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a  b  s  t  r  a  c  t

The  design  and  feasibility  of  a  simple  process  of  incorporating  stable  nanoparticles  into  edible  polymer
films  is demonstrated  with  the  goal  of  enhancing  the  dissolution  rate  of  poorly  water  soluble  drugs.
Nanosuspensions  produced  from  wet  stirred  media  milling  (WSMM)  were  transformed  into  polymer
films containing  drug  nanoparticles  by  mixing  with  a  low  molecular  weight  hydroxylpropyl  methyl  cel-
lulose  (HPMC  E15LV)  solution  containing  glycerin  followed  by  film  casting  and  drying.  Three  different
BCS  Class  II drugs,  naproxen  (NPX),  fenofibrate  (FNB)  and  griseofulvin  (GF)  were  studied.  The  influence
of  the drug  molecule  on  the  film  properties  was  also  investigated.  It was  shown  that  film  processing
methodology  employed  has  no  effect  on  the  drug  crystallinity  according  to  X-ray  diffraction  (XRD)  and
Raman  spectroscopy.  Differences  in  aggregation  behavior  of  APIs  in  films  were  observed  through  SEM  and
NIR  chemical  imaging  analysis.  NPX  exhibited  the  strongest  aggregation  compared  to  the  other  drugs.
The  aggregation  had  a  direct  effect  on  drug  content  uniformity  in  the  film.  Mechanical  properties  of  the
ydroxylpropyl methyl cellulose film  were  also  affected  depending  on  the  drug–polymer  interaction.  Due  to strong  hydrogen  bonding
with  the  polymer,  NPX  exhibited  an  increase  in  Young’s  Modulus  (YM)  of  approximately  200%,  among
other  mechanical  properties,  compared  to  GF  films.  A  synergistic  effect  between  surfactant/polymer  and
drug/polymer  interactions  in  the  FNB  film  resulted  in  an  increase  of  more  than  600%  in  YM  compared  to
the GF  film.  The  enhancement  in drug  dissolution  rate  of films  due  to the  large  surface  area  and  smaller
drug  particle  size  was  also  demonstrated.
. Introduction

The solubility of drug molecules is an important factor to
ake into account during the development and design of new
rug products. According to the Biopharmaceutical Classification
ystem (BCS), Class II drugs are characterized by their poor sol-
bility and high permeation in the human body (Amidon et al.,
995). The hydrophobicity becomes essential for their transport
roperties through the cell membrane and their pharmacological
ction to be exerted in the desired tissue. Since these compounds
ave low solubility, limited bioavailability is observed (Krishnaiah,
010; Kesisoglou et al., 2007). In order to overcome this limita-

ion, a commonly used approach involves particle size reduction
Merisko-Liversidge and Liversidge, 2011; Liversidge and Cundy,
995; Muller, 2011; Keck and Muller, 2006; Pu et al., 2009; Timpe,

∗ Corresponding author. Tel.: +1 973 596 5860; fax: +1 973 642 7088.
E-mail address: dave@adm.njit.edu (R.N. Davé).

378-5173/$ – see front matter ©  2011 Elsevier B.V. All rights reserved.
oi:10.1016/j.ijpharm.2011.12.001
© 2011 Elsevier B.V. All rights reserved.

2010; Gao et al., 2008; Pathak et al., 2005; Panagiotou and Fisher,
2008). By reducing the particle size it is expected that the disso-
lution rate will be increased as described mathematically by the
Noyes–Whitney equation (Noyes and Whitney, 1897).

Among the methods used for particle size reduction the use
of wet  stirred media milling (WSMM)  has received much atten-
tion because of the effectiveness in producing microparticles
and nanoparticles (Bhakay et al., 2011; Merisko-Liversidge and
Liversidge, 2011; Merisko-Liversidge et al., 2003). WSMM  has been
extensively used to formulate nanoparticles of drugs that are poorly
soluble into nanosuspensions that can be used orally or can be used
in ocular delivery, intravenous administration and dermal applica-
tions (Mauludin et al., 2009; Shegokar and Müller, 2010; Rabinow
et al., 2007; Petersen, 2006; Piao et al., 2008; Hernandez-Trejo et al.,
2005). In order to take advantage of the bioavailability enhance-

ment it is necessary for the particle size to be preserved after
administration. In general, this becomes problematic since parti-
cles tend to aggregate due to their large surface area and need to
be stabilized (Bilgili et al., 2006; Mende et al., 2003; Peukert et al.,

dx.doi.org/10.1016/j.ijpharm.2011.12.001
http://www.sciencedirect.com/science/journal/03785173
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Table 1
Physicochemical properties of the drugs.

Drug Solubility
(mg/l)

Molecular
weight

Melting
point (◦C)

log P Particle size (�m)

D10 D50 D90
L. Sievens-Figueroa et al. / International 

005). Without a means to functionalize the surface, nanoparti-
les will tend to aggregate to a less energetic state. Polymers and
urfactants are used as stabilizers to minimize particle aggregation
Van Eerdenbrugh et al., 2009). The stabilizers adsorb on the sur-
aces of the drug particles and provide an ionic or steric barrier
Merisko-Liversidge et al., 2003; Ploehn and Russel, 1990).

