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a b s t r a c t

Organic solvent extraction/evaporation from an o/w-dispersion has been widely used for the fabrication
of PLGA microparticles. The purpose of this work was to elucidate the kinetics of the solvent extrac-
tion/evaporation process. A mathematical diffusion model was developed and applied to predict the
duration of the solvent extraction. As the diffusion coefficient, Dp, plays a major role in the modeled
process, a new and experimentally simple method for estimating Dp was developed. Both the exper-
imental method and the mathematical model were validated through PLGA microparticle fabrication
experiments. For microparticles of mode diameters of 2 and 20 �m, the solvent was extracted in approxi-
athematical model
LGA
icroparticle fabrication

mately 10 s. Sufficient hardening of the microparticles required, however, the evaporation of solvent from
the extraction phase. Residual solvent in extraction phase exerted a strong effect on the morphology of the
final product as demonstrated by scanning electron microscopy. Only if most solvent was removed from
the aqueous extraction phase, a powdery product of individual microparticles was obtained. At residual
organic solvent concentration of above 0.2% in the extraction phase, the microparticles strongly aggre-
gated during collection on a membrane filter and final drying. The presented methods may be useful for
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. Introduction

Biodegradable poly(lactide-co-glycolide) (PLGA) or poly(lactic
cid) (PLA) microparticles for controlled drug delivery are fre-
uently fabricated by organic solvent extraction from o/w- or
/o/w-emulsions. The performance and robustness of the fabrica-

ion processes have successfully been optimized by well-controlled
mulsification techniques (Freitas et al., 2004, 2005; Berkland et al.,
001) and the composition of the o- and w-phases (solvents and
ther additives) (Zhang and Zhu, 2004; Graves et al., 2005; Chen et
l., 2004). Various studies have also elucidated the most important
hysical chemical parameters controlling the solvent extraction
rocess (Wang and Schwendeman, 1999; Li et al., 1995a,b; Maa
nd Hsu, 1996). Such parameters are critical for modeling the pro-
ess steps, which in turn may be of general significance for, e.g. (i)

abrication of micro- and nanoparticles from different materials, (ii)
caling the process to pilot or production level, and (iii) introduction
f automation technologies.
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fabrication processes by solvent extraction/evaporation.
© 2008 Elsevier B.V. All rights reserved.

A review of the literature has revealed that the modalities and
uration of solvent extraction and solvent evaporation from the
rocess system still much depends on empirical know-how. To
redict the duration of the solvent extraction, the diffusion coeffi-
ient of the solvent in polymer solution is an important parameter.
o determine the solvent diffusion coefficient, experimentally
eveloped equations like the Wilke–Chang equation (Wang and
chwendeman, 1999) and others (Li et al., 1995a) have been used.
hese equations require empirical parameters and approximations,
hich are strongly material dependent.

In addition to the solvent diffusibility in the polymer phase, the
mount of solvent in the extraction phase is also a critical parame-
er. The solvent extracted from the o/w- or w/o/w-emulsions must
ventually be removed from the extraction phase to obtain solid
articles. We noticed that there is very little data and discussion
n the relationship between the amount of residual solvent in the
xtraction phase and the quality of the final particulate product
micro- or nanoparticles).

In this work, we aimed at elucidating the kinetics of solvent

xtraction and evaporation from an o/w-dispersion. In particu-
ar, we developed a mathematical model describing the kinetics
f solvent transport from the o-phase into the surrounding w-
hase (extraction phase). Moreover, we investigated the influence
f the amount of residual solvent in the extraction phase on the

http://www.sciencedirect.com/science/journal/03785173
mailto:hajime.kato.sx@hitachi-pt.com
mailto:hfkato@jcom.home.ne.jp
dx.doi.org/10.1016/j.ijpharm.2008.08.015
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orphology of the final product. We expect that the model and
erived knowledge will assist in future process design optimization
automation, up-scaling) and provide information on the condi-
ions needed (fluid dynamics, process time) to obtain solid particles
hat can readily be separated from the processing liquid.

