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Abstract

v

Curcumin, the main curcuminoid of the popular
Indian spice turmeric, is a potent chemopreven-
tive agent and useful in many different diseases.
A major limitation of applicability of curcumin as
a health promoting and medicinal agent is its ex-
tremely low bioavailability due to efficient first
pass metabolism, poor gastrointestinal absorp-
tion, rapid elimination, and poor aqueous solubil-
ity. In the present study, nanotechnology was
selected as a choice approach to enhance the
bioavailability of the curcuminis. A new poly-
amidoamine dendrimer (G0.5) was synthesized,
characterized, and tested for cytotoxicity in hu-
man breast cancer cells (MCF-7). No cytotoxicity
of GO.5 was found in the range between 1073 and
3x 1078 M. Consequently, GO.5 was used to pre-
pare spherical nanoparticles of ca. 150 nm, which
were loaded with curcumin [molar ratio G0.5/
curcumin 1:1 (formulation 1) and 1:0.5 (formu-
lation 2)]. Remarkably, the occurrence of a single
population of nanoparticles having an excellent
polydispersity index (<0.20) was found in both
formulations. Formulation 1 was selected to test
in vitro drug release because it was superior in

terms of encapsulation efficiency (62 %) and load-
ing capacity (32%). The solubility of curcumin was
increased ca. 415 and 150 times with respect to
the unformulated drug, respectively, for formula-
tion 1 and formulation 2. The release of curcumin
from the nanoparticles showed an interesting
prolonged and sustained release profile.

Abbreviations

v

AP-1: activator protein

BCL 2: B-cell leukemia protein

BCL2L1:  B-cell leukemia lipoprotein 1
COX: cyclooxygenase

DLS: dynamic light scattering
EE%: encapsulation efficiency

IL: interleukin

LC%: loading capacity

LOX: lipoxygenase

MCF-7:  human breast cancer cells
NP: nanoparticle

PAMAM: polyamidoamine

SRB: sulforhodamine-B

TEM: transmission electron microscopy

Introduction

v

Curcuma longa L. is a rhizomatous herbaceous
perennial plant of the Zingiberaceae family, origi-
nating from southeast India. The mainly bioactive
constituents from the rhizomes are a mixture of
three curcuminoids, principally represented by
curcumin (diferuloylmethane), the “yellow color-
ing matter” discovered about two centuries ago,
having a distinctly earthy, slightly bitter, slightly
hot peppery flavor and a mustardy smell. In the
last 50 years, hundreds of in vitro and in vivo ex-
periments, from cell cultures to animal researches
and clinical trials, indicated that curcumin may

have potential as a chemopreventive and thera-
peutic agent in diseases such as inflammatory
bowel disease, pancreatitis, arthritis [1], chronic
anterior uveitis [2], and neurological disorders
such as Alzheimer’s disease [3]. Curcumin repre-
sents a very interesting natural constituent be-
cause it can modulate several molecular targets
and inhibit transcription factors (NF-kB, AP-1),
enzymes (COX-1, COX-2, LOX), cytokines (TNF, IL-
1, IL-6), and antiapoptotic genes (BCL2, BCL2L1)
[4]. Nevertheless, the manifold advantages of cur-
cumin are counterbalanced by a pharmacokinetic
pitfall, which is the major limitation of applicabil-
ity of curcumin as a health promoting and medic-
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inal agent. The extremely low bioavailability is attributed to a
scarce poor gastrointestinal absorption, an extensive first-pass
metabolism, a rapid elimination, due to hepatic glucuronidation
and sulfation of the compound, and to the poor aqueous solubil-
ity and stability [5]. The biomedical potential of curcumin could
be enhanced by increasing the doses. In fact, curcumin does not
show any dose-limiting toxicity when it is administered at doses
of up to 8 g/day for three months, but the best approach exploited
in the last years to increase its bioavailability is based on the
strategy of the nanoparticulate drug delivery systems. Our re-
search group has already developed several types of nanopar-
ticles, such as phospholipid vesicles (liposomes) [6], micelles [7,
8], lipid nanovectors [9-11], and cyclodextrins complexes [12].

