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a  b  s  t  r  a  c  t

The  objective  of this  study  was  to evaluate  the feasibility  to prepare  fast  dissolving  films  as  quercetin
nanocrystal  delivery  systems,  using  maltodextrins  as  film  forming  material  and  glycerin  as  plasticizer,
with  the  goal  of  enhancing  quercetin  oral  bioavailability.  Quercetin  nanosuspensions  were  prepared
using  a high-pressure  homogenizer,  and  then  directly  used  to  prepare  the films  by  a casting  method.
Spectroscopic  and  calorimetric  analysis  evidenced  that reduction  of quercetin  size at nanoscale  and
eywords:
altodextrins
uercetin
anocrystals
ast dissolving films

incorporation  in maltodextrin  films  do not  affect  the  solid  state  of  the  active  ingredient.  The  loading  of
quercetin  nanocrystals  into  the  film  determined  a slight  variation  of film  elasticity  and  ductility.  Indeed,
the  elastic  modulus  of  the  loaded  films  resulted  about  a  half  of  the  placebo  ones,  while  the  elongation  at
break  increased  four  folds.  Free and  film  loaded  quercetin  nanocrystals  showed  a comparable  dissolution
rate,  much  higher  than that  of  bulk  quercetin.

© 2015  Elsevier  Ltd. All  rights  reserved.
. Introduction

Quercetin (3,3,4,5,7-pentahydroxyflavone, QUE), one of the
ost common dietary polyphenols widely found in the plant king-

om including vegetables, fruits, medicine herbs and red wine,
as been intensively investigated for its anti-inflammatory, antiox-

dant, antiviral, anticarcinogenic and cardioprotective properties
Nijveldt et al., 2001), without any evidence of toxicity, carcino-
enicity or genotoxicity related to consumption (Harwood et al.,
007; Okamoto, 2005; Utesch et al., 2008). In the western world,
he average daily intake of QUE has been estimated to be between
0 mg  and 40 mg,  but more research is necessary to establish the
osage required to achieve health effects while avoiding toxicity
Kelly, 2011). Moreover, biomedical applications of this natural
ompound are severally hampered by its low oral bioavailability
ue to poor water solubility and rapid metabolism (Cai, Fang, Dou,
u, & Zhai, 2013).

To overcome these issues, several formulation approaches

ave been developed, involving the use of drug delivery systems
uch as cyclodextrin inclusion complexes, liposomes, micelles,
nd nanoparticles, which provide higher water solubility and

∗ Corresponding author. Tel.: +39 070 6758555.
E-mail address: sinico@unica.it (C. Sinico).

ttp://dx.doi.org/10.1016/j.carbpol.2014.11.070
144-8617/© 2015 Elsevier Ltd. All rights reserved.
bioavailability (Chessa et al., 2011; Fatma et al., 2014; Ribeiro
et al., 2009; Zheng & Chow, 2009). Moreover, it has been reported
that systems based on solid dispersions of quercetin in poly-
mer  matrices, are a promising approach for developing quercetin
formulations with enhanced oral bioavailability. Polymer matri-
ces include polyethylene glycol (Li, Zhang, Deng, & Liang, 2004),
polyvinylpirrolidone (De Mello Costa et al., 2010) and, recently,
cellulose derivative (Li et al., 2013).

Among the several strategies widely described in the literature,
drug nanocrystal technologies are considered one of the most valu-
able approaches to formulation of poorly soluble drugs (Kocbek,
Baumgartner, & Kristl, 2006; Müller, Gohla, & Keck, 2011). These
technologies produce dispersions of drug nanocrystals in a liquid
medium (typically water), which has to be eliminated by means
of specialized techniques (spray drying or freeze drying) to obtain
the final solid dosage form, namely tablets, capsules, granules and
pellets. The main challenge in developing solid nanoparticle for-
mulations is the redispersibility of dried drug nanoparticles that
must have the ability to return to their original size (Lai et al.,
2011; Van Eerdenbrugh et al., 2008). Interestingly, drug nanocrys-
tals have been recently proposed in combination with the novel

fast dissolving film technology (Shen et al., 2013). In this case, the
nanosuspension was  mixed with an aqueous solution containing
fast dissolving film components and the final blend was casted and
dried, thus obtaining a nanocrystal-loaded film, which was  cut to

dx.doi.org/10.1016/j.carbpol.2014.11.070
http://www.sciencedirect.com/science/journal/01448617
http://www.elsevier.com/locate/carbpol
http://crossmark.crossref.org/dialog/?doi=10.1016/j.carbpol.2014.11.070&domain=pdf
mailto:sinico@unica.it
dx.doi.org/10.1016/j.carbpol.2014.11.070
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he desired size. However, also in this case one of the main issues
ssociated with the production of these dosage forms is nanocrys-
al aggregation and growth. Indeed, fast dissolving films can be

ade of polysaccharide polymers plasticized by low molecular
eight excipients, such as glycerin, polyethylene glycol or pro-
ylene glycol, which could cause a physical instability of the drug
anocrystals.