A significant amount of the work in the literature has focused
n process improvement, characterization and stability of nanosus-
ensions (Choi et al., 2005; Verma et al., 2011; Van Eerdenbrugh
t al., 2009). Stability of nanosuspensions could become challeng-
ng and therefore solid dosage forms are preferred (Bhakay et al.,
nder review; Van Eerdenbrugh et al., 2008c).  Solid dosage forms
re also considered more attractive due to their convenience and
onsumer preference aspects. However, in order to prepare them,
anosuspensions have to be dried, which would likely lead to
gglomeration of the nanoparticles, poor re-dispersion and poor
ecovery of nanoparticles (Heng et al., 2010; Bhakay et al., under
eview; Van Eerdenbrugh et al., 2008a,b; Lee and Cheng, 2006;
ee, 2003; Kim and Lee, 2010; Choi et al., 2008; Hu et al., 2011;
heow et al., 2011). Most of the transformation of nanosuspen-
ions into solid products presented in literature use well known
nit-operations such as freeze-drying, spray-drying, pelletization
nd granulation (Van Eerdenbrugh et al., 2008a; Müller et al.,
006). Further processing of those powders in capsule filling or
ompression into tablets can also be performed (Vergote et al.,
001; Heng et al., 2010). In previous work, Desieno and Stetsko
1996) described the use of carrier particles, such as sugar or micro-
rystalline cellulose, coated with films containing nanoparticles
tilizing WSMM.  They showed re-dispersion and size preservation
f the nanoparticles from the coated carrier utilizing stabilizers.
ax  based pellets loaded with nanocrystalline ketoprofen have

lso been studied and the enhancement in dissolution compared
o the microcrystalline form shown (Vergote et al., 2001). While
he transformation of nanoparticles from WSMM  to common solid
osage forms has been presented, the integration of WSSM into
olymer films remains to be well studied. Polymer films can be an
ffective carrier of nanoparticles to mitigate the aforementioned
roblems and enhance dissolution of poorly water-soluble drugs,
ence integration of WSSM into polymer films is warranted.

Polymer films (PF) have great potential over other dosage forms
or delivery of poorly soluble drugs since they provide distinct
dvantages over other oral formulations including larger surface
rea which leads to rapid disintegration and dissolution in the oral
avity and increased bioavailability (Dixit and Puthli, 2009). This
llows for a more rapid and controlled wetting in the oral or buccal
nvironment. PF are easy to swallow and are a convenient dosage
orm and this has also led to improved acceptability and compliance
mong the geriatric and pediatric patients. PF also exhibit manufac-
uring advantages including continuous manufacturing capabilities
hat enable full product characterization when incorporated with
n-line monitoring using Process Analytical Technologies (PAT)
Dixit and Puthli, 2009). Even though the interest in pharmaceuti-
al films has increased based on publications and patents (Boateng
t al., 2010; Matthews et al., 2008; Garsuch and Breitkreutz, 2010;
endoza-Romeroa et al., 2009; Li and Gu, 2007; El-Setouhy and

bd El-Malak, 2010; Perumal et al., 2008; Bess et al., 2010; Yang
t al., 2010, 2011), more research is needed in order to overcome
otential limitations and increase the general patient acceptance.

Research in this field has focused on the incorporation of water-
oluble drugs into film formulations (Jug et al., 2009; Nishimura
t al., 2009; Schmidt and Bodmeier, 1999; Shimoda and Taniguchi,
009). While water soluble drugs exist in the dissolved state or as

olid solution, the water insoluble drugs have to be homogenously
istributed in a film formulation in order to have an acceptable
rug content uniformity. In recent patents (Yang et al., 2010,
011) the process for making films with uniform distribution of
FNB 0.50 360.8 80.5 4.4 4.6 13.2 34.2
GF 8.99 352.8 220.0 3.5 5.2 11.8 23.6
NPX 17 230.26 153 3.0 3.2 11.5 26.7

components is described. The incorporation of poorly soluble par-
ticles into films or the issues involved when using microparticles
or nanoparticles were not specifically addressed in these patents.
Interactions between the drug molecule and polymer could also
produce differences in the film properties (Nair et al., 2001). In
this work we use a simple process for the preparation of films con-
taining dispersed nanoparticles as the final dosage form for drug
delivery applications. WSMM  is used to produce stable BCS Class
II drug nanosuspensions that are then transformed into polymeric
films containing stable drug nanoparticles. The objective of this
work was to demonstrate the feasibility and set the groundwork for
the integration of WSMM  with pharmaceutical polymer films for-
mulations. A range of BCS Class II drugs that includes griseofulvin,
fenofibrate and naproxen were used. The particle size distribution
of the nanosuspensions and re-dispersion of the drug particles
from films were investigated by utilizing laser diffraction. Distribu-
tion of drug particles in film was  studied by NIR Chemical Imaging
(Jérez Rozo et al., 2011). The influence of the drug molecule on the
film mechanical properties was also studied. The morphology of
the particles from suspensions and the structure of the films were
observed by using Scanning Electron Microscopy (SEM). The crys-
tallinity of drug particles before milling and in films was  studied by
X-ray diffraction (XRD) and Raman spectroscopy. The drug content
for film containing nanoparticles with different thicknesses was
studied, and the dissolution behavior was compared to different
solid dosage forms and films containing microparticles.

2. Materials and methods

2.1. Materials

The drug molecules utilized were griseofulvin (GF;
Sigma–Aldrich, Saint Louis, MO), naproxen (NPX; Medisia, NY,
USA), and fenofibrate (FNB; Ja Radhe Sales, Ahmedabad, India).
Chemical structures of the drug molecules are shown in Fig. 1.
Sodium dodecyl sulfate (SDS) (Sigma–Aldrich, Saint Louis, MO)  and
low molecular weight hydroxypropyl methyl cellulose (HPMC;
Methocel E15LV) (Dow Chemical) were used as a stabilizer. HPMC
(Methocel E15LV) was also used as a film former. Glycerin (Sigma)
was  used as a plasticizer. All these materials were used without
further processing.

