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a b s t r a c t

From microscopic observations, it was established that an oil-in-water emulsion with droplets of a size in
the micrometer range can spontaneously form at room temperature without additional external stirring
as soon as a solvent that is only partly miscible to water-like dichloromethane (DCM) is put in contact
with an aqueous mixture of polyethylene glycol (PEG) and a protein. Experimental results show that
emulsification only occurs if the system simultaneously includes PEG with middle chain, an organic sol-
vent partly miscible to water and for which PEG affinity is sufficiently high, and a protein. From adsorp-
tion kinetics, it appears that this spontaneous emulsification process is related to the rapid diffusion of
DCM towards water through the formation of interfacial turbulences, once the accumulation of PEG close
to the DCM/water interface occurs. The oil droplets formed would be then stabilized by adsorbed protein
molecules. Since the presence of polylactic acid in the organic phase did not prevent the emulsion forma-
tion, we studied the feasibility of formulating microparticles using this polymer. From results, it appears
that microcapsules with a polymeric shell, with a homogeneous size of about 50 lm and able to encap-
sulate a model hydrophobic drug, such as amiodarone, can be obtained by using this spontaneous emul-
sification method.

� 2009 Elsevier B.V. All rights reserved.
1. Introduction

The emulsification solvent evaporation technique is commonly
used to encapsulate a wide range of drugs, such as proteins, at high
concentration levels in polymer matrices [1,2]. To optimize protein
stability within the formulation, polymers, and in particular
poly(ethylene glycol) (PEG), can be used to minimize protein
adsorption at interfaces created during the emulsification process
[3–5]. PEG is a peculiar polymer which is soluble both in water
and in organic phases such as dichloromethane (DCM) [6]. From
the results of adsorption kinetics and interfacial rheological studies
performed on mixed films of PEG and hen egg-white lysozyme
(HEWL), a model protein, it appears that the introduction of PEG
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in water or in DCM influences protein adsorption prevention [7].
Thus, exposure of HEWL at the water/DCM interface is prevented
for a longer time if PEG is dissolved in DCM instead of in water.
Moreover, it was observed that the simultaneous dissolution of
HEWL and PEG in water induces the apparition of a spontaneous
emulsion process [7].

Generally speaking, spontaneous emulsification refers to the
formation of small droplets having diameters on the order of
1 lm when two immiscible liquids are placed in contact with each
other and when high shear rates are not required. Typically, the
droplets form spontaneously, without requiring any supply of
external energy of agitation, the entire energy required for the
emulsification coming from the redistribution of material within
the system [8,9].

In 1878, Johannes Gad first observed that a solution of lauric
acid in oil would spontaneously form emulsions when placed on
top of aqueous alkali [10]. In the past, the self-emulsification pro-
cess was reported to occur in oil–water–alcohol systems and in
various systems containing surfactants [11]. There is considerable
literature on the formation of microemulsions using alcohols such
as butanol, hexanol, and octanol which can help solubilize large
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quantities of oil and water, but these agents are not appropriate
pharmaceutical ingredients [12].

In the present paper, we have developed innovative conditions
required to obtain a spontaneous oil-in-water emulsion using PEG
and a protein. We have tried to explain the mechanism leading to
spontaneous emulsification. In order to further analyze this mech-
anism and to link it with the formulation area, preliminary studies
of formulation were carried out by using the spontaneous emulsi-
fication method to produce microparticles and to encapsulate a
model drug, amiodarone.
2. Materials and methods

