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Abstract

Preventing recurrences and metastasis of prostate cancer after prostatectomy by
administering adjuvant therapies is quite a controversial issue. In addition to effectiveness,
absence of side effects and long term toxicity are mandatory. Curcuminoids (Curc)
extracted with innovative techniques and effectively loaded by polymeric nanobubbles
(Curc-NBs) satisfy such requirements. Curc-NBs showed stable over 30 d, were effectively
internalized by tumor cells and were able to slowly release Curc in a sustained way.
Significant biological effects were detected in PC-3 and DU-145 cell lines where Curc-NBs
were able to inhibit adhesion and migration, to promote cell apoptosis and to affect cell
viability and colony-forming capacity in a dose-dependent manner. Since the favourable
effects are already detectable at very low doses, which can be reached at a clinical level,
the actual drug concentration can be visualized and monitored by US or MRI, Curc-NBs
can be proposed as an effective adjuvant theranostic tool.
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1.Introduction

Prostate cancer (PCa) is one of the most diffuse pathology in elderly men. Due to its very
slow development and the chance of predicting it in advance, by monitoring the serum
concentration of the prostate specific antigen (PSA), more than 3 over 4 patients recovers
following surgical excision or radical radiotherapy [1]. However, in the cases of ‘high risk
PCa’, that are often predictable as based on cancer histology, PSA values, etc, patients
are at risk of developing local or metastatic (mainly in bones) recurrences, which can
evolve in the almost noncurable castration resistant PCa [2]. To prevent or delay
recurrences, such patients are normally treated with adjuvant therapies (i.e. concomitant
or just following radical surgery or radiotherapy) mainly based on androgen deprivation
therapies (ADT), although for adjuvant ADT in high risk patients neither conclusive support



for benefits [3] nor standard recommendations [4] exist. Since hormonal adjuvant therapies
have many collateral toxic effects, especially for elderly or multi-diseased patients, there is
a need for ‘natural’ and safe principles addressing new adjuvant therapies. A possible
candidate, largely investigated and administered especially in the far East, is curcumin.
Curcumin is a natural polyphenol molecule derived from the Curcuma longa L. plant.
Research over the last two decades has shown curcumin to be a potent antioxidant,
antiinflammatory, anti-angiogenic, anti-diabetic, hepatoprotective, anti-atherosclerotic, anti-
thrombotic, and anti-arthritic agent in cell culture and animal studies [5]. Moreover, current
preclinical and clinical studies revealed that curcumin also exerts antiproliferative and
proapoptotic effects against various tumors in vitro and in vivo, and that it inhibits
carcinogenesis of the breast and other organs [6]. Curcumin is able to interfere with the
tumor cell cycle and inhibit tumor cell invasion through regulation of cytokines, growth
factors and their receptors, enzymes, and adhesion molecules [6]. It induces apoptosis in
cancer cells by inhibiting various intracellular transcription factors and secondary
messengers such as NF-kB, AP-1, c-Jun, the Jak-STAT pathway and various others [7].
Moreover, several preclinical studies demonstrated that curcumin is also able to inhibit
chemically induced carcinogenesis, both at initial and progression stages [8]. Furthermore,
in the past decade, research about bioactivity of turmeric components has been
broadened, opening new perspective about chemical entities different from curcuminoids
(Curc). Curcumin-free extracts from turmeric, demonstrate different biological activities
such as antidiabetic, anticancer, antimicrobial and anti-inflammatory effect [9]. Several
investigations have been focused on the pharmacological properties of the lipophilic
fraction (turmeric oil), mainly composed by aromatic (ar)-turmerone, alfa-turmerone, beta-
turmerone, curlone, sesquiphellandrene, and zingiberene. This field of research was
corroborated by the potent anticancer and anti-inflammatory activities discovered [10-12].
Although the biological effects of turmeric oil have been reported, its role as isolated
fraction or as an extract component it is still not completely clarified. A synergistic effect of
the whole phytocomplex with Curc seems to enhance the curcumin bioavailability [13].
Depending on the cultivar, on the origin and in general on the growing conditions, Curc
content in Curcuma longa L. range from 2% to 9% [14, 15]. With such a low concentrated
matrix, an efficient extraction procedure is mandatory, also considering the critical stability
profile of Curc, given their proneness to photo- and oxidative degradation [16]. For these
reasons microwave-assisted extraction (MAE) has been selected. Microwaves was
introduced in the eighties for analytical samples preparation using domestic ovens [17].
MAE differs from conventional techniques, because the direct interaction of dielectric
heating with the in situ water and other polar components within the cells of the plant
material. The electromagnetic waves generate thermal energy by friction of oscillating
dipoles and ions with consequent cell membranes and walls rupture and the release of
target compounds [18]. The efficiency of microwaves to be converted into heat is
expressed by the dielectric properties of the material, and for this reason particular
importance is played by the solvent [19]. In conventional processes heat moves from the
hot solvent to the inner part of the matrix, whilst in MAE the heat is transferred
volumetrically within the irradiated medium, allowing fast treatments and avoiding
degradation. The sum of these peculiarities allows a synergistic combination of heat and



mass transport phenomena, leading to extraction acceleration and increasing selectivity
and yields.