2.2. Methods

2.2.1. Preparation of drug nanosuspensions
FNB, GF and NPX were chosen as the model BCS Class II drugs.

The physicochemical properties of these drugs are given in Table 1.
The initial particle sizes of all the drugs were slightly different as
seen in Table 1. The formulation of the suspensions and the milling
time for each of the drugs differed based on the optimization studies
performed in our group. The formulation of the suspensions was
optimized for all the drugs in a separate study, which was guided by
the work in Bhakay et al. (2011, under review) and will be presented

in a forthcoming paper. The HPMC concentration was kept constant
at 2.5% (w/w)  (wrt water) for all the drugs. The SDS concentration
was  0.5% (w/w)  (wrt water) for GF and NPX suspensions and was
reduced to 0.075% (w/w)  (wrt water) for FNB suspension. A low
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Fig. 1. Chemical structures of BCS Class II drug m

DS concentration (0.5%) was selected for FNB suspensions in the
resence of 25% HPMC because a physical stability issue at high SDS
oncentration (5%) was observed. Particle size increased notably
90% passing size increased from 230 nm to 1025 nm)  during 7-day
torage even in refrigerated conditions (8 ◦C) via agglomeration and
stwald ripening mechanisms.

The procedure of preparation of all the suspensions was iden-
ical. HPMC was dissolved in 200 g de-ionized water using a shear

ixer (Fisher Scientific Laboratory stirrer, Catalog no. 14-503, Pitts-
urgh, PA, USA) running at a fixed speed of 300 rpm for 30 min  to
ake a 2.5% (w/w) HPMC solution. SDS was then dissolved in the
PMC solution and stirred for 15 min. 10% (w/w) (wrt water) drug
as then dispersed into the stabilizer solution with the shear mixer

unning for 30 min. The NPX suspensions had a pH of 5.3. A sam-
le of the drug suspension was taken at the end of mixing and was
eported as the initial particle size of the drug in Table 1.

Drug suspensions prepared via mixing, as mentioned above,
ere subsequently milled in a Netzsch wet media mill (Microcer,

ine particle technology LLC, Exton, PA, USA). Zirconia beads with
 nominal size of 400 �m were used as the milling media and a
00 �m screen was used to retain the beads in the milling cham-
er. Zirconia beads with a 50 ml  bulk volume were loaded to the
illing chamber (80 ml  capacity). The drug suspension was loaded

n the holding tank and pumped through the milling chamber at
 fixed speed of 126 ml/min using a peristaltic pump. The FNB, GF
nd NPX suspensions were milled for 120, 60, and 90 min, respec-
ively at a tip speed of about 10.5 m/s. Different milling time was
sed for the drugs to get the median particle size in the range of
50–250 nm at the end of milling. The temperature inside the mill
as maintained at less than 32 ◦C with the help of a chiller (Advan-

age Engineering, Inc., Greenwood, IN, USA). The mill was  run in
he recirculation mode of operation. In this mode, the suspension
irculates from the holding tank passing through the milling cham-
er, exits through the screen and returns back to the holding tank.
igh speed rotation of the rotor in the milling chamber induces tur-
ulent motion in the suspension, and turbulent energy dissipates
hrough frequent bead–bead collisions (Eskin et al., 2005), which
ause extensive breakage of drug particles captured between the
eads (Bilgili et al., 2004, 2006; Bhakay et al., 2011).

.2.2. Particle size distribution

The particle size distribution of suspensions was  measured by

aser diffraction in Coulter LS13320 (Beckman Coulter, Miami, FL,
SA) without the use of built-in sonication feature available in the

nstrument. A sample of the suspension was taken at the end of
es used in this study: (a) GF, (b) NPX and (c) FNB.

milling from the holding tank of the mill while the suspension was
being stirred. The sample was  dispersed in 15 ml of the stabilizer
solution containing HPMC and SDS corresponding to the formula-
tion that was  being milled, by stirring with a pipette. The sample
was  added drop-wise until the polarization intensity differential
scattering (PIDS) reached 40% for all the samples.

The same method was  used to measure the particles size of
nanoparticles re-dispersed from films. Circular films with an area
of 0.71 cm2 and an average thickness of 100 �m were put in
approximately 15 ml  of de-ionized water (concentration above the
solubility for all drugs) for film disintegration. The sample particle
size was measured after 10 min  of magnetic stirring.

2.2.3. Preparation of films containing nanoparticles
Fig. 2 shows a schematic of the process used for film forma-

tion. A solution containing 10% HPMC (wrt to solution weight)
(10 g) and 10% glycerin (wrt to solution weight) (10 g) was  pre-
pared by adding the glycerin to water (80 g) and heating to 80 ◦C.
This composition was  chosen based on preliminary work, taking
into account the final suspension viscosity and film quality. The
polymer was then added until well dispersed and the tempera-
ture was decreased to room temperature to dissolve the polymer
completely. The components were mixed until a clear solution was
obtained. The resulting solution was then let to rest until no bub-
bles were seen. The polymer solution (50 g) was  then added to the
nanosuspension produced from WSMM  (50 g), and then mixed for
3 h using a dual-propeller mixer (McMaster, Catalog no. 3471K5,
Los Angeles, CA, USA) attached to a motor (VWR OVERHEAD STIR
VOS 16V120) and left to rest until no bubbles were observed. The
final GF suspensions had 6.11% HPMC, 4.42% GF,  5.00% glycerin, and
0.22% SDS. NPX suspensions had the same weight % composition.
On the other hand, the FNB suspensions had a lower SDS  concen-
tration (6.11% HPMC, 4.42% FNB, 5.00 glycerin, and 0.03% SDS). The
final viscous suspension was  then casted onto a stainless steel plate
using a Doctor Blade (Elcometer, USA). The wet  film thickness was
varied from 600 �m to 1400 �m by changing the Doctor Blade aper-
ture to study the impact of thickness on drug composition. The film
was  then dried overnight in an oven (Gallenkamp 300 Plus Series,
UK) at 42 ◦C. The theoretical amount of drug in the resulting films
accounted for 27% (w/w) of the film composition.
2.2.4. Preparation of films containing microparticles
A solution containing 8% HPMC (wrt to solution weight) (8 g)

