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bstract

Up to now, the full potential of polymer-based nanoparticles is not yet exploited because of a lack of stability when conserved in aqueous
edium. The present paper reports the water elimination from nanocapsules (NC) dispersions by means of the spray-drying technique with the aim

o achieve dried solid forms of interest using colloidal silicon dioxide as drying auxiliary. The influence of formulation parameters on the suspension
ehaviour and on the powders characteristics was also evaluated. Our findings demonstrated that the mixing protocol, the concentrations of both
C and silica are crucial parameters that affect the feed behaviour and the spray-dried particles characteristics. Interactions occurring in the feed

re directed by hydrogen bounds and were more sensitive to the silica concentration than that of NC as evidenced by rheological measurements.
he NC are entrapped within solid dried matrixes following their interaction with silica particles in the feed. SEM analyses of the obtained powders
howed spherical separated microparticles formed by the association of NC and silica when they are mixed at adequate concentrations in the feed

efore spray-drying. On the other hand, fused agglomerated particles presenting NC at their surface, characterised by irregular shapes and a strong
dhesiveness were prepared when the silica concentration was not sufficient. The surface composition of the spray-dried powders was investigated
sing the ESCA technique and revealed the NC exclusion from the surface to obtain powders suitable for further handling.

2006 Elsevier B.V. All rights reserved.
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. Introduction

Modern drug carrier systems favour the controlled deliv-
ry of one active pharmaceutical ingredient to its target at a
herapeutically optimal rate and dose. Among various systems
eveloped, the polymer-based nanoparticles (NP), which are col-
oidal systems with sub-micronic size, have been widely studied
nd consist in nanocapsules and nanospheres. According to the
iterature, the nanocapsules (NC) correspond to a polymeric wall
nveloping an oil core whereas the nanospheres (NS) consist in
polymeric matrix entrapping the drug (Couvreur et al., 1995).

olloidal particles have been developed firstly for the intra
enous administration of drugs with the goal to improve their
herapeutic efficacy and minimise side effects. Thereafter, they

∗ Corresponding author. Tel.: +33 4 72 43 18 64; fax: +33 4 72 43 16 99.
E-mail address: briancon@lagep.univ-lyon1.fr (S. Briançon).
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ave been also administered orally either for systemic uptake or
ocal residence within the gastrointestinal tract (Maincent et al.,
986; Damgé et al., 1987; Kreuter, 1994; Kim et al., 1997).

However, in spite of their initial promising results, the poten-
ial of these new systems become limited following the observa-
ion that NP present a lack of stability when conserved in aqueous

edium. Indeed, during storage aqueous suspensions of these
olloidal particles present some disadvantages such as poly-
er hydrolysis leading to drug leakage and physicochemical

nstability due to the particle agglomeration and sedimentation
Magenheim and Benita, 1991). Therefore the application of an
ffective technique or principle capable to enhance the shelf life
f these particles will be a considerable benefit.

In order to overcome the difficulties described above,

fforts to develop more stable NP preparations have been
ontinuous for many years. Initially it was envisaged to vary
he formulation of the preparation, essentially the type and the
oncentration of surfactants, but this often gave good results

mailto:briancon@lagep.univ-lyon1.fr
dx.doi.org/10.1016/j.ijpharm.2006.06.025
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nly in the short-term stability (Mosqueira et al., 2000). The
ncorporation of the colloidal particles into solid dosage forms
as also investigated and resulted in phase separation for many
P/binders systems after the addition of polymeric binders to

he aqueous dispersions of NP (Schmidt and Bodmeier, 1999).
Among the strategies assayed, the water elimination from

he aqueous dispersions to reach a dried form appears the most
romising approach to achieve preparations with shelf life of
everal years. This could be achieved by lyophilization or spray-
rying, after what for parenteral delivery the suspension of
olloidal particles must be reconstituted prior to administration
nd for peroral delivery the dry powder could be incorporated
nto capsules or tablets (Allémann et al., 1993). The lyophiliza-
ion process is more convenient when particles concerned are
S. For NC it is accompanied by technological difficulties like

he selection of cryoprotectors and the particle integrity main-
ain during the freezing step (Chasteigner et al., 1995). Their
esicular character confers a high tendency to collapse and as
esult the oil core releases. Moreover, it is a high cost and
ong time process. Alternatively, the spray-drying technique,
hich consists in one continuous operation involving the trans-

ormation of feeds from a liquid state into a dried particulate
orm, exhibits advantages like low price, rapid process and the
ossibility to modulate the physicochemical characteristics of
owders (Broadhead et al., 1992). Four determining stages con-
titute the process: (1) atomisation of the feed into a spray, (2)
pray-air contact, (3) drying of the spray and (4) separation of the
ried product from the drying gas (Master, 1991). This technique
as been extensively applied with success in the preparation of
icroparticulate delivery systems by drying solutions of dif-

erent compositions (Bodmeier and Chen, 1988; Conte et al.,
994; Giunchedi et al., 1994; Palmieri et al., 2001). In addition,
t is convenient for the treatment of heat-sensitive molecules
ike proteins without significant degradation (Adler et al.,
000).