In summary, Curc is a good candidate due to some very positive features:
* anticancer, chemo-preventive, chemo-and radio-sensitization properties;
 widespread availability and safety; and

* low cost.

There are, however, also some contra: curcumin possess poor water solubility and lack of
stability. Curcumin presents a rapid degradation by hydrolysis and then it undergoes
molecular fragmentation [20]; as consequence, it exhibits low bioavailability. Moreover, it
displays rapid intestinal and hepatic metabolism, indeed approximately 60%—70% of an
oral dose of curcumin gets eliminated in the feces [21]. Moreover, several clinical studies
showed that only few patients responded to curcumin despite high doses used. Moreover,
the solubility, stability and consequently the bioavailability of curcumin can be enhanced by
encapsulation in nanoparticles. Proper delivery vehicles should therefore be designed, and
being the dosage at which curcumin is effective very critical point it should be monitorable
in real time, suggesting that a theranostic nanocarrier would be the best choice. Many
nanocarriers have already been proposed to deliver either curcumin alone or curcumin
associated with antitumoral drugs. Restricting our attention on the first case, a WoS
investigation found about 20 relevant related original papers. Experiments were performed
on PCa cell lines (mainly LNCaP, PC-3 and DU-145) at various curcumin doses from 5 up
to 600 puM. Direct curcumin administration produced dosedependent inhibition of cellular
proliferation [22, 23], induction of apoptosis [23, 24] and direct cell toxicity at doses larger
than 50 uM [25-28]. Such effects were detected also when curcumin was delivered by
nanocarriers [25] but also other important features were underlined, as effective
internalization [28] and enhanced anticancer effect [29-31]. Different theranostic
nanocarriers have also been proposed so far based on the correlated imaging techniques
mainly MRI [26, 32-35] and optical [36—39]. Nanobubbles with dextran sulfate-shell and
perfluoropentane core can be designed for the delivery of Curc and tuned to efficiently
encapsulate Curc in a large amount. Curcuminoid-loaded nanobubbles (Cur-NBs) were
therefore developed as innovative delivery systems, able to carry and to release Curc to
the target site. Moreover, nanobubble nanosuspensions can protect Curc from degradation
and chemical instability that occur under physiological conditions [40]. Indeed,
nanobubbles are interesting nano-tools that can store and enhance the stability of the
carried drug or compound [41]. Being Curc-NBs detectable using ultrasound (US) imaging
[42] and MRI [43], they are effective theranostic tools. In the present work, the effect of
highly concentrated Curc extracts has been investigated both free and carried in
nanobubbles as Curc-NBs. Nanobubbles are innovative nanoplatform developed with the
aim to enhance the effectiveness of therapeutic treatments, control drug release, modify
pharmacokinetics and biodistribution, decrease the administered doses of encapsulated
drugs, overcome biological barriers, target specific cells and decrease the occurrence of
side effects. Nanobubbles are core-shell structure and present spherical shape. Their



shell mainly consists of lipids, proteins, polymers or biocompatible polysaccharide (i.e.
chitosan, or dextran sulfate), instead the core can be filled up with various gases, such as
perfluorocarbons, sulphur hexafluoride, air and carbon dioxide. Nanobubbles have been
deeply investigated as drug and nucleic acid delivery systems [41] and displayed effective
oxygen storing capacity [44]. In addition to their drug loading capability, nanobubbles are
US responsive nanocarriers [43]. Being US sensitive, this nanotechnology has been used
for the development of externally triggered nanocarriers that provide controlled payload
release. Interestingly, nano-sized bubbles can extravasate from blood vessels into
surrounding tissues, thus improving the delivery efficiency and localization. Furthermore,
nanoscale dimensions offer some advantages, such as the ability to accumulate within
tumour tissues via the enhanced permeability and retention effect. In addition to the
accumulation via passing targeting, nanobubbles can be functionalized and provide an
active targeting. Indeed, binding antibodies to the nanobubble surface can direct the
nanosystems in the target tissue, improving the therapeutic therapy efficacy. For this
purpose, in order to provide a proof-of-concept about the effectiveness of Curc as adjuvant
therapy to prevent PCa recurrence after radical prostatectomy or radiotherapy, when a
small number of viable cancer cells are expected (comparable with in vitro samples), we
designed dextranshelled Curc-NBs. We investigated Curc effect both in solution and as
Curc-NBs on cell viability, colony formation, apoptosis, adhesion and migration properties
in two PCa cells lines.

2. Materials and methods
2.1. Material

The substances and laboratory reagents were from Sigma- Aldrich (St Louis, MO, USA),
unless otherwise specified. Soybean lecithin (Epikuron 200®) was kindly gifted by
Degussa (Hamburg, Germany). Perfluoro-n-pentane min. 98% and was sourced from
Strem Chemical (Newburyport, MA, USA). Ultrapure water was obtained using a 1-800
Millipore system (Molsheim, France). Tubular semi-permeable cellulose membrane was
from Carl Roth (Karlsruhe, Germany). Cell culture reagents were purchased from Gibco/
Invitrogen (Life Technologies, Paisley, UK) except where otherwise indicated. All reagents
were of analytical grade.

