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Abstract

Background: It has been postulated that most if not all cancers are hierarchically organized and contain distinct
phenotypes of cells. In breast tumors CD44*/CD24/EpCAM* phenotype had been shown to possess the properties of
cancer stem-like cells, while CD44low//CD24*/EpCAM* cells represent more differentiated tumor cells that are often
classified as luminal subtype of cancer. Quantum dots had already been used for imaging in vitro and in vivo, however
the information about accumulation and time-dependent distribution of antibody-conjugated quantum dots in different
phenotypes of breast cancer is still missing.

Results: The accumulation and distribution of QDs was compared between CD44low//CD24*/EpCAM* (MCF-7)
and CD44+/CD24-/EpCam* (MDA-MB-231) cells. The accumulation of non-targeted QDs was twofold more efficient in
CD44low//CD24*/EpCAM* cells than in CD44*/CD24/EpCam*. Conjugation of anti-CD44 to QDs minimized uptake
of QDs in CD44low//CD24*/EpCAM" cells thus showing the selectivity of this conjugate to CD44-positive cells. Most
importantly, after 24 hours post labeling the membrane-bound anti-CD44-QDs was engulfed inside the cytoplasm of
cells, while the conjugate of anti-CD44 and fluorescein isothiocyanate (FITC) remained on the cell membrane.

Conclusion: The combination of QDs and antibodies gives a synergistic effect; antibody assures specific labeling
of the desired cells while QDs initiate engulfment of the conjugate inside cells. Antibodies themselves are not capable
of initiation of receptor-mediated endocytosis. Therefore these results are very important and might be used in the

development of multifunctional agents for targeted labeling and delivery of bioactive compounds.
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Introduction

Increasing number of reports postulate that there is a subpopulation
within tumors which share properties of stemness: possess an
unlimited capacity to proliferate, self-renew, and differentiate in order
to sustain tumor growth and progression, but most importantly these
cancer cells are more likely to survive conventional chemotherapy
and radiotherapy [1-3]. Scientists are working on the identification
of molecular markers which could be used to selectively detect the
phenotype of these aggressive cells and eliminate their population, thus
stopping the progression of the cancer as well as metastasis [4-6]. CD44
is a transmembrane glycoprotein which is reported to regulate growth,
survival, differentiation, migration, tumor progression and metastasis
[7]. Labeling of cancer stem-like cells by a combination of CD44 and
CD24 markers was firstly reported in breast cancer [8]. Later CD44
marker was also approved for prostate [9], pancreatic [10], colon [11]
and other types of cancer [12], thus showing its significance in the
development of targeted anti-cancer therapies.

Advances in nanotechnology have contributed to the development
of novel nanoparticles that enable the tumor-specific delivery of
imaging probes and therapeutic agents. There have already been
attempts to use anti-CD44 in construction of a tool for nanotechnology-
based detection and eradication of stem-like cancer cells. Wang et al.
demonstrated the selective accumulation of anti-CD44-conjugated
liposomal nanoparticles in hepatocellular carcinoma in vivo [13].
Numerous studies used hyaluronic acid and nanoparticle conjugates to
achieve the targeting of CD44* cancer stem-like cells [14-16].

Recently, it was suggested that multifunctional nanoparticles
hold a great promise for the future of cancer treatment because they

combine tumor-targeted imaging and therapy in an all-in-one system
[17]. Quantum dots (QDs) have gained much attention due to unique
optical and electronic properties: emission from visible to infrared
wavelengths, large absorption coefficients across a wide spectral
range, and very high levels of brightness and photostability [18,19].
The surface chemistry of QDs allows conjugation of the bioactive
molecules (antibodies, etc.) and various therapy agents including
chemotherapeutic drugs or photosensitizers [20-22]. Peptide- and
antibody-coated QDs have already been reported to selectively
detect cancer cells in vivo [23,24]. However, the information about
accumulation dynamics, localization, and time-dependent distribution
of non-targeted and anti-CD44-conjugated quantum dots in different
phenotypes of cancer cells is still limited.