The present work focused on the development of nanoparticles to
efficiently deliver curcumin for therapeutic use by enhancing its
solubility and stability. The nanoparticles used in this study were
based on the design of a dendrimeric vehicle. Dendrimers are
core-shell nanostructures with precise architecture and low
polydispersity, which are synthesized in a layer-by-layer fashion
(expressed in “generation”) around a core unit, resulting in a high
level of control over size, branching points, and surface function-
ality. Three different parts are recognized in dendrimers, namely:
(i) an initiator core, (ii) branches, and (iii) the terminal functional
groups [13]. Therefore, dendrimers, possessing a modular struc-
ture, could be designed and then fine-tuned to either encapsulate
or conjugate the desired drug. The design always follows an anal-
ysis of the drug molecular properties, which must be comple-
mentary to the dendrimer. To the best of our knowledge, the liter-
ature reports only non-covalent adducts of curcumin with high
molecular commercial or pegylated-PAMAM dendrimers [14-
17]. Considering the nature of the functional groups present, the
interaction between the abovementioned dendrimers and curcu-
min occurred presumably via hydrophobic interactions, hydro-
gen bonds, and van der Waals interactions. On the bases of these
reports, we posed the question of using a spherical and stable
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NH; Fig.1 Synthesis of the new G0.5 dendrimer (6).

nanoparticle based on small dendrimers to deliver curcumin and
we directed our attention to the preparation of dendrimer GO.5. It
was hypothesized that spherical objects that could be engineered
in size would offer the opportunity of delivering a quantum of
curcumin as a function of the dendrimer size. In cascade, the den-
drimer size could be controlled via the number of iterative
polymerization steps and, in the end, by the number of branches.

Results and Discussion

v

The synthetic layout to provide a new dendrimer G0.5 (6) is re-
ported below (© Fig. 1). Hence, the initiator unit benzylamine 1
was reacted with methylacrilate 2 to generate two branches via
an aza-Michael reaction. Resulting compound 3 was then reacted
with ethylendiamine 4 to provide primary diamine 5. This was
further reacted with excess acrylate 2 in a consecutive aza-Mi-
chael reaction to give dendrimer 6, as reported in © Fig. 1.

The cytotoxicity of GO.5 dendrimer was evaluated in vitro on
human breast cancer cells, MCF-7, at concentrations in the range
between 1073 and 3 x 1078 M. This study showed that G0.5 held no
cytotoxicity (©Fig.2) at the tested concentrations, reaching a
maximum cytotoxicity of 10% at the highest concentration eval-
uated (1073 M). The low cytotoxicity of the G0.5 is probably due to
the presence of neutral methoxy ester moieties in place of
amines, as in PAMAM. It is well known that PAMAM dendrimers,
possessing a variable number of cationic residues, may exert cell
toxicity by acting at the cell membrane level [18].

GO0.5, a pale yellow oil, was dissolved in EtOH (1:9v/v) and di-
luted with Millipore water (1:50) to obtain an aggregate, which
was lyophilized and characterized by DLS and TEM. DLS analysis
showed that GO.5 formed aggregates as NPs. A prevalent popula-
tion (69.9+2.07%) was present with a size of 176.7+7.27 nm.
The polydispersity index was 0.33 +0.06, a value indicating good
homogeneity of the sample. The presence of aggregates of GO.5 in
the form of NPs was confirmed by TEM analysis, which showed
good homogeneity of the sample. The size of the G0.5 NPs eval-
uated by TEM was ca. 100 nm with a regular globular shape
(©Fig. 3). NPs dimension measured by TEM analysis was lower
than that obtained by DLS, an effect we have explained consider-
ing the absence of water molecules in the samples analyzed by
TEM. GO.5, containing several amides, could form hydrogen
bonds with water, which increased the size of the aggregates.
TEM analysis confirmed the presence of the basic G0.5 monomer
in the NPs by imaging small structures of 5-7 nm (© Fig.4),
which were compatible with the dimension of GO.5 in the mono-
meric form.
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Fig.5 In vitro release profile of curcumin from G0.5 NPs (Color figure
available online only).