and 5.2% glycerin (wrt to solution weight) (5.2 g) was prepared
by adding the glycerin to water (86.8 g) and heating to 80 ◦C. This
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Fig. 2. Process schematic for the integr

omposition was chosen in order to obtain similar drug concen-
ration as the film containing nanoparticles. The polymer was then
dded until well dispersed and the temperature was decreased to
oom temperature to dissolve the polymer completely. The compo-
ents were mixed until a clear solution was obtained. The polymer
olution (50 g) was then mixed with FNB (2.3 g) and SDS (0.015 g)
ollowed by casting with a thickness of 1000 �m and drying using
he same procedures mentioned above. The final GF suspensions
ad 6.53% HPMC, 4.40% FNB, 4.97% glycerin, and 0.03% SDS.

.2.5. Film characterization

.2.5.1. Film thickness. The thickness of the different films was
easured using a digital micrometer (Mitutoyo, Japan) with an

ccuracy of 0.001 mm.  Thickness was measured in 4 different loca-
ions of the film and the average thickness was used.

.2.5.2. SEM. Field emission scanning electron microscope
FESEM) LEO1530VP GEMINI (Carl Zeiss, Inc., Peabody, MA,  USA)
as used to observe the morphology of particles produced from
SMM  and the distribution of particles in films. A drop of the

anosuspension was placed on the silicon chip placed on top of
arbon tape and left overnight to dry under vacuum. A small piece
f the film was placed on the carbon tape for the analysis of the
lms. Samples were carbon coated using a sputter coater (Bal-Tec
ED 020 HR) before analysis.

.2.5.3. XRD. X-ray diffraction was performed to determine the
rystallinity of unprocessed drug and drug incorporated in
lms. Diffraction patterns were acquired for analysis of amor-
hous/crystalline behavior of processed drugs from Philips X’Pert
Almelo, Netherlands).

.2.5.4. NIR chemical imaging. Near infrared Hyperspectral images
ere acquired using the Malvern SyNIRgi NIR-CI System (Malvern,
K). The images were obtained in transflectance mode by placing

he film over a white ceramic disk of a 28 mm diameter. The opti-
al magnification used was 131 �m which provide images of an
rea of approximately 34 mm × 42 mm,  respectively. The spectra
ere obtained with 1 scan in the spectral range of 1300–2300 nm.
he data collected was analyzed using the ISys Version 5.0.0.14
oftware.

The logarithm, log10 (1/R), was first applied to the data cube
o convert the spectra to absorbance units. Pixel correction was
of WSMM nanosuspensions and films.

applied in order to remove areas of non-uniform illumination and
to remove the effect of unresponsive pixels on the detector. The
spectra were normalized using Standard Normal Variate (SNV)
and a Savitzky–Golay second derivative (filter order 3, filter width
7) in order to eliminate variations in slope. The spectral range
was  restricted to 2000–2300 nm;  as this spectral range provides
the greatest differences between excipients and different drugs,
and water does not absorb NIR radiation in this region (Chan and
Kazarian, 2004). Pure component imaging data were collected from
powder samples of the drugs and excipients and processed in the
same manner. The pure component training spectra were used as
predictors to build a partial least squares (PLS-DA) classification
model. The intensity of each pixel in the resultant scores image is
determined by the degree of membership (scaled from 0 to 1). The
variation in pixel intensity reflects the variation in concentration
across the sample.

2.2.5.5. Raman spectroscopy. An EZRaman LE Raman Analyzer sys-
tem from Enwave Optronics (Irvine, CA) with an HRP 8 high
throughput fiber probe coupled to a MicroView adapter with a
10× objective 10 �m spot size and a 250 mW 785 nm was used for
measurements on the powder and film samples. Raman spectra col-
lected corresponded to an average of 5 scans with 10 s acquisition
time each.

2.2.5.6. Mechanical properties. Mechanical properties testing were
conducted using a TA-XT Plus Texture Analyzer (Stable Microsys-
tems, UK). The film was  cut into 3.0 cm × 1.5 cm strips for the tensile
test. Film thickness was measured at 4 different locations of the
films and the average was  used. The sample was attached to the
tensile grips and the test was  finished once the sample broke. A
test speed of 1 mm/s  was  employed. Tensile strength (TS), elon-
gation at break (E) and Young’s modulus (YM) were computed to
evaluate the tensile properties of the films (Radebaugh et al., 1988).
TS was calculated by dividing the maximum force by the original
cross-sectional area of the specimen and it was expressed in force
per unit area (kPa). YM was  calculated as the slope of the linear por-
tion of the stress–strain curve and it was  also expressed in force per

unit area (kPa). E was calculated by dividing the extension at the
moment of film rupture by the initial length of the specimen and
multiplying by 100. The average and standard deviation for three
samples were recorded.
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some aggregation of particles is observed in FNB films (see arrow).
The greatest aggregation of particles in film is observed for the NPX
(Fig. 5c). At higher magnification (Fig. 5d) clusters of nanoparti-
cles embedded in polymer can be seen. The aggregation of particles
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A rupture test was also performed by using the compression
ode and a film support rig with 5 mm stainless steel ball probe. A

ircular strip film with an area of 3.88 cm2 was used. The film sup-
ort rig was fitted to the heavy duty platform and positioned loosely
n the machine base. The ball probe was connected to the load cell
ith a probe adaptor and the film support rig was aligned with the

all probe to ensure the probe can move centrally through the aper-
ure without contacting the film support rig. The force needed to
reak the film was calculated. The average and standard deviation
or three samples were also recorded.

