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Abstract

Aim: It is well established that cancer can be most effectively treated when diagnosed at an early stage. Therefore, development,
evaluation, and validation of new biomedical approaches for early detection of cancer and precancerous lesions are important priorities.
Our aim was to distinguish low metastatic human breast cells from normal human breast cells using the Fiber Optic Bioimpedance
Spectroscopy (FOBIS) system.

Methods: In the FOBIS system we developed, the diameters of the fibers and platinum wires are 50 and 25um, respectively. The
sensitivity of the system to differentiate different cell types was assessed with high metastatic (MDA-MB-231), low metastatic (MCF-7)
and normal breast epithelial cells (MCF-10A). Statistical evaluation of data was performed by using Principle Component Analysis
(PCA) and Linear Discriminant Analysis (LDA). Spectroscopic data obtained from FOBIS system on suspended human breast cells
were evaluated by multivariate statistical analysis to obtain information about the cell type. Fiber optic and bioimpedance methods allow
discrimination of different cell types based on their signature. By combining these two techniques, the sensitivity of the system to the
differentiation of human breast cells was evaluated.

Results: The discrimination provided the sensitivity of 100% and specificity of 60% in distinguishing MCF-7 from MCF-10A cells.
Conclusion: A highly accurate distinction of breast cancer cells was achieved in cell culture by FOBIS system.

Keywords: Bioimpedance, Breast, Cell distinguish, Fiber optic, Spectroscopy

Oz

Amag: Kanserin erken evrede teshis edildiginde en etkili sekilde tedavi edilebilecegi iyi bilinmektedir. Bu nedenle, kanserin ve
prekanserdz lezyonlarin erken tespiti i¢in yeni biyomedikal yaklagimlarin gelistirilmesi, degerlendirilmesi ve validasyonu énemli bir
onceliktir. Amacimiz, Fiber Optik Biyoimpedans Spektroskopisi (FOBIS) sistemini kullanarak diigiik metastatik insan meme hiicrelerini
normal insan meme hiicrelerinden ayirt etmekti.

Yontemler: FOBIS sisteminde 50um gaplh fiberler ve 25um gapli platin teller kullanilmistir. Sistemin farkli hiicre tiplerini ayirt etme
duyarliligi yiiksek metastatik (MDA-MB-231), diisik metastatik (MCF-7) ve normal meme epitel hiicreleri (MCF-10A) igin
hesaplanmustir. Verilerin istatistiksel degerlendirmesi Temel Bilesenler Analizi (TBA) ve Dogrusal Ayirim Analizi (DAA) ile
yapilmistir. Insan meme hiicre kiiltiirlerinde FOBIS sistemi ile elde edilen spektroskopik veriler, cok degiskenli istatistiksel analiz ile
degerlendirilerek hiicre tipi hakkinda bilgi elde edilmistir. Fiber optik ve biyoimpedans yontemlerinden elde edilen spektroskopik veriler
ile farkl hiicre tipleri ayirt edilebilmektedir. Bu iki teknigin birlestirilmesi ile sistemin insan meme hiicrelerinin farklilagmasina
duyarlilig: test edilmistir.

Bulgular: Buna goére %100 duyarlilik ve %60 secicilik ile MCF-7 hiicreleri MCF-10A hiicrelerinden ayirt edilmistir.

Sonug: FOBIS sistemi ile hiicre kiiltiiriinde meme kanseri hiicreleri yiiksek duyarlilikla ayirt edilmistir.

Anahtar kelimeler: Biyoimpedans, Meme, Hiicre ayirimi, Fiber optik, Spektroskopi

How to cite/Auf i¢in: Denkgeken T, Cort A. Determination of cancer progression in breast cells by fiber optic bioimpedance spectroscopy system. J Surg Med. 2020;4(1):84-88.

Page/Sayfa |84



Surg Med. 2020;4(1):84-88.