2.1. Materials

PEG 2000 was an a-methoxy, x-hydroxy-PEG 2000. The num-
ber-average molecular weight (Mn) of the polymer determined
by nuclear magnetic resonance at 360 MHz was 2200. PEG 400,
PEG 2000, PEG 5000, PEG 8000, PEG 17,500, HEWL (no. L6876, dia-
lyzed and lyophilized, containing the buffer salts sodium acetate
and sodium chloride, 3 � crystallized, protein at approx. 95%), hu-
man serum albumin and bovine serum albumin (BSA) were pur-
chased from Sigma Chemical Co. (L’Isle d’Abeau, France), and
were used without further purification. Amiodarone was obtained
from Sanofi AG (Montpellier, France). Poly(lactid acid) (PLA50) was
supplied by Phusis (Saint-Ismier, France). According to the Mau-
duit and Vert classification [13], the gross composition was 50%
D-repeating units and 50% L-repeating units. The weight-average
molecular weight (Mw) determined by size exclusion chromatogra-
phy was 52,000 g/mol. The polydispersity index was 1.7. All the or-
ganic solvents were purchased from Prolabo (Paris, France). NaCl
(for analysis, ACS, ISO) was supplied by Merck (Nogent-sur-Marne,
France). Ultrapure water was obtained from a Millipore� system
(Milli-Q Plus 185, Molsheim, France).

2.2. Drop images and interfacial tension measurements

Adsorption kinetics and images of drops were recorded by
means of a pendant-drop tensiometer (Tracker�, Teclis, Longessa-
igne, France) [14]. A drop was formed with an Exmire microsy-
ringe (Prolabo, Paris, France) into an optical glass bowl (Hellma,
France) containing the other phase. From the analysis of the
numerical image of the drop with the Laplace equation integrating
the points of the drop profile, the interfacial tension was recorded
in real time (up to 20 measurements per second). The drop sur-
face area was maintained constant during the experiments thanks
to a drop volume control system, in such way that the surface ten-
sion variation was only related to the adsorption of molecules at
the interface.

Images (real size of 5 mm � 5 mm) of the studied drops were
recorded in real time. The size of droplets appearing at the surface
of the drop in some experiments (see results) was determined by
using the software ImageJ on the recorded images.
2.3. Microscopy observations

Spontaneous emulsification was also followed using optical
microscopy (Axioskop 2, Zeiss, Le Pecq, France), and images were
recorded using a Sony digital still camera supplied by Zeiss (Le
Pecq, France). A droplet of the oil was injected using an Exmire
microsyringe (Prolabo, Paris, France) into a mixed solution of
HEWL (1 mg/mL) and PEG 2000 or PEG 17,500 (10 mg/mL) con-
tained in a rectangular 30 mm � 5 mm glass cell of 0.5 mm thick
(VitroCom, New Jersey, USA) directly under the microscope.
2.4. Microparticle preparation

The aqueous phase contained PEG 2000 (10 or 20 mg/mL) and
protein (HEWL or BSA at 1 mg/mL), and the organic solution was
made of DCM and PLA50 (5 mg/mL). In case of drug-loaded micro-
particles, amiodarone was solubilized in the organic phase prior to
experiments. Using a syringe, 2.5 mL of the organic phase was in-
jected into the aqueous solution (50 mL), and then the mixture
was left at room temperature for 90 min, without any external
agitation, to allow the spontaneous emulsification to form. The
resulting emulsion was poured into deionized water (500 mL)
and magnetically stirred for 45 min to extract the DCM. Finally,
the formed microparticles were filtered through a 0.45 lm filter
(HVLP type, Millipore SA, Saint-Quentin en Yvelines, France),
washed with deionized water, freeze-dried (Virtis, France), and
stored at 4 �C.

2.5. Microparticle characterization

2.5.1. Morphology and size
The obtained microparticles were observed by optical micros-

copy (BH2, Olympus, Tokyo, Japan). The surface and the internal
morphology of the microparticles were investigated by using scan-
ning electron microscopy (SEM; JSM 6310F, JEOL, Paris, France).
Freeze-dried microparticles were mounted onto metal stubs using
double-sided adhesive tape, sputter-coated with a fine coat of gold
and carbon (JEOL JFC 1100, Paris, France) and examined under SEM.
To characterize the internal morphology, the adhesive tape with
stuck particles was first folded on itself and secondly roughly un-
folded to fracture the microparticles according to Pean et al. [15].
The coating was carried out as previously described. The average
particle size and distribution were determined using a Coulter�

counter Multisizer (Coultronics, Margency, France).