.2.5.7. Determination of drug content in films. The drug content in
he films was determined using an Agilent 1100 series HPLC sys-
em consisting of a pump and a UV detector. Batches with different
hicknesses were casted and 10 strip films from each batch were
ested. Films were cut in circular samples with an area of 0.712 cm2.
amples were then dissolved in 250 ml  of 0.019 M SDS, 0.025 M
DS, and phosphate buffer solution (PBS, pH 7.2) for GF, FNB, and
PX, respectively. The concentration was then calculated using the
verage of the 10 strip films.

Griseofulvin method. UV detection at 295 nm was  used
ith a Waters Spherisorb 10 �m CN analytical column

4.6 mm  × 250 mm).  The temperature was maintained at 25 ◦C. The
obile phase was a mixture of water and acetonitrile (50:50, v/v)
ith a flow rate of 1.0 ml/min. The samples were put into HPLC

ials and 20 �l automatically injected into the HPLC system. The
oncentration was determined from a calibration curve.

Fenofibrate method. UV detection at 270 nm was used after sepa-
ation with an Agilent Microsorb-MV 100-5 C18 analytical column
4.6 mm  × 150 mm).  The temperature was maintained at 25 ◦C. The

obile phase was a mixture of water and acetonitrile (30:70, v/v)
ith a flow rate of 1.0 ml/min. The samples were put into HPLC

ials and 20 �l automatically injected into the HPLC system. The
oncentration was determined from a calibration curve.

Naproxen method. UV detection at 270 nm was  used with an
gilent-Eclipse XDB-C18 analytical column (4.6 mm × 150 mm).
he temperature was maintained at 25 ◦C. The mobile phase was

 mixture of water and methanol (50:50, v/v) with a flow rate of
.2 ml/min. The samples were put into HPLC vials and 20 �l auto-
atically injected into the HPLC system. The concentration was

etermined from a calibration curve.

.2.5.8. Dissolution. Dissolution experiments were performed
sing a flow-through cell dissolution apparatus (USP IV, Sotax,
witzerland) with cells of an internal diameter of 22.6 mm  (Kakhi,
009; Heng et al., 2008). Films were horizontally positioned in the
ells with 6.5 g of glass beads (1 mm in diameter) filling up the con-
cal part at the bottom of each cell. Glass microfiber filters (GF/D
rade) were used in the filter-head in each experiment unless oth-
rwise mentioned. The temperature was maintained at 37 ± 0.5 ◦C
nd a flow rate of 16 ml/min was used. During testing, the dissolu-
ion medium (900 ml)  was circulated by pumping it through each
ell. SDS solution (0.025 M)  was used as dissolution mediums for
NB. FNB was chosen to perform dissolution studies because of the
nterest of improving the bioavailability of this drug (Hanafy et al.,
007; Stamm and Seth, 2001; Ryde et al., 2008). A Thermo Evo-

ution UV spectrophotometer was used to automatically measure
he FNB concentration using a previously made calibration curve.
ix samples were used and the average drug release and standard
eviation were plotted as a function of time. Films with an area
f 0.71 cm2 and an average thickness of 110 �m were used for the
issolution test.
Films containing FNB microparticles were also tested for disso-
ution. In order to confirm the enhancement of dissolution of films
ompared to other solid dosage forms, a sample containing FNB
icroparticles (with a median particle size in suspension of 11 �m)
l of Pharmaceutics 423 (2012) 496– 508

(41%, w/w),  HPMC (57%, w/w), and SDS (2%, w/w)  was  mixed using
a resonant acoustic mixer (LabRam, Resodyn, Montana, USA). The
ratio HPMC/FNB (1.39) and FNB/SDS (20.5) was kept the same as
present in the films. A total of 20 g were mixed for 10 min  at 85 Gs.
200 mg  of the physical mixture were tested for dissolution. The
physical mixture was also transformed into a compact (200 mg)  by
using a Carver single punch compressing machine (model 3851-0,
Indiana, USA). The sample was compressed using 22,200 N for 3 min
of compression time with a 10 mm diameter punch. Films contain-
ing FNB microparticles were also used to compare dissolution of
microparticles and nanoparticles incorporated in films. The same
dissolution cell and procedure employed for films were also used
for tablets and physical mixtures.

3. Results

3.1. Production and characterization of nanosuspensions

Stable nanosuspensions for each drug were produced by uti-
lizing HPMC and SDS as stabilizers during WSMM.  Long term
stability of the suspensions and optimization of the stabilizers for
long-term stability were are not considered in this work. Fig. 3
shows the cumulative particle size distribution for the three dif-
ferent nanosuspensions after wet  media milling used in this work.
GF, FNB and NPX suspensions exhibit a median particle size of
163 nm,  201 nm,  and 144 nm,  respectively. A narrow particle size
distribution was obtained for all samples. Fig. 4 shows scanning
electron micrographs for the nanoparticles produced by WSMM.
The nanoparticles were partially covered by a film of the polymer
(HPMC) after milling. A drop of the nanosuspension was  placed
on the silicon chip and dried overnight under vacuum. Rounded
particles were observed for all the drugs as seen in Fig. 4. The mor-
phology of the particles obtained after milling was  similar for all
three drugs.

3.2. Characterization of particles in film

3.2.1. SEM
SEM images for the surface of films are shown in Fig. 5. Although

this mode is very qualitative, the visual observation provides an
indication of particle dispersion. All images shown represent typ-
ical cases selected from many observations. Well-dispersed GF
nanoparticles are observed in the film (Fig. 5a). Fig. 5b shows that
Particle size (nm)
100010010

Fig. 3. Cumulative particle size distribution of the drug nanosuspensions after
WSMM.
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Fig. 4. SEM images of drug nanoparticles produced from WSMM.  Shown are (a) GF, (b) FNB and (c) NPX. A drop of the nanosuspension was placed on the silicon chip and
dried  overnight under vacuum.