These accumulated experimental applications let foresee that
pray-drying could be a potential process able to permit the
torage of colloidal particles as dried powders. Although spray-
rying is widely used in the pharmaceutical field, it has been
sed scarcely for drying polymeric NP. The first application of
he technique for drying NC suspension is very recent (Müller et
l., 2000). By adding colloidal silicon dioxide as drying adjuvant
o the NP suspension, spray-drying NC was achieved. According
o the morphological analysis of the powders by scanning elec-
ron microscopy, the authors suggested that NC accumulate at
he peripheral of the particles formed due to their adsorption on
he silica particle’s surface (Müller et al., 2000; Pohlmann et al.,
002). However the explanation of the interactions between the
wo components in the feed preparation and during the drying
tep is still not enlightened. More, the entire characterization of
he dried NP powders is still an open question that deserves much
ork. Since the powders prepared are intended to be intermedi-

ry pharmaceutical products, their current use requires the total

ontrol of the particles characteristics for further handling and
ncorporation in other pharmaceutical forms. To date, colloidal
ilica interactions with NP in the aqueous phase have not been
nvestigated. Indeed several factors have to be considered, the
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oncentrations of the two components, the NP nature and their
article size, the drying adjuvant properties and the procedure
f the feed preparation.

The objective of the present work was to prepare well-
esigned powders in the form of microparticles containing poly-
eric blank NC by means of the spray-drying process, using

olloidal silicon dioxide as drying auxiliary. Considering the
ack of information about the interactions developed in the aque-
us phase between NC and colloidal silica, the influence of
ormulation parameters on the NC suspension behaviour and
n the powders characteristics was also evaluated.

. Material and methods

.1. Materials

Poly(epsilon-caprolactone) (PCL) (Mn 42 500) was pur-
hased from Aldrich (Strasbourg, France). Caprilic/capric
riglyceride (Miglyol 810®) was supplied by Condea Chemie
Witten, Germany). Sorbitan monostearate (Montane 60®) and
olysobate 80 (Montanox 80®) were obtained from Seppic
Paris, France). Fumed colloidal silicon dioxide with a spe-
ific surface area of 200 m2/g and a primary particle size of
2 nm (Aerosil 200®) was supplied by Degussa (Frankfurt, Ger-
any). All other chemicals and solvents used were of analytical

rade.

.2. Nanocapsules preparation and characterisation

.2.1. Preparation of nanocapsules
Blank NC were prepared by interfacial deposition of PCL fol-

owing solvent displacement, method described elsewhere (Fessi
t al., 1988). A pilot design which allows an extrapolation of 30
olds the scale of the laboratory was used for this end. This
cale-up was performed using a continuous method previously
escribed (Briançon et al., 1999).

The organic phase was constituted by PCL, montane 60®,
iglyol 810® and acetone. The aqueous phase was constituted

f Montanox 80® dissolved in demineralised water. The two
olutions maintained at 30 ◦C with a bath, were continuously
upplied by independent peristaltic pumps to a “T” system for
ixing and immediate formation of NC. The resulting suspen-

ion was received in a reactor and maintained under a gentle
gitation at 30 ◦C for complete diffusion of acetone to the exter-
al phase. Acetone and some water were then removed by
vaporation under reduced pressure.

.2.2. Characterisation of nanocapsules
The particle size distribution and the zeta potential of the NC

ere determined in triplicate, respectively, by photon correlation
pectroscopy and electrophoretic mobility using a Malvern Zeta-
izer 3000HSA particle analyser (Malvern Instruments, UK).
he zeta potential values were calculated from the mean elec-
rophoretic mobility values using the Smoluchowsky’s equation
nd the measurements were carried out in a 10−3 M KCl solu-
ion to keep the ionic strength constant. To check the stability of
he NC, preparations samples were washed with demineralised
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Table 1
Operational conditions applied with Büchi B191 for the spray-drying of
nanocapsules

Spray-drying parameters Operational conditions

Atomizing air pressure (bar) 5.5
Air flow rate (l/h) 600
Feed flow rate (ml/min) 2.41
Inlet air temperature (◦C) 160
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spiration setting (%) 70

ater after ultracentrifugation 20 min at 40 000 rpm (Optima TM
AX-E, Beckman/Coulter, USA) then the particle size and the

eta potential were measured.

.2.3. Determination of the suspensions mass content
One millilitre of the concentrated NC suspension was poured

nto glass vials and lyophilised using a pilot freeze-dryer SMH45
Usifroid, France). After complete desiccation, the dry content
f the vessel was measured. The considered results were a mean
f at least three measurements for each preparation.

.3. Spray-drying nanocapsules

Spray-drying was performed with a Mini Spray-dryer Büchi
191 (Flawil, Switzerland), which operates in a co-current
ode and was equipped with a two-fluids nozzle. A 0.7 mm

iameter nozzle was used. The applied operational spray-
rying parameters used are listed in Table 1. A precise vol-
me of NC suspension according to the suspension mass
ontent, was measured and mixed to a beforehand dispersed
olloidal silica in demineralised water by magnetic stirring
or 10 min. The mixture volume was then adjusted to the
esired final volume with additional water. The preparation
as thus maintained in moderate agitation and fed into the

pray-dryer with the peristaltic pump. The dried powders were
elicately recovered, weighed and stored in a well closed
lass vessel at home temperature. Aqueous suspensions of col-
oidal silica were also spray-dried in the same conditions as
ontrols.