As a follow-up of this investigation, two formulations based on
GO0.5 NPs were prepared. In the first one (formulation 1), 37 mg
of GO.5 were dissolved in 10 mL of EtOH and 20 mg (molar ratio
1:1) of curcumin were added to the resulting solution. In the sec-
ond one (formulation 2), only 10 mg (molar ratio 1:0.5) of curcu-
min were added. The two solutions were evaporated and the res-
idues treated with 10 mL of Millipore water to provide a precipi-
tate of unloaded curcumin and a supernatant constituted of G0.5
NPs loaded with curcumin. A validated HPLC method was used to
evaluate the content of unloaded curcumin. In addition, NMR
analysis confirmed the absence of dendrimer GO.5 in the precipi-
tate. EE% and LC% were obtained by an indirect method, subtract-
ing the total curcumin used (Total Drug), namely 20 and 10 mg,
while the portion of free curcumin (Free Drug) was obtained by
calculating the curcumin present in the precipitate after centrifu-
gation, according to the equations reported in the experimental
part. The concentration of curcumin obtained in the precipitate
(Free Drug) was determined through HPLC-DAD, using the exter-
nal standard method. EE% and LC% of the two formulations are
reported in © Table 1. DLS analysis of GO.5 NPs loaded with cur-
cumin showed similar dimensions of the unloaded NPs, with a
mean diameter of ca. 150 nm. Remarkably, the occurrence of a
unique population of NPs (100%) having an excellent polydis-
persity index (< 0.20) was found in both formulations. The solu-
bility of curcumin in water at room temperature was determined
to be ca. 3x 1073 pg/ml and taking into account the EE% of curcu-
min in formulations 1 (ca. 62%) and 2 (ca. 44%), the solubility of
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Fig.4 Detailed TEM
micrograph of a single
| NP based on the new
G0.5 dendrimer (Color
figure available online
only).

Table 1 EE% and LC% of the two NPs G/curcumin formulations.

Molar ratio EE% LC%
Curcumin|/G0.5

Formulation 1 (1:1)
Formulation 2 (0.5: 1)

61.8+0.3
43.9+0.2

32.1£0.2
15.1£0.2

curcumin was, respectively, 1.24 mg/ml and 0.44 mg/ml in the
respective formulations. These values are in agreement with the
curcumin solubility values increase of ca. 415 and 150 times with
respect to the unformulated drug, respectively, for formulation 1
and formulation 2. Accordingly, formulation 1 was selected for
further analyses because it was superior in terms of EE% and LC
%, as reported in © Table 1.

Formulation 1 was further evaluated for the in vitro release of
curcumin. Hence, curcumin released from the G0.5 NPs was de-
termined by HPLC during 72 h. To calculate the % of curcumin re-
leased in the medium at each time point, the following formula
was used:

mg curcuming

% curcumin released; = W
tot

100 (1)
Where

» mg curcuming = mg curcumin released for each time point t

> mg curcuming = total mg of curcumin loaded in NPs

Cumulative curcumin release versus time is plotted in © Fig. 5.
The curcumin maximum percentage released was 30.95%
0.001%, equivalent to 4.05 pg/ml. The curve trend is in agreement
with a prolonged and sustained release of curcumin from the
NPs.

A new GO0.5 dendrimer related to PAMAM has been successfully
synthetized. No cytotoxicity properties were evidenced for GO.5,
which is an advantage over related PAMAM dendrimers, which
hold, conversely, variable levels of toxicity. It was shown that
GO0.5 spontaneously formed NPs, which were fully characterized
in terms of average diameter and polydispersity by DLS, while
the morphological analysis was performed by TEM. Curcumin, a
natural molecule with anti-inflammatory, antioxidant, and anti-
cancer activities, was loaded in the new GO0.5 NPs and it was
shown that inclusion of the drug did not modify the structure of
the formulation, giving excellent values in terms of average diam-
eter and polydispersity. EE% and LC% were very satisfactory, in
particular, for formulation 1 (molecular ratio curcumin/G0.5 was
1:1)with 62% EE and 32% LC. A remarkable increase of curcumin
solubility (ca. 450 times more than the unformulated drug) was
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found for formulation 1. Finally, the release profile of curcumin
from this formulation showed an interesting prolonged and sus-
tained release profile of curcumin, with the possible application
as a drug delivery system.

