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Influence of the solvent composition on the aerosol synthesis
of pharmaceutical polymer nanoparticles
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Abstract

Spherical, Eudragit L100 polymer nanoparticles with and without a ketoprofen drug were prepared by a novel aerosol flow
reactor method. In this method, the polymer solution is sprayed to form nanosized droplets followed by the evaporation of a
solvent. A purpose of the work was to explore the effect of solvent, solvent mixture, and co-solute (ketoprofen) on the formation
of polymer particle, and particularly on particle morphology. The solvents used, i.e. ethanol, THF, toluene, and water, were
selected according to their vapor pressure and dissolution capability for the polymer. At the polymer concentration range from
0.2 to 1.5 g/l of the starting solution, the geometric number mean diameters (GMD) of the particles increased from 75 to 130 nm
and from 65 to 100 nm from the solutions of ethanol and THF, respectively. Particle morphology was observed by a scanning
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lectron microscope (SEM). Particles changed from collapsed to irregular via spherical shape in the course of the d
olubility of the polymer in the medium. This is critically dependent on the solvent evaporation rate as well as the solute s
.e. fast evaporative removal of solvent results in collapsed particles whereas low solubility results in irregular particles.
etween the vapor pressure of the solvents and the polymer solubility in the medium made possible to prepare par
ore complicated structures such as shriveled and blistery structures. The particle morphology as detected by SE

hange when 10 wt.% of ketoprofen was added to the precursor solution.
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1. Introduction

Applications in a variety of areas like catal
and pharmaceutical manufacturing have a deman
small particles (Edelstein and Cammarata, 1996; R
Kumar, 2000). Solid-state drug nanoparticles t
are unstable in morphology could be stabilized
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polymers. In these composite particles, the polymer
may act, in addition to stabilizer, as functional material
that controls the release and diffusion of a drug depend-
ing on the environmental conditions such as pH, tem-
perature, ionic strength, humidity, and so on (Galaev
and Mattiasson, 1993; Yuk and Bae, 1999). Moreover,
ionic and non-ionic polymers may behave like surfac-
tants on the particle surface thereby sustaining colloidal
stability if needed. This is particularly important in
biomedical applications where drug delivery could be
carried out either by oral or intravenous administration.
It has been shown that systemic side-effects in the drug
targeting into cancerous tumor can be minimized by
the decrease of the particle size (Brigger et al., 2002).

The morphology of the nano- and micronsized par-
ticles can be controlled by different preparation meth-
ods and compositions (Edwards et al., 1997; Che et al.,
1998; Maa et al., 1999; Tsapis et al., 2002). For the pro-
duction of nano- and micronsized particles, techniques
such as dry and wet milling, emulsification–diffusion,
precipitation, polymerization, and spray drying have
been demonstrated (Masters, 1991; All̀emann et al.,
1993; Peltonen et al., 2002; Chen and Chew, 2003).
Wet milling and high-pressure homogenization pro-
duce nanosized particles but the particles should be
stabilized with surfactants to prevent aggregation and
coalescence (Merisko-Liversidge et al., 2003). Several
papers treat the preparation of micronsized polymer
particles by routes of aerosol (Shin et al., 1996; Zhou
et al., 2001; Wang and Wang, 2002). Commonly, the
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should be taken carefully into account in the particle
design.

This study was a continuation to our previous work
with drug nanoparticles produced by the aerosol flow
reactor method (Eerikäinen et al., 2003). The polymer
used was a pH-responsive Eudragit L100 that has been
used as an enteric coating material for drugs (Weiss
et al., 1993; Esposito et al., 2000). In the method, the
polymer solution was atomized, and resulting droplets
were transferred to a heated tubular laminar flow reac-
tor with the aid of a carrier gas, and then collecting dry
particles. This aerosol method produces dry nanopar-
ticles directly without a need for further purification
of the particles. Also, during the solvent evaporation,
the formation and resulting morphology of the parti-
cle can be modified. This study aimed to enlighten the
mechanism of polymeric nanoparticle formation dur-
ing droplet drying and subsequent heating, and to un-
derstand the influences of solvents and a drug molecule,
ketoprofen, on the morphology of the particles.