2.2. Methods
2.2.1. Preparation and characterization of Curc.

Curcuma longa L. rhizome powder (2 mm average size) was transferred into a 40 ml glass
vessel. Hydroalcoholic solution (70% ethanol) was added keeping a solid—liquid ratio of
1:10. Extraction was performed into a multimodal microwave autoclave reactor
(Synthwave, Milestone). With a fixed maximum power of 1500 W, sample was irradiated
for 5min at 80 °C under magnetic stirring (650 rpm). The system was pressurized with N2
(2 bar) to prevent solvent evaporation and Curc degradation. The crude extract was
filtered on sintered glass and dried under vacuum. Total Curc concentration was measured
by HPLC with external standard calibration curve. Analysis was performed with a Waters
1525 binary HPLC pump equipped with 2998 PDA, and a Phenomenex Kinetex® Column



(5 ym C18 100 A, 250x4.6 mm). Data acquisition was accomplished using Empower PRO
(Waters Associates, Milford, CT, USA). CH3CN: 5% acetic acid aqueous solution was
used as mobile phase. The chromatographic separation was performed in isocratic (50:50,
v/v) at 25 °C with a flow rate of 1 ml min—1. Injection volume was 10 pl, while sample
detection was carried out at 425 nm; Curc standard solutions (from 0.02 to 2 mgml-1)
were analysed by HPLC (10 pl injection) to give linear regressions with R>>0.999. Before
the injection, all samples were dissolved in MeOH, giving concentrations of between 10
and 20 mg ml-1. All samples were filtered through 0.2 ym membrane filters before
injection into the HPLC apparatus.

2.2.2. Preparation of curcuminoids solution. Solubility issue of Curc is a limitation for the
preparation of a solution. Since Curc are poorly water soluble, an organic solvent is
required. Moreover, the choice of the solvent should be taken considering its application in
biological studies. For this purpose, N-methyl-2-pyrrolidone was selected. Curc solution
was obtained by firstly solving a weighted amount of Curc at a concentration of 0.5M in N-
methyl-2-pyrrolidone. Then, the solution was diluted in a mixture of N-methyl-2-
pyrrolidone/0.9% NacCl in a ratio 1:1, to obtain a final concentration of 3 mM. The Curc
concentration of the solution was determined by a RF-551 Spectrofluorometer (Shimadzu,
Kyoto, Japan) using the method described below. Once obtained, the Curc solution was
stored at 4 °C.

2.2.3. Preparation of unloaded nanobubbles. NBs were obtained by tuning a previously
described method [44-46]. NBs were prepared using perfluoropentane as inner core
component and dextran sulfate salt (MW of 100 kDa) for the shell. At the beginning, 350 pl
of an ethanol solution containing Epikuron® 200 (1.5% w/v) was added to 450 pl of
perfluoropentane forming a pre-emulsion. Then, ultrapure water was added the mixture
was homogenized using an Ultra-Turrax® homogenizer (IKA, Konigswinter, Germany) for
2 min and heat at 37 °C for 15 min. After that, an aqueous solution of the dextran sulfate
salt (2% w/v) was added dropwise under mild magnetic stirring. Blank NBs were used as
control in the following experiments.

2.2.4. Preparation of curcuminoid-loaded nanobubbles. Curc-NBs were prepared adding to
an ethanol solution containing Epikuron® 200 (1.5% wi/v) Curc (8.5% wi/v). After the
addition of perfluoropentane and ultrapure water, the mixture was homogenized using an
Ultra-Turrax® homogenizer for 2 min and heat at 37 °C for 15 min. Then, an aqueous
solution of the dextran sulfate salt (2% w/v) was added dropwise under mild magnetic
stirring. The final concentration of loaded Curc in the formulation was 3 mM, determined by
Spectrofluorometer analysis using the method described below.

2.2.5. Characterization of nanobubble formulations. The different NB formulations were
physico-chemically characterized. The nano-suspensions were previously diluted in
deionized filtered water. Then, the average diameters and polydispersity indices of the
various diluted nanobubble formulations were measured by photocorrelation spectroscopy
using a 90 Plus instrument (Brookhaven, New York City, NY, USA) with a scattering angle
of 90° at 25 °C. The zeta potential was determined by the same instrument. The diluted



samples, placed in an electrophoretic cell, were subjected to an electric field of around
15V cm-1. The analyses were conducted in triplicate of three different batches.

2.2.6. Spectrofluorometer quantitative curcuminoid determination method. Curc
concentration was determined using a RF-551 Spectrofluorometer (Shimadzu, Kyoto,
Japan). The excitation wavelength was set 422 nm and the emission spectrum was
recorded in a wavelength range between 350 and 650 nm. The peak area correlated
linearly with Curc concentration in the range of 5-30 ng ml-1 (R?=0.9994). To calculate
Curc concentration, a linear calibration curve was set up with a concentration range of
2.5-30 ng ml-1 (R2=0.9994).

2.2.7. Echogenic properties of nanobubble formulations. Echogenic images were
visualized using MyLab 25Gold (Esaote, Genova, Italy) instrument. The frequency was 7.5
MHz; contrast Res modality.