. Model development

Fig. 1 illustrates the basic steps of commonly used solvent
xtraction/evaporation processes for PLGA micro- and nanoparti-
le fabrication. In Step 1, a solution of polymer in an organic solvent
s emulsified into an aqueous extraction phase generating the ini-
ial stage of microparticle shaping. In Step 2, the organic solvent
f the polymer phase droplets is extracted into the surrounding
queous extraction phase; this process is governed by solvent dif-
usion along its concentration gradient between the two phases. In
his step, the droplets transform into semi-solid or solid particles,
hich still contain residual organic solvent and water. In Step 3, the

xtracted organic solvent is evaporated to a sufficient extent from
he aqueous extraction phase. At completion of this step, the slurry
onsists of polymeric particles and aqueous extraction phase with
deally minimal residual organic solvent. Commonly, the solid par-
icles are separated from the slurry by collection on a membrane
lter or by centrifugation (step 4) and dried (step 5).

In a typical particle fabrication process, Steps 2 and 3 occur
imultaneously. Past endeavors to model the solvent extrac-
ion/evaporation process have indeed considered the simultaneous
ccurrence of Steps 2 and 3 (Wang and Schwendeman, 1999;
i et al., 1995a,b; Maa and Hsu, 1996). Nonetheless, the solvent
xtraction from the polymer phase droplets and the solvent evap-

ration from the extraction phase are different processes, which
eserve individual consideration for better understanding their

mportance.
Of particular practical importance is the duration of Step 2, i.e.,

he time needed for solvent extraction. To elucidate the kinetics of

f
d

Fig. 1. Schematic illustration of the PLGA microparticle fabrication proces
Pharmaceutics 364 (2008) 45–53

olvent extraction, two mathematical models were developed. The
rst model was derived from a diffusion equation to calculate the
olvent extraction time from polymer phase droplets (Step 2). The
econd model was developed to obtain valid solvent diffusion coef-
cient values in the polymer phase. The model was derived from
xperimental data on solvent evaporation from a polymer solution,
s described in Section 3.3.

.1. Model for solvent extraction from polymer phase droplets
nto surrounding aqueous phase

For the solvent extraction step, a diffusion equation for a single
olymer solution droplet surrounded by aqueous extraction phase
as defined. Assuming central symmetry, the solvent diffusion is

xpressed as

∂cd

∂t
= Dp

r2

∂

∂r

(
r2 ∂cd

∂r

)
(1)

here cd stands for solvent concentration, t for time, r for radial
osition, and Dp for the solvent diffusion coefficient in the poly-
er solution. Although the real diffusibility depends on the solvent

oncentration in the polymer phase, the diffusion coefficient was
ssumed to be constant. At the center of the droplet (r = 0), the
oundary condition can be defined as

∂cd

∂r

∣∣∣∣
r=0

= 0 at r = 0 (2)

At the droplet surface (r = R), where the solvent molecules pass

rom the inner to the outer side of the droplet, the boundary con-
ition is defined as

Dp
∂cd

∂r

∣∣∣∣
r=R−0

= DE
∂cd

∂r

∣∣∣∣
r=R+0

at r = R (3)

s by organic solvent extraction/evaporation from an o/w-emulsion.
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ig. 2. Prediction of DCM diffusibility: (a) in pure DCM (evaporation of DCM); (b) in
or optimizing the prediction of diffusion coefficient of DCM in polymers from exper
he evaporation of DCM from pure solvent and PLGA/DCM solution; (e) operation p

here DE is the solvent diffusion coefficient in the aqueous extrac-
ion phase and R is the radius of the droplet.

.2. Model for determining solvent diffusion coefficient during
olvent evaporation from a polymer solution

The model developed for determining the solvent diffusion coef-
cient during solvent evaporation from a polymer solution was
ased on a polymer solution with constant surface area S, from
here the solvent is evaporated in a one direction leading to the

ormation of a film. Henceforth, the experimental system will be
eferred to as polymer solution/film. The experimental basis for
he model development is illustrated in Fig. 2(b). The solvent mass
alance in the polymer solution can be expressed by

∂cdf = ∂
(

D
∂cdf

)
(4)
∂t ∂z
p

∂z

here cdf is the solvent concentration in the polymer solution, t
he time, and z is the vertical position in the solution. As solvent
vaporation is restricted to one direction, the boundary condition

c
t

h

DCM solution (evaporation and diffusion of DCM in polymer (PLGA)); (c) algorithm
ts (a) and (b); (d) schematic illustration of the developed sensor system to measure
le of the sensor.