2.5.2. Drug encapsulation efficiency
Encapsulation tests were performed with amiodarone as a mod-

el drug. Amiodarone-loaded microparticles were prepared accord-
ing to the previously described protocol. Entrapment efficiency
was determined by HPLC (Waters 996, Waters, Saint-Quentin en
Yvelines, France) based on the method described by Weir and Ueda
[16]. Microparticles were dissolved with dimethylsulfoxide
(DMSO) prior to injection in the column (RP-18 column, LiChro-
spher� 100 Merck, Darmstadt, Germany). Samples of 50 lL were
injected into the column. Analysis was performed using a mobile
phase consisting of methanol, water and ammonium hydroxide
(94:5:1 v/v) delivered at a flow rate of 1.5 ml/min. Amiodarone
was detected by UV absorbance at 244 nm.
3. Results and discussion

Fig. 1a shows a pendant drop of DCM freshly formed in an aque-
ous solution of PEG 2000 (CPEG2000 = 10 mg/mL) and HEWL
(CHEWL = 1 mg/mL). A few seconds after the formation of the drop,
a flow of material is observed from the organic phase towards
the aqueous phase, and dark spots appear on the surface of the
DCM drop (Fig. 1b). With time, more and more of these spots can
be distinguished (Fig. 1c). After about 60 min, well-individualized
droplets (50 ± 20 lm in diameter) are visible (Fig. 1d). Fig. 2a
shows that the formation of a rising drop of the mixed aqueous
phase in DCM is not followed by any material flow but by the appa-
rition of the spontaneous formation of droplets in the aqueous
drop.

From these results, once a DCM drop is brought into contact with
an aqueous mixture of a PEG and a protein, an oil-in-water (o/w)



Fig. 1. Processing of a spontaneous emulsion at the surface of a DCM drop immersed in an aqueous phase of HEWL (1 mg/mL) and PEG 2000 (10 mg/mL). As observed in the
images taken at (a) t0, (b) t0 + 30 s, (c) t0 + 2 min and (d) t0 + 1 h, a spontaneous emulsification process occurs with the formation of microdroplets leaving the interfacial
regions.
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emulsion spontaneously appears, and oil droplets of 50 ± 20 lm
diameter are formed after keeping the phases in contact for 1 h.

From observations made by Malzert-Fréon et al. [7], such spon-
taneous emulsification depends on experimental conditions. Thus,
the influence of various experimental parameters on the formation
of the spontaneous emulsification was assessed. The results are
summarized in Table 1.

PEG is a peculiar polymer which is soluble both in water and in
various organic solvents, one of them being DCM [6]. As previously
observed [7], if HEWL is dissolved in water (CHEWL = 1 mg/mL) and
PEG 2000 in DCM (CPEG2000 = 10 mg/mL), no spontaneous emulsifi-
cation occurs. Thus, the polymer and protein must be simulta-
neously present in the aqueous phase to make the spontaneous
formation of the o/w emulsion possible. This result is different
from other self-emulsification processes using ethyleneglycol
derivatives as described in the literature. For example, Rang et al.
[17,18] report that an emulsion spontaneously forms when a mix-
ture of ethyleneglycol derivates (15 wt%)/n-octanol/n-hexadecane
is injected into water. In this case, emulsification would be ex-
plained by the diffusion of water into the initial oil drop, first con-
verting it to a microemulsion, and then causing this phase to
become supersaturated in oil, so that many oil droplets nucleate
in the aqueous phase [18].

In the absence of PEG, i.e. in the case of a drop of DCM immersed
in a protein aqueous solution (CHEWL = 1 mg/mL), no spontaneous
emulsification occurs. At fixed CHEWL in water (1 mg/mL), results
show that a PEG 2000 threshold concentration in water of
0.1 mg/mL must be reached to enable the spontaneous emulsifica-
tion process to occur.

