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Optical spectroscopy noninvasively monitors response
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Abstract. Fast and noninvasive detection of cellular stress is ex-
tremely useful for fundamental research and practical applications in
medicine and biology. We discovered that light scattering spectros-
copy enables us to monitor the transformations in cellular organelles
under thermal stress. At the temperatures triggering expression of heat
shock proteins, the refractive index of mitochondria increase within
1 min after the onset of heating, indicating enhanced metabolic ac-
tivity. At higher temperatures and longer exposures, the organelles
increase in size. This technique provides an insight into metabolic
processes within organelles larger than 50 nm without exogenous
staining and opens doors for noninvasive real-time assessment of cel-
lular stress. © 2005 Society of Photo-Optical Instrumentation Engineers.

�DOI: 10.1117/1.2075207�

Keywords: thermal stress; light scattering spectroscopy; heat shock protein; retinal
pigment epithelium; cellular stress.
Paper SS04199RR received Oct. 22, 2004; revised manuscript received Apr. 26,
2005; accepted for publication Apr. 27, 2005; published online Oct. 13, 2005.
1 Introduction

Transformations of the organelles under conditions of cellular
stress are known very little because of their small sizes and
low optical contrast. Multiphoton imaging techniques1 can re-
solve subcellular structures but require staining to improve the
contrast, which often affects cellular metabolism.2 Electron
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microscopy provides high resolution but is incompatible with
imaging of live cells. Recently, light scattering spectroscopy3

�LSS� was introduced for noninvasive sizing of organelles in
large populations of cells.4

The metabolic responses of cells to various stress factors
are of great interest to biology and medicine and have been
extensively studied. One of the best known responses of cells
to stress is the expression of heat shock proteins5 �HSPs�. The
1083-3668/2005/10�5�/051404/8/$22.00 © 2005 SPIE
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HSP expression after thermal stress is the metabolic reaction
induced by misaggregation and denaturation of proteins,
changes in membrane permeability, and disruption of cytosk-
eletal components.6 Initial expression of the heat shock
factors7 �HSFs� regulates the HSP expression, which peaks
several hours after the thermal shock.8

Several noninvasive techniques have been developed for
monitoring cellular metabolism. They rely either on autofluo-
rescence properties,9 on nonlinear optical polarization,10,11 or
on the scattering properties12–15 of cells or organelles. Cellular
organelles and cell boundaries scatter light with angular and
spectral characteristics dependent on the sizes and relative
refractive indices of the scattering particles. In general, there
are two different approaches to characterize cells by their light
scattering. First, the angular distribution of scattering intensity
is measured with a goniometer at a fixed wavelength.16–19 The
challenge in this approach is that the signal intensity varies
over 5 orders of magnitude, which necessitates the use of a
lock-in amplifier. Angular scanning and lock-in techniques are
time consuming—typical acquisition times are on the order of
several minutes. The second approach, called LSS, measures
the back-reflected scattering spectra under well-characterised
angles, typically 180±5 deg. The dynamic range of the spec-
tral modulation is typically within one order of magnitude.
The amount of reflected light, the integration time of the spec-
trometer, and its readout limit the acquisition time to typically
several hundred milliseconds. Both the goniometer-based
approach17,19 and LSS �Refs. 3 and 4� can extract information
about sizes and density of the cellular organelles from the
light-scattering data. This information can be used for nonin-
vasive monitoring of the metabolic transformations in cells
under any type of cellular stress. As we describe in this paper,
the fast data acquisition of LSS enables us to monitor the
cellular and subcellular metabolic effects in real time.

Using LSS we studied the reaction of the retinal pigment
epithelial �RPE� and NIH-3T3 cells to thermal stress. Motiva-
tion for this study comes from the fact that melanosomes
within the RPE cells strongly absorb light,20 and thus the RPE
is the hottest layer of cells during laser treatments of the
retina.21 In retinal laser therapies involving prolonged heating,
such as transpupillary thermal therapy,22 the temperature rise
in the retina strongly varies from patient to patient due to
variation in pigmentation and blood perfusion. Strong differ-
ences in temperature result in large variability and poor pre-
dictability of the clinical outcomes. A noninvasive on-line do-
simetry method is highly desirable to improve this treatment
modality.