The first polysaccharide employed to produce fast dissolving
lms was pullulan, a glucan consisting of maltotriose units obtained
y the fungus Aureobasidium pullulans (Leathers, 2003). Pullulan
an be considered the most suitable excipient for the design of these
osage forms since it presents favorable rheological and mechan-

cal properties and processability. Nevertheless, its use is limited
y the low availability and high costs. Thus, other edible hydro-
olloids such as modified starches and cellulose ethers have been
roposed as substitutes (Pinna & Pinna, 2009; Zerbe & Guo, 1998).
he possibility of using maltodextrin (MDX) as film forming mate-
ial and glycerin as plasticizer has been also demonstrated (Cilurzo
t al., 2010; Selmin, Franceschini, Cupone, Minghetti, & Cilurzo,
015).

MDX  are water-soluble biopolymers obtained from the par-
ial hydrolysis of food grade starch. They contain linear amylase,
ranched amylopectin and a relatively small amount of dextrose
nd maltose. d-Glucose units are primarily linked by �-(1,4) bonds,
ut there are also branched segments linked by �-(1,6) bonds.
DXs, which can differ in average molecular size, are commonly

lassified by their dextrose equivalent (DE) values, defined as the
ercentage of reducing sugars calculated as glucose on a dry sub-
tance basis. Several physical and functional characteristics are
nfluenced by the DE such as solubility, freezing temperature and
iscosity (Garnero, Chattah, & Longhi, 2013).

The purpose of this study was to evaluate the feasibility
f preparation of orodispersible fast dissolving films containing
UE nanocrystals, using maltodextrins as film forming material
nd glycerin as plasticizer (Cilurzo et al., 2010; Cilurzo, Cupone,
inghetti, Selmin, & Montanari, 2008), with the purpose of enhanc-

ng QUE oral bioavailability bioavailability. Indeed, these films,
hen placed onto or under the tongue disintegrate in a short

ime favoring the local drug absorption, avoiding first-pass hepatic
etabolism. Moreover, they are useful for patients who  have diffi-

ulty in swallowing (Shen et al., 2013).
In this work, QUE nanosuspensions were prepared using a high

ressure homogenizer (Lai et al., 2014), and then directly used
or drying by lyophilisation or preparing the fast dissolving films.
he solid state of bulk QUE, QUE nanocrystals and QUE films were
nvestigated by means of FTIR, DSC and XRPD analyses. Moreover,
UE nanocrystals were characterized by photon correlation spec-

roscopy for mean size and size distribution and by transmission
lectron microscopy for morphological studies. The dissolution
rofile of QUE nanocrystal-loaded films was compared to that of
reeze dried QUE nanocrystals and bulk QUE. Furthermore, the
ffect of nanocrystals on fast dissolving film tensile properties was
nvestigated.

. Materials and methods

.1. Materials

Maltodextrin having a D.E. equal to 6 and molecular mass
720 g/mol (Glucidex® IT6, MDX6) was obtained by Roquette,
France). Glycerin (GLY) and sorbitan monooleate (Span® 80, S80)

ere purchased from Carlo Erba Reagenti (Italy) and Croda (Italy),

espectively. Polysorbate 80 (Tween® 80, T80) was purchased from
aleno (Italy) and QUE was purchased from Sigma-Aldrich (Italy).
ll solvents were of analytical grade, unless otherwise specified.
ers 121 (2015) 217–223

2.2. QUE nanosuspension preparation

QUE nanosuspensions were prepared by high pressure homog-
enization. 5% (w/w)  QUE coarse powder was dispersed in water
with 1% (w/w)  Tween 80 and disintegrated into microsuspensions
by a high shear homogenizer (Ultra-Turrax® T25, IKA, Germany)
at 12.000 rpm for 5 min. Obtained microsuspensions were homog-
enized at high pressure using a high pressure homogenizer
(EmulsiFlex-C5, Avestin Inc., Ottawa, Canada). At first, 5 cycles at
500 bar were conducted as pre-milling step, and then 20 cycles
at 1000 bar were run to obtain the nanosuspension. The obtained
nanosuspensions were freeze dried or directly used to obtain fast
dissolving films containing QUE nanocrystals.

