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Abstract

Most of the methods that are used to produce pharmaceutical suspensions of nanoparticles for drug-targeting yield suspensions hav-
ing a low content in drug carriers. This can be a dramatic limitation when the volume of suspension that would have to be administered
in vivo to reach therapeutic concentrations of the drug is much above the acceptable range. Concentrating the drug-carrier suspension by
centrifugation, lyophilization and evaporation is often inapplicable because aggregates are formed. Here we present a simple method that
is able to increase the concentration of nanoparticle suspensions without forming aggregates. It consists in a dialysis of the suspensions
against a polymer solution. This causes an osmotic stress, which produces a displacement of water from the nanoparticle suspension
towards the counter-dialysing solution. Various types of nanoparticle suspensions can be concentrated in near equilibrium conditions,
and the result is controlled and reproducible. Concentration factors up to 50 were obtained in a few hours at room temperature. The

original characteristics of the nanoparticles were fully preserved in the concentrated dispersion.

© 2008 Elsevier B.V. All rights reserved.
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1. Introduction

For the past 30 years, the explosive growth of nanotech-
nology has brought challenging innovations in pharmacy.
Areas of application are wide, concerning the treatment
of major health diseases including severe infections, cancer
and metabolic disorders [1]. However, such new drugs need
development of highly specific delivery carriers, e.g. long
circulating nanoparticles. Since the discovery of the first
biodegradable polymeric nanoparticles in 1979, systems
based on polymeric nanoparticles have been developed as
alternatives to liposomes [2]. Thanks to progress in poly-
mer chemistry and in polymeric colloids, such systems
can be almost tailor made, and many types of nanopartic-
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ulate drug carriers have been proposed. See for example
[3-11]. The content in nanoparticles of the suspensions
obtained by most methods of synthesis used for preparing
pharmaceutical formulations is generally quite low [11-13].
Thus, the clinical use of the drug formulated in the nano-
particles can be seriously hampered if the volume of sus-
pension that has to be administered in order to reach
therapeutic concentrations of the drug is too high, due to
a low concentration in nanoparticles. In this case, nanopar-
ticle suspensions need to be concentrated. However, most
of the methods of concentration proposed so far are not
fully satisfactory because aggregates can form due to an
over-concentration of nanoparticles in some regions of
the suspension [14-17]. In addition, several methods are
almost impossible to apply to nanocapsules which can be
damaged during the process [14].

The aim of the present work is to propose a new and
easy process to increase the concentration of nanoparticles
in pharmaceutical suspensions in a controllable manner
and to avoid aggregation phenomena. It is based on the
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application of an osmotic stress on the nanoparticle sus-
pension, which is simply entrapped in a dialysis bag.
Through this osmotic stress, water molecules are displaced
from the inside of the bag towards the outside dialysis solu-
tion until equilibrium is reached from both side of the dia-
lysing membrane. Such kind of dialysis methods has been
used as an analytical method for polymer molecular weight
determination and to study the stability and the structure
of colloidal dispersions [18,19]. Yet it was never used as a
method of concentration of pharmaceutical formulations
of nanoparticle suspensions.

2. Materials and methods
2.1. Materials

Dextran (MW 66,900) from Leuconostoc mesenteroides
was provided by Sigma (Saint Quentin Fallavier, France)
and Dextran (MW 100,000) from Leuconostoc ssp. was
purchased from Fluka. Isobutylcyanoacrylate used as the
monomer in the preparation of nanoparticles was a gift
from Henkel Biomedical (Dublin, Ireland). Poly(epsilon-
caprolactone) (PCL) from Sigma (Saint Quentin Fallavier,
France) was used to prepare nanospheres and nanocap-
sules. Pluronic F68 from BASF was used as the surfactant
in the preparation of the nanospheres and nanocapsules.
Miglyol® 812 was provided by Hiils France (Puteaux). Cer-
ium IV from cerium ammonium nitrate was purchased
from Fluka (Saint Quentin Fallavier, France).

Dialysis membranes (Spectra Por® Biotech membranes
MWCO 15,000, and Spectra Por® cellulose ester mem-
brane MWCO 100,000) were obtained from BioBlock Sci-
entific (Illkirch, France).

All preparations were made with Milli Q® water
(Waters, Saint Quentin en Yvelines, France).

