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Conjugated polymer nanoparticles (CPNs) have emerged as a new promising class of cancer theranostic
agents due to their desirable optical such as high absorption coefficient and
photoluminescence quantum yields, spanning from the ultraviolet to the near infrared, along with their

features,

photothermal and photodynamic properties. However, limited studies have been demonstrated up to
now on the rational design of CPNs for specific biological purposes. In particular, it is not well
understood how exactly the chemical structure of the conjugated polymer and the nanoparticle
formulation approach (encapsulation versus nanoprecipitation) associates with the cytotoxicity, the
intracellular uptake in vitro and the therapeutic behavior. For this reason, nanoprecipitated and
encapsulated aqueous CPNs were formulated consisting of thiophene—quinoxaline type conjugated
polymers varying as regards the number of the fluorine atoms (three versus four) on the repeat unit. The
obtained CPNs were systematically examined in terms of cytotoxicity and intracellular uptake in vitro in
three epithelial breast cell lines represented by one normal cell line, and two breast cancer cell lines
composed of one luminal and one triple negative line. From the obtained results, it is presented that
only the nanoprecipitated CPNs with the three fluorine atoms exhibited efficient intracellular uptake to
all the epithelial cell lines tested, in addition to the visible fluorescence on the triple negative breast
cancer cells. Moreover, evaluation of the comparison of the effect of the CPNs on cell proliferation and
apoptosis of all cell lines with the corresponding antibiotic staurosporine was performed, indicating a
putative therapeutic potential of nanoparticles under study.

Introduction

Cancer represents one of the leading causes of death
worldwide." Since it is widely accepted that malignant cancer
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cells can be treated more successfully at the early stages of the
disease,> the necessity for reliable and trustworthy tumor
recognition and monitoring is mandatory for diagnosis, image-
guided surgery and evaluation of cancer therapeutics.>*
Nowadays, different noninvasive bioimaging techniques have
been developed, which can provide pieces of information
regarding the pathology and physiology of bioorganisms as well
as to monitor biological processes.”® So far, various imaging
modalities have been widely employed in biomedical diagnosis
comprising ultrasound,” optical imaging,® computed tomography
(CT),>'® magnetic resonance imaging (MRI)'"** and conventional
scintigraphy, including single-photon computed
tomography (SPECT)"™ as well as, positron emission tomography
(PET)."*" Among them, fluorescence imaging techniques have
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become indispensable for biomedical imaging providing vital
information. They can serve as a powerful modality for pre-
cancer diagnosis and post-cancer monitoring due to temporal
resolution, high sensitivity, low cost, and the ability to use multi-
plexed signals with main applications in microscopy, spectro-
scopy, imaging probes and recently for image guided surgery.®
Notwithstanding that fluorescence techniques demonstrate many
advantages, their main setbacks are shallow tissue penetration
and low spatial resolution."®*® These limitations are expected to be
transcended by using far-red/near-infrared (FR/NIR) fluorescent
dyes emitting in the spectral region between 600-1000 nm, in
which the interaction between light and biological species
diminished."

Over the past years, various types of fluorescent materials
have been developed and extensively studied for FR/NIR
fluorescence bioimaging, comprising organic dyes,*° fluorescent
proteins,”"** upconversion nanoparticles,”® inorganic semi-
conductor quantum dots (QDs),”*** single-walled carbon
nanotubes,”®*” as well as rare earth-doped nanoparticles.>®?°
Nonetheless, each material has its own limitations that
hinder their application in biomedicine, such as the chemical
instability, aggregation-caused quenching (ACQ) effect, small
Stokes shifts, photobleaching effect, low quantum yield (QY)
and high intrinsic cytotoxicity levels.**

Consequently, the development of alternative FR/NIR
fluorophores with high brightness, strong photobleaching
resistance, large Stokes shift, photostability and low toxicity is
highly covetable for modern bioimaging applications.
Conjugated polymer nanoparticles (CPNs) have emerged as a
new promising class of nanomaterials for fluorescence imaging
taking advantage of its superior properties such as easy
modification, highly efficient light-harvesting, high brightness,
photostability, and high quantum yield, generated through
fine-tuning of the backbone or side-chain structures, in
combination with small particle size, low cytotoxicity and
biocompatibility.'®*373* Researchers currently show increasing
attention to evolving CPNs for fluorescence imaging, multi-
modal molecular and cell imaging applications, drug/gene
delivery and anticancer therapy.>®~>°

In an effort to create new far-red/NIR fluorescence bioimaging
nanomaterials, we recently reported the rational design,
systematic study and optimization of a series of donor-acceptor
conjugated polymers consisting of thiophene as the electron
donating and the quinoxaline as the electron deficient, varying
as regards the number of the fluorine atoms anchored onto the
polymer backbone, which were used for the formation of new
water-soluble nanoparticles with high photoluminescence
quantum yields.*® The aqueous nanoparticles were prepared
using two methods; nanoprecipitation and encapsulation with
the FDA and EMA approved mPLGA-b-PEG diblock copolymer.
The TQ-based CPNs with the higher number of fluorine atoms
on the polymer backbone, regardless of the preparation method,
demonstrated desired emission in the FR/NIR region of
the spectra (above 600 nm) with quantum yield values of
0.18 enabling great prospect as FR/NIR fluorescent bioimaging
dyes. Bearing in mind the specific CPNs’ optical properties,
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we decided to perform in vitro studies on a superficial
cancer type.