2 Material and Methods
2.1 Setup
A sketch of the setup is shown in Fig. 1. Light from a broad-
band halogen lamp was coupled into a 3-mm fiber bundle.
The fiber tip was imaged 1:1 through a 50% beamsplitter �BS�
onto a sample illuminating approximately 10,000 RPE cells
within a 3-mm spot. The back-scattered �180±5 deg� light
from the sample passing through the 50% BS was directed via
an upright microscope �Leica, MZ16� into an optical multi-
channel analyzer �Ocean Optics, USB2000�. A spectrum rang-
ing from 350 to 900 nm and containing 2048 points was typi-

cally acquired during 2 s. The sample chamber was placed on
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a black light absorbing glass �optical density 5� with glycerine
as an index-matching material. To avoid specular reflections
from the sample chamber, the whole mount was tilted off the
optical axis by several degrees.

The sample mount was heated on one side and cooled on
the other side to produce a temperature gradient of about 10°C
over a 10-cm distance across the sample. Temperature-time
courses for different locations in the sample chamber were
measured with a microthermocouple. To measure cellular re-
sponses at different temperature courses within the sample the
whole mount was moved under the stationary optical setup
using a stepper motor. The scattering spectra were acquired
every 10 s. The setup was controlled by LabView on a PC.

2.2 Sample Preparations
To verify precision in assessment of the sizes and concentra-
tions of the light-scattering particles based on their scattering
spectrum, a mixture of polystyrene �PS� beads �Polysciences�
of 5 different sizes �291, 585, 737, 1053, and 2105 nm in
diameter� was diluted in water at concentration ratio of
5:5:1:1:1, respectively. The light-scattering spectrum was
measured and the data were analyzed by the inverse light-
scattering fitting algorithm �see Sec. 2.3�.

For spectroscopic measurements the human RPE cell line
ATCC and the NIH-3T3 cells were confluently grown on
glass slides. The NIH-3T3 cells were transfected with a lu-
ciferus gene linked to HSP �Ref. 8�. The HSP expression from
these cells can be detected by imaging �IVIS, Xenogen Corp.,
Alameda, California, USA� the bioluminescence due to the
luciferase activity. During the measurements, the cells were
covered with phosphate-buffered solution to avoid light ab-
sorption within the colored cell medium, and the sample was
covered with a cover slip. To study the reaction of organelles
to thermal stress the sample slides were placed on a mount
with a temperature gradient ranging from 40 to 50°C. The
mount was heated for 15 min and then cooled to room tem-

Fig. 1 LSS setup for the detection of temperature-induced cellular
stress.
perature. The scattering spectra were measured at five loca-
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tions on the slides corresponding to five different tempera-
tures within this range. After the experiments, all cells were
alive as indicated by the live/dead calceinAM and ethidium
homodimer fluorescent assay.23

For histological study with transmission electron micros-
copy �TEM� the RPE cells were grown on a Mylar film. After
fixation with 2.5% glutaraldehyde/1% paraformaldehyde, em-
bedding in LX-112, and staining in uranyl acetate/lead citrate,
the 200-nm-thick sections were examined under TEM. The
distribution of sizes of different organelles in the TEM pho-
tographs were analyzed using the ImageJ software.24

2.3 Inverse Light-Scattering Fitting Algorithm
In a single scattering approximation, the scatterer size density
distributions N�D� were extracted from the measured scatter-
ing spectra using the following Mie theory-based approach. If
incident light is scattered by the particles of various diameters
D, the scattered light intensity can be expressed as an integral
over all diameters:

I = I0C� N�D� dD�
0

�0

�
0

2�

sin �i d�i d�i�
0

�0

�
0

2�

sin �s d�s d�s

���S1��,n,D,���2 + �S2��,n,D,���2� , �1�

where I0 is the intensity of the incident wave; C is the appa-
ratus constant of the system; �0 is the delivery/collection
angle of the system; � is the scattering angle, which depends
on the angles of incoming light �i, �i, and the angles of the
scattered light �s and �s; and S1�� ,n ,D ,�� and S2�� ,n ,D ,��
are diagonal elements of the scattering matrix at given wave-
length � and relative refractive index n=ns /n0, where ns is
the refractive index of the scatterer and n0 is the refractive
index of the surrounding medium. The elements of the scat-
tering matrix are calculated using Mie theory.25

Equation �1� relates the intensity spectrum of scattered
light I�� ,n ,D ,�� to the scattering amplitudes S1�� ,n ,D ,��
and S2�� ,n ,D ,��. In backscattering direction, the spectrum
I�� ,n ,D ,�� of a submicrometer particle with the relative re-

