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bstract

Commonly, the microencapsulation of a lipophilic drug in a polymeric matrix via an ordinary oil/oil emulsification allows entrapping limited
rug amounts due to its loss into the external phase. In this present paper, a new microencapsultion method describes the use of perfluorohexane
s an external oil phase in order to produce microparticles of polyvinylpyrrolidon/vinylacetate (copovidone) and Eudragit® RS. Due to its highly
on-solvent properties to most compounds, very limited miscibility with organic solvents, and very low toxicity, perfluorohexane (PFH) represents
n excellent liquid for an external phase of the emulsion. Copovidone and Eudragit® RS microparticles were prepared by an oil/PFH method
rapping ibuprofen as a lipophilic model drug and compared to results from conventional methods (oil/water and oil/oil). Morphological analyses
f the obtained particles underlined the general matrix structure. The particle size varied between 75 �m (oil/oil) and 400 �m (oil/PFH) largely
nfluenced by the stirring speed. Although drug release kinetics were principally similar for all preparation methods, it was generally found that

ncapsulation rates of oil/water and oil/PFH systems (oil/water: 74 ± 9%; oil/PFH: 86 ± 10%) were superior to ordinary oil/oil emulsification
3 ± 1%). The use of PFH was found to be a new promising tool for the preparation of microparticles. This modified emulsification method allowed
he entrapment of lipophilic drugs into hydrophilic or lipophilic polymers in the absence of an aqueous phase.

2007 Elsevier B.V. All rights reserved.
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. Introduction

Microparticles can be designed for a large variety of thera-
eutic applications and for a nearly unlimited number of drugs.
his has led to the creation of many different microencapsula-

ion methods specifically adapted to the requirements of each
rug’s properties and of each production setup (Benita, 1996).
he most widely applied methods for pharmaceuticals are based
n the use of preformed polymers, employed to entrap the drug,
or instance by an emulsification step followed by solvent evap-
ration solidifying the polymer with the drug entrapped. In such
ases, microparticle preparation is achieved by an emulsifica-
ion with mechanical stirring with the prerequisite that the inner

hase solvent is highly volatile to ensure fast microparticle for-
ation (Bodmeier and McGinity, 1988; Lamprecht et al., 2000).

n most cases, strategies based on oil/water or oil/oil emulsifi-
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poration

ations are mainly related to two major decisive parameters: the
olubility properties of the polymer and of the drug to be encap-
ulated. In particular, a low solubility of the drug in the external
hase is required, otherwise low encapsulation rates may result
ue to drug leakage into the external phase (Nixon and Jalil,
990). In consequence, for hydrophilic drugs to be entrapped
n a water-insoluble polymer, the well-known double emulsion

ethod has been developed (Alex and Bodmeier, 1989; Nihant
t al., 1994; Hombreiro-Perez et al., 2003). In contrast, when
il/oil emulsification is applied for hydrophilic polymer matri-
es, the entrapment of lipophilic drugs still remains a problem
ue to leakage into the external oily phase providing sufficient
olubility for the drug (Lamprecht et al., 2004).

An omnipotent and ideal external phase liquid to encapsulate
ydrophilic as well as lipophilic drugs into various polymers
ndependent of their hydrophilicity would have the following

roperties: high non-solvent properties to most compounds,
nd very limited miscibility with organic solvents, and a lower
olatility then the internal phase solvent. Perfluorated hydro-
arbons are potentially of interest in this context since some of

mailto:alf.lamprecht@univ-fcomte.fr
dx.doi.org/10.1016/j.ijpharm.2007.02.010
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hem possess such limited solubility and miscibility properties.
erfluorohexane (PFH) represents an excellent example of such
compound. Moreover, PFH is considered to be ‘practically

on-toxic’ which is the lowest rating of toxicity an equiva-
ent to more than 1 kg for a 70 kg human (Knovel Library,
006). Thus, it is used for a variety of pharmaceutical pur-
oses (Krafft and Riess, 1998) such as in aerosol technologies
von der Hardt et al., 2002) or in medical diagnostics, espe-
ially in ultra-sonic imaging and magnetic resonance imaging.
ntravenously injected PFH micrometer sized bubbles provide
n efficient tool for magnetic resonance imaging (Riess, 2001;
isani et al., 2006). PFH is also able to dissolve gases, such
s oxygen and consequently such formulations can be used to
eliver oxygen to several tissues (Riess, 2001). All these appli-
ations prove that perfluorohexane is an adequate excipient in
erms to pharmaceutical requirements to formulate microspheres
MS).