.4. Rheology studies

Dynamic rheological measurements of silica suspensions and
ixed NC/silica suspensions were conducted using a controlled

hear-rate rheometer, Rheomat 180 (ProRheo, Germany). The
easurements were made in simple shearing by imposing a

iven gradient of shearing while following the constraints in
he course of time, using the coaxial cylinders type configura-
ion (cup of measurement with 16.24 mm radius, measurement

obile with 15 mm radius and 45 mm height). All experiments
ere carried out at ambient temperature (23 ± 2 ◦C). For each

reparation, the shear rate range was function of the measure-
ent system limits and the measured torque, which must be

bove the sensitivity of the instrument. Experiments were carried
ut in duplicate with at least two batches for each formulation
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o make sure that the observed phenomena are real rheological
ffects and not experimental artefacts.

.5. Spray-dried powders characterisation

.5.1. Moisture content
The residual moisture content of the spray-dried powders

as measured by Karl Fischer titration in dry methanol using a
L38 titrator (Mettler-Toledo, Greifensee, Switzerland). Sam-
le masses were approximately 30 mg and Hydranal® composite
(Riedel-de Haën) was used as the titration reagent. Measure-
ents were performed in triplicate.

.5.2. Process yield determination
The weights of the spray-dried powders collected were cor-

ected according to their moisture content. The yield was calcu-
ated by dividing these quantities by the total mass introduced
n the preparation submitted to drying.

.5.3. Morphological analysis
The morphological examination of the spray-dried powders

as performed by scanning electron microscopy (SEM) (Hitachi
800, Japan). The powder sample was spread on a double-
dhesive tape previously adhered to SEM aluminium stubs,
nd then sputter coated with a thin gold/palladium layer using
cathodic pulverizer, Hummer II Technics (6 V–10 mA). The

amples were scanned at 10 kV voltage.

.5.4. Particles size distribution
The volume particle size distribution of the spray-dried pow-

ers was determined using a laser diffraction granulometer,
astersizer 2000 (Malvern Instruments, UK). The apparatus
as equipped with a dry analyser system to suspend particles in

he air during measurements. Samples were placed into a vibrant
opper and a 2 bar air pressure was used to disperse particles in
venturi tube before their passage through the laser light to be

nalysed. The particles whole size distribution was considered
referentially to the different particle diameter values, and anal-
ses were performed at least in duplicate for each batch.

.5.5. Density determination
The powder bulk (D0) and tapped (Df) densities were deter-

ined (European Pharmacopoeia, 2005) in duplicate using an
utomatic tapper (Stampsvolumenometer STAV 2003) with a
raduated 100:1 ml cylinder to measure the volume occupied by
g of powder. Each powder sample was poured into the cylinder

hrough a funnel. The tape density was measured after 1250 taps,
hich allowed the density to plateau. Carr index as a measure of
owability was determined according to the equation reported
y Staniforth: % compressibility = 100(Df − D0)/Df (Staniforth,
988).

The particulate density of the spray-dried powders was anal-
sed in duplicate by helium pycnometry, with the AccuPyc 1330

ycnometer (Micromeritic Ltd., UK). For one determination
ach sample was measured 10 times after 30 purges. An equili-
ration rate of 0.0345 kPa g/min was chosen, and the maximum
easurement pressure was 134.45 kPa.
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.5.6. Surface powders characterisation
The surface coverage of the spray-dried NC powders

as analysed by electron spectroscopy for chemical analysis
ESCA). Using this technique, it is possible to identify quanti-
atively the chemical elements presents at the surface of dried
articles. Briefly, the powders samples are exposed to an X-
ay beam, and electrons contained in the near-surface region
approximately 10 nm) that have a binding energy less than the
hoton energy will be ejected from the atom. The kinetic energy
f the ejected electrons will be equal to the difference between
hoton energy and binding energy, allowing for an instrument
esponse function. As the binding energy of electron is character-
stic of the atom from which it is ejected, the elements present in
he specimen can be identified quantitatively (Fäldt et al., 1993).

A photoelectron spectrometer ESCALAB 200R (VG Sci-
ntific Co., UK) with a monochromatic Al K� X-ray source
1486.6 eV) was used and the samples were fixed on an indium
upport. The area analysed consisted of a circular region of
mm2 and the kinetic energy of the heart electrons coming

rom the first atomic layers of the solids is measured through
emispherical analyser with an energy of analysis of 50 eV. The
esults were expressed as spectrums of counts/s at the detector
ersus binding energy, and the surface atomic concentrations
f the elements carbon (C), oxygen (O), and silicon (Si) were
alculated.

. Results

.1. Nanocapsules preparation

Table 2 presents the mean values of particle sizes and zeta
otentials of the preparations as used and after washing oper-
tions. NC preparations consisted in homogenous populations
f particles with acceptable diameters (below 300 nm), exhibit-
ng a negative charge regarding zeta potential (−27.9 mV). The
article sizes and their zeta potential were not affected after one
nd two washing operations with demineralised water.

.2. Suspensions rheology

The viscosities of different silica suspensions are presented
n Fig. 1. For these preparations containing only silica, it is evi-
ent that the viscosity is function of the silica concentration.
he suspension containing 1.5% silica is the least viscous and
he measurement could be performed only at high shearing-rate.
he increase in silica proportion leads to an increase in the con-
istency of the suspension and thus the minimal shearing-rate
o obtain valid measurements decreases. Suspension containing

able 2
haracteristics of PCL nanocapsules as obtained (1), after one washing (2) and
fter two washings (3) (n = 3)

reparation Particle size (nm) ± S.D. Zeta potential (mV) ± S.D.

