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Abstract

OH

Nanoencapsulation of antiproliferative and chemopreventive phytoalexin trans-resveratrol (RSV)
is likely to provide protection against degradation, enhancement of bioavailability, improvement
in intracellular penetration and control delivery. In this study, polymeric nanoparticles (NPs)
encapsulating RSV (nano-RSV) as novel prototypes for prostate cancer (PCa) treatment were
designed, characterized and evaluated using human PCa cells. Nanosystems, composed of a
biocompatible blend of poly(epsilon-caprolactone) (PCL) and poly(o,.-lactic-co-glycolic acid)-
poly(ethylene glycol) conjugate (PLGA-PEG-COOH), were prepared by a nanoprecipitation
method, and characterized in terms of morphology, particle size and zeta potential, encapsulation
efficiency, thermal analyses, and in vitro release studies. Cellular uptake of NPs was then
evaluated in PCa cell lines DU-145, PC-3, and LNCaP using confocal fluorescence microscopy,
and antiproliferative efficacy was assessed using MTT assay. With encapsulation efficiencies
ranging from 74% to 98%, RSV was successfully loaded in PCL:PLGA-PEG-COOH NPs, which
showed an average diameter of 150 nm. NPs were able to control the RSV release at pH 6.5 and
7.4, mimicking the acidic tumoral microenvironment and physiological conditions, respectively,
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with only 55% of RSV released within 7 h. In gastrointestinal simulated fluids, NPs released about
55% of RSV in the first 2 h in acidic medium, and their total RSV content within the subsequent 5
h at pH 7.4. Confocal fluorescence microscopy observations revealed that NPs were efficiently
taken up by PCa cell lines. Furthermore, nano-RSV significantly improved the cytotoxicity
compared to that of free RSV toward all three cell lines, at all tested concentrations (from 10 uM
to 40 uM), proving a consistent sensitivity toward both the androgen-independent DU-145 and
hormone-sensitive LNCaP cells. Our findings support the potential use of developed
nanoprototypes for the controlled delivery of bioactive RSV for Pca chemoprevention/
chemotherapy.

Keywords

resveratrol; nanoparticles; poly(epsilon-caprolactone); poly(o,.-lactic-co-glycolic acid)-
poly(ethylene glycol) conjugate; prostate cancer

INTRODUCTION

trans-Resveratrol (RSV), the natural phytoalexin present in grapes, berries, peanuts and red
wine, is well-known for its antioxidant,! antiaging,23 antiviral,# cardiovascular® and neuro-
protective effects.® As far as the antiproliferative properties are concerned, in 1996, Jang and
coauthors published the first article on the ability of RSV to inhibit initiation and promotion
of induced skin cancer and progression of breast cancer in mice.” Since then, numerous
studies demonstrated antiproliferative, anticancer and chemopreventive efficacy of RSV
against of a wide variety of tumors including lymphoid,® myeloid,® breast,10 prostate,11:12
colon,!3 pancreas, 4 lung,1> melanoma,6 ovarian,1” and cervical cancers.18 In addition, it
was also demonstrated that RSV directly modulates various molecular signal transduction
pathways that are known to induce cancer cell death or to inhibit cancer cell
proliferation.19:20

Many in vitro studies established that RSV inhibits the growth of LNCaP (hormone-
sensitive cells), DU-145 (androgen-independent cells), and PC-3 (hormone-independent line
possessing dysfunctional androgen receptors) prostate cancer (PCa) cell lines in a
concentration-dependent manner.2! RSV induces apoptosis in LNCaP and DU145 cells
through different protein kinase (PK) C-mediated and mitogen-activated protein kinases
(MAPK)-dependent pathways.2? It has also been shown to reduce oxidative stress within
premalignant cells, and to decrease the production of nitric oxide in PC-3 and DU-145 cells,
thus reducing growth and spread of PCa.23 The chemopreventive effect of RSV on PCa was
also supported by animal studies.24.25

Regardless of the promising results, the extensive use of RSV has met only limited success,
largely due to its instability, poor solubility, inefficient systemic delivery, and low
bioavailability.26:27 To overcome these physicochemical and pharmacokinetic limitations,
the encapsulation of RSV into nanodevices is a major challenge, and nanotechnology
represents a powerful strategy.28-31 In fact, the nanoencapsulation of chemo-therapeutic
agents, such as bioactive natural products, provide many advantages in the protection of
degradation and interaction with the biological environment, as well as enhancement of
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absorption, bioavailability, retention time, improvement of intracellular penetration and
control delivery.32-37

Concerning the biopolymers to be used for the preparation of NPs, several studies
demonstrated the effectiveness of poly(o,.-lactic-co-glycolic acid) (PLGA) as a promising
biomaterial for many therapeutic application, with the potential to protect the loaded
compounds from degradation, as well as to provide a sustained drug release.38:39
Mechanistically, PLGA NPs are usually taken up by endocytosis, which then release the
drug at intracellular locations resulting in enhanced therapeutic action and reduced side
effects.40:41

