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Abstract

A detailed investigation into the mechanisms of nanocapsule formation by means of the two stages “emulsion—diffusion” process is reported.
Such widely used process is still poorly understood. An emulsion of oil, polymer and ethyl acetate is fabricated as a first step; dilution with
pure water allows ethyl acetate to diffuse out from the droplets, leaving a suspension of nanocapsules at the end. It has been shown that the size
of nanocapsules was related to the chemical composition of the organic phase and the size of primary emulsion through a simple geometrical
relationship. As a consequence, most of the properties of the nanocapsules were decided at the emulsification step. The influence of several
formulation and processing parameters of the primary emulsion was studied accordingly. The thin polymer membrane of nanocapsules was
observed by means of cryo-fracture electron microscopy. Finally two experiments were designed for a mechanistic investigation of the diffusion
step. A step-by-step diffusion of the organic solvent takes place by successive partition equilibria of ethyl acetate between the droplets and aqueous
phase. A time-resolved experiment shows the fast diffusion (less than 20 ms) related to the small droplet size of the emulsion.

© 2007 Elsevier Inc. All rights reserved.
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1. Introduction

Aqueous suspensions of biodegradable polymer nanoparti-
cles are very attractive carriers for drug delivery because of their
versatility for their formulation in pharmaceutical dosage forms
[1-4]. Particles of submicronic size required for parenteral ad-
ministration and are also favorable for a fast penetration across
biological membranes. The term nanoparticle is used to define
solid colloidal particles having sizes (diameters) ranging from
10 to 1000 nm and to describe both nanospheres and nanocap-
sules. Nanocapsules consist in a liquid core surrounded by a
polymeric membrane; their internal structure is of the “core—
shell” type. The active substance is solubilized in the oil core.
In this contribution, we focus on biodegradable nanocapsules
of poly(e-caprolactone) prepared by the “emulsion—diffusion”
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process. This later technique presents clear advantages com-
pared to the other existing methods such as the use of phar-
maceutically acceptable organic solvents, high yields of encap-
sulation, high reproducibility, better control of the particle size
and easy scaling-up. The “emulsion—diffusion” method sum-
marized in Fig. 1 was first proposed by Quintanar-Guerrero et
al. [5-8]. It is a two-step process based on a conventional emul-
sification step followed by a removal of part of the oil phase
as a second step. First, an oil-in-water emulsion is fabricated
with “oil phase” containing the polymer and the oil in an or-
ganic solvent. The elimination of the organic solvent contained
in the oil phase causes the separation of the polymer and the
oil and a reduction of the particle size. Such removal of or-
ganic solvent is made by means of its diffusion into the aqueous
phase caused by water addition (diffusion step); then the or-
ganic solvent can be safely evaporated under reduced pressure.
The organic solvent is selected such that the oil and polymer
are both soluble in it, and it is partly soluble in water for the
diffusion by dilution to be possible. Ethyl acetate is an exam-
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Fig. 1. Preparation of nanocapsules by the emulsion—diffusion process.

ple of such favorable solvent. Such diffusion process is milder
than the direct evaporation of the organic solvent that is often
performed in microencapsulation technology. Nanocapsules do
not resist a direct evaporation of the solvent, possibly because of
the mechanical stress when gas bubbles form inside the aqueous
suspension. The formation of nanocapsules occurs at the diffu-
sion step when the organic solvent goes out of the oil droplets,
leaving the immiscible polymer and oil inside. More specifi-
cally, the organic phase is first made of polycaprolactone and
oil dissolved in ethyl acetate (previously saturated with water)
and the aqueous phase (previously saturated with ethyl acetate)
contains the emulsifier (stabilizer). An oil-in-water emulsion is
fabricated using a conventional emulsification technique; the
subsequent addition of water to the system causes the solvent
to diffuse from emulsion droplets, resulting in the formation of
nanocapsules.

The aim of the present work is to get a better understanding
of the nanocapsule preparation.

In particular, the diffusion step appears as a key-step that de-
serves more attention. However, technical difficulties coming
from the small size of the particles and the fast rate of the diffu-
sion step do not allow direct measurements. Therefore, we first
showed the geometric relationship between the primary emul-
sion and the final nanocapsule sizes. The effects of formulation
parameters on the nanocapsule final size were investigated. Ex-
perimental evidence of the presence of a polymer shell around
the oil core was obtained from electron microscopy. Finally, the
diffusion step has been studied at its intermediary stages and a
time-resolved experiment using fast mixing in a stopped-flow
instrument was attempted.

2. Experimental
2.1. Materials

The polymer used for the nanocapsule preparation was
poly(e-caprolactone), PCL (Sigma-Aldrich) with a weight-
average molar mass of 80000 g/mol. The oils Miglyol 812
(capric/caprylic triglyceride), Miglyol 829 (mixture of succinic
triglycerides of fatty acids caprylic/capric) and Miglyol 840
(propylene glycol dicaprylate/dicaprate) were provided by Con-
dea Chemie GmbH [9]. Ethyl acetate, AcOEt, from Aldrich
was used as organic solvent. The stabilizer poly(vinyl alcohol),
PVA, of molar mass 88 000 g/mol was purchased from Aldrich.
Deionized water was used for the preparation and for the dilu-
tion of the emulsions.

