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Cruz et al.: Doxorubicin-bioconjugated CdS-Dextrin Quantum Dots for Cell Imaging

In this investigation, quantum dots of cadmium sulfide semiconductor crystals capped with dextrin and
bioconjugated with doxorubicin were used to target and provide imaging of HeLa cells, which play a critical
role in cervical cancer. These dextrin-capped cadmium sulfide nanoparticles/semiconductor quantum dots
bioconjugated with doxorubicin are in the range of 5 nm in size and exhibit an intense fluorescence emission
in the green and red spectrum, which benefited fluorescence imaging on HeLa cells. Results obtained
showed that dextrin-capped cadmium sulfide nanoparticles/semiconductor quantum dots bioconjugated
with doxorubicin have a large accumulation time in cells distributed in the cytoplasm and nucleus, where
the pharmacological effects of drugs are enhanced. Cells treated with dextrin-capped cadmium sulfide
nanoparticles/semiconductor quantum dots bioconjugated with doxorubicin also showed a major increase
in size, including cytoplasm and nucleus, as compared to cells treated with doxorubicin alone. Additionally,
binucleated cells and membrane blebbing was also found. Therefore, dextrin-capped cadmium sulfide
nanoparticles/semiconductor quantum dots bioconjugated with doxorubicin could be used as probes for
simultaneous cell cancer-targeted fluorescent imaging, tracking and monitoring cell viability with the

advantage of improving the clinical effects of antineoplastic drugs with increasing apoptosis.

Key words: Semiconductor quantum dots, bioconjugation, doxorubicin, cytotoxicity, apoptosis

Due to the tremendous progress in organic synthesis
and physical chemistry, it is now possible to design
and elaborate nanoparticle systems with a large surface
to volume ratio and a better surface to improve the
attachment of ligands such as biopolymers, antibodies
and peptides with useful applications in biotechnology
and medicine. In biomedicine, nanoparticles can be
potentially employed as a tool for early diagnosis
and innovative modes of drug delivery. The potential
medical applications of nanoparticles are in the fields of
imaging, therapy and nano diagnostics. These can also
carry luminescent target ligands to get better imaging to
monitor pharmacological effects!').

In the nanoparticle world, semiconductor quantum
dots (QDs) are brightly luminescent nanoparticles now
emerging as a new class of fluorescent labels; these
have found numerous applications in bioimaging,
biodiagnosis and drug delivery. Electrons in QDs satisfy
the Schrodinger Eqn and then, their energy levels are
quantized with values and spacing that depend on the
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geometry of the QDs. Excitons are generated in the
QDs due to light absorption and the electron-hole pair
recombination produce emission peaks at different
wavelengths, tuning the size and shape. Due to
exceptional photostability, broad absorption and narrow
emission bands, QDs are seen as an ideal substitution
to organic fluorophores. Furthermore, functionalized
QDs are useful and can be modified with a variety of
biomolecules and small biological polymers, besides
enhancing their bioactivity; it is possible to decrease
their side effects. Because of these characteristics, QDs
can be effectively bound to target cell membranes,
turning these into excellent probes for detection,
diagnosis, imaging of cells and delivery of therapeutic
agents®4,
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QDs carried out in aqueous solution may be covalently
coupled to several biomolecules to be used as sensitive
tools for biological targets™. This could be attained
using accepted bioconjugation procedures®. In
particular, the conjugation of biomolecules is required
for imaging and photodynamic therapy of cancer!”.. Of
these biomolecules, doxorubicin (DOX) has been used
as a targeting agent against positive cancer cells in
imaging and therapy.

DOX is an anthracycline composed of a flat tetracyclic
ring (rings a, b, ¢ and d) and variable side chains,
including an amino sugar. It is well known that DOX
inhibits tumor cell multiplication via several cellular
effects and the intercalation between DNA bases due to
the anthracycline planar structure are among the most
important; this leads to topological changes involving
the inhibition of DNA, RNA and protein synthesis®.
It also acts by DNA intercalation, where the molecule
is preferentially intercalated at guanine-cytosine base
pairs sites, and the formation of this complex activates
the response to DNA damage, thus inducing cell
deathP. Besides that, it induces the formation of reactive
oxidative species (ROS) that affect cell membranes by
binding to certain proteins and phospholipids!'”.