Moreover, the rapid reticuloendothelial system (RES) uptake of PLGA NPs could be
significantly reduced by modifying their surface with poly(ethylene glycol) (PEG) that
prevents opsonin binding, prolongs the circulation time of nanosystems in the blood and
allows their targeting to tissues.#243 Again, such constructs of size <200 nm with
hydrophilic surfaces tend to exhibit an improved enhanced permeability and retention (EPR)
effect, which has been attributed to the increased residence time of the carrier in blood.444°

However, so far, only few RSV nanosystems for cancer treatment have been reported. In
particular, RSV incorporated into mPEG-poly(epsilon-caprolactone)-based NPs showed
higher cytotoxicity compared to free RSV against glioma cells.*6 On the other hand, RSV-
bovine serum albumin NPs significantly inhibited the growth rate of subcutaneously
implanted human primary ovarian carcinoma cells in nude mice.4’

To continue our research program focused on the use of natural compounds on cancer
chemoprevention of PCa,*8-50 in this study we propose a first example of biocompatible
polymeric NPs encapsulating RSV as a potential carrier for PCa treatment.

To explore and to modulate the properties of the polymeric matrix, we envisioned to obtain
nanosystems by a blend of two biocompatible polymers, poly(epsilon-caprolactone) (PCL)
and poly(o,.-lactic-co-glycolic acid)-poly(ethylene glycol) (PLGA-PEG-COOH) conjugate.
Subsequently, the target NPs were prepared, fully characterized and investigated by
physicochemical techniques, encapsulation efficiency and in vitro release studies. Finally,
cellular uptake of the fluorescent NPs was detected, and nano-RSV prototypes were
evaluated for their ability to inhibit the growth of DU-145, PC-3, and LNCaP cells.

EXPERIMENTAL SECTION

Materials

For preparation of NPs, PLGA (lactide/glycolide ratio of 50:50, carboxylic acid end group,
viscosity range: 0.20 dL/g) was kindly provided from Purac Biomaterials (Gorinchem,
Netherlands). PCL, RSV powder and fluorescein-5-isothiocyanate (FITC) were purchased
from Sigma-Aldrich (Steinheim,Germany). The heterofunctional PEG polymer with a
terminal amine and carboxylic acid functional group, NH,-PEG-COOH (MW = 3400), was
purchased from JenKem Technology USA. All solvents and other chemicals were obtained
from Sigma-Aldrich, were analytical grade and were used without further purification.
Nuclear magnetic resonance (*H NMR) spectra were determined in CDCl3 and were
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recorded at 500 MHz on a Bruker Avance 500. Chemical shifts are reported in parts per
million (ppm) downfield from tetramethylsilane (TMS), used as an internal standard. The
purity of copolymer was determined by high performance liquid chromatography (HPLC)
using an HP 1200 (Agilent Technologies, U.S.) system equipped with a Hypersil BDS C18
column (Alltech Italy, 250 mm x 4.6 mm i.d., 5 um particle size); this material was found to
be >95% pure.

PLGA-PEG-COOH Conjugation

To a solution of PLGA-COOH (3.0 g, 0.166 mmol) in anhydrous methylene chloride (10
mL), were added N-hydroxysuccinimide (NHS, 76 mg, 0.66 mmol) and 1-ethyl-3-(3-
dimethylaminopropyl)-carbodiimide (EDC, 140 mg, 0.72 mmol), and the reaction mixture
was magnetically stirred at room temperature for 12 h under nitrogen atmosphere. PLGA-
NHS was obtained by precipitation with cold diethyl ether (10 mL) as a white solid, which
was filtered and repeatedly washed in a cold mixture of diethyl ether and methanol and then
dried with nitrogen and under vacuum (yield, ~95%). The polymer activated PLGA-NHS
(3.0 g, 0.166 mmol) was dissolved in anhydrous chloroform (10 mL), and NH,-PEG-COOH
(0.75 g, 0.22 mmol) and N,N-diisopropylethylamine (DIPEA) (42 mg, 0.75 mmol) were then
added under magnetic stirring. The reaction mixture was magnetically stirred at room
temperature for 24 h. The copolymer was obtained by treating the mixture with cold diethyl
ether (yield, ~90%). The resulting PLGA-PEG block copolymer was dried under vacuum,
characterized by TH NMR (500 MHz), and used for NP preparation without further
treatment. 'H NMR (500 MHz, CDCls): § 5.23 (m, -OC— CH(CH3)O-, PLGA), 4.78 (m, —
OC-CH,0-, PLGA), 3.65 (s, -CH,CH,0—, PEG), 1.56 (brs, -OCCHCH30—-, PLGA).49

Nanoparticle Formulation

PCL:PLGA-PEG-COOH blend based NPs, with a mass ratio of 1.5:1, were prepared by a
nanoprecipitation method. PCL, PLGA-PEG-COOH and RSV at three different
concentrations (2, 3, and 4%, w/w, indicated as RSV1, RSV2, and RSV3, respectively) were
dissolved in acetonitrile and added into water, under gentle stirring, giving a final polymer
concentration of about 7.0 mg/ mL.

