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bstract

Stability of nanoparticle dispersion in different environments is one key issue in determining the performance and safety of the drug delivery
ystem in question. In this study, aggregation tendency and particle–particle interactions of poly(lactic acid) nanoparticles were evaluated by
heir interfacial behavior upon compression. Surface pressure versus trough area (π vs. A) isotherms of the nanoparticles were registered on
ifferent subphases (pH, electrolyte concentration). The compressed particle populations were transferred to silica plates by Langmuir–Schaefer
eposition and analyzed with scanning electron microscope. Aggregation of the electrostatically stabilized surfactant-free nanoparticles due to
ubphase alterations was clearly detected from the isotherms even though zeta potential value of the nanoparticles (−35 mV) suggested a stable

ystem. When steric stabilization, provided by a surfactant (Poloxamer 188) in this study, was involved besides the electrostatic stabilization, the
anoparticles remained non-aggregated over a wider range of conditions. Steric stabilization together with electrostatic stabilization extended the
epulsion to a longer distance.

2007 Elsevier B.V. All rights reserved.
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. Introduction

Biodegradable polymeric nanoparticles have been regarded
or a long time as promising devices for drug delivery
Soppimath et al., 2001; Couvreur and Vauthier, 2006). Among
hem, particles prepared from poly(lactic acid) (PLA) and its
opolymers with poly(glycolic acid) (PLGA) fulfill the demands
ue to their biocompatibility and biodegradability. In addi-
ion to the successful entrapment and release of the drug, the
anoparticulate system should be stable during storage and
dministration. Processes such as freeze-drying as well as dif-
erent liquid environments (e.g. pH, electrolyte concentration)
r adsorption of proteins at the site of administration in the body
ight decrease the stability of nanoparticles. Aggregates thus

ormed could then destroy the drug delivery function of the

anoparticles or even be entrapped in capillaries in an unwanted
ay.
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Langmuir–Schaefer deposition

Depending on the nature of the nanoparticles, the dispersion
an be stabilized either electrostatically (by the surface charge)
r sterically (usually induced by surfactants), or by a combina-
ion of both (Florence and Attwood, 1998). Zeta (�)-potential
absolute) values higher than ±30 mV (Benita and Levy, 1993)
re considered characteristic for a stable nanoparticle disper-
ion which is stabilized by electrostatic repulsion. According
o the DLVO theory, aggregation occurs when attractive van der

aals forces between the particles become dominant (Overbeek,
977). Loss of stability is observed as an increase in particle size
eviation (detected e.g. by photon correlation spectroscopy) or
y visual cloudiness, and it is usually determined by turbidity
easurements; increasing turbidity indicating decreased stabil-

ty (Riley et al., 1999; Trimaille et al., 2003; Vijayaraj Kumar
nd Jain, 2007). However, such characterizations do not provide
nformation about the mechanism of aggregation and organiza-
ion of the particles in the aggregates.

Behaviour of colloidal particles (stability, aggregation, film

orming ability, etc.) at interfaces has been a topic of several
tudies during the last years. In these studies, e.g. metal particles
uch as tin oxide (Wakabayashi et al., 2006), silver (Sastry et al.,
997), gold (Mayya et al., 2003; Heriot et al., 2006), platinum

mailto:samuli.hirsjarvi@helsinki.fi
dx.doi.org/10.1016/j.ijpharm.2007.07.008
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Sastry et al., 1998) and magnetite (Nakaya et al., 1996; Lefebure
t al., 1998); glass (Hórvölgyi et al., 1996) and silica (Zhang et
l., 1991; Máté et al., 1998) particles as well as polystyrene
articles (Aveyard et al., 2000; Ghezzi et al., 2001; Mu and
eow, 2006; Reynaert et al., 2006) were used. Typical interfaces