2.2. Nanocapsule preparation

Nanocapsules were prepared by “emulsion diffusion” meth-
od described in Fig. 1. First, mutually saturated aqueous and
organic phases were prepared. The saturated water contains
8.3% of ethyl acetate and the saturated solvent contained 3%
of water [10]. PVA was dissolved in saturated water at 50 °C
for 2 h. PCL was dissolved in saturated ethyl acetate at 50 °C
during 2 h and oil was added when the solution has cooled
back to room temperature. The resulting organic solution was
poured into the aqueous phase and emulsified with a rotor—
stator device Ultra-Turrax® T25 for 10 min. The oil-in-water
emulsion (O/W) formed at room temperature. The dispersed
droplets were converted into nanocapsules in the second step
of solvent diffusion. The addition of a large volume of water
(4 times the volume of the emulsion) to the emulsion under
gentle stirring with a magnetic bar allowed the ethyl acetate to
leave the droplets. The organic solvent and a part of the water
were thereafter removed by evaporation under reduced pressure
to afford a purified and concentrated suspension.

The type and content of the ingredient in the formulations
have been varied along the study. A typical recipe is as follows:
[PVA] = 2.5% w/w in aqueous phase (40 mL), [PCL] = 2%
w/w and Miglyol 812 = 5% w/w in organic phase (10 mL). The
emulsion was prepared by stirring with a Ultra-Turrax® T25
rotor—stator shearing device. The mix of aqueous and organic
phases of 50 mL overall volume was contained in a 100 mL
cylindrical beaker of 4.5 cm diameter and the S25N18G shaft of
the Ultra-Turrax® T25 was dipped at a 2.5 cm depth out of the
full 3.5 cm height of liquid. Mixing lasted 10 min at 8000 rpm.
For the above example, the diameter of the final nanocapsules
was 450 nm.

2.3. Characterization of nanocapsules

2.3.1. Size distribution

The particle size distribution was determined by light scat-
tering measurements using a small-angle light scattering instru-
ment Coulter® LS 230 (Beckman Coulter) or a dynamic light
scattering instrument Malvern® Zetasiser 3000HS. Measure-
ments were always made in triplicate. These two light scattering
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techniques are complementary since they are sensitive to dif-
ferent size-ranges and they differ a lot in their basic principle.
Thus small-angle light scattering is based of a measurement
of the time-averaged scattered intensity as a function of the
scattering angle; according to the explored angular domain,
particle diameters are measured between 100 nm and 2 mm.
Dynamic light scattering is a measurement of the Brownian
motion of the particles that is related to their hydrodynamic
diameter; the upper limit of the diameters that can be mea-
sured is 2 um. A dilution of the suspension is required for both
techniques. The dilution of nanocapsules was made with pure
water, whereas the primary emulsion was diluted with its con-
tinuous phase, that is, water saturated with ethyl acetate. In
small-angle light scattering measurements, the emulsions were
diluted until the transmission was 88%, as recommended by
the supplier for optimum operational conditions. The size dis-
tribution was calculated from the Mie theory according to the
following optical model. The real part of refractive index of
the particles was 1.45, close to that of Miglyol [11] and poly-
caprolactone, and the imaginary part was zero; the refractive
index of water was 1.33. The suspensions were diluted to ap-
proximately 10~* for dynamic light scattering, so that the count
rate was of the order of 200 kHz. The size distribution was
calculated from the auto-correlation signal using the CONTIN
algorithm.

2.3.2. Morphological study

Electron microscopy techniques were used to assess the
morphology of nanocapsules. Scanning Electron Microscopy,
SEM, was performed with a Hitachi S800 FEG microscope
at the “Centre Technologique des Microstructures” (CTu) at
the University of Lyon (Villeurbanne, France). A drop of di-
luted aqueous suspension of nanocapsule was deposited on a
flat steel holder and dried at room temperature. The sample was
finally coated under vacuum by cathodic sputtering with gold
and palladium (Technics, Balzers). The samples were observed
by SEM under an accelerating voltage of 15 kV.

Transmission Electron Microscopy, TEM, was performed
with a Topcon EM 002B microscope. A small drop of sus-
pension was deposited of a microscope grid (copper support
covered with carbon) and slowly dried in open air. The dry sam-
ples were observed by TEM under 200 kV acceleration voltage.
Observations were made either directly on the aqueous suspen-
sions diluted with water, or after negative staining with a 2%
sodium phosphotungstic acid solution.

Freeze-fracture electron microscopy provided a mean of vi-
sualizing the interior of nanocapsules. The preparation of the
freeze-fracture replicas were performed at the CTu of the Uni-
versity of Lyon with a Balzers freeze-fracture unit. The diluted
nanocapsule suspensions were frozen, and the frozen blocks
were fractured with a knife blade. The resulting fracture faces
were shadowed with platinum sputtering at 45° incidence fol-
lowed by carbon deposition at 90°. The samples were then
dissolved away from the replicas, the platinum on carbon repli-
cas were floated off, put on the supporting grid and observed in
TEM.
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Fig. 2. Typical size distribution obtained by dynamic light scattering measure-
ments for one of the studied system. Dashed line: primary emulsion; full line:
nanocapsules. Organic phase = 0.2 g of PCL and 0.5 g of Miglyol 840 in 10 mL
AcOEt, aqueous phase = 1 g of PVA in 40 mL water; emulsification with Ul-
tra-Turrax at 8000 rpm for 10 min; 200 mL water added for the formation of
nanocapsules.