In this study we used eFluor® 605NC to investigate the accumulation
dynamics and distribution of non-targeted and anti-CD44-conjugated
QDs in CD44°*/CD24*/EpCAM* (MCF-7) and CD44'/CD247/
EpCam* (MDA-MB-231) cells. Non-targeted QDs accumulated
in both types of cells but the photoluminescence (PL) intensity of
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quantum dots per cell was higher in MCF-7. Anti-CD44-QDs allowed
to minimize labeling of CD44""" cells and thus to achieve selectivity to
cancer stem-like CD44" cells. Most importantly, the anti-CD44-QDs
conjugate was engulfed within 24 hours inside the cells, demonstrating
the ability of QDs to deliver molecular cargo into the cytoplasm of cells.

Materials and Methods
Materials

Human breast cancer cell lines MDA-MB-231 and MCE-7
were obtained from the American Type Culture Collection (ATCC
HTB-26™; ATCC HTB-22"). Doxorubicin was obtained from Teva
Pharmaceutical Industries (Lithuania). Two types of QDs were
purchased from eBioscience (USA): non-targeted carboxyl coated
eFluor® 605NC and anti-CD44-conjugated eFluor® 605NC. Both QDs
consisted of CdSe/ZnS core/shell and were coated by functionalized
PEG lipids [25]. The diameter of eFluor® 605NC was 22 nm and zeta
potential was -12 mV [26]. The mouse anti-human CD44 monoclonal
antibodies conjugated with fluorescein isothiocyanate (FITC) (Sigma-
Aldrich, USA), anti-human CD24 conjugated with phycoerythrin
(PE) (eBioscience, USA) and anti-human EpCAM conjugated with
allophycocyanin (APC) (Miltenyi Biotec, Germany) were used.
Crystal violet for fixed colonies staining was obtained from Alfa Aesar
(USA). The cell proliferation kit (XTT) was purchased from Biological
Industries (Israel).

Cell culture

MCF-7 and MDA-MB-231 cells were cultured in Dulbecco
Modified Eagle’s Medium (Biochrom, Germany), supplemented with
10% fetal bovine serum (Gibco, USA), 100 U/ml penicillin, 100 mg/ml
streptomycin (Biochrom, Germany) and 4 mM L-Alanyl-L-Glutamine
(Biochrom, Germany). Cells were cultured and passaged in 25 cm? cell
culture flasks with up to 90% confluence with complete cell culture
medium in a humidified chamber at 37°C with 5% CO,.

Laser scanning confocal microscopy

Samples were examined under the Nikon Eclipse TE2000-S, Clsi
confocal microscope (Nikon, Japan) by scanning with the beam of
UV laser (404 nm) for Hoechst, argon ion laser (488 nm) for Alexa
Fluor®488 and FITC, and helium-neon laser (543 nm) for QDs using
oil immersion 60x NA 1.4 objective (Plan Apo VC, Nikon, Japan).
Fluorescence of Hoechst was detected using 450/35 band pass filter.
To visualize Alexa Fluor®488 and FITC, the band pass filter 515/30
was used. QDs fluorescence was detected by a 605/75 band pass filter.
The 32-channel spectral detector was used to investigate PL of QD in
a single cell. Images were captured and processed with EZ-C1 3.90
image analysis software (Nikon Instruments, USA) and Image J 1.48
(National Institute of Health, USA) software.

Flow cytometry

Flow cytometric analyses were performed by Accuri C6 (Becton
Dickinson, USA) or LSR II (Becton Dickinson, USA) flow cytometers.
A minimum of 10000 viable cells were measured per sample. The data
were analyzed with Flow Jo (Tree Star, USA) or Accuri C6 software.

Phenotypic analysis of MCF-7 and MDA-MB-231 cells

For flow cytometry analysis, 1 x 10°cells were trypsinized, pelleted
by centrifugation at 200 g for 7 minutes and resuspended in a final 100
pL volume of phosphate buffered saline (PBS) solution containing 20 pL
antibody (anti-CD44, anti-CD24, anti-EpCam) stock solution. Cells were

incubated for 20 min at 4°C, washed and analyzed with a flow cytometer.