n these studies are water–air and water–oil (e.g. octane). Sur-
ace pressure induced by particle compression at an interface
s traditionally studied by the Wilhelmy balance technique. For
xample, surface pressure versus surface area (π vs. A) isotherm
or polystyrene particles was determined already in the 1960s
Schuller, 1967). Particles at a surface can be deposited on solid
ubstrates by the Langmuir–Blodgett (LB) (Nakaya et al., 1996;

ayya et al., 2003; Oh et al., 2006) and Langmuir–Schaefer
LS) (Brown et al., 2001; Brust et al., 2001; Heriot et al., 2006)
echniques. In the former technique, the substrate is immersed
n water by vertical strokes, whereas in the latter the surface is
ouched by a horizontal substrate. The deposition allows fur-
her investigation of the particulate population, e.g. by electron

icroscope.
Although surface pressure determinations are a widely used

ool in the characterization of systems prepared from inorganic
articles, its application in the studying of organic nanoparticles
except polystyrene) has been less frequent (Wolert et al., 2001;

inkov et al., 2005; Oh et al., 2006). However, application of
urface pressure measurements could also be expanded to the
haracterization pattern of biodegradable nanoparticles intended
n pharmaceutical use.

Therefore, in this study, stability of poly(lactic acid) nanopar-
icles was characterized by surface pressure measurements.
ffect of different environments (changes in pH and electrolyte
oncentration) and types of the nanoparticles (prepared with or
ithout a surfactant) were determined on the particle–particle

nteractions and aggregation behaviour.

. Materials and methods

.1. Materials

PURASORB® PDL 02A poly(d,l-lactic acid) (a donation
rom PURAC Biomaterials, Gorinchem, The Netherlands) (IV
.20 dl/g) formed the nanoparticulate matrix. Other excipients
sed in the nanoparticle preparation and characterization were
cetone and sodium chloride (subphase electrolyte) (Riedel-
e Haën, Seelze, Germany), Poloxamer 188 (Lutrol® F 68,
ASF, Ludwigshafen, Germany), hydrochloric acid and sodium
ydroxide (subphase pH alteration) (Shannon Co., Clare, Ire-
and), isopropanol (Sigma–Aldrich, Steinheim, Germany) and
ltrapurified water (Millipore, Molsheim, France). 11 �m paper
lters (Whatman, Brentford, UK) and 0.2 �m IsoporeTM mem-
rane filters (Millipore, Molsheim, France) were used for the
urification of the nanoparticle dispersions.

.2. Nanoparticle preparation
PLA nanoparticles were prepared by the nanoprecipitation
ethod (Fessi et al., 1989). 25 mg of PLA was dissolved in 2 ml

f acetone. The polymeric solution was added with a syringe

c

m
t
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nd a gauge directly into 4 ml of the outer phase (water or water
ith the surfactant, Poloxamer 188) under mild stirring. The
rganic solvent was evaporated for 40 min under reduced pres-
ure; the nanoparticle dispersion was diluted with isopropanol
nd filtered (paper filter) to remove possible undesired aggre-
ates formed during the nanoprecipitation. In the case of the
anoparticles prepared with the surfactant, the dispersion was
urified by filtration through membrane filter to remove the
xcess surfactant. The nanoparticles remaining on the membrane
urface were re-diluted with isopropanol.

.3. Nanoparticle characterization

�-Potential and size distribution of the nanoparticles were
etermined with Malvern Zetasizer 3000HS (Malvern, Worces-
ershire, UK) equipped with MPT-1 titrator. Electrophoretic

obilities were converted to �-potentials using Smoluchowski’s
quation. Particle sizing was based on photon correlation spec-
roscopy; the results were analyzed by CONTIN algorithm and
he sizes presented based on the intensity distributions.

