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bstract

Two pseudo-ternary systems comprising isopropyl myristate, soybean lecithin, water, ethanol and either decyl glucoside (DG) or capryl-caprylyl
lucoside (CCG) as surfactant were investigated for their potential to form microemulsion templates to produce nanoparticles as drug delivery
ehicles for proteins and peptides. All microemulsion and nanoparticle compounds used were pharmaceutically acceptable and biocompatible.
hase diagrams were established and characterized using polarizing light microscopy, viscosity, conductivity, electron microscopy, differential
canning calorimetry and self-diffusion NMR. An area in the phase diagrams containing optically isotropic, monophasic systems was designated
s the microemulsion region and systems therein identified as solution-type microemulsions. Poly(alkylcyanoacrylate) nanoparticles prepared by
nterfacial polymerisation from selected microemulsions ranged from 145 to 660 nm in size with a unimodal size distribution depending on the
ype of monomer (ethyl (2) or butyl (2) cyanoacrylate) and microemulsion template. Generally larger nanoparticles were formed by butyl (2)

yanoacrylate. Insulin was added as a model protein and did not alter the physicochemical behaviour of the microemulsions or the morphology
f the nanoparticles. However, insulin-loaded nanoparticles in the CCG containing system decreased in size when using butyl (2) cyanoacrylate.
his study shows that microemulsions containing sugar-based surfactants are suitable formulation templates for the formation of nanoparticles to
eliver peptides.

2007 Elsevier B.V. All rights reserved.

NMR

t
t
(
s
p
a
t
1
f
t
a

eywords: Microemulsions; Nanoparticles; Alkylcyanoacrylate; Self-diffusion

. Introduction

With the rapid advances in genetics and proteomics, an
ncreasing number of peptide and protein therapeutics are being
eveloped. This has provided formulation scientists with a new
hallenge as these molecules are highly susceptible to enzymatic
egradation in the gastrointestinal tract and have inherently poor
bsorption properties. However, novel controlled delivery sys-
ems for protein and peptide drugs that can overcome absorption
nd enzymatic barriers may result in an alternative safe and
ffective oral delivery strategy, hence increasing patient com-

liance and successful therapy.

Since poly(alkylcyanoacrylate) (PACA) nanoparticles
merged as a new class of particulate drug delivery systems in

∗ Corresponding author. Tel.: +64 3 479 3984; fax: +64 3 479 7034.
E-mail address: anja.graf@stonebow.otago.ac.nz (A. Graf).
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he 1980s, numerous studies have been undertaken to exploit
heir potential for biomedical and pharmaceutical applications
Vauthier et al., 2003). PACA nanoparticles have gained exten-
ive interest and are considered amongst the most promising
olymer based colloidal drug delivery systems for controlled
nd targeted drug delivery (Vauthier et al., 2003). This is due
o their biocompatibility and biodegradability (Couvreur et al.,
986, 1996), the simple manufacturing process, the potential
or scaling-up (Al Khouri et al., 1986; Allemann et al., 1993),
heir ability to efficiently entrap proteins (Watnasirichaikul et
l., 2000; Pitaksuteepong et al., 2002) and to provide protection
rom enzymatic degradation (Lowe and Temple, 1994), and
heir ability to facilitate the absorption of peptides from the gut
umen (Damge et al., 1987).
Not only have PACA nanoparticles been reported to possess
he required qualities for efficient delivery of proteins and pep-
ides but also the microemulsions used to make them have been
hown to improve the oral absorption of peptides (Sarciaux et

mailto:anja.graf@stonebow.otago.ac.nz
dx.doi.org/10.1016/j.ijpharm.2007.08.053
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l., 1995; Watnasirichaikul et al., 2002b). Microemulsions are
ispersed systems of water, oil and a surfactant/cosurfactant
ixture. Importantly, from a formulation viewpoint, they form