Colony forming efficiency

For colony formation assay, cells were seeded in a 6-well plate at
a density of 400 viable cells per well in triplicate and kept for 10 days
in the incubator under standard conditions. After colonies had been
formed, cells were fixed using ascending series of ethanol (70%, then
96%, 10 min each) and stained with 0.05% crystal violet. Colonies were
imaged using a microscope (Nikon Eclipse TE2000-U, Japan; camera
Leica DFC290, Germany). Only colonies with more than 40 cells were
counted. Colony forming efficiency (CFE) was determined by the
following formula (1):

CFE (%) =Colonies Counted/Cells Seeded x 100 (1)

Cytotoxicity studies

To compare chemoresistance, MDA-MB-231 and MCF-7 cells
were seeded in a 96-well plate at a density of 9000 cells per well and
cultured for 24 hours. The chemotherapeutic drug doxorubicin was
diluted in a complete growth medium to final concentrations of 2.7-
500 ng/ml and added to the cells. Cells were maintained continuously
in doxorubicin for 72 hours. For viability assessment cells were treated
with an activated-XTT solution and after 2-4 hours the absorbance was
measured using BioTek (USA) plate reader at a wavelength of 490 nm.
The absorbance of the sample was expressed mathematically as follows (2):

Absorbance=A _ (test) - A (blank); 2)

490 490

Where A, (blank) - the absorbance of a solution in the cell-free well

490 (

To test the influence of QDs on cell viability cells were seeded in
a 12-well plate at a density of 40 000 cells per well and cultured for 24
hours. QDs were diluted to the concentration of 5 x 10*M and added
to the cells. After 3-72 hours incubation the cells were trypsinized,
centrifuged (7 min, 200 g) and resuspended in 200 ul PBS. 20 pl of
cell suspension were mixed with the equal amount of AccuStain
Solution T (Nano Entek, Korea), which contains propidium iodide
(PI) and lysis solution, therefore provides the total number of cells, or
AccuStain Solution N (Nano Entek, Korea), which contains only PI in
PBS and gives the number of dead cells. Stained cell suspensions were
loaded onto plastic chips and inserted into the automated cell counter
ADAM (Nano Entek, Korea) which counts the cells and calculates their
viability.

Accumulation of non-targeted quantum dots

MCEF-7 and MDA-MB-231 cells were seeded in the 8-well glass
chamber slide (Nunc Lab-Tek II, Thermo Fisher Scientific, USA) at
a density of 100000 cells/well. The cells were allowed to grow for 24
hours before the addition of QDs. Non-targeted QDs were diluted
to a concentration of 5 x 10®*M in the complete growth medium
and poured over the MCF-7 and MDA-MB-231 cells. After 3-24 h
incubation with QDs at 37°C the cells were washed with Dulbecco’s
phosphate buffered saline (DPBS) (supplemented with Ca** and Mg**
to prevent cell detachment) (Biochrom, Germany) to remove any
excess QDs. Then cells were fixed with 4% paraformaldehyde (PFA)
(Sigma-Aldrich, USA) for 15 min, permeabilized for 4 min using 0.2%
Triton X-100 (Sigma-Aldrich, USA) and blocked for 20 min with PBS
containing 1% bovine serum albumin (BSA) (Sigma-Aldrich, USA).
To label actin, fixed and BSA-blocked cells were incubated with 5U/
ml Alexa Fluor®488 Phalloidin (Life Technologies, USA) methanolic
solution for 20 min. Before mounting the slides with Qdot® Mounting
media (Life Technologies, USA), the nuclei were stained with 25 pg/ml
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Hoechst 33258 (Sigma-Aldrich, USA) for 30 min.
Quantification of non-targeted quantum dots accumulation

To determine the fluorescence intensity of QDs inside a single cell,
MCE-7 and MDA-MB-231 cells were seeded in a 12-well plate at a
density of 40 000 cells per well and cultured for 24 hours. Non-targeted
QDs were diluted to the concentration of 5 x 10® M and poured over
the cells. After 3-72 hours incubation the cells were trypsinized, washed
by centrifugation (7 min, 200 g) and suspended in 100 pl PBS. Their
fluorescence intensity was determined by flow cytometry.