3. Results and discussion

3.1. Example of nanocapsule preparation, control of the size
and stability

The emulsion—diffusion process has been used successfully
to prepare biodegradable nanocapsules in an efficient and repro-
ducible manner. This process allowed the fabrication of stable
aqueous dispersions of nanocapsules having controlled sizes in
the range 100-500 nm. The control of the mean diameter of
the nanocapsules was given by the choice of the composition
of the organic phase and by the shear rate of the emulsifi-
cation process. A simple geometrical relationship linked the
mean diameter of the primary emulsion obtained at the first
step and the final diameter of the nanocapsules obtained after
the solvent diffusion step. For a clean process where neither
coagulation nor droplet fragmentation took place during the sol-
vent diffusion and evaporation steps, each individual emulsion
droplet formed a nanocapsule. The removal of the organic sol-
vent (ethyl acetate) decreased the volume of each droplet by a
factor [oil + PCL]/[oil + PCL + AcOEt] given by the chemical
composition of the organic phase. The decrease of the particle
diameter was the third root of the decrease of the droplet vol-

ume.:

. 1/3
D(NC) |: Voil + VecL } )
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Therefore, the primary emulsion having a z-average diameter
D(Em) = 1100 £ 50 nm yielded a suspension of nanocapsules
having a z-average diameter D(NC) = 425+ 5 nm (Fig. 2). Ac-
cording to Eq. (1) and the recipe, the prediction was 447 nm.
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Fig. 3. Evolution of the size as a function of storage time at 4 and 40 °C for
emulsion droplets (Em), nanocapsules in diluted (NC dil) and concentrated (NC
conc) suspensions. Same recipe as in Fig. 2. The results at 20 °C not shown are
close to those at 4 and 40 °C.

Equation (1) pertains to the mean diameter of the emulsion
droplets, D(Em), and nanocapsules, D(NC), whatever the aver-
aging process. It also pertains to each droplet, that is, to the full
size distribution. Therefore, the size distribution of nanocap-
sules measured by dynamic light scattering can be predicted
pretty well from the size distribution of the primary emulsion
as measured by mean of the same technique (Fig. 2).

In order to use these nanocapsules in pharmaceutical field,
the long time stability is of major importance. The particle
diameter was measured against storage time at three tem-
peratures, 4 °C, 20 °C and under ageing conditions at 40 °C,
for emulsion droplets and their corresponding nanocapsules
(Fig. 3). The sizes of nanocapsules were measured for sus-
pensions stored before (diluted suspensions) and after (concen-
trated suspensions) the evaporation (i.e. respectively with or
without organic solvent present in the external phase); every
sample has been diluted to ~10~* immediately before each size
measurement however, since accurate light scattering measure-
ment required such a dilution.

The aqueous suspensions of nanocapsules were very stable
during the studied lapse of time of 5 months as shown in Fig. 3.
On the contrary, the primary emulsion was of poor stability.
The measured droplet size started to decrease steeply after 20
days storage, possibly because creaming prevented a correct
measurement; and it became impossible to obtain reproducible
measurements after 60 days storage. It is worth noticing that
such emulsions are quite peculiar since the droplets contain the
polar organic solvent ethyl acetate and the aqueous phase is
saturated with large amounts of the same solvent. Among the
several disastrous processes [12] that may take place (coagu-
lation, uncontrolled diffusion and evaporation of solvent), Ost-
wald ripening is the most likely. Ostwald ripening of emulsions
is fast for oils having a high solubility in water. This mecha-
nism causes the larger droplets of the size distribution to grow
and the smaller to shrink. Very large droplets are not measured
by the dynamic light scattering device when large amounts of

small ones are present because the sample time is set short
for a correct measurement of the small particles. Large parti-
cle are missed because their autocorrelation function decreases
too slowly against time; they contribute to the scattering as an
almost constant signal that is considered as background. In any
case, the stability of the primary emulsion is enough for allow-
ing the solvent diffusion step of the fabrication process without
any stability trouble since the solvent diffusion step takes place
in few milliseconds.

The good agreement between the predicted and experimental
diameters of the nanocapsules and the stability results show that
the solvent diffusion takes place in each independent emulsion
droplet that can be considered as an isolated droplet leaking its
content into the continuous phase.

3.2. Effect of formulation parameters on nanocapsule
formation

Since the final size depends on the composition and emulsi-
fication process parameters of the primary emulsion, the influ-
ence of these parameters have been investigated in more details.
Compared to classical oil-in-water emulsions, the present one
has two specificities: it contains a polar organic solvent in its or-
ganic phase and the aqueous phase is saturated with 8.3% ethyl
acetate. The influences of the classical formulation parameters
have been studied in details on these particular emulsions made
with very polar oil. The size of the nanocapsules was measured
at the end of the full emulsion—diffusion process because it was
easier experimentally. This size was related to the size of the
primary emulsion as described above. Some results have been
described in details in previous papers [7,11,13]. The influences
of new parameters related to both the formulation and the mix-
ing process are presently reported.

The influences of the different parameters are discussed with
reference to the simple break-up mechanism of the oil lig-
uid droplets caused by the shear stress, y, under laminar flow
[14-16]. Droplet break-up is resisted by the interfacial tension,
y, between the oil and aqueous phases. This is described by
the adimensional Capillary number, Ca, that compares the vis-
cous stress that causes the droplet fragmentation and the restor-
ing stress coming from surface forces [15]. For an oil-in-water
emulsion the capillary number reads:

o NwaterY R
Y

The droplets break-up when the capillary number exceeds a
given value or, in other words, the radius R of the broken
droplets is given by the limiting capillary number for droplet
fragmentation. The capillary number is generally reported as a
function of the viscosity ratio of the oil and aqueous phases
Noil/Nwater, giving the classical Taylor master curve [14—16].
This scheme has been extended far beyond the original the-
ory of Taylor to various types of flow and instrument geome-
tries [17]. Given an emulsification process (y is fixed), the
relative viscosity of the organic and aqueous phases is therefore
a well-known parameter that influences the size of the droplets.

