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Abstract The aim of this research is to study the
normalized fluorescence spectra (intensity variations and
area under the fluorescence signal), relative quantum yield,
extinction coefficient and intracellular properties of normal
and malignant human bone cells. Using Laser-Induced
Fluorescence Spectroscopy (LIFS) upon excitation of
405 nm, the comparison of emission spectra of bone cells
revealed that fluorescence intensity and the area under the
spectra of malignant bone cells was less than that of
normal. In addition, the area ratio and shape factor were
changed. We obtained two emission bands in spectra of
normal cells centered at about 486 and 575 nm and for
malignant cells about 482 and 586 nm respectively, which
are most likely attributed to NADH and riboflavins. Using
fluorescein sodium emission spectrum, the relative quantum
yield of bone cells is numerically determined.

Keyword Fluorescence spectroscopy - Laser - Quantum
yield - Area ratio - Cell discrimination

Introduction

Osteosarcoma represents the most common sarcoma of
bone, accounting for about one-quarter of all primary
malignancies of bone and about one-third of all bone
sarcomas. The incidence rates and 95% confidence inter-
vals of osteosarcoma for all races and both sexes are 4.0
(3.5-4.6) for the range 0—14 years and 5.0 (4.6-5.6) for the
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range 0-19 years per year per million persons. Among
childhood cancers, osteosarcoma generally occurs in 2.4%
of all malignant tumor cases. The incidence rates of childhood
and adolescent osteosarcoma in Blacks and Hispanics is more
than Caucasian and it has always been considered to be higher
in males than in females, occurring at a rate of 5.4 per million
persons per year in males vs. 4.0 per million in females.
Osteosarcoma has a bimodal age distribution, having the first
peak during adolescence (10—14-year-old age group) and the
second peak in older adulthood (in adults older than 60 years
old) [1-3].

Bone marrow metastases are detected by Imaging such
as skeletal scintigraphy [4], radiography [5], computed
tomography [6], or magnetic resonance imaging (MRI) [7]
and the other methods such as positron emission tomogra-
phy or single-photon emission computed tomography have
a potential of evaluating it [8].When luciferase(Lus) or the
green fluorescent protein (GFP) transfected cells are used,
whole-body bioluminescent reporter imaging (BRI) [9, 10]
can detect microscopic bone marrow metastases, too.
Polymerase chain reaction-based (PCR) methods with
serious limitations [11] and immunocytochemical techni-
ques [12] are the other useful detection and quantification
of cancerous bone marrow cells.

In recent years, many optical methods are applied for
biological and biomedical investigations. Light-induced
fluorescence spectroscopy (LIFS) is one of the most widely
spread spectroscopic methods which finds biomedical
applications especially in diagnosis of cancer [13-16].
Fluorescence is the emission of light typically from
aromatic molecules and depending on the nature of the
excited state. In singlet excited states, the electron in
excited orbital is paired (by opposite spin) to the second
electron in the ground-state orbital. Consequently, return to
the ground state is spin allowed and occurs rapidly by
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emission of a photon [17]. This technique has been applied
for the in vitro and in vivo analysis. In LIFS low-power
laser light is directed toward biological component (such as
biologic fluids, single cells, cell suspensions, frozen tissue
sections and bulk tissues), inducing fluorescence emission
at wavelengths characteristic of the chemical composition
of the biomaterials. The excitation light used for fluores-
cence measurements is usually in the near-UV and visible
region. The advantages of using LIFS diagnosis are that the
measurements are safe and noninvasive and can be
performed quantitatively and quickly [18, 19].

