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This study aimed to evaluate the therapeutic efficacy of low-intensity visible light responsive nanocolloids of a Pt-based drug using
a 2D and three-dimensional (3D) in vitro cancer cell model. Biocompatible and biodegradable polymeric nanocolloids, obtained
using the ultrasonication method coupled with Layer by Layer technology, were characterized in terms of size (100 + 20 nm),
physical stability, drug loading (78%), and photoactivation through spectroscopy studies. The in vitro biological effects were
assessed in terms of efficacy, apoptosis induction, and DNA-Pt adducts formation. Biological experiments were performed both in
dark and under visible light irradiation conditions, exploiting the complex photochemical properties. The light-stimuli responsive
nanoformulation gave a significant enhancement in drug bioactivity. This allowed us to achieve satisfying results by using
nanomolar drug concentration (50nM), which was ineffective in darkness condition. Furthermore, our nanocolloids were
validated in 3D in vitro spheroids using confocal microscopy and cytofluorimetric assay to compare their behavior on culture in

2D monolayers. The obtained results confirmed that these nanocolloids are promising tools for delivering Pt-based drugs.

1. Introduction

Nowadays, chemotherapy or radiotherapy is associated with
insufficient therapeutic outcome and undesired side effects.
Recently, important scientific advances have been achieved
in the emerging era of personalized therapy, thanks to the
integration of chemotherapy and targeted therapy with light
irradiation [1]. Application of low-intensity light therapy has
gained increasing attention for medical purpose in cancer
treatment [2-6]. According to this method, the energy is
transferred to living organisms inducing changes in bio-
logical processes [7-13]. The concept of low-intensity light

therapy requires the use of photosensitive molecules, which
respond to external light stimuli. In the last decade, delivery
system-based phototherapies have been widely applied for
curative and palliative treatment of cancers, [14, 15] in-
cluding photodynamic therapy, [16] photoactivated che-
motherapy, and [17] photothermal therapy, because it is
possible to control the spatiotemporal activity of photo-
activable molecules, enhancing the selectivity and limiting
side effects [18].

A variety of light-responsive molecules could be used to
obtain new chemotherapeutics contributing as a trigger for
improved drug release and efficacy.
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In recent years, there has been a growing interest in the
synthesis of platinum(II) complex with natural substances
[19, 20]. Among them, flavonoids and polyphenols are the
most studied molecules. Curcumin belongs to polyphenol
class and has been widely used in medicine because of its
nontoxic nature and its antioxidant, anti-inflammatory,
neuroprotective, and antiseptic activities [21].

As known, cisplatin (CisPt), which is a prototypical
anticancer drug first described as chemical compound in
1844 [22-24], and its analogues have been widely used in
cancer chemotherapy, but they are accompanied by severe
adverse effects including hepatotoxicity, ototoxicity, neph-
rotoxicity, myelosuppression, and drug resistance [25, 26].

Photoexcitation of metal complexes has been extensively
reported in the literature, with most examples dealing with
their use in photoactivated chemotherapy for cancer
treatment in the biomedical fields. Curcumin has been used
as a photosensitizer [27], but its application in therapy is
limited due to low solubility. Fortunately, curcumin metal
complexes are usually more water soluble than free cur-
cumin [17, 18, 28-30].

Stimuli responsive nanocarriers containing platinum
were successfully tested in animal models, showing a re-
markable reduction of side effects and decreased drug re-
sistance [31-33].

In the framework of the coordinative ability of curcumin
towards Pt, recently, the complex PtCl(curc) (DMSO)
(curc =deprotonated form of curcumin, DMSO = dimethyl
sulfoxide) has been synthetized (scheme 1). In this complex,
the natural ligand coordinates platinum via the oxygen
atoms of the f-diketonate moiety, thus becoming more
stable, because metal coordination prevented curcumin
homopolymerization and photodegradation. In addition,
the biological activity of PtCl(curc) (DMSO) in different cell
lines resulted to be higher than the pristine Pt(II) complex
and curcumin alone, suggesting a synergic anticancer effect
between the Pt(II) center and the polyphenol ligand [19, 20].

Following our studies on curcumin-based platinum
complex nanocolloids, herein, we report on the use of a
nanotechnological approach to synthesize light-responsive
polymeric nanocolloids of PtCl(curc) (DMSO). The pres-
ence of curcumin is useful for cellular imaging and allows us
to obtain an improved biological efficacy, due to the synergic
effect of platinum and curcumin on cancer cells, in both 2D
and three-dimensional (3D) in vitro cancer models. Pho-
toactivation was responsible for the biological action carried
out by the nanoformulation.

A sonication-assisted layer by layer (LbL) assembly was
the employed approach to obtain stable nanocolloids (Pt-
Curc complex NCs) [34]. The polymeric nanocolloids were
developed by the combination of two biopolymers, chitosan
and pectin, which have received significant attention in
recent years due to their abundance and natural availability.
These biopolymers are used in many pharmacological and
biomedical applications owing to their smart properties such
as biocompatibility, biodegradability, and flexibility [35].