If PEG 400 (CPEG400 = 10 mg/mL) is used instead of PEG 2000, no
emulsification is observed. With PEG 5000, similar spontaneous
emulsification to that obtained with PEG 2000 is observed. The
use of PEGs with higher molecular weights not only enables the
formation of a spontaneous emulsification outside the drop but
also induces a significant intensification of the material flow from
the organic phase towards the aqueous phase (marked on Fig. 2b
with a black arrow). This amplification of the emulsification was
also observed under the microscope after the injection of a DCM
drop with a microsyringe in a horizontal glass cell containing the
aqueous phase (Fig. 3). In these conditions, if PEG 2000 or PEG
17,500 is used, immediately after the formation of the DCM drop,
vesicles of about 1 lm in diameter appear all around the drop;
the layer of droplets becomes thicker and thicker over the course
of the experiment, and the progression of this layer towards the
aqueous phase is observed. The use of higher molecular weight
PEGs induces the formation of many more droplets (Fig. 3b). In
both cases, the droplets coalesce to form stable drops of about
50 lm in diameter, obtained 1 h after the beginning of the
experiment.

In the case of a system composed of a mixed polymer
(CPEG2000 = 10 mg/mL) and protein (CHEWL = 1 mg/mL) aqueous
phase, and chloroform instead of DCM, the emulsification process
occurs (Table 1). However, if DCM is substituted by ethyl acetate
or ethyl ether, no solvent flow and no spontaneous emulsion are
observed. This is also the case if decane is used. If ethanol is added
to decane in low proportions (ethanol/decane, 10/90), no emulsifi-
cation process is observed. The fivefold increase in the alcohol pro-
portion (ethanol/decane, 50/50) leads to the apparition of a small
solvent flow from the drop towards the bulk, but it does not induce
droplet formation.

These different observations show that the formation of sponta-
neous emulsification requires the use of an organic solvent partly



Fig. 2. Observation of (a) a rising aqueous drop of HEWL (1 mg/mL) and PEG 2000 (10 mg/mL) immersed in DCM, (b) a pendant drop of DCM immersed in an aqueous phase of
HEWL (1 mg/mL) and PEG 8000 (10 mg/mL), (c) a pendant drop of DCM immersed in an aqueous phase of PEG 2000 (10 mg/mL), and (d) a pendant drop of DCM immersed in
an aqueous phase of PEG 2000 (50 mg/mL).

Table 1
The influence of various experimental parameters on the formation of a spontaneous
emulsification process (*SEP). ‘‘yes” indicates that a well-defined SEP occurs; ‘‘no”,
that no SEP is observed; and �, that some emulsification occurs but no formation of
organized droplets is observed.

PEG Dissolution
phase of
PEG

Organic
phase

Cpeg

(mg/
mL)

Chewl

(mg/
mL)

CHsa

(mg/
mL)

Ionic
strength
(M)

