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analysis. In contrast, spectroscopic analysis has a variety of advantages such as being noninvasive, not destroying
biological materials, and not requiring additional histological analysis. In this study, various approaches using
Raman spectroscopy, atomic force microscopy (AFM), and optical microscopy were used together to differentiate
between and characterize normal breast cell lines (MCF-10A) and breast cancer cell lines (MDA-MB-231, MDA-
MB-453). Raman spectra of normal breast cell and breast cancer cell lines confirmed visual differences in the con-
centrations of various compounds. These spectra were also analyzed using principle component analysis (PCA),
and the PCA results showed reliable separation of the three cell lines and the cancer cell lines (MDA-MB-231,
MDA-MB-453). With these results, optically synchronizing the AFM morphology, the Raman spectroscopy, and
the visible RGB optical transmission intensity provided contrasts for not only conformational differences but
also intracellular variation between the normal and cancer cell lines. We observed the inherent characteristic
that there is no local difference in cancer cells regardless of morphology in a wide range of optical properties
such as absorption, scattering and inelastic scattering.
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1. Introduction

Currently, breast cancer is a global problem and the most malignant
cancer in women, with mortality arising from metastasis and other fac-
tors [1]. Approximately 1.4 million women worldwide experienced
breast cancer in 2008, and breast cancer also commonly migrates to
other sites [2]. Numerous studies are ongoing, investigating the diagno-
sis and treatment of breast cancer [3, 4]. The detection and diagnosis of
breast cancer is currently achieved through various procedures, such as
clinical examination, medical imaging (mammography, computed to-
mography [CT], magnetic resonance imaging [ MRI], ultrasound, etc.), bi-
opsy, histopathological analysis, and surgery. In particular,
histopathological analyses including immunohistostaining can reliably
detect changes at the molecular level such as in structure and

* Correspondence to: S. Lee, Biomedical Engineering Research Center, Asan Medical
Center, 88, Olympic-ro 43-gil, Songpa-gu, Seoul 138-736, Republic of Korea.

** Correspondence to: J.K. Kim, Department of Convergence Medicine, University of
Ulsan College of Medicine, 88, Olympic-ro 43-gil, Songpa-gu, Seoul 138-736, Republic of
Korea.

E-mail addresses: pause19@khu.ac.kr (S. Lee), kim@amc.seoul.kr (J.K. Kim).
! These authors contributed equally to this work and are co-corresponding authors.

https://doi.org/10.1016/j.saa.2018.07.024
1386-1425/© 2018 Elsevier B.V. All rights reserved.

concentration, but have disadvantages such as being invasive, costly,
and time consuming [5]. In this regard, vibrational spectroscopic diag-
nosis offers several advantages, namely being noninvasive, preserving
cell tissues, and not requiring any additional labeling [6-10]. Vibrational
spectroscopic techniques such as infrared (IR) and Raman spectroscopy
have been widely applied in examining chemical and molecular
changes in biological samples [11-13]. This approach is able to finger-
print biomolecule composition without the need for additional labeling
or purification [14-16].

Recently, Raman spectroscopy has been re-evaluated as a tool for ex-
amination of biological samples from the breast, lung, stomach and
other organs [17-22]. Raman spectroscopy is based on inelastic scatter-
ing of photons that are incident on the sample. When a single-energy
laser beam is injected into the sample, the incident energy is transferred
by molecular vibrations to stokes-shifted photons that are emitted from
the sample as a spectrum. Because the initial energy is diverted by var-
ious molecular vibrational modes, the individual peaks of the spectrum
contain structural and conformational information. Therefore, Raman is
an excellent tool for identifying as cancerous tissue and cells [23-28].
However, Raman mainly provides chemical information but does not
provide information on surface morphology and optical properties.
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Thus, combining modalities for morphological and optical analysis
would be highly meaningful.

Atomic force microscopy (AFM) has been widely used in biological
studies to examine phenomena such as the cytotoxicity of cellular sys-
tems [29] and the mechanical properties of cells and molecules [30,
31]. Furthermore, AFM has been applied to investigate cellular stiffness
and Young's modulus, which can in turn differentiate between non-
malignant and breast cancer cells [32, 33]. From the AFM results, it is
now well-known that cancerous cells are remarkably softer than nor-
mal cells.