Stimuli-responsive external parameters used as triggers
have been reported using X-ray!'''?, pH!l, near-
infrared light and temperature gradients!'*. However,
the clinical applications of free DOX are restricted
because it often causes severe damage to normal cells
and healthy tissues during treatment and eventually to
systemic immunity. To overcome this problem, various
delivery systems of DOX have been designed in order
to improve the efficacy through controlled drug release,
targeting and significantly reduce toxicity as compared
to free DOX. Among the different materials in use,
nanomaterials have emerged as potential drug delivery
carriers to treat many common human cancers. Literature
reported several DOX-based nanoparticles in use as
drug delivery systems, including calcium carbonate
nanocrystals!'®), polymeric nanoparticles!', zinc oxide
quantum dots!'® (which dissolve in acid conditions and
present less toxic effects), bi-functionalized indium
phosphide/zinc sulfide QDs!'”), carbon nanoparticles!'®,
nanoparticle  core-shell cadmium selenide/zinc
sulfide!!”), plasmonic microgels of gold nanorods™”,
semiconductor cadmium telluride quantum dots coated
with modified silica nanoparticles?!, multifunctional

In recent years, our research group had synthetized
cadmium sulfide semiconductor QDs inaqueous solution
using dextrin as a capping agent (CdS-Dx/QDs)?4.
Those QDs were analyzed to determine toxicity in
animals and cells. These authors showed that the
CdS-Dx/QDs are toxic in a dose-dependent manner and
that cell distribution differed between studied cell lines.
Therefore, CdS-Dx/QDs appear to possess attractive
properties for biological processes associated with the
labeling and imaging of clinical and pharmacological
applications.

The main purpose of this work was to bioconjugate the
CdS-Dx/DOX QDsand carry outoptical characterization
of these QDs with different techniques, as well as
screen pharmacological effects on cells. The results
obtained showed that CdS-Dx/QDs bioconjugated
with DOX (CdS-Dx/DOX QDs) are mostly distributed
in the cytoplasm and nucleus of the cells, where the
pharmacological effects of drugs are enhanced. In
addition, it was also noted that the pharmacological
evaluation of cells treated with CdS-Dx/DOX QDs
showed a major increase in size, including cytoplasm
and nucleus, as compared to cells treated with DOX
alone. Furthermore, binucleated cells and membrane
blebbing was found. For these reasons, CdS-Dx/
DOX QDs could be used as probes for simultaneous
cell cancer-targeted fluorescent imaging, tracking
and monitoring cell viability while advantageously
improving the clinical effects of antineoplastic drugs.
Finally, it is worth mentioning that CdS-Dx/DOX QDs
represented a new type of nanoparticles for application
in biomedicine as compared to those reported by
Granada-Ramirez et al. recently™).

MATERIALS AND METHODS

Cadmium chloride (CdCl,, 99.999 % pure), potassium
hydroxide (KOH, semiconductor grade), ammonium
nitrate (NH,NO,, 99.999 % pure), thiourea (CS(NH,),,
99 % pure), sodium hydroxide (NaOH, 99 % pure),
dextrin((C H,,0,),,99 %pure) 1,1-carbonyldiimidazole
((C,H,N)),CO, 97 % pure), tetrahydrofuran (C,H,O,
99.9 % pure) and DOX hydrochloride (C,,H,,NO,-HCI,
98.0-102.0 % pure) were all purchased from Sigma-
Aldrich. Dilute aqueous solution of 1 M sodium
hydroxide (NaOH) was used to control the pH of the
synthesis and in the bioconjugation process at buffering
the carbonates pH 9 (0.1 M) was employed. Finally,

core-shell ferric oxide/gold nanoparticle!*? and e ho sol
nanodiamonds>. deionized water was used as the solvent.
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Synthesis of the DOX conjugated CdS-Dx/QDs:

Colloidal CdS-Dx/QDs were produced by chemical
synthesis process via aqueous solutions, CdCl,
(0.02M), KOH (0.5 M), NH,NO, (0.5 M) and CS(NH,),
(0.2 M) were mixed and heated at 70°. Dextrin was
used as a capping agent at 2 % concentration. In order
to control the formation of the QDs during the synthesis
of the CdS-Dx/QDs, these solutions were added in a
balloon flask and adjusted to pH 11 by adding drops
of 1M NaOH solution, maintaining 75° temperature
with stirring, for 40 min. After the synthesis, the yellow
precipitate was centrifuged at 18 000 rpm for 30 min.
Subsequently the yellow precipitate was washed
6 times with deionized water and acetone and finally
dried at 40° for 24 h.