SEP

2000 DCM DCM 10 1 – 0 No
2000 Water DCM 10 1 – 0 Yes
2000 Water Chloroform 10 1 – 0 Yes
2000 Water Ethyl

acetate
10 1 – 0 No

2000 Water Ethyl ether 10 1 – 0 No
2000 Water Decane 10 1 – 0 No
2000 Water Ethanol/

decane
10 1 – 0 No

– – DCM – 1 – 0 No
2000 Water DCM 0.01 1 – 0 No
2000 Water DCM 0.1 1 – 0 Yes
2000 Water DCM 1 1 – 0 Yes
2000 Water DCM 10 – – 0 �
2000 Water DCM 50 – – 0 �
2000 Water DCM 10 0.1 – 0 Yes
2000 Water DCM 10 0.5 – 0 Yes
2000 Water DCM 10 – 1 0 Yes
2000 Water DCM 10 1 – 0.1 Yes
400 Water DCM 10 1 – 0 No
5000 Water DCM 10 1 – 0 Yes
8000 Water DCM 10 1 – 0 Yes
17,500 Water DCM 10 1 – 0 Yes
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miscible to water (Table 2), and the presence of PEG in the aqueous
phase above a threshold PEG concentration value. Furthermore, the
higher the PEG molecular weight, the greater its affinity for the or-
ganic phase [6]. The fact that no emulsion occurs with organic sol-
vents in which PEG is insoluble (Table 2), and the intensification of
the process with higher polymers, indicates that the affinity of PEG
for the solvents used must be sufficient to allow emulsification to
occur.

In the absence of protein, i.e. in the case of a drop of DCM im-
mersed in a polymer aqueous solution (CPEG2000 = 10 mg/mL), some
material flow is observed from the organic phase towards the
aqueous phase. Nevertheless, after 90 min, only a few droplets out-
side the drop and a slight precipitate inside the drop are visible
(Fig. 2c). A fivefold increase in the PEG 2000 concentration in water
results in the formation of large eddies of DCM at the interface all
around the drop (indicated on Fig. 2d with black arrows) but does
not induce the formation of organized droplets.

At fixed CPEG2000 in water (10 mg/mL), the spontaneous emulsi-
fication process occurs independently of the HEWL concentration
(Table 1). Furthermore, the use of human serum albumin instead
of HEWL induces a similar spontaneous emulsification.

Thus, spontaneous emulsification occurs only if the system in-
cludes a protein, PEG, and an organic solvent partly miscible to
water and for which PEG affinity is sufficiently high.

Fig. 4 shows adsorption kinetics of PEG and HEWL at the water/
DCM interface. Although a decrease in surface tension is observed,
only high, positive interfacial tension values are monitored. Nega-
tive interfacial tensions have been proposed as the cause of spon-
taneous emulsification for some experiments using surfactants
[11,19]; they spontaneously cause an increase in the surface area
and lead to the formation of droplets that leave the macroscopic
interface and disperse [19]. However, from the results obtained



Fig. 3. Microscopic observations of spontaneous emulsification processes occurring
when a DCM drop is immersed in an aqueous solution of HEWL (1 mg/mL) and PEG
2000 (10 mg/mL) (a) or PEG 17,500 (10 mg/mL) (b).
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for our system, emulsification would not be due to such locally
negative interfacial tensions.

From adsorption kinetics, it appears that immediately after the
formation of a fresh drop of DCM, PEG segments adsorb at the
interface (Fig. 4). Furthermore, it is known that PEG presents an
important exclusion volume [20,21]. Because of the correlated ste-
ric exclusion, and as the osmotic stress induced by PEG decreases
the water activity, the presence of PEG in any protein solution
would provide the driving force to generate phase separation
[22,23]. In these conditions, the presence of protein in the aqueous
phase can indirectly lead to local accumulations of PEG, in partic-
ular close to the DCM/water interface, as indicated by the polymer
adsorption kinetics, and even more so when the polymer bulk con-
centration is high.

Local supersaturation of surfactants can lead to the formation of
intermediate phases such as micellar solutions, microemulsions,
and lyotropic liquid crystals. In some cases, intermediate phase
Table 2
The solubility of studied organic solvents in water at 25 �C according to [39,40]; PEG
solubility in studied organic solvents according to [6].

Solvent Solubility in water from [39,40] Solubility of PEG 2000 from
[6]

DCM 1.30 wt%: sparingly soluble in water Yes
Chloroform 0.815 wt%: very slightly soluble in

water
Yes

Ethyl ether 6.04 wt%: soluble in water No
Ethyl

acetate
8.08 wt%: soluble in water No

n-Decane 5.2�10�8 wt% : practically insoluble in
water

No
formation is accompanied by spontaneous emulsification [11].
From the examination of our systems in polarizing microscopy,
no anisotropic structures were observed (results not shown). How-
ever, intermediate phase formation is not always present in sys-
tems where spontaneous emulsification occurs [9,18].