J

Introduction

Probes with different diameters and geometries are
designed to determine cancerous tissue in recent studies.
Individually, fiber optic and impedance measurements are
inadequate to detect precancerous lesions in the tissue.
Intracellular (Rinyacelurar) fluids, extracellular (Rexyraceiiuar) fluids
and ion channels (Riembrane) iN the membrane are represented by
resistance while the membrane itself is represented by a
capacitor (Crembrane) in the electrical equivalent circuit model of
the cell [1]. When an electrical potential is applied to tissue, the
current flows through the intracellular and extracellular spaces at
high frequencies and extracellular spaces at low frequencies [2].
The cell acts as an insulator in low frequency, and a conductor in
high frequency. Current cannot enter the cell membrane and
flows out of the cell at zero frequency. Resistance (R: the
resistance of the body fluid) and reactance (Xc=1/2xnfC: the
resistance of the cell membrane and tissue interface) are
components of impedance (Z), which is calculated for each
frequency with the formula: Z>=Xc*+R% Reactance, related to
the capacitance, causes the phase shift. This phase shift is
defined by the Phase Angle (PA) which is calculated with arctan
(Xc/R) [3, 4]. The impedance of the tissue varies with the
frequency. The current applied to the tissue flows through
extracellular fluid because cell membranes function as
capacitors. At higher frequencies, this capacitive effect is lost,
after which the current passes through the extracellular and
intracellular fluid. Thus, the impedance shows a highly resistant
characteristic without the reactive component.

Chromatin structure and mucosal integrity change, and
cell volume expands, resulting in a decrease in extracellular
space and nucleus growth when cancer develops in the tissue [5].
When malignant tumor cells develop in the tissue, various
differentiations occur in the membrane and its contents. These
differentiations are high aerobic lactate production, abnormal
plasma membrane transitions, decreased cell connection, and
new antigen formations. Neoplastic changes in the tissue affect
sodium, potassium, and calcium ion ratios inside the cell that
causes loss of shape, movement, and intercellular
communication disorders. All these changes during cancer
progression affect cell physiology and thus lead to changes in the
electrical properties of the tissue.

Pathologists use morphological criteria like size, shape,
nucleus-cytoplasm ratio and glandular structures of the cell
during the diagnosis of the tissue. These structures vary in
different types of cancer compared to normal tissue. The photons
diffuse inside the tissue and some photons reflect from the
surface. When light passes from one medium to another, a part of
the energy is reflected from the surface of the medium, while
another part passes through. When light enters the tissue, it is
scattered from the cell membrane because of this difference.
Scattering depends on the morphological structure of the tissue.
In optical experiments, backscattered light from the tissue is
collected as a spectrum, so diagnostic information is provided
about the tissue. Salomon et al. [6] used triple spectroscopy
technique, and the differentiation of benign and malignant
prostate tissue was found with 75% sensitivity after validation.
According to this study, the reason for high sensitivity in the
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differentiation of cancerous tissue was the addition of electrical
impedance to the optic and laser system.

In the present study, we aimed to detect cancerous cell
type in human breast cell culture in combination with Principle
Component Analysis (PCA) and Linear Discriminant Analysis
(LDA).

Materials and methods

FOBIS system consists of fiber optic and bioimpedance
spectroscopy (Figure 1). Fiber optic part of the system consists
of two fiber cables, and the bioimpedance part, two platinum
wires. FOBIS system was used for getting optic and impedance
spectral information. Current transferred to the media and
information about the conductivity of the media was obtained via
the bioimpedance part. Adjacent two fiber cables were used in
the fiber optic part. Light sent to the media by the fiber that was
connected to the light source, and backscattered light was
collected with the other fiber for analysis. Since the diameter
(50um) and the numerical aperture (0.22) of the fibers were
small (VIS-NIR low OH, 50-micron bare fiber, Ocean Optics),
the backscattered light was detected from the surface of the
medium. However, singly this optical information was not
enough to detect precancerous lesions. For this reason, we added
the bioimpedance part to our system. Electrode placement in
bioimpedance measurement techniques affects the penetration
depth of the signal. Bioimpedance information is obtained from
the media surface with electrodes that are placed close to each
other in our study. On the other hand, the signal goes more in-
depth as the distance between the electrodes increases [7].
Hence, in the bioimpedance part of the system, the platinum
wires were placed close to each other so that the bioimpedance
information was obtained from the surface of the medium. These
allow the optical and bioimpedance parts of the system to receive
information from the same surface area in the medium.