Materials and Methods

v

Reagents and standard solutions

Benzylamine and ReagentPlus® 99% were from Sigma-Aldrich;
Buffer saline (PBS) was from Euroclone Company; Cell line MCF-
7 were from American Type Culture Collection. Culture medium
DMEM, Gibco®, was purchased from European Division; Curcuma
e.s 95% curcumin, PM = 368.39, was from Sigma-Aldrich; Dimeth-
yl sulfoxide (DMSO, 99.9%) and bovine serum albumin were from
Sigma-Aldrich. Ethylenediamine >99.5% by GC was from Sigma-
Aldrich; FBS and glutamine were from the Euroclone Company;
Isoton solution for the electronic cell counter was a Beckman-
Coulter sample. Methyl acrylate 99%, containing <100 ppm
monomethyl ether hydroquinone as an inhibitor, was from Sig-
ma-Aldrich. Phosphotungistic acid and copper grid of 200 mesh
coated with a carbon film was from Societa Italiana Chimici. Po-
tassium carbonate, >99.0%; Potassium permanganate, ACS re-
agent, > 99.0%; Silica gel, Merk F-254; Single-use material for cell
cultures were from Costar and Sarstedt. SRB and trichloroacetic
acid were from Sigma Chemical Co. TRIS (hidroxymethylamino-
methane) was from Merck.

Synthesis of dendrimer 6

The preparation of dendrimer 6 was carried out using a method
reported in the literature [19] and modified according to our
needs. In particular, product 3 (© Fig. 1) was prepared starting
from a solution of benzylamine 1 (0.88 mL; 8 mmol) in methanol
(20mL) to which methylacrylate 2 (2.6 mL; 28.8 mmol) was
added in a dropwise fashion. The resulting reaction mixture was
stirred under argon for 72 h at 34°C. After this time, the solvent
was removed under reduced pressure and the residue obtained
confirmed to be pure 3 via 'TH NMR and was used in the following
step without further purification.

Compound 5 (© Fig. 1) was prepared starting from a solution of 3
(2.235 g; 8 mmol) in methanol (4 mL) to which ethylendiamine 4
(9.95mL; 148.8 mmol) was added. The reaction mixture was
then stirred for 72 h at 34°C. The solvent was removed under re-
duced pressure and the residue obtained was confirmed to be the
desired 5 by '"H NMR and was used in the following step without
further purification.

Compound 6 (© Fig. 1) was prepared following the same proce-
dure reported for the synthesis of product 3. Hence, to a solution
of 5 (459 mg; 1.37 mmol) in methanol (3.4 mL), methylacrylate 2
(1.24 mL; 13.68 mmol) was added dropwise. The reaction mix-
ture was maintained at 34 °C for 72 h. After this time, the solvent
was removed under reduced pressure, and the residue was puri-
fied by column chromatography on silica gel 60 (Merck 70-230
mesh) using EtOAc/MeOH at different gradients, starting from
(10/0.8), (10/1), (10/1.2). Pure 6, so obtained, was characterized
by 'H NMR. All TLC (Merck F-254) were visualized via UV fluores-
cence.

Characterization of compounds 3, 5, and 6

Compound 3: Weight: 2.235g, yield: 99%, yellow oil; "TH-NMR
(400 MHz, CDCl3) 6 7.26 (m, 5 H), 3.64 (s, 6 H), 3.58 (s, 2 H), 2.79
(t,4H,]=6.8),2.47 (t,4H,]=7.2).