The objectives of this study were firstly to evaluate the use
f PFH for the microencapsulation of drugs by an emulsifica-
ion method and secondly to characterize the MS with respect to
article size and morphology, drug loading, and release kinet-
cs. Ibuprofen was encapsulated as a lipophilic model drug. The
haracteristics of the developed MS were compared with parti-
les obtained from oil/oil or oil/water emulsification methods,
hich were used as a standard.

. Materials and methods

.1. Materials

Perfluorohexane and perfluoropolyester were generous gifts
rom H. Moebius & fils (Allschwil, Switzerland), Copovidone
vinylpyrrolidone–vinylacetate copolymer 60/40) was obtained
rom BASF (Ludwigshafen, Germany), and Eudragit® RS PO
as a kind gift from Degussa/Röhm Pharma Polymers (Darm-

tadt, Germany). Polyvinyl alcohol, Polycaprolactone, ibupro-
en, dichloromethane (DCM), heptadecyl-fluoro-1-decanol
ere purchased from Sigma–Aldrich (Deisenhofen, Germany).
-Hexadecanol, 2-octyl-1-dodecanol, ethoxylated monoglyc-
rides, ethoxylated C16–C18 alkyl alcohols, glycol P stearate,
nd magnesium stearate were obtained from Cooper (Melun,
rance), sorbitan monododecanoate, poly(oxy-1,2-ethanediyl)
orbitan monododecanoate, and sorbitan monooleate obtained
rom Seppic (Paris, France), mono-, di- and triglycerides
C8-10), 2-octyldodecyl-myristate, 1,2,3-propanetriol hexade-
anoate octadecanoate, and 1,2,3-propanetriol isooctodecanoate
ere obtained from Gattefossé (Gennevilliers, France). Krytox®

synthetic fluorated oil) was purchased from IKV Tribologie
Saint-Donat, France). All other chemicals were purchased from
igma–Aldrich (Deisenhofen, Germany) and were of analytical
rade.

.2. Methods
.2.1. Preliminary emulsion stability tests
A stock solution of 30 mg surfactant in 10 ml DCM was

repared. 0.5 ml of this solution was mixed with 2.5 ml PFH

d
I
w
f
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nd vortexed. Emulsion stability was determined qualitatively
y measuring the time until complete phase separation was
bserved.

.2.2. Preparation of the microspheres
Principally, the preparation of the MS was performed by three

ifferent methods: an oil/water, an oil/oil and the new oil/PFH
mulsification-solvent evaporation. For all different techniques
fixed amount of polymer (200 mg) and drug (20 mg) were

sed.

.2.2.1. Oil/oil emulsification. The polymer (Copovidone or
udragit® RS) and ibuprofen were dissolved in a mixture of
ml acetone and 2 ml ethanol. This solution was poured into
0 ml of triglycerides (Miglyol® 812) containing 1%, w/w sor-
itan monooleate and an oil/oil-emulsion was formed by stirring
ith a three-blade propeller at 500 rpm. The emulsion was stirred
nder vacuum until solvents were removed. MS were collected
y filtration and washing steps were performed with n-hexane
efore drying at room temperature.

.2.2.2. Oil/water emulsification. Since Copovidone is soluble
n water, this experiment concerned only Eudragit® RS formu-
ations: The polymer was dissolved in 3 ml of dichloromethane
DCM) together with the drug. This solution was then poured
nto 200 ml of water containing 0.1% PVA. The emulsion
as formed by stirring with a three-blade propeller at 400
r 500 rpm. Once DCM was completely evaporated, the sus-
ension was filtered and MS were dried at room tempe-
ature.

.2.2.3. Oil/PFH emulsification. The polymer (Copovidone or
udragit® RS) was dissolved in 3 ml of dichloromethane with

he drug. This solution was poured into 25 ml of perfluorohex-
ne, containing 48 mg/ml fluorated polyester. The emulsion was
tirred with a three-blade propeller at 500 rpm. After approxi-
ately 15 min, when all the solvent of the internal phase was

vaporated, the suspension in PFH was filtered and the MS were
ried at ambient conditions.

.2.3. Scanning electron microscopy (SEM)
The external and internal morphology of the resulting MS

as analyzed by scanning electron microscopy. MS were fixed
n supports with carbon-glue, and coated with gold using a
old sputter module in a high-vacuum evaporator. Samples were
hen analyzed under a JEOL JSM-T330A scanning microscope
Tokyo, Japan) at 10 or 24 kV.