Bioconjugation technique:

QDs conjugation with biomolecules could be
carried out by electrostatic binding, direct covalent
crosslinking attached on the surface of the CdS-
Dx/QDs. Bioconjugation technique involved the
chemical reaction of one unique functional group with
another, resulting in the creation of a covalent bond.
Consequential bioconjugation with an amine group
surrounding compound produced a carbamate bond.

Formation of the CdS-Dx/DOX QDs was carried out
by dispersing 1 mg of freshly prepared CdS-Dx/QDs
suspended in 10 % THF containing carbonyldiimidazole
(CDI) at a concentration 0.1 M and mixing for several
minutes. Then, 10 pg/ml of DOX was added and the
mixture were stirred for 12 h; the reddish solution was
centrifuged at 18 000 rpm for 30 min. The pellets were
washed with fresh buffer and the CdS-Dx/DOX QDs
were dried at 37° for 12 h.

Optical characterization of CdS-Dx/DOX QDs:

The X-ray diffraction (XRD) pattern provides
information about the structure and size of the crystalline
CdS-Dx/DOX QDs, which was determined on an X-ray
diffractometer (Siemens D5000, Cu Ko radiation).
The particle size and morphology were characterized
using high resolution transmission electron microscope
(HRTEM, model JEM-ARM200CF) of 80-200 KeV
electron beam energy equipped with a cold field
emission gun couple module. The hydrodynamic
diameter distributions of the CdS-Dx/DOX QDs was
performed on a dynamic light scattering (DLS, model
Nanotrac Wave, Microtrac Inc., USA) The Fourier-
Transform-Infrared spectroscopy (FTIR) is a method
to determine the linkage of the DOX molecule on the
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CdS-Dx/QDs in the bioconjugation technique. The
spectrum was recorded on a FTIR spectrometer (Model
Nicolet 6700, ThermoScientific) and transmission
bands in the range of 400-4000 cm™! wavelengths with
180 sec scanner time.

Cell culture and cell viability assays:

HeLa (cervix adenocarcinoma) cell lines (ATCC, USA)
were cultured in DMEM (Gibco, USA), with 10 %
FBS (Gibco, USA) and 100 U/ml penicillin/100 pg/
ml streptomycin (Gibco, USA), in a humidified 5 %
CO, atmosphere at 37°. Cell viability assay measured
cell proliferation rate and conversely, when metabolic
events led to apoptosis or necrosis. HeLa cells were
plated in a 96-well plate (10,000/well) and kept for
24 h at 37° and 5 % CO,. Medium was changed with
fresh one complemented with different concentrations
of QDs alone or bioconjugated with DOX (0.01, 0.1, 1,
and 10 pg/ml) and kept alive for 24 h. After treatment,
the medium was gently replaced with 20 ul methyl
tetrazolium (MTT, 5 mg/ml) and 150 pl of medium and
kept at 37° for 4 h. Medium was replaced by the addition
of 200 ul DMSO and 25 pl Sorensen’s glycine buffer
(glycine 0.1 M, NaCl 0.1 M, pH 10.5). Cell viability
was determined by measuring optical absorbance on a
microplate reader (Bio-Rad) at 590 nm*®. Untreated
cells served as control. The data showing the relative
viability of cells vis-a-vis the untreated control were
expressed as percent.

Cell cycle:

The growth and division during the cell cycle phases
were analyzed using a FACS Calibur flow cytometer
(Becton Dickinson) and CELLQuest software. For
cell cycle analysis, 10° cells were treated with 1 pg/ml
of CdS-Dx, DOX or CdS-Dx/DOX QDs during 24 h.
After this period, cells were washed with PBS and fixed
with 80 % ethanol for 24 h. Cells were washed again
and re-suspended in 0.1 % Nonidet P40 and 10 pg/ml
DNase-free RNase. Then cells were incubated with PI
(5 mg/ml) for 12 h at 4° in the dark. On order to get
images of cell cycle arrest, the cells were processed as
described above.