pontaneously and are thermodynamically stable (Lindman and
tilbs, 1987; Moulik and Paul, 1998). Microemulsions have
omplex and diverse microstructures varying from droplet-to
icontinuous- and solution-types (Lindman and Stilbs, 1987).
olution-type microemulsions are reported to be molecular
ispersions of all components (Lindman and Stilbs, 1987).
ACA nanoparticle preparation by interfacial polymerisation
f microemulsions was first introduced by Gasco and Trotta
Gasco and Trotta, 1986) using a water-in-oil (w/o) microemul-
ion. Watnasirichaikul et al. developed a simple one-step process
sing ethylcyanoacrylate as a monomer and a w/o-droplet-type
icroemulsion (Watnasirichaikul et al., 2000). Concerns about

he toxicity of cyanoacrylates with shorter side chains (Gipps
t al., 1987; Lherm et al., 1992) have led to the use of butyl
2) cyanoacrylate as a suitable monomer in addition to ethyl
2) cyanoacrylate in microemulsion polymerisation. Butyl (2)
yanoacrylate is one of the two monomers that have been
pproved by the FDA as tissue adhesives in human use (Singer et
l., 2004). The use of microemulsions as templates for polymeric
anoparticles is not limited to water-in-oil microemulsions.
rauel et al. have demonstrated that all types of microemul-

ions including water-free microemulsions (Krauel et al., 2005,
006) can be used as templates to form PACA nanoparticles.
oreover, using biocompatible microemulsions as nanoparticle

emplates has the advantage of being able to omit the separation
tep of the particles from the template after polymerisation and
his in turn enables the simple one-step formulation of deliv-
ry systems combining the benefits of both microemulsions
nd nanoparticles for the delivery of proteins and peptides. In
act, Watnasirichaikul et al. have investigated this combination
trategy of nanoparticles dispersed in a w/o microemulsion and
ound it to be beneficial for the intragastric delivery of insulin
o diabetic rats (Watnasirichaikul et al., 2002b).

Microemulsion excipients in the current study were chosen
ith respect to biocompatibility and biodegradability. Isopropyl
yristate is a non-toxic ester with good systemic and local tol-

rance (Fiedler, 2002) and is pharmaceutically acceptable as the
il component in microemulsions (Aboofazeli and Lawrence,
993). In recent years sugar-based surfactants, alkylpolyglu-
osides, have emerged as a novel, important class of natural
urfactants with excellent biodegradability and good skin tol-
rance. Alkylpolyglucosides are known to form lamellar liquid
rystalline phases which transform to microemulsions in the
resence of cosolvents (Fiedler, 2002; Savic et al., 2006). They
epresent a class of biodegradable surfactants that may be ben-
ficial as alternatives to other non-ionic surfactants to form
icroemulsions in combination with cosurfactants (Fukuda et

l., 2001). Lecithin is an integral part of cell membranes and
hus highly biocompatible. It is widely used as an emulsifier
or food products, cosmetics and in pharmaceutical systemic

pplications such as total parenteral nutrition and for the prepara-
ion of liposomes (Fiedler, 2002). Lecithin has also been studied
or its absorption-enhancing properties in an intranasal insulin
ormulation (Anonymous, 1991). Due to its molecular struc-

v
w
f
t

harmaceutics 350 (2008) 351–360

ure, soybean lecithin tends to form lamellar liquid crystals in
queous dispersions but it has been reported to form microemul-
ions in combination with short-chain alcohols such as ethanol,
hereby making it suitable for oral drug delivery (Aboofazeli
nd Lawrence, 1993; Saintruth et al., 1995; Trotta et al., 1996,
999).

The aims of this study were to establish and charac-
erise a biocompatible microemulsion-system using lecithin and
ugar-based surfactants, to identify the types of microemul-
ions formed and to explore their potential as nanoparticulate
arriers for the delivery of bioactives by interfacial polymerisa-
ion of the microemulsion template with alkylcyanoacrylates.
sing microemulsions with different microstructure and dif-

erent aqueous fractions offers the advantage of having large
nd variable formulation options for solubilizing proteins and
eptides.