Among different types of superficial tumors, breast cancer
represents the most commonly diagnosed cancer, accounting
approximately for the 30% of all estimated new cancer cases
globally in the female population and is regarded as the second
leading cause of cancer-related mortality.*'~** Based on immuno-
histochemistry, breast cancer can be divided into three main
subtypes according to the expression of three crucial receptors,
which are estrogen receptor (ER), progesterone receptor (PR),
human epidermal growth factor receptor 2 (HER2). If the tumors
do not express any of these three receptors it is the so-called triple
negative breast cancers (TNBC), making it difficult to target.***>
Generally, most breast cancer diagnoses are related to luminal
tumors, 20% relates to those that overexpress HER2, while only
15% refers to TNBC subtype.** Even though the percentage of
TNBC tumors among all breast cancer cases is relatively low, they
represent the most aggressive phenotype*® with the highest rate of
metastasis to other healthy organs, high proliferative index, high
recurrence rate (<5 years),”” and a worse prognosis.*® Nowadays,
the most common treatments for TNBC patients include surgery,
radiotherapy and chemotherapy.*®*® During the last few years,
CPNs have been reported as promising materials in photo-
dynamic therapy of breast cancers.**™*

In this contribution, we performed in vitro studies in order
to evaluate the cytotoxicity effects of the T2fQf and T2fQ2f
(chemical structures on Fig. 1) far-red emitting aqueous
conjugated polymer nanoparticles, which showed great pro-
mise as new FR/NIR fluorescent dyes according to our previous
results.* We used two different malignant human breast cell
lines; a luminal type A (T-47D) and a triple negative (MDA-MB-
231) compared with a spontaneously immortalized non-
malignant epithelial cell line (MCF10A) for viability tests.
To examine the cytotoxic effects of the CPNs on the cells
depending on their preparation method (nanoprecipitation
and encapsulation within mPLGA-b-PEG diblock copolymer),
cell proliferation and late apoptotic cell numbers were
evaluated over five days. The CPNs’ ability to be introduced to
the cells and their potential application for intracellular
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Fig. 1 The chemical structures of the T2fQf and T2fQ2f polymers used in
this study in the form of agueous nanoprecipitated or encapsulated CPNs.
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imaging protocols was investigated by confocal fluorescence
microscopy and flow cytometry. Moreover, to evaluate the
potential therapeutic response of CPNs, we compared the cell
proliferation and apoptosis results with those of the antibiotic
staurosporine. The obtained results revealed that the T2fQf
CPNs prepared via the nanoprecipitation method are able to
enter into MDA-MB-231 cells with high efficacy, to a lesser extent
into T-47D cells, however, not into MCF10A. More interestingly,
we observed that these specific CPNs trigger apoptosis in cancers
cells, and not in normal-like cells making them an attractive
candidate for further therapeutic interventions.

Experimental

Synthesis of the TQ based polymers and nanoparticle’s
preparation

The design, the synthesis and the characterization of the T2fQf
and T2fQ2f conjugated polymers, as well as their corresponding
aqueous CPNs are described in detail in our previous
publication.* In particular, for the formation of the CPNs via
the nanoprecipitation method, first, each conjugated polymer was
dissolved in tetrahydrofuran (THF) which is a low boiling point
aprotic polar solvent miscible with water at a concentration of
0.1 mg mL ™", Then, 1.5 mL of either T2fQf or T2fQ2f based THF
solution (stock solution) was added dropwise to 7 mL of deionized
water, respectively, followed by sonication at room temperature. For
the encapsulation method, 1 mg of each T2fQf and T2fQ2f and
9 mg of poly(ethylene glycol)methyl ether-block-poly(lactide-co-
glycolide) (mPEG-b-PLGA) were dissolved in 1 mL of THF. The
resulting solutions are added to 7 mL of deionized water following
the same procedure as described for the nanoprecipitation method.