t z = 0 is defined as

∂cdf

∂z
= 0 at z = 0 (5)

The solvent flux at the surface of the polymer solution/film
esults from the interfacial mass balance, which consists of diffu-
ion and evaporation of the solvent. The mass balance is expressed
s

Dp
∂cdf

∂z
+ cdf

∂h

∂t
= −nd at z = h(t) (6)

here h(t) is the thickness of the polymer solution/film at time
, i.e. the position of the solution/film surface, and nd is the flux
hrough the solution/film surface, i.e. the evaporation rate. Dur-
ng solvent evaporation, the thickness of the solution/film layer
ecreases. Introducing a term for the specific volume of the poly-
er solution/film �(cdf), which is primarily a function of the solvent
oncentration or mass fraction, the decreasing volume of the solu-
ion/film can be obtained, and the thickness is expressed as

= 1
S

∫
M

�(cdf) dm (7)
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here S is the constant evaporation area of the solution/film, dm
n infinitesimal mass, and M is the total mass of the solution/film
sum of polymer and solvent components). During evaporation, the

ass of the solvent decreases according to

∂M

∂t
= −Snd (8)

Integration of Eq. (8) provides the initial total mass of the poly-
er solution/film.
The solvent flux through the polymer solution/film surface, i.e.

he evaporation rate, is the driving force determining the kinet-
cs of the drying process. Several studies have already examined
nd described the solvent evaporation rates from polymer solutions
Birdi et al., 1989; Rowan et al., 1995; Price and Cairncross, 1999;
rbil and Dogan, 2000; Babin and Holyst, 2005; Hopkins and Reid,
005; Fang et al., 2005; Li et al., 2006). Price and Cairncross (1999),
rbil and Dogan (2000) and Fang et al. (2005) have expressed the
olvent evaporation rate as a function of solvent vapor pressure
nd mass transfer coefficient. In the present study, we quantified
he solvent flux by

d = ksa˛Pslv
evp (9)

here ksa is the mass transfer coefficient, ˛ the activity of the sol-
ent in the solution, and Pslv

evp is the vapor pressure of the pure
olvent. The mass transfer coefficient was experimentally deter-
ined (see Section 3.3). The solvent activity is a function of the

olume fraction of the solute (polymer) in the solution and, there-
ore, it depends on the solvent concentration at surface (at z = h(t)).
he relationship between the activity and the volume fraction or
he concentration was determined according to the Flory–Huggins
heory (Flory, 1978). The necessary molecular interaction parame-
er between solvent and polymer was deduced from the literature
Eser and Tihminlioglu, 2006).

In this model, the concentration cdf, the concentration depen-
ent local specific volume �(cdf), and the thickness h(t) are variables
o express the physical state of the polymer solution/film. Given
he initial conditions and materials properties (i.e., solution/film
imensions, initial solute concentration, solvent diffusion coeffi-
ient in the film, and the relationship between specific solvent
olume and its concentration), the total mass of the polymer solu-
ion/film and the residual mass of solvent were determined from
qs. (8) and (9). The mass transfer coefficient in Eq. (9) depends on
he solvent. In the present study, the coefficient was experimentally
btained by using the method described in Section 3.3.

. Methods

.1. Materials

The biodegradable polymer used was an end-group uncapped
5 kDa poly(lactide-co-glycolide) 50:50 (PLGA 50:50) from
oehringer-Ingelheim, Ingelheim, Germany (Resomer RG503H).
olutions of 7.5% (w/w) PLGA in dichloromethane (DCM) were
sed unless described otherwise. Double distilled water was used
s extraction phase.

.2. Specific volume of polymer solution

The specific volume of the polymer solution/film �(cdf) (Eq. (7)),
hich is primarily a function of the solvent concentration, was
xperimentally determined by monitoring the shrinking of PLGA
olution/film. The measurement was made with solutions of 5, 10,
0 and 50% (w/w) PLGA in DCM. Weight and volume of each solu-
ion were first measured accurately (pycnometer) to obtain the

ass fractions of the components and the specific volumes of the

3

p
M

Pharmaceutics 364 (2008) 45–53

olymer solutions. For determining the volumes at lower DCM con-
entration, the PLGA solutions were kept under ambient condition
o let the solvent evaporate in dishes of well-defined dimensions.
n this process, the PLGA solution shrank and turned into a gel. The
hickness and weight of the gels were measured with a micrometer
nd a microbalance respectively, and the mass fraction and specific
olume of the gel (at low DCM concentrations) were determined.