2.3. Fast dissolving film preparation

Films were prepared modifying the solvent casting technique
previously described (Cilurzo et al., 2008). Briefly, drug loaded films
were obtained by gradually adding MDX6 to a QUE nanosuspen-
sion under magnetic stirring until the film forming material was
completely dissolved. Afterwards, GLY and S80 were added. The
component amounts were set in order to have a MDX6/GLY/S80
ratio of 76/21/3 w/w  (film thickness was  set to achieve a final
weight of about 100 mg/6 cm2) and a final drug content of
10 mg/6 cm2. To better investigate the QUE solid state, a placebo
formulation with the same composition, including the Tween
80 used for the production of the nanosuspension but without
quercetin was also prepared as control.

After a rest period of 16 h, slurries were cast over a sili-
cone release liner by a laboratory-coating unit Mathis LTE-S(M)
(Switzerland). Operative conditions: coating rate: 1 m/min; dry-
ing temperature: 50 ◦C; drying time: 20 min; air circulation
speed: 1200 rpm. Films were cut into suitable shape and size as
required for testing, packed immediately after the preparation
in individual airtight aluminum seal packs and stored at 25 ◦C
until use. Placebo films were also prepared following the same
procedure.

2.4. Analytical characterization

Infrared absorption spectra were recorded on a Perkin Elmer
(MA, USA) FTIR Spectrometer “Spectrum One” in the middle
infrared region (4000 and 450 cm−1). The solid samples, mixed in a
mortar with KBr (1:100), were pressed in a hydraulic press (9 tons)
to small tablets and analyzed by transmittance technique with 8
signal-averaged scans collected at a spectral resolution of 4 cm−1.

The XRPD analyses were carried out by using a Rigaku Mini-
flex diffractometer. The setting parameters were Ni-filtered CuK�
radiation detector (� = 1.5405 Å), voltage of 30 kV, current of 15 mA,
scan angular speed 2◦/min and scan step time 2.00 s in the 2� range
from 3◦ to 60◦. The XRPD patterns of QUE raw material, freeze dried
QUE nanocrystal, QUE nanocrystal-loaded films and placebo films
were recorded. The films were cut in disks of a diameter compara-
ble with that of the aluminum sample plate and then analyzed in
the conditions above described.

The DSC curves of the different samples were recorded on a
Perkin Elmer DSC 6 differential scanning calorimeter calibrated
with indium. The thermal behavior was  studied by heating 2.5 mg
samples in aluminum crimped pans under nitrogen gas flow. The

samples were heated from 25 ◦C to 100 ◦C at 10 ◦C/min to elimi-
nate moisture, quickly cooled at 25 ◦C and then heated from 25 ◦C
to 350 ◦C at 10 ◦C/min; reported thermograms refer to the second
heating scan.
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.5. Particle size and zeta potential measurements

QUE nanosuspensions were analyzed for particle size and
eta potential by photon correlation spectroscopy (PCS) using

 Zetasizer Nano ZS (Malvern Instruments, UK). Samples were
ackscattered by a helium–neon laser (633 nm)  at an angle of 173◦

nd a constant temperature of 25 ◦C. The instrument systematically
nd automatically adapts to the sample by adjusting the inten-
ity of the laser and the attenuator of the photomultiplier, thus
nsuring reproducibility of the experimental measurement condi-
ions. Zeta potential was estimated using the Zetasizer nano-ZS by

eans of the M3-PALS (Phase Analysis Light Scattering) technique.
ll the samples were analyzed 24 h after preparation. A long-term
tability study of formulations stored at 4 ± 1 ◦C was  performed
y monitoring formulation average size, polydispersity and sur-
ace charge over 90 days. Particle size and zeta potential of film
oaded with QUE nanocrystals were measured after dispersion of
lms in Milli®Q water. The presence of possible coarse aggregates
as investigated by using an Accusizer 770 granulometer (P SS Inc.,

anta Barbara, USA). The results are expressed as the mean of three
eterminations.

