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Abstract

This study investigates formulation and process modifications to improve the versatility of the nanoprecipitation technique, particularly
with respect to the encapsulation of hydrophilic drugs (e.g. proteins). More specifically, the principal objective was to explore the influence of
such modifications on nanopatrticle size. Selected parameters of the nanoprecipitation method, such as the solvent and the non-solvent nature
the solvent/non-solvent volume ratio and the polymer concentration, were varied so as to obtain polymeric nano-carriers. The feasibility of
such a modified method was assessed and resulting unloaded nanoparticles were characterized with respect to their size and shape. It wa
shown that the mean particle size was closely dependent on the type of non-solvent selected. When alcohols were used, the final mean size
increased in the sequence: methanol < ethanol < propanol. Surfactants added to the dispersing medium were usually unnecessary for fina
suspension stabilization. Changing the solvent/non-solvent volume ratio was also not a determinant factor for nanoparticle formation and
their final characteristics, provided that the final mixture itself did not become a solvent for the polymer. A too high polymer concentration in
the solvent, however, prevented nanoparticle formation. Both poly(lactic acid) (PLA) ana pelg¢tic-co-glycolic acid) (PLGA) could be
used by accurately choosing the polymer solvent and in this respect, some non-toxic solvents with different dielectric constants were selected.
The nanoparticles obtained ranged from about 85-560 nm in size. The nanopatrticle recovery step however needs further improvements, since
bridges between particles which cause flocculation could be observed. Finally, the presented results demonstrate that the nanoprecipitation
technique is more versatile and flexible than previously thought and that a wide range of parameters can be modified.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction and patented by Fessi and co-workeffegsi et al., 1989,
1992. This technique presents numerous advantages, in that
The nanoprecipitation technique (or solvent displacement it is a straightforward technique, rapid and easy to perform.
method) for nanoparticle manufacture was first developed The nanoparticle formation is instantaneous and the entire
procedure is carried out in only one step. Briefly, it requires
two solvents that are miscible. Ideally, both the polymer and
the drug must dissolve in the first one (the solvent), but notin
the second system (the non-solvent). Nanoprecipitation oc-

Abbreviations: DMA, N,N-Dimethylacetamide; DMF, N,N-
Dimethylformamide; DMSO, Dimethylsulfoxide; MeCN, Acetonitrile;
MEK, Methyl ethyl ketone; MIBK, Methyl isobutyl ketone; NMP,

N-Methylpyrrolidone curs _by a rapid desolvation of the polymer when the polymer
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the non-solvent and result from complex and cumulated phe-end groups (Resonf8rRG 503, RG 503 HM,, (GPC)
nomena such as flow, diffusion and surface tension variationsof 34kDa), as well as the poly(-lactide) (PLA) ho-
(Quintanar-Guerrero et al., 19p&anoprecipitation often  mopolymer (Resom& R 203, My, (GPC) of 28kDa)
enables the production of small nanoparticles (100-300 nm)were purchased from Boehringer Ingelheim (Ingelheim
with narrow unimodal distribution and a wide range of pre- am Rhein, Germany). A PLA with free carboxylic end
formed polymers can be used, such as poiy{actic-co- groups (Medisorb PLA 100 DL 4AM,, (GPC) of 57 kD)
glycolic acids), cellulose derivatives or pafycaprolactones.  was obtained from Alkermes (Cincinnati, Ohio, USA).
This method does notrequire extended shearing/stirring rates poloxamer 407 (Lutr®l F127) was obtained from BASF
sonication or very high temperatures, and is characterized by(Ludwigshafen, Germany) and povidone K30 was purchased
the absence of oily-aqueous interfaces, all conditions thatfrom Fluka Chemie (Buchs, Switzerland). Ethyl ether,
might damage a protein structure. Moreover, surfactants aremethanol, n-propanol, isopropanoln-butanol, isopropyl
not always needed and unacceptable toxic organic solventsacetate, methyl acetate, methyl ethyl ketone and methyl
are generally excluded from this procedure. isobutyl ketone were obtained from Aldrich Chemical
However, the original nanoprecipitation method suffers (Buchs, Switzerland). Acetone, acetonitrile, ethanol, ethyl
from some drawbacks. This technique is mostly suitable formate, N,N-dimethylformamide N,N-dimethylacetamide,
for compounds having a hydrophobic nature such as in- and N-methylpyrrolidone were purchased from Fluka
domethacin, which is soluble in ethanol or acetone, but dis- Chemie (Buchs, Switzerland). 2-Pyrrolidone was a gift from
plays very limited solubility in water. Consequently, reduced BASF (Ludwigshafen, Germany). DMSO was obtained
or even zero drug leakage toward the outer medium led from Acros organics (Geel, Belgium). The purity of all these
to nanoparticles with entrapment efficiency values reaching solvents was higher than 99%.
100% (essi et al., 1989; Barichello et al., 199Blowever,
recentresearch dealing with water-soluble drug incorporation
has also provided encouraging results. Procaine hydrochlo-
ride, for instance, was more efficiently entrapped when the
outer phase pH was set at a value that reduced drug ioni-
sation and lowered its aqueous solubilitgdvender et al.,
1999, hence hampering considerably drug wastage by leak-
age. More recentlyyoo et al. (2001have carried out exper-
iments by slightly modifying the original concept, in order
to encapsulate lysozyme. Briefly, they successfully effected
the diffusion of a dimethylsulfoxide (DMSO) solution con-
taining both the protein and the polymer (PLGA) into an