Fig. 2 �a� Light-scattering spectra of a mixture of PS beads with five
extracted from the measured scattering spectra. Scatterer density in th
�n is the relative refractive index of the particle�. Since the refractive
particles. The diamonds in �b� depict the real composition of the P
resolution of a conventional microscope—down to 50 nm.
fractive index close to unity has unique modulations, which
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depend on the scatterer diameter D and scales proportionally
to �n−1�2. The light scattering spectra of particles smaller
than 50 nm are featureless, and Mie theory approximates to a
classical Rayleigh scattering.26 The scatterer size density dis-
tribution N�D� for sizes larger than 50 nm can thus be ex-
tracted by fitting27 the predictions of the model to the mea-
sured scattering spectrum. We developed such automated
inversion procedure, which extracts the size density histogram
of the scatterers that best fit the measured light scattering
spectrum.4 The relative refractive index of subcellular or-
ganelles used for these calculations28 was n=1.04, and for the
PS beads, n=1.20. The code is written in Fortran and runs
reasonably fast ��10 s/spectrum� on a conventional PC
�Pentium, 2 GHz, Windows�.

3 Results
3.1 Measurements on Polystyrene Bead Mixtures
To verify precision in assessment of the sizes and relative
scatterer concentrations the sample cuvette was filled with the
PS beads mixture and the light scattering spectrum was mea-
sured �Fig. 2�a��. The histogram of sizes in the PS bead mix-
ture was extracted from this spectrum �Fig. 2�b�� by the in-
verse light-scattering fitting algorithm. Scatterer density in the
histogram represents a product of the �n−1�2 �where n is
relative refractive index of the particle� and the number of
scatterers.4

3.2 Sizing of Cellular Organelles
To validate the LSS assessment of the sizes of cellular or-
ganelles, the light-scattering spectrum of RPE cells was mea-
sured at 37°C �Fig. 3�a��, and the scatterer density histogram
was extracted from this spectrum using the inverse light scat-
tering algorithm �Sec. 2.3�. To make the results of LSS com-
parable to the size distribution observed in histological sec-
tions, the scatterer density histogram was converted into a
histogram representing a statistical distribution of cross sec-
tions of organelles in the arbitrarily oriented sections of
200 nm in thickness. The area under this transformed histo-

nt sizes ranging from 300 nm to 2 �m, and �b� bead size histogram
gram represents a product of the �n−1�2 and the number of scatterers
is the same for all beads, the plot represents the relative number of
mixture. The bead sizes can be determined far below the optical
differe
e histo
index

S bead
gram was normalized to 1 �full circular symbols in Fig. 3�b��.
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The maximum and minimum dimensions of the different
organelles were determined in 50 TEM sections �200 nm
thickness� of RPE cells using ImageJ software. The resulting
organelle size histogram was then normalized to an area of
one �hatched area in Fig. 3�b��. It is important to keep in mind
that the conversion of the histograms from 3-D particles into a
histogram of 2-D slices resulted in a slight shift of their
maxima to smaller sizes. The actual sizes of the 3-D or-
ganelles peak at 170 and 385 nm rather than 150 and 365 nm,
respectively.

3.3 Optical Detection of Cellular Stress
In experiments with cells, the spectral changes appeared
within 1 min after the onset of heating. The heat-induced
changes in the scattering spectra �Fig. 4�a�� were more pro-
nounced in the long-wavelength region. The scatterer density
histograms �Fig. 4�b�� extracted from the measured spectra
�shown in Fig. 4�a�� demonstrate that the scattering density of

Fig. 3 �a� Light-scattering spectrum of RPE cells and the spectrum fi
minimum dimension of the different types of organelles was determi
under the organelle size histogram was normalized to 1 �hatched area
light scattering spectrum. The histogram was transformed from a 3-D
200 nm in thickness.

Fig. 4 �a� Light-scattering spectra of the RPE cells at different momen
spectral changes are more pronounced in the long-wavelength region,
spectra. Amplitude of the 160-nm peak in the histogram strongly inc

Increase in the amplitude represents the rise of the refractive index of the or
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the 170-nm mitochondria increased very significantly �up to
50%� and the distribution slightly shifts �up to 15 nm� toward
the larger sizes.