Falconieri MC et al. New Dendrimer-Based Nanoparticles... Planta Med

Compound 5: Weight: 2.341¢g, yield: 99%, yellow oil; "H-NMR
(400 MHz, CH50D) 6 7.25 (m, 5H), 3.60 (s, 2H), 3.22 (t, 4H,
J=6.4),2.76(t,4H,J=6.8),2.70 (t, 4H,]=6.4),2.40 (t, 4H,]=6.4).
Compound 6: Weight: 0.8461¢g, yield: 91%, yellow oil; TLC:
AcOEt/MeOH (10/0.8) R¢=0.4; AcOEt/MeOH (10/1) R¢=0.2;
AcOEt/MeOH (10/1.2) R¢=0.1; 'H-NMR (400 MHz, CDCl3) ¢ 7.21
(m, 5H), 3.58 (s, 2H), 3.56 (s, 12H), 3.20 (m, 4H), 2.74 (t, 4H,
J=6.4),2.68(t,8H,J=6.8),2.44 (t,4H,]=6),2.34 (m, 12 H).

Cytotoxicity evaluation by the sulforhodamine-B assay
Cytotoxicity of dendrimer G0.5 was evaluated 72 h after exposure
of the cells to various concentrations in a range between 1073 and
3x108M. The MCF-7 cells, in the exponential growth phase,
were diluted in complete DMEM medium to obtain a density of
5000 cells/100 L and distributed in plates of 96 wells. Subse-
quently, the cells were incubated for 24 h at 37 °C in a humidified
atmosphere at 5% CO, to allow adhesion before exposure. All ex-
periments were performed in triplicate. Inhibition of cell growth
was assayed by sulforhodamine-B (SRB), which is capable of
binding cellular proteins and developing a color directly propor-
tional to cell viability [20].

Briefly, MCF-7cells were fixed with 10% trichloroacetic acid and
incubated for 1h at +4°C; then the microplates were washed
with tap water 5-6 times and air-dried. The fixed cells were
stained with 0.4% SRB solution dissolved in 1% acetic acid and
kept at room temperature for 30". Unbound SRB was removed by
washing with 1% acetic acid solution and the dye bound to the
proteins was extracted with 10 mM unbuffered TRIS base in a
volume of 150 ul/well at room temperature under stirring. Opti-
cal density was read in an automatic 96-well microplate reader
interfaced with the software Microplate Manager/PC version 4.0
(Bio-Rad Laboratories) for automatized analysis of the results at
540 nm to maximize the value of SRB absorption. The results
were processed using the program GraphPad 5 and were com-
pared with those obtained from blank wells that represented
the untreated control.

Morphological analysis of G0.5 nanoparticles

by transmission electron microscopy

NP dispersions were analyzed in terms of morphology and mean
diameter by TEM (Jeol Jem 1010). Ten pL of NP dispersion diluted
10-times was applied to a carbon film-covered copper grid. Most
of the dispersion was blotted from the grid with filter paper to
form a thin film specimen, which was stained with a phospho-
tungstic acid solution 1% w/v in sterile water. The samples were
dried for 3 min and then were examined under a JEOL 1010 elec-
tron microscope and photographed at an accelerating voltage of
64 kV.

Characterization of the G0.5 NPs was done in terms of particle
size, polydispersity index, and (-potential. The particle size of
the developed NPs was measured by a DLS, Zetasizer Nano series
ZS90 (Malvern Instruments) equipped with a JDS Uniphase
22 mW He-Ne laser operating at 632.8 nm, an optical fiber-based
detector, a digital LV/LSE-5003 correlator, and a temperature con-
troller (Julabo water-bath) set at 25 °C. Time correlation functions
were analyzed to obtain the hydrodynamic diameter of the par-
ticles (Zh) and the particle size distribution (polydispersity index,
PD) using ALV-60X0 software V.3.X provided by Malvern. Auto-
correlation functions were analyzed by distribution, fitting a
multiple exponential to the correlation function to obtain par-
ticle size distributions. In particular, polydispersity values were
calculated for each peak as peak width/mean diameter. Scatter-
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Table 2 HPLC method for curcumin quantification.