To test the differences between the uptake of QDs and fluorescent
chemotherapeutic drug doxorubicin, both cell lines were seeded in a
12-well plate at a density of 40 000 cells per well and after 24 hours were
continuously incubated with 65 ng/ml doxorubicin. After 3-72 hours
the cells were trypsinized and analyzed using flow cytometry.

Accumulation of anti-CD44-conjugated quantum dots

MCEF-7 and MDA-MB-231 cells were seeded in the 8-well glass
chamber slide (Nunc Lab-Tek, Thermo Fisher Scientific, USA) at a
density of 100 000 cells/well. After 24 hours the medium was aspirated,
100 pl of DPBS solution containing 20 pL of anti-CD44-QDs or anti-
CD44-FITC were poured over the cells for 30 min. Afterwards, the
cells were washed 3 times with DPBS to remove any excess antibodies
and filled with fresh medium. Nuclei of the cells were stained by 30
min incubation with 25 pg/ml Hoechst 33258. Live-cell imaging was
performed at two time points: immediately after labeling and 24 hours
after labeling. Between measurements cells were kept in the incubator
under standard culture conditions (37°C, 5% CO,).

Statistical analysis

Data are shown as the representative result or as mean of at
least three independent experiments + SD. Statistical analyses were
performed using the two-tailed Student’s t test; differences were
considered significant at p<0.05.

Results

Characterization of cancer cells in human breast cancer cell
lines

Numerous studies show that CD44*/CD24 /EpCAM?" cells exhibit
properties of cancer stem-like cells [8,27,28]. The expression of CD24,
CD44 and EpCAM surface antigens was measured to define the
phenotype of MDA-MB-231 and MCE-7 breast cancer cells. The flow
cytometry results revealed that 100% of MDA-MB-231 cells expressed
CD44 marker while the expression of CD24 was very low (~2%)
(Figure 1A). In contrast to MDA-MB-231, MCEF-7 cells exhibited high
expression of CD24 (94%) and low expression of CD44 (11 %). EpCAM
was expressed in both cell lines.

Effective colony formation (plating efficiency) shows the capability
of cells to create a population from one cell [29-31]. Plating efficiency
method revealed that MDA-MB-231 cells form colonies 2 times better
than MCF-7 cells (~ 26% and ~ 12% respectively) (Figure 1B).

Chemoresistance is one of the major clinical criterions to
characterize cancer stem-like cells [32]. To determine the sensitivity
of MDA-MB-231 and MCEF-7 cells to chemotherapy, we treated cells
with various concentrations of doxorubicin. The IC50 value of MDA-
MB-231 cells was ~ 2 times higher than MCF-7 (Figure 1C), indicating

that MDA-MB-231 cells were more resistant to the chemotherapeutic
treatment.

Furthermore, we examined the morphology of MCF-7 and MDA-
MB-231 cells. MDA-MB-231 cells possessed mesenchymal morphology
while MCF-7 cells were epithelial-like cells (Figure 1B). Epithelial and
mesenchymal cells differ in phenotype as well as function. Epithelial
cells lack migratory properties, while mesenchymal cells are associated
with enhanced migration, invasiveness, intra- and extravasation [33].

To sum up, we had chosen MDA-MB-231 cells as a model for
CD44/CD24/EpCAM* cells, which are known for poor prognosis
and are highly enriched with cancer stem-like cells [34]. MCF-7 cells
served as a model for CD44°%-/CD24*/EpCAM* cells, which are less
malignant cells, more sensitive to chemotherapy treatment and known
for good prognosis after treatment. We further examined accumulation
dynamics and distribution of non-targeted and anti-CD44-conjugated
QDs in cancer cells of these distinct phenotypes.