2.2.8. Encapsulation efficiency and loading capacity of curcuminoids in nanobubbles.
Curc-NB encapsulation efficiency was determined with a centrifugal filter system. For this
purpose, 100 pl of Curc-NB formulation were put in an centrifugal filter device (Amicon®
Ultra-0.5) and then centrifuged at 20 000 rpm for 15 min with a Beckman Coulter Allegra
64R Centrifuge. The filtered solution was collected and the amount of free Curc in the
nanosuspension was quantified by a spectrofluorometer. The encapsulation efficiency was
calculated as follows:

Encapsulation Efficiency

Total Curc — Free Curc
( > * 100
Total Curc

Freeze-dried NB samples were used for the determination of the loading capacity. A
weighted amount of freeze-dried Curc-NBs was suspended in water. The sample was
firstly sonicated and centrifuged, and then the supernatant was analyzed. The loading
capacity of Curc in Curc-NBs was calculated as follows:

Total Curc—Free Curc
NB weight

Loading Capacity= ( ) * 100

2 2.2.9. In vitro curcuminoid release from curcuminoids-nanobubbles. The in vitro release
of Curc from nanobubble formulation was carried out by the use a multi-compartment
rotating cell. Curc-NBs and Curc solution as control were respectively placed in the donor
chambers, separated from the receiving chamber by a semipermeable cellulose
membrane (cut-off 14 kDa). The receiving phase consisted of a H2O/EtOH 1:1 mixture. At
fixed time intervals, the samples were collected and the same volume was replaced with
fresh receiving phase. Then, the samples were analyzed and Curc concentration was
determined by Spectrofluorometer, following the method described above.

2.2.10. In vitro evaluation of chemical stability of curcuminoid solution and curcuminoid-
nanobubbles over time. The chemical stability of Curc was evaluated in N-methyl-2-



pyrrolidone/0.9% NaCl solution and carried in nanobubbles. The concentration over time
was then evaluated by spectrofluorometry, following the method described above. The
samples were stored at 4 °C and analysed up to 30 d.

2.2.11. Cells. Human umbilical vein endothelial cells (HUVEC) were isolated from human
umbilical veins by collagenase treatment (1%) and cultured in M199 medium with the
addition of 20% fetal calf serum (FCS) 100 Ul ml-1 penicillin, 100 pgml-1 streptomycin, 5
Ul ml-1 heparin, 12 pygml-1 bovine brain extract and 200mM glutamine. HUVEC were
grown to confluence in flasks and used from the second to the fifth passage [47]. Use of
HUVEC was approved by the Ethics Committee of the ‘Presidio Ospedaliero Martini’ of
Turin and conducted in accordance to the Declaration of Helsinki. Written informed
consent was obtained from all donors. The study was performed on two prostate cell line,
PC-3 and DU-145. The cell lines were grown in culture dishes as a monolayer in RPMI
1640 medium plus 10% FCS, 100 U ml-1 penicillin, and 100 ugml-1 streptomycin at 37
°C in a 5% CO2 humidified atmosphere.

2.2.12. Curcuminoids-nanobubble cell uptake. PC-3 cells were seeded onto Corning®
cover glasses (Sigma) in a 24-well plate (4x10* cells per well) and incubated overnight at
37 °C in a 5% CO2 atmosphere. Then, the media was replaced with a fresh media mixture
containing Curc-NBs and free Curc in solution, both at a final concentration of 5 pM. After
1 h of incubation, the cells were washed with PBS, and fixed in 4% paraformaldehyde at
room temperature for 15 min. Fixed cells were washed with PBS and stained with 4’ ,6-
diamidine-2-phenylindole. Finally coverslips were mounted. Image acquisition was
performed with a TCS SP2 AOBS confocal microscope (Leica, Wetzlar, Germany),
equipped with 63X/1.40 HCX Plan-Apochromat oil-immersion objective.

2.2.13. In vitro cytotoxicity studies. The human tumor cells, PC-3 and DU-145, were
obtained from ATCC (Milan, Italy) and used to perform in vitro cytotoxicity test. Cells
(800/well) were seeded in 96-well plates and incubated at 37 °C, 5% CO2 for 24 h in RPMI
1640 media. Then, the cells were treated with blank NBs, Curc solution and Curc-NBs at a
concentration in the range 1-15 pM. After 24—-72 h incubation, viable cells were evaluated
by 2,3-bis[2-methoxy-4-nitro-5sulphophenyl]-2Htetrazolium- 5carboxanilide (MTT) inner
salt reagent at 570 nm, as described by the manufacturer’s protocol. The controls cells
were normalized to 100%, and the readings from treated cells were expressed as % of
viability inhibition. Eight replicates were used to determine each data point and five
different experiments were performed.

2.2.14. Colony-forming assay. PC-3 and DU-145 cells (800/ well) were seeded into six-well
plates and treated with blank NBs, Curc solution and Curc-NBs (1-15 yM). The medium
was changed after 3—24 h and cells were cultured for additional 10 d. Subsequently, cells
were fixed and stained with a solution of 80% crystal violet and 20% methanol. Colonies
were washed and 30% acetic acid were added to induce a complete dissolution of the
crystal violet. Absorbance was recorded at 595 nm by a 96-well-plate ELISA reader. Five
different experiments were performed. The controls (untreated cells) were normalized to
100%, and the readings from treated cells were expressed as % of viability inhibition.