.6. Film thickness

Film thickness was measured by using a MI  1000 Microm-
ter (ChemInstruments, USA, range of measurement 0–50 mils
0–1270 �m,  accurate to ±0.2% of range). Before sample cutting,
lm was placed between the anvil and the presser foot of the
icrometer.

.7. Tensile properties

Tensile testing was conducted using a tensile testing machine
quipped with a 50 N load cell (Instron 5965, ITW Test and Mea-
urement Italia S.r.l., Trezzano sul Naviglio, Italy).

The film was cut into 80 × 15 mm strips and equilibrated at 25 ◦C.
ensile tests were performed according to the procedure reported
n a previous work (Cilurzo et al., 2010). Each test strip was longi-
udinally placed in the tensile grips on the texture analyzer. Initial
rip separation was 40 mm and crosshead speed was  25 mm/min.

The test was considered concluded at the film break. Tensile
trength, elongation at break, elastic modulus and work were com-
uted to evaluate the tensile properties of the films.

Tensile strength (TS) was calculated by dividing the maximum
oad by the original cross-sectional area of the specimen and it was
xpressed in force per unit area (MPa).

Percent elongation at break (E%) was calculated by dividing the
xtension at the moment of specimen rupture by the initial speci-
en  gage length and multiplying by 100 according to the following

quation:

% = L  − L0

L0
× 100 (1)

here L0 is the initial gage length of the specimen and L is the length

t the moment of rupture.

Elastic modulus or Young’s modulus (Y) was calculated as the
lope of the linear portion of the stress–strain curve. The result was
xpressed in force per unit area (MPa).

Tensile energy to break (W) was defined by the area under the
tress–strain curve. The value is in units of energy.

An average of five measurements was taken for each type of
pecimen.
ers 121 (2015) 217–223 219

2.8. Transmission electron microscopy (TEM)

Morphology of freeze dried QUE nanocrystals, placebo film and
QUE nanocrystal-loaded film was visualized by using transmission
electron microscopy (Tecnai 12, FEI, operating at 120 kV). To ana-
lyze nanosuspensions a drop of preparation and an equal volume
of an aqueous 1% uranyl acetate solution were adsorbed on the
surface of a copper grid and dried at room temperature for 24 h.
Placebo and drug loaded film, instead, were put in an aluminum
stub without any reagent and then analyzed.

2.9. In vitro dissolution studies

In vitro dissolution studies of QUE raw material, freeze dried
QUE nanocrystals and QUE nanocrystal-loaded films were per-
formed according to the United States Pharmacopeia (USP) using
the rotating basket method (Erweka apparatus). The dissolution
medium was 1000 ml  of distilled water kept at 37 ± 0.1 ◦C and
stirred at a rotation speed of 100 ± 2 rpm. At preselected time
intervals, a 1 ml  sample was withdrawn (replaced with 1 ml  of
pre-thermostated fresh dissolution medium), filtered through a
polycarbonate membrane (0.45 �m,  Millipore) and analyzed by
HPLC at 367 nm,  using a chromatograph Alliance 2690 (Waters,
Milan, Italy). The column was  a SunFire C18 (3.5 m,  4.6 × 150 mm).
The mobile phase was  a mixture of acetonitrile, water and acetic
acid (94.8:5.0:0.2 v/v), delivered at a flow rate of 1.0 ml min−1. Dis-
solution tests were performed in triplicate.

At each sampling time, percentage data were arc-sin trans-
formed and then analyzed using one-way ANOVA, with three
treatment formulations and three replicates, and LSD procedure
for pair comparison among means.

3. Results and discussion

3.1. Solid state characterization

In order to elucidate the effects of formulation processes on drug
crystalline properties, the solid state of bulk QUE, freeze dried QUE
nanocrystals, QUE nanocrystal-loaded film was investigated using
XRPD, FTIR and DSC techniques. To better investigate these multi-
component formulations a placebo film without QUE nanocrystals
was prepared and used as reference in the analytical study. As pre-
viously reported in the literature (Sahoo et al., 2011), QUE XRPD
analysis showed a semi-crystalline pattern with typical reflection
peaks at 4.54◦, 9.78◦, 13.06◦, 26.00◦, 27.92◦ 2�.The freeze-dried
nanocrystal diffractograms showed some diffraction peaks ascrib-
able to crystalline QUE at a diffraction angle of 2� 4.48◦, 12.42◦,
27.42◦ (Fig. 1) although a few peaks were shifted. The differences in
peak relative intensities and the partial amorphisation are probably
due to the high pressure homogenization process. Indeed, as pre-
viously demonstrated, during homogenization, cavitation forces as
well as collision and shear forces determine break down of the drug
particles down to the nanometer range. These high energy forces
can also induce a change in crystal structure and/or partial or total
amorphisation of the sample.