The resulting milky colloidal suspension was stirred at room temperature to remove the
organic solvent. NPs were centrifuged at 10,000 rpm for 5 min and washed with water to
remove the unencapsulated RSV. RSV-free NPs (RSVO0) were produced in a similar manner
and used as comparison.

The fluorescent FITC-loaded NPs were prepared using the above-mentioned procedure, by
adding 0.67 mg of FITC instead of RSV. The obtained NPs suspension was used
immediately for assay or lyophilized for storage at —50 °C.

Scanning Electron Microscopy (SEM) Analysis

Morphological examination of NPs was performed by scanning electron microscopy (SEM)
(model DSM 962; Carl Zeiss Inc., Germany). A drop of NPs aqueous suspension was placed
on an aluminum stub and dried under vacuum for 12 h. The samples were then analyzed at
20 kV acceleration voltage after gold sputtering, under an argon atmosphere.
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Measurement of Particle Size and Polydispersity Index

Particle size (PS) and polydispersity index (PI) were measured at 25 °C using photon
correlation spectroscopy (Zetasizer Nano ZS; Malvern Instruments, U.K.) at a temperature
of 25 °C, and a scattering angle of 90° after dilution of formulations with Milli-Q water.
Each sample was measured in triplicate.

Measurement of Zeta Potential

The zeta potential of NPs was measured at 25 °C with a Zetasizer Nano ZS under an
electrical field of 40 VV/cm. The samples were diluted with Milli-Q water and sonicated for
several minutes before measurement. The data were obtained with the average of three
measurements.

Drug Loading Content, Encapsulation Efficiency and Yield of Production

The amount of RSV encapsulated was determined by dissolving an aliquot of NPs (1.5 mg)
in 1 mL of acetonitrile. The solution was filtered through a 0.2 um syringe filter and
analyzed by UV-vis spectroscopy (Cary 3, Varian) at 320 nm, and calculated by referring to
the calibration curve (standard solutions in the range of 0.5-10 pg/mL; R? = 0.9996).

The drug loading content (DLC %), drug entrapment efficiency (EE %), and yield of NPs
(YP %) were presented by the following equations, respectively:

DLC % = (weight of drug in NPs/weight of NPs) x 100
EE % (actual RSV content/theoretical RSV content) x 100

YP % (weight of NPs recovered/weight of polymer and RSV fed initially) x 100

Fourier Transform Infrared Spectroscopy (FT-IR)

The chemical composition of the RSV, PLGA-PEG-COOH, PCL, and RSV-loaded NPs was
analyzed by FT-IR spectral measurements by using a Nicolet Nexus FT-IR
spectrophotometer at a resolution of 4 cm™ in KBr pellets, in the range 400-4000 cm™1.

Thermal Analyses

The thermal properties of the empty and RSV-loaded NPs were determined using a
differential scanning calorimeter (DSC) Q100 V 9.0 calorimeter (TA Instruments, New
Castle, DE, USA). Indium was used to calibrate the instrument. The thermograms of
samples were obtained at a scanning rate of 10 °C/min in 30-500 °C temperature range and
performed under an Ar purge (50 mL/ min). The thermal measurements were carried out on
pure RSV, PCL, and PLGA-PEG-COOH (raw materials), freeze-dried empty and RSV-
loaded NPs, and the physical mixture of RSV, PCL, and PLGA-PEG-COOH. With the aim
of determining the thermal stability of the samples, thermogravimetric analysis (TGA) was
performed using a TGA Q5000IR (TA Instruments). Thermograms were obtained from 30
to 800 °C with a constant heating rate of 20 °C/min under air atmosphere, using aluminum
crucibles with about 0.5 mg of each sample.
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In Vitro Drug Release

Cell Culture

Cell Growth

Formulation RSV3, loaded with 4% w/w of RSV, was chosen, on the basis of EE% results,
for the next step of the study.

The in vitro release test were carried out at different pH conditions:

e atpH 1.2 for 2 h followed by pH 7.4 for 5 h, to simulate gastric and intestinal
fluids, respectively;

» in phosphate buffer solution (PBS) at pH 6.5 and 7.4 for 24 h, to mimic both the
slightly acidic microenvironment of extracellular fluid in most tumors and the
physiological conditions, respectively.