Laptop
Light Source

Bodystat-Quadscan 4000

Platinum Wires

4 H
X R 7 2cm

Figure 1: FOBIS system

Design of FOBIS system

Design of Fiber Optic Part: The Fiber Optic part of the
system consists of a halogen-tungsten light source (HL-2000
Tungsten Halogen, Ocean Optics), a spectrometer (USB2000+
VIS-NIR Spectrometer, Ocean Optics), a laptop and two fiber
optic cables with 50-micron diameter. These two fibers were
centered with no distance between them, and all spectral signals
were examined by IGOR program (Wavemetrics, Lake Oswego,
OR, USA).

&
A4

F’age/Sayfa|85v



Surg Med. 2020;4(1):84-88.

J

Design of Bioimpedance Part: In the second part of the
FOBIS system, the 25-micron diameter platinum wires were
combined with the optical part as represented in specified
geometry in figure 1. To determine whether the platinum wires
were in the defined geometry, the signal generator was connected
for sending the signal to one end of the platinum wire, and the
oscilloscope measured this signal from the other end of the same
platinum wire. At the same time, to determine whether the
platinum wires were isolated from each other inside the probe,
the signal generator was connected for sending the signal to one
of the two platinum wires, and the oscilloscope measured this
signal from the end of the other platinum wire. In this procedure,
the absence of the signal means that isolation was provided.
Bioimpedance analyzer (Quadscan 4000, Bodystat Inc.) was
connected to the platinum wires to send current to the medium
and for impedance measurement. Currents sent in multiple (5,
50, 100 and 200kHz) frequencies and impedance measurements
were obtained. Also, resistance, reactance and PA values were
recorded at 50kHz frequency.

Calibration procedure of FOBIS system

Bioimpedance Calibration: The frequency versus
impedance response of the saline solution is constant, platinum
part of the FOBIS probe calibrated by using saline solutions for
the known conductivity by using a conductivity meter. The
principle of the calibration procedure was to relate the measured
transfer impedance to a known uniform conductivity, using a
calibration factor or probe constant for each measurement
frequency.

Fiber Optic Calibration: Each spectrum was normalized
to the integration time, and three spectra were measured for
calibration. Firstly, we wanted to eliminate light as much as
possible to gather a background spectrum. The tip of the FOBIS
probe inserted to a black container which contains pure water
and then we measured the back-reflection R(A)pq. Secondly, the
spectral dispersion of the light source was measured R(}), from
reflectance standard (Spectralon, Labsphere, Inc.). Confirmation
of the calibration was done by observing Mie oscillation from the
final spectrum, which was taken from polystyrene microspheres
with 2 (0.02) micron diameter. After these calibration
measurements, we obtained spectrum from cells, R(X)s which
were corrected by R(V)=[R(X)s - R(M)pgl/[R(A)c - R(M)pg]-

Cell line

MDA-MB-231, MCF-7, and MCF-10A cells were
obtained from the American Type Culture Collection (ATCC).
MDA-MB-231 and MCF-7 cells were grown in DMEM
supplemented with 4mmol/L L-glutamine and 5% to 10% fetal
bovine serum. MCF-10A cells were grown in DMEM/Nut Mix
F-12 supplemented with 4mmol/L L-glutamine, 5% serum,
10pg/mL insulin, 20ng/mL epidermal growth factor and
100ng/mL cholera toxins. Cells were chosen with a range of
metastatic potential. The average surface area of each cell
medium was determined with at least 30 measurements by using
an ImageJ (Image Processing and Analysis in Java) open source
program. Average surface area of MCF-10A, MCF-7 and MDA-
MB-231 cells was calculated as 0.041 (0.019) mm? 0.064
(0.017) mm? and 0.09 (0.028) mm?, respectively. Spectroscopic
measurements were taken from MDA-MB-231, MCF-7 and
MCF-10A cells by FOBIS system to detect the sensitivity to cell
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type. In order not to adversely affect the sterilization of culture
media, FOBIS probe was sterilized with "Cidex-Opa" at each
experimental stage.