In both cases, the solutions were left overnight to allow
complete evaporation of the THF and the volume of water lost
was replaced. After this procedure, stable aqueous CPNs are
formed through aggregate formation of the hydrophobic
conjugated polymer chains in the case of nanoprecipitation,
whilst by applying the encapsulation method, the hydrophobic
PLGA segments are liable to entangle with TQ polymer chains
and the hydrophilic PEG chains should extend into the aqueous
phase. The obtained CPNs were then filtered through a 0.2 pm
cellulose acetate filter.

We selected the T2fQf and T2fQ2f nanoparticles because
they exhibit the highest fluorescence quantum yield among the
other polymers in this series. In this work, the batch of the
studied nanoparticles exhibit a hydrodynamic diameter of
74.8 + 0.3nm for both the nanoprecipitated CPNs, 98.5 +
0.1nm for the encapsulated T2fQ2f and 111.7 + 1.0nm for the
encapsulated T2fQf. The resulting concentrations of the CPNs
prepared via the nanoprecipitation method were 5.7 ug mL ™" for
the T2fQf polymer and 4.3 pg mL " for the T2fQ2f polymer, and
1430 pg mL ™~ for the CPNs prepared via the encapsulation method.

Cell lines and culture

Two breast cancer cell lines, T-47D (CVCL_0553) and MDA-MB-
231 (CVCL_0062), along with MCF10A (CVCL_0598), an

View Article Online

Research Article

immortalized breast epithelial (“normal-like”) cell line, were
acquired from ATCC (LGC Standards GmbH, Wesel, Germany).
The cell lines were repeatedly authenticated using SNP profiling
(Multiplexion GmbH, Friedrichshafen, Germany) and all
experiments were performed with mycoplasma-free cells. Cells
were grown in 75 cm” flasks (Corning) in the appropriate culture
medium. T-47D and MDA-MB-231 cells were cultured in
RPMI1640, supplemented with 10% FBS and 1% NEAA (all
from Thermofisher Scientific). For MCF10A cells, DMEM-F12
supplemented with 5% Horse Serum (life technologies),
10 pug mL ™' Insulin (Sigma), 20 ng mL™~"' Epidermal growth
factor (Corning), 0.5 pg mL ™" Hydrocortisone (Sigma) and
100 ng mL~" Cholera toxin (Sigma) was used. All media were
supplemented with 50 units per mL penicillin and 50 pg mL™*
streptomycin sulfate (Invitrogen). The cells were maintained in a
humidified chamber with 5% CO, at 37 °C with media changes
every 3-4 days until 70%-80% confluency.

Cell viability and cytotoxicity assessment

T-47D and MDA-MB-231, along with MCF10A were used in
order to evaluate the putative effects of the newly synthesized
TQ based polymers on cell viability and apoptotic cell death.
For cytotoxicity assessment, cell proliferation over five days was
evaluated using DAPI/Hoechst staining, while the late apoptotic
cell numbers were recorded by Propidium Iodide (PI) staining.
1.5 x 10°> T-47D and MDA-MB-231 cells and 2 x 10° MCF10A
cells were seeded in 96well plates, in five technical replicates.
The following day, the culture medium was substituted with
CPN-containing media at 6 different concentrations: for nano-
precipitated T2fQf: 1.59 pg mL ™%, 0.53 pg mL ™%, 0.176 ug mL ™,
0.059 pg mL ™', 0.019 ug mL™~ ' and 0 pg mL™*; for nanopreci-
pitated T2fQ2f: 1.2 pg mL™', 0.4 ug mL ™', 0.133 pg mL ™},
0.044 pg mL™', 0.015 pg mL ™" and 0 ug mL~"; for encapsulated
T2fQf and T2fQ2f the following concentrations were applied:
12 pgmL ", 4 pgmL ', 1.33 pg mL ", 0.44 pg mL %, 0.15 pg mL "
and 0 ug mL " In all cases, the concentration of 0 pug mL ' was
used as a negative control. The antibiotic staurosporine was used as
a positive control. In order to define a starting concentration for the
use of staurosporine, a preliminary toxicity test on all three cell
lines was performed, with the following range of concentrations:
10 pugmL ™Y, 7.5 pgmL ", 5 pg pmL 2.5 pg mL %, 1.25 pg mL Y,
0.625 ug mL™", 0.313 pg mL ™" and 0.156 pg mL . In all cell lines,
all concentrations killed the cells after 2 days, except for the
0.156 ug mL™" concentration, which impeded the growth of all
the cell lines but did not completely eliminate the cells. Hence, the
following concentrations were used for the screening experiment:
0.360 ug mL ™" was used as the starting concentration, and then the
following concentrations were made in serial dilutions of 1/3:
0.120 pg mL™', 0.040 pg mL™', 0.0133 pg mL~ ' and
0.0044 pg mL ' were prepared. Immediately after this (day 0),
and each following day (up to day 4), the cells in respective replicate
plates were stained with Hoechst and PI and fluorescent signals
were acquired using a microplate reader. Results were
analyzed in OriginPro9 and mean values and standard deviations
were estimated. All data are presented as the mean =+
standard error.
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Quantification of cellular incorporation of the TQs by FACS
analysis