Visualization of the fluorescence of CdS-Dx/DOX
QDs in HeLa cells:

HeLa cells were employed to confirm the selective
absorption of CdS-Dx/QDs alone as well as
bioconjugated with DOX. The cells (50 000/well)
were placed on a sterile coverslips in a 12-multiwell.
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The cells were incubated for 24 h, rinsed with buffer
solution and then treated with CdS-Dx/QDs (0.01, 0.1
and 1 pg/ml) for 24 h. After rinsing with cold buffer
solution, the cells were set for 20 min in 200 pl of 4 %
paraformaldehyde. Cells were later rinsed again with
buffer solution. Set cells were protected with a glass
slide with 50 % glycerol/PBS (v/v) and studied on a
confocal microscope (Nikon Al, Nikon, Japan). QDs
were stimulated with a 488 nm laser, and their waves
were collected at 680 nm. In order to investigate the
cellular absorption of CdS-Dx/DOX QDs, cells were
observed under fluorescence microscopy.

Pharmacological effects of CdS-Dx
bioconjugated with DOX in HeLa cells:

QDs

HeLa were used to verify the selective uptake of CdS-
Dx/QDs alone and bioconjugated with DOX. The cells
(1x10°) were seeded on 12 mm sterile coverslips in a
6-well plate. The cells were cultured for 24 h, washed
thrice with PBS and then incubated with CdS-Dx/QDs
(1 and 10 pg/ml) for 24 h. After washing thrice with
cold PBS, the cells were fixed for 20 min in 200 ul
of 4 % paraformaldehyde. After some time, the cells
were washed again with PBS buffer. The coverslip
with fixed cells was covered with a glass slide with a
drop of 10 ul of 50 % glycerol/PBS (v/v) and placed
above the objective on a confocal microscope. CdS-
Dx/QDs were stimulated with a 488 nm laser and their
waves were collected at 680 nm. In order to measure
the pharmacological effect of CdS-Dx/DOX QDs,
the coverslip with fixed cells was observed under
fluorescence microscopy and analyzed using the
Image-Pro Insight 9 software (Media Cybernetics Inc.).
For the analysis of cell cycle, 10° cells were treated
with 1 ug/ml of CdS-Dx, DOX or CdS-Dx/DOX QDs
during 24 h. After some time, cells were washed with
PBS and fixed with 80 % ethanol for 24 h. Cells were
washed again and re-suspended with Nonidet P40
(0.1 %) and DNase-free RNase (10 pg/ml). Then cells
were incubated with PI (5§ mg/ml) for 12 h at 4° in the
dark. Cell cycle phases were analyzed using a FACS
Calibur flow cytometer and CELLQuest software.

Statistical analysis:

Results were expressed as mean+tstandard deviation of
3 determinations. Results were statistically analyzed
using the SPSS 10.0 program (SPSS Inc., Chicago, Ill.,
USA), the student t test, and ANOVA. Variances were
considered significant if the P-value was less than 0.05.
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RESULTS AND DISCUSSION

The XRD spectrum of pure DOX (fig. la) is
characterized by sharp diffraction peaks at different
values of 26, which could be indexed to scattering
from different planes associated with the branched
nature of DOX!), The XRD spectrum of the CdS-
Dx/QDs shown in fig. 1b, exhibited prominent broad
peaks at 20 values of 26.5°, 44°and 52.13°, which were
consistent with the diffraction peaks of CdS planes in
cubic phase. The same characteristic peaks can also be
found in the spectrum of CdS-Dx/DOX QDs in fig. 1c.
Semiconductor nanoparticle size can be quantitatively
evaluated from the XRD data®¥. The average particle
size CdS-Dx/DOX QDs from the diffraction peak
(111) was found to be about 5 nm. It suggested that the
crystalline structure of CdS nanoparticles is not altered
after the conjugation of CdS-Dx/DOX QDs. The peaks
corresponding to the reflection plane around 260=13.14°,
16.74°, 18.55°, 22.67°, 25.08°, 27.06° and 47.71°
are predominantly attributed to the presence of DOX
molecule. These XRD results provided evidence to the
presence of DOX on CdS-Dx/QDs after conjugation.