Photoactivated chemotherapy is the final purpose of this
study. In this protocol, the molecules used as anticancer
drugs should be endowed with negligible toxicity and
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ScHeME 1: Chemical structure of PtCl (curc) (DMSO).

biological activity when nonirradiated, while the visible
irradiated form should exhibit strong biological activity [36].

During the past decades, traditional 2D cell cultures of
immortalized cell lines have been extensively used for the
evaluation of anticancer drug delivery systems. However,
they have significant limitations related to the lack of many
characteristics of the in vivo microenvironment conditions
and complex cell-cell interactions. For this reason, in the last
two decades, for an appropriate validation of pharmaceutical
candidates, 3D-cell cultures, such as cellular spheroids, were
introduced. These 3D models reflect the characteristics of
solid tumors in terms of cell-cell and microenvironment
interactions as well as molecular signaling profile and
modulation of gene expression [37].

Thus, our work started with a deep physical-chemical
characterization of polymeric nanocolloids. After reaching
the desirable features of a drug delivery system, such as good
aqueous solubility, colloidal stability, and controlled release
pattern, we tested in vitro photoactivation of our nano-
formulation. The biological experiments were carried out in
a model cisplatin resistant cancer cell line, MCF7 (breast
adenocarcinoma), both in 2D and 3D systems. The in vitro
release behavior in terms of cytotoxicity and bioactivity of
the nanoformulation was studied using UV-Vis spectros-
copy, cytofluorimetric assay, and confocal investigation.
Further analyses, including spheroids characterization and
their 3D tumor size evaluation, were also carried out to
better evaluate the toxicity of the nanoformulation.

2. Materials and Methods

2.1. Reagents and Instruments. Commercial products were
purchased from Sigma-Aldrich. Glass bottom Petri dishes
for confocal experiments were purchased from WillCo Dish.
Deionized water was produced with a Millipore Elix® De-
ionizer with Pro-Gard® S2 jon exchange resin. Ultra-
sonication process was carried out with a VC 750 HV Sonics
ultrasonicator.

2.2. Synthesis of [PtCl(curc) (DMSO)] and Preparation of
Nanocolloids. For the synthesis of PtCl(curc) (DMSO) [20],
a solution obtained by dissolving curcumin (0.0710g,
0.1604 mmol) and KOH (9.0 mg, 0.1604 mmol) in ethanol
(2.5mL) was added dropwise to a solution of K
[PtCI3(DMSO)] (0.0686 g, 0.164 mmol) in H,O (5.0 mL).
The resulting dark mixture was stirred at room temperature
for 36 h and then cooled at 277 K. After overnight at 277K, a
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brown solid was removed by filtration, washed with ethanol
and diethyl ether, and dried under high vacuum. Yield:
0.0786 g.

Nanocolloids were built up by sonication assisted
layer-by-layer technique [38]. Biodegradable chitosan
(CHI, polycation) and pectin (PEC, polyanion) were
chosen for a biocompatible and biodegradable coating on
drug nanoparticles. CHI solution was prepared at 0.10% in
acid acetic 0.5M; PEC aqueous solutions (0.5 mg-mL’l)
were prepared in ultrapure water. The pH of the polymer
solutions was adjusted to 5.0 by addition of acetic acid or
NaOH/HCI, respectively. In the first step, 2.0mg of
PtCl(curc) (DMSO) [20] was added to 20 mL of a chitosan
solution, stirred for 5min, and then ultrasonicated for
20 min at 20% of power (150 Watt) in a water/ice bath, to
make Pt-Curc/Chitosan nanocores. The following layer-
by-layer self-assembly of pectin and chitosan was per-
formed using LbL method. More in detail, the excess
polycation was removed by three centrifugation/washing
steps with deionized water. Thereafter, 5.0 mL of solution
containing the polyanion was added, and the dispersion
was continuously shaken for 20 min, followed again by
three centrifugation/washing steps. This procedure was
repeated 0.5, 2.5, or 4.5 times for the couple of polymers
resulting in the deposition a polymeric shell with different
thickness on the Pt-Curc nanocolloids (Pt-Curc/CHI;
(CHI/PEC), s (CHI/PEC), 5).

2.3. Nanocolloids Characterization. TEM images were col-
lected on JEOL JEM 1400 with a LaB6 source at 80kV. The
zeta potential and the hydrodynamic diameter of the NCs
were measured with Malvern Zetasizer Nano ZS (Dynamic
Light Scattering analysis).

The UV-Vis absorption and emission spectra were
obtained on a Varian-Cary 500 spectrophotometer and a
Varian Cary Eclipse spectrofluorometer, respectively. Ab-
sorption and fluorescence spectra were measured in
deionized water, with a final concentration of 50 uM. The
quartz cuvettes used were of 1.0 cm path length.