Cells were seeded in triplicate, in 6 well plates (1 x 10> MCF10A
cells per well; 2 x 10° MDA-MB-231 cells per well; 3 x 10° T-47D
cells per well) and in the appropriate culture medium, at 37 °C
for 24 h. The next day, the medium was removed and the cells
were subjected to 24 h-treatment with medium containing one
of the following: nanoprecipitated T2fQf (0.176 pg mL %),
nanoprecipitated T2fQ2f (0.133 pg mL "), encapsulated T2fQf
(1.33 ug mL™Y), or encapsulated T2fQ2f (1.33 pg mL™%). After
the end of the incubation period, cells were washed with PBS,
trypsinized and resuspended in PBS. 15 x 10° cells were
analysed for each of the tested conditions, via FACS (FACS
Calibur™, BD Biosciences), with an excitation wavelength of
488nm and an emission wavelength of 670 nm. Living cells
were gated in forward versus side scatter with dead cells being
excluded. Gating for distinguishing negative and positive cells
was determined by the negative controls (cells treated with
PBS). Means and standard deviations of biological replicates
were determined. Unpaired two-tailed student ¢-test was used to
calculate p value.

Fluorescence staining of cell-incorporated TQs

Cells were seeded onto coverslips in 6 well plates (MCF10A: 1 X
10> cells per well, MDA-MB-231: 2 x 10° cells per well, T-47D:
3 x 10> cells per well) in the appropriate culture medium, at
37 °C for 24 h. Three coverslips were placed in each well to
generate triplicate samples. The next day, the medium was
removed and the cells were subjected to 24 h-treatment with
medium containing one of the following: nanoprecipitated
T2£Qf (0.176 ug mL ™), nanoprecipitated T2fQ2f (0.133 ug mL ™ %),
encapsulated T2fQf (1.33 ug mL "), or encapsulated T2fQ2f
(1.33 pg mL™'). After two washes with phosphate-buffer
saline (PBS), the cells were fixed with 4% paraformaldehyde.
Two more washing steps followed and counterstaining of cell
nuclei was performed using the cell-permeable Hoechst
Fluorescent dye 33342 (Sigma Aldrich). Samples were mounted
and visualized using a motorized inverted confocal microscope
(Zeiss LSM 710 ConfoCor 3, two reflected light PMTs detectors,
objectives 40x/1.3 Oil DIC III and 63%/1.4 Oil DIC III). Two
different laser lines were used for the detection of nano-
particles, namely DPSS (561 nm) and HeNe 1 (594 nm), and
UV diode (405 nm) laser line was used for the detection of
Hoechst. Zeiss ZEN 2.6 and Image ] software programs were
used for image acquisition.

Results and discussion

In our previous work? we prepared 12 different TQ-based
aqueous CPNs varying as regards the number and positioning
of the fluorine atoms on the polymer backbone using two
methods; nanoprecipitation and encapsulation with the FDA
and EMA approved mPLGA-b-PEG diblock copolymer. We
detected that the TQ-based CPNs with the three (T2fQf) and
four (T2fQ2f) fluorine atoms on the polymer backbone,
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regardless of the preparation method, demonstrated desired
emission in the FR/NIR region of the spectra (above 600 nm)
with higher quantum yield values of 0.18 enabling great
prospect as FR/NIR fluorescent bioimaging dyes. Bearing in mind
the specific CPNs’ optical properties, we decided to perform
in vitro studies on the T2fQf and T2fQ2f nanoprecipitated and
encapsulated nanoparticles on a superficial cancer type.

Cell proliferation and cytotoxicity studies

To use the synthesized CPNs for bioimaging applications, we
first examined their effect on cell proliferation and viability of
two distinct breast cancer cell lines in vitro, in juxtaposition
with a non-tumorigenic epithelial cell line of the same tissue
origin. Cell proliferation and late apoptosis studies were
performed in parallel, using DAPI/Hoechst and Propidium
Iodide (PI) staining, respectively, after incubating the cells with
increasing concentrations of the nanoprecipitated (Fig. 2A and
3A) or encapsulated (Fig. 2B and 3B) nanoparticles over a period
of four days.