.2.4. Particle size analysis
The size of MS prepared with Eudragit® RS was measured

n distilled water medium using Mastersizer II (Malvern Instru-
ents, UK). Copovidone-based MS were analyzed for their size
istribution in a particle/oil suspension by dispersing MS in 1 l
soparTM G containing 0.5% soy lecithin. Volume distribution
as plotted using a computer program supplied by the manu-

acturer.
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Table 1
Qualitative stability of a DCM/PFH emulsion after the addition of various
surfactants

Surfactant Stability

1-Hexadecanol +
2-Octyl-1-dodecanol −
Ethoxylated monoglycerides +
Sorbitan monododecanoate −
Poly(oxy-1,2-ethanediyl) sorbitan monododecanoate −
Ethoxylated C16–C18 alkyl alcohols +
Glycol P stearate ++
Sorbitan monooleate −
Mono-, di-, triglycerides (C8-10) ++
Polycaprolactone ++
Magnesium stearate −
2-Octyldodecyl-myristate ++
1,2,3-Propanetriol hexadecanoate octadecanoate −
1,2,3-Propanetriol isooctodecanoate −
Heptadecyl-fluoro-1-decanol ++
K
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.2.5. Determination of the drug content and in vitro drug
elease

Drug loaded MS (20 mg) were dissolved in 6 ml of
ichloromethane, and the drug content was evaluated with an
V/vis spectrophotometer at 264 nm against a calibration curve.
For in vitro drug release experiments drug loaded MS (20 mg)

ere suspended in 10 ml phosphate buffer (pH 7.4) and the dis-
olution medium was kept under magnetic stirring at 100 rpm.
ll the experiments were carried out at 37 ◦C for 24 h. Aliquots
f the dissolution medium (300 �l) were withdrawn at prede-
ermined time intervals. Samples were filtered with a 0.22 �m

illipore® filter and drug concentrations were directly analyzed
y UV/vis spectrophotometry after dilution with the phosphate
uffer.

. Results and discussion

The perfluorohexane is a very dense liquid (d ≈ 1.68 g/cm3),
hich exhibited a very low, non-determinable solubility of
udragit® RS, Copovidone or ibuprofen (data not shown).
lthough other studies mentioned a miscibility of PFH in DCM,
here mass fraction of PFH was around 1% (Pisani et al., 2006),
FH exhibited a large non-miscibility range in the DCM/PFH
atios applied in this study. This was advantageous for the
mulsification step, but rather delicate in terms of finding an
ppropriate surfactant, allowing the necessary stabilisation of
he oil/oil interface in order to ensure MS formation. In a pre-
iminary study, the stabilizing effect of a variety of surfactants
as tested on the DCM/PFH emulsion system (Table 1). In gen-

ral, pharmaceutically relevant surfactants were more or less
nefficient for the interface stabilization, and only fluorinated
urfactants were suitable for the interface stabilization. This
s apparently due to repulsion forces between non-fluorinated
urfactants and the PFH phase. Among fluorinated products

olyester were found to be most efficient while fluorinated sur-
actants with a head-tail structure did not sufficiently stabilize
he DCM/PFH interface. The stabilizing mechanism in this con-
ext might be similar to that of polyvinyl alcohol in oil/water

e
L
T
(

able 2
iameter and efficiency entrapment of ibuprofen of Eudragit® RS or copovidone mi
il/PFH (DCM/PFH) emulsification (ER = encapsulation rate), selected for in vitro dr

DCM/H2O

Ø (�m) ER (%)

S (500 rpm) 135 ± 10A 74 ± 9 1
197 ± 13B 2
367 ± 12C 3

S (400 rpm) 223 ± 15A 76 ± 12 2
309 ± 24B 3
550 ± 36C 5

opovidone (500 rpm) 1
2
3

A D(0.1).
B D(0.5).
C D(0.9).
rytox® (synthetic fluorated oil) −
erfluoropolyester +++

mulsion where mushroom conformations have been postulated
Philip et al., 2002).