2.4. Cisplatin-Loading and Quantification by ICP-OES.
Drug loadings were quantified by inductively coupled
plasma optical emission spectrometry (ICP-OES). The ex-
perimental setup provides the construction of a calibration
line, using 4 points. Loading percentage is defined as the
number of platinum ppt in the solution after loading divided
by the number of platinum ppt in the solution before
loading. ICP experiments were performed with an ICP-OES
Thermo Scientific instrument.

2.5. Visible Light Irradiation. The samples were put in a flat-
bottom 6-well microplate above the xenon lamp (Spectral
Products mod.1118263) for 1h (at a distance of 3.5cm).
During irradiation, the temperature was kept at 23 +2°C.
Native samples to be irradiated were obtained from the same
stock. After irradiation, the samples were kept in the CO,
incubator for 20h at 37°C before further analysis.

2.6. Release Kinetics. The release kinetics was evaluated in
phosphate buffer at physiological and acidic pH. Pt-Curc
NCs were constantly stirred to increase the release rate and
to establish the equilibrium conditions. Separate tubes were
used for each time. At each time point, 500 yL of release
media was replaced with the same volume of fresh release
media. At selected time intervals, NCs were separated by
centrifugation. The supernatant was collected, and the platin
content in the supernatant was determined by ICP-OES
analysis.

2.7. Incubation and Staining of Living Cells. MCF7 cancer cell
line was maintained in Dulbecco’s modified Eagle’s medium
(DMEM) supplemented with fetal bovine serum (FBS)
(10%), penicillin (100 U-mL™" culture medium), strepto-
mycin (100 mg-mL’1 culture medium), and glutamine (5%).
Cells were grown in a humidified incubator at 37°C, 5% CO,,
and 95% relative humidity. Cell line was serum-starved for
24h before any test. For staining experiments, MCF7
(5x10%) cells were seeded onto a 35 mm glass bottom Petri
dish and incubated in complete media for 24 h. Then, the
cells were incubated with the curcumin or Pt-Curc complex
at a concentration of 50 yM for 30 min or 2 hours in the dark
in a humidified incubator at 37°C, 5% CO,, and 95% relative
humidity. After rinsing with phosphate buffered saline (PBS)
twice, cells were stained with Hoechst and imaged by
confocal microscopy, immediately adding complete media
without red phenol.

2.8. Confocal Imaging of Living Cells. Biological imaging tests
were carried out with a Zeiss LSM700 confocal microscope
(Zeiss, Germany) equipped with a Zeiss Axio Observer Z1
inverted microscope using a 63X objective with a 1.46
numerical aperture oil immersion lens for imaging. Laser
beams with 405 nm and 488 nm excitation wavelengths were
used for Hoechst and curcumin or Pt-Cur complex NCs
imaging, respectively.

2.9. Generation of 3D Spheroids Using Low-Adhesion Agarose
Plate. A solution of 1% (wt/vol) of agarose was prepared
mixing 0.5 g of molecular biology-grade agarose in 50 mL of
PBS. The mixture was heated in a microwave for 1-2 min
(with pauses to prevent boiling) until the agarose was
completely dissolved. 50 uL of agarose solution was plated
into each well of a 96-well plate while it was still hot, using
sterile pipette tips. After gelation at room temperature,
MCEF?7 cell line was seeded to obtain the spheroids as follows.

The human breast cancer cell line, MCF7, cultured as 2D
monolayers in DMEM medium, was trypsinized, counted,
and plated at a density of 4.0 x 10* cells/mL in complete
growth medium. Finally, the multiwell was transferred into
the incubator. After 24 h incubation, tumor spheroids could
be observed in each well. The medium was changed every
day.

The morphological characteristics of the spheroids, in-
cluding their diameter and shape, were determined by
optical analysis using EVOS XL Cell Imaging System



microscope (Thermo Fisher, Waltham, MA, USA). The
progressively developing spheroids were observed at 24h
intervals. The mean diameter of the 3D structures was
calculated by using Image] Software (1.48 v).

2.10. Cytotoxicity Determination by MTT Assay. MCF7
cancer cell line was used in the general cytotoxicity test. The
MTT method was used to measure the activity of living cells
via mitochondrial dehydrogenase activity. The key com-
ponent was 3-[4,5-dimethylthiazol-2-yl]-2,5-diphenylte-
trazolium bromide or MTT. Mitochondrial dehydrogenases
of viable cells cleave the tetrazolium ring, yielding purple
MTT formazan crystals, which are insoluble in aqueous
solution. The MTT method is most effective when cultures
are prepared in multiwell plates. Cells (3,5 x 10* cells per mL)
were added to 24-well culture plates at 0.5mL per well,
serum-starved for 24 h, and incubated at 37°C, 5% CO,, and
95% relative humidity for 24 hours with curcumin, Cisplatin,
or Pt-Curc complex NCs. The control was a complete culture
medium. After 24h of incubation, cultures were removed
from the incubator, and MTT solution (10% of the culture
volume) was aseptically added. Cultures were returned to the
incubator and incubated for 3 hours. After the incubation
period, the cultures were removed from the incubator, and
the resulting MTT formazan crystals were dissolved in
DMSO (using the same volume of the culture). The plates
were ready within 15min after adding DMSO. After the
incubation time, pipetting up and down was required to
completely dissolve the MTT formazan crystals. Absorbance
at a wavelength of 570 nm was measured using a spectro-
photometer. Results were expressed as mean + SD of three
separate trials.