The fluorescence technique can be automated and offers
real-time detection and differentiation with a precision,
selectivity and sensitivity. In general, the predictive accuracy
of spectroscopy is better than prediction based on biopsy
solely. In contrast to conventional biopsy techniques, light and
laser-induced fluorescence spectroscopy can be conducted to
characterize tissues or to detect cancers without removing
them [20-22]. If fluorescence could be used as a comple-
mentary method; then it could be of great interest in many
clinical specialties. This would hopefully reduce the sam-
pling error and help avoid unnecessary biopsies. Fluores-
cence spectroscopy also introduces other advantages such as
short pulse excitation, wavelength tunability, and narrow
bandwidth excitation [19]. By using different excitation
wavelengths and spectral analysis techniques, fluorescence
spectroscopy was subsequently used for distinguishing
premalignant, malignant and normal tissues in a variety of
organ systems, such as lung and breast [13, 23], bronchus
[24], colon [25, 26], cervix [27], esophagus [28], and head
and neck [29].These alternations that occur as tissue
progresses from a normal to a diseased state are
reflected in the spectral characteristics of the measured
fluorescence. The endogenous fluorophores such as the
reduced form of nicotinamide adenine dinucleotide
(phosphate) (NA(P)DH) and riboflavins (flavin mono-
nucleotide (FMN) and flavin adenine dinucleotide
(FAD)), collagen, elastin, amino acids, vitamins, lipids
and porphyrins have a significant variation in the
concentration in different tissue types. These differences,
together with alternations in the local environment
within the tissue, are the basis for the discrimination
between tumor and normal tissue by fluorescence
spectroscopy. Characterizing biological samples such as
cells or tissues can be performed by steady-state
fluorescence measurements in terms of overall intensity,
peak wavelength and spectral shape [17, 18, 30].

The complicated analysis of tissues spectra due to strong
light scattering because of structural heterogeneity and the
need for improved sensitivity and specificity in cancer
diagnosis has led to interest in native cellular fluorescence
instead of frozen tissue section or bulk tissue fluorescence
[31].
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In diagnostic method for cancer detection it is essential
to separate malignant tumors from normal tissues. The goal
of this study was to use LIFS to discriminate normal and
malignant human bone cells and systematically characterize
the differences in fluorescence properties such as area ratio,
shape factor, extinction coefficient and quantum yield on
emission spectra upon excitation at 405 nm.

Materials and Method

Preparation of Cell Suspensions Human osteosarcoma cell
line (G 292, NCBI-C565) which was initiated from a
primary bone tumor osteosarcoma, purchased from national
cell bank of Pasteur institute of Iran. Normal osteoblast cell
(HOB) were extracted by MACS (Magnetic activated cell
sorting) method and measurements were made on cells
having passage numbers of 30 or less. The G 292 cells were
grown in Dulbecco modified Eagle medium (DMEM,
GIBCO 116-12800) supplemented with 10% fetal bovine
serum (FBS, GIBCO 106-10270). The HOB cells were
grown in DMEM and HAM’S F12 (Sigma-Aldrich N6658)
in ratio of 1:1, supplemented with 12% FBS. Both cells
supplemented with 1% Antibiotic-Antimycotic Solution
(PAA, P11-002) and then cells were incubated at 37 °C
with 5% CO,. Upon reaching confluence for G 292 cells
and pre-confluence for HOB cells, (generally 3 days after
passage), these cells were collected from culture flasks by
trypsinization to yield a suspension and washed with
phosphate-buffered saline (PBS) (GIBCO 18912-014).
After washing, the cells were resuspended in a volume of
2 mL PBS. The cell suspensions pipetted into a cuvette
with 1 cm path length for LIFS analysis. Cell concentration
was determined by counting the number of cells per
milliliter (cells/mL) manually in a standard manner with a
haemocytometer from Neubauer and light microscope. The
average cell viability determined with a manual viability
count after addition of Trypan Blue 0.25% in PBS. The
measurements were repeated independently three times for
each sample.

Fluorescence Spectroscopy of Cell Suspensions A schema-
tic diagram of the LIFS configuration is shown in Fig. 1 As it
is shown in Fig. 1, a laser with 405 nm wavelength (CSI-
405) with 100 mW maximum output power was used as an
excitation source. An optical fibre with 600 pum core
diameter and 0.22 NA (Ocean Optic .LIBS-600-6-SR) was
used to collect the fluorescence signal and guide it to the
spectrometer (Ocean Optic, UV=VIS USB2000). The back-
ground spectrum was first recorded from cuvette filled with
PBS solution and then the fluorescence measurements of cell
suspensions were made at room temperature. After obtaining
the spectra of samples, they were smoothened by Gaussian
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Fig. 1 Schematical diagram Cell
of the LIFS experimental set-up Suspension

with excitation at 405 nm

405-nm laser j

Optical
Fibre

Spectrometer
USB2000

model using FindGraph software. In order to determine the
relative quantum yield, 10> mM fluorescein sodium solution
was used as a reference solution. After solving fluorescein
sodium powder (Merck, 518-47-8) in distilled water with
stirring and then filtration, the measurement was occurred.