In the present study, Raman signals were analyzed by localization
through synchronization with AFM having high spatial resolution and
optical microscopy as shown in Fig. 1. The topography of AFM provides
information on local quantitative thicknesses and volumes, revealing
the relationships between local Raman spectra and intensities. By intro-
ducing local RGB intensity in optical measurements, factors that can be
used to distinguish healthy cells from cancer cells were identified. Opti-
cal microscopy provided an image of the transmitted light, while the in-
tensity of each pixel of the RGB indicated internal events such as
absorption and scattering. AFM revealed that the difference in height
within each cell was approximately 1.5 pm. However, inelastic scatter-
ing Raman and transmitted light optical microscopy did not identify
local variations in cancer cells, unlike in normal cells.

2. Materials and Methods
2.1. Cell Culture

Non-tumorigenic breast epithelial cell line (MCF-10) and two
human breast cancer cell lines (MDA-MB-231 and MDA-MB-453)
were purchased from the American Type Culture Collection (Manassas,
VA, USA) and the Korea Cell Line Bank (Seoul, South Korea). The cell
lines were cultured using Dulbecco's modified Eagle's Minimal Essential
Medium (DMEM,; Life Technologies, Inc., Grand Island, NY, USA) supple-
mented with 10% fetal bovine serum (FBS; Hyclone Laboratories, Logan,
UT, USA) and 1% penicillin-streptomycin solution (Life Technologies,
Inc.) in a humidified 5% CO, incubator at 37 °C. The human breast epi-
thelial cell lines were cultured using mammary epithelium growth me-
dium (MEGM™ BulletKit™; Lonza Group Ltd., Basel, Switzerland),
except for GA-1000 (gentamycin-amphotericin B mix), with the addi-
tion of 100 ng/ml cholera toxin from Sigma-Aldrich (St. Louis, MO,
USA) in a humidified 5% CO, incubator at 37 °C.

2.2. Sample Preparation

All cells were cultured on gold-coated substrates in Petri dishes until
they reached 70-80% confluency. After 24 h, phosphate buffered saline

(PBS) was removed. Cells were fixed using 4% paraformaldehyde for
20 min at 37 °C and 5% humidity in an incubator and subsequently
washed three times in PBS for 10 min each time. Before the Raman mea-
surements, the cells were rinsed with distilled water approximately 10
times to remove the PBS. Before the Raman measurements, the cells
were rinsed with distilled water approximately ten times to avoid the
PBS component interference.

2.3. Raman Spectroscopy

Raman line maps were measured using a SENTERRA confocal Raman
system (Bruker Optics, Billerica, MA, USA). A 785 nm diode laser source
with 100 mW power was used for excitation. The light was focused on
the cells through a 50x/0.4 NA objective with an approximate spot
size of 2.4 um. Raman lines were mapped through a raster scan at ap-
proximately 2.5 um of step which refers to the distance between laser
beam centers. The spectrum of each point was measured twice in the
range of 400 to 2500 cm ™' with a spectral resolution of 5 cm™' and
an integration time of 30 s at room temperature. Before the Raman mea-
surements, the Raman spectrum was calibrated by measuring a silicon
sample. Following the Raman measurements, the spectrum was
preprocessed by a Savitzky-Golay smoothing filter, the auto-
fluorescence background was removed by a third-order polynomial
fitting, and the substrate noise signal was subtracted to make the spec-
trum better suited for an analysis.

2.4. Atomic Force Microscopy

Topography and surface roughness data were acquired using an
atomic force microscope (TT-AFM, AFM workshop) in a nonvibrational
mode at room temperature. Both types of cells fixed on a gold coated
substrate of approximately 15 nm roughness (RMS value) were
mounted on the AFM x-y piezo stage for scanning. A topography area
of 50 um x 50 um was constructed using 256 scan lines and a scanning
rate of 0.2 Hz.