.3. Prediction of solvent diffusibility in PLGA

The experimental setup and related data analysis model to
redict the diffusibility of solvent in PLGA/DCM solution is illus-
rated in Fig. 2. In this method, the kinetics of solvent evaporation
rom PLGA/DCM solution and pure solvent (DCM) was measured
s outlined below. The solvent evaporation rate from the poly-
er solution was substantially lower than from the pure solvent,
hich is due to the lower solvent activity and increasing viscosity

f the polymer solution. From this difference in solvent evapora-
ion rates under otherwise identical experimental conditions, the
CM diffusibility in PLGA/DCM solution was determined. Although

he actual diffusibility depends on the solvent concentration, we
ssumed, for simplicity, a constant diffusion coefficient in the sol
nd gel states of the sample (Li et al., 1995a).

With pure DCM (Fig. 2(a)), mass decrease was solely caused by
vaporation so that Eq. (9) with ˛ = 1 (i.e., constant maximal activ-
ty) could be applied. According to Eq. (8), the evaporation rate
f pure DCM corresponds to ∂M/∂t = −SksaPslp

evp. From the time-
erivative of the measured mass loss profile, the mass transfer
oefficient of DCM, ksa, was determined.

For the PLGA/DCM solution, the solvent evaporation was cal-
ulated by Eqs. (4)–(9) using the previously determined solvent
ass transfer coefficient ksa. The calculations were reiterated using

arying diffusion coefficients to minimize the difference between
he measured and calculated profiles and to obtain the diffusion
oefficient of the system.

Solvent evaporation from pure DCM or PLGA/DCM solution
as quantified by electric conductivity measurements (Fig. 2(d)

nd (e)). The measuring system consisted of a function generator
33250A, Agilent Technologies, CA, USA), a custom-made electrical
ensor, and a 22 k� resistance unit (Fig. 2(d)). The sensor con-
isted of two electrodes glued on a glass plate and separated by a
mall channel of 300 �m height, 500 �m width, and 15 mm length
Fig. 2(d), bottom part with zoomed-in view). When filled with an
lectrically conductive material, the sensor unit measures a change
f electric current. The conductance depends on the properties and
he amount of the material (Fig. 2(e)). Therefore, by supplying con-
tant voltage amplitude from the function generator, the amount
f the material remaining in the channel during solvent evapora-
ion could be detected by the voltage generated on the resistance
nit. Although the electric conductivity of the organic phase was
ery low, preliminary testing revealed that alternate current of
.1 MHz, 5 V (peak to peak) is optimal in terms of signal-to-noise
S/N) ratio for this measurement. The detected voltage signal was
lso an alternate current so that the magnitude of the signal had to
e transferred to the effective voltage with a rectifier circuit. This
llowed us to monitor continuously the decreasing amount of sam-
le on a computer (CF-R1, Panasonic, Osaka, Japan) equipped with
nalog I/O card device (ADA16-8/2(CB)L, CONTEC, Osaka, Japan).
.4. Fabrication of PLGA microparticles

PLGA/DCM solution (o-phase) was emulsified in pure water (w-
hase) (Fig. 1, Step 1) by a micromixer (Micro Process ServerTM,
PS-�100, Hitachi Plant Technologies, Tokyo, Japan), which has
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fusion coefficient of 2 × 10 cm /s.

Considering diffusion coefficients of 2 × 10−7 and 1 × 10−5 cm2/s
(Cussler, 1997) for DCM in PLGA and in pure solvent, respectively,
the kinetics of DCM extraction from the center of a PLGA/DCM
droplet of 2 �m in diameter was calculated following the model
H. Katou et al. / International Jour

ecently been developed. This mixer is a continuous flow-through
ype mixer in which liquid phases (e.g., o-phase and w-phase) are
orced through a microchannel to generate high-shear forces for

ixing or emulsification. The ratio of o/w (v/v) was set at 1/10, and
otal flow rate of materials was varied from 22 to 110 ml/min to vary
roplet sizes. Although the mixer can process liquids continuously,
he batch volume of o/w-dispersion used in this study was 27.5 ml
2.5 ml of o-phase and 25 ml of w-phase).