Results

The spectrum of the excitation light source is shown in
Fig. 2. The average cell viability was 89.3+3.8% and cell
concentration for normal HOB and malignant G 292 were
9.4x10° and 8.6x10° cell/lit, respectively.

The 405 nm laser induced-fluorescence spectra of
normal HOB and malignant G 292 cell which is normalized
to the HOB fluorescence peak at 486 nm (peak intensity of
normal cell), are shown in Fig. 3. It can be seen that after
samples excitation two peaks are observed at 486 and
575 nm corresponding to HOB cells, while that of
malignant G 292 cells are slightly shifted to 482 and
586 nm, respectively. A considerable decrease in fluores-
cence amplitude of malignant G 292 cells compared to
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Fig. 2 405 nm laser beam spectrum

normal HOB cells can be seen and the main difference is
observed in the region of 470-590 nm. This decrease can
be explained in terms of biochemical and microstructural
changes due to abnormalities. Main broad emission in the
region of 470—490 nm were attributed to NADH [32-35]
and Secondary broad emission in the region of 570-590 nm
is most likely attributed to riboflavins [36, 37].

The comparison of laser induced-fluorescence spectra
normalized to the main peak is presented in Fig. 4. When
the peak intensities of the normal and malignant spectra are
normalized, the differences in spectral line shape become
more evident. The spectral line shapes of normal HOB and
malignant G 292 cells are slightly different in the region of
530-610 nm.

In order to develop an algorithm for disease classification
based on the spectral differences, the ratio between two
fluorescence peaks in each spectrum as shape factor, R; ratio,
must be considered. The peak fluorescence intensities and R
ratio is shown in Table 1. Also, R’ parameter which is
defined as intensity ratio of normal HOB over malignant G
292 cell, is shown in the Table 2. A decrease of fluorescence
intensities of malignant G 292 comparing with normal HOB
is noticeable and being is stronger at about 484 nm.

486nm
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0.2 4 b 586 nm
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Fig. 3 Fluorescence emission spectra of normal HOB and malignant
G 292 cells. Malignant G 292 cell is normalized to the HOB
fluorescence peak at 486 nm by FindGraph
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Fig. 4 Fluorescence emission spectra of normal HOB and malignant
G 292 cells normalized to main peak by FindGraph

To intensify spectral structure differences of the
fluorescence signal, each fluorescence spectrum was
evaluated by area under the normalized fluorescence
peak signal and area ratio (Rg). It turned possible to
notice slight differences among the spectra and identify
parameters with the best distinction. It is visually obvious
in Fig. 3 that the spectrum of G 292 malignant sample
have smaller area than the HOB normal. Although, these
differences aren’t always visually obvious, the area under
the fluorescence peak signals and also Ry parameter is
calculated by FindGraph software and it is shown in
Table. 3. Based on normalized area measurement, the
decrease of area under the fluorescence peak of malignant
G 292 cell comparing with normal HOB cell is significant.
Moreover, Rs parameter can be calculated by using
(Rs = 512y Note that Rg is 1.25 (Rg>1), thus, the

SGam
discrimination is numerically meaningful.

Relative Quantum Yield

Theory Considering that there are three processes of returning
to ground state ie. radiationless energy loss, intersystem
crossing via triplet state and emission of photon, then the
efficiency of emission which is defined as Eq. 1 will be a
function of the competiting rates of these processes:

ky

1= Thith

(1)

Table 1 Fluorescence intensities at ~484 and ~580 nm and intensity
ratio (R;) for malignant and normal cells