About 2.0 mg of RSV-loaded NPs and pure RSV were placed into dialysis bags and
suspended in 20 mL of release medium under sink conditions, then incubated at 37 °C and
stirred at 200 rpm. At predetermined time intervals, 1 mL of sample was withdrawn and
replaced with an equal volume of the corresponding fresh medium to maintain a constant
volume. Samples were filtered and RSV concentration was assayed spectrophotometrically
at 320 nm, thus calculated by referring to the respective calibration curve with standard
solutions in the range of 0.5-20 pg/mL: in 0.1 N HCI, pH 1.2 (R? = 0.9992); in PBS, pH 6.5
(R2'=0.9990) and pH 7.4 (R% = 0.9991). Each experiment was performed in triplicate.

The prostate carcinoma DU-145, PC-3, and LNCaP cells were obtained from American
Type Culture Collection (Manassas, VA, USA). The cells were cultured in RPMI 1640 and
were maintained under standard cell culture conditions supplemented with 10% FBS and 1%
penicillin/ streptomycin at 37 °C and 5% CO, environment.

and Viability Assay

The cell growth and viability were assessed by the 3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyl
tetrazoliumbromide (MTT) assay as described previously. Briefly, the cells were plated at 1
x 104 per well in 200 pL of complete culture medium. The next day, cells were treated with
native drug or nano-RSVs for 72 h, at 10, 20, 30, and 40 uM equivalent RSV concentrations.
Each concentration was repeated in 10 wells.

After incubation for the specified time at 37 °C in a humidified incubator, cell viability was
determined. MTT (5 mg/mL in PBS) was added to each well and incubated for 2 h, after
which the plate was centrifuged at 5009 for 5 min at 4 °C. The MTT solution was aspirated
from the wells using vacuum, and 0.2 mL of buffered DMSO was added to each well. After
a 10 min mixing, the absorbance was recorded on a microplate reader at the wavelength of
540 nm. The effect of each agent on growth inhibition was assessed as percentage of cell
viability in which vehicle-treated cells were taken as 100% viable. The experiment was
repeated three times with similar outcomes.
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Cellular Uptake

Fluorescence microscopy was utilized to examine the cellular uptake of the nano-RSVs.
Cells were plated in a 2-chambered slide at 5,000 cells/well and allowed to grow for 18 h.
Postattachment, the cells were incubated for 120 min with FITC-loaded NPs. Unbound
micelles were removed by washing three times with PBS, the cells were mounted using
Gold Antifade Reagent containing DAPI (Life Technologies, Grand Island, NY), and the
mountant was allowed to cure overnight in the dark at room temperature. The images were
examined under Nikon Eclipse Ti inverted microscope (Nikon Instruments, Inc., Melville,
NY), and images were captured with a camera attached to the microscope. The experiment
was repeated four times with similar results.

Statistical Analysis

All data were subjected to one-way analysis of variance (ANOVA) (GraphPadPrism,
version 5.03). Individual differences were evaluated using a nonparametric post hoc test
(Tukey’s test) and considered statistically significant at P < 0.05.

RESULTS AND DISCUSSION

To obtain an efficient polymeric carrier suitable to be used for the encapsulation of bioactive
RSV, we sought to prepare anosystems by a blend of two biocompatible polymers, PCL and
PLGA-PEG-COOH conjugate. While PCL was commercially available, the diblock
copolymer PLGA-PEG-COOH was synthesized by conjugating heterofunctional PEG, NHo-
PEG-COOH to PLGA-COOH, following a modified procedure.*®

Synthesis and Characterization of Diblock Copolymer PLGA-PEG-COOH

PEGylation of PLGA NPs is a useful strategy to prevent rapid RES uptake and prolong the
systemic circulation time by preventing opsonin binding to the NP surface.#2 Moreover,
PEGylation strategy is conveniently used to increase the aqueous solubility and stability of
PLGA, also reducing intermolecular aggregation and decreasing immunogenicity, as
mentioned above. The preparation of PEGylated NPs has been previously investigated by
several synthetic strategies, for example by coupling PEG to PLGA to obtain the starting
polymer PLGA-PEG.52 Thus, the diblock copolymer PLGA-PEG-COOH (Figure 1) was
synthesized by conjugating heterofunctional PEG, NH»-PEG-COOH to activated PLGA-
COOH using standard carbodiimide/NHS-mediated chemistry, following a modified
procedure previously reported.4?

PLGA-COOH was reacted with EDC and NHS in CH,Cl, at room temperature to activate
the carboxylic acids to the ester PLGA-NHS. The structure of copolymer was confirmed
by IH NMR spectroscopy (Figure 2).