π vs. A isotherms were recorded by Wilhelmy plate technique
sing a KSV minitrough (KSV Instruments, Helsinki, Finland).
efore spreading the nanoparticle dispersion, the barriers were
ompressed to the narrowest position and the subphase surface
as removed by suction of a small amount of the subphase.
fter cleaning, the barriers were expanded and 40–75 �l of the
article dispersion was spread dropwise on the surface with a
amilton microsyringe. The surface was compressed at a speed
f 10 mm/min. Particle populations were deposited on silanized
ilicon plates by touching the surface with a horizontal plate
LS deposition). The plates were washed first with hydrogen
uoride (50%) – ethanol solution and then with Piranja solution
rior to the treatment with trichlorooctadecylsilane (3% (v/v))
n toluene.

Appearance of the nanoparticle populations was visualized
y scanning electron microscopy (SEM). Nanoparticulate sam-
les, on the silicon plates, were sputtered for 20 s with platinum
Agar Sputter Coater, Agar Scientific Ltd., Essex, UK) and ana-
yzed with a SEM (DSM 962, Zeiss, Jena, Germany).

. Results and discussion

.1. Size and �-potential

The PLA nanoparticles were prepared with or without the
urfactant (Poloxamer 188) in the outer phase. Mean sizes
nd polydispersities for the surfactant-free nanoparticles were
43 nm and 0.1, and for the surfactant-containing nanoparticles
89 nm and 0.04, respectively. Although the nanoprecipitation
rocess does not require the use of surfactant (Fessi et al., 1989),
ts use led, in this study, to slightly narrower size distribution and
arger particle size. Surfactant adsorption on the nanoparticle
urface might be one reason for the larger size of the nanoparti-

les.

�-Potential measurements were performed to evaluate the
agnitude of the electrostatic stabilization at different condi-

ions and to provide background information for the surface
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individual particles (pH above 4.0), which could be rearranged
in a more flexible way.

PLA nanoparticles prepared with the surfactant, Poloxamer
188, were also compressed on subphases with different pH val-
Fig. 1. �-Potential values of the PLA nanoparticles (np’s) as a function of pH.

ressure determinations. �-Potential of the nanoparticles as a
unction of pH are presented in Fig. 1. As the pH was decreased,
he magnitude of �-potential values decreased due to protona-
ion of the carboxylic acid chains of the PLA particle surface at
ow pH values. As surfactants are not a prerequisite for a suc-
essful nanoparticle preparation process, the PLA nanoparticles
ere stabilized by electrostatic repulsion because of their surface

harge. The essential role of surfactants in the nanoprecipitation
rocess is assumed to be the stabilization of the liquid droplets
ontaining the polymer before the polymer precipitation is com-
lete (Quintanar-Guerrero et al., 1998). However, even after the
recipitation, location of the surfactant molecules at the nanopar-
icle surface was revealed by lower �-potential (absolute) values,
t the entire studied pH range, compared to the Poloxamer-free
anoparticles (Fig. 1). According to our previous study (also
een in Fig. 1, PLA nanoparticles in 0.02 mol/l NaCl), at neutral
H the PLA nanoparticles reached their maximum �-potential
absolute) value at low electrolyte concentrations (Hirsjärvi et
l., 2006), as the electric double layer around the particles
xtended to a larger distance (Overbeek, 1977). In the case of
he surfactant-free nanoparticles, when the pH was decreased
o around 4 by HCl addition, the dissociated H+ and Cl− ions
cted also as electrolytes, which surpassed the surface charge-
ecreasing effect of the pH decrease. This effect was masked if
oloxamer 188 was present on the nanoparticle surfaces.

.2. π vs. A isotherms

π vs. A isotherms of the PLA nanoparticles on different sub-
hases were registered to evaluate aggregation behaviour and
article–particle interactions of the nanoparticles. Isopropanol
as found to be a suitable spreading dispersant: the particles

ould be re-dispersed from isopropanol to water without changes
n either �-potential or size (data not shown); isopropanol also
nhibited diffusion of the particles into the subphase during the
preading. The nanoparticles could be spread on all the tested
ubphases, although in some studies, spreading of polystyrene

Aveyard et al., 2000) and silica (Zhang et al., 1991) particles was
eported to be impossible on pure water. Volumes of the particle
ispersions spread on the subphases were adjusted to give an ini-
ial surface pressure value of approximately 2 mN/m. With this

F
a
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rocedure, the isotherms could be compared better. Nanopar-
iculate concentrations of the spreading dispersions were not
etermined due to the existing polydispersity of the particles and
nevitable polymer loss during nanoparticle preparation (filtra-
ion).