2.11. Flow Cytometric Analysis of Apoptosis. The Annexin
V-fluorescein isothiocyanate (FITC) kit (Thermo Fisher
Scientific, Inc.) was used to determine cellular apoptosis.
After exposure to curcumin, Cisplatin, or Pt-Curc NCs at the
IC5, concentration for 24h in 37°C, MCF?7 cells were col-
lected, washed twice with PBS, and subjected to centrifu-
gation at 1200xg for 5min at room temperature.
Subsequently, the cell pellet was resuspended and treated
with Annexin V-FITC and propidium iodide (PI) solutions.
After incubating for 15 min at room temperature in the dark,
additional Annexin V binding buffer (10mM Hepes,
140 mM NaCl, 2.5 mM CaCl, in ddH,0O) was added to each
tube, and the cells were analyzed.

To analyze the apoptosis in 3D spheroids, 5-day-old
spheroids were chosen and exposed to curcumin, Cisplatin,
or Pt-Curc complex NCs at the ICs, concentration, for 24 h
at 37°C. After the incubation period, all spheroids were
rinsed with 10 mL of PBS and were collected in a 15 mL tube.
After centrifugation (5min, 400 g), spheroids were trypsi-
nized to obtain a single cell suspension by gentle pipetting.
Subsequently, the cell pellet was resuspended and treated
with Annexin V-FITC and propidium iodide (PI) solutions.

Flow cytometry was performed on a flow cytometer (BD
Biosciences, San Jose, CA, USA) equipped with Flow]Jo
software.

Bioinorganic Chemistry and Applications

2.12. Cellular Uptake for Pt Estimation. To measure the
cellular platinum uptake, about 10° MCF7 cells were seeded
in 75mm tissue culture dishes and treated with Cisplatin
(35uM), Cisplatin and curcumin (35uM and 10 yM), and
Pt-Curc NCs (50 nm) for 24 h in the dark. After incubation,
we proceeded with DNA extraction using PROMEGA kit
(Wizard® Genomic DNA Purification Kit). The cells were
harvested in medium and then washed twice with PBS and
suspended in Nuclei Lysis Solution pipetting to lyse the cells.
Then, few pL of RNase Solution was added to the nuclear
lysate. After incubation time at 37°C, to the room temper-
ature, the Protein Precipitation Solution was added. After
centrifugation, the precipitated protein formed a tight white
pellet. Carefully, we removed the supernatant containing the
DNA and transferred it to a clean microcentrifuge tube
containing 600 uL of room temperature isopropanol. After
centrifugation, 70% ethanol was added. The DNA pellet was
collected after centrifugation, and it was incubated with
DNA Rehydration Solution at 65°C for 1 h. DNA was then
quantified using a NanoDrop Spectrophotometer. The
amount of platinum on the DNA was determined by using
ICP-MS. The concentration of platinum was expressed as the
percentage of platinum content in comparison with the
platinum estimated in the fed solution.

The samples were analyzed using ICP-OES for platinum
content along with the standards (0.01-1 ppm, and a blank
sample fitted in a linear plot with a correlation of 0.99). All
experiments were performed in duplicates along with un-
treated controls.

To estimate the Pt content in 3D spheroids, after the
exposure to Cisplatin or Pt-Curc NCs at the same con-
centrations described above, for 24 h at 37°C, all spheroids
were rinsed with 10 mL of PBS and were collected in a 15 mL
tube. After centrifugation (5min, 400 g), spheroids were
trypsinized to obtain a single cell solution and then pro-
cessed for DNA extraction. All experiments were done with
compound pretreated MCF7 cells with light exposure of
60 min (400-700 nm, 5J-cm ™).

2.13. Statistical Analysis. Statistical differences between
control and drug-treated cells were determined by one-way
ANOVA (Sidak). P values <0.05 were considered statistically
significant. Data were analyzed using the Stata 8.2/SE
package (StataCorp LP).