From that, local accumulation of PEG close to the DCM/water
interface, favoured by the mutual presence of the protein in the
aqueous phase, can enhance interfacial tension gradients, and
thereabouts even enhance interfacial turbulences and diffusion-
stranding processes [11,24,25]. In these conditions, emulsification
can be spontaneously produced without supplying energy by
mechanical agitation.

Fig. 4 shows that adsorption equilibrium is reached after 1000 s,
c variation remaining lower than 0.1 mN/m. The value of interfa-
cial tension at equilibrium (ceq) for the PEG 2000 film is
14.6 mN/m, 7.3 mN/m for that of HEWL, and 6.5 mN/m in the case
of the mixed HEWL/PEG 2000 adsorption film. By comparing ceq

values obtained for the HEWL film and the mixed film, it appears
that either both PEG segments and HEWL molecules are present
at the interface at equilibrium or only HEWL molecules are present,
the difference between ceq values being regarded as negligible, and
correlated with artifacts of measurement because of the emulsifi-
cation. From surface rheology studies performed on the mixed film
at equilibrium (detailed results not shown), it appears that the
elastic behavior of the protein is recovered, and the same value
of elasticity (12 ± 1 mN/m) is found. Thus, during the late stage
of adsorption, HEWL molecules entirely push away the PEG 2000
segments from the interface, and at equilibrium, protein molecules
are present at the interface and predominantly influence the inter-
facial properties of the mixed polymer/protein film.

An increase in the ionic strength of the aqueous phase does not
prevent emulsification and even leads to the formation of larger
droplets outside the DCM drop (110 ± 40 lm). The conditions of
the experiment included a pH value of the aqueous phase of 6,
HEWL with a pI of 11.2, and positively charged protein molecules
[26]. An increase in the ionic strength makes the system less
hydrophilic [27] and leads to higher hydrophobic interactions, low-
er electrostatic repulsions within HEWL molecules, and a further
adsorption of the protein molecules at the interfaces [13,28]. A de-
crease in electrostatic repulsions between HEWL molecules which
are adsorbed at the surface of droplets improves coalescence of
droplets and provides larger droplets. This corroborates the fact
that HEWL molecules are present at the surface of spontaneously
formed droplets and help in their stabilization.

From the results obtained, the organization of droplets could be
schematized as follows (Fig. 5): DCM-swollen PEG droplets stabi-
lized by HEWL molecules and turned towards water.

Poly(lactid acid)s (PLAs) are polymers belonging to the family of
the poly(a-hydroxy acid)s, i.e. they are biocompatible and biore-
sorbable polymers, which are used in the formulation of polymer
microparticles [13]. The addition of PLA50 in DCM (CPLA50 = 5 mg/
mL) induces no modification of spontaneous emulsification. Thus,
the process could be interestingly applied to the formulation of
drug delivery particles of micrometric size, without requiring any
agitation.

Considering this last result, and to confirm the hypothesis for-
mulated above about the observed spontaneous emulsification,
formulation assays of microparticles were performed.

The organic phase (composed of PLA50 and DCM) was added by
a syringe into the aqueous solution (composed of water, PEG 2000
and protein). The concentrations of the compounds used were
based on the results presented above. The mixture was left at room
temperature for 90 min, without additional external agitation, to
let the oil/water emulsion form spontaneously. Then, in a second
stage, the resulting emulsion was poured into deionized water
and magnetically stirred for 45 min in order to extract DCM and
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to promote polymer desolvation. Finally, at the end of the process,
the objects formed were recovered via filtration and washed with
water.

The formation of microparticles was assessed under optical
microscopy. Two proteins, i.e. HEWL and BSA were tested. When
HEWL is used, both spherical and non-spherical objects such as
fragments or fibers are obtained (results not shown). In contrast,
with BSA, microparticles appear as well-individualized and spher-
ical objects (Fig. 6). This result suggests a better stabilization effect
of BSA in comparison with HEWL, probably due to the higher sur-
face activity of BSA [29,30]. As reported in the literature in another
context, the use of BSA instead of HEWL is more beneficial to the
stabilization of w/o emulsions [31].

