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The probing of living cells in different colors over extended periods of time can be used to see the
complicated processes that take place during carcinogenesis or heat stress, for example. Since most
therapeutic laser tissue interactions are based on thermal effects a detailed characterization of thermal
tissue damages in the cellular and sub-cellular levels is important. In order to study such microdosime-
try laser-induced fluorescences of Quantum dots provide a suitable approach. Streptavidin conjugated
QdotTM 605 (Quantum Dot Corp., USA) were used in combination with the concanavalin A-biotin
labeling system (Molecular Probes, NL) to observe membrane associated thermal lesions. Fluorescent
Qdot conjugates are a promising alternative to organic dyes. The extinction coefficient of QdotTM 605
streptavidin conjugate is 650,000 M−1 cm−1 at 600 nm. Red fluorescent QdotsTM 605 were selected
because autofluorescence of cells in the red spectral range is not relevant. Fluorescence detection
was performed with a confocal laser scan microscope LSM410 (Carl Zeiss, Germany). Breast cancer
cells were used in the thermal stressing experiments performed at 40◦C, 42◦C, 45◦C, 50◦C or 56◦C
for 30 min, each. In this methodical approach Qdot mediated labeling of heat stressed cells were
demonstrated to show alterations of plasma membrane organizations and integrities, respectively.
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INTRODUCTION

The sciences of life want to probe living cells in full
color over extended periods of time to see the rather com-
plicated processes that take place during embryogenesis,
carcinogenesis, and heat stress, for example. Existing flu-
orescence techniques use natural molecules like organic
dyes and/or proteins or synthesized markers for Optical
Molecular Imaging [1]. In this case light will be emitted
over a wide spectral range, which means that the spec-
tra will overlap and a differentiation of the dyes becomes
harder the more dyes are involved. Inorganic semiconduc-
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tor nanocrystals—called quantum dots—promise alterna-
tives to the chemical fluorophores and visible fluorescent
proteins.

Most therapeutic laser applications are based on ther-
mal tissue effects. Depending on the medical indication
thermal effects have to be generated by exact radiation pa-
rameters and appropriate laser specifications. Local tissue
coagulations are induced with temperatures between 50◦C
and 100◦C while surgical tissue ablations and hemostasis
need to be performed at temperatures higher than 100◦C
[2]. Especially in the temperature range beneath 60◦C
therapeutic successes are predominantly influenced by the
properties of a target tissue. At subcoagulating tempera-
tures specific stress response mechanisms, including the
complex reaction cascades during apoptosis, might be ac-
tivated in single cells or confined tissue areas. The out-
come always will be either cell survival or cell death [3].
Cellular genetics and phenomenologies of apoptotic and
necrotic processes are completely different and should be
strictly differentiated [4].
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Molecular genetics of cell stress responses have al-
ready been investigated in detail, mainly focusing on the
so called heat-shock proteins [3,5] first described in 1962
by Ritossa [6]. Detailed knowledge of the phenomenol-
ogy and pathophysiology of tissue specific heat induced
stress reactions is not yet available. Only a few studies
on selected tissue models have been published so far [e.g.
7–10]. Especially in the context of laser supported ther-
motherapies of tumors, like laser-induced interstitial ther-
motherapy [11–13], systematic studies exactly describing
the dose-effect-relationships under application of clini-
cally relevant laser parameters are necessary for the mi-
crodosimetric optimization of these interventions.

Heat induced stress reactions in diseased tissues or
normal tissues adjacent to therapy targeted lesions are cru-
cial factors of the laser therapeutic result. Active and pas-
sive cellular heat stress responses are dictated by the ap-
plied stress dose in a functional and phenomenological
manner. Therefore, the microdosimetry of thermal laser
therapies is a very important parameter [14].

A very suitable approach to study the phenomenon
of heat stress in single cells is fluorescence microscopy, as
one of the best established standard techniques in biomed-
ical analytics and clinical diagnostics today. Fluorescence
detection of specific structures and functions in cellular
systems is provided by the tremendous variability of fluo-
rescent probes and markers concerning target specificities
as well as spectral properties [15–17]. After many different
organic fluorescent dyes and GFP-based biosensors have
been routinely used for fluorescent imaging of cells the
luminescent quantum dots (QDots) have recently entered
the field of bioanlytics.