3. Results and Discussion

3.1. Physical Chemical Characterization. Ultrasonication
assisted LbL assembly process was used to obtain stable
nanocores of Pt-Curc complex starting from drug micro-
crystals. In this method, the complex PtCl(curc) (DMSO)
was added to a chitosan solution (0.10%) prepared in acetic
acid 0.5 M. The ultrasonication duration time was fixed to
20 min because beyond this time the particle size did not
decrease further. During sonication, the simultaneous de-
position of chitosan layer over the drug nanocore prevented
the aggregation and stabilized the mixture, thanks to the
strong positive charge derived from this polymer. LbL
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assembly was performed by sequentially adsorbing oppo-
sitely charged polymers: pectin and chitosan.

During LbL process, the value of zeta potential was
measured after the deposition of each layer. The charge
switched from the positive layer of chitosan to the negative
layer of pectin. The values of the zeta potential were
always around +25-30 mV. The colloidal stability is one
of the main features of a nanoformulation since it is
important to preserve the physicochemical properties.
The ultrasonication protocol, combined with LbL tech-
nology, is carried out carefully controlling the thickness
of the multilayer shell and its chemical composition. For
this reason, Pt-Curc NCs with different polymeric shell
thickness were prepared using either chitosan alone, or
bilayers of chitosan and pectin (CHI/PEC), s or four
bilayers of chitosan and pectin (CHI/PEC),s. Stability
studies of Pt-Curc complex NCs were performed in
deionized H,O at room temperature, measuring the zeta
potential and the size every day over 2 weeks (Figure S1).
The NCs stability was found dependent on the synthetic
procedure. NCs coated with only one layer of chitosan
showed, after one week, a decrease in zeta potential value,
accompanied by an increase in size dimension, probably due
to the aggregation. The (CHI/PEC),s bilayers coating
provided the best colloidal stability, as indicated by the
unvaried size and zeta potential over 2 weeks (Figure S1).
The increment of bilayers, (CHI/PEC),s, led to a fast NC
aggregation. These results are in accordance with literature,
suggesting that the colloidal stability is influenced by the
number of bilayers deposed around the drug nanocore
[34, 39]. Increasing the number of bilayers, the polymeric
system probably tends to compact itself and nanocolloids
and tends to aggregate, probably also for macromolecular
structure, concentration, and charge density of polymers. It
should be recalled that the growth mechanism of multilayer
is attributed to the dissociation of ionizable functional
groups, secondary interactions, or diffusion of polymers
through the formed shell [30, 40-42].

The best nanoformulation, Pt-Curc NCs (CHI/PEC), 5,
was used to determine the loading efficiency of drug inside
the polymeric shell. ICP-OES measurements estimated an
efficiency of around 78% (Table 1).

The monodispersity of these nanocolloids (NCs) was
confirmed using the dynamic light scattering (DLS) tech-
nique. The shape of the NCs was homogeneous, with no
observable aggregates; nanocores with a zeta potential of
about 28.81 +1.53mV and diameter of 120nm were ob-
tained (Figure 1(a)). As shown in TEM images (Figures 1(b)
and 1(c)), NCs exhibit a spherical shape with an average
diameter of about 100 +20nm. These results are summa-
rized in Table 1.

In this study, the Pt-Curc NCs were also subjected to
photostability studies by monitoring UV/Vis and PL spectral
changes with time (Figure 2). Curcumin ligand alone was
observed to show the stability in the buffer medium
(PBS—phosphate-buffered saline, pH =7.2), as reference. It
was prepared in ethanol, and the tested solution (50 uM) was
prepared in PBS. The Pt-Curc complex NCs were prepared at
the same concentration in PBS.

The absorbance and the emission intensity were mon-
itored for two weeks storing the samples in the dark at 4°C.
The absorption spectra of Pt-Curc complex NCs displayed a
broad intense absorption band at 450 nm, like curcumin.
The emission spectra of Pt-Curc NCs and curcumin resulted
also to be similar, showing a characteristic band at 530 nm
(Aex =430 nm). Pt-Curc NCs had a slightly lower emission
intensity probably due to the presence of platinum. This
behavior is already reported in the literature for other Pt-
complexes; however, to the best of our knowledge, the same
measurements related to nanocolloids have never been
recorded yet [43].

Furthermore, changes in UV/Vis and PL spectra were
monitored to study the photoexcitation and the stability
under light irradiation. Samples were irradiated with visible
light (400-700 nm, 2.5 J.em™2), and the absorbance and
fluorescence emission were recorded every 5 minutes for 3
hours. Results are reported in Figure 3. As expected, at the
beginning, curcumin displayed an intense absorption band
at 450 nm that rapidly degraded upon irradiation: just after
30 min, the peak intensity was halved. Pt-Curc NCs, at the
same concentration, showed a different absorption spectrum
that did not reach half of the absorption even after 3 hours of
irradiation (Figure 3(b)). The emission intensity of free
curcumin and Pt-Curc NCs was almost comparable.

UV/Vis and PL investigations suggest that Pt-Curc NCs
are stable in darkness and that their intensity remained
unchanged; however, the light is necessary for their activation.