Our results show that low concentrations of nanoprecipitated
T2£Qf (up to 0.059 ug mL ") do not affect the proliferation of the
cancer cell line MDA-MB-231, while MCF10A cells continue to
grow even after treatment at higher concentrations (up to
0.53 pg mL™") of the specific type CPN, as compared to untreated
control (Fig. 2A, upper row). Regarding T-47D cells, higher
concentrations of nanoprecipitated T2fQf do not affect the cell
proliferation rate up to 3 days of treatment. Nevertheless, there is
a more profound effect on apoptosis of cancer cells, since late
apoptotic cell numbers in MDA-MB-231 and T-47D increase over
time by more than 10 folds after treatment with increasing
concentrations of nanoprecipitated T2fQf (Fig. 2A, lower row).
Interestingly, 1.59 pg mL ™' of nanoprecipitated T2fQf could
potentially act cytostatically or induce non-apoptotic cell death
in MDA-MB-231 cells, since it suppresses cell proliferation,
while not increasing late apoptotic cell counts over time. Low
concentrations of the nanoprecipitated T2fQf do not induce
apoptosis in MCF10A.

Regarding the effect of the encapsulated T2fQf nano-
particles, they are generally better tolerated by cancer cells,
rather than by non-tumorigenic ones. More specifically, neither
cell proliferation nor apoptosis of MDA-MB-231 and T-47D are
affected even by higher concentrations of the encapsulated
T2£Qf (up to 4 ug mL ") (Fig. 2B). However, while the proliferation
of MCF10A cells is not affected by encapsulated T2fQf (Fig. 2B,
upper row), there is a significant increase in late apoptotic cell
numbers after early time-point treatment, that is sustained over
time, even in lower concentrations of the CPNs, as compared to
the untreated control cells (Fig. 2B, lower row). In total, our results
show that encapsulation of T2fQf renders the particles to be better
tolerated by cancer cells, but it induces apoptotic cell death in the
non-tumorigenic MCF10A cells. For this reason, nanoprecipitated
T2fQf in low concentrations would probably be a better choice
for cell imaging applications since it is better tolerated by non-
cancerous cells.

Similar results, but with few significant differences, were
obtained after treating the selected cell lines with
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Fig. 2 Effect of T2fQf on the proliferation (upper row) and apoptosis (lower row) of human breast cancer cell lines MDA-MB-231 and T-47D and of the
normal-like breast epithelial cell line MCF10A. Cell proliferation and late apoptotic cell numbers were estimated by Hoechst/DAPI and Pl staining,
respectively, after treatment of the cells with increasing concentrations of T2fQf acquired by (A) the nanoprecipitation method (c = 0.019-1.59 ug mL™),
or (B) the encapsulation method (c = 0.15-12 ug mL™Y), every 24 h, over a period of four days. Untreated cells (c = 0 pg mL™%) were used as a negative
control. Day O is the day of treatment initiation data (n = 5) are presented as mean of cell counts compared with the negative control. SD was used for

error bar generation.

nanoprecipitated T2fQ2f nanoparticles. Firstly, the nanopreci-
pitated T2fQ2f nanoparticles are better tolerated by MCF10A
cells than nanoprecipitated T2fQf (administered in similar
concentrations), since they do not block the proliferation or
induce apoptosis after 4 days of treatment, even at higher
concentrations, as compared to the negative control (Fig. 3A,
1st column); thus, along with nanoprecipitated T2fQf, it could
also be further exploited for bio-imaging applications.

In MDA-MB-231 cells, proliferation is slightly blocked up to
the third day, an effect that is restored after four days of
treatment with concentrations up to 0.133 pg mL™". Apoptotic
cell death is triggered from the second day of treatment, even in
lower CPN concentrations (Fig. 3A, 2nd column). Interestingly,

1.2 pg mL™" of nanoprecipitated T2fQ2f act similarly to
1.59 ug mL™" of nanoprecipitated T2fQf in the specific cell
line-cytostatic action or induction of non-apoptotic cell death-,
since it reduces cell proliferation, with steady late apoptotic cell
counts over time. In T-47D cell line, cells proliferate normally
until day 2, while there is a slight blockade in the proliferation
rate in more extended periods of treatment with increasing
concentrations of nanoprecipitated T2fQ2f. Notably, apoptosis
is triggered only by the two highest concentrations and only
after four days of incubation with the specific CPNs (Fig. 3A,
3rd column). As shown in Fig. 3B, encapsulation of T2fQ2f
renders it non-cytotoxic to all tested cell lines, since there are
only small differences in cell proliferation and apoptosis in the
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Fig. 3 Effect of T2fQ2f on the proliferation (upper row) and apoptosis (lower row) of human breast cancer cell lines MDA-MB-231 and T-47D and of the
normal-like breast epithelial cell line MCF10A. Cell proliferation and late apoptotic cell numbers were estimated by Hoechst/DAPI and PI staining,
respectively, after treatment of the cells with increasing concentrations of T2fQ2f acquired by (A) the nanoprecipitation method (c = 0.015-1.2 ug mL™),
or (B) the encapsulation method (c = 0.15-12 pg mL™Y), every 24 h, over a period of four days. Untreated cells (c = 0 pg mL™%) were used as a negative
control. Day O is the day of treatment initiation data (n = 5) are presented as mean of cell counts compared with the negative control. SD was used for

error bar generation.