Generally, as the particles were compressed, the pressure was
ncreased due to the repulsive forces between the particles. The
anoparticles on each subphase were compressed for a second
ime after expansion of the barriers to the initial position. The
econd run isotherms were, in all of the cases, superimposed
ith the first ones (data not shown), which indicates that the

ompression did not induce irreversible aggregation, particle
rganization or escape in the subphase.

π vs. A isotherms of the surfactant-free PLA nanoparticles on
ifferent pH subphases are presented in Fig. 2. Among the tested
H values, the isotherms from pH 8.0 and 5.3 were superimposed
ith the pure water isotherm (pH 6.5), while the isotherms at
H 4.0, 2.6 and 1.7 were comparable. No clear plateau regions
n the end of compression, indicative for a collapse (e.g. con-
iderable escape of the particles into the subphase or formation
f multilayered structures) of the particulate population on the
ubphase, were observed from the isotherms (Fig. 2). The par-
icles could resist the compression until the end of the cycle
ue to their surface charge. Only on subphases with pH 4.0 or
elow, slightly end-curved isotherms (at high pressure) could
e observed. Electrostatic repulsion between the particles had
ecreased due to the less charged carboxylic acids on the PLA
anoparticle surface, and the particles could get in close con-
act giving rise to the attractive van der Waals forces dominant
t short distances (Overbeek, 1977). In addition to the curved
nds, these isotherms exhibited increase in the surface pressure
t larger surface area and higher surface pressure in the end of
he compression, compared to the isotherms at higher pH values.
t seems obvious that the particle aggregates thus formed at low
H values resisted (mechanically) the compression more than
he nanoparticulate population consisting of the more charged
ig. 2. π vs. A isotherms of the surfactant-free PLA nanoparticles on subphases
t different pH values.
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Fig. 3. π vs. A isotherms of the PLA nanoparticles (np’s) prepared with Polox-
a
P

u
f
4
i
e
l
m
b
e
a
f
I
P
i
t
s
m
o
h
o
b
d
s
w
b
a
o
c
t
t
e
w
d

p
c
t
a
t

F
w

e
k
a
s
p
i
a
t
n
o
0
I
o
l
f
p
o

c
concentration (Fig. 5). These isotherms did not differ signifi-
cantly from those of Fig. 3: the surfactant concealed the effects
of possible increase in surface charge. In these isotherms, the
mer 188 on subphases at different pH values (isotherm of the surfactant-free
LA nanoparticles is plotted in the graph for comparison purposes).

es (Fig. 3). The pH values were selected based on the findings
rom the previous isotherms (Fig. 2: differing isotherms at pH
.0 and below). Compared to the surfactant-free nanoparticles,
sotherms from these particles exhibited more constant and lin-
ar increase of the surface pressure, which started already at
arger surface area. Obviously, this indicates that the surfactant

olecules, located on the nanoparticle surface, created a steric
arrier that resisted the compression even at long distances. Gen-
rally, the effect of steric stabilization is short-ranged (Florence
nd Attwood, 1998), but probably the cumulative effect of sur-
ace charge and the surfactant resulted in increased repulsion.
nterestingly, end parts of the isotherms (surfactant-free and
oloxamer 188 nanoparticles), from ∼12 to 16 mN/m, were

dentical. An explanation could be that the surfactant-free par-
icles, at the low compression, could move more freely on the
ubphase, while the steric barrier created by the Poloxamer 188
olecules restricted the movement of these particles. In the end