In the literature, similar complexes, although not in
nanoformulation form, showed different behavior. The
photo exposure led to a gradual enhancement of emission
intensity at 530 nm that was accompanied with a gradual
decrement of absorbance, probably due to the detachment of
curcumin [44-47].

3.2. Loading Efficiency and Release. The loading efficiency
and the release rate were measured by ICP-OES. As reported
above, quantitative measurements revealed a loading effi-
ciency of about 78% for Pt-Curc NCs. Different polymeric
materials have been used as drug delivery vehicles. Each type
of polymer (natural, semisynthetic, and synthetic) has its
own specific features, and the physicochemical limitations
could tune the release rate and the targeting of the active
molecules to a specific site of action. In this regard, polymer
blending has been considered as an attractive approach to
fabricate novel and unique drug delivery systems with
modified physical and/or chemical characteristics. Drug
release from these polymeric systems can be tuned through
the changes in temperature and pH of the environment, and
physiochemical properties of the target organs. It is im-
portant to consider that possible molecular interactions
between polymers and drug molecules can significantly
affect the drug release profile from these blended polymeric
carriers. As shown in Figure S2, the release kinetics are
affected by light exposure and pH condition. The in vitro
release profile has been studied at pH 7.5 and 5.4, moni-
toring Pt-Curc NCs suspension at 1.0 mg/mL from 1 min to
72h. Chitosan is sensitive to acid pH [48], since the
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TaBLE 1: Size, size distribution, zeta potential, and encapsulation loading efficiency of Pt-Curc NCs.

Formulation Size (nm) Size distribution (nm) Zeta potential (mV) Encapsulation efficiency (%)
Pt-Curc NCs 100 + 20 0.048 +0.003 28.81 78
Size Distribution by Intensity
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FIGURE 1: Intensity profile of Pt-Curc NCs measured by DLS (a) and TEM images (b and ¢) of Pt-Curc NCs obtained after 20 min of
ultrasonication in chitosan solution. Scale bars are reported in each image.

protonation of the amino group occurs when the pH is
below its isoelectric point (6.3). For this reason, the kinetics
were faster at pH 54. In particular, at neutral pH
(Figure S2(a)), in dark condition, the sample reached the
plateau of about 40% release after 48 h. Visible light irra-
diation led to a discrete release of platinum from NC. The
release reached the 80% after 72 h.

In acid condition (Figure S2(b)), the release profiles (in
darkness and visible-light irradiation) are almost the same
because the low pH favors the chitosan degradation also in
dark condition, hiding the effect of light exposure.

3.3. Biological Activity

3.3.1. Cell Viability Studies. Drug delivery systems play an
important role in cancer treatment as they can directly target
cancerous cells increasing drug concentration in the tumor
environment [49, 50]. Several studies demonstrated that

nanocarriers increased the cytotoxicity effects on the can-
cerous cells [51, 52].

MTT assay was performed on human breast cancer cell
line (MCEF7) in the dark and in light conditions, in order to
study the cytotoxicity of nanocolloids [53]. At first, cells were
incubated with different concentrations of curcumin, cis-
platin, and both drugs, to evaluate the synergic effect of these
two drugs (cisplatin 35 M and curcumin 10 uM) [54], and
Pt-Curc NCs in darkness to obtain the ICs, values. The
cytotoxicity data was shown in Figure S5. The estimated ICs
values are 75uM for curcumin, 35uM for cisplatin, and
50 uM and Pt-Curc NCs. In the case of synergic treatment,
the presence of polyphenol (10 uM) sensitizes the cells to the
biological action of cisplatin (Figure S3).

These values, obtained in dark condition, were compared
with the ICsy estimated in our previous work [20] and
suggested that the nanocolloids improved the bioavailability
of platinum complex showing a cytotoxic effect 20% higher.
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FIGURE 2: (a) UV/Vis spectra of curcumin (black line) and Pt-Curc NCs (red line) in PBS (pH = 7.2). (b) Emission spectra of curcumin (black
line) and Pt-Curc NCs (red line) in PBS (excitation wavelength =430 nm).

These values were used for photo exposure experiments.
More in detail, the experimental setup provides the incu-
bation of MCF7 cells with both curcumin (75 M) and Pt-
Curc NCs (50uM) for 4h in the dark, and then, the cells
were subjected to irradiation with visible light for 1h
(400-700 nm, 2.5J-cm™2). The photoexcitation of cells in-
cubated with Pt-Curc NCs led to an abrupt decrease in cell
viability (data not shown), confirming that nanocolloids,
after photoirradiation, can make the Pt-complex immedi-
ately available to cells.

However, when similar photo exposure experiments
were carried out by using PtCl(curc) (DMSO), as molecule
as it is, after irradiation, a lowering of cell viability was
observed, with a slight reduction of IC5, value [20].