2.2. Methods

2.2.1. Preparation of nanoparticles

Poly(isobutylcyanoacrylate) (PIBCA)  nanospheres
(PIBCA-NS) were prepared by redox radical emulsion
polymerization of the corresponding monomer using dex-
tran (MW 66,900) as described in previous papers [2,20—
22]. Briefly, 0.5 mL of IBCA was added under strong mag-
netic stirring to 10 mL of 0.2 M nitric acid containing
0.1375 g dextran 66,900 and 16 mM cerium IV. The nitric
acid solution was purged with nitrogen during 10 min prior
to the addition of the monomer and maintained at 40 °C.
After 1 h of polymerization, the nanoparticle suspension
was cooled down to 20 °C in an ice bath.

Nanospheres (PCL-NS) and nanocapsules (PCL-NC) of
poly(epsilon-caprolactone) (PCL) were prepared by the
nanoprecipitation technique. The nanospheres were
obtained by nanoprecipitation of 200 mg PCL dissolved
in 20 mL of acetone in 40 mL water containing 500 mg Plu-
ronic® F68. To obtain nanocapsules, 0.2 mL of Miglyol®
812 was added to the acetonic solution of PCL (20 mL,

200 mg/mL). The procedure was continued as described
for the preparation of PCL-NS. Acetone and part of the
water were evaporated from the suspensions obtained after
nanoprecipitation by roto-evaporation under vacuum to a
final volume of 20 mL.

For several experiments, the nanoparticle suspensions
were further purified 3 times by dialysis against water
(Spectra Por® cellulose ester dialysing membrane MWCO
100,000) to remove eventual residual dextran or Pluronic®
F68. These purified nanoparticle suspensions were named
PIBCA-NS,usif, PCL-NS, it and PCL-NCyir,
respectively.

2.2.2. Concentration experiments by dialysis

A weighted amount of the nanoparticle suspensions
(3 g) was introduced in a dialysis bag (Spectra Por® Bio-
tech membranes MWCO 15,000) and dialyzed against solu-
tions of dextran 100,000 at concentrations varying from 25
to 300 g/L in water. The volume of the counter-dialysis
medium ranged from 3 to 10 mL. Dialysis was performed
at room temperature (20 °C) in disposable conical centri-
fuge tubes of 50 mL. At the end of the dialysis, the concen-
trated dispersion of nanoparticles was collected from the
dialysis bag and its weight was measured again. Each
experiment was performed in triplicate.

2.2.3. Evaluation of the kinetic of the concentration
phenomena occurring through dialysis

The weight of the dialysis bag containing the nanoparti-
cle sample was measured using an analytical balance (Sar-
torius TE124S, Goettingen, Germany) at the beginning of
the experiments and at different time intervals during
25 h. In parallel, the weight of the counter-dialysing med-
ium was also measured.

The weight loss of the dialysis bag and the weight gain
of the counter-dialysing solution were plotted against time.
The initial slope of the curve was used to determine the rate
of water transfer from the dialysing bag to the counter-dia-
lysing medium and expressed in g/h. Results were obtained
from the mean values of three determinations performed
on independent experiments carried out in identical condi-
tions, i.e. same concentration in dextran in the counter-dia-
lysing medium, same volume of counter-dialysing medium,
same type of the parent nanoparticle suspension.

2.2.4. Concentration experiments by evaporation

A 5mL sample of the PIBCA-NS, dispersion was
concentrated by evaporating part of the water using a roto-
evaporator (Buchi rotavapor R215 equipped with a vac-
uum controller Buchi V 850 and a heating bath Buchi
B491) operated at 45°C under a reduced pressure of
50 mbar. The evaporation was stopped when the amount
of dispersion remaining in the balloon was about 1/10 of
the initial volume. The amount of remaining dispersion
was measured by weighting the vessel before the introduc-
tion of the suspension, after the addition of the 5 mL nano-
particle dispersion and after the evaporation to determine
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how much water was removed from the sample during
evaporation. A concentration factor F,, was calculated
from the ratio between the mass of the nanoparticle disper-
sion introduced in the vessel and the mass of nanoparticle
suspension remaining after evaporation.

2.2.5. Concentration experiments by lyophilization

A 1 mL sample of the PIBCA-NS,,i dispersion was
lyophilized. Then, in order to prepare a concentrated dis-
persion of the nanoparticles, a volume of water (100 pl)
corresponding to the desired concentration factor (10x)
was added to the lyophilized powder.