Table 2 Intensity ratio (R') of normal HOB over malignant G 292 cell
samples

A=484 nm A=580 nm

R'=Ipos/lG202 1.23 1.02

Where g is the efficiency of emission or quantum yield and
ky is the rate constant for fluorescence emission, k; the rate
constant for radiationless energy loss, and k, the rate
constant for intersystem crossing. The term £, also relates
to the average life time of the excited state T, by the
equation kg=T, '. The average life time is used since any
one molecule can emit light at many probable times, smaller or
greater than T,. However because of some problems
associated with absolute quantum yield measurements such
as complicated calculations and instrumentation, several
simple relative methods have been devised which substitute
a compound of “known” quantum yield in place of a standard
scattered as a reference. This method consists simply of
comparing the fluorescence intensity of sample under study
to the intensity of a dye of known quantum yield. For the
calculation of relative quantum yield, the Eq. 2 was used:

Fx _ Oxlpy%AxG(8)y 2
Fs  Qslgs%AsG(0)g

Where Fx is the measured fluorescence of unknown and
Fg is that of the standard dye solution, Qx and Qg is the
quantum yield of known and the standard dye solution, Igx
and Igg is the intensity of exciting light of known and the
standard dye solution, %Ag and %Ax is the percent
absorption of solution (100-T%),G(0)s and G(0)x is
geometry factor of standard dye solution and measured
fluorescence of known (<1 since not all of the fluorescent
light observed),respectively. By exciting both samples at
the same wavelength, having the solutions of equal
absorbency at this wavelength and using the same set-up,
the value of Eq. 3 will also be unity:

IEX%AXG(B)X -
X BEXTX | (3)
Igs%A5G(0)g

Table 3 The area under the peak of normalized fluorescence signals
and area ratio

S = [ydx, (x =420, x, = 650)

Iimax (~484) Imax (~580) R =I454/1s50
G292 0.80 0.44 1.82 G 292 104.13
HOB 0.98 0.45 2.18 HOB 129.95
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Consequently, the ratio of the quantum yield of standard
and unknown sample is:

o0
Fs Qs @)

To estimate the quantum yields for compounds emitting
below 600 nm, Eq. 4 is suitable and practical. If a
spectrometer system is used instead of monochromator-
photomultiplier, one must integrate the total area under
emission spectrum for both unknown and standard sample
and use the area ratio (SS—):) in preference to intensity ratio in

Eq. 4 [38, 39]. Among many possible dyes to choose as a
reference standard for quantum yield determination, we
choose 102 mM fluorescein sodium solution with 0.79+
0.06 reported quantum yield [39]. Its emission spectrum in
arbitery unit is shown in Fig. 5 The area under the peak of
reference solution in the region of 500-650 nm which was
calculated by FindGraph software, is 46487.6. By considering
the main fluorescence peak of cell samples, the area under the

Io
0.9 I

log

=eX9.0%x10°%x103x1-5e=5x10"°

fluorescence peak in arbitery unit was calculated. Table 4
shows the quantum yield calculations of normal HOB and
malignant G 292 cells using Eq. 4.

Extinction Coefficient Calculation A fundamental aspect of
fluorescence spectroscopy is the evaluation of light absorp-
tion and extinction coefficient. The Lambert—Beer low is
used to measure the absorption experimentally, and is
expressed by Eq. 5:

logIT0 = ecd (5)

Where [, and 7 are the light intensities as the light
enters and leaves the absorbing medium, ¢ is the molar
extinction coefficient in M cm !, ¢ is the concentration
in mol/L (M) and d is the path length in cm. Assuming
10% light absorption by cell suspension (Io=0.11p)
occurred and ¢=9.0x10° cell/mL, € is calculated by
Beer—Lambert low:

(cm?.cell™)

Discussion

In this study, we observed a significant difference between
the fluorescence spectra of normal and malignant cell
samples. This is due to differences in intrinsic fluorescence
properties of normal and malignant cells reflecting the
amount of different present fluorophores and the properties
of surrounding microenvironment. Previous studies on
fluorescence-Excitation Emission Matrix (EEM) of differ-
ent cells revealed the role of three principal endogenous
fluorophores in cellular fluorescence. Depending on the
excitation wavelength, it is provided by tryptophan, NAD
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Fig. 5 The spectrum of Fluorescein sodium solution used as a
standard reference and excited by 405 nm

(P)H and riboflavins (FMN, FAD). NADH and riboflavins
which correlate specifically with cellular activity can
provide information about the metabolic changes within
cells [36, 40—42]. In fact, we found the NADH and
riboflavins fluorescence spectra decreased with malignancy
and it is due to deficiency of aerobic oxidation system. In
other words, when malignant cells proliferate quickly, the
ratio between the oxidized (NAD') and reduced form
(NADH) of NAD alters and the accumulation of less
fluorescent NAD" results in the decreased fluorescence in
cancer [33, 43-46].