2.2. Nanoparticle preparation

The polymer was dissolved in a suitable organic solvent
(S) at concentrations from 50 to 100 mg/mL to form the
diffusing phase. This phase (with volumes typically ranging
from 0.5 to 6 mL) was then added to the dispersing phase
(5—-20 mL) by means of a syringe positioned with the needle
directly in the medium under moderate magnetic stirring.
The dispersing phase was constituted from a liquid in
which the polymer is insoluble — the non-solvent (NS) —
optionally containing a surfactant (either poloxamer 407 or

%queou;s:)lunon of p_ol_(t)xtf_;lmer 4?; ':'h|s work pr_:)k:/lde;d e\{{- povidone K30). The freshly formed nanoparticles were then
idence that nanoprecipitation could aiso occur with solvents centrifuged four times for 15-min cycles at 1500@ and

other than acetone or ethan_ol and thus that an_accurate So'\'/vashed with distilled water, in order to gradually remove
vent and non-solvent selection (e.g. by screening) can also,

lead t ticle f " d iblv extend th fthe dispersing medium and to replace it with water for
cad o hanoparticle formafion and possibly extend the use o subsequent scanning electron microscopy (SEM) charac-
nanoprecipitation to more hydrophilic drugs.

; . terization. The above procedure was used, unless otherwise
In this respect, the present work essentially focuses on

S . stated.
parameters of the nanoprecipitation procedure that might be
modified in order to lead to the formation of nanoparticles . o
and to extend the classical lipophilic drug/polymer/acetone 2-3: Size determination
or ethanol (solvent)/water (non-solvent) system to a more ] ) ] ) ]
versatile drug/polymer/solvent/non-solvent scheme. For this ~ Particle size and polydispersity were determined by pho-
purpose, we have mostly selected different alcohols as non-on correlation spectroscopy (PCS) by using a Zetasizer 5000
solvents, different chemical families as solvents (e.g. ketones(Malvern Instruments Ltd., UK). Each blank nanoparticle

and esters) and varied parameters such as the polymer conPatch was appropriately diluted with the non-solvent just af-
centration and the solvent/non-solvent ratio. ter production. Mean size and polydispersity were measured

three times for each batch.

2. Materials and methods 2.4. Nanoparticle morphology
2.1. Materials The nanopatrticle surface appearance and shape were anal-
ysed by SEM. Samples were prepared by finely spreading
Copolymers of poly,L-lactideco-glycolide) (PLGA) concentrated nanoparticle dispersions over slabs and by dry-

with a 50/50 molar ratio with or without free carboxylic ing them under vacuum. The samples were then coated in
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a cathodic evaporator with a fine gold layer and observed spect, it has been previously demonstrated that the rate of dif-

by SEM using a JSM-6400 scanning electron microscope fusion of the solvent into the non-solvent should certainly be

(JEOL, Tokyo, Japan). considered, since the higher the rate of diffusion, the smaller
the nanoparticles (and the higher the yield of transformed
polymer into nanoparticlesfainmesse et al., 1992Both