CPN-treated cells compared to untreated control, and only at
higher concentrations of the encapsulated T2fQ2f nanoparticles.

Next, we compared the above-mentioned effects of the
nanoprecipitated and encapsulated nanoparticles on cell pro-
liferation and apoptosis of MCF10A, MDA-MB-231 and T-47D
with those of the antibiotic staurosporine, to evaluate potential
therapeutic responses (Fig. 4 and 5). Staurosporine is an
inducer of apoptosis and is commonly used as a positive
control for apoptotic cell death in cancer cells, including breast
cancer cell lines.’**® Here, we should point out that the
nanoprecipitated CPNs were administered in similar concen-
trations to that of staurosporine, and thus a more quantitative
comparison of the effects could take place. Nevertheless, the
tested concentrations of the encapsulated CPNs were about 10-fold

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2021

higher than those of the antibiotic, and consequently, the
comparison of the effects can only be made on a qualitative basis.

On the one hand, MCF10A cells are more sensitive to
staurosporine versus the nanoprecipitated T2fQf or T2fQ2f
when administered in similar concentrations, since it significantly
suppresses cell proliferation and slightly increases apoptosis
even from the first day of treatment and throughout the
experiment. On the other hand, nanoprecipitated T2fQf
induces apoptosis to a lower extent (about 30% increase in
apoptotic cell number, in comparison to about 7-fold increase
by staurosporine by day 4 compared to day 0, in the corres-
ponding highest tested concentration) (Fig. 4A), while the
nanoprecipitated T2fQ2f does not have any significant effect
on proliferation and apoptosis (Fig. 5A).
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concentrations were used: control: 0.0044 ug mL™%, C1: 0.0133 ug mL™%, C2: 0.040 pg mL~%, C3: 0.120 pg mL ™%, C4: 0.360 pg mL~*. The corresponding
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two columns is the apoptosis of the CPN (left) and staurosporine (right).

Notably, treatment with the encapsulated T2fQf results in
higher apoptotic cell numbers, as compared to staurosporine
(Fig. 4D), a result that could be attributed to the fact that these
CPNs were administered in about 10-fold higher concentrations
than the antibiotic; however, this effect that does not occur after
incubation of these cells with the same concentrations of the
encapsulated T2fQ2f. These results further support that the nano-
precipitated T2fQf and T2fQ2f along with the encapsulated T2fQ2f
could potentially be safely used in bioimaging applications,
however more in vivo experiments should be performed.

Regarding the comparative effect of the antibiotic and the
CPNs on MDA-MB-231 cells, staurosporine is more effective in
slowing down the cell proliferation than the nanoprecipitated

T2fQf and T2fQ2f, which, nevertheless, increase apoptotic cell
numbers to a higher extent after longer incubation periods
(Fig. 4B and 5B). More interesting are the results involving
T-47D cells, in which nanoprecipitated T2fQf induces apoptosis
with significantly higher efficiency than the antibiotic (Fig. 4C).
On the contrary, the effects of staurosporine are more intense
than those induced by the nanoprecipitated T2fQ2f (Fig. 5C).
Finally, as shown above, the effect of the respective encapsulated
nanoparticles on the two cancer cell lines is not comparable to
that of staurosporine, since both MDA-MB-231 and T-47D are
insensitive to CPN treatment.

In total, among the tested CPNs, the encapsulated nanoparticles
are the least cytotoxic to both cancer and non-tumorigenic cell

4956 | Mater. Chem. Front., 2021, 5, 4950-4962 This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2021
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Fig. 5 Comparison of the effect of T2fQ2f with that of the antibiotic staurosporine on the proliferation and apoptosis of breast cancer and non-tumorigenic cell
lines. Cell proliferation and late apoptotic cell numbers were estimated for (A and D). MCF10A, (B and E) MDA-MB-231 and (C and F). T-47D cells, by Hoechst/DAPI
and PI staining, respectively, after treatment of the cells with increasing concentrations of staurosporine and T2fQ2f acquired by either the nanoprecipitation (A—
C), or the encapsulation (D—F) method, every 24 h, over a period of four days. Day O is the day of treatment initiation. Data are presented as mean of cell counts
compared with the negative control. SD was used for error bar generation. For staurosporine, the following concentrations were used: control: 0.0044 ug mL™,
C1: 0.0133 ug mL™%, C2: 0.040 pg mL~% C3: 0.120 ng mL~% C4: 0.360 ug mL™. The corresponding concentrations for nanoprecipitated T2fQ2f were: control:
0 pg mL™% C1: 0.015 pg mL™%, C2: 0.044 pg mL™% C3: 0133 pg mL™%, C4: 0.4 pg mL™2. For encapsulated T2fQf the tested concentrations were: control:
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left are the proliferation of the CPN (left) and staurosporine (right), and on the other two columns is the apoptosis of the CPN (left) and staurosporine (right).