2.5. Synchronization Between Raman and AFM

After the samples were prepared, the rinsed cells were dried and
alignment markers were printed on them before the Raman measure-
ments. The individual cells measured by Raman spectroscopy were la-
beled with distance from the alignment marker and magnitude of the
objective lens. To position the cells and rotate substrate, alignment
markers on the sample and a cross bar on the AFM optical image were
matched prior to approaching and positioning the cantilever. The mag-
nitudes of the AFM topography and the Raman optical image were syn-
chronized by a scale on AFM and Raman.
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Fig. 1. Schematic diagram showing the examination of healthy and cancer cell lines using various types of spectroscopy.
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2.6. Optical Microscopy and RGB Profile

Reflection and transmission optical microimages were observed
using an optical microscope (BX51, Olympus) with mercury and halo-
gen white light sources, respectively. A 50x objective lens and a second
lens of 2x magnification were combined, along with an extended focal
imaging calculation, to reduce chromatic aberration and blurred image
edges on the reflected and transmitted images. Snap images were ac-
quired within 1 s, and the resolution of all images was 1360
x 1024 pixels. For measurements of reflection images, white paper
was initially mounted as a white calibration target and subsequently op-
tical images and RGB profiles were acquired. For optical transmission
imaging, white valence was performed on the bare gold surface.

2.7. Raman Data Analysis

Auto-fluorescence spectra were removed from Raman data using
Bruker OPUS 7.0 spectroscopy software. The remaining Raman spec-
trum reflects the conformational characteristics of the samples in addi-
tion to the background noise. Therefore, signal processing including
smoothing and baseline correction was necessary for accurate data
analysis of each sample. We evaluated the spectral differences between
the normal and cancer cell lines using principal component analysis
(PCA). PCA is a general multivariate statistical analysis technique that
minimizes the number of predictive variables. In this study, PCA was
conducted as an attempt to group useful information from the
preprocessed Raman spectra and to highlight the differences between
MFC-10A, MDA-MB-231 and MDA-MB-453. All analyses were con-
ducted using the XLSTAT 2016 software (Microsoft, Redmond, WA,
USA).

3. Results and Discussion
3.1. Raman Spectra of the Breast Cell and Cancer Cell Lines

Three cells were examined by Raman spectroscopy in order to deter-
mine the differences between normal cells and cancer cells, and these
cells were selected because they play an important role in cancer metas-
tasis. The Raman spectra obtained for the normal cell line (MFC-10A)
and the breast cancer cell lines (MDA-MB-231, MDA-MB-453) showed
major peaks in phenylalanine, amides I and III, CH, deformation, CH,
wagging/twisting and S—S bonding vibration regions as shown in
Fig. 2. Each spectrum was previously smoothed and baseline corrected,
and the spectra obtained from each cell line showed visual differences

Amide III
Phenylalanine -

Intensity (a.u.)

including error bars. The concentrations of amide III, CH, deformation
vibration, CH, wagging/twisting, amide I and so on were different in
breast cell lines. The difference in Raman spectra can be distinguished
by peak position, relative intensity between peaks and absolute inten-
sity of a particular peak, and these species such as amide III, CH, defor-
mation vibration, CH, wagging/twisting, amide I were labeled from the
peak position. The CH, deformation and amide I regions showed similar
intensities in two cancer cell lines, but the MDA-MB-231 spectrum had a
higher relative amount of CH, wagging/twisting. In particular, the
Raman spectrum for MDA-MB-231 had higher CH, wagging/twisting
intensity than other cancer cells, and this difference is greater than the
error bars in situations where the intensities of other peaks, such as
S—S bonding and CH, deformation vibration, are similar. These features
seem to indicate the different chemical composition characteristics be-
tween the cancer cells and normal cells, which is a factor in the statisti-
cal analysis. Moreover, these results may be useful as potential main
spectrum markers in the analysis of cancer states.