As mentioned above, solvent extraction into the extraction
hase (Fig. 1, Step 2) and solvent evaporation from the extrac-
ion phase (Fig. 1, Step 3) were separately operated in this work
ccording to the following protocol. For solvent extraction, the dis-
ersion was discharged from the mixer into a measuring cylinder
re-filled with 500 ml extraction phase (pure water) and stirred
ently to extract DCM from the o/w-dispersion (Fig. 1, Step 2). Here,
he ratio (v/v) of DCM/water was more than 1: 250 to ascertain
ufficient water phase capacity for dissolving all DCM (solubility
f DCM in water is approx. 1.0%, v/v). To minimize solvent evap-
ration at this stage, the liquid/air interface was kept small by
sing a cylindrical vessel (diameter of 50 mm; liquid height of
55 mm), the mixture was stirred only gently, and the cylinder
ealed tightly to retain the solvent in the o/w-dispersion. The time
llowed for this solvent extraction step was varied between 0 and
5 min.

The second process, i.e., the solvent evaporation from the extrac-
ion phase (Fig. 1, Step 3), was performed by transferring the
/w-dispersion into a glass dish of 200 mm diameter and vigor-
us stirring to provide a large liquid/air interface and promote the
CM evaporation from the extraction phase. The time allowed for

his solvent evaporation step was varied between 0 and 45 min.
t the end of this process, the PLGA particles were solidified and
eady for collection on a 0.45 �m pore-size membrane filter (cel-
ulose acetate, OE67, Whatman, Dassel, Germany) (Fig. 1, Step 4);
he collected microparticles were finally dried at 20 mbar and room
emperature for 24 h (Fig. 1, Step 5).

.5. Rate of solvent evaporation from extraction phase

The rate of solvent evaporation from the extraction phase (Fig. 1,
tep 3) was measured by monitoring over time the total weight of
he o/w-dispersion, according to the PLGA microparticle fabrication
rotocol. As total weight decrease was due to the evaporation of
oth DCM and water (extraction phase), the evaporation rate from
00 ml of pure water was measured as a control and subtracted
rom total evaporation; the amount of water evaporating in the
zeotrope mixture with DCM was neglected as it amounts only to
% (w/w) of the azeotrope.

.6. Particle size distribution

Particle size distributions were measured by laser light scatter-
ng (Mastersizer X, Malvern, Worcestershire, UK, equipped with

100-mm lens) using a Fraunhofer diffraction model. For conve-
ience, the microparticles were analyzed for size before their final
rying.

.7. Morphology of microparticles (scanning electron microscopy)
Samples of dried microparticles were placed on double-sided
dhesive carbon stickers (Provac AG, Balzers, Liechtenstein) and
oated with 5 nm of platinum. The micrographs were taken on a
EO 1530 GEMINI scanning electron microscope (Zeiss, Cambridge,
K).

F
a
s

ig. 3. Relationship between specific volume of PLGA/DCM solution and mass frac-
ion of DCM.

. Results

.1. Duration of solvent extraction

A linear relationship was determined between the specific vol-
me of PLGA/DCM solution, �, and the mass fraction of DCM, ωD, as
xpressed by: � = 0.267wd + 0.527 [ml/g] (Fig. 3). In the mass frac-
ion range of 0.3–0.6, the samples appeared inhomogeneous with a
el-like layer on the surface and liquid phase below; therefore, this
ange was excluded from the experimental analysis. The product
f the specific volume times the mass fraction of DCM yields the
oncentration of DCM (ml/g) in the samples. Therefore, the plot-
ing of the specific volume, �, against the product of �·ωD yields
he specific volume of the PLGA solution/film as a function of DCM
oncentration, which corresponds to the function, �(cdf), described
n Section 2.2 and required to integrate Eq. (8).