Statistical analysis

PCA [8,9] followed by LDA [10] was performed to find
specific patterns in the wavelength and frequencies for MDA-
MB-231, MCF-7 and MCF-10A cells. PCA was used to identify
and extract major trends within a given spectral data set. Optic
and impedance spectroscopic data matrix “D” (IxC) contains the
intensities of scattered light and impedance data from “I”” spectra
(3); the column number “C” is the number of points for each
spectral data (965) and data matrix “D” is separated into several
principal components (PCs). The result of PCA is a product of
PC scores “S” and PC loadings “F” matrices plus the residue
“k”: S= D.F—D=S.F+k=s,{'1+5,{'»+...s,f'v+k where D: (IxC)
initial data matrix (3x965); S: score [S1,5,,53..., sn]; F%
Eigenvector matrix, loadings, variance; [f'y, f5, fs...., f1]; k
Residual matrix and n is the number of computed PCs. The
purpose of PCA is reducing the dimension of observed variables
into a relatively smaller number of components while
maintaining as much information or variance. Afterward, the
acquired components were analyzed by independent-sample t-
test for each independent cell types. Statistically significant
components were used in LDA to achieve the most precise
differentiation of cells. While PCA finds basis vectors
corresponding with the direction of the maximal variance of the
variables in the data set, LDA searches for those vectors in the
underlying space that best discriminates among classes of data
and looks for linear combination of variables that best explain
the data set [11]. Discrimination is done by setting the variate’s
weight for each variable to maximize the inter-class variance
relative to the intra-class variance of the observation. For
confirmation and validation of the analysis, leave-one-out cross-
validation (LOOCV) was performed. The areas under the ROC
curve (AUC) as well as the sensitivities and specificities for the
optimal cut-points are calculated using the discriminant function
scores which is obtained by LDA. We used the software package
R-Studio Open Source Statistical Language for PCA, LDA and
ROC analysis [12,13].

Results

Bioimpedance measurement results

It was found that the impedance value decreases in the
suspended metastatic cancer cells in medium (Figure 2a). The
reason for this is that the resistance value of the normal breast
epithelial cells at lower frequencies is higher than the low and
high metastatic resistance values at the same frequencies. The
current at low frequencies is exposed to a long resistive pathway
around the tight layer of the normal cells. However, the
extracellular pathway decreases with the increase of surface area
in cancerous cells that causes a decrease in impedance at low
frequencies. In the same cell type, impedance was found high
due to the strong dielectric properties of the cell membrane and
the tissue interface acting as a capacitance in low frequency.
However, impedance was found low due to the loss of this
capacitive effect of the membrane at high frequencies.

PA values of all cell types were compared, and it was
observed that this angle decreased from normal to high
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metastasis in cell medium (Figure 2b). According to this finding,
different cell types can be detected by using PA values of
bioimpedance part of the FOBIS system in the medium.