As depicted in Fig. 1, the placebo film diffractogram showed a
typical amorphous pattern, without any crystalline domain, while
the QUE nanocrystal-loaded film diffractogram exhibited a residual
crystallinity attributable to QUE.

In Fig. 2, the thermal behavior of QUE, QUE  nanocrystals,
film loading QUE, film loading nanocrystals and placebo film are

reported. The QUE raw material DSC analysis presented a sharp
endothermic peak at 318 ◦C (onset temperature) while the freeze
dried nanocrystal thermal behavior showed a melting peak at an
onset temperature of 293 ◦C, slightly shifted to lower temperature
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Fig. 1. Diffraction patterns of bulk QUE (a), QUE nanocrystals (b), film loading QUE
nanosuspension (c) and placebo film (d).

Fig. 2. Thermograms of bulk QUE (a), QUE nanocrystals (b), film loading QUE
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Fig. 3. FTIR spectra in the 2000–600 cm−1 range: bulk QUE (a), QUE nanocrystals
(b), film loading QUE nanosuspension (c) and placebo film (d).

Table 1
Mean size (Z-AVE) of QUE: bulk, freshly prepared nanosuspensions, freeze dried
nanocrystals and nanocrystals after dissolution of both freshly prepared (day 0) and
6  month old film in water.

QUE Z-AVE (nm)

Bulk 7400 ± 2300
Nanosuspension 753.5 ± 8.2

nanocrystals with a particle size in agreement with the initial
nanosuspension as showed by PCS analysis (Table 1) and the TEM
images reported in Fig. 4. Nevertheless, after three months of stor-
age the re-suspended nanocrystals exhibited two populations of

Table 2
Mean size (Z-AVE), polydispersity index (PI) and Z potential (ZP) of QUE nanosus-
pensions stored at 4 ± 1 ◦C and monitored during 90-day.

Day (Z-AVE) (nm) P.I. ZP (mV)

0 753.5 ± 8.2 0.31 ± 0.05 −51.7 ± 1.3
1  752.9 ± 1.2 0.33 ± 0.03 −49.4 ± 0.8
7  761.3 ± 3.3 0.30 ± 0.07 −50.7 ± 0.1
anosuspension (c), film loading QUE(d) and placebo film (e).

ue to loss of crystallinity and/or for the presence of the formulation
xcipients. The �Hf decrease from 163.68 J/g (QUE) up to 63.90 J/g
QUE nanocrystals) confirmed the loss in crystallinity due to high
ressure homogenization (Sahoo et al., 2011). In both the QUE-

oaded and the nanocrystalline QUE-loaded films, no endothermic
eak attributable to QUE melting was detectable, possibly due to
asking by thermal degradation of the film components when sor-

itan monooleate is used as surfactant (Cilurzo et al., 2008).
Bulk QUE FTIR spectrum evidenced in the region between 3400

nd 3000 cm−1 the strong O H deformation band partially over-
apped to the Csp2 H stretching; at 1672, 1615 and 1513 cm−1 the

 O and C C stretchings, respectively.
The FTIR spectrum of lyophilized QUE nanocrystals is almost

uperimposable upon that of QUE, but absorption bands at
920, 2852 and 1729 cm−1 attributable to C H and C O Tween
0 stretchings are also visible. The placebo film and the QUE
anocrystal-loaded films were also analyzed; both spectra showed
trong broad bands imputable to MDX; however, the characteris-
ics peaks of nanosuspension (QUE C O and C C stretchings) in
he range between 1740 and 1520 cm−1 are still visible in the QUE
anocrystal-loaded film spectrum (Fig. 3).
In conclusion, XRPD data evidenced that the reduction of QUE
ize at nanoscale do not alter the QUE solid state and moreover, the
ncorporation in the MDX  fast dissolving films do not transform the
ctive ingredient into a completely amorphous state.
Freeze dried nanocrystals 920.7 ± 15.3
Film loaded nanocrystals (day 0) 781.5 ± 75.1
Film loaded nanocrystals (6 month) 795.6 ± 86.3

3.2. Morphological characterization

High pressure homogenization led to a QUE particle size reduc-
tion of about one order of magnitude. Indeed bulk QUE exhibited a
mean particle size of 7.4 ± 2.3 �m while the freshly prepared QUE
nanosuspension presented a Z-AVE of 753 nm (0.31 PI, (Fig. 4 and
Tables 1 and 2).