Blank microparticles obtained with BSA as a protein have a
mean size of 50 lm. Under SEM, they exhibit a smooth skin with-
out any pores (Fig. 7A). Particles are formed by a dense and homo-
geneous structure. According to the internal morphology of
microparticles observed after section (Fig. 7C), the particles are
microcapsules with a well-defined shell.

Amiodarone was used as a model substance to be entrapped in
microparticles. This drug, which is widely used in heart therapy be-
cause of its antianginal and antiarrythmic properties [32,33], is not
DCM

Water

DCM

Water

Fig. 5. Schematic view of the organization of oil droplets around the DCM drop
immersed in an aqueous phase of a protein and a PEG .
very soluble in water at room temperature. By applying the spon-
taneous emulsification process, particles with a size of 50 ± 27 lm
were obtained. This diameter is of the same order of magnitude as
that of the droplets observed outside the DCM drop. From SEM
observations (Fig. 7B and D), drug-loaded microparticles are spher-
ical with a smooth external surface and a rough internal structure.
From HPLC measurements, the encapsulation yield reaches 33%.
These results indicate the presence of amiodarone in the core of
the capsules. The rough internal surface tends to confirm the
diffusion toward the aqueous phase of droplets of the DCM
phase, draining with them amiodarone, and stabilized by PEG
and protein.

Results of the experiments show that the new spontaneous
emulsification method allows the efficient entrapment of a model
drug. Thus, we can suppose that it could also be successfully ap-
plied to the encapsulation of other lipophilic drugs. The traditional
formulation process based on solvent-displacement implies a
water-miscible organic solvent such as acetone towards water
[12,26,34–38]. In our case, the process could involve a partly
water-miscible solvent. It could be convenient for encapsulation
of oil-soluble molecules which exhibit a partition coefficient highly
favorable for the organic solvent used [24]. Only depending on the
presence of PEG and a protein, the polymer acting partly as the ini-
tiator of the process, and the protein partly as a stabilizing agent,
this method could permit the formulation of microparticles using
a continuous process and avoiding the use of a high-energy-input
step (like sonication). This would be simple to use and relatively
easy to scale up.
Fig. 6. Optical micrograph showing blank microparticles obtained if the protein
used is BSA.



Fig. 7. Scanning electron microscopy (SEM) images showing the surface morphology of blank (A) or amiodarone-loaded microparticles (B), and the internal morphology of
the fractured corresponding blank (C) or amiodarone-loaded microparticles (D). The protein used in both cases is BSA.
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4. Conclusions

It was established that an oil-in-water emulsion is spontane-
ously formed at room temperature, without additional external
stirring, as soon as an organic solvent partly miscible to water is
put into contact with an aqueous phase containing protein and
PEG with middle chain length, soluble in the oil phase, and used
above a relatively low concentration threshold. From the results
of adsorption kinetics, it appears that PEG molecules adsorb at
the interface as soon as a drop of DCM is put in contact with the
aqueous phase. These molecules would initiate rapid diffusion of
DCM towards the aqueous phase through the formation of interfa-
cial turbulences. Then, the protein molecules would act as a stabi-
lizing agent of the DCM droplets newly created. After some
recombination for about 1 h, probably by coalescence, oil droplets
appear as stable structures of about 50 lm in diameter.

Furthermore, it was shown that the presence of polylactid acid in
the organic phase does not prevent spontaneous emulsification to
occur, and formulation of microparticles could be achieved. Thus,
by applying this new spontaneous emulsification self-diffusion
method, spherical microcapsules of about 50 lm were produced,
and preliminary tests allowed a model drug, amiodarone, to be
encapsulated. Optimization and applications of this novel and very
simple formulation process will be the object of further studies.
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