Fiber optic measurement results

Spectra in the visible wavelength range were acquired
from MCF-10A, MCF-7, and MDA-MB-231 cells by using fiber
optic part of FOBIS system (Figure 3). At least 16 measurements
were collected per cell. A total of 420 spectra were acquired
from all cell types, and these spectra were analyzed. As shown in
figure 3, the spectral data had different patterns, containing
multiple and often overlapping peaks so they turned out to be not
very distinct to differentiate cell types from each other. To
overcome this limitation, advanced methods of analysis, PCA
followed by LDA, were used to differentiate the cell types. In
this analysis, firstly we performed a PCA to reduce the number
of predictor variables, without much loss of optic and
bioimpedance information, used for the differentiation of cell
types, which was achieved by first finding the direction having
the largest variance (PC1l: 59%), and thereafter finding
subsequent directions (PC2: 13%, PC3: 11%, PC4: 2%, PC5-15
together gives 1% or less of variance but still contributed
significantly). Kruskal-Wallis H-test on all component scores
showed that there were one most diagnostically significant
(P<0.05) component (PC5) for discriminating cell types.
Secondly, the significant component was used as the input
variable of LDA. Finally, AUC, as well as the sensitivities and
specificities for the optimal cut-points were calculated (Table 1-

3).
Table 1: Specificity of FOBIS system for differentiating cell types
Specificity MCF-10A MCEF-7 MDA-MB-231
MCF-10A -
MCF-7 0.60 -
MDA-MB-231 0.80 0.80
Table 2: Sensitivity of FOBIS system for differentiating cell types
Sensitivity MCF-10A MCF-7 MDA-MB-231
MCF-10A -
MCF-7 1.0 -
MDA-MB-231 1.0 0.80
Table 3: AUC of FOBIS system for differentiating cell types
AUC MCF-10A MCEF-7 MDA-MB-231
MCF-10A -
MCF-7 0.76 -
MDA-MB-231 0.80 0.76
100
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Figure 2: A: MCF-10A, MCF-7 and MDA-MB-231 cells impedance values at multiple
frequencies in medium, B: PA values of different cell types in medium
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In our study, ROC analysis further confirmed that PCA-
LDA based diagnostic algorithms using the all spectral properties
of FOBIS system can distinguish low metastatic cancer cells
(MCF-7) from normal (MCF-10A) with a sensitivity of 100%
and specificity of 60% as seen in figure 4.

Low Grade vs Normal

=]
o -

80
1

60
1

Sensitivity (%)
40

20

-
o -
T T T T T T

100 80 60 40 20 0
Specificity (%)

Figure 4: ROC curve comparing low metastatic cancer cell and normal
Discussion

Spectroscopic techniques are quantitative methods
which yield more objective results than conventional approaches.
In recent years, real-time and noninvasive diagnostic studies
have been conducted using optical methods. Molecular and
morphological changes in the tissue during the progression of
cancer depend on the scatterers of tissue, including nucleus size,
nucleus-cytoplasm ratio, and mitochondrial size than scattering
and absorption coefficients. These parameters can be correlated
with features that are used by pathologists during histological
evaluation. The scattering of light from the tissue is more
sensitive to changes in the cellular morphology than biochemical
changes. Intracellular components such as cell nucleus,
mitochondria, lysosomes, Golgi apparatus and the difference in
Refractive Index (RI) of cytoplasm causes light scattering in
biological tissues [14,15]. In the elastic light scattering, there is
no difference between the wavelength of light, which is
transmitted to the medium, and the wavelength of the
backscattered light. Therefore, there is only the spatial dispersion
of light in the medium. In our study, visible wavelength range
(450-750 nm) light was used. Due to the small diameter of fibers
(50pum) and numerical aperture (0.22), it was improbable that the
photons, which were diffused in the medium, were collected by
the adjacent optical fibers immediately, entering light into the
medium re-collected from the surface of the medium without
further deep penetration. With the fiber geometry that was
determined in this study, the photons scattered only a few times
in the medium were collected, and the sensitivity of the
morphological changes in the cell was investigated with the
obtained spectral information. With changing the particle size,
alteration in the obtained spectra can be explained by Mie theory.
According to this theory, the intensity of backscattered light from
the medium depends on the scattering phase function (P (8, X))
and scattering coefficient pg(A).