lines, with the exception of T2fQf, which induces undesirably
elevated levels of apoptosis in MCF10A. Regarding the nano-
precipitated CPNs, both T2fQf and T2fQ2f are well tolerated by
all cell lines in low concentrations and for early time-point
treatment. However, higher concentrations of nanoprecipitated
T2fQf induce apoptosis to a great extent in cancer cells, and not
in normal-like cells, thus pointing out a putative therapeutic
potential for this specific type of CPN.

Evaluation of the ability of the CPNs to be introduced and
detected intracellularly

In order to evaluate their potential application for intracellular
imaging protocols, selected concentrations of the nanoprecipitated

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2021

and encapsulated T2fQf and T2fQ2f were further tested for
their ability to enter the cell cytoplasm and to give detectable
fluorescent signals. For this purpose, each of the nanoprecipi-
tated and encapsulated CPNs were administered to MDA-MB-
231, T-47D and MCF10A cells for 24 h. Then, cellular
fluorescence was analyzed by FACS and confirmed by confocal
microscopy (Fig. 6 and 7).

The selected concentrations were the highest possible
common choice for all of the CPNs, with minimum effects on
cell proliferation and survival of all three cell lines (Fig. 2 and 3).
More specifically, the following concentrations were tested:
0.176 pg mL ™" of nanoprecipitated T2fQf, 0.133 ug mL " of
nanoprecipitated T2fQ2f, 1.33 ug mL ™" of encapsulated T2fQf,
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or 1.33 ug mL™" of encapsulated T2fQ2f. FACS analysis of the
CPN-treated cells revealed that none of the CPNs was detected
within MCF10A cells (Fig. 6B). The nanoprecipitated T2fQf was
the only one out of the four tested nanoparticles, which was
uptaken by both cancer cell lines, although to a different extent
(Fig. 6).

In detail, almost 80% of MDA-MB-231 cells and about 30%
of T-47D cells were labelled. In sharp contrast, less than 0.15%
of MCF10A normal-like breast epithelial cells were positively
stained (Fig. 6D). These results suggest that there might be
some specificity of the nanoprecipitated T2fQf for aggressive
breast cancer cells, albeit more cell lines should be tested to
verify the proposed hypothesis. There was no positive
fluorescent signal for all other CPNs (nanoprecipitated T2fQ2f
and encapsulated CPNs), indicating that none of them are
detected into the cells (Fig. 6A-D). Potentially, higher concen-
trations of those nanoparticles could be noticed within the
cells, but they were not further tested due to their cytotoxicity.

The FACS analysis results were further confirmed by
fluorescence microscopy. In this experiment, the cell nuclei

View Article Online

Research Article

were stained with Hoechst and were visualized using a confocal
microscope. Two different lasers were used to detect CPN
fluorescence, namely 568 nm and 594 nm. Confocal microscopy
confirmed that only the nanoprecipitated T2fQf was introduced
into the cell cytoplasm; most MDA-MB-231 cells (90%) were
positive for the nanoparticle while only weak fluorescent
signals and no fluorescence were acquired for T-47D and MCF10A
cells, respectively (Fig. 7). The exclusion of encapsulated T2fQf
and T2fQ2f from both cancer cell lines in addition to the
exclusion of the nanoprecipitated and encapsulated T2fQ2f
from MCF10A could possibly explain the cell insensitivity to
CPN treatment. Nevertheless, although not detected in
MCF10A, both nanoprecipitated and encapsulated T2fQf
induce high apoptotic cell numbers, indicating that those CPNs
could possibly trigger alternative cell death responses, without
themselves being intracellularly present. One reason for the
different cellular uptake of similar concentrations of the nano-
precipitated T2fQf and T2fQz2f could be the additional fluorine
atom present in T2fQ2f rendering it suitable for membrane
penetration.
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Fig. 6 Estimation of cellular uptake of different CPNs by FACS analysis. (A) MDA-MB-231, (B) T-47D and (C) MCF10A cells were incubated with different
nanoparticles or PBS as a control for 24 hours. Percentages of cells containing nanoparticles were determined by FACS and plotted. Data are presented
as mean + SD, n = 3 (each with 3 technical replicates). Statistical analysis was performed by unpaired two-tailed Student's t-test; ***p < 0.001, *p <
0.05. (D) Summarized plotted data showing the comparison of the mean percentage of positive cells between the tested cell lines. (E and F)
Representative Dotplots of living MDA-MB-231 cells treated with nanoprecipitated (E) or encapsulated T2fQf (F). The nanoparticles were detected with
FL3 filter. Bottom-left area shows percentage of negative cells and bottom-right area shows a percentage of positive cells for the indicated nanoparticle.
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Fig. 7 Estimation of cellular uptake of different CPNs by confocal fluorescence microscopy. Merged confocal fluorescence images of cell nuclei
(Hoechst/blue) and CPNs (red) were acquired after 24 h treatment of MCF10A, MDA-MB-231 and T-47D cells with (A) 1.33 ug mL™~* encapsulated T2fQ2f,
(B) 0.133 ug mL™* nanoprecipitated T2fQ2f, (C) 1.33 ug mL~* encapsulated T2fQf, or (D) 0.176 ug mL~* nanoprecipitated T2fQf. (E) Negative control.