C (1) 285.2 ± 10.1 −27.9 ± 1.0
C1 washing (2) 281.2 ± 2.2 −32.6 ± 1.5
C2 washing (3) 271.8 ± 1.5 −29.7 ± 0.2
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ig. 1. Data for suspensions in water containing different concentrations of
olloidal silica (% w/v). Viscosity is plotted as a function of shear rate.

0% silica exhibits a shear-thinning at low shearing-rates pre-
eding a plateau profile. This plateau profile occurs moreover
t high shearing-rate for all preparations and, no destabilising
ffect was observed in the measurement field applied.

The association of NC and silica leads to particular profiles as
hown in Fig. 2a–c. With 1.5% silica concentration, the presence
nd the increase in NC proportion did not change the rheolog-
cal profile although a slight increase in the shear rate range
Fig. 2a). Oppositely, a dramatical change characterised by a
ignificant increase in viscosity is observed when using 3% sil-
ca and NC yielding in profiles similar to that obtained with 10%
ilica suspension, presenting a shear-thinning at low shearing-
ate followed by a plateau profile (Fig. 2b). The increase in
iscosity of the mixed preparations is more sensitive to silica
oncentration compared to that of NC and, is proportional to the
ilica content (Fig. 2c). These findings support the hypothesis
f interactions between the two components leading to a new
icrostructure organisation.

.3. Spray-drying nanocapsules

Table 3 presents different feed formulations spray-dried, out-
et temperatures recorded and primary powders characteristics.

ith 1% NC in the preparation, the minimal silica concentra-
ion required to produce powders was 1.5% (sample 1). Below
his proportion, NC strongly adhere leading to film formation
n the cyclone wall and no powder is formed. With this 1.5%
ilica concentration or beyond that, the adhesion on the cyclone
lass is counteracted and powders are accumulated in the col-
ector vessel. When the NC proportion in the feed was increased
ramatically at low silica concentration, the powders prepared
rimarily accumulated on the cyclone wall (sample 5). This
dhesiveness is cured by increasing silica concentration (sample
). These results show the importance of the two components
uantities control in the feed submitted to spray-drying pro-
ess. The outlet temperatures recorded were all around 100 ◦C
nd the collected spray-dried powders presented moisture con-

ents in the same range, between 2.1 and 2.5%. These mixed
pray-dried powders were recovered with 60–70% yield. The
ncrease in silica proportion is not always accompanied by the
ame tendency in the yield. The upper yield was obtained with
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ig. 2. Effect of the NC and silica concentrations on the rheology of mixed susp
he NC concentration added to 3% silica; (c) influence of the silica concentratio

% silica formulations (both NC1 and 4%) and the lower with
C1% + S5% formulation.
As comparison, spray-drying colloidal silica was realised

ith three different concentrations (samples 7–9). The powders
repared were accumulated in the collector vessel without adhe-
ion on the cyclone wall, and no difference was observed in terms
f outlet temperature and moisture content. However increasing
oncentration led to the increase in the operation’s yield.

.4. Spray-dried powders characterisation
.4.1. Morphological analysis
The shape and the surface morphology of spray-dried pow-

ers are presented in Fig. 3a–d. According to this SEM anal-

p
s
s
t

able 3
eed preparations spray-dried, outlet temperatures recorded and recovered powders c

amples Preparation content (% w/v) Outlet temperature (◦C

Nanocapsules Silica

1.0 1.5 103 ± 3
1.0 2.0 103 ± 2
1.0 3.0 104 ± 1
1.0 5.0 102 ± 2
4.0 1.5 98 ± 2
4.0 3.0 101 ± 3
0 1.5 100 ± 2
0 3.0 99 ± 1
0 5.0 101 ± 1

a Adhesion to cyclone and receptacle glass walls: (−) no adhered powders, (+) very
ns. (a) Influence of the NC concentration added to 1.5% silica; (b) influence of
ed with 1% NC.

sis, the morphology of the spray-dried particles is strongly
ependent on both NC and silica concentrations. Spherical well-
eparated microparticles of various sizes were obtained with
mixture containing NC1% + S1.5% (Fig. 3a). The surface of

articles appears rough with a porous shell consisting in silica
articles. When the silica proportion varies from 1.5% to 3%, no
hange on the external morphology is observed (Fig. 3b). On the
ther hand, fused agglomerated particles with irregular shapes
onstituted by primary spherical particles were obtained with
reparations containing NC4% + S1.5% (Fig. 3c). The primary

articles are varied sizes and present at their rougher surface
tructures of about 300 nm and some cavities. The increase in
ilica concentration (NC4% + S3%) leads to well-separated par-
icles with a porous external shape (Fig. 3d).

haracteristics

) Moisture content (%) Yield (%) Powder adhesiona

2.20 ± 0.10 68.3 ± 0.5 +
2.32 ± 0.41 63.2 ± 0.9 −
2.49 ± 0.38 69.5 ± 1.2 −
2.36 ± 0.49 62.5 ± 2.0 −
2.28 ± 0.29 65.9 ± 1.7 ++++
2.14 ± 0.24 72,3 ± 0.9 −
2.25 ± 0.19 60.4 ± 1.9 −
2.41 ± 0.12 71.8 ± 0.7 −
2.34 ± 0.25 76.8 ± 4.1 −

slight adhesion, (++++) intensive adhesion (n = 3).