Measured and calculated normalized amounts of residual DCM
uring solvent evaporation from pure DCM (gray undulated pro-
le) and from PLGA/DCM solution/film (black undulated profile)
re shown in Fig. 4. The calculated profiles (dotted lines) were
btained from Eqs. (4)–(8) by varying the diffusion coefficients from
× 10−8 to 1 × 10−5 cm2/s. The measured evaporation profiles of
ure DCM matched closely those calculated with diffusion coeffi-
ients in the range of 1 × 10−6 to 1 × 10−5 cm2/s. On the other hand,
he measured DCM evaporation from PLGA/DCM solution/film was
ubstantially slower and matched the calculated profile with a dif-

−7 2
ig. 4. Comparison between measured and predicted profiles of residual normalized
mounts of DCM in PLGA/DCM. Experiments were performed with a 7.5% (w/w)
olution of PLGA in DCM.
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ig. 5. Predicted relationship between the duration of solvent extraction and the
iameter of micro- or nanoparticles using diffusion coefficients of 1 × 10−7, 2 × 10−7,
× 10−7 cm2/s.

escribed in Section 2.1. The model predicts that 99.9% of solvent,
elative to initial concentration, is extracted from the center of the
roplet within approx. 0.1 s. The predicted solvent extraction time
or smaller and larger PLGA/DCM droplets and for solvent diffu-
ion coefficients of 1 × 10−7, 2 × 10−7, 4 × 10−7 cm2/s is illustrated
n Fig. 5. According to this model, solvent extraction is a very fast
rocess, which does not take longer than a few minutes even for
articles as large as 100 �m.

The microchannel-operated mixer used for the emulsification
f the PLGA/DCM-phase (o-phase) in the w-phase (Fig. 1, Step 1)
roduced droplet sizes in the range of 0.5–100 �m, which was con-
rolled by the flow rate of the fluids (Fig. 6(a)). With increasing flow
ates (i.e., from 2/20 (o-phase/w-phase) ml/min to 10/100 ml/min)
he droplet sizes became smaller and the size distributions nar-
ower and monomodal. The plot of the mode diameter, dmod (i.e.,
ost frequent particle diameter) versus fluids flow rate illus-

rates that dmod can readily be controlled between 2 and 20 �m
nd that dmod is particularly sensitive to changes in flow rate
etween 20 and 50 ml/min (Fig. 6(b)). Considering now the droplet
izes produced (Fig. 6), the determined solvent extraction time
or such droplets (Fig. 5), and the time for processing the fluids
n the micromixer (15–75 s for 27.5 ml fluid at total flow rates of
10–22 ml/min), it can be concluded that in the present experi-
ents virtually all DCM was extracted into the water phase during

he processing in the micromixer. Therefore, the time needed

or solvent removal in the preparation of PLGA microparticles
y conventional solvent extraction/evaporation must primarily be
overned by the solvent evaporation from the aqueous extraction
hase.

p
r
s
t

ig. 6. Control of PLGA/DCM droplet size by the micro-channel-operated micromixer: (a)
iameter (dmod) as a function of flow rate of the continuous phase in the micromixer (o/w
ig. 7. Evaporation profiles of DCM from PLGA/DCM droplets dispersed in pure
ater; the droplet mode diameters used, dmod, were 2 and 20 �m; before the solvent

vaporation step, the solvent extraction time was either 0 or 15 min.

.2. Duration of solvent evaporation from the extraction phase
nd its importance for the morphology of dried polymer particles

The model and deduced data for the solvent evaporation from
he extraction phase were validated through fabrication of batches
f large (dmod of 20 �m) and small microparticles (dmod of 2 �m).
s described above, the particle slurry was discharged from the
icromixer into a cylindrical sealed vessel for solvent extraction

uring either 0 or 15 min (Fig. 1, Step 2), before being transferred
nto a large glass dish to monitor solvent evaporation during 45 min
Fig. 1, Step 3). This experiment aimed at elucidating whether a
rolonged solvent extraction time of 15 min (Step 2) would alter
he solvent evaporation kinetics, which would suggest differences
n residual solvent in the PLGA/DCM droplets upon discharge from
he micromixer. For example, if a substantial amount of solvent
as still present in the PLGA/DCM particles at discharge from the
icromixer, the evaporation rate of the subsequent Step 3 would

e lower due to a lower solvent concentration in the extraction
edium. The actual data demonstrate that no difference of solvent

vaporation rate was noticed between the different particle sizes
nd extraction times (Fig. 7).