From the analysis of the spectra, a signal pattern consisting of a peak centered at 3.65 ppm,

corresponding to the PEG methylene protons, together with typical peaks at 5.23, 4.78, 1.56
ppm, of the PLGA, was detected. Furthermore, we confirmed an increased efficacy of PEG

conjugation to PLGA, as previously described.49:52.53
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Formulation of NPs

RSV is of great interest in nutrition and medicine due to its potential health benefits, and
some recent research programs are devoted to investigating innovative formulation
strategies in order to provide a controlled release and/or to improve its stability and
bioavailability.>45°

In this study, we developed RSV loaded polymeric NPs as suitable carriers to be used in
PCa therapy. The target nanosystems were successfully prepared by a simple nano-
precipitation method using a blend of PLGA-PEG-COOH conjugate and PCL, loading
different amounts of RSV, and were fully characterized and investigated for their
morphology, particle size and zeta potential, encapsulation efficiency, FT-IR, thermal
analyses, and in vitro release kinetic. The PLGA, selected owing to their biocompatibility
and biodegradability, is extensively used for a variety of drug delivery systems as well as for
targeted and nontargeted nanoparticulate systems.41:53 Moreover, surface modifying NPs
with PEG are widely known to reduce nonspecific interactions, to prolong circulation time,
and to promote their accumulation in tumors due to the EPR effect.#4.52

Among biodegradable polymers, PCL is suitable for controlled drug delivery due to its high
permeability to many drugs and nontoxicity.>8 Furthermore, PCL shows an exceptional
ability to form blends with other polymers that can allow tailoring mechanical properties and
degradation kinetics.>” Concerning the interaction between these polymeric components,
during the formation of NPs, the PLGA block would interact with the PCL to form a
hydrophaobic core, while the hydrophilic PEG-COOH chains protrude from the particle
surface to stabilize the core.

Morphological Examination

Figure 3 shows SEM images of unloaded NPs (a) and NPs loaded with 4% w/w of RSV (b),
chosen as examples. Similar morphological aspects of NPs with distinct spherical shape and
without a tendency to aggregate were observed.

Particle Size and Zeta Potential

The hydrodynamic diameter and zeta potential of NP batches are summarized in Table 1.
The results indicated that the particle mean diameter is about 150 nm, independently of the
initial RSV amount loaded. Besides, the nanoparticle dispersions exhibit a unimodal
distribution, and polydispersity index (PI) values ranging from 0.110 to 0.146, typical of
monodispersed systems.%8

The zeta potential was negative for both loaded and unloaded NPs, as a result of the
negatively charged carboxyl groups on the terminal of PLGA-PEG.

Drug Loading, Encapsulation Efficiency and Yield of Production

As reported in Table 2, the percentage of RSV content resulted as 1.55%, 2.21% and 3.95%
for batches loaded with 2%, 3% and 4% of RSV, respectively. This finding suggests that the
encapsulation of RSV into the polymeric matrix of NPs is dependent on the initial amount of
RSV used.
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The high incorporation capability of polymeric blended NPs, with EE values ranging from
74% to 99%, can be explained by taking into consideration the amphiphilic characteristics of
the RSV molecule.34 In fact, the presence of the hydrophobic PCL and PLGA moieties and
the hydrophilic PEG-COOH chains promote a good accommodation of the drug molecules
into the polymeric matrix. Moreover, the nanoprecipitation process ensures good yields of
production ranging from 43% to 62%.

Fourier Transform Infrared Spectroscopy

The qualitative composition of NPs was investigated by FT-IR spectroscopy. As shown in
Figure 4, for PCL, it is possible to detect strong bands such as the carbony! stretching mode
near 1725 cm™1, and bands at 2949-2865, 1293, 1240, and 1190 cm~2 corresponding to
CH,, C-C, asymmetric COC, and OC-O stretching, respectively. The PLGA-PEG-COOH
spectrum is coherent with the structure of the expected copolymer (Figure 4), which shows
an absorption band at 3300-3500 cm™2, assigned to the terminal hydroxyl groups, and bands
around 3000 cm~ and 2860 cm™2, due to C—H stretch of CH3 and CH,, respectively.
Moreover, the strong signal at 1757 cm™1 is assigned to C=0 stretch, the absorption peaks at
1640 and 1556 cm-1 are associated to C=0 and C-N of amide bond, and the band at 1190
cm~1 is due to C-O stretch. The spectrum of RSV is characterized by the olefinic bands at
1010-968 cm™1, C-O stretching vibrations at around 1150 cm-1, the intense C—C olefinic
stretching at 1585 cm™1, and C—C aromatic double-bond stretching at 1610 cm™1 . To further
support the proposed composition of RSV-NPs, overlapping signals corresponding to the
above-mentioned materials (i.e., PCL, PLGA-PEG-COOH, and RSV) were thus detected for
the corresponding sample.