The nanosuspension also exhibited a very highly negative zeta
potential value (−51.7 mV), due to the presence of Tween 80, which
should ensure high stability against re-aggregation phenomena. As
shown in Table 2, during the first 30 days, QUE nanosuspensions
maintained similar mean diameter and polydispersity index val-
ues. However, after three months of storage, the dimension and the
polydispersity index slightly increased to 851 nm and 0.45, respec-
tively, while the Z potential values were constant.

Freeze drying of the nanosuspensions permitted us to obtain
14 757.3 ± 5.7 0.36 ± 0.06 −47.9 ± 1.0
30 783.6 ± 15 0.38 ± 0.02 −52.8 ± 1.3
60 843.7 ± 4.6 0.42 ± 0.02 −48.6 ± 0.9
90 851.1 ± 3.2 0.45 ± 0.02 −49.5 ± 1.6
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Fig. 4. QUE nanos

articles at about 700 nm (35.6% volume) and 7.8 �m (64.5% vol-
me). This aggregation phenomenon could be due to the strong
eduction of the Z potential value, which dropped to −17.9 ± 0.4 mV
fter three months of storage.

TEM images of MDX6 film loaded with QUE nanocrystals and the
orresponding placebo film are shown in Fig. 5a and b. The former
Fig. 5a) disclosed a rough surface and showed, mixed with film

atrix, several QUE nanocrystals arranged in different positions
nd orientations. This morphology completely differed from that
f placebo films (Fig. 5b). In the placebo film, pores are evident but
he crystals and surface roughness of the QUE nanocrystal-loaded
lm are absent.
Dissolution of the film in water led to the formation of a fine
ispersion of the drug nanocrystals (795.6 ± 86.3 after 6 month of
torage, Table 1) with no formation of aggregates or aggregates eas-
ly redispersible. The lack of aggregates can be attributed to both the

Fig. 5. (a) QUE nanosuspension loaded film T
sion TEM images.

high z-potential of the system −39.4 ± 1.1 mV and steric hindrance
due to presence of MDX.

3.3. Technological characterization

Films were evaluated by determining their tensile properties,
which are clearly related to the handling of the dosage form, and
the QUE dissolution profile.

As far as the tensile properties are concerned, the loading of the
QUE nanocrystals into the MDX6 film caused a variation of the film
elasticity and ductility. Indeed, the elastic modulus (Y) of the loaded
films was about half that of the placebo, while the elongation at

break (E %) increased four fold (Table 3).

These data suggested that the QUE nanocrystals affect the
mechanical properties, surprisingly acting as a non-conventional
filler. Indeed, these results are in contrast with literature data

EM image; (b) placebo film TEM image.
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Table 3
Thickness and tensile properties of the films.

Thickness (�m) Y (MPa) TS (MPa) E % (%) W (MPa)

Placebo film 96.0 0.41 ± 0.17 0.88 ± 0.20 35 ± 6 0.21 ± 0.07

Y break
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Drug  loaded film 116.0 0.25 ± 0.04

 elastic modulus; TS tensile strength; E % elongation at break; W tensile energy to 

oncerning the addition to polysaccharide films of nanomaterials
hich are reported to be able to improve the mechanical properties

f starch films by increasing their elasticity and tenacity (Alexandre
 Dubois, 2000; Chen & Evans, 2005; Cyras, Manfredi, Ton-That,
 Vázquez, 2008; Wilhelm, Sierakowski, Souza, & Wypych, 2003).
owever, our set of data is in agreement with those reported for
olymethylmethacrylate–alumina films. In this last case, increas-

ng the filler content, namely the alumina nanoparticles, the Y value
ropped and the elongation at break increased about 8 fold. This
nomalous behavior was justified considering that the alumina
anoparticles had very little interfacial interaction with the poly-
er  matrix (Jordan, Jacob, Tannenbaum, Sharaf, & Jasiuk, 2005).

he lack of interaction among QUE nanocrystals and MDX6 film is
n agreement with the spectroscopic data and the lack of alteration
f particle size and zeta potential of nanoparticles.