3.2. AFM and Optical Characteristics of Breast Cancer Cells

AFM topology and transmission optical images are shown in Fig. 3,
indicating matched line profiles of height, RGB intensity, and Raman
spectroscopy. The individual AFM topologies, shown in the left column
of (a) MCF-10A, (b) MDA-MB-231 and (c¢) MDA-MB-453 had 50 um
x 50 pm scan areas that could cover one or two cells in all cases. Mini-
mum data values were shifted such that the height of each cell varied
from zero to 1.5 pm. There were no significant differences in height be-
tween or within cell species. Transmission optical images are displayed
on the right column corresponding to each AFM topogram. Optical MCF-
10A images showed whitish cell boundaries, Newton's ring (rainbow-
like contours) and blackhead-like points. Most of the blackheads
corresponded to hollows on the AFM topography, but this was not al-
ways the case. For the invasive cancer cells MDA-MB-231 and MDA-
MB-453, as shown in Fig. 3e and f, transmitted images had blackhead-
like points, black spots larger than the blackheads, and cell boundaries
which were less clear than those of MCF-10A (Fig. 3d). Even though
the blackheads on the optical images were highly distributed around
the hollows shown on the morphology images, the black spots were lo-
cated at the highest peak for each cell. Of note, these spots appear in ap-
proximately one out of 10 invasive cancer cells. Thus, it appears that
whitish boundaries can be a significant indicator of whether or not a
cell is invasive, but two cancer cell lines have barely visible boundaries
as shown on the right column in Fig. 3.
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Fig. 2. Mean Raman spectra of the normal breast cell line (a) MCF-10A and the breast cancer cell lines (b) MDA-MB-231 and (c) MDA-MB-453. The error bars for each point are represented

by shading around the solid line.
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Fig. 3. Matching the topographic and optical images of the three cell lines. AFM images of the noninvasive cells (a) MCF-10A and invasive cell lines (b) MDA-MB-231 and (c) MDA-MB-453
in the first column. Transmission optical images are displayed in the right column to match the measured lines, where the scale bar is 20 pm.

3.3. Synchronization Between Morphological and Optical Properties

To investigate the comparative factors among noninvasive and inva-
sive breast cell lines, line measurements of height, Raman spectroscopy
and RGB intensity were performed along the blue lines on the AFM to-
pography and the red line on the optical image, as shown in Fig. 3. In
the AFM results, all cross-sectional intensity height profiles were con-
vex, and thus we expected that Raman and RGB intensity would depend
on radial differences in cell morphology; thus, each profile covered one
cell and was 34 um long for MCF-10A (as shown in Figs. 4a, d, and e), 47
yum long for MDA-MB-231(as shown in Fig. 4b, e, and h), and 42 pm long
for MDA-MB-453 (as shown in Fig. 4c, f, and i). To confirm these find-
ings, we plotted the local differences in Raman signal, phenylalanine,
amide I, amide III, and CH, deformation, CH, wagging/twisting and
S—S bonding vibration peaks for individual cell lines synchronized
with AFM. With the normal MDF-10A cells, signals of phenylalanine,
CH, deformation and amide I looked convex, resembling the AFM pro-
file, but the signal for amide III was concave. These findings indicate
that the relative ratios of the structural components change along the
radial direction within normal cells, but no local dependency was seen
in the invasive cell lines. The sequence of downward peak intensity
for the invasive cells was maintained with CH, wagging/twisting, S—S

bonding, CH, deformation, amide I, and phenylalanine as shown in
Fig. 4e and f.

Furthermore, another notable observation from the present results
was the difference in absorption behavior between the normal and can-
cer cells. The transmitted optical images were acquired after scattering
and absorption through the cells, which means that the RGB differences
gave information associated with scattering and absorption in the cells.
At shorter wavelengths, Rayleigh scattering is more common, and thus
the RGB sequence on black spots in MDA-MB-231 was as shown in
Fig. 4h, where the range from 18 to 22 pm appeared to indicate scatter-
ing. In contrast, the relative ratios of red, green, and blue from MCF-10A
in Fig. 4g showed a fringe with no red-green-blue sequence from 14 to
25 pm; the fringe came from the shape of Newton's ring as shown in
Fig. 3d, which indicated different material properties between the nor-
mal and cancer cells. By introducing standard deviations for RGB inten-
sity, we can compare the intensity quantitatively. The individual
deviations in RGB intensity for invasive cell lines were much smaller
than those for noninvasive cell lines as shown in Fig. 4g to i. The stan-
dard deviations of red, green and blue in MCF-10A were 28.1, 33.0,
and 28.8 where the means were 194.0, 209.8, and 215.9, respectively.
For the MDA-MB-231 with absorption information at the black spots re-
moved, the standard deviations for RGB intensity were 10.3, 10.1, and
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Fig. 4. Comparative results of extracted line morphology (a—c), Raman line scan (d-f), and RGB intensities (g-i) for matching local variations. The first column shows the results for the
normal breast cells MCF-10A (a, d and g), and the second and third columns correspond to the breast cancer cell lines MDA-MB-231 (b, e and h) and MDA-MB-453 (c, fand i), respectively.
Raman line profiles were plotted for phenylalanine, amide I, amide IIl, CH, deformation, CH, wagging/twisting and S—S bonding vibration. The inset in f shows the corresponding colors.