f the compression, when the area available for the particles
ad decreased significantly and the particles were closer to each
ther, repulsion due to the surface charge became dominant in
oth the cases. When pH was decreased, shape of the isotherms
id not change, which promotes the role of the surfactant as a
hield against aggregation. Only the final surface pressure values
ere slightly higher, which might originate from the mechanical
arrier against the compression (possible aggregates). Addition-
lly, to reach the initial desired surface pressure after spreading,
nly two thirds of the volume of the surfactant-free nanoparti-
les was needed (40 �l vs. 60 �l). Based on these findings, both
he surface charge and the surfactant seemed to have a role in
he nanoparticle stabilization as also reported earlier (Trimaille
t al., 2003). According to the Fig. 3, effect of the surfactant
as detected at long distances, while the surface charge was
ominant when the nanoparticles were at close contact.

To evaluate the effect of increased surface charge on the com-
ression behaviour, the surfactant-free PLA nanoparticles were
ompressed on subphases with increased electrolyte concentra-

ion (Fig. 4). �-Potentials of the nanoparticles were about −75
nd −45 mV in 0.02 and 0.15 mol/l NaCl, respectively. In water,
he value was about −35 mV (Fig. 1). At some point, when the

F
a
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c

ig. 4. π vs. A isotherms of the surfactant-free PLA nanoparticles on subphases
ith different amounts of the electrolyte (NaCl) added.

lectrolyte concentration is increased, PLA nanoparticles are
nown to start to aggregate (Trimaille et al., 2003; Hirsjärvi et
l., 2006), but at low concentrations the dispersion should be
table. Similarly to the isotherms from the subphases with low
H values (Fig. 2), resistance towards compression (earlier rise
n the isotherm) could be detected as the electrolyte (NaCl) was
dded. At the end of the compression, the isotherms reached
he highest surface pressure value (18 mN/m) among the tested
anoparticles and different subphases. The resistance obviously
riginated from the high surface charge, although in the case of
.15 mol/l NaCl some aggregation might have occurred already.
f these isotherms and the isotherms in Fig. 3 are compared,
ne can assume that the resistant effect of the surfactant is more
ong-ranged (early rise in the isotherm and slightly higher sur-
ace pressures halfway of the compression), but it allows closer
acking of the particles (not an equally high pressure in the end
f the compression).

Next, the nanoparticles prepared with Poloxamer 188 were
ompressed on the two subphases with increased electrolyte
ig. 5. π vs. A isotherms of the PLA nanoparticles (np’s) prepared with Polox-
mer 188 on subphases with different amounts of the electrolyte (NaCl) added
isotherm of the surfactant-free PLA nanoparticles is plotted in the graph for
omparison purposes).
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Fig. 6. SEM images of the surfactant-free PLA nano

igher final pressures, compared to the isotherm on water, might
e a consequence from the increased surface charge as in the
ase of surfactant-free PLA nanoparticles on the NaCl-modified
ubphases (Fig. 4).

.3. Langmuir–Schaefer deposition and SEM analyses

In order to clarify the interpretations made from the π

s. A isotherms, the PLA nanoparticle populations on the
ubphases were deposited by the LS technique to silicon
lates followed by SEM analysis. The plates were silanized
y trichlorooctadecylsilane to ensure their hydrophobicity.
ositively charged silicon plates, functionalized by [3-
trimethoxysilyl)propyl]octadecyldimethylammoniumchloride
ere also tested, but according to the SEM observations, the
anoparticles seemed to adsorb better on the non-charged,
ydrophobic plates. Particle deposition was tried also using the
B technique. The particles were, however, better deposited
y the LS technique as also revealed by other authors (Heriot
t al., 2006). Using the LB technique, the SEM imaging
evealed certain “flowing stripes” of these PLA nanoparticles
n silicon plates, probably due to the vertical lifting of the
late. The depositions by the LS technique were performed at
wo different surface pressures: 7 mN/m (constant-rise region
f the isotherms) and the most compressed state (end of the
ompression). No significant differences in the structures of
he nanoparticle populations deposited at the different surface
ressures were observed. The populations deposited at higher
urface pressures were, however, denser and easier to discern.
he presented SEM images are therefore from the most
ompressed state. As already observed from the repeatable

vs. A isotherms, these PLA nanoparticles seemed to form

ggregates and clusters during the compression rather than to
scape to the subphase (i.e. affinity to the interface), which has
lso been observed by polystyrene particles (Aveyard et al.,
000).

n
w
i
e

les deposited from subphases at different pH values.