68 P. Tewa-Tagne et al. / International Journal of Pharmaceutics 325 (2006) 63–74

Fig. 3. SEM photographs of spray-dried powders exhibiting overall view (left) and high enlargement (right) for the different formulations: (a) NC1% + S1.5% (scale
bars: left 5 �m, right 1 �m); (b) NC1% + S3% (scale bars: left 10 �m, right 1 �m); (c) NC4% + S1.5% (scale bars: left 10 �m, right 5 �m); (d) NC4% + S3% (scale
bars: left 5 �m, right 2 �m).
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Fig. 3. (Continued ).
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Fig. 4. Volume particle size distribution of spray-dried powders. Influence of
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values of 66.6 and 33.3 for O2/Si1 (Merck Index, 1989). The

T
A

B
T
C
P

he silica concentration on the size distribution of preparations containing (a)
% nanocapsules and (b) 4% nanocapsules.

.4.2. Particles size distribution
Fig. 4 presents the size distribution of the collected powders

nd the influence of their composition. The preparation contain-
ng NC1% + S1.5% is characterised by a monomodal distribu-
ion, and the increase in the silica concentration (NC1% + S3%)
esults in particle size distribution looking nearly similar
Fig. 4a). Oppositely, the preparation containing NC4% + S1.5%
xhibits a bimodal distribution of particles. In this case agglom-
rates were not totally disrupted even when higher dispersing
ressure was applied (data not shown). Increase in the sil-
ca concentration (NC4% + S3%) leads to a monomodal dis-
ribution close to the first peak of the bimodal distribution

Fig. 4b). Just as for well-separated particles, the size distribu-
ions are broads and these results are in accordance with the SEM
bservations.

s
i
r

able 4
pparent and particulate densities of the spray-dried products (mean ± S.D.)

NC1.0% + S1.5% NC1.0% + S3.0%

ulk density (g/ml) 0.100 ± 0.007 0.117 ± 0.002
apped density (g/ml) 0.125 ± 0.002 0.167 ± 0.001
arr index (%) 20.0 ± 0.8 30.24 ± 0.9
articulate density (g/ml) 1.5979 ± 0.0019 1.7669 ± 0.0021
of Pharmaceutics 325 (2006) 63–74

.4.3. Powder density
The bulk and tapped densities were determined on two

atches for each spray-dried NC formulation and compared
o spray-dried 3% (w/v) silica (Table 4). According to tapped
ensity value, preparations can be classified in two groups: pow-
ers having a tapped density lower than 0.17 g/ml and powders
ith a tapped density higher than 0.22 g/ml. This separation is

elated to NC concentration, the lower the tapped density is the
ower is the NC concentration. The highest density (0.250 g/ml)
as obtained with formulation containing NC4% + S1.5% while
owder prepared with formulation NC1% + S1.5% presented
tapped density value below that of silica. Carr index also

aries depending on the preparation’s formulation, from 15.5%
o 34.12%. The higher the silica concentration is, the higher is
he Carr index value.

The mean pycnometric density of the spray-dried colloidal
ilica particles was 2.3995 g/ml (Table 4), a value character-
sing high particulate density compounds. The presence of
C changes the solid matrix content and as result lower par-

iculate density values are obtained. The higher density was
btained with NC1% + S3% formulation and the lower with
C4% + S1.5% formulation. The higher is the NC concentra-

ion the lower is the particulate density.

.4.4. Surface characterisation
Both colloidal silica and NC are likely to adsorb at the surface

f the microparticles prepared as evidenced by the SEM analy-
is, although it was not possible to evaluate the proportions of
ach component. The atomic surface composition of the spray-
ried NC powders was thus analysed by ESCA and the surface
roportions of the different species were calculated. As compar-
son untreated colloidal silica and PCL granules were analysed.
he ESCA spectra recorded exhibit 3 peaks among which two

rom the 1s electron of O and C, and the last from the 2p electron
i (data not shown). The Si peak was unequivocally indicative
f the presence of SiO2 in the outer 10 nm of the spray-dried
articles surface, whilst that of C and O were used to detect the
resence of PCL or others NC ingredients (oil or surfactants).
he ratios O/C and Si/O were also of interest in this characteri-
ation.

For untreated colloidal silica, the corresponding relative %
tomic concentrations of C, O and Si are 1.7, 66.1 and 32.2,
espectively (Table 5) results comparables with the theoretical
urface layer of PCL is composed of 73% C and 27% O, also
n close agreement with the theoretical values of 75% and 25%,
espectively (Iroh, 1999).

NC4.0% + S1.5% NC4.0% + S3.0% S3.0%

0.211 ± 0.011 0.167 ± 0.004 0.093 ± 0.002
0.250 ± 0.000 0.222 ± 0.005 0.142 ± 0.008
15.50 ± 4.4 24.77 ± 0.70 34.12 ± 2.55

1.2068 ± 0.0003 1.3648 ± 0.0011 2.3995 ± 0.0420
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Table 5
Surface atomic composition determined by ESCA for untreated colloidal silica,
untreated PCL and spray-dried nanocapsules

Samples Formulations Atomic concentrations
(%)