Ca 2
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Table 1
Influence of oil viscosity in the organic phase (oil + PCL 4+ AcOEt) on nanocap-
sule mean size. PCL/oil = 1/2.5%

Table 4
Influence of concentration and molar mass of stabilizer (PVA) in the aqueous
phase on nanocapsule NC mean size?

Oil type Viscosity of oil at 20 °C (mPas) Mean size of NC (nm)
Miglyol 840 11 358 £5

Miglyol 812 30 483+ 5

Miglyol 829 250 702+ 10

4 Experimental conditions: 1 g of PVA (80000 g/mol) in 40 mL aqueous
phase (2.5% w/w), 0.2 g of PCL and 0.5 g of oil in organic phase (10 mL);
emulsifying with Ultra-Turrax during 10 min at 8000 rpm.

Table 2
Influence of oil concentration in the organic phase (Miglyol 812 + PCL +
AcOEt) on nanocapsule mean diameter?

Oil/polymer ratio Mean size of NC (nm)

0.5/1 360 £ 10
171 351+10
2/1 376 £ 10

2.5/1 483 £ 10

4 Experimental conditions: 1 g of PVA (80000 g/mol) in 40 mL aqueous
phase (2.5% w/w); 0.2 g of PCL in organic phase (10 mL); emulsifying with
Ultra-Turrax during 10 min at 8000 rpm.

Table 3
Influence of concentration and molar mass of polymer (PCL) in the organic
phase (oil + PCL + AcOEt) on nanocapsule mean size®

Mass of PCL (g) in Molar mass Mean size
10 mL of organic phase of PCL (g/mol) of NC (nm)
0.1 80000 465+5
0.2 483 £5
0.4 4575
0.8 470 £5
0.2 14000 456 +5
65000 420£5
80000 483 +5

4 Experimental conditions: 1 g of PVA (80000 g/mol) in 40 mL aqueous
phase (2.5% w/w); 0.5 g of Miglyol 812 and varying amounts of PCL in organic
phase (10 mL); emulsifying with Ultra-Turrax during 10 min at 8000 rpm.

The oil viscosity (Table 1) affected the droplet size according
to expectations: the larger was the oil viscosity, the larger was
the droplet diameter. The viscosity ratio of the oil and aqueous
phases was indeed in the domain 71 /nwater > 1 of the Taylor
curve where the size increases as a function of this ratio. The
variation of the nanocapsule diameter was moderate however,
which showed that the system was close to the minimum of the
Taylor curve where the smaller diameter was obtained.

The nanocapsule diameter slightly increased with the oil
concentration (Table 2). Such a variation could be rationalized
again with the help of the Taylor curve since an increase of
the oil content in the organic phase made it more viscous. Here
again, the variation of diameter was very weak, showing that
the experimental conditions were close to the minimum capil-
lary number.

The concentration and molar mass of the PCL polymer did
not influence the overall size of the nanocapsules (Table 3)
in the studied range polymer molar masses (14 000, 65 000 or

Mass of PVA (g) in Molar mass Mean size

40 mL of aqueous phase of PVA (g/mol) of NC (nm)

0.2 88000 365+5

0.5 3835

1 483 £5

1.5 1247 £50

1 31000 456 £5
88000 483 £5

4 Experimental conditions: 0.2 g of PCL (80000 g/mol) and 0.5 g of Miglyol
812 in organic phase (10 mL); emulsifying with Ultra-Turrax during 10 min at
8000 rpm.

80000 g/mol) and concentrations from 10 to 100 g/L in or-
ganic phase. Thickening the organic phase by the PCL polymer
has no significant effect as previously mentioned. The emulsi-
fication conditions close to the minimum capillary number is
presumably the origin of such insensitivity to these parameters.
This later observation has an important practical implication for
the preparation of nanocapsules. Indeed, it was possible to in-
crease the polymer content of the organic phase keeping the
particle size constant, therefore giving an easy way to increase
the polymer membrane thickness of the nanocapsules at con-
stant overall diameter.

The global size was not influenced by molar mass of the
PVA stabilizer but it depended on its concentration: the larger
was the PVA concentration, the larger was the nanocapsule size
(Table 4).

A higher concentration (or molar mass) of PVA stabilizer
makes the aqueous phase more viscous, therefore increasing the
mean nanocapsule diameter at nearly constant capillary num-
ber. The increase of nanoparticle size caused by increasing the
PVA concentrations has already been observed in several in-
stances [18,19].

Regarding the stirring stage, the nanocapsule diameter de-
pends on several parameters according to common knowledge.
The nanocapsule size was smaller upon increasing the stirring
speed and/or time [13]. Smaller nanocapsules were produced
when the stirring process was changed from shear mode (Ultra-
Turrax) to cavitation mode (ultrasound dispersing apparatus Vi-
braCell 75042 from Bioblock), keeping the same experimental
conditions and emulsification time. Therefore, it is possible to
decrease the nanocapsule size by a suitable choice of the emul-
sification technology.