2.2.6. Concentration experiments by ultracentrifugation

A 3mL sample of the PIBCA-NS,,i dispersion was
ultracentrifuged at 100,000 g during 30 min (Ultracentri-
fuge Beckman-Coulter Optima LE-80K, Rotor Ti 70.1,
Beckman Instruments, Villepinte, France). After centrifu-
gation, the pellet was redispersed in 0.3 mL of the superna-
tant using a vortex (15 min) to reconstitute a suspension of
nanoparticles with the desired concentration factor (10x).

2.2.7. Determination of the nanoparticle concentrations in
the different suspensions

Concentrations of nanoparticles in suspensions were
determined gravimetrically. A known aliquot of the sus-
pensions was lyophilized and the weight of the dried sam-
ple was measured using a precision balance (Sartorius
TE124S, Goettingen, Germany). All measurements were
performed in triplicates. A Student #-test was applied to
evaluate significant differences between raw and purified
samples from the same type of nanoparticles. Concentra-
tions in nanoparticles were expressed in mg/mL.

2.2.8. Nanoparticle size measurements and morphologies

Nanoparticle sizes were evaluated before and after con-
centration by Photon Correlation Spectroscopy using a zeta-
sizer ZS 90 (Malvern Instruments, Orsay, France). The
morphology of the nanoparticles was observed by Scanning
Electron Microscopy with a LEO-GEMINI 1530 Scanning
Electron microscope (Leica, Rueil-Malmaison, France).
The samples were lyophilized and coated with a 2 nm thick
platinum palladium layer with a Cressington Sputter Coater
208HR (Cressington, Roissy, France).

2.2.9. Calculations of the concentration factors

Concentration factors, determined from the gravimetric
measurements, F,, were calculated by the ratio between the
concentrations of the initial, C;, and the final, Cy, nanopar-
ticle suspensions:

F, = Ct/Ci. (1)

Concentration factors, determined from the measurements
of the mass of the nanoparticle suspensions, F,, were calcu-
lated from the ratio between the initial mass of nanoparti-
cle suspension, M;, and the mass of suspension recovered at
the end of the experiment, M

Fy = M;/M;. (2)

3. Results and discussion

The characteristics of the nanoparticles before concen-
tration were in agreement with the characteristics of similar
nanoparticles obtained in previous studies (Table 1).

Concentration experiments were performed by dialysis
of nanoparticle suspensions through an ethyl cellulose dial-
ysis membrane of a molecular weight cutoff of 15,000
against a solution in which dextran 100,000 was dissolved
at different concentrations. According to the work of Bon-
net-Gonnet et al. [18], the osmotic pressure, I1, of dextran
100,000 solutions can be represented by a polynomial func-
tion of the dextran concentration, Cyey, in g/L:

IT = 28.6C4e + 0.87C,. > + 0.005C,_>. (3)

dex dex

According to this equation, the osmotic pressures applied
in this work on the nanoparticle suspensions ranged from
0.04 x 10° to 2.22 x 10° Pa, using solutions containing 50
to 300 g/L of dextran 100,000 (Table 2).

The application of a solution of high osmotic pressure
on a dialysis bag containing a suspension of nanoparti-
cles produces an osmotic stress on the nanoparticle sus-
pension, which in turn induces the displacement of
water molecules from the inside to the outside of the
dialysis bag. This displacement of water molecules occurs
naturally to counterbalance the difference in osmotic
pressure taking place between the two compartments sep-
arated by the dialysis membrane, which was chosen to
allow only exchanges of water and ions while it retained
polymers and particles. Using this process, it is expected
that the suspension of nanoparticles entrapped in the
dialysis bag will be “dewatered” until an osmotic equilib-
rium is reached from both sides of the dialysis mem-
brane. Indeed, reaching the osmotic equilibrium will
stop the dewatering process. Thus this should be an effi-
cient way to control the total amount of water removed
from the nanoparticle suspension, and hence the concen-
tration factor.