Accumulation and distribution of non-targeted QDs

Confocal fluorescence microscopy images taken at 3, 6 and 24 hours
after the incubation with QDs at 37°C showed that the localization and
distribution of QDs is similar in both cell types and generally follows
the accepted stages of the accumulation scheme [35-37]: after 3 hours
vesicles were distributed all along the cell (Figures 2A and 2D), after
6 hours vesicles of QDs localized in close proximity to the nucleus
(Figures 2B and 2E), and after 24 h, big-sized vesicular structures with
QDs were formed (Figures 2C and 2F).

To determine whether any differences in QDs uptake can be
registered between MCF-7 and MDA-MB-231 cells, the quantitative
analysis of the diameter of vesicles was performed. As can be seen in
the Figure 2G, MDA-MB-231 cells formed over 2 times larger vesicles
than MCF-7 cells, and the diameter of vesicles varied within the same
cell (Figures 2A-2C inserts). MCF-7 cells formed vesicles of a uniform
size (Figures 2D-2F inserts), and the diameter of vesicles increased in a
time-dependent manner.

Quantitative analysis revealed that PL intensity of QDs within
one cell, obtained by flow cytometry, was ~ 2.4 times lower in MDA-
MB-231 than in MCF-7 cells (Figure 3A). Similar trend was observed
by analyzing the PL intensity of doxorubicin within one cell (Figure
3B). Such results are rather cell-type related than cell-size related,
because the ratio of cell diameters of MDA-MB-231 and MCF-7 was
only 1.1 (Figure 3C).

Both cancer cell lines reached saturation phase of accumulation
after 48 h incubation with QDs (Figure 3A). The saturation phase might
show the lack of receptors and/or caveolin for endocytosis as these
molecules must be recycled back to the plasma membrane, which takes
time and lengthens the internalization rate [35,36,38]. The viability of
MCEF-7 and MDA-MB-231 cells did not change even after the longest
period of incubation with QDs (Figures 4A and 4B).

Accumulation and distribution of anti-CD44-QD conjugate

The labeling of human breast cancer cells with non-targeted QDs
revealed that better uptake is seen in the MCF-7 than in MDA-MB-231
cancer cells (Figure 2). To achieve a better selectivity to MDA-MB-231,
which was shown to represent a more malignant phenotype of cancer
(Figure 1), cells were labeled with anti-CD44-QDs conjugate. Anti-
CD44-FITC was used as a control.

As can be seen in the Figure 5A, after 30 min incubation only a
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Figure 1: Phenotypical profile of MCF-7 and MDA-MB-231 breast cancer cell lines. A) Expression of CD24, EpCAM and CD44 was determined
by flow cytometry.B) Plating efficiency assay was performed by seeding 400 cells per well in a 6-well plate. After 10 days of growth the colonies
of >40 cells were calculated. Differential interference contrast microscopy images were taken at 24 h post seeding of untreated cells (600x).
C) Response to the treatment of chemotherapeutic drug doxorubicin was obtained by seeding the cells into 96-well plate and giving different
concentrations of doxorubicin for 72 h. Viability and proliferation was measured by XTT assay. IC50 value shows the concentration of doxorubicin
which reduces the number of viable cells twice.

Figure 2: Uptake of non-targeted QDs in breast cancer cells. Fluorescence confocal micrographs of MDA-MB-231 cells (A, B, C) and MCF-7
cells (D, E, F) after 3, 6 and 24 h treatment with QDs. White squares mark the zoomed parts shown in the inserts. Inserts’ scale bar=1 ym. The
red color shows QDs, the green color — actin staining, the blue color — nucleus staining.G — diameter of vesicles inside MCF-7 and MDA-MB-231
cells, evaluated by image analysis of micrographs.
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Figure 3: Accumulation dynamics of QDs (A) and doxorubicin (B) in MDA-MB-231 and MCF-7 cells. Cells were incubated with non-targeted QDs
or doxorubicin for 3-72 h, trypsinized and analyzed by flow cytometer. C — diameter of MDA-MB-231 and MCF-7 cells. The diameter of trypsinized
cells was measured by phase contrast microscopy. More than 20 cells per sample were counted to get the reportable results. Asterisk (*) indicates

statistical significance by two-tailed Student’s t test (p<0.05).