Finally, the influence of the water addition mode during the
second step of the process (the dilution) was investigated. The
volume of water added to the emulsion was an essential pa-
rameter regarding the control of nanocapsule size since an in-
sufficient volume of water does not allow the full release of
ethyl acetate out from the emulsion droplets. Partial removal
of ethyl acetate is reported in the following section. In cases
where the total volume of added water is larger than the min-
imum volume corresponding to the solubility of the full ethyl
acetate in the aqueous phase, the mode of addition (one-shot
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Fig. 4. Test of the reproducibility and comparison between experimental and
calculated nanocapsule sizes for different experiment performed in the same
conditions. Organic phase = 0.2 g of PCL and 0.5 g of Miglyol 840 in 10 mL
AcOEt, aqueous phase = 1 g of PVA in 40 mL water; emulsification with
Ultra-Turrax at 8000 rpm for 10 min; 200 mL water added for the formation
of nanocapsules. The sizes of the primary emulsion are also reported on this

graph.

or drop-wise) and the rate of water addition were not sensitive
parameters.

The nanocapsule size is related to the emulsion droplet di-
ameter by mean of Eq. (1) when all solvent (AcOEt) has been
removed from the droplets after the water addition and solvent
evaporation. The results for several identical experiments repre-
sented in Fig. 4 show the reproducibility of the sizes. Measured
sizes are very close to the calculated ones. But the experimental
nanocapsule sizes were systematically slightly higher than the
calculated one. Presumably the measurements of the primary
emulsion size were not perfectly accurate owing to the difficul-
ties of correct dilution for performing dynamic light scattering.
Indeed, the emulsions should have been diluted with water satu-
rated with ethyl acetate, which was quite unstable with respect
to demixion. Good reproducibility was achieved by means of
dilution with a slightly undersaturated solution of ethyl acetate
in water; therefore the size of the primary emulsion was slightly
underestimated. Finally, there was no residual solvent in the
nanocapsules since no trace of ethyl acetate could be detected
in the final concentrated suspensions by gas chromatography
measurements.

By varying these different parameters, we could prepare
aqueous suspensions of well-defined nanocapsules having di-
ameters ranging between 250 nm to 5 um and having narrow
size distributions. Most of the formulations led to similar nano-
metric sizes because the capillary number was close to the flat
minimum of the Taylor curve where the sensitivity to formu-
lation parameters was the lowest. Larger capsules up 5 um
diameter could be prepared by lowering the shear rate of the
Ultra-Turrax.

3.3. Internal structure of the nanocapsules

The expected nanocapsule morphology was made of an oil
core surrounded by a polymer shell. It was quite a difficult task
to obtain direct experimental evidence of the core—shell mor-
phology of nanocapsules. Experimental data reported so far
were better strong indication giving support to such morphol-
ogy than definite proof. They were obtained by means of indi-
rect measurements such as observations of the improved stabil-
ity and the slower release rate of encapsulated materials [13].
Transmission electron microscopy pictures could provide ad-
ditional support [12,13,20] but not definite proof because this
was strongly dependent on the staining processes that was nec-
essary to reveal the polymer shell. Because the nanocapsules
are very small, the thickness of the polymer shell is necessar-
ily much smaller. The electron microscopy techniques that are
successful for demonstrating the capsule morphology of micro-
capsules do not work in the present case. Indeed the typical size
of microcapsules is 10-100 pm and the polymer membrane is
few micrometers thick. Therefore, the thick polymer membrane
is easily observed and it resists sampling processes of electron
microscopy because of it has high enough mechanical strength.
The scale of nanocapsules is a factor of one thousand smaller, so
that the polymer membrane thickness is of the order 1-10 nm.
The polymer membrane is therefore very soft and easy to crack
under the constraints of sampling processes (deposition on the
surface of the grid and drying, observation under high vacuum).
A last difficulty is the small thickness that is of the same or-
der of magnitude as the stabilizing layer of adsorbed PVA. This
was quite difficult to distinguish the PCL shell and the adsorbed
PVA, especially after a staining process.

There were several adverse effects of the presence of PVA
in the samples when the suspensions are observed by means of
transmission electron microscopy. “Direct” observations con-
sisted in diluting the suspension to 10~ and drying a thin film
of it deposited on the microscope grid. In addition to the typical
spherical particles corresponding to the expected nanocapsules,
small lumps of irregular shape were observed in the pictures.
These supplementary particles were made of pure PVA. The
phosphotungstic acid staining agent stained the PVA particles
and the adsorbed PVA; these dark areas obscured the obser-
vation of the remaining parts of the picture. In particular, the
adsorbed PVA appeared as a hallo around the particles. The
excess PVA was eliminated by centrifugation. This purifica-
tion of the aqueous phase was successful when using Miglyol
829 as oil in combination with PCL because the densities of
both materials were higher than water, allowing the sedimen-
tation of the particles in the ultracentrifuge. On the contrary
for Miglyol grades of density lower than water, the density of
their mixtures with PCL was close to water and the separa-
tion by centrifugation was unsuccessful. The density of PCL is
1.145 g/cm? and those of Miglyol 812, 829 and 840 are 0.945,
1.010, 0.915 g/cm?, respectively [9]. Thus, the suspension was
centrifuged at 15000 rpm for 1 h with a Beckman—Coulter Op-
tima MAX-E ultracentrifuge; the supernatant was removed and
the suspension was diluted to 10~* with pure water.
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(a)

0 nm

(b)

Fig. 5. (a) SEM image of nanocapsules. (b) TEM image of an isolated nanocapsule obtained in the presence of the negative staining agent phosphotungstic acid.
Organic phase = 0.2 g of PCL and 0.5 g of Miglyol 829 in 10 mL AcOEt, aqueous phase = 1 g of PVA in 40 mL water; emulsification with Ultra-Turrax at 8000 rpm

for 10 min; 200 mL water added for the formation of nanocapsules.