QDots are semiconductor nanocrystals of small ex-
tension with special optical properties [18]. A structure
consisting of some thousands of GaAs/AlGaAs atoms is
as small as 4 nm in diameter, an In/P/AlGaAs structure
even 3 nm. Therefore, such structures are frequently called
zero-dimensional objects.

The order of magnitude of the electrons’ de Broglie
wavelength is similar to the size of quantum dot. The
electron-hole pairs are located in the three spatial dimen-
sions because the core is contained with a protective shell.
This band gap has a higher electronic level which confines
the electron-hole pairs. The fluorescence emission is con-
fined to a narrow band of typically 20–30 nm full width
at half maximum. The wavelength depends on the particle
size, characteristically. For example, a QDot made from
Cd/Se radiates green light of 520 nm or red light of 630
nm depending on whether the diameter is 3 nm or 5.5 nm.
Quantum dots can be excited over a broad spectrum which
means that a mixture of different kinds of QDots for mul-
tiple color imaging can be excited by a light source of a

single wavelength between UV and red [19]. The inorganic
shell of the QDots is of hydrophobic nature. Putting QDots
to biology they must be prevented from coming into direct
contact with water and must be prevented from quench-
ing. Despite their name, QDots are about 10 times bigger
than normal organic dyes, which can be a limit within
cells. Furthermore, QDots must be non-toxic, should rec-
ognize selectively a specific target in cellular structure,
and must not interfere with normal physiology. Various
modifications of the outer surface have been successful.
A courageous step toward solving this problem was done
by encapsulating the QDots in micelles—a simple chemi-
cal aggregate made from two kinds of phospholipids [20].
The hydrophobic tails move away from the water, while
the polar heads immerse themselves in aqueous environ-
ments. Qdots stay protected at the centre of the micelles.
For example, QDots were injected into embryos of an
African frog. Besides many other biological observations
they have no detrimental effect on the embryonic develop-
ment and were photostablein vivo for days (for example
14 h by a 50 mW, 488 nm laser [21]). Also QDot for tar-
geting human tumors work in micein vivo. The dots were
conjugated to a peptide or antibody to recognize a specific
cancer cell [20].

In general, the surface of the quantum dots can be
conjugated with ligand specific molecules like antibodies,
peptides or streptavidin for driving the biological activi-
ties [22–24]. Especially the streptavidin:biotin system is
a widely used bridging tool in many labeling technolo-
gies. Since avidin and its derivatives selectively bind biotin
and biotinylated proteins with high binding affinities (e.g.
1015mol/L for streptavidin:biotin) they offer very versa-
tile secondary fluorescent labels now extended by QDot-
streptavidin conjugates [17,18,25]. The general structure
of a QDot-streptavidin conjugate is illustrated in Fig. 1
[18].

Fig. 1. Schematic of the overall structure a QdotTM streptavidin con-
jugate. The core consists of semiconductor material (CdSe), which has
been coated with a semiconductor shell (ZnS). The polymer coating
provided biochemical surface modification of the Qdot particle by direct
coupling of the polymer to streptavidin [taken from Ref. 18].
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This study was a methodical approach and intended
to test the QdotTM streptavidin conjugate for investigating
the microdosimetry of heat stress using mammary car-
cinoma cells (line MX1) as tumor model. Red fluores-
cent Qdots 605 were selected, because autofluorescence
of cells in the red spectral range is very low. The extinc-
tion coefficient of QdotTM 605-streptavidin conjugate is
650,000 M−1cm−1 at 600 nm. Taking in mind the well
known properties of the optical window in tissue optics,
light with a wavelength in the visible or infrared range for
excitation and fluorescence and the relatively high quan-
tum efficiency of the QDots are a bonus when the light
has to travel through bulk tissue.