3. Results and discussion n-butanol and ethyl ether did not enable nanoparticle forma-
tion. Indeed, as soon as the polymer solution was in contact
3.1. Type of non-solvent with these non-solvents, the polymer formed a viscous geland

diffusion of the solvent into the non-solvent was impeded. In

As shown inTables 1 and 2the final mean particle size the case of ethyl ether, the polymer massively precipitated
was clearly dependent on the nature of the dispersing solventafter a quick and pronounced desolvation. It should be men-
Indeed, methanol led to smaller nanoparticles than ethanol, agioned that nanoprecipitation failure occurred mostly when
measured by PCS, whereas usimpgropanol or isopropanol  the difference of the values of the dielectric constants between
gave even larger nanoparticlgsid. 1A and B). These size  the solvent and the non-solvent was elevated. This reason has
values were obtained with very high reproducibility (less than also been evoked by other authors, who found that the dielec-
4% of deviation between triplicates) and with polydispersity tric constant of the final solvent mixture was of importance
indexes that show very homogeneous nanoparticulate suspentThioune et al., 1997 A comparison between the two sol-
sions. When the solvent/non-solvent (S/NS) volume ratio and vents MeCN and DMSOT@able 1versusTable 3 shows that
the polymer concentration were kept constant (i.e. 0.05 andmean size values obtained with MeCN were always slightly
50 mg/mL, respectively), particle size gradually increased in larger than those obtained with DMSO. Moreover, diffusion
the homologous alcohol series used as non-solvent. In this redinto water was possible with DMSO, whereas nanoprecipi-

Table 1

Effect of the non-solvent on nanopatrticle formation and mean size

Batci? Non-solvent Dielectric constant, Surfactant (concentration) Redult Size+ S.DE (nm) PP+ S.D.
1 Water 80.1 (20C) - - - -

2 Water 80.1 (20C) Poloxamer 407 (1%) — - -

3 Water:ethanol (50:50) 48.2 (3C) - — - -

4 Water:ethanol (50:50) 48.2 (3C) Poloxamer 407 (1%) - - -

5 Methanol 32.7 (28C) - + 203t+4 0.14+0.03
6 Ethanol 24.6 (28C) - + 270+ 2 0.11+0.05
7 n-Propanol 20.3 (25C) - — - -

8 Isopropanol 19.9 (2%C) - + 366+ 10 0.06+0.08
9 n-Butanol 17.5 (28C) - - -

10 Ethyl ether 4.3 (20C) - — - -

a Solvent: MeCN, 1 mL. Polymer concentration: 50 mg/mL (Resomer RG 503). Non-solvent volume: 20 mL. S/NS volume ratio: 0.05.
b Key: (+) suspended nanoparticles;)(complete polymer precipitationH) mixture of suspended nanoparticles and polymer precipitate.
¢ S.D.: standard deviatiom & 3).

d PI: mean polydispersity index expressed using a 0—1 snal8)

Table 2
Effect of the non-solvent, the S/NS volume ratio, and the surfactant on nanoparticle formation and mean size
Batcl? Non-solvent Volume of S/NS volume ratio Surfactant (concentration) Résult Size+ S.DE (hm) PA+S.D.
non-solvent (mL)
1 Water 20 0.05 - + 1743 0.11+0.01
2 Water 20 0.05 Poloxamer 407 (1%) + 1#49 0.06+0.10
3 Methanol 20 0.05 - + 1022 0.13+0.03
4 Ethanol 20 0.05 - + 2243 0.08+0.02
5 Ethanol 5 0.2 - + 2214 0.11+0.02
6 Ethanol 5 0.2 Poloxamer 407 (1%) + 228 0.20+0.01
7 n-Propanol 20 0.05 - + 3582 0.05+£0.03
8 Isopropanol 20 0.05 - + 3H6 0.114+0.07
9 Isopropanol 20 0.05 Povidone K30 (2%) — - -
10 n-Butanol 20 0.05 - - - -
11 n-Butanol 20 0.05 Povidone K30 (2%) — - -

a Solvent: DMSO, 1 mL. Polymer concentration: 50 mg/mL (Resomer RG 503).

b Key: (+) suspended nanoparticles;)(complete polymer precipitationjH) mixture of suspended nanoparticles and polymer precipitate.
¢ S.D.: standard deviatiom € 3).