Scanning and transmission electron microscopy allowed the
observation of the particles and confirmed the nanocapsule size
obtained by light scattering. Fig. 5 shows images of nanocap-
sules with different diameter (corresponding to different experi-
mental conditions). In both cases, well-defined particles having
spherical form were observed. The diameters measured on the
pictures were in good agreement with those determined by light
scattering analysis.

The visualization of the thin polymeric membrane was made
by transmission electron microscopy after freeze-fracture sam-
pling. The theoretical thickness of the polymeric membrane can
be estimated from the experimental diameter of the nanocap-
sule, D, and the composition of the organic phase as:

D Vo \'?
() )
2 Vil + VecL

The underlying assumptions are the full phase separation of
the polymer and oil inside the particles and a homogeneous
thickness of the polymer shell. For instance, the theoretical
polymeric membrane thickness is 35 nm for nanocapsules of
diameter 457 nm which were obtained by using 0.4 g of PCL
(80000 g/mol) and 0.5 g of Miglyol 812 in 10 mL of or-
ganic phase 0.5 g of PVA (88 000 g/mol) in 40 mL of aqueous
phase.

Quenching the aqueous dispersion turned the particles into
their solid state, allowing their fracture without deformation.
Replicas of the fractured surface were observed by means of
TEM. Either fracture took place in the aqueous solidified sol-
vent, keeping the particles intact, or the particles were broken
into pieces that revealed their internal structure (Fig. 6).

The TEM image in Fig. 6a corresponds to a freeze-fracture
process that kept the entire nanocapsule whereas the second
image in Fig. 6b shows a piece of broken particle that is compat-
ible with the presence of a hollow structure. In this latter case,
the membrane thickness could be estimated at the edge of the
membrane fragment around 30 nm, which was in good agree-
ment with the calculated thickness. Nevertheless, the determi-
nation of membrane thickness using freeze-fracture microscopy
was very difficult because of the small number of nanocapsules

(a (b)

Fig. 6. TEM analysis of the nanocapsules prepared by freeze-fracture. Same
type of sample as in Fig. 5.

that have been broken and leaved in a favorable position for an
observation. Such a lack of data of statistical significance does
not allow a definite conclusion regarding the average thickness.
It is necessary to confirm these experimental data by further in-
vestigations that give a satisfactory statistical average such as
the small angle neutron scattering experiments to be reported
soon. Such experiments making use of deuterium-labeled mate-
rials have been successful for investigating the internal structure
of core—shell latexes and more complex heterogeneous systems
made of emulsion polymers [21-23].

As a summary, this part of the study on the internal struc-
ture has shown that the morphology of nanocapsules was of the
core—shell type and that the polymer membrane thickness was
indeed in the expected range.

3.4. Nanocapsule formation during the solvent diffusion stage

In order to get better understanding on the nanocapsule for-
mation, different intermediate states taking place during the
dilution step have been investigated. Two types of experiments
have been designed: (i) a step-by-step extraction of ethyl acetate
out of the droplet by means of discrete dilutions that allowed
partial diffusion of ethyl acetate; (ii) tentative time-resolved ex-
periments using a stopped-flow fast mixing device.
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3.4.1. “Step by Step” study of nanocapsule formation

Partial diffusion of ethyl acetate out of the emulsion droplets
have been performed by addition of the suitable amounts of
water. Investigation of these “quenched” intermediate states al-
lowed looking for possible accidents or transitions that could
take place during the solvent diffusion process. The step-wise
extraction of the solvent mimics a very slow process that would
consist in consecutive equilibrium states. The primary emulsion
was prepared and divided into several batches that were diluted
with different amounts of water in order to cause the diffusion
of a fraction of the AcOEt out from the droplets into external
phase. The resulting shrinkage of the droplets was measured
by dynamic light scattering. The droplet diameter could be cal-
culated from the residual volume of ethyl acetate inside the
droplets (Vacogt(res)) and the parameters of the primary emul-
sion (D (init) and VacoE:(init)) by means of equation:

D [ Voil + VecL + VacoE: (res) ] 13
D (init) Voil + VecL + Vacogt (init) '

As first approximation, the volumes of water were calculated
by assuming that the external phase was always saturated in or-
ganic solvent. Distilled water solubilizes 8.3 wt% of AcOEt at
saturation, corresponding to a volume fraction of ethyl acetate
Xgat = 9.1%. Accordingly, the amount of ethyl acetate remain-
ing inside the droplets and the droplet diameter were calculated
from Eq. (4) and

“)

VacOEt (res) —1_ Xsat Vadded water
VaAcOE: (init) Vacog(init)
Another way for proceeding a partial diffusion of ethyl acetate
out from the particles was a dilution with a fixed volume of wa-
ter partially saturated with a volume fraction xacog: of ethyl
acetate. According to this later process, the amount of ethyl
acetate leaving the particle was approximately the amount re-
quired for establishing the saturation of the aqueous phase. The
amount of ethyl acetate remaining inside the droplets was cal-
culated from equation

®)

VacOE:(Tes) —1_ (Xsat — XAcOEt) Vadded water
VacoE (init) VacoE (init)

Note that Eq. (6) reduces to Eq. (5) when xacop: = 0 (dilution
with pure water).