Fig. 5. SEM images of the surface of HPMC films containing dispersed drug nanoparticles. Shown are (a) GF, (b) FNB, (c) NPX, (d) NPX at a higher magnification. Arrows show
aggregation of particles in film.
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shows the Raman spectra for the different pure drugs and drugs
incorporated in film confirming crystallinity after film processing
within the detection limits of the instrumentation. In GF, the lines at
560 and 640 cm−1 became two broadened peaks in the amorphous

Table 2
Distribution of drug nanoparticle in thin films according to drug score image using
NIR-CI with a 131 �m/pixel objective.

GF FNB NPX

Mean abundance API (%) 34 29.3 30
Standard deviations (%) 0.057 0.035 0.088
ig. 6. NIR chemical images for films containing drug nanoparticles. (For interpreta
rticle.)

ight have occurred during casting or film drying as the median
articles size and particle size distributions do not change after
ixing (178 nm for GF, 148 nm for NPX, and 219 nm for FNB). This

ehavior could be attributed to the strong hydrogen bonding of the
arboxylic group in NPX (Nair et al., 2001; Hirasawa et al., 1998) as
he water is removed and the drug concentration increased dur-
ng drying. Further studies would be required to confirm these
nteractions

.2.2. NIR chemical imaging
The aggregation behavior of nanoparticles in films was also

valuated using NIR chemical imaging. The NIR chemical imaging
ethod complements the SEM analyses by evaluating drug distri-

ution through a much larger film area, and is more quantitative in
ature. Fig. 6 shows the distribution of NPX, GF and FNB throughout
he surface of the films using the 131 �m/pixel objective. The score
alue scale is an indication of the spatial distribution and relative
bundance of the drug. Abundance refers to drug distribution at a
articular sampling point (film area analyzed by a pixel from the
IR chemical imaging system (de Juan et al., 2011). The top of the

cale (red color in the color bar) indicates the highest contribution
f drug to any pixel. Pixels rich in drug are observed in each of
he analyzed areas. Areas of pure drug would be evidenced by an
bundance value of 1.0 or 100%. The maximum score observed is
bout 0.6 in the NPX film. The mean value of the scores of drug in
he entire set of pixels provides the bulk abundance (an estimate of
he drug concentration in the bulk) (Lewis et al., 2005). The mean
alue obtained was 0.34 for GF, 0.29 for FNB, and 0.30 for NPX,
s shown in Table 2. The mean values of the bulk abundance are
ll very close to the targeted 27% (w/w) film composition. Table 2
lso reveals differences in the standard deviation of the score
alues. NPX had the highest standard deviation in the score values,

nd thus the greatest variation in drug distribution throughout
he film. The FNB film has the mean value closest to the nominal
alue as indicated in Table 2, and the lowest standard deviation.
dditionally, this film shows the lowest difference between the
f the references to color in the text, the reader is referred to the web version of the

mean value and the minimum and maximum value observed in
the PLS-DA classification scores. These results indicate that this
film has the best drug distribution through the analyzed surface in
comparison with the other two films analyzed.

Fig. 6 also shows binary images generated with the pixels of
highest abundance of drug, as a way  to facilitate the visualization
of areas rich in drug and estimate the size of these areas. The pixels
with scores that exceeded the mean value + 2 standard deviations
were given a value of 1 (dark), and all others a value of zero. A visual
examination of these images shows that the NPX film has a high
drug content in certain localized areas. This film also presents the
largest standard deviation for the score values and has the largest
domain found in the three films. Films that have GF and FNB as
active ingredients show better distribution of pixels rich in drug.

3.2.3. Drug crystallinity
XRD analysis was  performed to study the crystal structure of

drug in the film. Fig. 7 shows the spectra for GF, NPX, and FNB
compared when these drugs are incorporated into HPMC films. The
spectra obtained demonstrate that the drug in film has crystalline
characteristics that are preserved during processing. To further cor-
roborate these results Raman spectroscopy was employed. Fig. 8
Minimum value (%) 20 20 10
Maximum value (%) 50 35 50
Lowest domain (mm2) 0.02 0.03 0.02
Largest domain (mm2) 0.65 0.50 2.49
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Fig. 7. X-ray diffractograms for drug (top) and fi

hase, and the line at 822 cm−1, attributed to cyclohexanone ring
tretching vibrations disappeared with the decrease in crystallinity
f the sample (Socrates, 2000; Żarów et al., 2011). This was  not
bserved in the film in Fig. 5b indicating the presence of crystalline
F on film formation. Further studies will be required to corrobo-

ate crystal form and the presence of amorphous form as well. The
road Raman features near 1300 and 1800 cm−1 were due to the
morphous polymer gel substrate of the films.

.3. Mechanical properties of films
Table 3 shows the Young’s Modulus (YM), tensile strength (TS),
longation at break (E) and rupture force (RF) for the different films.
ilms have to be strong enough and ductile to prevent rupture of
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the dosage form during the cutting and packaging processes. A film
that is too rigid (high YM)  could also have an unpleasant sensa-
tion in the buccal cavity. The mechanical properties of polymer
films are dependent on the polymer used and type and amount
of plasticizer and surfactant (Cilurzo et al., 2008). Since the same
formulation was used for GF and NPX the effect of drug type on
the film mechanical properties can be studied by comparing these
two  samples. The type of drug used appears to have a prominent
effect on the mechanical properties. The NPX films seem to be
stronger than GF films as an increase of approximately 200% in

YM is observed. This behavior could be due to a stronger inter-
action of NPX with the HPMC in the film compared to GF. Nair
et al. (2001) has shown that NPX exhibit a stronger interaction with
polyvinylpyrrolidone (PVP) films compared to GF. Similar behavior
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Table 3
Mechanical properties for the different films loaded with drug nanoparticles (about 30% drug loading).