A typical HRTEM image of the CdS-Dx/DOX QDs
is given in fig. 2a. The image clearly showed that the
nanoparticles presented good uniformity in size and
shape, in addition to revealing that the conjugated
nanoparticles with DOX presented good dispersion,
spherical morphology and that their average diameter
was estimated to be in the range of 5 nm. Fig. 2b shows
the hydrodynamic diameter distributions of CdS-Dx/
DOX QDs measured by DLS and depicts an average
diameter of 5 nm with relatively narrow distribution,
which is consistent with the findings from XRD and
HRTEM.

The FTIR spectrum of dextrin with the main peaks
identified by arrows is shown in fig. 3a. For pure dextrin,
the peak at 3399 cm™ is due to the stretching vibrations
of O-H; a small peak at 2925 cm™ is attributed to the
C-H stretching vibrations. The peaks at 1457, 1423 and
1369 cm! are associated to H-C-OH ¢ vibrations, and
the bands at 1159, 1079 and 1025 cm™ are assigned to
C-O-C stretching vibrations. Similar results have been
reported by Pedroi®”!. The FTIR spectrum of the CdS-
Dx/QDs (fig. 3b) exhibited the same line positions
as in fig. 3a, except that there was an additional peak
as compared to pure dextrin at 2001 cm™ due to C-N
stretching vibration as a consequence of the thiourea
used in the synthesis of the CdS nanoparticles. The
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FTIR spectrum of pure DOX (fig. 3c) showed peaks
at 3527 and 3332 cm! due to the O-H stretching
vibrations. The absorption band at 1731 cm™ is assigned
to the N-H bending vibrations for the primary amine
structure; bands at 1616 and 1583 cm™! are designed to
the stretching vibrations of 2 carbonyl groups of the
anthracene ring; bands at 1286 and 804 cm™ are due
to the skeleton vibration of the DOX molecule!**,
The FTIR spectrum of CdS-Dx/DOX QDs (fig. 3d)
showed a broad peak at 3365 cm™ as a result of the O-H
and C-H overlap stretching vibrations. The absorption
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band observed at 1722 cm™!, showed evidence CdS-Dx/
QDs modification during the bioconjugation process
with DOX, as explained in the synthesis section;
the peak at 2001 cm” in CdS-Dx/QDs decreases in
intensity as compared to the conjugated CdS-Dx/QDs
FTIR spectrum. These FTIR results suggested that
the attachment of DOX to the CdS-Dx/QDs occurred
via the interaction of amine groups of the DOX with
the carbonyliimidazolide derived from primary amine
activator in situ with a nucleophile such as OH groups of
CdS-Dx/QDs, providing the corresponding carbamate.
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Fig. 1: XRD spectra of DOX, CdS-Dx/QDs and CdS-Dx/DOX QDs
XRD patterns show the crystalline structure of (a) pure DOX, (b) the cubic phase of CdS-Dx/QDs and (c) CdS-Dx/DOX QDs
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Fig. 2: HRTEM image and particle size distribution of CdS-Dx/DOX QDs
a) HRTEM image of CdS-Dx/DOX QDs and (b) DLS shows the particle size distribution of CdS-Dx/DOX QDs
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Fig. 3: FT-IR spectra of dextrin, CdS-DX/QD, DOX and CdS-Dx/DOX QDs
The FT-IR spectra and IR bands of (a) a pure dextrin molecule; (b) cadmium sulfide quantum dots capped with dextrin; (c) a pure

DOX molecule, and (d) CdS-Dx/DOX QDs

DOX is one of the most common therapeutic agents
used as a research tool in cancer research. For this
reason, it remains as one the most employed drugs to
prepare conjugates with nanomaterials. Additionally,
because it has the advantage of being easily monitored
in the cells, its pharmacological effects can be quickly
evaluated using in vitro models. Here, in order to
evaluate the effect of CdS-Dx/DOX QDs, HeLa cells
were treated at a concentration of 1 and 10 pg/ml of
CdS-Dx QDs according to previous reports243%31,