Elemental
ratios

O 1s C 1s Si 2p O/C Si/O

1 SiO2 66.1 1.7 32.2 38.9 0.49
2 PCL 27.0 73.0 – 0.37 –
3 NC1.0%–S1.5% 44.7 36.2 19.1 1.23 0.43
4
5
6

p
e
c
T
t
0
F
t
p
i
o
p
w
s

4

4

o
t
s
g
v
T
b
w
p
a
b
i
a

4

p
p
s
i
d
n
i

p
m
o
a
i
r
s
o
1
t
t
t
o
r
n
e
t
l
i
s
w
2
d
i
o
d
r
i

t
w
w
i
w
t
a
w
m
w
t
s
d
n

t
w
m
m
t
s

4

NC1.0%–S3.0% 45.9 32.4 21.7 1.42 0.47
NC4.0%–S1.5% 20.8 76.5 2.7 0.27 0.13
NC4.0%–S3.0% 36.6 49.6 13.9 0.74 0.38

The silica augmentation from 1.5% to 3% in the spray sus-
ension containing 1% or 4% NC produces changes in the three
lemental (1s, 2p)-electron peaks levels. The relative % atomic
oncentrations of Si and O increase whilst that of C decreases.
he composition of the microparticle surface at high silica con-

ent (NC1% + S3%) is 21.7% Si and 45.9% O and the ratio Si/O is
.47 a value nearest 0.5 corresponding to the SiO2 stochiometry.
or this sample, the 1s-electron O peak is essentially inducted by

he silica’s oxygen. The preparation containing NC4% + S1.5%
resented the lowest Si % at the surface of microparticles (2.7%)
ndicating the very weak proportion of colloidal silica in the
uter layer. Moreover, the value of the ratio O/C (0.27) is com-
arable to that of PCL (0.37). In all cases the 1s-electron of C
as detected and the highest percentage was related to the lowest

ilica proportion (1.5%) added to 4% NC.

. Discussion

.1. Nanocapsules preparations

Spray-drying is a great raw material consumer even for a lab-
ratory apparatus like Büchi B191. The pilot employed allowed
he preparation of PCL blank NC at great quantities with the
ame characteristics, moreover the different batches exhibited a
ood reproducibility. Regarding particle size and zeta potential
alues before and after washing operations, NC are unchanged.
he using of co-surfactants is favourable to a very good sta-
ilisation of the NC by anchoring surfactant molecules in the
all, resulting in better protection from particle aggregation as
reviously shown (Mosqueira et al., 2000). Since NC prepared
re intended to dilution and/or mixing with another preparation
efore spray-drying, it is of importance to verify their stabil-
ty and ensure that this process will not cause degradations nor
ggregations following surfactant removal.

.2. Nanocapsules/silica interactions

The rheological measurements were used to characterise
reparations submitted to spray-drying process. Since these
reparations are complex formulations consisting in water-
uspended particles of various compositions, sizes and shapes,

t is of interest to investigate the colloidal state and interactions
eveloped when NC and silica are mixed. Due to the colloidal
ature of the two components, this mixture could lead to new
nteractions (solid/solid, solid/liquid).

c

a
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It is known that the rheological behaviour of colloidal sus-
ensions is determined by several factors as the nature and
agnitude of the interparticle interactions, the size and shape

f particles, the volume fraction, the suspending media, to name
few (Yziquel et al., 1999). Colloidal silica used in this study

s prepared by the flame hydrolysis process of silicon tetrachlo-
ide, which generates hydroxyls groups (silanols) on the silica
urface, and irreversible fractals aggregates formed by the fusion
f primary particles (Raghavan and Khan, 1997; Yziquel et al.,
999). When dispersed in a polar liquid, the interactions between
he surface hydroxyls of aggregates and the suspending medium
hrough hydrogen bonding dominate particle/particle interac-
ions (Yziquel et al., 1999). A solvation layer is thus formed
n the silica surface and gives rise to a short-range non-DLVO
epulsions, solvation forces that stabilise the silica particles in a
on-flocculated suspensions exhibiting low viscosity (Raghavan
t al., 2000). However, at high volume fraction level, these solva-
ion forces could be outclassed by hydrogen interparticles bonds,
eading to a three-dimensional network and thus a significant
ncrease in viscosity as shown by the suspension containing 10%
ilica. Because hydrogen bonds (about 8–40 kJ) are moderately
eak compared to covalent liaisons (360 kJ) (Saint-Michel et al.,
002), they could be easily broken by the hydrodynamic forces
uring shearing, explaining the significant decrease of viscos-
ty. After shearing has ceased, the hydrogen bonds will reform
n standing leading to viscosity increase. For silica beforehand
ispersed in water, these major risks are being left: (i) a non-
eproducible mixture of the two components, (ii) solid/solid
nteractions between NC and silica surfaces.

With respect to this feed preparation method, it was expected
hat the free hydrophilic moieties of surfactants surrounding NC
ill interact with the solvation layer around silica aggregates
hen mixing the two components, so no stronger interaction

s supposed to be developed or at most moderate interactions
hich favour a stabilised mixed suspensions without floccula-

ion and/or sedimentation phenomena. NC suspensions in the
bsence of silica present a rheological profile similar to that of
ater (Fig. 2c). Thus the significant increase in viscosity of the
ixed suspensions prepared with 3% and 5% silica is pertinent
ith the formation of new arrangements, which span the effec-

ive volume fraction of the dispersed phase. Clusters of silica
urrounding one or several NC are formed and support a three-
imensional network connexion leading to gel formation, event
ot possible with NC alones.

The shear rate range used in this study is very large compared
o published data. In all cases, shear did not induce thickening
hich could be responsible of nozzle obstruction or net for-
ation instead of droplets, nor destabilising phenomena in the
icrostructure organisation commonly associated to fractures in

he viscosity evolution. So, these mixed preparations are well-
uited for atomisation.