It seems the observed blue and red shifts of NADH and
riboflavins band from normal to malignant cells to be due
to the physiological and biochemical transformation of
normal into cancerous cells. Membrane potential abnor-
malities, mineral cell content and membrane composition
changes are due to changes in the dielectric properties of
normal cells during its transformation to a cancer cell [23,

Table 4 The quantum yield calculation of normal HOB and malignant
G 292 cells using Eq. 4. The area under the main peak of reference
solution and cell samples calculated by FindGraph

Cell sample Swss-sas nm) 9Ox = st_st % Q

O, = MBI — 0029 2.0%

Onon = 2302 = 0,033 33%

Malignant G 292
Normal HOB

1709.16
1962.91
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47, 48].However, the influence of multiple light elastic
scattering of cells arising from Rayleigh scattering on the
wavelengths shifts has to be considered [46] Based on
normalized intensity evaluation, the fluorescence peak
decrease would allow clear discrimination between normal
and malignant cells. To overcome the limitations of
numerical intensity measurements, the use of a dimension-
less ratio Ry=I4g4/I559 as a shape factor is preferred. The
fact that both intensities are equally influenced by experi-
mental parameters indicates the very distinct shapes of
normal and malignant spectra. A major advantage of this
ratio is that the difference in intensity ratio at these two
wavelengths can be attributed to the difference in the
fluorescence yield of the native fluorophores (i.e., NAD(P)
H, riboflavins) for various cell types. Ratio R was found to
have a definite diagnostic potential in different kinds of
cancer [27, 36, 49-52].

The shape distortion of the fluorescence spectra due to
absorption of native fluorophores could lead to appearance
of false maxima [53]. In order to avoid this misunderstand-
ing, normalized fluorescence spectra of both cells were
evaluated. It’s obvious that the spectral line shape of normal
and malignant cell samples are slightly different. In
addition to intensity changes, it can be seen that the
spectral shape of normal and malignant bone cells alters
by increasing ratio R;. The R’ value is found to be maximal
at about 484 nm NADH emission with greatest spectral
discrepancy. Thus, this wavelength should be convenient to
maximize cancer discrimination.

R. Hage et al. [54], Wei Chen et al. [55]. believe that one
of the most accurate parameters that showed the best
performance in the discrimination of different samples were
the area under the peak of fluorescence signals We expect
that the area under the fluorescence peak of normal cell
should be larger than the malignant one due to the intense
metabolic activity of the malignant tumor cell and our
experimental fluorescence spectra indicated a significant
decrease with malignancy. Finally, in our case, Rg = 1.25
(Rs>1) which is a suggestive ratio for indicating the
discrimination between normal and malignant bone cells.

Conclusion

In this research the LIFS technique demonstrated its ability
to discriminate between normal and malignant bone cells
due to intracellular fluorophores mainly NADH and
riboflavins which presented the metabolic activity of cells.
By normalized intensity, a significant decrease in fluores-
cence spectra with malignancy was observed. In addition to
intensity variations, it was seen that the ratio R, increases
due to changes in spectral shape of both normal and
malignant cells. This shows that the contribution of NADH
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relative to riboflavins in creating normal cell spectra is
more than malignant one. Due to the physiological and
biochemical transformation of normal cells, 4 nm spectral
blue shift and 9 nm spectral red shift which are observed
due to NADH and riboflavins bands. Moreover, Intensity
ratio (R'=1.23) is found to be maximal at about 484 nm and it
confirms NADH emission band carries greatest spectral
discrimination. Therefore, this wavelength should be conve-
nient to maximize the ability of cancer discrimination.
Experimental fluorescence spectra indicated significant de-
crease in area under the fluorescence spectrum with malignancy
and Rg (Rg=1.25, Rg>1) is a suggestive ratio for indicating
the discrimination between normal and malignant bone cells.
We calculated the relative quantum yield of bone cells at about
3% and extinction coefficient of about 5x 107> cell ' cm?.
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