (Fig. S51) were collected ~3-5 um above the
interface between cells and the CaF, window, where the cell
thickness was around 10 um. Thus, we demonstrate that the
C=C vibrations can be used as a label-free marker for imaging
this drug in colon cancer cells. Raman imaging of molecules
containing C=C vibrations such as the alkyne-tagged cell
proliferation probe in cells has been reported,* but the uptake
of this compound into cells occurred without using any carrier
system. On the other hand, erlotinib in the present study is
delivered into cells through a captisol carrier.

Detection of an erlotinib metabolite

The spectrum in Fig. 2a represents an average spectrum of the
cytoplasm and nucleus, where no erlotinib is located.

The most pronounced Raman bands result from the C-H
stretching vibrations between 2800 and 3050 cm™ ", the carbonyl
stretching (amide I) located around 1658 cm™ ', C-H and CH,
bending deformation at 1449 cm ', amide III of the peptide
linkages between 1200 and 1400 cm ', and the ring-breathing

29357
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erlotinib/captisol
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Fig. 2 Raman spectra of cells and erlotinib. (a) Average Raman
spectrum of regions within cells lacking the drug, (b) average Raman
spectrum of drug regions within cells, and (c) Raman spectrum of free
erlotinib dissolved in 6% captisol as a carrier. The asterisk indicates the
captisol band (see also Fig. S6 in the ESIT). The Raman signals at 2935
and 1658 cm ™ (blue) in the spectrum (b) arise from lipids and proteins
in cells, respectively.
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mode of phenylalanine at 1006 cm ™ ".° An average spectrum of
the erlotinib region (Fig. 1B) is shown in Fig. 2b.

The intensity of the C=C vibrations is well pronounced
between 1950 and 2150 cm ™' and appears at the same spectral
positions for free erlotinib (Fig. 2c) as well as for erlotinib in
cells (Fig. 2b). It is also noteworthy that the observed erlotinib in
cells (Fig. 1B) is free from its carrier captisol as indicated by the
absence of the Raman band at 1053 cm™ ', a marker for captisol
(see Fig. S6 in the ESIt). This is based on the presence of the
1053 cm™* band only in the spectrum of captisol but not in the
erlotinib spectrum. Additionally, the spectrum of erlotinib most
likely contains contributions from cells, as indicated by Raman
bands mainly located at 2935 cm™ ' (lipid) and 1658 cm™*
(protein). Furthermore, the spectrum of erlotinib in cells
(Fig. 2b) is significantly different from that of free erlotinib
(Fig. 2c) especially in the 1170 to 1595 cm ™" region. These
results suggest that erlotinib is metabolized. Note that we have
only observed the distribution of the metabolite of erlotinib but
an intact form of erlotinib was not detected under the current
experimental conditions. Thus, the results show the potential of
Raman microscopy for the detection of drug metabolites.

Internalization of EGFR induced by erlotinib

Fluorescence microscopy is the most common method to
visualize the distribution of proteins in cells.*” To examine the
intracellular distribution of EGFR in SW480 cells, cells were
labeled with antibodies specific to EGFR in the absence and
presence of erlotinib and fluorescence measurements were
performed (Fig. 3). As expected, most of the EGFR was associ-
ated with the plasma membrane (panel A). However, in the
presence of erlotinib, a fraction of the EGFR was clustered in
cells (panel B). This may lead to an increase in the local
concentration of erlotinib at the clustered regions of the EGFR,
and therefore, erlotinib can be detected using the present
Raman measurements. It is noted that most of cells treated by
erlotinib are round (panel B). This is probably caused by erlo-
tinib, which induces apoptosis and cell cycle arrest.**¢ It is
reported that cetuximab, a monoclonal anti-EGFR antibody,
promotes EGFR internalization without receptor phosphoryla-
tion and inhibits the cell proliferation.””-* Because no

10 pm

Fig. 3 Fluorescence imaging of SW480 cells. (A) Fluorescence
imaging of SW480 cells (control). (B) Fluorescence imaging of SW480
cells in the presence of erlotinib. The nucleus and EGFR are shown in
blue and red, respectively.