.3. Spray-drying nanocapsules and powders

haracteristics

The choice of a drying method is usually determined by the
bility of the preparation contents to resist against the drying
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tress as well as the final product functions of use. In the spray-
rying NC case, these technical problems have to be solved:
1) the preservation of the particles integrity and (2) the promo-
ion of dried particles with adequate sizes permitting separation
rom the drying fluid. NC are characterised by a great specific
urface that require protection from the thermal stress during
rying because of the polymer nature of the wall and the oil
ature of the core. Thus, colloidal silicon dioxide appears as a
andidate of choice to cover the NC surface and stabilise them
ithin a solid matrix because it also develops a great specific sur-

ace and possesses a good thermal conductivity interesting for
ater removal. This silica is a biocompatible amorphous carrier

argely used as tablets excipients, considered by the FDA and
ther regulatory agencies as a safe component for non-parenteral
dministration of drugs (Rowe et al., 2003).

Because NP preparations will develop different particle sizes,
ecause for two batches of the same preparation the encapsu-
ated quantity of drug could be different, find a mean to control
he quantity of NC introduced in the feed preparation before
pray-drying becomes essential. Our findings demonstrated that
he minimal adjuvant concentration required is function of that
f NC introduced in the feed preparation. With insufficient con-
entration of adjuvant spray-drying NC led to strong adhesive
roducts onto the apparatus walls. This can be explained by the
act that the silica proportion is not suitable to protect well the
C from the drying stress. In the case of NC adsorption on the

ilica surface as hypothesized by the preceding studies (Müller
t al., 2000; Pohlmann et al., 2002), there would be a forma-
ion of at least small quantities of the desired powders when
ilica concentration is not sufficient to interact with all NC, and
nly the excess of NC will adhere onto the cyclone wall. Dur-
ng these studies, the NC proportions in the preparation were not
aken into account when explain the threshold of 3% (w/v) silica
or the spray-drying success. Since spray-dried silica particles
ed to non-adhesive powders (samples 7–9 in Table 3), produc-
ng powders without strong adhesion on the walls seems to be
elated to NC cover by the silica particles. It is interesting to
ote that this difference in powder behaviour appears whereas
he moisture contents are similar. In this context, the assumption
f NC degradation and thus the oil escapement during drying
an be advanced. NC/silica powders particles were recovered
ith acceptable yields for the spray-drying process. Increasing

nfinitely the silica proportion is not necessary because of the vis-
osity increase and as result a poor atomisation aptitude causing
he yield reduction.

Spray-drying NC/silica mixtures resulted in spherical
icroparticles, and according to the proportions of the two

omponents these primary particles are well-separated or fused
gglomerated. The NC are in fact entrapped within solid dried
atrixes following their interaction with silica particles in the

eed before drying. After the liquid droplets releasing from the
ozzle, they are exposed in hot air stream for drying. Therefore
he solid concentration in droplets is significantly increased dur-

ng drying. The viscosity is also increased and the bonds between
ilica particles act in favour of the droplet stabilisation prevent-
ng collapse. The clusters of silica surrounding one or several NC
re thus consolidated at the water removal, and if an optimal mix-

t
r
o

of Pharmaceutics 325 (2006) 63–74

ng is achieved between the two components in the feed, silica
an prevent NC aggregation within the microparticle matrix. The
pherical appearance of particles is a characteristic researched
y the spray-drying process and which usually confers to pow-
ers free flowing properties. It is related to the spherical aspects
f droplets after atomisation and demonstrates the absence of
estabilising effects on the droplet shape as sedimentation or
roplet elongation leading to doughnut-shape structure forma-
ion during drying, phenomena previously described elsewhere
Luo and Nieh, 1996; Iskandar et al., 2003).

The particles surface is always rugged consisting in silica
r a mixture of silica and NC. Indeed, silica and NC are both
ikely to accumulate at the surface of the microparticles formed.

hen the NC proportion is more important than that of silica,
t is evident that NC are adsorbed at the peripheral of droplets
nd thus will accumulate at the powder surface. Because struc-
ures nearly 300 nm in size are present at the surface, it could
e though that the agglomeration of primary particles and the
dhesiveness of agglomerates on different supports are related
o NC degradation.

The size distribution of the prepared powders was accessed
n a dry state without particular treatment of samples, by apply-
ng compressed air for particles dispersion. The broad size
istribution of the spray-dried particles, although homogenous
reparations, is pertinent with microscopic observations and is
epresentative of the atomised droplets size distribution. Indeed
he nozzle atomisation system often produces droplets with a
arge distribution in sizes (Master, 1991). During drying if the
roplets do not stick themselves, the same size distribution of
nitial droplets could characterise powder’s particles. Fusion of
rimary particles could also takes place in the last stages of
he process and thus leading to larger agglomerates as shown
ith NC4% + S1% preparation. For this last preparation, the
rst peak of the bimodal distribution is close to that of prepa-
ation NC4% + S3% (Fig. 4b). The global particle shape is thus
xplained by a conjunction of two phenomena, the aggregation
f primary microparticles during drying following the fusion of
he NC polymer walls, and the interparticle adhesion favoured
y the oil core deployment through the microparticle matrix.