. Materials and methods

.1. Materials

Isopropyl myristate (IPM) was purchased from Sigma (St.
ouis, MO, USA). Soybean lecithin (Epikuron 200) was sup-
lied by Degussa Texturant Systems (Hamburg, Germany).
ecyl glucoside (DG, Oramix NS 10) and capryl-caprylyl glu-

oside (CCG, Oramix CG 110) were a gift from Seppic (Paris,
rance). Ethanol was supplied by AnchorEthanol (Auckland,
ew Zealand). The monomers ethyl (2) cyanoacrylate (Sicomet
0) and butyl (2) cyanoacrylate (Sicomet 6000) were donated by
enkel Loctite (Hannover, Germany). Chloroform was obtained

rom Merck (Darmstadt, Germany) and human insulin (Humulin
, 100 IU/ml) was purchased from Eli Lilly Ltd. (Auckland, New
ealand). Distilled water was used throughout the experiments.

.2. Methods

.2.1. Preparation and characterisation of microemulsions,
onstruction of phase diagram

Samples were prepared by mixing appropriate amounts of
PM, water and surfactant/cosurfactant mixture in vials by shak-
ng. The surfactant/cosurfactant mixture was prepared at a ratio
f 32.6% lecithin to 40.4% DC or CCG to 27% ethanol (w/w)
Trotta et al., 2003). All sample preparations were carried out
t room temperature. The pseudo-ternary phase diagrams were
onstructed by preparing samples at 66 compositions within
he phase diagram for an overview of the phase behaviour of
he different systems. Determination of the boundaries of the

icroemulsion region was then refined by a titration process of
omogeneous mixtures of IPM, surfactant and cosurfactant, with
ater. For the titration process water was added dropwise to an

PM/surfactant blend with a varying ratio of IPM to surfactant-
ix ranging from 9:1 to 1:9 (w/w). Samples were left for

quilibration between each addition of water for 10 min and were

isually examined for transparency. Microemulsion samples
ith a surfactant-to-water ratio of 9:1 (w/w) were prepared for

urther characterisation. For microemulsions containing insulin,
he aqueous component was replaced by Humulin R.
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.2.1.1. Polarizing light microscopy. Samples initially pre-
ared for the construction of the phase diagram as well as
he microemulsion samples prepared for detailed studies of the

icroemulsion phase boundary were inspected with a polarizing
ight microscope (Nikon Optiphot PFX, Tokyo, Japan) to iden-
ify microemulsions (non-birefringent) and liquid crystalline
tructures (birefringent). A digital camera (Nikon CoolPix 990,
apan) was attached to the microscope for capturing images of
he different structures.

.2.1.2. Viscosity. Viscosity of the systems was measured using
Brookfield DVIII rheometer (Brookfield Engineering Lab-

ratories, Stroughton, MA) fitted with a CP-42 cone spindle.
rookfield Rheocalc operating software was used to control the
easurement. A sample volume of 1 ml was used. The measure-
ents were performed in triplicate at 25 ◦C.

.2.1.3. Conductivity. Conductivity measurements were car-
ied out for the microemulsion samples using a Riac CM/100
onductivity meter fitted with an YSI 3481 electrode having a
ell constant of 0.11 cm−1 (Yellow Springs Instruments Inc.,
ellow Springs, OH). Electrical conductivity was measured of
icroemulsions without addition of salt and additionally of
icroemulsions where the aqueous phase had been replaced

y a 1 mM sodium chloride solution. Incorporation of 1 mM
odium chloride did not affect the phase behaviour of the sys-
ems investigated. Measurements were carried out in triplicate
t 25 ◦C.