9.2 with RGB means of 213.2,215.2, and 214.3. In total, the standard de-
viations of RGB intensity in the noninvasive cell lines were nearly triple
those of the invasive cells as summarized in Table 1.

3.4. Principle Component Analysis (PCA)

From the PCA of the spectrum obtained from the cell line, it became
possible to further distinguish between three cell lines, and it became
possible to distinguish between cancer cells which were difficult to dis-
tinguish on the spectrum. Fig. 5a shows clear separation between the
normal breast cells and breast cancer cells in the PCA score plot,
where the first principle component explained 63.57% of the variance
and the second component explained 20.89%. Additionally, while the
breast cancer cells clustered near each other, the groups show clear sep-
aration from normal cells. Fig. 5b shows a PCA analysis on just the can-
cer cells, which clearly separates the two cell types, with the first
principle component explaining 68.74% of the variance and the second
component explaining 23.33%. The Raman spectrum regions that were
responsible for the PCA discrimination were the phenylalanine, amide
I, amide III, CH, deformation, CH, wagging/twisting, and S—S Bonding
vibration peaks. Thus, components in the highly confined spectral

Table 1

The individual deviations and means in RGB intensity between applied cell lines.
Standard deviations (mean values) MCF-10A MDA-MB-231 MDA-MB-453
Red 28.1(194.0) 103 (213.2) 8.1 (213.5)
Green 33.0(209.8) 10.1(215.2) 11.0(217.8)
Blue 28.8 (215.9) 9.2 (214.3) 9.5 (217.2)

region including the above chemical constitution alone occupy a large
portion as a factor that differentiates the cell lines.

4. Conclusion

In summary, Raman spectra were acquired for the noninvasive cell
line MFC-10A and invasive cancer cell lines MDA-MB-231, MDA-MB-
453. The results showed major peaks in the regions for phenylalanine,
amides [ and III, CH, deformation, CH, wagging/twisting and S—S bond-
ing vibration. These peaks may be useful as the main spectrum markers
of cell invasiveness. Using those peaks as variables, PCA on spectral dif-
ferences allowed for further discrimination between invasive and non-
invasive cells. Although the breast cancer cells (MDA-MB-231 and
MDA-MB-453) clustered close to each other when the PCA results
were calculated for all three types of cells, each group was clearly differ-
entiated when only the breast cancer cells were investigated. Addition-
ally, the morphology dependence of Raman and RGB deviation from the
transmitted optical signals was significant in distinguishing between
the normal and cancer cell lines. Because Raman spectroscopy is a tech-
nique for detecting conformational changes, and if the optical interac-
tion is measured with transmission of RGB in the radial direction of
the cell, the characterization factor that distinguishes the normal and
the cancer can be found locally. In the case of the normal breast cells
(MCF-10A) in this study, the position-dependent reflected signal differ-
ence in the radial direction seemed to be due to the cell organelles.
However, in malignant cells (MDA-MB-231 and MDA-MB-453), the
conformational difference did not appear to be dependent on the intra-
cellular location. Since there is little difference in the degree of transmis-
sion between the red, green, and blue spectral components across the
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Fig. 5. PCA results for (a) MCF-10A, MDA-MB-231, and MDA-MB-453 and (b) MDA-MB-
231 and MDA-MB-453.

cells, RGB and Raman characteristics offer promising data for under-
standing the mechanism of cancer cell development, diagnosis, and
treatment. The study of the synchronization and local difference of
Raman and RGB transmission in this cell unit suggests the methodology
of label-free and non-destructive field study and has potential for appli-
cation to other cell lines. When the results obtained in this study are im-
plemented on tissue and tumor scale, this result should be a basic study
for establishing clinical diagnostic criteria.
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