A great volume reduction under tapping is correlated with
oor flow properties powders. It has been experimentally sug-
ested that a material with a Carr’s index above 25% has as a poor
ow properties (Gabaude et al., 2001). Focusing on this parame-

er, spray-dried silica and powder containing NC1% + S3% have
oor flow properties while NC1% + S1.5% and NC4% + S3%
reparations exhibit passable flow properties (Table 4). This
haracteristic is related to the small particle size and the interpar-
icle voids reduction upon tapping. Surprisingly, the powder con-
aining NC4% + S1.5 exhibits good flowing property, although
ts great adhesive tendency, explained by the bigger particle size
f the agglomerates and the interparticle adhesion. Neverthe-
ess, this aptitude cannot be considered as an advantage since
gglomerates formation is related to NC degradation.
An increase in NC proportion leads to a significant decrease in
he particulate density. This observation is explained by the voids
eduction within the matrix and at certain point by the formation
f non-porous shells following NC fixation at the peripheral of
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he microparticles as shown by SEM observations. Colloidal sil-
ca is well known as spray-drying adjuvant mainly for increasing
articles densities (Palmieri et al., 1994). Since the spray-dried
icroparticles appeared porous according to the SEM analy-

is, increasing the silica proportion in the feed was expected to
ncrease the particulate density. In addition, with 1% NC in the
eed, the augmentation of the silica proportion from 1.5% to 3%
eads to density increase without change in the particle size dis-
ribution. This means that reorganisation occurs in the feed and

ore silica is entrapped within the microparticles.
A particular feature of this work is the use of the reliable

SCA technique to characterize the surface layer of the spray-
ried particles. By analysing the surface relative % atomic
oncentrations of the elements Si, C and O, we determined the
urface composition of the spray-dried microparticles contain-
ng NC and silica. It was assumed that the elements found in
he surface layers of spray-dried particles are elements presents
n the two pure components to which we can add surfactants
nd oil core elements. We did not measure the ESCA spectra
f polysorbate 80 and miglyol 810, which are liquid at room
emperature and cannot be held at the high vacuum necessary in
he sample chamber of the apparatus.

At a given NC concentration, the increase in silica proportion
eads to silica augmentation at the surface. This observation indi-
ates that at ideal concentrations, the NC are covered by silica
n the dried state. Tacking into account that an elemental surface
omposition in Si of 32.2% corresponds to 100% of SiO2 at or
ear the surface, NC were well protected by silica and keep away
rom the outer surfaces in the cases of these preparations, from
he best at least, respectively, NC1% + S3%, NC1% + S1.5% and
C4% + S3%. It is interesting to note that even with small silica

ontent compared to NC (NC4% + S1.5%), silica was detected
t the powder surface but the Si/O ratio is much lower than
hat corresponding to silica (0.13/0.5). The particularity of this
reparation was the high atomic percentage of C greater than that
f PCL, result indicative of the presence of another component
t the surface. Since this preparation was difficultly held in the
acuum because of important degasification, we can conclude
hat the oil core was deployed to the entire matrix following NC
isintegration during drying.

The carbon atom was detected in the surface layer of
icroparticles whatever the composition of the spray-dried NC.
ome hypotheses are plausible: (i) the shell porosity and (ii)

he surfactant adsorption. Because of a non-continue surface
ayer of silica as revealed by SEM analysis, underline NC and
hus polymer wall could be easily accessible to the X-ray beam.
olysorbate 80 surfactant is known to adsorb at the surface of
pray-dried particles containing soluble compounds (Adler et al.,
000). Since the theoretical % relative atomic concentrations of
and O in the polysorbate 80 molecule are 71.1% and 28.9%,

espectively, for C64/O26 (Rowe et al., 2003), the adsorption of
his molecule at the surface will essentially increase the % of C
tom.
Because silica is hydrophilic, it is expected that the spray-
ried particles will disintegrate and release the NC in aqueous
edium. When the proportions of the two components are

djusted to obtain separated microparticles, the powders pre-

C

of Pharmaceutics 325 (2006) 63–74 73

ented good wettability and the dispersion reconstitution in dem-
neralised water under moderate agitation was easy. From these
esults we assumed that the NC integrity is preserved since the
used agglomerated particles were not disintegrated in the same
onditions. The particle size measurements were performed and
he mean results were 1043 ± 64, 607 ± 46 and 852 ± 70 nm,
espectively, for the reconstituted dispersions of the following
ormulations NC1% + S1.5%, NC1% + S3% and NC4% + S3%.
hese results are intermediate between the mean size of the orig-

nal NC and the mean size of the dry powder. This is indicative
f the presence at the same time in the dispersion medium of
he released NC, the NC/silica and silica aggregates, because of
he difficulties arising for the separation of NC from silica as
lso observed in the original feed. A refining is thus needed as
ell for the re-dispersion method as for the separation of the

wo components when they are present in a mixed suspension.

. Conclusion

The main object of this work was to prepare dried solid forms
f interest containing NC. The mixing protocol, the concentra-
ions of both NC and silica are crucial parameters that affect
he feed behaviour and the spray-dried particles characteristics.
hape and morphology, size distributions, apparent and partic-
late densities, and surface composition of the powders were
nvestigated furnishing information surely useful for the devel-
pment of this application.

Interactions occurring in the feed are directed by hydrogen
ounds and were more sensitive to the silica concentration. The
C incorporation into separated microparticles was achieved

ollowing the association of NC and silica at adequate concentra-
ions in the feed before spray-drying. Using the ESCA technique,
e demonstrated the evidence of NC exclusion from the parti-

le’s surface to obtain powders suitable for good handling as
ntermediary pharmaceutical products.
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