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KEYWORDS Summary Summary Increase in local temperature during light exposure of biological tissues
Biomedical; plays an important role in determining the fate of most therapeutic modalities. Variations in
Optical properties; the optical properties (absorption coefficient, scattering coefficient, anisotropy factor, opti-
Absorption cal depth etc.) of two cancer cell lines ‘‘Rhobdomyosarcoma and Cervical carcinoma’’ due
coefficient; to gradual increase in temperature were determine quantitatively with a double integrating
Scattering sphere system. It was observed that all three coefficients showed decreasing tendency as the
coefficient; temperature increases for both the cell lines except for scattering coefficient of HelLa which
Anisotropy factor remain constant within error limit. Anisotropy factor for both cell lines increased indicating

temperature dependent subcellular density variations. Temperature dependent optical prop-
erties information may lead to precise dosimetry and could help clinicians for predicting the
therapeutic modality outcome.

© 2015 Elsevier B.V. All rights reserved.

Introduction light absorption while light scattering provides information
about its micro-architecture. Fairly prominent contrast in
the optical properties of pathological and normal tissues has
potentially opened new optical diagnostic techniques [1—8].
Likewise intensive analysis of the efficacy of many optical
therapeutic modalities reveal the particular importance of
optical properties [4,9,10]. Consequently, there is growing
interest in the measurement of optical properties for light
dosimetry in the biomedical research and applications.
Tissue optical properties may change during the course
E-mail addresses: iahmadmp@gmail.com (I. Ahmad), of optical therapeutic procedure due to thermally induced
abdulrehmanphy01@gmail.com (A. Rehman), fac268@pieas.edu.pk changes at elevated temperatures as indicated by many
(J.A. Khan), ahmat82@gmail.com (A. Khurshid), studies [11—13]. For instance, the absorption coefficient
hasanisar@gmail.com (H. Nisar), masroor@pieas.edu.pk (M. lkram). and anisotropy factor were observed to decrease while

Optical properties of biological tissues are essential for
understanding light absorption and distribution. Biochemi-
cal composition of investigated tissue can be probed from
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Experimental setup for optical properties determination of RD and HelLa cells. 1=HeNe Laser; 2 =Integrating Sphere;

3 =Sample; 4 =Detector port for Ry; 5=Detector port for T4; 6 =Detector port for T.

scattering coefficient increased with increasing temper-
atures for ex vivo measurements of rat prostate[11].
Variations in parameters like tissue hydration, pH and pho-
tochemical changes like denaturation and coagulation are
also influence by an elevation in temperature [14,15].

Optical properties (absorption coefficient (u,), scatter-
ing coefficient (us) and anisotropy parameter (g)) have
been determined with different techniques like diffuse
reflectance, single and double integrating spheres method,
elastic scattering, sized fiber reflectometry, oblique inci-
dence optical fiber reflectometry etc., for various biological
samples like human blood, liver, colon, prostate, small intes-
tine, nasal cartilage, brain, skin muscle and fat has been
studied for their optical properties [16—25]. All these stud-
ies investigated the optical properties of biological tissue
in vivo or ex vivo. However, no report is available for
in vitro measurements that quantify the changes in optical
properties with temperature to the best of our knowledge.
In vitro studies are of particular interest in biomedical
research as these investigations provide fascinating grounds
for more realistic models, preliminary analysis and pro-
voke the opportunity for optimizing various parameters. For
instance, light dosimetry and optimization in photodynamic
therapy (PDT) fit in the framework of in vitro studies. There-
fore, in vitro measurement of optical properties and its
temperature dependence would find many applications in
optical theranostic modalities [26].

The goal of this study is to investigate the effect of tem-
perature on optical properties of Rhabdomyosarcoma (RD)
and cervix adenocarcinoma (HelLa) cells. The widely used
double integrating sphere technique was utilized for mea-
surement of optical properties at various temperatures. This
technique offers many advantages such as simultaneous light
collection at both reflected and transmitted arms and spa-
tial integration. Detector saturation problems are avoided
when dealing with highly collimated sources such as lasers.
Further, cell suspension samples were measured in a quartz

cuvette (1.cm path length) so that thickness of each sample
was uniform in all cases.