4 PI: mean polydispersity index expressed using a 0—1 sna@&),
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Fig. 1. Scanning electron micrographs of nanoparticles produced by nanoprecipitation under different conditions: (A) S=DMSO, NS=methanol, poly-
mer =PLGA,; (B) S=DMSO, NS =ethanol, polymer=PLA H; (C) S=methyl acetate, NS = ethanol, polymer=PLGA,; (D) S =ethyl formate, NS = methanol,
polymer=PLGA.

tation failed with MeCN. A hydro-alcoholic mixture (50:50) uids could be of interest for better protein molecular integrity

as non-solvent did not improve this result (batches 3 and 4, protection. For example, the rate of spontaneous deamidation

Table ). Water-dispersed nanoparticles obtained in this way at asparagine residues was significantly reduced in solvents

were also very small, with particle sizes close to those ob- having low dielectric constant valueBrénnan and Clarke,

tained with methanol and ethanol (batches Trahle 2. 1993. Finally, alcohols are not a concern in terms of toxicity,
The addition of a surfactant usually had no influence onthe except for methanol. Indeed, they belong to Class 3 accord-

outcome of nanoprecipitation (batches 1¥dble J), except ing to the ICH solvent toxicity scale (Class 3 solvents present

on one occasion when a destabilizing effect was observedvery low risks to human health), whereas methanol appears

with povidone K30 on the final suspension leading to the amongst Class 2 solvents.

formation of a white and compact polymer precipitate (batch

9, Table 2. Otherwise, no effect was noted on the final size as 3.2. Polymer concentration and S/NS volume ratio

shown by batches 1-2 and 5&ble 2 Nanoparticles were

also easily obtained when the S/NS ratio was broughtto 0.2  Atoo high polymer concentration in the solvent prevented

instead of 0.05 (batches 5-Fble 2. nanoprecipitation (batch Table 3. This effect is proba-
The interest of using alcohols as non-solvents essentially bly due to the high viscosity of the polymeric solution that
lies in their relatively low dielectric constant yalues). In- hampers an appropriate diffusion of the solvent toward the

deed,_the lower the dielectric constant value, the less thenon-solvent. This effect is overcome neither by the presence
non-solvent will dissolve hydrophilic compounds, prevent- of a surfactant (batch 2), nor by augmenting the NS vol-

ing drug leakage. Therefore, ethanolmepropanol are the  ume (batch 3). The formation of large aggregates due to high
most suitable in this respect since their dielectric constant polymer concentration was also previously observed by other
values are of 24.6 and 20.3, respectively, thus being far from authors. Indeed, they found that the higher the polymer con-
that of the value for water (80.1). Moreover, using such lig- centration in the solvent, the higher the loss of polymer. They
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Table 3
Effect of the polymer concentration, the S/NS volume ratio, and the surfactant on nanoparticle formation and mean size
Batci*  Volume of Amount of Polymer Volume of SINS Surfactant Reslflt Size+S.D¢(nm) PP+S.D.

solvent (mL) polymer (mg) concentration non-solvent ratio

(mg/mL) (mL)

1 0.5 50 100 10 0.05 - - - -
2 0.5 50 100 10 0.05 Poloxamer 407 (1%)— - -
3 0.5 50 100 20 0.025 Poloxamer 407 (1%)- - -
4 1 50 50 20 0.05 - + 2782 0.11+0.05
5 1 50 50 20 0.05 Poloxamer 407 (1%) + 26% 0.21+0.05
6 2 100 50 20 0.1 - + 248 4 0.08+0.03
7 2 100 50 20 0.1 Poloxamer 407 (1%) + 266 0.07+£0.07
8 6 300 50 10 0.6 - + 3126 0.06+0.04
9 6 300 50 10 0.6 Poloxamer 407 (1%) + 282 0.02+0.01

a Solvent: MeCN. Non-solvent: ethanol. Polymer: PLGA(Resomer RG 503).

b Key: (+) suspended nanoparticles;)(complete polymer precipitationH) mixture of suspended nanoparticles and polymer precipitate.
¢ S.D.: standard deviatiom& 3).

4 PI: mean polydispersity index expressed using a 0—1 sna8);

Table 4

Effect of the polymer on nanoparticle formation and mean size

BatcH PolymeP Non-solvent Resufit Size+ S.DY (hm) PE+S.D.
1 PLGAH Methanol + 1321 0.13+0.05
2 PLGAH Ethanol — - —

3 PLA Methanol + 1333 0.11+0.05
4 PLA Ethanol + 3188 0.09+0.03
5 PLAH Methanol + 11%1 0.14+0.02
6 PLAH Ethanol + 2623 0.03+0.01

a Solvent: DMSO, 1 mL. Polymer concentration: 50 mg/mL (Resomer RG 503). Non-solvent volume: 20 mL (without surfactant). S/NS volume ratio: 0.05.
b Key: Resomer RG 503 (PLGA), Resomer RG 503 H (PLGA H), Resomer R 203 (PLA), Medisorb PLA 100 DL 4A (PLA H).