2.2.15. Cell apoptosis assay. The cell apoptosis was detected by using the FITC Annexin
V Apoptosis Detection Kit (BD Biosciences Cat N° 556 547). Briefly, PC-3 cells
(120.000/well) were seeded into six-well plates and treated with blank NBs, Curc solution,
or Curc-NBs (10 and 15 pM). After 24 h, adherent and non-adherent treated and control
cells were harvested and stained with FITC-Annexin V and PI, according to the
manufacturer protocol. The samples were analyzed with a FACScan cytometer (Becton
Dickinson, Accuri).

2.2.16. Cell adhesion assay. HUVEC were grown to confluence in 24-well plates. Then,
cells were pre-treated for 30 min with blank NBs, Curc solution and Curc-NBs at a
concentration of 5 yM and then were stimulated with TNF-a 10 ng mi-1. After 18 h
HUVEC were washed twice with fresh medium and tumor cells (1x10° cells/well) were
seeded and left to adhere with HUVEC for 1 h, as previously reported [48]. Unattached
tumor cells were washed away and the number of adherent cells was evaluated by the
Image Pro Plus Software for micro-imaging (Media Cybernetics, version 5.0, Bethesda,
MD, USA). Viability of the unattached cells was evaluated by the Trypan Blu test. Five
different experiments were performed. Data are shown as percentages of the adhesion of
treated cells. Control adhesion was 49+4 cells per microscope field for PC-3 cells and in a
similar range (54 = 5 cells) for DU-145 (mean * standard error of the mean (SEM)).

2.2.17. Cell motility assay. In the Boyden chamber invasion assay, cells (5 x 103) were
plated onto the apical side as previously reported [49] in serum-free medium with blank
NBs, Curc solution and Curc-NB (5 uM). Medium containing PMA 100 ng ml-1 or FCS
20% were placed in the basolateral chamber as chemoattractants. After 18 h, cells on the
apical side were wiped off with Q-tips. Cells on the bottom of the filter were stained with
crystal-violet and counted (all fields of each triplicate filter) with an inverted microscope.
Five different experiments were performed. Data are shown as percentages of the
migration of treated cells. Control migration was 52+4 cells per microscope field for PC-3
cells and 66+5 for DU-145 cells. 2.2.18. Data analysis. Data are shown as meantSEM.
Statistical analyses were performed with GraphPad Prism 5.0 software (San Diego, CA,
USA). One way ANOVA was performed, followed by Tukey’s multiple comparison posttest
when needed. Only P values<0.05 were considered to be significant.

3. Results

3.1. Preparation and characterization of the curcuminoids The highly efficient MW-assisted
extraction procedure afforded 20.76% of Curc (12.49% Curc, 4.77% demethoxycurc,
3.50% bisdemethoxycurc) in the dry extract, besides other bioactive lipophilic compounds
(terpenes and terpenoids fully characterized by GC-MS—data not reported here). The
reported yield represent nearly the 90% of the total content in rhizomes. The fast process
(5 min) and the controlled atmosphere helped to preserve the activity of the final extract,
which has been used without any further purification. 3.2. Characterization of nanobubble
formulations NB with dextran sulfate-shell and perfluoropentane core were designed for
the delivery of Curc. Novel NB formulations were tuned to efficiently encapsulate Curc in a



large amount. Cur-NBs were developed as innovative delivery systems, able to carry and
to release Curc to the target site. Moreover, NB nano-suspensions can protect Curc from
degradation and chemical instability that occur under physiological conditions [40]. Indeed,
NB are interesting nanotools that can store and enhance the stability of the carried drug or
compound [41, 46]. Curc-NBs were formulated and blank NBs were used as control. The
average diameters, polydispersity indices, zeta potentials, and pH of Curc-loaded and
unloaded NB formulations are reported in table 1. Curc-NB and blank NB both presented a
mean diameter of less than 350 nm and negative Z-potential, due to the negative charges
of destran sulfate. The pH of the nano-suspensions is accepted and applied in biological
systems.

3.3. Encapsulation efficiency and loading capacity of curcuminoids in nanobubbles NBs
were able to efficiently encapsulate Curc, with an encapsulation efficiency of 97% (see
equation (1)) On the other hand, the loading capacity of Curc-NBs was of 14.20% (see
equation (2)).

3.4. In vitro curcuminoids release from curcuminoidsnanobubbles The in vitro Curc release
from Curc-NBs and Curc solution was comparatively evaluated over time up to 28 h. Curc-
NBs displayed a slower and prolonged Curc release over time, in respect to Curc solution
(see figure 1). After 24 h, only 25% of the Curc was released from Curc-NBs. Thus, it
might be hypnotized that Curc-NBs act as a reservoir of the compound until they reach the
target site.

3.5. In vitro evaluation of chemical stability of curcuminoids Curc stability was evaluated in
N-methyl-2-pyrrolidone solution and when loaded in NBs. The Curc concentration in the
NBs was stable up to 1 month. It means that the encapsulation of Curc in the nano-
formulation increased the chemical stability of the compounds compared to free Curc (see
figure 2). Indeed, the decrease in absorbance over time occurred much faster for the Curc
solution, reaching a 60% decrease of the concentration after 30 d.