Time (min) Solvent A (%) Solvent B (%)
0.10 18.0 82.0
10.00 44.0 56.0
13.00 44.0 56.0
27.00 48.0 52.0
32.00 80.0 20.0
35.00 18.0 82.0

ing was measured in an optical quality 4 mL borosilicate cell at a
90° angle, diluting the samples 30-folds in PBS. (-potentials of the
NPs were measured using a Malvern Instruments Zetasizer Nano
series ZS90. For all samples, an average of three measurements at
the stationary level was taken. The temperature was kept con-
stant at 25 °C by a Haake temperature controller. The (-potential
was calculated from the electrophoretic mobility, pE, using the
Henry correction to Smoluchowski’s equation.

Curcumin loaded G0.5 nanoparticles

Two different molar ratios were used to prepare formulation 1
and formulation 2, namely a molar ratio of 1:1 (20 mg;
0.054 mmol of curcumin plus 37 mg; 0.054 mmol of G0.5) and a
molar ratio of 0.5:1 (10 mg; 0.027 mmol of curcumin plus
37 mg; 0.054 mmol of GO0.5) dissolved in ethanol (10 mL). The
solution was stirred for 24 h and then evaporated under vacuum
in order to completely remove the solvent. Millipore water
(10 mL, pH 6.52) was added and the mixture was stirred for 24 h
in the dark. The separation of G0O.5 NPs loaded with curcumin
from unloaded curcumin was performed by centrifugation at
4000 rpm, at 4 °C for 30 min. The precipitate was represented by
curcumin, while the complex was dispersed in the aqueous me-
dium. The two precipitates were analyzed by 'H NMR to assess
the lack of a dendrimer; only curcumin was identified. 'H-NMR
(400 MHz, dg-DMSO0) 6 7.57 (d, 2 H, J=7.6), 7.52 (s, 1H), 7.32 (s,
2H), 7.14 (d, 2H,J=8); 6.81 (d, 3H, J=8.4), 6.77 (s, 1 H), 6.73 (s,
1H),3.83 (s, 6H).

High-performance liquid chromatography analysis

for curcumin quantification

Curcumin was assayed by HPLC/DAD analysis performed using an
HP 1100 liquid chromatograph (Agilent Technologies) equipped
with an HP 1040 diode array detector (DAD), an automatic injec-
tor, an autosampler, and a column oven, and was managed by an
HP 9000 workstation (Agilent Technologies). The UV-Vis spectra
were recorded between 220-500 nm and the chromatographic
profiles were registered at 420 nm. Separations were performed
on a reversed-phase Luna C18 column (150 x 2 mm, 3 um, Phe-
nomenex) maintained at 25°C with an injection volume of
20 pL. The eluents were H,0 at pH 3.2 by formic acid (Solvent A)
and acetonitrile (Solvent B) at flux 0.2 ml/min. The multistep
linear gradient applied is described on © Table 2.

Calibration curve

A calibration curve was built with an exact quantity of curcumin
and solubilized in methanol HPLC ranging from 0.2016 pg/pL to
2.016 pg/uL. The linearity of the calibration curve is expressed
by R? that is 0.9935, as reported in © Fig. 6.
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Fig.6 Calibration curve of curcumin.

Encapsulation efficacy and loading capacity

EE% and LC% of GO.5 NPs were determined by an indirect method,
by detracting the amount of free curcumin (Free drug) from the
total amount of curcumin used in the preparation of NPs (Total
Drug) to quantify the supernatant after purification of the NPs.

Total Drug — Free Drug)

_(
EEV = Total Drug

x 100 (2)

Total Drug — Free Drug)

_(
L% = Weight of G05

x 100 (3)

In vitro release test

A dialysis bag method was performed to study the drug release
using a mixture of distilled water and EtOH (20:80v/v) as a dis-
solution medium. Release was monitored for 72 h. The dialysis
bags were hydrated in distilled water before use. Formulation 1
(12.44 mg) was put into the dialysis bag. The bag was placed in a
beaker containing 200 mL of dissolution medium, maintained at
37°C, and stirred at a rate of 100 rpm. Aliquots of the dissolution
medium were withdrawn at different time intervals (2h, 4h,
24 h,48 h, 72 h) and were replaced with the same volume of fresh
medium to maintain the sink conditions. The samples were suit-
ably diluted and analyzed by HPLC. All of the operations were
carried out in duplicate along with the controls.
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