The knowledge of the solvent evaporation rate from the extrac-
ion phase (Fig. 7) should also give an indication about the time
oint when the particles can be separated from the slurry. From
revious experiments it was known that a premature filtration of
he slurry (e.g., after 10 or 20 min) through a membrane filter for

article collection yields, upon drying, a polymer film on the filter
ather than a powdery product; this was ascribed to the residual
olvent in the extraction phase exerting a plastizising effect on
he surface of the microparticles during drying. According to the

size distributions of PLGA/DCM droplets as a function of fluid feed-rate; (b) mode
ratio was 1/10 (v/v)).
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ppearance of the PLGA products; (b–d) SEM micrographs of the dried products; (b)
ggregated PLGA particles (macroscopic appearance of “aggregates”); (d) non-aggre

ata of Fig. 7, DCM was evaporated to a large extent after 40 min
nder the actual experimental conditions. To examine the effect of
esidual DCM in the extraction phase on the morphology of dried
LGA particles with dmod of 20, 10, 5 or 2 �m (Fig. 8), the PLGA
article slurry was filtered either before the solvent evaporation
tep (0 min) or after 5, 25 or 40 min during evaporation; the prod-
cts were finally dried on the membrane filters. All products (with
ifferent dmod) collected before solvent evaporation (0 min; DCM
oncentration in extraction phase: approx. 0.54%) formed a coher-
nt film on the membrane filter, which could be readily peeled
ff in the wet state and became hard and brittle upon drying.
he products collected after 5 min of solvent evaporation (DCM
oncentration in extraction phase: 0.2%) formed firm aggregates
uring drying, which required intense grinding for breaking them
p into individual microparticles. Similar aggregates formed from

arge particles (dmod of 20 �m) after solvent evaporation for 25 min
DCM concentration in extraction phase: <0.01%). This duration
f solvent evaporation was, however, sufficient to obtain a fine

owdery product of non-aggregated particles with the smaller-
ized particle batches (dmod of 10, 5 and 2 �m). The products
ollected after 40 min of solvent evaporation consisted, after drying,
xclusively of non-aggreated microparticles, irrespective of parti-
le size. Surprisingly, the SEM images of dried particles with a dmod

t
d
a
D
t

in extraction phase on the morphology of the dried PLGA products; (a) macroscopic
trongly aggregated PLGA particles (macroscopic appearance of a “film”; (c) partially
particles.

f 20 �m revealed particulate morphologies for all samples irre-
pective of their macroscopic appearance (film, aggregates, fine
owder) (Fig. 8). The microscopic appearances only differed in the
D arrangement and density of arrangement of the particles. With
he film, the particulate arrangement was very dense and appeared
at, whereas the non-aggregated microparticles showed a loose
nd pronounced 3D arrangement. The aggregated state appeared
icroscopically intermediate between those of the film and the

on-aggregated microparticles.

. Discussion

The main objectives of the present study were the investiga-
ion of the kinetics of solvent extraction and evaporation for PLGA

icroparticle fabrication from an o/w-dispersion and the establish-
ent of mathematical models for predicting the process kinetics.

xperiments and mathematical models indicated unambiguously

hat, under the actual conditions, DCM extraction from PLGA/DCM
roplets proceeds much faster than the DCM evaporation from the
queous extraction phase. A striking visual confirmation of the fast
CM extraction was obtained by scanning electron microsopy of

he dried product that was collected immediately after discharge
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rom the micromixer, i.e., only a few seconds after formation of
he o/w-dispersion. Although this product formed macroscopically
film upon collection and drying on a membrane filter, individ-

al and completely non-coalesced particulate morphologies were
bserved microscopically. This proves that most solvent had been
emoved from the particles at their discharge from the micromixer
o that coalescence did not occur even under filtration pressure. The
ticking together of the individual microparticles upon drying must
e attributed to the residual solvent in the extraction phase that
emained adsorbed on the particles before their final drying. There-
ore, it is the solvent evaporation step in the described microparticle
abrication process that defines the overall processing time.