According to these two protocols, the droplet sizes were
measured at the intermediate states defined by the residual
amount of ethyl acetate inside the particles (Fig. 7). It was
observed that the two methods of solvent diffusion out from
the droplet were equivalent. The predictions of Egs. (4), (5)
and (6) showed excellent agreement with experiments at the
beginning of solvent diffusion. The predictions were slightly
but significantly lower than the experimental diameters at high
shrinkages (Fig. 7). Therefore, the amount of ethyl acetate that
left the droplets was lower than the amount required for estab-
lishing again the saturation of the aqueous phase. Ethyl acetate
was therefore partitioned between the droplets and the aque-
ous phase. A more elaborate modeling of the droplets shrinkage
according to partition equilibrium of the ethyl acetate can be de-
vised using a single partition equilibrium described by a mass-

(6)

1200

Diameter (nm)

¥ T ¥ T Y T ¥ T y T
100 80 60 40 20 0

Volume fraction of residual ethyl acetate (%)

Fig. 7. Size evolution according to the fraction of ethyl acetate contained in
nanocapsules as calculated with the approximate Egs. (5) and (6). (@) Dilu-
tion with increasing amounts of pure water; (@) Dilution with a fixed volume
(25 cm? into 10 cm? initial emulsion volume) of water partially saturated with
ethyl acetate; Solid line: Prediction of the combined Eqgs. (4), (5) and (6). 100%
AcOEt = emulsion state: 0% AcOEt = nanocapsule state.

action law (Eq. (7)). One underlying assumption is the validity
of a mass-action law, that is, ideal solution behavior. The second
assumption considers that the “organic phase” remains identi-
cal throughout the full depletion of ethyl acetate, starting from
the initial emulsion containing ~90% AcOEt and ending with
a nanocapsule droplet made of a diphasic medium containing
the oil and PCL. Full calculations are reported in Appendix A
for the two dilution processes either with increasing amounts of
pure water or with a fixed volume of water containing increas-
ing amounts of ethyl acetate,

[AcOEt]oi1
[ACOEt]water

Expressing the concentrations as volume of AcOEt per unit
volume of phase instead of the classical mol/volume unit, the
concentrations are identical to the volume fractions xacogt(0il)
and xacort(Water). The equilibrium of ethyl acetate between a
saturated aqueous phase (xgy = 9.1%) and pure ethyl acetate
reads accordingly

=K. )

_ XAcoEt(0il) _ 1
xacort(water)  0.091

=10.7. ®)

Taking this value of K, the variation of the measured diame-
ter could be accurately modeled for the two dilution processes
without the help of any fitting parameter (Fig. 8). The approx-
imate calculation described by Eqs. (5) and (6) departed from
the experimental data for both dilution processes when the frac-
tion of residual AcOEt was below 30%.

The successful modeling of the stepwise extraction of
AcOEt shows that such diffusion of AcOEt out from the
droplets took place as a continuous process. There is no ac-
cident (discontinuity) that would reveal a transition from ho-
mogeneous droplets to heterogeneous capsules. The simple
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Dilution with pure water
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Volume of added water/Starting total volume

(2)

Dilution with water + AcOEt
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Fig. 8. Size evolution with respect to the amounts added materials according to the two dilution processes. (a) Dilution with increasing amounts of pure water;
(b) dilution with a fixed volume (25 cm? into 10 cm? initial emulsion volume) of water partially saturated with ethyl acetate; (O) experimental; Solid lines:
prediction of the modeling with AcOEt partition using K = 10.7; Dashed lines: approximate prediction of the combined Egs. (4), (5) and (6).

geometrical model is an acceptable approximation at low de-
swelling rates. It should be noticed that the final diameter of
nanocapsules obtained at the end of the full process (Fig. 2)
was smaller of that measured after the dilution with the maxi-
mum amount of pure water because the residual ethyl acetate
inside the particles has been removed during the final evapora-
tion step, giving nanocapsules free of ethyl acetate.

3.4.2. Duration of the solvent diffusion step

Since the solvent diffusion takes place quite fast after the
one shot addition of water, it has been attempted to measure
the duration of this stage by means of time-resolved experi-
ments after fast mixing using the stopped-flow technique. The
stopped-flow apparatus allows to monitor the process by ei-
ther turbidity (absorbance) or fluorescence measurements after
mixing two solutions in a very short time (Fig. 9). The stopped-
flow principle of operation allows small volumes of solutions
to be driven from high-performance syringes to a high effi-
ciency mixer just before passing into a measurement flow cell.
As the solutions flow through, steady state equilibrium is estab-
lished and the resultant solution is only a few milliseconds old
as it passes through the cell. The mixed solution then passes
into a stopping syringe which stops the flow instantaneously
and traps the resultant solution in the flow cell. The kinetics
was followed by absorbance measurements. The mixing time
is 10 ms with used apparatus [24]. The two separated syringes
were filled with the emulsion and distilled water at the begin-
ning. They were mixed for in situ formation of nanocapsules.

Fluoresgence

Optical | .. /////, Absorbance
path /////////'/%//42 o
Cell
Stopping[__
syringe
: _

Drive

Fig. 9. Scheme of the stopped-flow apparatus.

The turbidity of the mixed sample was recorded as a function
of time (Fig. 10).