The kinetics of the transfer of water between a suspen-
sion of PIBCA-NS,,ir and the counter-dialysing medium
consisting in 5mL of dextran 300 g/L is reported in
Fig. 1. The weight loss of the dialysis bag and the weight
gain of the counter-dialysing medium are reported in

Table 1
Characteristics of the nanoparticles in the initial suspensions obtained
from the different preparation procedures

PIBCA-NS PCL-NS PCL-NC

Hydrodynamic diameters (nm) 277 £ 16 202+1  318+15
SD* 27 50 56
Zeta potential in NaCl | mM (mV) -10.6+0.8 —-33+2 —41+3

Nanoparticles

% SD width of the size distribution.
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Table 2

Concentrations in nanoparticles obtained after dialysing 3 g of PIBCA-
NSpurir for 25 h against counter-dialysing solutions with different dextran
concentrations or different volumes

Dextran (g/L) IT (10° Pa or atm) Volume® (mL) Cr (mg/mL)
50 0.042 5 48.3+0.1
75 0.091 5 53.84+0.3

100 0.166 5 56 +2

200 0.805 5 299 +3

300 2.219 5 398 +3

300 2.219 3 426 +2

300 2.219 7.5 379 +4

300 2.219 10 434 +4
% Volume of counter-dialysing medium.
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Fig. 1. Kinetics of weight loss from the dialysis bag (A) and of weight gain
in the counter-dialysis medium (B) during an experiment where 3 g of a
PIBCA-NS,,ir suspension was dialyzed against 5 mL of counter-dialysing
solution containing 300 g/L of dextran 100,000.

Fig. 1A and B, respectively. It can be noted that the weight
loss of the dialysis bags was counter-balanced by the weight
gain of the counter-dialysing medium. As expected, the
results obtained here confirmed that water molecules were
transferred from the nanoparticle suspension to the dex-
tran solution.

Table 3

The initial slope of the curves was used to calculate the
initial rate of transfer of water between the two compart-
ments. Then a plateau was reached after several hours indi-
cating that no more water was transferred in the counter-
dialysing solution after a period of 10-12 h. As explained
above, the appearance of the plateau indicated that equilib-
rium between both compartments was reached, which
ended the transfer of water. It can be seen in Table 3 that
the initial rates of transfer were almost identical, whereas
the plateau values were symmetrical within a difference of
4% in the absolute value. The standard deviations found
for these data were small indicating a good reproducibility
of the experiments. It is noteworthy that the size of the
dialysis bags was not calibrated, which could cause slight
variations in the surface of exchange between the two com-
partments. A close examination of the error bars of the
curves of Fig. 1 shows that the rates of water transfer
between the two compartments were only slightly affected,
whereas the plateau values corresponding to the total
amount of water transfer were not at all affected in the
given experimental conditions.

3.1. Effect of the dialysing conditions

The osmotic stress applied to the nanoparticle suspen-
sion could be tuned through the choice of the dextran con-
centration in the counter-dialysing solution (Table 2). This
greatly affected both the initial rate of water transfer
between the two compartments (Fig. 2B) and the plateau
value that was reached after 10-12 h of dialysis (Fig. 2A).
As shown in Fig. 2C, the values of the concentration factor
F, were generally slightly above those of the corresponding
concentration factor F, but in a reasonable range for such
experiments (10%). Both concentration factors rose up to a
value around 10 with the increase of the dextran concentra-
tion in the counter-dialysing medium (Fig. 2C). The nano-
particle concentration in the corresponding suspensions
recovered after 25h of dialysis rose up to a value of
400 mg/mL (Table 2). These results clearly show that the
higher the osmotic stress applied on the nanoparticle sus-
pension (i.e. increasing dextran concentrations in the coun-
ter-dialysing solution), the more water was removed from
the nanoparticle suspension after 25 h, hence the more effi-
cient was the process of nanoparticle concentration. In the
experiments carried out with the higher dextran concentra-
tion (300 g/L) in the counter-dialysing solution, the dialys-
ing system reached the plateau value indicating that the

Rate of water exchange calculated from the initial slope of the kinetic curves obtained by dialysis of 3 g of suspensions of PIBCA-NS against 5 mL of

dextran 300 g/L

Experiment Dialysing bag weight loss Counter-dialysing medium weight gain

Initial rate (g/h) R Plateau (g) Initial rate (g/h) R’ Plateau (g)
Purified suspension 0.31 £0.02 0.9992 —2.63+£0.01 0.32+0.02 0.9985 +2.50 £0.02
Raw suspension 0.21 £0.02 0.9612 —2.63+0.02 0.19+0.01 0.9620 +2.32£0.03