Sample Young’s Modulus (kPa) (average ± SD) Tensile strength (kPa) (average ± SD) Elongation at break (%) (average ± SD) Rupture force (N) (average ± SD)

w
(
t
t
a
b
i
h
i
b

b
t
e
m
c
t
u
S
t
2
i
fi
t
i
b
c

GF film 27.66 ± 5.50 157.92 ± 25.33 

NPX  film 82.50 ± 36.06 201.67 ± 41.33 

FNB  film 213.50 ± 27.57 644.70 ± 58.41 

as confirmed for these films by using Fourier Transform Infrared
FTIR) Spectroscopy (results not shown). NPX exhibited a band at
he 1730 cm−1 attributed to the carboxylic group that was shifted
o higher infrared band indicating strong hydrogen bonding inter-
ction in the film. On the other hand GF exhibited no change in
and position indicating low or no interaction with the film. Sim-

larly, TS and RF for NPX films were approximately 27% and 46%
igher, respectively, compared to GF films although the difference

s not statistically significant (p value < 0.05). The % elongation at
reak for NPX films was lower than GF films (133%) as expected.

In the case of FNB films, a lower amount of SDS was  used to sta-
ilize the suspensions during WSMM  compared to NPX or GF and
herefore differences in film properties could be observed (Rhim
t al., 2002; Rodríguez et al., 2006). In fact, FNB exhibited approxi-
ately 650%, 300% and 225% increase in YM,  TS, and RF, respectively

ompared to GF films. The increase in YM,  TS and RF could be due to
he lower SDS concentration in the film that decreases the molec-
lar mobility related to the interaction of SDS with the polymer.
imilar behavior has been observed for potato starch and whey pro-
ein isolate films containing SDS (Rhim et al., 2002; Rodríguez et al.,
006). Interestingly, the concentration of SDS in FNB in suspension

s approximately 0.19% lower than the concentration of SDS in GF
lms. Therefore, this behavior could be attributed to a synergis-

ic effect due to surfactant–polymer interaction and drug–polymer
nteraction as already presented for NPX films. More studies would
e required to confirm these interactions. An increase in mechani-
al properties such as TS and RF will produce a film that is less prone
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Fig. 9. Drug content for films with different thickness co
26.18 ± 6.24 0.32 ± 0.71
11.23 ± 0.70 0.47 ± 0.75
18.72 ± 0.31 1.04 ± 0.14

to break (either by a tensile force or compressive force, respec-
tively), more durable and easy to handle compared to a more fragile
film.

3.4. Drug content

Fig. 9 shows the average content of drug per area for differ-
ent batches with different thicknesses. As expected, increasing the
thickness increases linearly the amount of drug. Therefore, thick-
ness could be used to control dose in film dosage forms. GF films
had a better linear fit with a r2 value of 1.000 followed by FNB and
NPX films with values of 0.958 and 0.901, respectively. The inferior
linear fit of NPX is attributed to the aggregation of particles in films
and relatively poor mixing/dispersion during the incorporation of
the NPX nanosuspension into the viscous HPMC/glycerin solution,
as confirmed by SEM and NIR chemical imaging.

As mentioned before, the theoretical amount of drug in the
resulting film accounted for 27% (w/w)  of the film composition,
which is significant for a nanoparticle solid dosage form. As a ref-
erence, Tricor® formulations containing fenofibrate nanoparticles
have a drug loading of approximately 22% (Ryde et al., 2007). We
have been able to incorporate a higher amount of drug nanoparti-

cles in a solid dosage form. Also, drug loading as high as 50% can
be easily achieved by integrating WSMM  and polymer films. Films
with a thickness of 100 �m contain 4.5 mg  FNB/cm2. A film with
the size of a postal stamp (6 cm2) contains 27 mg  FNB and could
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Fig. 10. Drug nanoparticles re-dispersion fr

otentially contain 50 mg  FNB with a higher loading. Higher doses
ould also be achieved by increasing the film thickness.

.5. Re-dispersion of particles from films

Fig. 10 shows the particle size distribution for the nanosuspen-
ions produced from WSMM  and particle size distribution after
e-dispersion from films for the different drugs. The median parti-
le size of GF after re-dispersion was 175 nm compared to a median
article size of 163 nm for the suspension. Similarly the median
article sizes for FNB and NPX after re-dispersion were 256 nm
nd 145 nm,  respectively compared to particles sizes of 207 nm
nd 144 nm,  respectively. A bimodal distribution was observed for
PX particles after re-dispersion suggesting some aggregation of
articles probably due to the strong secondary attraction of NPX
articles. Nevertheless, all the drugs exhibited nanometer size scale
imensions after re-dispersion from films with sizes similar to the
articles from nanosuspensions.

.6. Dissolution

In order to prove the advantages of films over other solid dosage
orms, the dissolution behavior of films containing FNB nanoparti-
les and films containing FNB microparticles were compared to a
ompact and a physical mixture of a similar composition as shown
n Fig. 11a. The films exhibited a much faster dissolution rate com-
ared to the other dosage forms. The rapid drug release of FNB from
lms was attributed to the high surface area available for wetting of
he HPMC film. The films containing microparticles and nanopar-
icles exhibited a similar dissolution profile with ∼20 min  to reach
he equilibrium dissolution. This behavior could be due to the

igh quantity of SDS in solution that makes the dissolution media
on-discriminating. The time to dissolve 80% of the equilibrium
oncentration for the films is approximately 16 min. This result
ompares favorably with FNB formulations presented in patents