Since photoactivation increases the toxicity of our
nanoformulation, it was necessary to investigate a nano-
molar range of concentration (1.0nM and 1000 nM). The
results reported in Figure 4 indicate that photoirradiation
did not affect cell health (black histogram). The ICs, of
curcumin (75uM) caused a substantial decrease in cell vi-
ability under light irradiation (10, 5%). In the case of Pt-Curc
NCs, the nanomolar concentrations, which in darkness gave

obviously no effect on cell viability, under photoactivation,
surprisingly, led to an increase in cytotoxicity. In particular,
Pt-Curc complex NCs at concentration of 1.0 nM affected on
cell viability decreasing the value by about 20%; at 50 nM, the
cell viability decreased significantly at 50%.

To gain insight into biological effect of Pt-Curc NCs, the
nanoformulation was tested on MCF7 cells in order to check
the induction of apoptosis by using Annexin V/PI double
staining, in a cytofluorimetric assay. Cells were treated with
curcumin at ICsq (75uM), Pt-Curc NCs (50nM) without
irradiation and Pt-Curc NCs (50nM) under visible light
irradiation. Results shown in Figure 5 demonstrate that, in
dark condition, curcumin led to a reduction of cell viability
of 50%; whereas the Pt-Curc NCs showed a negligible cy-
totoxicity (10%). Instead, under visible light irradiation, the
apoptotic rate significantly increased when MCF7 was
treated with Pt-Curc NCs at the same nominal concentra-
tion (50 nM).

3.3.2. Cytotoxicity toward 3D Spheroids. The cytotoxicity
studies were conducted on 3D spheroids as a tumor model to
evaluate the therapeutic efficacy of Pt-Curc complex NCs.
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Spheroids, which were generated in a highly reproducible
manner, represent one of the simplest methodologies used
for drug screening in cancer research, because they mimic
the in vivo environment and are more physiologically rel-
evant system than 2D monolayers [55].

At first, the growth of spheroids was monitored using
optical microscope (Figure S4). The morphological changes
during spheroid formation involved different stages [56]. At
the beginning, day 1, thanks to the hydrophobicity of the
substrate, single cells suspension spontaneously self-as-
sembled to form cell aggregates. After 48-72h, cell aggre-
gates and the spheroids become more compact due to
cellular reorganization and extracellular matrix (ECM)

secretion. After 3-5 days, the spheroids revealed a smooth
and continuous surface, and the morphology did not change
significantly. For this reason, all tests were performed at day
5 after seeding.

To investigate the biological efficacy of Pt-Curc NCs, 3D
spheroids of MCF7 tumor cells with an average diameter of
~300—-400 ym were exposed for 24 h to either free Curcumin
at ICsy concentration value (75um), Cisplatin at ICs
concentration value (35uM), and Pt-Curc NCs (50 nM).

A morphological analysis and cytotoxic evaluation were
carried out. After 24h of incubation with all tested com-
pounds, cells exhibited clear signs of cytotoxicity: spheroids
lost the cohesion, and the edges became irregular. This
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finding was particularly prominent in MCF7 spheroids after
the treatment with Pt-Curc NCs and the exposure to light
irradiation (Figure S4).

The association of the altered morphology and the vi-
ability of the spheroids was evaluated via flow cytometry
using Annexin-PI test (Figure 6). The results obtained in
dark condition indicated that, after 24h of treatment, the
cytotoxicity induced by curcumin was around 40%, while, in
the case of Cisplatin, the value was around 20%. Instead, the
treatment with Pt-Curc Complex NCs led to a cytotoxicity of
about 50%.

This difference in cytotoxicity, even after 24 h of incu-
bation, can be explained admitting that the nanocolloids
have been actively taken up by tumor 3D spheroids and
readily penetrate them controlling the release of curcumin

and platinum. This behavior can be, also, justified by high
sensitivity of the cells in S phase of the cell cycle. The cy-
totoxic mode of action of metal drug is mediated by its
interaction with DNA and leading up in the activation of
apoptosis [57, 58].

This effect is clearer after visible light irradiation. Cur-
cumin and cisplatin gain a significant cytotoxicity, reaching
a value of about 65% in both cases; but the effect of our
nanoformulation is more evident.

In fact, the treatment with Pt-Curc NCs under visible
light irradiation led to a decrease in cell viability up to 72.5%.
This demonstrates that the development of a water soluble
nanocarrier containing curcumin and platinum increases
the penetration inside tumor spheroids resulting in higher
cytotoxic effects.
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FIGURE 6: Apoptosis of spheroids of MCF7 cells mediated by curcumin, Cisplatin, and Pt-Curc NCs after 24 h in the dark (top series) or
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3.3.3. Cell Uptake Studies in 2D and 3D Spheroids.
Confocal microscopy experiments were carried out to study
the cellular localization of Pt-Curc NCs. Exploiting curcu-
min fluorescence, it is possible to track nanocolloids lo-
calization inside cells without using other fluorescent
probes. We imaged the cells after two time points of in-
cubation, 30 min, and 2 h, with curcumin alone and Pt-Curc
NCs. Figure 7 shows the relevant confocal micrographs; in
blue are the stained nuclei of MCF?7 cells and in green is the
fluorescence associated to curcumin.