.1. Eudragit® RS

Eudragit® RS belongs to the lipophilic non-pH-sensitive
udragit® group of polyacrylates together with RL, mainly
pplied for diffusion controlled drug release after polymer
welling (Malamataris and Avgerinos, 1990). This is one reason
ombined with the property that Eudragit® RS is non-soluble
n water but soluble in DCM and acetone which turned it into
very good model polymer for the characterization of the new
icroencapsulation process.
As a standard procedure, MS were prepared by the oil/oil
mulsification based on the technique reported earlier (Lorenzo-
amosa et al., 1998; Rodriguez et al., 1998; Jeong et al., 2001).
he particles appeared spherical and their surface was smooth

Fig. 1A and B), but since ibuprofen displayed a relatively high

crospheres prepared either by an oil/water (DCM/H2O), oil/oil (ACE/TRI) or
ug release experiments

DCM/PFH ACE/TRI

Ø (�m) ER (%) Ø (�m) ER (%)

24 ± 8A 86 ± 10 46 ± 5A 3 ± 1
17 ± 17B 75 ± 13B

81 ± 21C 168 ± 19C

72 ± 22A 92 ± 12
99 ± 55B

53 ± 26C

73 ± 14A 98 ± 11 86 ± 11A 5 ± 2
38 ± 35B 155 ± 53B

19 ± 24C 231 ± 23C
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ig. 1. Scanning electron microscopic images of Eudragit® RS MS prepared ei
) or an DCM/PFH emulsification (E and F).

olubility in the external triglyceride phase, the encapsulation
ate was found to be very low (Table 2). It has been shown
imilarly that this preparation method might not be suitable for
he encapsulation of rather lipophilic drugs into MS since high
rug load might not be achieved (Lamprecht et al., 2004). Ear-
ier reports about the microencapsulation describe mainly the
ntrapment of more hydrophilic compounds (Lorenzo-Lamosa
t al., 1998; Rodriguez et al., 1998). Despite the low encapsula-
ion rate observed, release kinetics were sustained with a 50%
elease after around 6 h and 80% ibuprofen release after 24 h

Fig. 2).

When applying oil/water emulsification, MS solidification
as obtained by solvent evaporation. Again particles had a

pherical appearance, showing small pores on the surface

p
n
p
2

y a DCM/TRI emulsification (A and B) or a DCM/H2O emulsification (C and

Fig. 1C and D). Due to the low solubility in the outer phase,
igh entrapment rates were achieved. The drug release was faster
han for the oil/oil method with a 50% release at t < 4 h and a
rug release of around 90% after 24 h. Although oil/water phase
ystems also permit the application of solvent extraction proce-
ures, in our study only solvent evaporation appeared to be a
omparable preparation procedure.

MS obtained by the DCM/PFH emulsification were spher-
cal and presented a smooth surface with nearly no pores
Fig. 1E and F). This underlines the impact of the external

hase on the morphology of the final MS where the mecha-
isms of diffusion during the solvent evaporation are generally
laying an important role (Dash, 1997; Lamprecht et al.,
000).
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Fig. 2. Cumulated ibuprofen release vs. time for different Eudragit® RS MS
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from the droplet coalescence trapping small amounts of PFH
ormulations: DCM/H2O, DCM/PFH, ACE/TRI at 500 rpm (A), and DCM/H2O,
CM/PFH at 400 rpm (B). Data are given as mean ± S.D. for n = 3.

The encapsulation rates were higher with the DCM/PFH
ethod compared to both other preparation methods. In both

ases the essential parameter is the drug solubility in the exter-
al phase. While the solubility of ibuprofen in triglycerides is
learly visible, the presence of polyvinyl alcohol in the external
queous phase might be responsible for lower entrapment effi-
iency based on its drug solubilizing effect in the external phase
data not shown).

Influences from principal preparation parameters for the
il/PFH method were not essentially different from ordinary
il/water emulsification methods. While increased polymer con-
entration led to only slightly larger MS and the increase of the
xternal phase volume showed minimal influences on the MS
roperties, the surfactant concentration and the stirring speed
ere observed to be decisive fabrication parameters. Particle size

ncreased distinctly with lower surfactant concentrations and

educed stirring speed, however, encapsulation rates remained
onstant. While in aqueous systems the solubilizing effect of
he surfactants is considered to deteriorate the drug entrapment,

(
P
2
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his is visibly not the case with the oil/PFH system, due to the
egligible drug solubility in the external phase.