SEM images of the surfactant-free nanoparticles at differ-
nt pH values are presented in Fig. 6. Images from pH 8.0,
.5 and 5.3 consisted mostly of individual nanoparticles (seen
s white small dots). At pH 4.0, some clusters were already
resent, whereas at pH 2.6 and 1.7 percolated nanoparticle
etworks could be seen with no individual particles at the back-
round. These percolated particle networks are typical for a
ystem, in which the aggregation occurs spontaneously because
f the particle diffusion and collisions. The aggregation process
s referred to as diffusion-limited cluster aggregation (DLCA)
Robinson and Earnshaw, 1992). Overall, the observations at
ifferent pH values are in agreement with the corresponding π

s. A isotherms: aggregation was evident at pH 4.0 (�-potential
till being around −35 mV, Fig. 1) and below.

SEM images of the nanoparticles prepared with Poloxamer
88, deposited at different pH values, are presented in Fig. 7.
t pH 6.5 and 4.0, the nanoparticles were smoothly spread on

he surface and no aggregates could be detected. When the pH
as decreased to 2.6, particle aggregates were present, but as
form of small clusters rather than as percolated networks. In

his case, the aggregation process was reaction-limited (RLCA):
ompared to the DLCA regime, the probability of particle aggre-
ation was lower (Robinson and Earnshaw, 1992; Reynaert et
l., 2006). The surfactant molecules probably prevented the par-
icle clusters from freely diffusing and forming network-like
tructures. Obviously these clusters diffused and were organized
imilarly to the individual PLA nanoparticles during the com-
ression, because the isotherms at pH 4.0 and 2.6 were parallel
o the pH 6.5 isotherm (Fig. 3). Thus, the behaviour of these
anoparticles could not be concluded solely from the isotherms.
ompared to the surfactant-free PLA nanoparticles (Fig. 6),
ggregation was not observed at pH 4.0: the appearance of the

anoparticle populations in Fig. 7, at pH values of 6.5 and 4.0,
as smoother. These findings promote the role of the surfactant

n the stabilization of nanoparticle dispersion in addition to the
lectrostatic stabilization.
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Fig. 7. SEM images of the PLA nanoparticles prepared with

Effect of the electrolyte addition in the subphase on both types
f the PLA nanoparticles is presented in Fig. 8. In the case of
urfactant-free PLA nanoparticles (above), some small clusters
re visible when 0.02 mol/l NaCl was added to the subphase.
his finding was interesting as the nanoparticle population was
upposed to be the most stable at this electrolyte concentra-
ion because of the high surface charge (Fig. 1). Obviously
hat is the case in bulk, but at the compressed state the high
urface charge seemed to be the cause for the cluster forma-
ion. One possible reason is high mechanical tension between
he particles due to the charge and the compression leading
o cluster-forming collisions. At higher electrolyte concentra-
ion (0.15 mol/l), aggregates were formed as the electrolyte
creened the interparticle repulsion (Aveyard et al., 2000). This
ime the charge probably inhibited free diffusion and forma-
ion of the percolated networks, and the aggregates acted as
he small RLCA clusters. The Poloxamer 188 PLA nanoparti-
les (below) were smoothly spread on 0.02 mol/l NaCl, whereas

n 0.15 mol/l NaCl some minor clusters were detectable.
gain, the surfactant-containing particles avoided aggrega-

ion whereas the surfactant-free PLA particles were already
lustered.

s
d
a
a

ig. 8. SEM images of the surfactant-free PLA nanoparticles (above) and the surfa
ubphases with different amounts of added electrolyte (NaCl).
xamer 188 deposited from subphases at different pH values.