The high rate of DCM extraction into the aqueous phase was pre-
icted by the mathematical model developed in this study. Solvent
xtraction under the actual experimental conditions was governed
ainly by solvent diffusion in the polymer droplets. We estimated

he DCM diffusibility in PLGA by a simple experimental method and
erived a diffusion coefficient of 2 × 10−7 cm2/s at room tempera-
ure, although the actual diffusibility in PLGA/DCM is not constant,
ut varies with PLGA concentration. In a previous study, DCM dif-
usion coefficient values in PLGA/DCM at room temperature were
stimated theoretically to be in the order of 10−5 to 10−4 cm2/s at
ow polymer concentration and approx. 10−9 cm2/s at high concen-
ration (Li et al., 1995a). Diffusion coefficients of DCM in PLGA have
lso been determined by inverse gas chromatography at 80–120 ◦C
nd found to be in the range of (3.5–11) × 10−7 cm2/s (Eser and
ihminlioglu, 2006). The PLGA glass transition temperatures, as cal-
ulated from the Kelley–Bueche equation (Li et al., 1995a), are 49 ◦C
or pure PLGA and 25 ◦C in the presence of 10% DCM. Therefore,
t 80–120 ◦C the PLGA is in the rubbery state. Thus, the diffusion
oefficient of DCM determined in our study is in the range of values
eported in the literature and represents the diffusibility of DCM in
LGA in its rubbery state.

The validity of the predicted diffusion coefficient was also
onfirmed experimentally by the very fast formation of well-
efined microparticles after mixing the o- and w-phases in the
icromixer. For example, for particle sizes with dmod = 20 �m,

he diffusion-based model predicted a solvent extraction time of
pprox. 10 s. Experimentally, we showed that well-defined non-
oalesced microparticles could be collected on a membrane filter
ight after the discharge of the o/w-dispersion from the micromixer,
hich represents a total processing time of 75 s for the batch size
sed (Fig. 8(b)). Thus, most of the solvent was extracted from the
-phase directly after the emulsification.

The present study stresses the importance of residual organic
olvent concentration in the extraction phase for the morphology
f the final product. Although there are reports on solvent diffusibil-
ty (Wang and Schwendeman, 1999; Li et al., 1995a) and on solvent
esidues in microparticles (Li et al., 1995a; Graham et al., 1999), we
re not aware of studies considering the effect of solvent content
n the extraction phase on the morphology of the final micropar-
iculate product. Early methods to speed up the process of solvent
vaporation from the aqueous extraction phase used either slightly
levated temperatures (Jeyanthi et al., 1996) or reduced pressure
Chung et al., 2002). The limited temperature increase acceler-
tes the solvent evaporation only slightly, whereas the application
f reduced pressure may cause substantial pore formation in the
icroparticles. Technically more viable ways of solvent evapora-

ion or removal from the extraction phase would be needed for
ndustrialization purposes.
From this study we derive that the knowledge and control of
olvent diffusion in the polymer phase and solvent evaporation
rom a solvent extraction phase are critical and instrumental for
he successful fabrication of microparticles. Knowledge of the criti-
al parameters will also allow one to adapt and optimize the solvent

F

G
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xtraction/evaporation process to any types of polymers, solvents
nd extraction phases. We expect that the developed tools and
ethods, involving experimental and theoretical techniques, will

ontribute to future optimization of process conditions and final
roducts.

. Conclusion

We derived a mathematical model for predicting the solvent
xtraction kinetics from a PLGA/DCM-in-water-dispersion. The sol-
ent diffusion coefficient required for this model was determined
y a simple experiment. From the model, the duration of solvent
xtraction was predicted for different PLGA/DCM droplet/particle
izes. The model was validated by the fabrication of PLGA micropar-
icles with dmod of 2- and 20-�m, for which the model predicted

solvent extraction time of approx. 0.1 and 10 s, respectively.
n the microparticle fabrication method, conducted in a novel

icromixer, the minimal processing time for the 240 mg particle
atches was 15 and 75 s for the 2 and 20 �m particles, respectively.
fter these processing times, well defined and non-coalescent
icroparticles were obtained. The study further predicted and evi-

enced that the removal of most of the organic solvent from the
xtraction phase (below 0.2% (w/w) residual solvent in extrac-
ion phase) was necessary for obtaining non-aggregated particles
fter collection by filtration and drying. The time of solvent evap-
ration was much longer than the time for solvent extraction
o that the former defined the total processing time required.
inally, the presented method and data should be a useful tool
nd guideline for the optimization and industrialization of solvent
xtraction/evaporation-based microparticle fabrication processes.
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