—~
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internalization of EGFR was observed in the absence of erloti-
nib, we suggest that the observed clustering of EGFR in SW480
cells can be explained in terms of EGFR internalization induced
by erlotinib that inhibits the cell proliferation.*

Identification of an erlotinib metabolite

The metabolism of erlotinib has been investigated in humans
and it was found that erlotinib is extensively metabolized by the
cytochrome P450 (CYP) enzymes, mostly by CYP3A4 and
CYP3A5 and to a lesser extent by CYP1A1 and CYP1A2, with
metabolites primarily excreted by the biliary system.*>** There
are three major routes to erlotinib metabolism, as shown in
Scheme 1: O-demethylation (I) of the side chain with or without
further oxidation to the carboxylic acid (II), oxidation of the
acetylene moiety to the aryl carboxylic acid (III), and 4-hydrox-
ylation of the phenyl-acetylene moiety (IV).** Since the C=C
vibrations are observed at 2110 cm ™' in the Raman spectrum
(Fig. 2b), we exclude the oxidation of the acetylene moiety to the
aryl carboxylic group (III) under our experimental conditions.

Another preserved marker band is that at 1006 cm ™. It can
be assigned to the trigonal ring deformation of the phenyl
group. It is known that this strong band is only present in
mono, 1,3-, and 1,3,5-substituted benzene derivatives.”® Thus, it
is found in erlotinib, where the phenyl group is 1,3 substituted,
but upon 4-hydroxylation of the phenyl group (compound IV
in Scheme 1), this band would disappear.®* Since the band at
1006 cm ™! is still found in the spectrum of metabolized erlo-
tinib (Fig. 2b), we can rule out this route. We were able to
confirm this behaviour of the 1006 cm™* band by quantum
chemical calculations (see Fig. S2 in the ESIf). Thus, the
observed metabolite in the present Raman study most likely
originates from O-demethylation (I) of the side chain with or
without further oxidation to the carboxylic acid (II).

To determine the exact metabolite structure, we performed
Raman measurements of a synthetic metabolite standard,
desmethyl-erlotinib (I), and the results are shown in Fig. 4. The
spectrum of desmethyl-erlotinib (b) is almost identical to that of
metabolized erlotinib observed in SW480 cells (a).

The only difference is that the spectrum (a) contains
contributions from cellular components as explained above.

Scheme 1 Proposed metabolic scheme of the biotransformation of
erlotinib.
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Fig.4 Raman spectra of metabolized erlotinib in cells and desmethyl-
erlotinib. (a) Average Raman spectrum of erlotinib regions within cells
shown in Fig. 2b and (b) Raman spectrum of the synthetic metabolite
standard desmethyl-erlotinib. The asterisks indicate the desmethyl-
erlotinib bands in (a). The Raman signals at 2935 and 1658 cm™* (blue)
arise from lipids and proteins in the cells, respectively.

Therefore, Raman results indicate that the detected metabolite
in SW480 cells is desmethyl-erlotinib. Although this metabolite
was detected previously by liquid chromatography tandem
mass spectrometry, high-pressure liquid chromatography mass
spectrometry, and MALDI-MS in human plasma and rat tissue
sections,>*** this is the first report of its detection and spatially
resolved allocation within cells using the label-free technique of
Raman vibrational microscopy.

The detected concentrations of erlotinib and desmethyl-
erlotinib metabolite in human plasma of patients after the
orally recommended dose of 150 mg per day were found to be 3—-
5 uM and 0.2-0.7 uM, respectively.***® These concentrations are
too low to be detected by conventional Raman spectroscopy
because of weak signals of Raman scattering, which led to use of
higher erlotinib concentration in the present study.

There are several ways to detect low concentration by Raman
microscopy. For instance, surface enhanced Raman®” or a non-
linear technique such as stimulated Raman scattering (SRS)*
can be used due to its strong Raman signals. SRS imaging of
drug distribution and metabolism is our next project.

Conclusions

Raman microscopy resolves the subcellular organelles and
shows the spatial distribution and metabolism of molecular
target agent erlotinib within colon cancer cells. This study
provides new insights into the mechanisms of drug uptake
and intracellular targeting. In addition, it demonstrates the
potential of Raman microscopy as a non-invasive and label-free
technique to investigate pharmacokinetics.
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