Figure 5�a� shows the time course of the maximum scat-
tering density for different temperatures. The dashed line in-
dicates the heating time course; in this case, for 50°C. The
scattering density starts increasing at 42.5°C and exhibits
strongest response at 45°C, reaching its maximum at about
16 min. After the heat is turned off, the scattering intensity
does not decrease to its original value �Fig. 5�a��. At a higher
temperature, 47°C, the organelles react faster, reaching the
peak at about 6 min, but after that the scattering density is
decreasing. At 50°C, the scattering density increase is even
smaller than at 45 and 47.5°C. Starting at temperatures of
47.5�C, the density peak shifts up to 15 nm toward larger
sizes �Fig. 5�b�� and the width of the distribution increases
�not shown�. Both of these effects become most pronounced
at the highest temperature of 50°C. All cells were still viable

ith the inverse light-scattering algorithm and �b� the maximum and
50 TEM histological sections �200 nm thick� of RPE cells. The area
line with the circular symbols represents the data extracted from the

cle size distribution into a histogram of arbitrarily oriented slices of

ime under thermal stress of 47.5°C, where the temperature-induced
� corresponding histograms of the scatterer density extracted from the
during heating, while its position slightly shifts toward larger sizes.
tted w
ned on
s�. The

parti
ts of t
and �b
reases
ganelles probably due to the enhanced metabolic activity.
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immediately after the heating, as proved by the live/dead fluo-
rescent assay.23

The extracted scatterer density histograms of the NIH-3T3
cells were similar to the histograms obtained with the RPE
cells �shown in Fig. 3�b��. Figure 6�a� shows the temporal
course of the scattering density at the 170-nm position of the
peak. The time course of the actual temperature on a sample
in a position corresponding to the maximal temperature of
45°C is shown as a dashed line. The NIH-3T3 cells respond
differently than RPE cells: they start reacting at lower tem-
peratures, 41°C, and have much slower rise of the scattering
density reaching its maximum only by the end of the heating
cycle, at 16 min for all the temperatures above 41°C. At
higher temperatures �43 and 45°C�, they react a little faster,
but as opposed to the RPE cells, for all temperatures the scat-
tering density decreases by the end of the cooling phase. No
size shift of the maximum scattering density or broadening of
the size distribution was found with NIH-3T3 cells in the
examined temperature range up to 45°C.

To compare our findings regarding response of organelles
to thermal stress we studied expression of the HSP in the
NIH-3T3 cells under the same experimental conditions. Fig-

Fig. 5 �a� Time course of the maximum scatterer density �i.e., relative r
temperature course of the 50.0°C point on the sample is plotted as a
scattering density can be seen for 42.5°C, and it reaches its maximum
at 50°C the increase in scattering density is less pronounced than at 4
course of the mitochondrial width at different maximal temperatures.
50.0°C.

Fig. 6 �a� Time course of the scatterer density of the 170-nm organell
of the 45°C point is plotted with a dashed line �temperature scale on
onset of this effect is earlier at higher temperatures. No significant chan
of HSP measured by light emission of luciferase 6 h after the exposur

spectra were acquired. The HSP expression peaks at 43°C.
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ure 6�b� shows the light emission by the luciferase linked to
HSP 6 h after heating. The peak of the HSP expression was
observed at 43°C.

4 Discussion
4.1 Assessment of Diameters and Concentrations of

PS Beads in Mixture

PS beads are a commonly used model system for light-
scattering experiments. Their optical properties and spherical
shape is well defined and they can be purchased in sizes rang-
ing from 40 nm to hundreds of micrometers. Several authors
describe the successful extraction of PS bead diameters using
only one size at a time. In previous studies, either arbitrary
chosen normal3,4,13 or a log-normal Gaussian19 size distribu-
tion were assumed to reduce the number of free parameters
during the fit. In our experiments, we used a mixture of PS
beads with sizes ranging from 300 nm to up to 2.1 �m, imi-
tating the fact that cells contain organelles with a broad range
of sizes. Therefore, we did not assume any specific type of
size distribution in our inverse light-scattering code.

e index� of the RPE organelles at different maximal temperatures. The
line with the temperature scale on the right. A slight increase of the