The analysis of cell viability showed that those
cells treated with CdS-Dx/DOX QDs and DOX
alone showed a high mortality at a dose of 1 pg/ml
(fig. 4). It was found that cells treated with 1 pg/ml
DOX reduced cell viability by 28 % whereas cells
treated with CdS-Dx/DOX QDs reduced viability by
38 % (p<0.05). However, cells treated with DOX alone
and the conjugate (10 ug/ml), cell viability was reduced
by 42 and 55 %, respectively (p<0.05). Cells treated
with non-conjugated QDs allowed for lower viability
(17 %) with a 10 pg/ml concentration as compared to
control cells, but this was not statistically significant.

The fluorescence emission from CdS-Dx/QDs would
allow observing the absorption and distribution of CdS-
Dx/DOX QDs directly in HeLa cells. CdS-Dx/QDs
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absorption and distribution experiments were visualized
under a confocal laser fluorescent microscope. For this,
cells were treated with 1 pg/ml concentration of CdS-
Dx/QDs or DOX or CdS-Dx/DOX QDs for 24 h and
then rinsed to eliminate any free QDs in conditioned
media. Fig. 5A showed that those cells treated with
1 pg/ml DOX and CdS-Dx/QDs conjugated with DOX
increased in size, including cytoplasm and nucleus
(shown by red and yellow arrows. Besides that, the
presence of binucleated cells was also observed). The
fluorescence signal was mostly seen in the nucleus
in those cells treated only with CdS-Dx/QDs (white
arrow). It was not observed in the case of HeLa cells
treated with DOX. In cells treated with CdS-Dx/DOX
QDs the fluorescence was observed mainly in cytoplasm
and in lesser amounts, in nucleus. The changes in the
morphology of those cells treated with DOX alone and
CdS-Dx/DOX QDs was clearly evident. No apparent
decrease in fluorescence brightness was observed
under unceasing excitation over the span of 20 min,
demonstrating the high photostability of CdS-Dx/QDs,
both alone and conjugated.

An analysis of the cell cycle revealed that CdS-Dx/
QDs (ug/ml) did not produce changes during any phase
(fig. 5B and fig. 6). However, those cells treated
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with DOX showed arrest in the G2+M phase with a
reduction in the G and S phases (p<0.05). A similar
effect was observed in cells treated with CdS-Dx/DOX
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o
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Fig. 4: Effect of CdS-Dx/DOX QDs on the viability of HeLa cells
HeLa cells were exposed to cultured medium with different
concentrations of nanoparticles for 24 h. Results are expressed
as percent cell viability compared to control group. Data are
presented as the mean=SD of atleast 3 independent experiments.
*p<0.05 as compared to control group, (m) QDs, () DOX, ()
QDs/Dox

A
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QDs; even the cell population in the G2+M phase was
higher (p<0.05).

With a view to observe the pharmacological effects
CdS-Dx/DOX QDs in HeLa cells the concentration of
CdS-Dx/DOX QDs was increased. Cells treated with
10 pg/ml CdS-Dx/DOX QDs showed higher sizes (in cell
and nucleus) and, in addition, there were multiple cells
that showed membrane blebbing (fig. 7A). Fluorescence
was more intense in these than those treated with
10 pg/ml of CdS-Dx/QDs and was even observed inside
the nucleus. On one hand, the intense red emission of
CdS-Dx/DOX QDs in the length 600-800 nm makes
it appropriate for visualization and ensures cellular
absorption of DOX. In fig. 7B the presence of DOX
in the cells can be observed under light radiation at
680 nm. [t was evident that the intensity of light emission
was higher when the concentration of CdS-Dx/DOX
QDs increased. Additionally, cells treated with CdS-
Dx/DOX QDs showed a distribution of DOX in both
cytoplasm and nucleus, whereas in cells treated only
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Fig. 5: Fluorescence pictomicrographs showing the intracellular localization of CdS-Dx/DOX QDs in HeLa cells