2. Material and methods

2.1. Materials

The polymer Eudragit L100 (R̈ohm Pharma, Ger-
many) was used as received. Eudragit L100 is
a random copolymer of methyl methacrylate and
methacrylic acid. The drug ketoprofen (2-(3-benzoyl-
p re-
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T ers,
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e ore).
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olymer solution is sprayed to form droplets, but
olymerization of monomers in droplets has also b
tudied (Shin et al., 1996). In the latter case, the m
ronsized particles should be purified from resid
onomers after experiment. In pharmaceutics, h

ver, the production and handling of clean dry pow
re an integral part.

The dispersibility of powder depends on phys
roperties of the particles. Interparticle cohesion

he adhesion between particle and surface can be
ipulated by the nature of the material, and size,
istribution, shape, and morphology of the part
Hickey et al., 1994; Maa et al., 1997). For instance
hew et al. prepared corrugated particles whose r
urface lowered the area of contact between part
hus reducing powder cohesiveness (Chew and Chan
001). Therefore, from the point of applications such
rug delivery by respiration, the particle morpholo
henyl)propionic acid) (Sigma, USA) was used as
eived. Solvents ethanol (99.6%, Alko Oyj, Finlan
HF (J.T. Bakers, USA), and toluene (J.T. Bak
SA) were used as received. Water was purified by
xchange, and was measured to have pH 6 (Millip

.2. Preparation of the solutions

Both Eudragit L100 and ketoprofen are well-solu
n ethanol and THF. The polymer concentratio
hich ranged from 0.2 to 1.5 g/l, were prepared fr

he 2.0 g/l stock solution by dilution. One hundred m
igrams of polymer was dissolved in 100 ml of tolue
r water and the solutions were stirred overnight.
quilibrium concentrations for Eudragit L100 were

ermined after filtration and solvent evaporation,
hose were 0.058 and 0.029 g/l in toluene and in
er, respectively. For solutions having solvent mixtu
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the polymer was first dissolved in either THF or ethanol
followed by the slow addition of water or THF while
stirring the mixture. The volume ratios of the solvents
were 0.1, 1.0, and 9.0.

The polymer solutions containing the drug were pre-
pared in the similar way. The solvents were ethanol,
THF, and THF/water solutions with the volume ra-
tios of 0.1 and 9.0. Polymer and drug were dis-
solved separately in a good solvent followed by the
mixing of the solutions while stirring. Water was
added slowly to the stirred mixture. The polymer
concentration of 0.2 g/l and ketoprofen concentration
of 10 wt.% of the polymer mass were used for the
experiments.

2.3. Preparation of the nanoparticles

The experimental set-up is presented in our previ-
ous paper (Eerikäinen et al., 2003). The solution was
atomized using a collision-type air jet atomizer (TSI
3076, TSI Inc. Particle Instruments, St. Paul, USA).
The generated droplets were carried into a heated re-
actor using dry nitrogen with a flow rate of 1.5 l/min.
The aerosol flow in the reactor tube was calculated to
be laminar (Eerikäinen et al., 2003). The reactor tube
was stainless steel with the inner diameter and length
of 30 and 800 mm, respectively. The temperature of the
reactor was kept constant at 50◦C, and was controlled
with four separate heaters. After the heating, the dry
nanoparticles were diluted by dry nitrogen gas with the
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deviation, GSD) were determined with a TSI scanning
mobility particle sizer (SMPS) equipped with a differ-
ential mobility analyzer (DMA, model 3081) (TSI Inc.
Particle Instruments, St. Paul, USA) and a condensa-
tion particle counter (CPC, model 3027) (TSI Inc. Par-
ticle Instruments, St. Paul, USA). The average values
of GMD and GSD were determined from 3–6 measure-
ments. The maximum standard errors were 5 and 0.5%
for GMD and GSD, respectively.

3. Results and discussion

The formation of spherical nanoparticles and their
morphology can be influenced by proper experimental
conditions. The solubility of the polymer in the solvent
and the volatility of the solvent are probably the most
important factors that influence on the particle forma-
tion.