Thermal Analyses

DSC experiments were performed to investigate the physical state of the RSV in the NPs,
RSV and polymer interactions, and interpolymer interactions and mixture behavior. Figure
5a shows the DSC thermograms of pure RSV, PCL, and PLGA-PEG-COOQOH. The DSC
curve of RSV exhibited the characteristic endothermic peak correspond-ing to the melting
point at 269.80 °C323 The DSC thermogram of semicrystalline PCL showed a melting
endotherm (63.44 °C) with an enthalpy of 100.6 J/g, and an endothermic decomposition
peak centered at 416.44 °C. In a DSC scan of amorphous PLGA-PEG-COOQOH copolymer an
endothermic decomposition peak appeared at about 340.17 °C. In Figure 5b, the DSC scans
of unloaded and loaded NPs clearly show that the melting endotherms of PCL decreases by
about 5 degrees compared to the pure PCL, and enthalpy of fusion decreases to about 80 J/g.
A considerable shifting of endothermic decomposition peak of PLGA-PEG-COOH is
observed from 340 °C to about 310 °C.

The observed changes of thermal behavior are classically associated with miscibility of PCL
with other polymers and indicate specific interactions between the two polymers physically
blended in the NPs.%9 Similarly, the DSC scans of the physical mixture of polymers and
RSV confirmed the presence of a shifting of decomposition peaks with respect to pure
polymers.
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However, the absence of melting peak of RSV in the loaded NPs suggests that entrapped
RSV was dispersed molecularly as amorphous state into the polymer matrix.3”

As shown in Figure 6, the weight loss at 180 °C is 2.2% and 0.5% for free NPs (a) and RSV-
loaded NPs (b), respectively, demonstrating that the samples did not suffer appreciable
thermal decomposition below this temperature. This suggests that both loaded and free NPs
can be processed with thermal treatments below 180 °C under air atmosphere.

At higher temperature, three peaks are present in the weight loss derivative curves of both
free and loaded NPs. These peaks correspond to three processes involved in the thermal
decomposition of each sample. Interestingly, the temperatures associated with the
decomposition of the loaded NPs (270, 360, and 470 °C) are higher than those
corresponding to the decomposition of the free NPs (230, 350, and 460 °C). This finding
may suggest that the thermal stability of NPs loaded with RSV is improved with respect to
free NPs.

In Vitro Drug Release

In order to enhance RSV bioavailability, the development of controlled delivery systems is
emerging as a promising strategy. As for route of administration, research has leaned toward
oral forms as they allow easy chronic administration, but parenteral forms, which escape
intestinal metabolism, are also envisaged for acute treatment.50

To evaluate the potential of prepared NPs for parenteral and oral administration, we
performed the in vitro release test in different media, at pH 6.5 and pH 7.4, to mimic both
the acidic tumoral microenvironment and the physiological conditions, respectively, and at
pH 1.2 for 2 h followed by pH 7.4 for 5 h, to reproduce the upper and lower gastrointestinal
tract.

The cumulative amount of RSV released from NPs at pH 6.5 and pH 7.4, is reported in
Figure 7a and compared with the dissolution behavior of free RSV. Results showed that free
RSV dissolved quickly, its concentration being, under the conditions used, much lower than
the limit of its solubility in water.60

Nanoparticle formulations showed an overlapping of release profiles, suggesting that the pH
of the medium did not significantly affect the release of RSV from nanosystems. In
particular, NPs are characterized by a controlled release with only 55% of RSV released
within 7 h. Moreover, at both pH values, a complete release of RSV is obtained after 24 h of
the test.

The results of in vitro release test performed in gastrointestinal simulated fluids are depicted
in Figure 7b. As previously noted, the free RSV dissolves completely within the first 60
min. NPs release about 55% of encapsulated RSV within the first 2 h in acidic medium, and
their total RSV content within the subsequent 5 h at pH 7.4. Despite previous results, in
these conditions the release rate of RSV from NPs is strongly influenced by the pH of the
medium and results 2.2-fold higher at pH 1.2 than that at pH 7.4. To investigate the kinetics
and mechanism of RSV release from NPs, the release data were fitted to zero order (Q =
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kot), first order (In(100 — Q) = In Qp - kqt), Higuchi (Q = ky tY2), and Korsmeyer— Peppas
models.51

Table 3 shows the correlation values (R2) used as an indicator of the best fitting of the
models considered for RSV-NPs in different media. For all tested conditions, the best
linearity was found in Higuchi’s equation plot. Besides, to understand the drug release
mechanism, the first 60% drug release data was fitted to the Korsmeyer—Peppas exponential
model MM, = Kt", where My{/M,, is fraction of drug released after time t, K is kinetic
constant, and n is release exponent, which characterizes the different drug release
mechanism. The magnitude of the release exponent (n) indicates the release mechanism. The
limits considered were n < 0.43 for a classical Fickian diffusion-controlled drug release, n =
0.85 for case Il relaxation release transport, non-Fickian, zero order release, and values
between 0.43 < n < 0.85 can be regarded as an indicator of anomalous transport.52

The values of the release exponent in RSV release obtained ranged from 0.8177 to 0.8395,
indicating a combination of both diffusion of the RSV in the hydrated matrix and dissolution
of the polymer. It is well-known that aliphatic polyesters, such as PCL and PLGA,
decompose through hydrolytic cleavage of the ester bond.53

When the NPs are exposed to medium (following the swelling of hydrophilic PEG chains
surrounding the NP surface), it permeates the core of NPs, promoting the RSV diffusion
through the polymeric matrix, and thus initiating hydrolytic cleavage of the polymeric
blocks.