Material and method

Experimental setup

The well-established and widely used integrating-sphere
technique was employed for the measurement of optical
properties of HeLa and RD cells. The experimental setup is
schematically shown in Figure 1. The samples were placed
sequentially in the holder between the double integrat-
ing spheres of 30mm diameter and 3mm detector port
(Optoprim, Germany). The samples were illuminated with
a HeNe laser of 2mm beam diameter, 0.84 mrad divergence
and 0.95 mW power (Spindler & Hoyer, Germany). The light
after interacting with sample was collected by integrating
spheres. The diffuse reflected and total transmitted light
fluence was measured by spectrometer coupled with inte-
grating spheres (Avantes, Avaspec-2048, The Netherland).
Collimated transmission was measured at 3m away from
the sample to exclude the scatter fraction from the pri-
mary beam [27]. Optical properties were computed by using
inverse adding doubling (IAD) algorithm.

Sample preparation

Human cervix adenocarcinoma (HelLa) and Rhabdomyosar-
coma (RD) cell lines were cultured and maintained in
modified Eagle’s medium (MEM) containing 10% FBS, 200 mM
L-glutamine, 100U/ml penicillin and 100 mg/ml strepto-
mycin (Sigma-Aldrich). The cells were cultured at 37°Cin a
humidified atmosphere with 5% CO,. Cells were resuspended
in MEM upon achieving 80% confluency in cell culture flasks.
Cell density was determined with Hemocytometer. Hela
cells density of 1.69 x 10°/ml and RD cells 6.49 x 10°/ml was
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Figure 2 Schematic of electric heating used for temperature
elevation of the samples.

carried for further experiments. Temperature of the sample
was increased (from 20 to 60°C with 5 degree step) with
electrically heated water bath coupled with thermometer
as shown in Figure 2.

Measurements

Diffuse reflectance and total transmittance values for the
two cell culture suspension were measured with double inte-
grating sphere. Freshly coated barium sulfate (BaSO,) plate
served as reference for calibration of integrating spheres.
Diffuse reflectance (R4) of the sample can be estimated in
terms of sample, standard and background reflectance as
follows:

R —R
Ry = o —Ro
Ristay — Roo)

where, R and R are the light intensities measured
by reflectance sphere with sample and standard barium
sulphate plate respectively. Ry is the background light
intensity detected without any sample. Transmittance of the
sample can be determined by,

Te — T,
7, = Jo—To
Ton — T

where, T, and To 4, are the light intensities measured by
transmittance sphere with the sample and barium sulphate
plate in sample holder respectively. T, is the background
light intensity detected without any sample.

Collimated transmittance T. was measured at 3m dis-
tance from the sample by

_ Ty

T. =
T To

where, T, and Ty are measured intensities with sample and
without sample respectively.

The widely used computational model (inverse adding
doubling, IAD algorithm) was employed to calculate all three
optical properties (scattering coefficient, absorption coeffi-
cient and anisotropy factor) of the investigated samples.
These calculations are essentially based on the experi-
mentally measured quantities of diffuse reflectance, total
transmittance, collimated transmittance [28]. This tech-
nique also accounts for the optical beam parameters such
as size of the incident beam, refractive index of sam-
ple and geometrical configurations of the experiment like
integrating sphere and its ports dimensions. The refractive
index for the samples was measured experimentally using
the diffraction method and employed in the IAD algorithm.
Refractive index for Hela cells was 1.345 while 1.341 for RD
cells. Then the temperature dependence of total attenua-
tion coefficient (u), optical depth (z) and albedo («) from
the measured optical properties were calculated using the
following relations:

Mt = Ha + Us
T =dut
a ="

where, d is the physical thickness (1.cm) of the sample.
Results

Temperature dependence of diffuse reflectance, total trans-
mittance and collimated transmittance for HeLa and RD cells
is shown in Figure 3a and b, respectively. Each numerical
value depicted in Figure 3 corresponds to the mean value
over three readings of all samples. The mean values were
employed in IAD for computing optical properties. Closer
examination of both graphs indicates that increase in total
transmittance is more prominent than diffuse reflectance
for both types of cells. Unlike HelLa cells, the collimated
transmittance decreased as a function of temperature for
RD cells.