.4. Dissolution studies

For drugs like QUE, characterized by poor water solubility, dis-
olution rate is the parameter which controls the rate of oral
bsorption. Therefore, in order to improve the dissolution rate, in
his study we prepared QUE nanocrystals which we  loaded into

DX6 fast dissolving films.
To study the dissolution behavior of bulk QUE, freeze dried

UE nanocrystals and QUE nanocrystal loading films, dissolution
ests were performed in distilled water according to the United
tates Pharmacopeia using 10 mg  of QUE in each sample. Samples
ithdrawn from the dissolution medium were analyzed by HPLC,

o measure QUE content and stability. HPLC analyses showed no
egradation products of the released QUE from all the tested for-
ulations.
As reported in Fig. 6, bulk QUE showed the lowest dissolution
ate, while faster dissolution profiles were clearly obtained by test-
ng both free and film loaded nanocrystals. Indeed, size reduction
rom bulk QUE (7.4 ± 2.3 �m)  to freeze dried QUE nanocrys-
als (920.7 ± 15.3 nm), significantly increased the dissolution rate

Fig. 6. Dissolution profiles for bulk QUE, QUE freeze-dried nanoscrystals and QU
0.53 ± 0.04 124 ± 39 0.56 ± 0.19

.

which reached a maximum when nanosuspensions were loaded
into the MDX6 films.

As predicted by the Noyes–Whitney dissolution model (Noyes
& Whitney, 1897), the improvement in QUE dissolution rate was
mainly determined by the increased surface-to-volume ratio due
to the submicron size of the drug nanocrystals. However, also
the decreasing of the diffusion layer thickness around nanocrys-
tals, as described by the Prandtel equation (Möschwitzer & Müller,
n.d.), as well as the increased saturation solubility, should result in
an even faster dissolution rate (Kesisoglou, Panmai, & Wu,  2007).
Furthermore, the partial amorphisation of QUE produced during
nanocrystal preparation (high pressure homogenization process)
could cause an increase in drug solution concentration and disso-
lution rate.

Meanwhile, the improvement in QUE dissolution rate obtained
by films as compared to freeze dried nanocrystals, could be due to
the lack of nanoparticle aggregates or more likely to the presence of
easily dispersible aggregates in the MDX  film. Because of the high
solubility of MDX, a fine nanocrystal dispersion is rapidly obtained
when the film is placed in water.

Indeed, nanoparticle agglomeration is almost inevitable after
drying of nanosized products, and, therefore, the dissolution per-
formance of loaded film QUE nanocrystals will not depend as much
on the occurrence of agglomerates but rather on how easily they
break up during dissolution (Wu,  Zhang, & Watanabe, 2011).

As reported previously in the literature, agglomeration tendency
and strength depend on the surface hydrophobicity of the particles,
which therefore determines the extent to which preservation of the
dissolution characteristics after drying is feasible. In the absence of
a precise measurement, the log P value can be used to predict the
hydrophobicity of nanoparticle surface. Indeed, log P higher than
4 usually indicates compounds for which the rate-limiting step

in the dissolution process is the agglomerate disintegration (Van
Eerdenbrugh et al., 2008). In our case, since QUE has a 1.82 log P
value, the drying process during the MDX6 film leads to the for-
mation of aggregates that are easily redispersible, as demonstrated

E loaded film. Different letters indicate significant differences at P ≤ 0.05.
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y both photon correlation spectroscopy measurements (Table 1)
nd dissolution profiles (Fig. 6). In particular, it can be noticed that
fter five minutes, the amounts of QUE dissolved from the fast dis-
olving films, freeze dried QUE nanocrystals and QUE raw material
ere 66.73%, 54.65% and 5.20% respectively.

. Conclusions

The reduction of QUE size by means of high pressure homog-
nization with Tween 80 as stabilizer allowed us to obtain drug
anocrystal that could be easily incorporated in MDX6 films, avoid-

ng stability issues associated with nanoparticles. It is interesting
o note that the dissolution profile of QUE loaded in fast dissolving
lm was significantly faster than that from the free freeze-dried
anocrystals.

The overall picture which emerges is that fast dissolving films
ade of MDX6 can be advantageously used as solid dosage forms

or oral delivery of QUE nanocrystals. Indeed, MDX  films offer the
pportunity of loading drug nanocrystals in a neutral and high
oluble polysaccharide matrix, which provides long-term storage
tability and fast dissolution rate.
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