R?, linear regression coefficient.
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Fig. 2. Effect of the concentration of dextran 100,000 in the counter-
dialysing solution on the concentration of the nanoparticle suspension of
PIBCA-NS,ir. The amount of the nanoparticle sample was 3 g in all the
experiments. (A) Kinetics of the weight loss of the dialysis bag: effect (M)
50 g/L, (¢) 75¢/L, (@ 100g/L, (A) 200 g/L, (OJ) 300 g/L. Dialysis
experiments were performed with 5 mL of the counter-dialysing medium.
(B) Rate of water exchange calculated from the weight loss of the dialysis
bag (A) and from the weight gain of the counter-dialysing medium (H).
(C) Concentration factors. (For interpretation of the references to color in
this figure legend, the reader is referred to the web version of this article.)

dewatering process of the nanoparticle suspension was effi-
ciently controlled by the initial concentration of dextran in
the counter-dialysing medium.

Fig. 3 presents the results obtained from experiments in
which the dextran concentration in the counter-dialysing
solution was kept constant (300 g/L) but the volume of
the counter-dialysing medium was increased (3-10 mL).
The curves giving the kinetics of water transfer between
the dialysing bag and the counter-dialysing solution were
roughly superimposed (Fig. 3A). Thus the rates of the
exchange of water and the plateau values were almost the
same when the volumes of counter-dialysing solutions of

0
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Fig. 3. Effect of the volume of the dextran 100,000 solution used as
counter-dialysing solution on the concentration of the PIBCA-NS,¢
nanoparticle suspension. The weight of the nanoparticle sample was 3 g in
all the experiments (blue arrow in frame C). (A) Kinetics of the weight loss
of the dialysis bag: (¢) 3mL, () SmL, (A) 7.5mL, (@) 10 mL. The
dialysis experiments were performed with a solution of dextran of 300 g/L.
(B) Rate of water exchange calculated from the weight loss of the dialysis
bag (A) and from the weight gain of the counter-dialysing medium (H).
(C) Concentration factors. (For interpretation of the references to color in
this figure legend, the reader is referred to the web version of this article.)

size were varied in a range extending from the volume of
the parent nanoparticle suspension (3 mL) to more than 3
times this volume (10 mL). After 25 h of dialysis, the final
concentration of the suspension reached a mean
Cr=409 4 25 mg/mL, and the concentration factor was
F,=10.5+ 1 (Fig. 3C and Table 2). The fact that identical
plateau values were reached at the end of the experiment
reflects a practical limitation of the concentration method:
when the concentration factor is very high, the dialysis bag
take a flat shape and the suspension is pushed into a few
highly curved regions of the bag. Then the mechanical
bending elasticity of the bag opposes further concentration.
This problem could easily be taken care of by refilling the
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bags, at the expense of a much longer processing time. For
moderate concentration factors (<10) this problem does
not occur.

Fig. 4A and B present electron micrographs of the sus-
pension that was concentrated by a factor of 10. These
images show individualized nanoparticles, similar to those
in the parent suspension. Accordingly, this shows that the
nanoparticle morphology was not altered during the con-
centration process. The size distribution of the nanoparti-
cles was also evaluated by photon correlation
spectroscopy. This technique requires a dilution of suspen-
sions before the measurement. The concentrated suspen-

sions that were recovered after dialysis were easy to
dilute. Their size distributions were identical to those of
the parent suspensions (Fig. 5A) indicating that no aggre-
gation of the nanoparticles took place during the concen-
tration process.

3.2. Comparison with other concentration techniques

The performance of the new concentration method based
on dialysis was compared to those of three other methods for
concentrating the same nanoparticle dispersions, i.e. evapo-
ration, ultracentrifugation and lyophilization.

Fig. 4. Scanning electron micrographs of the nanoparticle suspensions before (A), (C), (E) and after concentration (B), (D), (F) by dialysis of 3 g of the
nanoparticle suspension against 5 mL of a solution of dextran 100,000 at a concentration of 300 g/L. (A and B) PIBCA-NS,ir. (C and D) PCL-NS. (E

and F) PCL-NC.