3.6. Curcuminoids-nanobubbles display echogenic properties Curc-loaded NB echogenic
properties were visualized by US imaging (see figure 3).

3.7. Curcuminoids-nanobubbles cell internalization In order to evaluate the biological
uptake, Curc-NBs and Curc solution were incubated at a concentration of 5 yM with PC-3
cell line for 1 h. Exploiting Curc fluorescence per se, the internalization was evaluated by
confocal microscopy. As reported in figure 4, Curc-NBs were avidly internalized by the
cells compared to free Curc.

3.8. Viability test We compared the ability of Curc solution and Curc-NBs to inhibit the
growth of PC-3 and DU-145 cells in vitro, as explained in the section 2. Table 2 shows that
in both cell lines Curc-NBs inhibited cell viability to a higher extent than Curc. The effect
was concentration- and time-dependent with small difference between the two cell lines.
Curc-NBs were more efficient than Curc solution in terms of timing, maximal inhibition and
effective doses. At small doses, on the contrary, Curc are almost non-toxic either in free
form or encapsulated. Blank NBs had no effect on tumor cell viability at all the
concentrations and the times tested.



3.9. Colony-forming assay To validate MTT results, we performed colony-forming assay.
MTT test only reveals the metabolic activity of the cells, indeed, to demonstrate the real
ability of the cells to proliferate after the exposition to the tested compounds, we used the
colony-forming assay. It is an in vitro cell survival assay based on the ability of a single cell
to growth into a colony as described in the section 2. After plating the cells at very low
density (800 cells for wells, using 6-well-plates), cells are treated for 3 or 24 h with the
compounds, then they were removed by washing the cells with the cell medium, allowing
the cells to growth for 7 d in a free medium. Therefore, only cells with a still functioning
reproductive system will be able to proliferate. Results demonstrated that there are
significant difference between PC-3 cells treated with Curc solution and Curc-NBs already
after 3 h at the higher doses, while the higher efficacy of Curc-NBs become constant at alll
the concentration tested after 24 h (figure 5(a)). Similar results were obtained with DU-145
cell line (data not shown), demonstrating the higher and faster internalization of the Curc
loaded in NB. Figure 5(b) shows assay photos from a representative experiments.

3.10. Cell apoptosis The Annexin V-FITC/IP Apoptosis assay results are presented in
figure 6. The flow cytometry profiles of a representative experiment is shown in panel (A).
The PC-3 untreated cells and the cells exposed to blank NBs, at the dilution corresponding
to that of Curc-NBs 15 uM, showed a cell viability of 95.5% and 90%, respectively.
Treatment with 10 and 15 yM Curc solution induced a significant increase of annexin V-
positive cells (19.6% and 35.6%, respectively). The percentage of apoptotic cells was
further increased when the cells were treated with Curc-NBs at the same concentrations
(41% and 54.2% in Curc- NBs 10 yM and Curc-NBs 15 uM, respectively). In figure 6(b) the
summary of the Annexin V-FITC Apoptosis assay results of three independent
experiments are shown.

3.11. Adhesion test Adhesion of tumor cells to vascular endothelium and their migration to
the target organs are key steps for metastasis formation. In vitro experiments were
performed on adhesion to HUVEC and motility of tumor cell to compare the antimetastatic
potential of free Curc and Curc-NBs (see details in section 2). In the adhesion
experiments, HUVEC were pretreated for 30 min with blank NBs, Curc solution, and Curc-
NB (5 uM) and then were stimulated with TNF-a 10 ng ml-1. After 18 h tumor cells were
seeded and left to adhere with HUVEC for 1 h. 5 yM of Curc solution or Curc- NBs were
chosen in these experiments of adhesion and migration, because this concentration
resulted to be non-toxic for tumor cells. Results shown in figure 7 showed that low dose
Curc can completely reverse the pro-adhesional effect of TNF-a in DU-145 cells and PC-3
cells, respectively, being Curc-NBs significantly more effective than free Curc. 3.12.
Migration test Cell motility was assessed using a Boyden chamber assay assessing
directional migration and invasion of cells. DU-145 and PC-3 cells were seeded in the
upper chamber of a Boyden chamber in a serum-free medium, to avoid cell proliferation, in
the presence of blank NBs or 5 uM of Curc solution or Curc-NBs. Then, cells were allowed
to migrate for 18 h to the lower chamber containing PMA or 10% FCS, used as
chemoattractants. Figure 8 shows that cell migration is dramatically reduced per-se and in
presence of pro-migration substance at low Curc concentrations. Moreover, the effect was



larger when Curc are loaded in nanobubbles, in both DU-145 and PC-3 cell lines,
respectively.