A concept of solvent quality for a polymer is note-
worthy (Grosberg and Khokhlov, 1997). As the sol-
ubility of the polymer increases, the solvent quality
for the polymer improves, and vice versa. The solvent
medium is, therefore, good or poor for the polymer,
respectively. In a good solvent, polymer chains are ex-
panded, whereas they shrink and eventually phase sep-
arates when the solvent quality worsens. In the good
solvent, the polymer–solvent interactions dominate,
whereas this is replaced by the interactions between
polymer chains in the poor solvent.
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atio of 1:17 in a porous diluter tube at ambient tem
ture. The particles were collected by an electros
recipitator (InTox Products, Albuquerque, USA) o
ither a plain or carbon-coated copper grid (Agar
ntific Ltd., Essex, UK).

.4. Instrumentation and characterization

The morphology of the particles was analyzed w
field-emission scanning electron microscope (S

eo DSM982 Gemini, LEO Electron Microscopy In
berkochen, Germany) using an acceleration
ge of 2 kV. The samples for SEM images w
oated with platinum in order to stabilize the p
icles under electron beam and to enhance im
ontrast.

The particle size (geometric mean number dia
er, GMD) and size distribution (geometric stand
The vapor pressure of the solvent, as it mainly
ermines the drying rate of the droplets at fixed t
erature, is essential. The particle formation from
rganic molecules has been studied for spray py
is techniques (Leong, 1987a,b; Che et al., 1998). In
eneral, hollow particles could be obtained if a so
oncentration gradient is created during evaporatio
he solvent and/or removal of the gases from the m
articles. However, not only the diffusion and visco
f the polymer, but also the interactions between
hains, i.e. physical entanglements (Sperling, 1992),
iffer drastically from the ones of small molecul
herefore, during the solvent evaporation, the be

or of the polymer chains might generate particles w
nusual morphologies. Protein and synthetic poly
icroparticles with different morphologies such as

ugated, wrinkled, and highly porous have been
ared by spray drying or spray freeze drying techniq
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(Edwards et al., 1997; Maa et al., 1997, 1999; Chew and
Chan, 2001).

3.1. Influence of the polymer concentration in
different solvents

The vapor pressures of the solvents THF, ethanol,
toluene, and water at 25◦C are 21.6, 7.87, 3.79, and
3.17 kPa, respectively. The solubility of Eudragit L100
in used solvents was experimentally observed, and
found to decrease in following order: ethanol > THF >
toluene > water.

In these experiments, the temperature of the reactor
was kept constant at 50◦C. In general, the size of the dry
particles increased with increasing polymer concentra-
tion; seeFig. 1. For concentration range from 0.2 to
1.5 g/l, the GMD increased from ca. 75 to 130 nm, and
from ca. 65 to 100 nm for the particles prepared from
ethanol and from THF, respectively. The size distribu-
tion, however, showed notable difference between the
polymer solutions. With increasing polymer concen-
tration in THF, the GSD of the particle size increased
from 1.9 to 2.2, whereas that from ethanol remained
the same, <1.85. The atomizer produces droplets with
the GSD less than 1.9. The broadening of the size dis-
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tribution of the particles from THF was repeatable, and
thereby, significant.

Fig. 2 shows the SEM images of the particles as
a function of polymer concentration. The particles
from ethanol were spherical and most likely solid, i.e.
non-porous and non-hollow. The particles from THF
with the diameter less than 100 nm were solid spheres,
whereas the particles larger than that were collapsed.
Our previous study by a transmission electron micro-
scope (TEM) showed that the collapsed particles were
hollow (Eerikäinen et al., 2003). Therefore, the largest
particles in this study might also be hollow besides be-
ing collapsed.

Polymer particles from toluene and water were
small with the GMD around 35 nm and the GSD less
than 1.9. The particles had irregular shape most likely
having solid interior.