Drug release kinetics of particles made by the DCM/PFH
ethod at 500 rpm, showed a 50%-release after 4 h and 90% of

he drug were released after 24 h (Fig. 2A). They were similar
o those obtained from oil/water particles, while release from
il/oil was considered to be different as showed the f2 test (data
ot shown). In the case of the oil/oil method, a slight retention of
rug release was observed in comparison with the oil/water and
il/PFH methods although the particle diameter was distinctly
maller. This may have two reasons, such as the generally lower
rug content influencing the release velocity as well as the pro-
ecting layer of the sorbitan monooleate which might not be
ompletely removed by the different washing steps. Thus, the
urfactant still orients its lipophilic ends towards the external
hase. The easy access of the aqueous phosphate buffer system
o the particle surface may be reduced subsequently delaying the
elease kinetic. This phenomenon was observed similarly with
ther MS (Lamprecht et al., 2004).

When particles are prepared at lower stirring speed, MS pre-
ared by oil/PHF and oil/water exhibited similar drug release
inetics (Fig. 2B). Since size, drug load, and matrix polymer
re equyivalent, comparable drug release kinetics might be
xpected. The porosity which was variable in dependency of
he preparation method, although not tremendously different,
as considered to have only a slight impact on the drug release.

.2. Copovidone

Hydrophilic polymers such as copovidone (weight ratio
0/40), are used for the enhancement of the dissolution rate
f lipophilic drugs and increase the bioavailability (Vojnovic
t al., 1993; Moneghini et al., 2000). The drug has to be dis-
ersed in the polymer matrix as a “solid solution” in order to
llow an immediate dissolution for an improved bioavailability.
n a precedent study, MS were prepared by an oil/oil emulsion
sing as external phase triglycerides or paraffin oil due to the
ydrophilic properties of the polymer refraining from the use
f an oil/water emulsification. Subsequently, the percentage of
ncapsulation of the drug is very weak due to its loss in the
xternal phase (Vojnovic et al., 1993).

Particles prepared by the oil/oil emulsification had a spherical
hape despite the high viscosity of both, internal and external
hase (Fig. 3A). The MS’ surface was again smooth and due to
he solubility of ibuprofen in the external phase encapsulation
ate was found to be very low (Table 2). Similar to observations
ith Eudragit® particles we observed a slight retardation effect
otentially due to the higher hydrophobicity of these MS owing
o the residual lipophilic surfactant (Fig. 4).

MS obtained from the DCM/PFH method had a spherical
hape and a smooth surface (Fig. 3B and C). The inter-
al morphology demonstrated in some cases the presence of
nternal cavities which were concluded to the consequences
Fig. 3D). Another possibility is the slight miscibility of small
FH amounts in DCM as reported elsewhere (Pisani et al.,
006) which may lead to the entrapment of PFH bubbles
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ig. 3. Scanning electron microscopic images of copovidone MS prepared eit
heir surface morphology (C) and internal structure from cross-sections (D).

uring the DCM evaporation inside the solidified polymer
atrix.
The DCM/PFH interface stabilizing perfluoropolyester in the

xternal phase was apparently limited in efficiency since persis-

ently relative polydisperse MS were obtained irrespectively the
urfactant concentration. Encapsulation rates in copovidone MS
ere again very high where values of around 95% entrapped

buprofen were similar to observations with Eudragit® RS.

ig. 4. Cumulated ibuprofen release versus time for different copovidone
S formulations: DMC/PHF or ACE/TRI emulsification. Data are given as
ean ± S.D. for n = 3.
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A

a DCM/TRI emulsification (A) or DCM/PFH emulsification (B–D) showing

As copovidone is soluble in water, a very rapid particle disso-
ution was observed, consequently leading to a nearly immediate
rug release (Fig. 4).

Generally, this microencapsulation method allows the entrap-
ent of lipophilic drugs into hydrophilic polymers by an

mulsification method. Although knowing that also other meth-
ds are available to solve this problem, however, they mostly
equire large apparatus, e.g. nebulizer while this method allows
he fabrication of preliminary batches at the laboratory scale.

. Conclusion

The use of PFH was found to be a new promising tool for the
reparation of MS. A modified emulsification method allowed
he entrapment of lipophilic drugs into hydrophilic or lipophilic
olymers in the absence of an external aqueous phase. This
ethod turns the parameter of drug’s solubility in the external

hase to a factor of negligible importance and could tremen-
ously facilitate the design of drug loaded MS. The obtained MS
iffer only slightly from properties found with particles obtained
rom ordinary preparation processes. This method appears to
over numerous applications in the broad field of microencap-
ulation in pharmaceutics.
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