Magnification 63x.

Taking the above into consideration, the presented results
show that the T2fQf nanoparticles formulated by the nano-
precipitation method can enter into MDA-MB-231 cells with
high efficacy and into T-47D cells to a lesser extent whereas no
uptake is shown for the MCF10A. This observation could be
explained by differences in both the gene profile and the
morphology of these distinct cell lines.>*™” For example,
MCF10A and T-47D cells express low levels of the proliferative
marker Ki-67 and high E-cadherin levels and claudins, the most
important protein components of tight junctions; hence, these
cells have an epithelial morphology and display robust cell-cell
cohesions, required for paracellular communication. On the
contrary, triple negative MDA-MB-231 cells show a more
mesenchymal-like phenotype, with low levels of claudins and
E-cadherin and expression of markers of epithelial-mesenchymal
transition such as vimentin.**>” Moreover, low concentrations of
the nanoprecipitated T2fQf are well tolerated by both cancer and
non-tumorigenic cell lines and for shorter treatment periods;
based on the above, at the in vitro level, nanoprecipitated T2fQf
fulfils the requirements for use in bioimaging applications.

Interestingly, higher concentrations trigger apoptosis in
cancer cells, and not in normal-like cells, making the T2fQf
CPNs an attractive candidate for exploitation for therapeutic
interventions. The efficacy of nanoprecipitated T2fQf against a
triple negative, metastatic breast cancer cell line, is of particular
interest, since, due to the nature of these tumors, the main
therapeutic options for these patients are restricted to aggressive
regimes, like chemotherapy, surgery and radiation;*° however,
more in vitro and in vivo experiments are needed in order to fully

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2021

characterize the putative anti-tumorigenic effects of the
nanoprecipitated T2fQf CPNs. To this direction, the
intrinsic anti-proliferative and apoptosis-inducing properties of
nanoprecipitated T2fQf could possibly enhance the action of
anti-cancer compounds, which have shown partial efficacy
against MDA-MB-231 cells.”®* Encapsulation of such
compounds within the nanoparticle could lead to synergistic
anti-tumorigenic effects.

Conclusions

In this study we presented one of the limited studies on the
rational design of CPNs for specific biological purposes.
In particular, it is demonstrated the in vitro cell viability and
cytotoxicity tests of T2fQf and T2fQ2f CPNs prepared via the
nanoprecipitation and the encapsulation method on two
different malignant human breast cell lines compared with a
non-malignant epithelial cell line. The obtained results showed
that both the nanoprecipitated and the encapsulated T2fQ2f
CPNs, as well as the T2fQf prepared via the nanoprecipitation
method could potentially be used for imaging applications.
However, FACS analysis and confocal microscopy confirmed
that only the nanoprecipitated T2fQf CPNs were introduced
into the cell cytoplasm of both breast cancer cell lines, espe-
cially into MDA-MB-231 cells with high efficacy. The evaluation
of the comparison of the effect of the CPNs on cell proliferation
and apoptosis of all cell lines with the corresponding of
the antibiotic staurosporine revealed that the higher

Mater. Chem. Front., 2021, 5, 4950-4962 | 4959
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concentrations of T2fQf nanoprecipitated CPNs induce
apoptosis to a great extent in cancer cell lines, and not in
normal-like cells, indicating a putative therapeutic potential
for these specific CPNs. Furthermore, the efficacy of the
nanoprecipitated T2fQf CPNs against the MDA-MB-231 triple
negative, highly aggressive and metastatic breast cancer cell
line is of particular interest, since limited therapeutic options
are currently available due to the nature of those tumors.
Overall, the intrinsic anti-proliferative and apoptosis-inducing
properties of nanoprecipitated T2fQf CPNs could possibly
enhance the action of anti-cancer compounds, which have
shown partial efficacy against MDA-MB-231 cells and the
encapsulation of such compounds within the nanoparticle

could lead to synergistic anti-tumorigenic effects.
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