4. Discussion

Curcumin is currently administered orally but its low bioavailability needs high doses. In
this work, we would like to overcome this drawbacks with a two-fold approach: the use of a
Curc extract and its incorporation in a nanocarrier. The first problem is a non-trivial one.
Indeed, in food and pharmaceutical applications a restricted number of solvents are
allowed for the extraction process (FAO/WHO and European Commission sources),
comprising, according to different polarity, ethanol, methanol, acetone, hexane and ethyl
acetate [50]. Ethanol is commonly the most preferred solvent in turmeric extraction,
ensuring good yields and purity in curcumin [14]. Among the enabling technologies that
can ensure a rapid and cost-effective recovery of bioactives from vegetal matrices [51],
microwave irradiation represents a promising method to enhance extraction efficiency and
selectivity [52] compared to conventional thermal heating, boosting extraction and
reducing time and solvents. Fast protocols are critical in handling labile metabolites and
avoiding losses or degradations. Here, we tuned a new extraction method to obtain Curc
extract with high purity and safety. The second point was focused by selecting dextran-
based NBs, a versatile nanotool suitable for different administration routes and with
echogenic properties. NBs are spherical nanoparticles with a core—shell structure filled up
with a gas, which gives them acoustically active properties. With this aim, NBs were
largely proposed as theranostic agents, combining the modality of therapy and diagnostic
imaging [43, 53, 54]. In particular, polymer-shelled NBs were designed as multifunctional
agents with the aim to provide tumor cell targeting, US imaging and US-triggered cancer
therapy [55-57]. The theranostic approach offers the potential to image the pathological
tissues and simultaneously to monitor the delivery kinetics and biodistribution of an active
compound. Previously, curcumin was delivered in PEG-PCL nanodroplets showing an
enhanced anticancer effect in mice [58]. Once injected, these nanodroplets based on
perfluoropentane accumulated in sarcoma tumor tissue and were disrupted by US,
releasing curcumin. Curcumin-loaded nanodroplets significantly reduced the primary tumor
volume compared to the control, in a greater extent when activated by US. Nevertheless,
no in vitro studies were carried out and the possible rule of the nanodroplets on the
occurrence of metastasis was not investigated. More recently, microbubbles loading
curcumin were synthesized using bovine serum albumin as shell component and
perfluorobutane as gas core [59]. Curcumin uptake by HelLa cells increased when the
active compound was carried on the microbubbles. Moreover, the cell viability reduced
significantly when the microbubbles were used with US supply. Besides, microbubbles
cannot passively extravasate from blood vessels into surrounding tissues due to their size.
In this work, we focused the attention on prostatic cell lines, PC-3 and DU-145, designing
nanoscale systems for potentially impairing metastatic spread. It is worth noting that, in
order to prevent or delay recurrences, the patients are normally treated with adjuvant
therapies (radical surgery or radiotherapy), although frequently they are not conclusive. In
vitro results showed that Curc alone was effective in inhibiting PCa cell growth, colony-



forming ability, endothelial adhesion and migration. We speculated that the concomitant
presence of demethoxycurcumin, bisdemethoxycurcumin and other bioactive lipophilic
compounds presented in Curcuma longa L. extract can play a role in the enhanced
effectiveness of Curc with respect to curcumin. In particular, Curc effect at highest
concentration (15 uM) is detectable after 24 h of incubation, while after 48—72 h also 10
MM concentration become effective. In addition, Curc were able to reduce cell colony
forming at all dosages, but only after 24 h of incubation. Moreover, Curc extract prevented
adhesion to HUVEC and migration in the presence of promoting agents (TNF-alpha and
PMA respectively) already at low concentration. Differences in concentration/effect is
important since a therapeutic effect (i.e. preventing metastases formation) can be obtained
avoiding toxicity (limited cell viability) to the nearby tissues. Such promising features were
somehow enhanced whether Curc were delivered via nanobubbles forming the Curc- NBs
systems, which were avidly internalized by cells (see figure 4). As a matter of fact, Curc-
NBs inhibited cell viability and colony formation even at low doses and their effect, begun
after 3 h and last for 24-48 h, suggests that Curc efficiency was preserved and ‘protected’
by the shell and that the active principle was fast internalized and slowly and gradually
released. Interestingly, at low dose (5 uM) Curc-NBs showed a higher effect than Curc on
cell motility, showing that Curc- Nbs may play a role against metastatic spread. As far as
the adhesion properties are concerned, superficial differences between Curc in solution
and carried in NBs may explain the different effectiveness, but in both cases adhesion was
inhibited with respect to control. Our results are complementary with those reported by
Dorai et al [24], that showed that curcumin was able to interfere with the osteoblastic as
well as the osteoclastic component of the highly metastatic C4-2B PCa cell line, by
interfering with the growth factor receptor pathways and by inhibiting the NF-kappaB
activation process. Such result was confirmed by further investigations on PC-3 PCa cells,
where the chemotactic activity of the CC motif ligand 2 was severely reduced by curcumin,
inhibiting their pro-metastatic effectiveness [60]. More recently, it was observed that [61]
curcumin abrogated HGF-induced cell scattering and invasion in DU-145 PCa cells by
downregulating the expression of phosphorylated c-Met, extracellular signal-regulated
kinase and Snail.

5. Conclusions

Based on the results of this study, Curc-NBs might be proposed as a safe and potential
effective adjuvant therapy for preventing metastatic spread as an alternative to ADT. Since
it has been reported that Cur-NBs have theranostic properties, their administration can be
monitored and properly tailored in order to reach an effective release of Curc when
residual cancer cells are suspected. Future in vivo studies are required to assess whether
an effective dose (5 uyM) can be reached in PCa cells following systemic and/or local
administration.
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TABLES AND FIGURES

Table 1 Physico-chemical characteristics of nanobubble formulations. Results are shown
as means = SD (n=3) of three different preparations. Abbreviations: standard deviation

(SD); and polydispesity index (PDI).