¢ Key: (+) suspended nanoparticles,)(complete polymer precipitationH) mixture of suspended nanoparticles and polymer precipitate.

d 5.D.: standard deviatiom& 3).

€ PI: mean polydispersity index expressed using a 0-1 soa8&),

explained this effect in terms of the intrinsic viscosity and in- 3.4. Type of solvent

teraction constantsThioune et al., 1995, 1997; Stainmesse

etal., 1995; de Labouret et al., 1996 contrast, an increase As already observed for the non-solvent, the lower
in S/NS ratio by 12-fold (from 0.05 to 0.6) had no nega- the dielectric constant of the solvent the larger the final
tive impact on nanoparticle formation (batches 4-9). This nanoparticles{ables 5 and 6 Again, the final particle sizes
tends to demonstrate that this parameter should be preferenwere always smaller with methanol than with ethanol and
tially modified (instead of polymer concentration) if a higher the smallest size was obtained with 2-pyrrolidone as solvent
amount of nanoparticles is required in the final suspension. (Patch 1,Table § 84 nm). It should be noted that nanopre-
Moreover, it also enables a reduction of the total volume of Cipitation with 2-pyrrolidone, NMP, DMF and DMA was

solvent used. Again, the effect of poloxamer 407 on particle POssible into both methanol and ethanol and without surfac-
size was minor. tant (batches 1-8able 5. Actually, the dielectric constant

of the solvent is certainly not only responsible for an increase
of nanoparticle size, since nanoprecipitation results from
various phenomena that govern the diffusion of the solvent
s through the polymer into the non-solvent. It is therefore ex-
The eff_ect Of the type of polymer on nanoprec;lpltatlon pected that the choice of the solvent/non-solvent couple will
was also investigate dEEMIERED copolyme_r carrying More e ct the diffusion rate and thus the final mean size more than
uncapped_ ENd groups was us_ed,ﬂmgtanon normallyindividual solvent characteristics like e.g., the dielectric con-
occu_rr_ed 7 e LoVt I Slio] vine s o) g stant. or the Hildebrand solubility parametér,The affinity
prelelpyislied (batc_hes 1 andiible 4versus batches 3 and 4, of the solvent for the non-solvent is of importance and, in
Table 2, contrasting with the PLA H performance (batch 6). this respect, the interaction paramegehas certainly to be

The more hydrgphobw PLA.(W't.h respect to PLGA).Ied .to taken into consideration. This interaction is expressed as:
larger nanoparticles when diffusion was made possible into

methanol (about 130 nm against 100nm) and into ethanol _ _ Vns 2
: X = —-(8s — ns) @)
(about 320 nm against 220 nm). RT

3.3. Type of polymer
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Table 5

Effect of the type of solvent and non-solvent on PLGA nanoparticle formation and mean size

Batc?  Solvent Dielectric constafte  Solubility parametéY, s (MP&?%)  Non-solvent  Result  Size+S.D¢(nm) Pf+S.D.
1 2-Pyrrolidone 2x° 30.1 Methanol + 84t 1 0.14+0.02
2 2-Pyrrolidone NA 30.1 Ethanol + 15% 3 0.144+0.00
3 NMP 322 23.1 Methanol + 116 0 0.13+0.01
4 NMP 322 23.1 Ethanol + 26@ 1 0.09+0.04
5 DMF 367 24.8 Methanol + 113 2 0.15+0.02
6 DMF 367 24.8 Ethanol + 236: 5 0.13+0.01
7 DMA 37.8 22.1 Methanol + 115 2 0.15+0.01
8 DMA 37.8 22.1 Ethanol + 268 32 0.12+0.08
9 Methyl acetate g 19.6 Methanol + 189+ 5 0.08+0.01
10 Methyl acetate a8 19.6 Ethanol + 308+ 13 0.07+£0.05
11 Ethyl formate ] 19.2 Methanol + 299 5 0.06+0.05
12 Ethyl formate ) 19.2 Ethanol + 525+ 23 0.09+ 0.05

2 All batches were produced with 1 mL of solvent containing 50 mg of polymer (RG 503) and 20 mL of non-solvent without surfactant (S/NS ratio: 0.05).
b Values at 25C.