Furthermore, the increased release rate observed in simulated gastrointestinal fluid can be
related to the faster degradation of PLGA in acidic conditions that further catalyzed the
hydrolysis process.%4

Cytotoxicity and Cellular Uptake of NPs

To evaluate the antiproliferative activity of RSV encapsulated into NPs, viability tests were
performed on three different PCa cell lines, including the DU-145 (hormone-independent
cells), PC-3 (hormone-independent line possessing dysfunctional androgen receptors), and
LNCaP (hormone-sensitive cells), with moderate, high, and low metastatic potential,
respectively.

Viability of DU-145 (a), PC3 (b), and LNCaP (c) cells cultured with RSV-loaded NPs
(RSV3), after 72 h, in comparison with that of free RSV at the 10 uM, 20 uM, 30 uM and 40
UM equivalent dose, are presented in Figure 8.

On the whole, the results clearly demonstrated that RSV formulated in polymeric blended
NPs were more effective against all cancer cell lines than free RSV, in a concentration-
dependent manner. In general, differences in sensitivity toward both RSV and RVS-NP
exposure were found for the tested tumor cells. With a calculated inhibition concentration to
reduce cell viability of 50% (ICsg) of 16 pM and 18 uM, DU-145 and LNCaP cells
(respectively) resulted about 2-2.2-fold more responsive than PC-3 (ICgq = 35.5 UM, for
PC-3) when treated with RSV-NPs. A quite different trend was observed for the free RSV,
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with higher 1Csq values (ICsps = 28.4, 47.4, and 50.7 pM, for DU-145, PC-3, and LNCaP,
respectively) with respect to that of the nano-RSV. In particular, a dramatic enhancement in
antiproliferative activity against LNCaP was found for nano-RSV with respect to the free
counterpart. However, differences in cell sensitivity were found for both treatments at
different dose concentrations. More specifically, the cell viability of DU-145, PC-3 and
LNCaP was decreased of about 30%, 22%, and 12%, respectively, for nano-RSV at 10 pM
concentration exposure, corresponding to a significant increase in antiproliferative activity
(~15%, 16% and 31%), compared to an equivalent amount of free RSV. At 20 uM, RSV-
NPs determined an enhanced growth inhibition of DU-145, PC-3 and LNCaP cells of ~69%,
40%, and 23%, respectively, thus resulting in a significant reduction of cell viability of
about 40%, 13% and 31% with respect to that of free RSV. Interestingly, such a dose (i.e.,
20 uM of RSV effective concentration) first evidenced the sensitivity between the tested cell
lines after nano-RSV treatment, with the most consistent growth inhibition profile toward
the androgen-independent DU-145 cells. Antiproliferative investigation conducted at 30 and
40 pM further confirmed the dose-dependent behavior, as mentioned above. In fact, at 30
UM concentration exposure, tested nano-RSV determined cell viability inhibition of ~78%,
45% and 30%, with enhanced activity of ~22%, 16% and 28% with respect to free RSV,
toward DU-145, PC-3 and LNCaP, respectively. Finally, at 40 pM RSV concentration,
treatment with both RSV-NPs and free RSV proved the highest cytotoxicity, showing a cell
growth inhibition of ~82%, 52% and 40%, together with an improved efficacy of ~10%,
11% and 23% with respect to free RSV, against DU-145, PC-3 and LNCaP cells,
respectively, exposed to equimolar amounts of free and loaded RSV.

On the other hand, no significant influence on cell viability was observed for the
corresponding RSV-free NPs (RSV0), when evaluated considering the same concentration
of the polymers as in RSV-NPs at 40 pM (data not shown).

The observed decrease of viability on PCa cell lines treated with NPs compared to free RSV
may be explained considering that nanoparticulate systems up to about 100-200 nm can be
internalized by receptor mediated endocytosis, and then release the RSV at intracellular
locations, thus resulting in enhanced therapeutic action.30:32

To further support the correlation between antiproliferative activity of the RSV-loaded NPs
with cellular uptake by the cancer cells, the internalization of FITC-loaded NPs, incubated
for 2 h, was visualized by confocal laser scanning microscope (CLSM). In all PCa cell lines
no significant differences of uptake and location of NPs were observed.

Figure 9 shows the confocal microscopic images of LNCaP cell uptake efficiency of RSV3,
reported as example. It can be seen that NPs, after 2 h incubation, showed higher cellular
uptake with strong fluorescence in both the cell cytoplasm and around the nucleus,
confirming their internalization and sustained retention by the cancer cells.