Scheme 1is illustrative and based on other stud-
ies (Messing et al., 1993; Zhou et al., 2001) how the
particles are formed depending on various conditional
factors. Solid nanospheres are formed if the vapor pres-
sure of the solvent is low and/or the droplet size is small
enough; seeScheme 1A. This applies also to the case
of volatile solvent (particle diameter (Dp) <100 nm in
this work for the particles prepared from THF). The
particles are collapsed if the vapor pressure of the sol-
vent is high enough and/or droplet size is large enough;
seeScheme 1B. During the evaporation of the solvent,
a polymer film is formed on the surface of the droplet.
The remaining solvent in the interior breaks through the
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ig. 1. Geometric mean diameter, GMD (filled symbols), and s
ard deviation, GSD (open symbols), as a function of polymer
entration. Triangles and circles stand for the particles prepared
thanol and THF, respectively. Number of measurements for
oncentration varied 3–6 times. The standard errors for the G
nd GSD were <5% and <0.5%, respectively.
lm resulting in collapsed, and supposedly hollow, p
icles. The irregular wrinkled particles can be prepa
hen a polymer is at its solubility limit in the sing

iquid medium, i.e. poor solvent; seeScheme 1C. In the
oor solvent, the polymer chains have shrunken

ormation. At the very early stage of the solvent eva
ation, the polymers precipitate and solvent molec
re expulsed fast from the droplet. According to
iscussion, the particle formation in the poor solve
ontrolled mainly by the precipitation of the polym
han the evaporation of the solvent.

.2. Influence of the solvent composition

The particle formation from solvent compositio
as expected to be dependent on both the vapor
ures of the solvents and the solubility of the po
er in the medium. In the experiments conduc
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Fig. 2. The morphology of the particles imaged by SEM. Samples from ethanol: (a) 0.2 g/l, (b) 0.5 g/l, and (c) 1.0 g/l. Samples from THF: (d)
0.2 g/l, (e) 0.5 g/l, and (f) 1.0 g/l.
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Scheme 1. Models for the formation of the particles at different experimental conditions.

at 50◦C, two polymer concentrations were used, 0.2
and 1.0 g/l.

3.2.1. Ethanol–water solution
Because of the non-solvent characteristics of water

for the studied polymer, the solubility of the polymer
in the solvent mixture can be varied by the amount of
water. With increasing content of water in the solution,
the geometric mean diameter of the particles decreased
from 80 to 55 nm and from 120 to 80 nm for the solu-
tions of 0.2 and 1.0 g/l, respectively; seeFig. 3. The
GSD also decreased in the same respect. The parti-
cles were spherical; however, some deformed irregu-
lar particles were observed from the 0.2 g/l solutions
with increasing water content. The polymer precipi-
tated in the 1.0 g/l solution with volume ratio of 0.1 for
ethanol.

3.2.2. Ethanol–THF solution
Both ethanol and THF are good solvents for the

studied polymer. The addition of THF, however, re-
sulted in particles whose size decreased from 80 to
65 nm and from 120 to 80 nm and increased size dis-
tribution (>1.9) for the both 0.2 and 1.0 g/l solutions,
respectively. Moreover, the morphology of the parti-
cles changed with respect to solvent composition. From
ethanol and THF concentrated solutions, the majority

of particles appeared to be spherical and collapsed, re-
spectively, as discussed earlier; seeFig. 2.

3.2.3. THF–water solution
The addition of water affected the particle forma-

tion more notably in the case of THF solution than in

Fig. 3. Geometric mean diameter, GMD (filled symbols), and stan-
dard deviation, GSD (open symbols), as a function of water fraction
in ethanol. Triangles and circles stand for the polymer concentrations
of 1.0 and 0.2 g/l, respectively. Number of measurements for every
concentration varied 3–6 times. The standard errors for the GMD
and GSD were <5% and <0.5%, respectively.
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Fig. 4. The morphology of the particles from THF/water imaged by
SEM. Images a and b show the shriveled and blistery particles from
the solutions of the volume ratios of THF/water = 9 and THF/water
= 0.1, respectively.

the case of the ethanolic solution. The 0.2 g/l polymer
solution was opaque whereas in the 1.0 g/l solution,
the polymer already precipitated, respectively, at the
volume ratio of 0.1 and 1.0 for THF. The prepared par-
ticles were spherical with the GMD varying between
75 and 85 nm, and their size distribution narrowed with
added water. The morphologies of the particles, how-
ever, were completely different depending on the vol-
ume ratio of the solvents. As shown inFig. 4a, all the
particles from the solution of high THF content showed
that the particle surface had a shriveled and brain-like

structure. On the other hand, the particles from the solu-
tion of high water content exhibited both blistery (Dp >
100 nm) and smooth (Dp < 100 nm) surface structures;
seeFig. 4b.