Figure 4a and b shows the variations in absorption coeffi-
cient (u,), scattering coefficient (us) and total attenuation
coefficient (u.) as a function of temperature for HeLa and RD
cells respectively. Analysis and comparison of Figure 4a and
4b) reveals many interesting features: Obviously, all three
coefficients decrease with increasing temperature. us falls
more rapidly as compared to (u.) for both types of cells.
Abrupt decrease in both u, and us is observed at initial rise
of temperature. Decrease in all three attenuation coeffi-
cients of RD cells are fairly pronounced compared to HelLa
cells. Almost no change in attenuation coefficients for HeLa
cells at higher studied temperatures was observed.

To better illustrate the dependence of attenuation coef-
ficients on temperature, we have shown the percentage
change as a function of temperature in Figure 5a and b for
HelLa and RD cells respectively. Attenuation coefficients at
20°C were supposed as reference for calculating percent
change in all three coefficients. It can be observed that the
behavior of change in the scattering and total attenuation
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Table 1 Variations of g with temperature for RD and HelLa Cells.

Temperature (°C)

Estimated g for HelLa Cells

Change (%)

Estimated g for RD Cells

Change (%)

20 0.755
25 0.758
30 0.767
35 0.767
40 0.781
45 0.789
50 0.798
55 0.827
60 0.835

0 0.486 0
0.4 0.525 8.03
1.6 0.565 16.3
1.6 0.643 32.3
3.4 0.68 39.9
4.5 0.735 51.2
5.7 0.748 53.9
9.6 0.845 73.8
10.6 0.836 72.1

coefficients is very similar for both types of cells. However
decrease in absorption coefficient for RD cells is hardly vis-
ible as compared to the pronounced decrease in Hela cells.
Unlike scattering coefficient, the anisotropy factor progres-
sively increased from 0.486 to 0.836 over the complete
temperature range for RD cells representing an increase of
72% as shown in Table 1. The corresponding increase for
Hela cells was less prominent (~10%). Biological tissues are
generally believed to be highly forward scattering (g>0.8).
Results of the conducted experiment follow a similar trend.
Further the increase in forward scattering with temperature
can be attributed to the dynamics of protein denaturation
and coagulation [14,29,30].

Two additional important parameters, optical depth ¢
and albedo o were computed from the experimentally deter-
mined attenuation and scattering coefficients and shown in
Figure 6a and b. The relative contribution to attenuation
from absorption or scattering is described by albedo « while
the optical depth 7 is a dimensionless parameter that scales
the physical thickness of sample to ‘‘optical thickness’’ in
terms of light interaction with sample. Optical depth essen-
tially describes the limits on light penetration in tissue. The
extreme case of a=1 represent scattering only while for
a =0 attenuation is restricted to absorption only. There is
no such constraint impose on the possible values of t. Start-
ing values of « >0.5 at 20°C for both cell types suggest that
scattering is the dominant process of attenuation compared
to absorption. The albedo increase by 45% and 53% for Hela
and RD cells respectively. Figure 6a and b illustrates a similar
decreasing trend for optical depth as a function of temper-
ature for both samples. However, an interesting observation
from closer inspection is the almost two fold decrease in
optical depth for RD cells compared to Hela cells.

Discussion

The attenuation of the incident laser light in turbid media
like biological cells and tissues primarily depend on wave-
length of the incident light and characteristics of scattering
particles like its size, shape, density, and packing etc., in
the sample [4,31]. In this study, temperature of the sample
(cell suspension) was raised keeping the light source con-
stant. Therefore effect of temperature elevation in terms
of changes in optical properties can be investigated. Such
changes in optical properties are important in many areas of

biomedical research especially in laser therapies where laser
beam intensity, treatment duration, and number of treat-
ment fraction may be determined by the rate of change of
the scattering and absorption coefficients [9,32,33].