472

C. Vauthier et al. | European Journal of Pharmaceutics and Biopharmaceutics 69 (2008) 466-475

A 20
= L
(=]
£.151 ¢ ?
g L
2]
§10 $
c
= *
5 s
0/ i’ Y
1 100 1000 10000
Hydroc?ynamic diameter {nm)
20 >
»
= e
157 0,‘
£ .
£ 10- e
@
E | +
5 . ¢ .
0+—o— o cfue—— |
10 100 1000 10000
Hydrodynamic diameter (nm)
20 Q
g
315 $
e
g10 2s
c
3
E §1 2 e
0 s
10 100 1000 10000

Hydrodynamic diameter {nm)

Fig. 5. Characteristics of concentrated PIBCA-NS; suspensions obtained by different methods of concentration: (A) dialysis (concentration
factor = 9.4); (B) evaporation (concentration factor =38); (C) ultracentrifugation (concentration factor = 10); (D) lyophilization (concentration
factor = 10). Left column: pictures of the concentrated suspensions. Right column: graph giving the size distribution of dispersed particles in samples
(A), (B) and (C) as evaluated by light scattering. Open symbols: parent nanoparticle suspension. Closed symbols: concentrated nanoparticle suspensions.

The arrow on the picture (C) indicates the presence of the remaining pellet.

Through evaporation, a concentration factor of 8 was
reached after evaporating part of the water of the sample.
However, using this method, it was difficult to control the
amount of water that was removed from the nanoparticle
sample. The size distribution of the nanoparticles, as eval-
uated by light scattering, was clearly modified (Fig. 5B).
In addition, the concentrated dispersion contained larger
aggregates (which were not measured by the light scatter-

ing technique because they sedimented to the bottom of
the light scattering cell) (Fig. 5B). With other dispersions,
aggregation was less prominent, but the control of the
final concentration was still unreliable, in contrast with
the good control that was achieved through the dialysis
method.

After ultracentrifugation, the nanoparticles formed a
compact pellet which was hard to redisperse in a volume
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of supernatant 10 times lower than the initial volume of the
parent nanoparticle suspension to reach a concentration
factor of 10. Indeed, after 15 min of strong agitation using
a vortex at the maximum speed, the nanoparticles were still
not fully redispersed. A pellet remained in the tube with a
mass of 43% of its initial mass indicating that only 57% of
the nanoparticles were effectively redispersed (Fig. 5C).
Although the complete redispersion of the nanoparticles
was difficult after ultracentrifugation, the obtained suspen-
sion showed the same size characteristics and size distribu-
tion than the parent suspension (Fig. 5C). These features
result from the fact that the centrifugation method pro-
duces a gradient of osmotic pressure in the sediment [19].

Lyophilization can be an alternative technique for pro-
ducing concentrated nanoparticle dispersions if the nano-
particles can be fully redispersed. One attempt was made
to prepare a concentrated dispersion of PIBCA-NS, ¢
starting from the lyophilized parent suspension, by adding
the required volume of water to reach the same concentra-
tion factor (10x) that was obtained through dialysis. This
attempt was not successful because the amount of water
added to the lyophilized sample was not enough to fully
wet the powder, i.e. the added amount of water did not
form a continuous phase (Fig. 5D).

3.3. Application of the process to different nanoparticles

As a last part of this work, the same osmotic stress
method was applied to other types of nanoparticle suspen-
sions, including nanospheres and nanocapsules. These sus-
pensions contained free macromolecules in addition to the
nanoparticles. These mainly included large macromolecules
such as Pluronic® F68 and dextran used as stabilizing
agents and other small contaminant molecules. According
to the difference in concentrations found between the raw
and the purified suspensions, this can represent up to
90% of the solid content of the raw dispersion. In the case
of the PCL-NS, it corresponds to almost the total amount
of Pluronic® F68 added in the preparation medium indicat-
ing that only a low amount of the surfactant was included
in the nanoparticles structure (see PCL-NS in Table 4). The
effect of such free macromolecules was investigated by
comparing the concentration processes of purified vs.
non-purified suspensions. The purification was designed
to remove all remaining free reagents that had been used

0.4

0.3

0.2

Water exchange rate (g/h)

PCL NS

Nanoparticles

Fig. 6. Effect of the purification of the nanoparticle suspension on the
initial rate of water exchanged evaluated during dialysis of 3 g of
nanoparticle suspensions against 5 mL of a solution of dextran 100,000 at
a concentration of 300 g/L. Filled column: raw nanoparticle suspensions.
Dashed column: purified nanoparticle suspensions. Statistical analysis by

Student -test. **p < 0.01, **p < 0.001.

during the preparation of the nanoparticles and were not
included within the nanoparticle structure.