.0°C. The increase starts earlier at higher temperatures. Interestingly,
d 45.0°C, indicating that metabolic response is suppressed. �b� Time
idth increases with time by about 15 nm at temperatures of 47.5 to

e NIH-3T3 cells for different maximal temperatures. The time course
ght�. Significant increase of the scattering density starts at 41°C. The
the scatterer sizes were observed at these temperatures. �b� Expression
dots mark the areas with different temperatures where the scattering
efractiv
dashed

at 45
7.5 an
The w
es in th
the ri

ges of
e. The
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Figure 2�b� demonstrates a good correspondence between
the actual mixture composition �filled diamonds� and the size
distribution �solid line� extracted from the scattering spectra
shown in Fig. 2�a�. It is remarkable that small particles are
clearly resolved with this technique far beyond the optical
resolution of a conventional light microscope. The extracted
sizes of the beads correspond to actual sizes with precision of
±10 nm, except for one broadened peak in the proximity of
2 �m. Scattering from the larger particles, which has the fast-
est spectral modulation, are optically suppressed in our cu-
vette: 0.43% of the transmitted light is reflected back from the
bottom of the cuvette. To prevent specular reflection from
entering the microscope objective the sample holder was
slightly tilted. However, the forward scattering of this light in
the sample is quite strong, especially for large particles, and it
was collected into the spectrometer. The forward-scattering
spectrum does not exhibit any significant spectral modulation,
and this signal lowers the sensitivity of the technique for
larger particles. This effect is reflected in nonprecise
determination of the particle sizes around 2 �m, as shown in
Fig. 2�b�.

The precision of LSS in absolute measurement of sizes and
its ability to monitor small relative changes are not the same.
The absolute precision of sizing is defined as the deviation of
the reconstructed size from the bead size data provided by a
manufacturer. However, three types of the errors can affect
this: the model-related error, the error of the size determina-
tion by the manufacturer, and the error related to the experi-
mental SNR. Precision in detecting the relative size changes
�e.g., Fig. 5�b�� should be much higher than the precision of
absolute size determination since it is not affected only by the
model-related error and depends only on the SNR. In fact,
precision in determination of the relative change in organelle
sizes is equal to the SNR. For 200-nm particles and a 100:1
SNR the relative accuracy will thus be around 2 nm.

4.2 Assessment of Cellular Organelle Size Distribution
There is no “gold standard” technique for sizing of cellular
organelles. In general, only TEM provides the necessary reso-
lution, but it comes at a cost of complete disruption of the
cellular metabolism due to fixation, embedding, and cutting.
Some changes in organelle sizes and shape during fixation and
embedding cannot be excluded.

The peak around 170 nm in Fig. 3�b� corresponds prima-
rily to a cross section of mitochondria, with sizes ranging
from 90 to 500 nm. The mean width of the mitochondria
found in this study is slightly smaller than the 250 nm re-
ported in the literature.19 Other types of organelles such as
multivesicular granules �polysomes, intermediate filaments,
microtubules, secondary lysosomes29�, membrane-bound
granules �lysosomes29�, and dense granules �phagosomes in
the end-stage of hydrolic digestion29� are also found in the
size range from 160 to 450 nm with a peak around 340 nm.
The scatterer size distribution �filled dots in Fig. 3�b�� ex-
tracted from the scattering spectra also has two distinct peaks
at 170 and 380 nm.

The good agreement between the extracted scatterer den-
sity histogram and the TEM analysis for cellular organelles,
which generally are not spherical, supports the validity of the

spherical approximation for this type of scatterers. A more
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complex modeling that can include different shapes, such as
the T-Matix method,30 could lead to more precise results, but
will also add some free parameters.

In the past, we studied contributions of large organelles,
such as cell nuclei3 and smaller, submicrometer organelles
such as peroxisomes and lysosomes.4 In an intact biological
cell, both large and small organelles contribute to the overall
LSS spectrum. However, those contributions have distinct
characteristics that make it relatively simple to analyze large
and small organelles separately. The nucleus, being a larger
particle, has a stronger oscillatory component in the LSS
spectrum, which is preserved even after averaging over a
large number of nuclei of different sizes present in the illumi-
nated volume. Smaller organelles have a significantly
smoother spectrum with no prominent oscillations present.
The LSS scattering spectrum from epithelial cells in vivo31 is
dominated by a strong diffuse background coming from mul-
tiple scattering in the underlying tissue. This component can
be removed to reveal features related to the cell nuclei. How-
ever, since it is rather difficult to differentiate the smooth
spectrum generated by small organelles from the equally
smooth diffuse background spectrum, both components are
normally removed in the same procedure. In the individual
cells on a glass slide, there is no diffuse background and con-
tribution of the small organelles is much easier to observe.
Thus, not only the nuclear sizes but also the sizes of the small
organelles can be extracted.