Temperature dependent changes in the optical prop-
erties of Hela and RD cells can be correlated to the
changes in microarchitecture and morphology of cells. We
assume that the denaturation and coagulation of various
cellular structural proteins may be responsible for the alter-
ation in optical properties. The imparted thermal energy
is employed to disrupt and break the week bonds that
are responsible for the tertiary and quaternary integrity
in proteins [9,30,34]. Another line of argument in favor of
decreasing coefficients may come from the chromophore
denaturation that occurs at elevated temperatures [29,35].
Some studies offered an alternative explanation attribut-
ing these changes in optical properties to tissue shrinkage
caused by a loss of water during heating [9,34]. Lastly,
presence of glycol—lipids in cell membranes may also con-
tribute to the observed negative temperature coefficient
of scattering of both cells. The gel phase of membrane
glycol-lipids is converted to crystalline phase and then liquid
crystalline phase with increasing temperature. This increase
in fluidity indicates the disordered phase of glycol—lipids
[36,37]. Thus, we may conclude that perhaps the phase tran-
sition of glycol—lipids also contributes to the decrease in
scattering.

It is also important to note that the energy imparted
to the sample from heating possess a temperature and
time dependence. Agah et al. suggested that changes
in optical properties occur in two phases; a fast
temperature-dependent process up to 70°C and a slow
temperature-independent process above 70°C [35]. How-
ever, attesting the essential interpretation for the dominant
features of in vitro experimental data is seemingly missing.
Nevertheless, elucidation of the temperature dependent
dynamics of optical properties should be a priority due its
importance in biomedical research.

The interesting observation evolved from inspection of
Figure 5a and b is that the starting values and the decrease
in all three coefficients with temperature were higher for
RD cells compared to Hela cells. These observations prob-
ably indicate the distinguishing features of both cells in
terms of different origins. RD cells are derived from pelvic
rhabdoymosarcoma biopsy specimens with embryonal his-
tology while HelLa cells are derived from human cervical
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Figure 6 Variations of optical depth and albedo with temperature for (a) HeLa and (b) RD cells.

adenocarcinoma. In contrast to Hela cells, RD cells display
protein abundance primarily arising from their muscu-
lar nature. Distinct manifold expression of proteins like
actin, myosin, tropomysin, troponin, and myomesin etc.,
by muscle (RD) cells essentially provide muscle contraction,
cytoskeleton, and cells migration etc., [38—40]. Protein
abundance triggers multiple denaturation and coagulation
cascades that significantly affect optical properties includ-
ing absorption and scattering. Another line of argument
in convincing the relatively higher scattering of RD cells
can probably be assign to the scattering properties of the
most dominant micron sized structure of RD cells; the mito-
chondria. RD cells seem to have much higher density of
mitochondria that will present intense Rayleigh scattering
[41]. Furthermore, Rd cells express elevated levels of chro-
mophores such as myoglobin compared to Hela cells.

The albedo increase and decrease in optical depth with
temperature permits its description in terms of domi-
nant scattering relative to absorption. Both scattering and
absorption contribute towards albedo and optical depth of
the medium. However, the gradual increase in albedo can
be associated with the prominent decrease in absorption
compared to scattering. On the other hand, decreasing scat-
tering and absorption attests the subsequent decrease in
optical depth.

Conclusion

Temperature elevation led to significant changes in the
optical properties of HeLa and RD cells. Absorption and
scattering coefficients and optical depth decreased while
anisotropy factor and albedo increased as a function of
temperature. Dynamics of protein denaturation may have
provoked these changes. Despite the abundant accumulated
experimental work available on individual tissue samples,
light dosimetry for the safe and effective biomedical proce-
dures remains a challenge. Further, our results demonstrate
the need to exercise caution in attempting extrapolating
data obtained from in vitro to in vivo experiments.
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