(A) Cells were incubated for 24 h with CdS-Dx/QDs alone and bioconjugated (1 pg/ml), after which the free QDs were washed away,
fixed in coverslips and cells were analyzed under a confocal microscope. Fluorescence images (green) show the cellular uptake of
CdS-Dx/QDs in the nucleus of HeLa cells. Scale bar: 20 pm. Cells were observed under fluorescence microscopy. (B) Percent of cells
in the Sub-G1, G1, S and G2+M phases of the cell cycle after incubation for 24 h with CdS-Dx/QDs alone and bioconjugated (1 pg/
ml). Data are presented as the mean+SD of at least 3 independent experiments. *p<0.05 as compared to control group; #p<0.05 as

compared to DOX group ( ) Sub-G1, (m) G1,(®) S, () G2/M
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Fig. 7: Fluorescent pictomicrographs of CdS-Dx/DOX QDs in HeLa cells

(A) Cells were treated with 1 and 10 pg/ml CdS-Dx/DOX QDs. Fluorescence images (green) show the nucleus and cellular growth
of HeLa cells. The yellow line indicates the size of the nucleus and line red indicates the size of the cell. (B) Cells were incubated for
24 h with DOX (1 pg/ml), CdS-Dx/DOX (10 pg/ml), DOX (10 pg/ml) and CdS-Dx/DOX (10 pg/ml), after which the free QDs were
washed away, fixed in coverslips and cells were analyzed using a confocal microscope. Fluorescence images (green) show cellular
uptake of QDs in HeLa cells. Fluorescence images (red) show cellular uptake of DOX in HeLa cells. (C) Cells were observed under
fluorescence microscopy and analyzed using Image-Pro Insight 9 software. Scale bar: 20 pm
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with DOX showed concentrations mostly in cytoplasm
and not in nucleus. Therefore, cells treated with
10 pg/ml of CdS-Dx/DOX QDs showed clear data of
growth arrest and apoptosis. This study considered the
benefits of the optical properties of CdS-Dx/QDs and
their lack of toxicity at lower concentrations?*, along
with the bioconjugation of these CdS-Dx/QDs with
DOX to produce nanovehicles for drug distribution in
HeLa cells.

The cellular effects induced by DOX can be easily
monitored because this molecule emits fluorescence
in the red region. The cell distribution study under
fluorescence microscopy monitored cell fluorescence
in cells treated with DOX alone and those with CdS-
Dx/DOX QDs. The fluorescence emitted by DOX
evidenced that this molecule located itself mostly
in cytoplasm but not in nucleus (red fluorescence),
whereas cells treated with CdS-Dx/DOX QDs showed
distribution across cytoplasm and nucleus. Abdullahi-
Kamba et al. observed something similar when treating
osteosarcoma cells (MG63) with CaCO, nanocrystals
conjugated with DOX: strong fluorescence in the
cytoplasm and nucleus, and a time-dependent cell
distribution!™. In this investigation incubation time
was not modified, but augmentation of fluorescence
was observed with increasing the concentration of CdS-
Dx/DOX QDs, which suggested that in order to reach
the nucleus and exert a pharmacological effect; DOX
concentration must be necessarily increased.

Contrary to that®?, HEK293 cells treated with DOX-
functionalized gold nanoparticles showed that when
cells were treated with DOX alone, it concentrated
only in the nucleus, while in cells treated with Au-
DOX nanoparticles DOX was only distributed in the
cytoplasm. These differences could be due to the fact that
polymorphic nanoparticles were produced with a size
ranging between 2 to 70 nm and perhaps the nanoparticle
size and morphology could influence the entry of Au-
DOX nanoparticles into the nucleus. In this study CdS-
Dx/DOX QDs used had an average size of 5 nm and
intense fluorescence could be observed in the nucleus.
Perhaps size facilitated the entry into the nucleus. Some
reports using small nanoparticles have demonstrated
successful entry of nanoparticles bioconjugated with
DOX into different cells, even reaching the nucleus?®*37.,
However, other studies that have employed larger
nanoparticles conjugated with DOX use facilitators in
order to help the drug penetrate more easily into the
nucleus to induce pharmacological effects®’=°. They
can likewise modify the physicochemical properties

March-April 2020

of QDs to facilitate DOX release®™. The present
research demonstrated that CdS-Dx/DOX QDs exhibit
advantageous physicochemical and optical properties
(disperse, stable and small in size) as compared to other
nanomaterials. These additionally have the potential
to be employed as efficient nano transporters for drug
delivery because they readily allow DOX release at the
desired site, the nucleus.