In this study, contributions from the nuclei are very small
because of the particular geometry chosen for the measure-
ments. The RPE and NIH-3T3 cells used in the experiments
were confluently grown on a glass slide. The TEM photo-
graphs revealed that their height is only around 1.3 �m, but
the width is around 10 to 15 �m. To prevent specular reflec-
tion from entering the microscope objective the sample was
slightly tilted. This also drastically reduced the contribution
from the “flat” surfaces of the nuclei, which have the same
orientation as a glass slide. As a result, modulations with high
spectral frequency produced by nuclei have very low intensity
and can hardly be seen as a residual from our LSS fit in Fig.
3�a�. At the same time, the reconstruction algorithm when
applied to this residual reveals two peaks at around 1.5 and
10 �m.

4.3 Detection of Cellular Stress
The light scattering properties of cells are known to change
during cell proliferation,17 apoptosis,14 toxic stress,32,33 and
osmotic shock.34 Using LSS, the subcellular origin and the
specific organelles associated with these effects can now be
identified and monitored in real time.

As shown in Fig. 4�a�, the spectral response for RPE cells
is smooth and more pronounced at the longer wavelengths.
The size histograms �Fig. 4�b�� extracted from these data
show a strong increase in scattering density of the 170-nm
organelles. The scatterer density represents a product of the
�n−1�2 �where n is a relative refractive index of the particle�
times the number of particles.4 Since organelles cannot mul-
tiply on such a short time scale, this increase in the scatterer
density is due to the rise of the refractive indices of the or-
ganelles. This reaction can be associated with the histologi-

35,36
cally known “mitochondrial pyknosis,” an increase in op-
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tical density of the mitochondria matrix37 due to the thermal
stress. As shown in Fig. 5�a�, the onset and the temporal be-
havior of this reaction can now be followed in real time. For
RPE cells, the changes begin around 42.5°C and are stron-
gest at 45°C. The earlier but lower response at 47.5 and
50°C probably indicate at suppressed metabolism at higher
temperatures. In the NIH-3T3 cells �Fig. 6�a��, an increase of
scattering density has already begun at 41°C, but these cells
react much more slowly than RPE cells—the onset was de-
layed by 5 to 10 min, and similarly for RPE cells, it begins
earlier at higher temperatures. The fact that these reactions do
not follow the temperature history in the sample indicates that
we observe the effects of cellular metabolic activity rather
than just the temperature dependence of the refractive indices
of the organelles.

As shown in Fig. 6�b�, the HSP expression on the heated
sample slide peaked at the location heated to 43°C. An in-
crease of the mitochondria scattering density in the same
sample was found at 41°C. Thus, in addition to ability of
detecting cellular stress noninvasively and in real time, the
mitochondrial pyknosis seems to be an even earlier indicator
than the expression of HSP.

Figure 5�b� shows that swelling of the RPE mitochondria
begins at 47.5°C. This effect corresponds to histological ob-
servations of the swelling of the mitochondrial matrix at the
beginning of apoptosis,35 which is expected at these
temperatures.38–40

5 Conclusions
This paper demonstrated that LSS enables the noninvasive
sizing of cellular organelles, and can be successfully used for
rapid and noninvasive monitoring of the early subcellular
transformations in living cells under thermal stress. With LSS,
the subcellular origin and the specific organelles associated
with these effects can now be identified and monitored in real
time. This technique can be applied to organelles with dimen-
sions down to 50 nm, and opens doors to quantitative real-
time assessment of the organelle reactions to various types of
cellular stress without exogenous staining or labeling.

An increase of mitochondrial scattering density with tem-
perature �correlating with histological observation of “mito-
chondrial pyknosis”� begins below the temperatures corre-
sponding to maximal expression of HSP, and can probably be
used as an early indicator of thermal stress. Swelling of the
mitochondria was found at temperatures above the HSP ex-
pression threshold, and can be associated with the onset of
cellular apoptosis.

Noninvasive monitoring of cellular stress with LSS can be
used for a real-time dosimetry in a wide variety of medical
applications that have no immediate observable outcome,
such as transpupillary thermal therapy, photodynamic therapy,
and electroporation. It might also be useful for environmental
monitoring of toxins, drug screening, and others biotechno-
logical purposes. Future studies must prove the specificity and
sensitivity of this technique in each application.
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