With the increasing amount of water, the phase sep-
aration of the polymer takes increasingly part in the
formation and surface structure of the particle. This
induces an accelerated precipitation of polymer dur-
ing solvent removal. Besides this, the difference in
the vapor pressures between THF and water is signif-
icant. The particle formation from the solution with a
high THF content may be explained as follows; see
Scheme 2A. Fast evaporation of THF forms a thick
polymer film on the surface of the droplet. At the same
time, the solvent quality worsens for the polymer and
the solution becomes viscous. At some critical concen-
tration, the polymer chains collapse and precipitate. It
is assumed that the polymer chains on the surface and
in the interior of the drying droplet are highly entangled
to each other. Therefore, the precipitating polymers in
the droplet interior pull the polymers on the dried sur-
face inwards, thus resulting in shriveled particles; see
Fig. 4a. The appearance of the particles prepared from
the low THF content solution was different depend-
ing on the particle size. The particle formation for the
particles withd > 100 nm could be understood in the
following way; seeScheme 2B. Now, the evaporation
of THF induces a thin polymer film on the surface of
the droplet. In very beginning of the solvent removal,
the phase separation of the polymer takes place. In the
i ne-
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p
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nterior, large amount of water molecules slowly pe
rate through the film, simultaneously swelling the t
nd flexible polymer film. Eventually, the blisters

ormed up on the particle surface. The structure is c
cterized as popcorn-structure; seeFig. 4b. For smal
articles, the blister formation was not observed
ould be explained by the faster removal of water
maller is the drying particle. The interior of shrive
articles is assumed to be solid (Chew and Chan, 2001),
ut that of blistery particles has not been investiga

.3. Influence of a drug

Fig. 5(a and b) shows the exemplary polym
articles containing 10 wt.% ketoprofen. The co
osite particles appeared to be similar regardin
urface structure as those of the particles withou
rug (compare withFig. 2d andFig. 4a). Ketoprofen
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Scheme 2. Models for the formation of shriveled (A) and blistery (B) particles from the solutions of volume ratios of THF/water = 9 and 0.1,
respectively.

Fig. 5. The morphology of the particles from the 0.2 g/l polymer
solutions containing 10 wt.% of ketoprofen to polymer mass. Images:
(a) THF, and (b) THF/water = 9.

apparently did not influence the particle formation with
particular drug–polymer compositions, although the
dimer formation between carboxylic acid groups of ke-
toprofen and polymer was observed in our studies by
FTIR (Eerikäinen et al., 2004). The results in this work
indicate that the polymer, being a much larger molecule
than ketoprofen, controls the particle formation. How-
ever, further studies with other drug molecules or drug
concentrations were not conducted, and the conclusion
is not fully warranted by the results in this work.

4. Conclusions

In this work, the polymer nanoparticles with dif-
ferent morphological structures were prepared by the
aerosol flow reactor method. This work suggested the
mechanisms for particle formation from various sol-
vent media. The morphology of Eudragit L100 poly-
mer particles can be modified by a solvent or solvent
mixtures. The particle formation from a single solvent
markedly depended on the vapor pressure of solvent,
droplet size, and polymer concentration, resulting in
various morphologies, such as solid, hollow, and col-
lapsed. Besides these factors, the polymer concentra-
tion being close to the saturation concentration, the pre-
cipitation of the polymer starts to dominate the parti-
cle formation over the evaporation of the solvent or
solvents. The mechanisms for the formation of shriv-
e o be
i and
t ing
s cted
t fore
t r, the
led and blistery particles have been proposed t
nterplay between the evaporation of the solvent
he precipitation of the polymer. The particles hav
pherical but deformed surface structure are expe
o exhibit reduced interparticle contacts, and there
he particles would be easy to separate. Howeve
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adhesion forces and flowability of the particles depend
on their physicochemical properties. The SEM obser-
vations give only a general impression about the surface
morphological features, not the internal structure of the
particle. Therefore, the physical testing of the particles
will be studied in the future work.
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