Present results showed that cells treated with CdS-
Dx/DOX QDs had an increase in size in both cell and
nucleus and binucleated cells were also observed. One
of the mechanisms of action of DOX is the induction of
protein p53 expression, which in turn stops the cell cycle
in phase G1 or G2/M. Arrest in those phases induces an
increase in cell size because cells are stopped in their
growth phases and this effect has been observed with
nanoparticles conjugated with DOX!"!#2!, It was shown
in the current investigation that cells treated with DOX
and CdS-Dx/DOX QDs were bigger as compared to
control cells. This means that DOX probably induced
cell cycle arrest. Interestingly, though, those cells
treated with CdS-Dx/DOX QDs showed the typical
characteristics of the onset of apoptosis (surface
smoothing and surface blebbing, (fig. 7A). Previous
studies using DOX-conjugated nanoparticles have
shown that the cytotoxic effect of DOX is preserved
and capable of inducing both apoptosis and necrosis in
different cell lines™*#%1. On the other hand, other studies
have explained that QDs-based distribution of DOX
enabled cell expansion and as a consequence, yielded
better pharmacological results®!. Current results
agreed with that, the presence of high fluorescence in
those cells treated with CdS-Dx/DOX QDs showed
an increased accumulation of intranuclear drug that
was responsible for the morphological changes, due
probably to the arrest of the cell cycle and an increased
presence of apoptosis versus free DOX (fig. 8a and 8b).

In summary, CdS-Dx/DOX QDs were synthesized in
aqueous solution and experimentally characterized using
different optical techniques. The results demonstrated
the crystalline structure of DOX and a good dispersion
CdS-Dx/QDs with spherical shape and a 5 nm size. In
addition, these could exert pharmacological effects in
cells. In particular, high mortality was found for cells
treated with relatively high concentration of CdS-Dx/
DOX QDs as compared to DOX alone. On the other
hand, the intense fluorescence emission from these QDs
allows to visualize how the CdS-Dx/DOX QDs are
distributed in the cells and to observe the morphological
effects. The cellular effects induced by DOX and CdS-
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Fig. 8: Fluorescent pictomicrographs and pharmacological effect of CdS-Dx/DOX QDs in HeLa cells

(a) Cells were incubated for 24 h with DOX (1 pg/ml), CdS-Dx/DOX (10 pg/ml), DOX (10 pg/ml) and CdS-Dx/DOX (10 pg/ml),
after which the free QDs were washed away, fixed in coverslips and cells were analyzed under a confocal microscope. Fluorescence
images (green) show cellular uptake of QDs in HeLa cells. Fluorescence images (red) show cellular uptake of DOX in HeLa cells.
(b) Cells were observed under fluorescence microscopy and analyzed using Image-Pro Insight 9 software. Data are presented as the
mean=SD of at least 3 independent experiments. Scale bar: 20 pm. *p< 0.05 as compared to control group; # p<0.05 as compared to
CdS-Dx; &p<0.05 as compared to DOX (1 pg/ml); 6 p<0.05 as compared to DOX (10 pg/ml)

Dx/DOX QDs were monitored in HeLa cells under
fluorescence microscopy with emission of green and red
spectrum. In this work it was observed that HeLa cells
treated with DOX and CdS-Dx/DOX QDs were larger
in both cell size and nucleus as compared to control
cells. However, DOX alone was only present in the
cytoplasm while CdS-Dx/DOX QDs were found inside
cytoplasm and nucleus. Binucleated cells and membrane
blebbing were also observed. Consequently, CdS-Dx/
DOX QDs could be used as probes for simultaneous
cell-cancer targeted fluorescence imaging, drug nano
transportation that might facilitate drug delivery into
the cell and the tracking and monitoring of cell viability
with the advantage of improving the clinical effects of
antineoplastic drugs with increased apoptosis.
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