CONCLUSION

In this work, the natural polyphenol RSV was effectively encapsulated into NPs based on
PCL:PLGA-PEG-COOH blends as carriers for PCa prevention and therapy. Such
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nanosystems provide a high RSV loading capacity and are able to control the release at
different pH values, thus offering the possibility of the administration of nanosystems by
parenteral and oral route. Nano-RSVs significantly improved the antiproliferative efficacy
compared to that of free RSV in DU-145, PC-3, and LNCaP cell lines, that can be attributed
to the maximized uptake between NPs and cells, resulting in enhanced accumulation through
endocytosis. Interestingly, the androgen-independent DU-145 and hormone-sensitive
LNCaP cell lines proved to be more responsive than PC-3 after nano-RSVs exposure.

Currently, strategies to conjugate NPs with small molecules targeting prostate membrane
specific antigen (PSMA) aimed at maximizing efficacy of RSV toward PSMA positive cells,
with strong implication on the PCa treatment, are being developed.
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Figure 1.
Synthesis of copolymer PLGA-PEG-COOH. The starting carboxylate-functionalized

diblock copolymer was synthesized by conjugating the heterofunctional PEG with a terminal
amine and carboxylic acid functional group to PLGA-COOH, using standard carbodiimide/
NHS-mediated chemistry.
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Figure 2.
IH NMR with pattern signals of copolymer PLGA-PEG-COOH. A signal pattern consisting

on a large peak centered at 3.65 ppm, corresponding to the PEG methylene protons, together
with typical peaks at 5.23, 4.78, 1.56 ppm, of the PLGA, confirmed the structure of the
copolymer.
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Figure 3.
SEM images of unloaded (a) and RSV-loaded (b) NPs. Particles were characterized by

similar morphological aspects, with distinct spherical shape and without a tendency to
aggregate.
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Figure 4.
FT-IR spectra of RSV, PLGA-PEG-COOH, PCL, and RSV-loaded NPs. To support the

proposed composition of RSV-NPs, overlapping signals corresponding to the PCL, PLGA-
PEG-COOH, and RSV were detected.
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Figure 5.

DSC curves of (a) pure RSV, PLGA-PEG-COOH, PCL, and (b) unloaded NP, loaded NP,

and physical mixture of RSV, PCL, and PLGA-PEG-COOH.
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Figure 6.

Thermograms of free (a) and RSV-loaded (b) NPs (20 °C/min under air). Solid lines refer to
weight (left axis) and dashed ones to weight derivative (right axis).
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In vitro release profiles of free RSV and RSV3 NPs: (a) in PBS, pH 6.5 and 7.4 performed
for 24 h; (b) in 0.1 N HCI, pH 1.2 for 2 h followed by PBS, pH 7.4, for 5 h. Data are means

+SD,n=3.
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Figure 8.
Viability of DU-145 (a), PC3 (b), and LNCaP (c) cells cultured with RSV-loaded NPs

(RSV-NP) after 72 h, in comparison with that of pure RSV at the 10 pM, 20 pM, 30 uM and
40 uM dose (n = 3). *Significantly different (P < 0.05) from control. $Significantly different
(P < 0.05) from pure RSV at equivalent doses.
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Figure 9.
Confocal laser scanning microscopy (CLSM) images of LNCaP cell lines, chosen as

example, after 120 min incubation with FITC-loaded NPs at 37.0 °C. The cells were stained
by DAPI (blue), and the FITC-loaded NPs are green. The cellular uptake was visualized by
overlaying images obtained with both EGFP and DAPI filters: left image from EGFP
channel (a); center image from DAPI channel (b); right image from combined EGFP and
DAPI channels (c).
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Particle Size (PS), Polydispersity Index (PI), and Zeta Potential (ZP) of Formulated NPs?

batch PS(nm)+SD Pl +SD ZP (mV)

RSVO 150.80+0.69 0.127+001 -21.3+8.35
RSVL 15277070 0119001 -24.2+6.09
RSV2 150.70+1.30 0.146+001 -23.3+7.20
RSV3 154.77+021 01104001 -29.7+8.95

a
Data are means £ SD, n=3.
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Encapsulation Efficiencies (EE), RSV Loading Content (DLC), and Yields of Production (YP) of Formulated

NPs2
batch %EE+SD  %DLC+SD 9% YP+SD
RSVO 54.37 +3.24
RSVL  7738+225"  155+004°  4253+3.728
RSV2  7380+284% 221+009°  5240+5.00
RSV3  9873+098"# 3.95+004° 6200327

*
& ’#Significant differences (P < 0.05) between loaded NPs.

§Signific:;mtly different from the unloaded NPs. Data are means + SD, n= 3.
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