The only signal corresponding to the final state could be
observed (Fig. 10) and no evolution between initial and fi-
nal state could be detected. The turbidity indeed corresponded
to that arising from nanocapsules. The dilution of the starting
emulsion with water saturated with ethyl acetate allowed a di-
lution of the emulsion without diffusion of ethyl acetate out
from the droplets. In that case, the recording was correspond-
ing to the emulsion that had a much higher absorbance than
nanocapsules. It was concluded that the diffusion step was too
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Fig. 10. Absorbance during a kinetic measurements of solvent diffusion step
from emulsion droplets to nanocapsule by stopped-flow apparatus: (top) sche-
matic representation, (bottom) after mixing of emulsion and distilled water, the
experimental signal corresponding to nanocapsule was measured. The signal of
the starting emulsion was also recorded for comparison.

fast for being detected with the help of this experimental set-
up. Recording of the absorbance started after a dead time of
20 ms corresponding to the acquisition time of the spectrom-
eter. As a consequence, the actual duration of diffusion step
could not be evaluated. 20 ms is the upper limit of this time.
It was not possible to slow down enough the diffusion time by
using concentrated solutions of PCL of high molar mass as or-
ganic phase. Park could observe the diffusion of solvent out of
microspheres of poly(lactic acid) made of polymer having high
molar mass [25]. The measurements by Park were successful
because microspheres were investigated instead of nanoparti-
cles. The diffusion path was larger and the characteristic time
longer. The very short diffusion time is a consequence of the
small droplet size. An order of magnitude of the expected diffu-
sion time is estimated as the time required for diffusion over the
radius of the starting emulsion. Thus, # = R?/D gives 0.1 ms
diffusion time for a radius R = 500 nm and a diffusion coeffi-
cient of the small organic molecule AcOEt D =2 x 10™% m?/s.
The possible formation of the polymer shell during the diffu-
sion process might have built a barrier preventing the leakage
of ethyl acetate. Such a phenomenon obviously did not oc-
cur.

4. Conclusions

The preparation of well-defined nanocapsules has been suc-
cessfully carried out using the two stages “emulsion—diffusion”
process. It has been shown that the size of the final nanocap-
sules was related to the chemical composition of the organic
phase and the size of primary emulsion by a simple geomet-
rical relationship. As a consequence, most of the properties of
the nanocapsules were decided at the emulsification step. Dif-
ferent systems have been obtained by changing experimental
parameter during the emulsion step. Several formulation pa-
rameters were not sensitive because the viscosities of water
and organic phase were similar, placing the primary emulsion
at the flat minimum of the Taylor curve relating the capillary
number to the viscosity ratio. The final nanocapsule properties
depended mainly on the oil-to-polymer ratio that fixed the shell
thickness and the mixing parameters (mixing device, shear rate)
that fixed the size of the primary emulsion. The vesicular nature
of nanocapsules has been clearly shown by freeze fracture mi-
croscopy. The thickness of the polymeric membrane was close
to the calculated one.

Acknowledgments

We are grateful to Marie-Genevieve Blanchin and Andrei
Popescu (Laboratoire de Physique de 1la Matiere Condensée et
des Nanostructures, UMR 5586 CNRS, University of Lyon) for
their help in electron microscopy observations.

Appendix A

The diameter of the droplets was calculated from Eq. (4) re-
lating the diameter of the partially de-swollen droplets to the
diameter of the starting emulsion and the amount of residual
ethyl acetate contained inside the droplets. This later quantity
was calculated as follows from the partition coefficient (Eq. (7))
and the balance of AcOEt according to the type of dilution
process. All amounts are given as volumes in the following
equations; concentrations are therefore volume fractions.

The volume of AcOEt, Vacogre(total), is constant and the
volume of water increases according to the added volume
Viwater (added).

The partition equilibrium is

_ xacog(oil)

~ XAcOE((water)

_ Vacort(0i)  (Viwater + Vacort(water))
" Vacori(water) (Voil + VecL + Vacog(0il)”

(A1)

A.l. Dilution with increasing volumes of pure water

The total volume of water is

Viwater = Vwater (initial) + Viyaer (added). (A.2.1)

Ethyl acetate is found in both water and oil phases; its amount
is the sum of the starting volumes introduced in the oil phase,
Vacor(oil initial) and in the water phase, Vacor(Water initial)
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= Xsat X Viater(initial). The volume balance of AcOEt writes

Vacogt(total) = Vacort(oil initial) + Vacogt(Water initial)

= VacoEk:(0il) + Vacort(water). (A3.1)
A.2. Dilution with fixed volumes of water containing
decreasing amounts of ethyl acetate
The total volume of water is
Vwater = Viwater (initial) + (1 — xacort) V (added). (A.2.2)

The amount of ethyl acetate is the sum of the starting volumes
introduced in the oil and water phases, and that added in the par-
tially saturated aqueous phase used for the dilution. The volume
balance of AcOEt writes
Vacogt(total) = Vacogt(oil initial) + Vacogt(Water initial)

~+ xacor:V (added). (A3.2)

The set of Egs. (A.1)—-(A.3) is solved for x = Vac0og¢(0il) which
allows calculating the diameter as a function of added water.
Simple algebra gives the following second degree equation of
the form ax? + bx + ¢ = 0:
(K = D + [Viater + K (Voil + Vecr)
— (K — 1)Vacog (total) |x
— K Vacog(total) (Voit + Vecr) =0.

Its analytical solution is

—b ++/b% —dac
P .

(A4)

x = Vacog:(0il) = ——————
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