Besides the complex network of metabolic processes
the plasma membrane is the structure most prone to envi-
ronmental stress like heat [26]. Therefore we chose glyco-
proteins as universal cellular plasma membrane target. Bi-
otinylated concanavalin A (ConA) served as the targeting
probe. ConA selectively binds toα-mannopyranosyl and
α-glucopyranosyl residues in glycoproteins abundantly
located in the glycocalyx of cellular plasma membranes
[17,27]. This sandwich system was tested for its ability
to support characterization of heat stress induced cellular
changes using a confocal laser scan microscope (CLSM).

MATERIAL & METHODS

Cell Cultivation and Stressing

Human undifferentiated breast cancer cells of the line
MX1 (Deutsches Krebsforschungszentrum, Germany)
were employed as tissue model. Cells were maintained in
RPMI 1640 medium supplemented with 20 mM HEPES,
10% (v/v) heat inactivated fetal calf serum, at 37◦C and
5% CO2 in humidified atmosphere. Cultures were disso-
ciated with 0.05% trypsin-0.02% EDTA. 1% antibiotic-
antimycotic solution (100 U/mL penicillin, 100µg/mL
streptomycin, 0.25µg/mL amphotericin B; GIBCOTM In-
vitrogen GmbH, Germany) was also added to the medium.
All other culture medium components and solutions were
purchased from Biochrom KG seromed, Germany. Exper-
imental cells were grown in chamber slides (Nunc GmbH
& Co. KG, Germany) until sub-confluent cell densities
were achieved. Heat stress treatments were performed in
a temperature-regulated water bath at the temperatures
given with the results (40◦C, 42◦C, 45◦C, 50◦C, or 56◦C)
for 30 min, each. Immediately after heat stressing cells
were submitted to further experimental processing.

Quantum Dot Labeling

Cells were rinsed in cold phosphate buffered saline
(PBS) and internal biotin was blocked by incubating cells

in 50µg/mL Avidin (Sigma Aldrich Chem., Germany) in
PBS (30 min, 37◦C). Cells were triple rinsed in cold PBS
before application of 250µg/mL concanavalin A-biotin-
conjugate (Molecular Probes, NL) in PBS (30 min, 37◦C).
Streptavidin conjugated QdotTM 605 (Quantum Dot Corp.,
USA) nanocrystals were used to label cell bound ConA
mediated by biotin:streptavidin bridging. Qdot-conjugate
stock solution was diluted 1:10 in incubation buffer sup-
plied by the manufacturer 20 min prior to application. The
final concentration of 0.1µmolar was obtained by mixing
equal volumes of PBS and Qdot solution. After 30 min
incubation the cells were rinsed three times and micro-
graphed in PBS. This labeling protocol is mainly based on
the manufacturer’s recommendations [18,25], alterations
have been mentioned above.

Confocal Laser Scan Microscopy

Fluorescence emission measurements were per-
formed with a LSM 410 (Carl Zeiss, Germany). The wave-
lengths 488 nm and 568 nm of an external argon-krypton
laser (Spectra Physics GmbH, Germany) were used for
exciting fluorescence signals. Emission signals were de-
tected using a dichroitic beam splitter FT 580 and a long-
pass filter LP 590. A scan resolution of 3× 8 bits/0.5 s
(512× 512 pixels) was applied for each fluorescence im-
age. All measurements were performed under confocal
conditions (pinhole 20) at room temperature.