The kinetics of water exchange between the nanopar-
ticle suspension and the counter-dialysing medium had
the same shape as in the previous experiments (data
not shown) and the plateau was also reached after 10—
12 h of dialysis. The initial rate of water exchange was
systematically higher with the purified suspensions when
compared to the corresponding raw nanoparticle suspen-
sions (Fig. 6). On the other hand, the rate of the water
exchange was not greatly affected by the type of nano-
particles. The concentration factors obtained for the
purified nanoparticle suspensions were much higher than
those reached for the non-purified suspensions (Table 4).
The facts that the concentration factor was lower when
applying the method to non-purified suspensions can be
explained by the presence of the free macromolecules
in the suspensions. These free macromolecules produced
an osmotic pressure that opposed the osmotic pressure
applied on the other side of the dialysis membrane,
and therefore reduced the net osmotic stress applied to
the suspension. Thus, the presence of free macromole-
cules in the initial nanoparticle suspension limits the total
amount of water that will be exchanged during the dial-
ysis and therefore the efficacy of the concentration proce-
dure in a given condition of concentration in dextran in
the counter-dialysing medium.

Table 4
Concentrations and concentration factors of nanoparticle suspensions dialyzed against 5 mL of a 300 g/L dextran solution for 25 h
Raw Purified
Parent suspension Concentrated Concentration Parent suspension Concentrated suspension Concentration
(mg/mL) suspension (mg/mL) factor F, (mg/mL) (mg/mL) factor F,
PIBCA-NS 118 £6 444 £+ 3 3.7 42.0+0.2 398 +£3 9.4
PCL-NS 28.6 £0.2 52+1 1.9 34+0.1 170 +2 50.0
PCL-NC 40.5+0.2 85+1 2.1 15.7+0.6 198 +3 12.6

The weight of the sample of nanoparticle suspension was 3 g.
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Fig. 7. Size distributions obtained from photocorrelation spectroscopy
measurements of the nanoparticle dispersions. Open symbols: parent
nanoparticle suspension. Closed symbols: concentrated nanoparticle
suspension. (A) PCL-NC,yir. (B) PCL-NSif.

Still, the method could be used with the raw dispersions,
leading to concentration factors up to 3.7. The nanoparti-
cles of the concentrated suspensions showed the same char-
acteristics than those of the parent suspensions (Fig. 4C—
F). This indicated that the integrity of the nanoparticles,
including nanocapsules, was fully preserved during the
concentration procedure.

With the purified suspensions, very high concentration
factors were obtained, up to 10 in the case of PIBCA-
NSpuir and PCL-NC,i¢, and up to 50 in the case of
PCL-NS,;ir. In these conditions, the size distributions of
the concentrated suspensions remained identical to those
of the parent suspensions (Figs. 5SA and 7A), indicating
that the characteristics of the nanoparticles were preserved
even in the high concentration regime (Fig. 7B).

4. Conclusion

The concentration of nanoparticles in pharmaceutical
suspensions can be increased from initial formulation val-
ues by factors ranging from 10 to 50 without causing any
aggregation of the nanoparticles. The method is based on
the dialysis of a nanoparticle suspension against a polymer
solution of high osmotic pressure using a dialysis mem-
brane which only allows exchanges of small molecules espe-
cially water. The amount of water removed from the
nanoparticle suspension can be controlled by the polymer
concentration in the counter-dialysis medium. Therefore,
it is possible to predict the concentration in nanoparticles
that will be reached in the final suspension.

The method presents many advantages. It is safe to
use in the sense that the characteristics of the nanoparti-
cles in the concentrated suspensions are fully preserved,
even in the case of nanocapsules that are notoriously
fragile objects. In contrast with other methods, it avoids
aggregation of nanoparticles thanks to the concentration
process which takes place near equilibrium. It also makes
it possible to control the ionic strength of the nanoparti-
cle suspensions since the chemical potentials of small
ions that cross the membranes can be set in the coun-
ter-dialysis solution. It is particularly simple, rapid and
does not required sophisticated equipment. It can be
applied to many types of nanoparticle formulations
designed for pharmaceutical applications and only
required a low amount of reagent. In the counter-dialys-
ing medium, any water soluble polymer with a known
osmotic pressure can be used. For instance, tables giving
the osmotic pressure of solutions of dextran, poly(ethyl-
eneglycol) and poly(vinylpirrolidone) are available from
the following website: http://www.brocku.ca/researchers/
peter_rand/osmotic/osfile.html.
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