Nanobubble Average diameter | PDI Z-potential + SD pH
formulations + SD (nm) (mV)

Blank NBs 328.01 +5.10 0.19 -44.71 + 4.22 6.90
Curc-NBs 348.45+7.30 0.20 -53.27 + 5.96 7.40

Table 2 Cell viability inhibition after the exposition of Curc or Curc-NBs to tumor cells.

% inhibition of viability

DU-145 PC-3
24h 48 h 72 h 24 h 48 h 72 h

Curc

15uM | 39+2 72+1 75+5 26+ 2 60+4 73+2

10 uM | 17+ 4 33%+5 44 +5 11+2 42 +3 58 +3

5uM |92 13+4 10+3 7+1 20+ 2 33+3

l1uM |52 4+3 3+1 3+x1 13+4 15+1
Curc-NBs

15uM |44 £5 80 + 1* 87 + 3* 37 £ 5% 74+3* | 88+2

10 uM | 31 + 4* 55 + 6** 61 + 4** 27 £ 5% 59 £ 3** | 71 + 2**

5uM|18+6 19+4 14 +6 6+3 26+ 4 42 +3

1uM| 14 +6 14 +6 65 5+2 18+ 6 15+5
Blank NBs 8+5 9+2 10+4 3+1 7+5 8+2

Legend: *p<0.05 versus Curc;

**p<0.01 versus Curc.
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Figure legends

Figure 1. Curc-NBs released Curc in a sustained and prolonged over time manner. In vitro
Curc release from Curc-NBs and Curc solution was evaluated up to 28 h. The results are
presented as mean + SD of three different experiments (n = 3).

Figure 2. Curc encapsulated in NBs presented a higher chemical stability over time.
Chemical stability (expressed as percent of Curc remained) up to 30 days of Curc in
solution and loaded in NBs was investigated. The results are shown as mean + SD of
three different experiments (n = 3).

Figure 3. Echogenic images of NBs, visualized using MyLab 25Gold (Esaote, Genova,
Italy) sonograph.

Figure 4. Curc-NBs are avidly internalized by PC-3 cells. Curcuminoid-loaded NBs and
curcuminoid solution were internalized into PC-3 cells after 1 h of incubation. Images are
representative of three field per conditions (n = 3).

Figure 5. Inhibition of colony-forming assay by free Curc and Curc-NBs. PC-3 cells were
treated with 1-15 yM of Curc solution and Curc- NBs, or untreated (control) for 3 or 24 h.
Then, the cells were washed and allowed to growth for 7 d. Moreover, the cells were
treated with blank NBs, at the dilution corresponding to that of Curc-NBs 15 uM. Panel A:
percent of inhibition of colony-forming. The controls (untreated cells) were normalized to
100%, and the readings from treated cells were expressed as % of viability inhibition and
are the mean + SD. *p< 0.05 Curc-NBs versus Curc solution at the corresponding dilution;
**p<0.01 Curc-NBs versus Curc at the corresponding dilution. Panel B: representative
experiments of colony-forming were photographed.



Figure 6. Determination of apoptosis using a flow cytometry based Annexin V/IP assay.
PC-3 cells were treated with 10 and 15 yuM of Curc and Curc-NBs, or untreated (control)
for 24 h. Moreover, the cells were treated with blank NBs, at the dilution corresponding to
that of Curc- NBs 15 yM. Panel A: flow cytometry profiles of representative experiment.
Panel B: summary of the Annexin V-FITC Apoptosis assay results of three independent
experiments. Data are expressed as percentage and are the mean + SD. *p < 0.05 **p .
0.01 versus control, ¢¢ . 0.01 versus Curc solution at the corresponding dilution.

Figure 7. Tumor cell adhesion to HUVEC induced by Curc and Curc-NBs. Panel A DU-
145cells and Panel B PC-3 were treated with 5 yM of Curc solution and Curc-NBs, or
untreated (control) for 30 min and then stimulated with TNF-a 10 ng ml-1. After 18 h,
tumor cells were seeded and left to adhere for 1 h. Data are expressed as percentage of
tumor cell adhesion on HUVEC and are the mean = SD. § p <0.05 Curc-NBs versus
control; **p <0.01 Curc-NBs and free Curc versus TNF-a; ¢ p <0.05 Curc-NBs versus free
Curc at the corresponding dilution.

Figure 8. Tumor cell migration induced by Curc and Curc-NBs. Panel A DU145cells and
Panel B PC-3 were treated with 5 yM of Curc solution and Curc-NBs, or untreated (control)
and seeded in the upper chamber of a Boyden chamber in a serum-free medium. The cells
were allowed to migrate for 18 h to the lower chamber containing PMA 10 ng ml-1 or FCS
20%. Data are expressed as percentage of tumor cell migration and are the mean = SD. §
p <0.05 Curc-NBs versus control; 88 p <0.05 Curc-NBs versus control; **p <0.01 Curc-
NBs and free Curc versus PMA; ¢ p< 0.05 Curc-NBs versus free Curc at the
corresponding dilution.