Cell Viability Screening via Colorimetric Microassay

Prior to QDot labeling experiments the impact of heat
stressing on cell viability was screened with a colorimetric
micro assay. AlamarBlueTM (BIOSOURCE International
Inc., USA) was used as metabolic reduction–oxidation in-
dicator exhibiting a blue color in the native oxidized form
or a red color after metabolic reduction. MX1 cells were
seeded into flat-bottomed 96-well microtitre plates (Nunc
GmbH & Co. KG, Germany) at 104 cells/well and in-
cubated for 20 h under physiological growth conditions
permitting the cells to adhere to the substrate inside the
cavitities with culture volumes of 200µL/well. Then the
cells were heat stressed as described before and submitted
to the AlamarBlueTM cell activity assay according to the
manufacturer’s recommendations [28]. After 4 h reincu-
bation under physiological conditions the reduction reac-
tion was stopped by refrigerating the microplates (4◦C)
until measurement. Absorption photometric evaluations
of the plates were performed using a Dynex MRX II mi-
croplate reader combined with the Revelation G 3.2 soft-
ware (Dynex Technologies, USA) at 570 nm (measure-
ment wavelength) and 630 nm (reference wavelength).
Temperature dependant cell activities were quantified in
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correlation with control cells (100% cell viability) and
negative controls (no cells).

Quantum dots themselves are not toxic. The toxi-
city of the buffer was measured (data not shown), but
did not induce any structural changes in cells. Functional
defects were not investigated. Since Qdot labeling and
microscopic viewing of specimens were performed after
heat stress interventions, measured fluorescence intensi-
ties are not correlated to known temperature effects of
QDots themselves.

RESULTS & DISCUSSION

Heat stresses at temperatures of 40◦C or 42◦C for
30 min, each did not impair cellular activities com-
pared with the unstressed control cells as shown by the
AlamarBlueTM based micro assay (Fig. 2). On the other
hand cells stressed at 40◦C were activated and exhibited
a 20% higher viability than the control. Only stress doses
above 42◦C decreased cellular viabilities with increasing
temperatures as expected. After treating cells at 56◦C a
minor metabolic rest activity below 20% was detected.

These data correlated well with the fluorescence mi-
crographs measured by LSM. As expected control cells
(37◦C) and cells stressed at 40◦C or 42◦C exhibited regu-
lar growth conformations with intact tissue integrities and
tissue specific cell morphologies. The QDot fluorescence
was mainly restricted to the external leaflets of plasma
membranes and intercellular areas (Fig. 3A–C). Neverthe-
less the fluorescence intensity distributions were irregular
as illustrated by the 3D intensity profiles. When stressing
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Fig. 2. Screening the metabolic activities of breast cancer cells (MX1)
after heat stress using the AlamarBlueTM-microassay. 48 measurements
were averaged for every experimental group. The distributions of single
measurements are indicated. Measurement wavelength: 570 nm refer-
ence wavelength: 630 nm.

was performed at 45◦C or 50◦C (Fig. 3D+E) the cells were
smaller and rounder than in the control group (Fig. 3A).
Also the tissue integrities were clearly dispersed indicat-
ing active cellular stress responses during heat treatments.
This effect was more pronounced in the 50◦C group than
in the 45◦C group. Here the 3D profiles exhibited more
regular fluorescence intensity distributions than under mi-
nor stress conditions (40◦C and 42◦C). At the same time
QDot fluorescence was also detected at the cytoplasmic
leaflets of plasma membranes supporting the presumption
that plasma membranes were reorganized and permitted
QDot conjugates to enter the cells. Nuclei in these cells
were still intact and exhibited no fluorescence while in the
cells severely damaged at 56◦C structural integrities of
the plasma membranes and nuclear membranes were de-
stroyed and fluorescence accumulated intracellularly pen-
etrating the nuclear compartments (Fig. 3F). At 56◦C a
more or less spontaneous necrosis was induced since the
cells did not exhibit round shapes indicating that heat stress
at 56◦C was too severe to allow active stress responses.
The phenomena described are illustrated in more detail by
the intensity profiles in Fig. 3. If the stress responses ob-
served after temperatures of 45◦C or 50◦C were applied
could be correlated with apoptotic processes is yet un-
known since so far apoptosis has not been investigated on
MX1 cells under the stress conditions described here.

Our results correspond well with the data published
by Hymeret al.[10] where temperatures higher than 45◦C
were found to injure cell membranes in human skin cells.
Although heat treatments were performed with a time reg-
imen (1–300 s) different from the one used in our study,
it can generally be concluded that the highly conserved
membrane structure of animal cells is destabilized when
faced with temperatures of 45◦C or higher. Cell specific
and individual differences in heat sensitivities obviously
are most pronounced in this temperature range. This state-
ment is supported by the comparatively large mean square
deviations (m.s.d.) of the cell viability at 45◦C as shown
in Fig. 2, while the viabilities in the cell groups stressed
at 40◦C, 42◦C, 50◦C, and 56◦C exhibited much smaller
m.s.d.