According to the DLCA/RLCA classification, the RLCA
lusters are more compact (Robinson and Earnshaw, 1992). In
vs. A isotherms this is observed as better compressibility of

maller clusters (Lefebure et al., 1998). Overall, if the nanopar-
icles were aggregated as percolated networks according to the
LCA regime (Fig. 6), it could be observed from the π vs. A

sotherms as resistance against compression (Fig. 2). On the
ther hand, if RLCA clusters were formed (Figs. 7 and 8), the
rocess could not be clearly seen from the corresponding π vs.
isotherms (Figs. 3–5). Therefore, it is obvious that the π vs.
isotherms described the behaviour of larger units rather than

f individual nanoparticles. Thus, according to these surface
ressure measurements, nanoparticles acted similarly to their
on-networked aggregates upon compression.

Finally, it should be noted that the compression of the
LA nanoparticles on liquid–air interfaces does not directly
escribe the behaviour of the nanoparticles dispersed in the
ame medium. Reasonable size distributions and polydisper-

ities can be obtained when PLA nanoparticles are freshly
ispersed even in low pH media. In general, the same forces
re valid for the particle interactions at the interface as well
s in the bulk. However, the electrostatic repulsion between the

ctant-containing (Poloxamer 188) PLA nanoparticles (below) deposited from
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harged particles at water—low dielectric constant medium (air,
il) interface has been reported to be increased compared to
he bulk (Pieranski, 1980). A particle at the interface has an
symmetric distribution of counterions, which cause a dipole
oment normal to the water surface. Repulsion occurs through

he low dielectric constant phase, whereas repulsion in water
s screened by free ions. On the other hand, despite the pos-
ible increased repulsion, different clustered particle structures
mesostructures) are known to be formed spontaneously at the
ater–air interface (Ghezzi et al., 2001). When the nanoparticles

re injected in the interface, interfacial turbulences (Marangoni
ffect) are reported to arise because of spreading of the dis-
ersing liquid (in this study isopropanol) (Santiago-Rosanne et
l., 1997). This might create forces strong enough to induce
article contacts and aggregation, which might have been the
eason for cluster/aggregate formation in some cases. In addi-
ion to the van der Waals attractive forces, capillary forces are
ssumed to be responsible for a longer-range attraction between
he particles at the interface (Pieranski, 1980; Ghezzi et al.,
001).

The �-potential, π vs. A isotherm and LS deposition results
f the PLA nanoparticles and the subsequent conclusions pre-
ented in this study are obviously not directly applicable to all
elated nanoparticles. Independent evaluation of different sys-
ems provides information to compare nanoparticle properties
n different environments. Combining this information might
nable the creation of a general model to be utilized in the
tability/aggregation evaluation of pharmaceutical nanoparti-
les.

. Conclusions

π vs. A isotherms and corresponding SEM images pro-
ide information about aggregation tendency and aggregation
ehaviour of the PLA nanoparticles. Combined results of the
vs. A isotherms and SEM analyses suggested that the parti-

le aggregation of the surfactant-free PLA nanoparticles during
ompression started already at a higher pH than what would
ave been expected based on the �-potential versus pH graphs
n Fig. 1, and the aggregation could be clearly observed from
he π vs. A isotherms. The nanoparticle aggregation occurred
y diffusion and resulted in percolated particle networks, if the
urfactant was not present. With surfactant, or if the surface
harge was high enough, formation of networks was prevented
nd the aggregates remained as clusters. The π vs. A isotherms
ndicated that the steric stabilization together with the electro-
tatic stabilization created a repulsion that extended to longer
istances, while just the electrostatic stabilization was domi-
ant at shorter distances, at the most compressed state. Presence
f the surfactant, Poloxamer 188, enhanced the stability of
he systems and together with the electrostatic stabilization
rovided the best stability for the PLA nanoparticle disper-
ions against the changes in outer environment. The findings

f this study promote the use of surface pressure determina-
ions, combined with particle deposition and SEM analysis,
n the stability and aggregation evaluation of pharmaceutical
anoparticles.