The internalization was very fast in MCF7 cells; confocal
microscopy investigation clearly confirmed that curcumin
efficiently and rapidly entered cells and showed its main
cytoplasmic localization within 30 min (Figures 7(a)-7(c)).
As reported in the literature, curcumin degraded rapidly
[59, 60], and indeed no fluorescence appears after 2h of
incubation in darkness (Figures 7(d)-7(f)). Conversely, in
the case of Pt-Curc NCs, the curcumin is firmly bonded to
the platinum center, and we observed intense fluorescence
even after two hours of incubation (Figures 7(g)-7(1)) (z-
stack micrographs were reported in Figure S5). This ob-
servation is in line with results obtained in in vitro stability
tests.

The targeting of solid tumor tissue is blocked by the
restricted interstitial transport, which reduces chemother-
apeutic drug diffusion in vivo [61]. For this reason, in the
present study, to better mimic the extracellular
microenvironment, the internalization process of our

nanoformulation was also investigated in MCF7 3D
spheroids [62-64].

Figure 8 displays representative spheroid cross-sections
observed by confocal microscopy (see videos in SI). The
images show that Pt-Curc NCs induced a strong green
fluorescence, which indicates the uptake of nanocolloids by
3D spheroids. The fluorescence signal persists for long time.
The behavior of curcumin alone was the same evidenced in
2D monolayer; that is, it was degraded within 10 h.

3.3.4. Pt Estimation. The platinum(II) content was esti-
mated by ICP-OES . MCF?7 cells in 2D monolayer and 3D
spheroids were treated at the ICsy concentrations with
Cisplatin (35uM), Cisplatin and curcumin (35y¢M and
10 uM, respectively), and Pt-Curc complex NCs (50 nM).
The experiments were carried out both in dark and under
light irradiation. The Pt content was evaluated in the nuclear
fraction (Figure 9).

Pt estimation by ICP-OES confirmed that, in darkness
condition, a scarce quantity of platinum reaches the nucleus,
and also in the case of Pt-Curc complex NCs. In the case of
3D spheroids, it is evident that the nanoformulation readily
penetrates tumor cells aggregate. Results indicate that the
photo exposure encourages the Pt(II) migration from cy-
tosol to nucleus, because the Pt content in this fraction is
abundant. This datum indicates the successful photo-
activation of the complex. Pt-Curc complex NCs showed a
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higher cellular accumulation in 3D spheroids in comparison
to 2D monolayer, suggesting that the solubility of the
nanoformulation is essential for a biological efficacy. These
data confirm that light exposure is an effective way to im-
prove drug efficacy minimizing side effects.

4. Conclusion

In the present study, a light stimuli responsive polymeric
delivery system for Pt-Curc complex was prepared and
deeply characterized.

We developed a water soluble and visible light-induced
apoptosis activatable nanoformulation of a metal curcumin
complex with an average size of 120 nm. Unlike conven-
tional photo therapy using high-energy light, in the present
work, low-energy irradiation was enough to induce apo-
ptosis in cancer cells.

All biological experiments, carried out both in 2D and in
3D systems, demonstrated the therapeutic efficiency of Pt-
Curc NCs, in terms of cell internalization and biological
effect.

The polymeric drug delivery system showed a behavior
superior to other nanocarriers reported in the literature,
which have shown a fast exocytosis and are associated to a
lower therapeutic performance [65]. Using light irradiation,
it is possible a fine control of Pt(II) release from Pt-Curc NCs
without a slow diffusion that normally occurs in other drug
delivery systems. A fast cellular internalization, especially in
3D tumor spheroids, is ensured by the employment of
cationic polymers [66], chitosan, on the external surface.

Exploiting the photoactivation, it is possible to use
nanomolar concentration of Pt-Curc NCs obtaining a ma-
terial biologically inactive in dark conditions and very ef-
fective under light irradiation. This is an advantage because it
is possible a fine control during administration. This great

cytotoxic effect has been explained by NCs stability inside
cancer cells and high targeting capability.

Both physical characterization and biological experi-
ments suggest that the nanoformulation of Pt-Curc NCs is
very stable inside cancer cells because the fluorescence
persists for a long time, whereas the curcumin alone de-
graded rapidly. The estimation of DNA-Pt adducts showed
that a nuclear targeting is achieved by the active form of
molecular Pt(IT) complex NCs following light-activation.

Thus, we argue that the Pt-Curc NCs activated via light-
induced apoptosis can overcome many limitations of the
current light cancer therapy such as low efficacy, insolubility
of photosensitizers, poor tissue penetration, and rapid ox-
ygen depletion [67].
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