The experimental protocol recommended by the
manufacturer [18] has been modified in the way that the
QDot labeling reaction was performed in a 50% PBS
and 50% incubation buffer (provided by manufacturer)
solution and not in 100% incubation buffer. In a previ-
ous experiment when QDot labeling was performed in
100% incubation buffer cells obviously were intoxicated
and the formation of vacuoles was induced as shown in
Fig. 4. Since the original incubation buffer is basic (pH 8.3)
it employs non physiological conditions during incuba-
tions. Therefore the experimental conditions and special
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Fig. 3. Laser scan microscopy of MX1 cancer cells labeled with quantum dots. Panel A shows control
cells, heat stressed cells (30 min each) are shown in the panels B–F. All panels include the superposition
of fluorescence micrograph and transmission (left), the emission intensity map (centre), and the 3D signal
intensity profiles (both right with different resolution). Fluorescence emissions were excited with the laser
wavelengths 488 nm and 568 nm and emission signals were detected in the spectral range above 590 nm
(FT 580, LP 590). For the fluorescence intensity imaging the integration time was 8 s/scan and 16 s/scan
for 160× 160µm2 and 91× 91µm2, resp.
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Fig. 4. Light (left) and fluorescence (right) microscopy (Axioplan 2, Carl Zeiss, Germany) of MX1 cancer cells labeled with
quantum dots in 100% incubation buffer provided by the manufacturer [18]. After a 30 min incubation period at room temperature
the cells exhibited vacuoles.

preparation of the cells under investigation should be op-
timized for every cell type prior to QDot labeling pro-
cedures. Valuable information on the preconditioning of
labeling experiments using QDots are given in Ref. 18,
21–24.

Under the experimental conditions applied in this
study the phenomenology of cellular response to heat
stress were outlined. General cytomorphological features,
mainly cell shape, tissue conformation, membrane in-
tegrity, as well as the organization of nuclei were visu-
alized after QDot fluorescence detection. Investigations
on specific sub-cellular features especially protein func-
tions and their molecular genetic basis will have to use
target specific probes and appropriate detection methods,
respectively. In general, QDots show a much brighter fluo-
rescence light due to higher quantum yield in comparison
to organic fluorescent dyes. But future availability of dif-
ferent QDot conjugated probes will benefit bioanalytical
studies on the dynamics of stress responses induced by
physiological or environmental stress factors. The bene-
fits of QDot labeling will be accomplished by minimal
spectral overlaps in multicolor labeling applications and
long-term photostability. This will be associated with re-
duced technological requirements for fluorescence detec-
tion systems. The employment of QDot labeling of specific
targets will be advantageous for real-time monitoring of
various intracellular processes. Especially the use of QDot
encoded multiplexed assays and high-throughput analyses
of genes and proteins are of interest [19,29].

Also in the field of single molecule detection and
spectroscopy QDots are promising alternatives to fluo-
rescent biomolecules because of their high photolumi-
nescence yields [30]. Highly sensitive techniques like
scanning near-field optical microscopy (SNOM) provid-
ing high lateral resolutions could detect single QDots and

might favor the localization and quantification of specific
targets or low-abundance biomolecules on cell membranes
or various sub-cellular organelles or selected structures.

Our study only focused on spontaneous stress re-
sponses while long-term impacts on cell-survival, apop-
totic pathways or genetic over expression rates were not
included. Especially cancer cells are in a general state of
genetic instability eventually causing various sub-clones
to be resistant to internal and external stress factors
[31–33]. This implies the necessity for studying pheno-
types and genotypes of heat stress responses in differ-
ent tissue species in detail. Further results dealing with
these subjects will enhance laser-assisted hyperthermia
treatments.
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