Figure 4: Viability of MDA-MB-231 (A) and MCF-7 (B) cells after the treatment with QDs. After 3-72 h incubation with non-targeted QDs cells were
trypsinized and their viability was measured using automated cell counter ADAM.

weak signal of anti-CD44-QDs was registered in the plasma membrane
of MCEF-7 cells. On the contrary, strong labeling was registered in the
MDA-MB-231 cells: after 30 min incubation anti-CD44-QDs brightly
and continuously labeled the plasma membrane of cells (Figure 5B).
To elucidate the fate of membrane-bound anti-CD44-QD, labeled
cells were kept under standard culture conditions (37°, 5% CO,) for
24 hours. After 24 hours, redistribution was registered in the anti-
CD44-QD-labeled cells: anti-CD44-QDs conjugates were engulfed and
packed into vesicles (Figures 5E and 5F) similarly to the behavior of
non-targeted QDs in cells (Figures 2A-2F).

To clarify whether anti-CD44-QDs engulfment was conditioned
by receptor-mediated endocytosis [39], the analogous experiment was
carried out in cells using anti-CD44 conjugated to FITC. As expected,
the micrographs of MCF-7 cells showed a weak signal of anti-CD44-
FITC (Figure 5C) and a strong labeling of the membrane of MDA-
MB-231 cells (Figure 5D). After 24 hours under standard culture
conditions (37°, 5% CO,), the bulk of anti-CD44-FITC still remained
on the cell surface with a few vesicles inside the cells, indicating the
absence of receptor-mediated endocytosis (Figures 5G and 5H).

Discussion

CD44 molecule has been investigated as a potential therapeutic
target in oncological diseases since 1990s. CD44 and its splice variants
correlated with poor prognosis in breast cancer [40], colorectal cancer
[41], high-grade non-Hodgkin’s lymphoma [42], gastric [43] and
cervical cancers [44]. Later CD44 expression was associated with
migration, metastasis, and therapy-resistance of cancer stem-like
cells [8,45,46]; therefore CD44 became a crucial target for tumor
therapy in many types of cancer. The first clinical trials using anti-

CD44 antibodies showed a 10% response rate [47], thus encouraging
scientists to develop a new class of targeted compounds - anti-CD44-
nanoparticle conjugates.

In this study we used two human breast cancer cell lines to
determine uptake of non-targeted and anti-CD44-conjugated QDs
in distinct phenotypic profiles of breast cancer. MDA-MB-231
cells demonstrated >97% of CD44*/CD24/EpCAM" cells, effective
formation of colonies, and over 2 times lower doxorubicin sensitivity
in comparison to MCF-7 cells (Figure 1). Numerous studies showed
that CD44*/CD24- cells, found in breast tumors and cell lines, possess
cancer stem-like properties [8,28,34,48]. MCF-7 cells demonstrated
>93% of CD44""/CD24*/EpCAM* cells. CD44°"-/CD24*cells exhibit
features of more differentiated luminal epithelial cells [34].

The majority of current drug carriers are made of polymers and
fewer are based on inorganic materials. A common limitation shared
by polymeric delivery vehicles is the lack of an intrinsic signal for long-
term and real-time imaging of drug transport [49]. In this context, QDs
became a natural choice because of their unique spectral properties.
Attachment of antibodies [50] and photosensitizers [22] enables
development of QDs potentially suitable for selective imaging and
eradication of cancer stem-like cells. Antibody-mediated targeted
delivery systems represent a powerful new therapeutic approach that
could significantly enhance delivery efficacy and minimize toxicity.
However, targeted nanoparticles must simultaneously overcome
multiple challenges, including selective binding to the target cells
and entrance inside them. Our results showed that non-targeted
QDs accumulate in the cytoplasm of cancer cells of both phenotypes
in vesicular structures (Figure 2), but in MCF-7 cells the PL intensity
of QDs was ~ 2.4 times higher than in MDA-MB-231 cells (Figure
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Figure 5: Uptake of anti-CD44-conjugated QDs and anti-CD44-conjugated FITC in breast cancer cells. Fluorescence confocal micrographs of
living MCF-7 and MDA-MB-231 cells were taken at two time-points: immediately after treatment with anti-CD44-QD (A, B) and anti-CD44-FITC
(C, D), and at 24 h post treatment (E, G, F, H). The red color shows anti-CD44-QDs, the green color — anti-CD44-FITC staining, the blue color
— nucleus staining. I-Quantitative QDs intensities from E and F. Cells from each image were randomly selected to calculate mean values + SD.