¢ Value at 3rC.

d Key: (+) suspended nanoparticles,)(complete polymer precipitation:) mixture of suspended nanoparticles and polymer precipitate.

€ S.D.: standard deviatiom € 3).

f PI: mean polydispersity index expressed using a 0-1 snal&),

Table 6

Effect of the type of solvent and non-solvent on PLA nanoparticle formation and mean size

Batci*  Solvent Dielectric constant, ~ Solubility parametér, § (MP&%)  Non-solvent Result Size+S.DE(nm) Pf+S.D.
1 Acetone 20.7 (25C) 20.2 Methanol + 1682 0.02+0.03
2 Acetone 20.7 (25C) 20.2 Ethanol + 3854 0.19+0.15
3 MEK 18.5 (20°C) 19.0 Methanol + 1641 0.16+0.03
4 MEK 18.5 (20°C) 19.0 Ethanol + 38811 0.20+0.05
5 MIBK 13.1(25°C) 17.2 Methanol + 2435 0.16+0.09
6 MIBK 13.1 (25°C) 17.2 Ethanol + 558 16 0.17+0.06
7 Methyl propyl ketone  15.5 (20C) 17.8 Methanol + 561+ 40 0.82+0.16
8 Methyl propyl ketone  15.5 (20C) 17.8 Ethanol + >1000 0.14-0.04
9 Isopropyl acetate NA 17.2 Methanol + 2084 0.25+0.07

10 Isopropyl acetate NA 17.2 Ethanol + 4438 0.08+0.06

2 All batches were produced with 1 mL of solvent containing 50 mg of polymer (PLA, Resolmer R 203) and 20 mL of non-solvent free of surfactant (S/INS
ratio: 0.05).

b NA =not available.

¢ Values at 25C.

d Key: (+) suspended nanoparticles,)(complete polymer precipitation:) mixture of suspended nanoparticles and polymer precipitate.
€ S.D.: standard deviatiomE 3).

f PI: mean polydispersity index expressed using a 0-1 snai8),

where Vs is the molar volume of the non-solvent (here that a greater affinity between the solvent and the polymer

40.7 cn¥/mol for methanol and 58.5 ctfmol for ethanol). led to more solvent remaining in the supersaturated polymer
The calculated interaction parametefalfle 3 were then region. Therefore, this statement and the conclusion drawn
plotted against nanoparticle size and presentdddn2. As from Fig. 2 confirm that the solvent motion toward the

expected, the higher the interaction parameter, the larger thenon-solvent is hampered by a greater affinity for the polymer
nanoparticles. It should be mentioned that the polymer wasand favoured by a greater affinity for the non-solvent. The
not taken into account here (and thus in the above formula), solvents used to produce batches 1F8ble 5 all have
since both PLA and PLGA were previously shown to have high dielectric constant values (above 32) and are thus more
very closeé values Giemann, 198p They are therefore  prone to solubilize hydrophilic drugs than those with a
expected not to affect final nanoparticle size in a significant lower ¢ value. They are all polar and aprotic solvents, as
fashion. This is also the reason why the results obtained withwell as DMSO and MeCN. In this respect, such solvents
nanoparticles made from PLA can be plotted together with are particularly interesting, as far as peptides or proteins
those obtained with nanoparticles made from PLG#y(2). are concernedZhin et al., 1994 Indeed, good solubility is
Moreover, Choi et al. (2002)have already addressed the generally observedin DMSO (dielectric constardt 25°C:
issue of the solvent—polymer interaction in a previous study. 46.6), whereas proteins are often poorly soluble in alcohols
They demonstrated that the higher the interaction parameter(e.g. insulin and lysozymetevenson, 20Q0For the sake
Xsolvent—polymer the smaller the nanoparticles. It was claimed of comparison, the dielectric constant of MeCN (£1) is
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Table 7
Calculated interaction parameter®f solvent/non-solvent binary mixtures
Polymer Non-solvent

Methanol Ethanol

Binary mixtures (solvent/non-solvent) Interaction parameg®r,  Binary mixtures (solvent/non-solvent) Interaction parameger,
PLGA MeCN 0.46 MeCN 0.11