The structures in the cell function as biological
scatterers. Light scattering occurs in the cell itself, nucleus,
structures within organelle and organelle in mammalian cells.
These cells are approximately 10-30um diameter and have 3-
10pm nucleus diameter [16]. The length of the mitochondria of
these cells is about 1-4pm, and the diameter is around 0.3-0.7pum
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[17]. Lysosomes and peroxisomes diameters of these cells are
about 0.2-0.5um [16]. The RI values of these organelles were
determined as 1.35-1.36 for extracellular fluid [18], 1.36-1.375
for cytoplasm and 1.38-1.41 for nucleus [19], mitochondria and
organelles [20] in the literature. RI value of normal epithelial
cells that we studied was found as 1.34 for the growth medium,
and RI value of its nucleus was found higher than the cytoplasm
[21]. In a study, the RI values of MCF-7 and MDA-MB-231
cells were determined higher than the normal cells. Accordingly,
the RI value was determined as 1.37 for normal, 1.401 for MCF-
7 and 1.399 for MDA-MB-231 [22]. In our study, due to the
difference of RI of the cells in the medium, the light scattering
intensity which is obtained from the MCF-10A in which RI is
close to the medium was found lower than MDA-MB-231 and
MCF-7 which had high RI, consistent with the study in the
literature [23].

It has been stated that the capacitive nature of the cell
membrane causes the current flow into the surface of cells and
the tight junctions act as a "short circuit” which in turn leads to a
characteristic drop in impedance at high frequencies [24]. In our
study, the impedance value decreased, while cancer progressed
in the medium. Over the years, several in-vitro and in-vivo
studies have been conducted to study the dielectric properties of
cancerous and non-cancerous breast tissues. For instance,
Chauveau et al. [25] conducted an in-vitro study of normal and
cancerous breast tissues and observed significant differences in
their dielectric properties. Surowiec et al. [26] conducted in-vitro
dielectric studies in the tumor, surrounding the tumor and normal
peripheral samples of breast tissues. They found that the tumor
tissues had low frequency (100 kHz) conductivity which was
higher than the conductivity of normal tissue and lower than that
of the surrounding tissue. In another ex-vivo study, Fricke et al.
[27] measured the parallel capacitance and resistance of the
excised samples from the normal and carcinoma breast tissues.
They found significantly higher permittivity of the tumor tissue
at 20kHz as compared to the normal or benign tissues. PA values
decreases from normal to cancer in the medium. The reduction in
ionic conductivity and disorientation of cell integrity in cancer
progression causes low reactance and low PA. This angle was
found high in normal cells where membrane integrity was
oriented, and reactance was high. Studies have shown that low
PA is associated with the tumor, cell death or decreased cell
integrity, but high PA is associated with the healthy cell or cell
membrane [4,28-31].

Our results indicate that the FOBIS system can
distinguish between MCF-10A and MCF-7 with a sensitivity of
100% and a specificity of 60%, MCF-10A, and MDA-MB-231
with a sensitivity of 100% and a specificity of 80%, MCF-7, and
MDA-MB-231 with a sensitivity of 80% and a specificity of
80%. In the previous studies that used fiber optic and
bioimpedance systems alone with different geometries,
precancerous lesions were detected with low sensitivity [32,33].

Conclusion

It is well established that cancer can be most effectively
treated when diagnosed at an early stage. Therefore,
development, evaluation, and validation of new biomedical
approaches for early detection of cancer and precancerous
lesions are important priorities. The FOBIS system that we have
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developed in this study has been shown to distinguish low
metastatic cells from normal cells with 100% sensitivity. Since
the measurement takes a long time in this study, this is a
constraint when the system is applied to the clinic ex-vivo
experiments. To overcome this limitation, we are currently
developing a scanning system with automation and interface. In
this way, through probe tip of FOBIS system that has automation
control, the tissue that has large surface area will be scanned in a
short time with small steps so any region of the surface area will
not be missed. It is planned that the management of the motor
step movements, interface and the collection of spectroscopic
signals will be performed on the same screen in the computer
real time.
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