3A). PL intensity indicates the number of nanoparticles inside cells;
therefore, higher PL intensity might be related to better uptake of
QDs in CD44°"/CD24*/EpCAM" cells in comparison to CD44"/
CD24 /EpCAM*. Cell-type related difference in QDs uptake was also
registered in our previous study: although the distribution of non-
targeted QDs followed similar accumulation stages and morphological
phases in three distinct cell lines, the PL intensity of QDs within one
cell was highest in MCF-7 cells [35]. The main explanation could be
the different physiology of the cell lines and cell type-specific surface
receptors [51].

We also evaluated the diameter of QD-packed vesicles in both
cell lines. While MCEF-7 cells showed gradual enlargement in vesicles
during incubation time, ending up with 1 pm diameter at 24 hours,
MDA-MB-231 cells demonstrated the presence of vesicles over 3 um in
diameter at the initial time point (3 hours) (Figure 2G). Rak-Raszewska
et al. investigated uptake of QDs in kidney stem cells and also found
heterogeneous distribution of vesicles; over 2 times difference in vesicle
diameter inside the same cell [52]. Another study investigated QDs
uptake in migrating MDA-MB-231 cells and also found large vesicles
of QDs inside these cells [53]. The reason for enlarged vesicle formation
is still unknown but there are studies showing that mutation and
dysfunction of Rab5 protein, involved in early endosome formation,
induces the enlargement of the vesicles and causes their fusion [54].

Antibody-conjugated nanoparticles were shown to effectively
deliver drugs or genes to targeted cells by specifically binding to the
antigens that are exposed on the targeted cells surface [51]. However,
the information about localization and cellular distribution of those
conjugates is still missing. For cellular distribution studies we used
laser scanning confocal imaging of living cells to specifically monitor
the fate of anti-CD44-QDs and anti-CD44-FITC conjugates in MDA-
MB-231 and MCEF-7 cells, which represent CD44*/CD24 /EpCAM*
and CD44"*"/CD24*/EpCAM* phenotypes, respectively. Only slight
binding of anti-CD44-QDs to the membrane of MCEF-7 cells was
detected, while the membrane of MDA-MB-231 cells was brightly and
continuously labeled within 30 min (Figure 5). Most interestingly,
within 24 hours post incubation, membrane-bound anti-CD44-QDs
were completely engulfed inside the cells and packed into the vesicles.
MDA-MB-231 cells in parallel were labeled with anti-CD44-FITC
conjugates but minimal engulfment was registered after 24 h. The
engulfment of anti-CD44-QDs inside cells shows the capability of QDs

to not only selectively label CD44" cells, but also shows a potential to
transport molecules inside cancer cells. It is unknown why antibody-
conjugated QDs were endocytosed, while organic molecule FITC-
conjugated antibodies remained on the plasma membrane. The size of
the QD might be a determinant of endocytosis as it resembles the size
of CD44 ligand hyaluronic acid [39], but further studies are needed to
give a reasonable explanation.

Conclusion

Combining molecular probes such as quantum dots with anti-
CD44 antibodies, we were able to initiate engulfment of membrane
bound anti-CD44-QDs. To our knowledge, this is the first time when
antibody-conjugated quantum dots were selectively engulfed inside
CD44" cells. The most important finding is the synergistic effect of the
conjugate: anti-CD44 is capable of target recognition and quantum
dot is capable of endocytosis initiation. We suggest that conjugates
of antibodies and photoluminescent nanoparticles should be used in
the development of multifunctional agents for selective labeling and
therapy of cancer.
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