O

O
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uintanar-Guerrero, D., Allémann, E., Fessi, H., Doelker, E., 1998. Preparation
techniques and mechanisms of formation of biodegradable nanopar-
ticles from preformed polymers. Drug Dev. Ind. Pharm. 24, 1113–
1128.

eynaert, S., Moldenaers, P., Vermant, J., 2006. Control over colloidal aggre-
gation in monolayers of latex particles at the oil–water interface. Langmuir
22, 4936–4945.

iley, T., Govender, T., Stolnik, S., Xiong, C.D., Garnett, M.C., Illum,
L., Davis, S.S., 1999. Colloidal stability and drug incorporation aspects
of micellar-like PLA-PEG nanoparticles. Colloids Surf. B 16, 147–
159.

obinson, D.J., Earnshaw, J.C., 1992. Experimental study of colloidal aggre-
gation in two dimensions. I. Structural aspects. Phys. Rev. A 46,
2045.

antiago-Rosanne, M., Vignes-Adler, M., Velarde, M.G., 1997. Dissolution of a
drop on a liquid surface leading to surface waves and interfacial turbulence.

J. Colloid Interf. Sci. 191, 65–80.

astry, M., Mayya, K.S., Patil, V., Paranjape, D.V., Hegde, S.G., 1997.
Langmuir–Blodgett films of carboxylic acid derivatized silver colloidal par-
ticles: role of subphase pH on degree of cluster incorporation. J. Phys. Chem.
B 101, 4954–4958.

Z

Pharmaceutics 348 (2008) 153–160

astry, M., Patil, V., Mayya, K.S., Paranjape, D.V., Singh, P., Sainkar, S.R.,
1998. Organization of polymer-capped platinum colloidal particles at the
air–water interface. Thin Solid Films 324, 239–244.

chuller, H., 1967. Modellversuche zur spreitung von kolloid-partikeln. Kolloid
Z. Z. Polym. 216/217, 380–383.

oppimath, K.S., Aminabhavi, T.M., Kulkarni, A.R., Rudzinski, W.E., 2001.
Biodegradable polymeric nanoparticles as drug delivery devices. J. Control.
Release 70, 1–20.

rimaille, T., Pichot, C., Elaı̈ssari, A., Fessi, H., Briancon, S., Delair, T., 2003.
Poly(d,l-lactic acid) nanoparticle preparation and colloidal characterization.
Colloid Polym. Sci. 281, 1184–1190.

akabayashi, A., Sasakawa, Y., Dobashi, T., Yamamoto, T., 2006. Self-assembly
of tin oxide nanoparticles: localized percolating network formation in poly-
mer matrix. Langmuir 22, 9260–9263.

ijayaraj Kumar, P., Jain, N.K., 2007. Suppression of agglomeration of
ciprofloxacin-loaded human serum albumin nanoparticles. AAPS Pharm-
SciTech. 8, article 17.

olert, E., Setz, S.M., Underhill, R.S., Duran, R.S., Schappacher, M., Deffieux,

A., Holderle, M., Mulhaupt, R., 2001. Meso- and microscopic behavior of
spherical polymer particles assembling at the air–water interface. Langmuir
17, 5671–5677.

hang, K.-w., Tang, F.-q., Long, J., 1991. Film-forming ability of submicrometer
silica particles. Langmuir 7, 1293–1295.


	Surface pressure measurements in particle interaction and stability studies of poly(lactic acid) nanoparticles
	Introduction
	Materials and methods
	Materials
	Nanoparticle preparation
	Nanoparticle characterization

	Results and discussion
	Size and zeta-potential
	pi vs. A isotherms
	Langmuir-Schaefer deposition and SEM analyses

	Conclusions
	Acknowledgements
	References