DMSO 0.43 DMSO 0.09

2-Pyrrolidone 0.00 2-Pyrrolidone 0.31

NMP 0.69 NMP 0.27

DMF 0.38 DMF 0.07

DMA 0.92 DMA 0.46

Methyl acetate 1.64 Methyl acetate 1.12

Ethyl formate 1.78 Ethyl formate 1.26
PLA DMSO 0.43 DMSO 0.09

Acetone 1.45 Acetone 0.94

MEK 1.85 MEK 1.33

MIBK 2.53 MIBK 2.04

Methyl propyl ketone 2.29 Methyl propyl ketone 1.79

Isopropyl acetate 2.53 Isopropyl acetate 2.04

@ Calculated using Eq1) and forT=25°C (298 K).

37.5. Moreover, it has been reported that proteins might be diffusing phase is not added drop-wise, but with the needle of
stabilized when dissolved in neat polar aprotic solvents suchthe syringe directly in the non-solvent, in order to avoid an ad-
as DMSO. Most of the time, native conformation is then re- ditional superfluous air—liquid interface that could adversely
stored, because the conformational change is reversible uporaffect protein structure. Finally, DMSO is considered as
reconstitution in water, as is often the case for enzymatic non-toxic (in Class 3 of ICH classification) and 2-pyrrolidone
activity. In this respect, DMSO is even used to stabilize is tolerated in parenteral formulation for veterinary use.
reversibly unfolded stateS{nger, 1962 Hydrolytic degra- The other solvents appearing Table 5(methyl acetate
dation pathways are drastically limited in DMSO compared and ethyl formate) are able to dissolve the PLGA copolymer
to water, as this is the case for leuprolidgtdvenson, 2000 and have a far lower dielectric constant than the solvents cited
Taking into account the above considerations, DMSO is thus above Fig. 1C and D). They are therefore more adapted for
the solvent of choice for obtaining protein-loaded nanopar- lipophilic drug entrapment, but using them often leads to a
ticles by nanoprecipitation from both the protein solubility mixture of very large nanoparticles (considered they were
and stability points of view. In fact, protein entrapment with obtained by nanoprecipitation) and polymer precipitate.

this method is still under investigation and this aspectwillbe  Except for the ester isopropyl acetate, all the solvents
addressed in a forthcoming paper. It should be noted, that thelisted in Table 6are ketones. Among them, only acetone
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Fig. 2. Relationship between calculated interaction parametdrbinary
S/NS mixtures and nanoparticle size. (A) NS = methar®), RLGA, (O)
PLA; (B) NS =ethanol, ) PLGA, (O) PLA.

is commonly used for nanoprecipitation. They are all able
to dissolve PLA homopolymer and have a lower dielectric
constant value than methanol and ethanol, which destines
them rather for lipophilic drug encapsulation. The highest
particle size values were obtained with methyl propyl ketone
(560 nm and more thanlm), but this solvent was also the
only one, which did not lead to a fine and stable suspension.
Similarly to the alcohols (used as non-solvents), methyl
propyl ketone led to a less stable system (and also to larger
particles) than methyl ethyl ketone. This tends to demon-
strate that, in a family of homologous compounds, a higher
number of carbons in the backbone formula is a destabilising
factor.

3.5. Nanoparticle recovery

Before freeze-drying, nanoparticles normally have to be
purified from residual products like surfactants, washed and
resuspended in distilled water. If nanoparticles are large
enough, centrifugation is used for the purification step. How-
ever, when the non-solvent was an organic solvent (e.g. an
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regular distribution could be obtained. Moreover, surfactants
are often not needed to stabilize the final nhanoparticle sus-
pension.

The nanopatrticle recovery procedure, however, must still
be optimized in order to prevent nanoparticle coalescence
and to obtain an acceptable final nanoparticle yield. Aside
from that, the results obtained by this modified nanoprecipi-
tation method show great promise for protein encapsulation.
Protein entrapment into nanoparticles with this nanoprecipi-
tation method is currently under investigation and results will
be presented in a forthcoming paper. Finally, it is assumed
that the overall process could become a worthwhile option
for nanopatrticle production, even at an industrial scale.

Fig. 3. Scanning electron micrograph of a nanoparticle batch produced by
nanoprecipitation and centrifuged four times in order to replace methanol
by water. S = ethyl formate, NS = methanol and polymer=PLGA.
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