Fig. 11. Dissolution behavior (mean ± standard deviation, n = 6) of (a) FNB micropar-
ticles and nanoparticles in film compared to a physical mixture and a compact
of  the same physical mixture containing microparticles, and (b) films containing
microparticles compared to film containing nanoparticles.
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Stamm and Seth, 2001) and commercially available formulations
uch as Tricor®, which take approximately 12–15 min  to reach 80%
f the equilibrium concentration (Jamzad and Fassihi, 2006, Sandal
t al., 2011). As a point of reference, Tricor® formulation contains
arger amount of SDS (1.5%) as compared to film formulation con-
aining only 0.03%. Accordingly, although the film formulation has
ot been optimized with respect to fast disintegration and dissolu-
ion in the current work, films containing FNB nanoparticles exhibit
imilar dissolution behavior. The physical mixture took approxi-
ately 200 min  to reach the same % dissolved. However, only 20%

NB dissolved from the compacts in 200 min. Although the film
ontaining FNB nanoparticles as well as microparticles exhibited
lmost similar behavior, there are a few minor differences; films
ith nanoparticles exhibit a slight increase in % dissolved compared

o the film containing microparticles, and the standard deviation for
he nanoparticle films is less.

In order to further discriminate the dissolution behavior of films
ontaining microparticles and nanoparticles, 100 ml  of 0.025 M HCl
as selected for dissolution studies to slow the dissolution rate

nd extent, and also allow for greater discrimination of particle
ize. Moreover, for good in vitro–in vivo correlations it is a com-
on  practice to use buffer solutions not exceeding pH 6.8 as the

issolution medium (Emami, 2006). 0.025 M HCl solution had a pH
f 1.9 which simulates the pH of gastric fluid. A 0.2 �m filter (Pall
T Tuffryn Membrane Disc Filters) was used for this study. The
revious dissolution medium containing SDS had a large amount
f SDS (5.4%, w/w) above its CMC  which led to the faster dissolu-
ion of both nano and microparticles of FNB. To confirm that the
ifferences in dissolution are not due interference of presence of
articles, samples after 10 min  and at equilibrium were also filtered
sing a 0.1 �m syringe filter. No difference in absorbance was seen
efore and after filtering using UV spectrophotometry. The disso-

ution rate and extent of dissolution increased substantially for the
lms containing FNB nanoparticles (201 nm)  compared to the film
ontaining FNB microparticles (11 �m)  as shown in Fig. 11b. FNB is

 non-ionic drug and therefore it has a low solubility in the acidic
edium which can explain the slow dissolution rate in compari-

on to the SDS buffer. However, this dissolution medium can clearly
ifferentiate between the microparticles and nanoparticles of FNB
s seen in Fig. 11b. Only about 5% dissolved for the films contain-
ng FNB microparticles compared to approximately 27% dissolved
or the film containing FNB nanoparticles. A slight decrease in %
issolved was observed after reaching a maximum could be due to
ecrystallization of FNB in the medium. The increase in % dissolved
y approximately a factor of 6 is probably due to the increased
urface area of the drug and possible better contact between the
anoparticles and dissolution medium. Therefore, it appears that

ncorporation of nanoparticles into film formulations has a posi-
ive effect on the dissolution rate and extent, and potentially on
ioavailability.

. Summary and conclusions

In this study, the integration of nanosuspensions produced from
et stirred media milling (WSMM)  into hydroxypropyl methyl

ellulose (HPMC), which is bio-compatible and water-soluble
olymer, films was demonstrated, providing a new route of trans-
orming nanosuspensions of poorly water soluble, BCS Class II
rugs into a solid dosage form. The simple process involved the
asting and drying of a previously mixed stable drug nanosuspen-
ions and polymer solution. Through this process, different drug
anoparticles were incorporated into HPMC films and their aggre-

ation behavior in films was studied. Processing did not change
he crystallinity of the drug particles. The results showed that the
ggregation behavior is dependent on the drug used, and follows
he trend: GF ≤ FNB ≤ NPX. The aggregation could be due to strong
l of Pharmaceutics 423 (2012) 496– 508

hydrophobic interactions of drug particles. The difference in aggre-
gation also has a strong effect on the drug content in films. The
strong hydrogen bonding interactions between the NPX and the
HPMC allows also for improved film physical properties such as,
increased Young’s Modulus, Tensile Strength and Rupture Force
compared to the GF films. This would allow for better handling
during the cutting and packaging processes, although films that are
too rigid could cause an unpleasant sensation in the patient’s buc-
cal cavity. The FNB films, which have a lower concentration of SDS
due to stabilization requirements of the nanosuspension, exhibit
an even higher increase in these properties due to a decrease in
molecular mobility and also due to synergistic effect of surfactant-
polymer interaction and drug–polymer interaction. The resulting
film exhibits much faster dissolution rates compared to a physical
mixture, a compact of similar formulation (having same surface
area exposed to the dissolution medium) and a film containing
microparticles. The films dissolved fast, thus allowing fast recovery
and redispersion of the drug nanoparticles. Thus, polymer films are
found to be an effective carrier of nanoparticles that were produced
by media milling of BCS Class II drugs. High drug nanoparticles load-
ing (as high as 50%) can also be easily obtained. The drug loading
achieved is higher than current products in the market contain-
ing drug nanoparticles and the amount of drug in the film could
be increased by increasing the film thickness. These results set the
foundation for process development of films containing nanoparti-
cles, specifically, for poorly water-soluble drugs, for various drug
delivery applications. As compared to various routes to making
solid dosage forms from drug nanosuspensions such as freeze dry-
ing, lyophilization, and spray drying, film formation may  offer a
more economical and scalable option. Future studies will focus
on the effect of film formulation on particle re-dispersibility, dry-
ing effects on film mechanical properties, mixing characterization,
stability and content uniformity of films.
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