.2.1.4. Cryo-field emission scanning electron microscopy
cryo-FESEM). Microemulsions were loaded into copper riv-
ts and plunge frozen in liquid propane at a temperature of
180 ◦C with a Reichert KF 80 cryofixation system (Leica, Wet-

lar, Germany). Samples were stored in liquid nitrogen before
eing transferred into the cryo-stage (Gatan, Alto 2500, UK) of
he microscope (JEOL, JSM-6700F, Japan). After fracturing the
ample with a knife it was viewed at a temperature of −140 ◦C
nd an accelerating voltage of 2.5 kV.

.2.1.5. Differential scanning calorimetry (DSC). DSC mea-
urements were performed with a DSC TA Q100 instrument
quipped with a refrigerated cooling system (TA Instruments,
ew Castle, DE). Nitrogen with a flow rate of 50 ml/min was
sed as purge gas. Approximately 6–11 mg of sample was
eighed precisely into hermetically sealable aluminium pans.
n empty hermetically sealed pan was used as reference. Mea-

urements were carried out in a cooling mode cooling the sample
own from 25 to −50 ◦C at a cooling rate of 5 ◦C/min. Sample
hermograms were analysed using the TA Universal Analysis
oftware 4.0 C.

.2.1.6. Self-diffusion NMR. Self-diffusion NMR experiments
ere performed applying a FT-PGSE (Fourier transform-pulse

radient spin echo) sequence on a Varian Inova (500 MHz) NMR
nstrument equipped with Performa II-Z gradient coils (Var-
an, Palo Alto, CA) at a constant temperature of 25 ◦C. Three

illimetre diameter NMR sample tubes (Wilmad-Labglass,
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w
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uena, NJ) were used with a sealed capillary of 2.2-Dimethyl-2-
ilapentane-5-sulfonate sodium salt (DSS) dissolved in D20 as
nternal reference. 1H NMR spectra of the neat components and
icroemulsions were acquired and compared to obtain charac-

eristic peak shifts for each component for analysis. A total of
7 echoes were acquired over an increasing range of the gradi-
nt amplitude from 0 to 0.426 T m−1 keeping the length of the
-gradient pulse constant. The gradient pulse length (δ) and dif-
usion time (Δ) were experimentally adjusted to slow (δ = 5 ms,

= 200 ms), medium (δ = 2.5 ms, Δ = 100 ms) or fast (δ = 1 ms,
= 100 ms) diffusing species. Analysis was performed with

igmaplot 9.0 software using the Stejskal–Tanner equation:

I

I0
= exp

[
−D(γδg)2

(
� − δ

3

)]
(1)

The diffusion coefficients (D) were obtained from an expo-
ential curve fit to eq. (1) where I is the signal intensity at
radient strength g and I0 the signal intensity when no gradi-
nt is applied, γ is the gyromagnetic ratio of 1H, δ is the pulse
uration and Δ diffusion time between the gradient pulses.

.2.2. Preparation and characterisation of nanoparticles

.2.2.1. Preparation of nanoparticles. Nanoparticle prepara-
ion by interfacial polymerisation was based on the method of

atnasirichaikul et al. (Watnasirichaikul et al., 2002a). Briefly,
00 mg of either ethyl (2) cyanoacrylate or butyl (2) cyanoacry-
ate were dissolved in 600 mg chloroform. This solution was
lowly added to 10 g of the selected microemulsion template.
he sample was continuously stirred at 700 rpm overnight at
◦C using a magnetic bar.

.2.2.2. Characterisation of nanoparticles. Particle size, size
istribution and polydispersity index were measured using pho-
on correlation spectroscopy (PCS). The zetapotential of the
anoparticles dispersed in a 1 mM sodium chloride solution
as determined by electrophoretic mobility (Zetasizer Nano
S, Malvern Instruments Ltd., UK). The morphology of the
articles was studied by scanning electron microscopy at an
ccelerating voltage of 10 kV (JEOL, JSM-6700F, Japan) after
putter-coating with gold and palladium. Particles were sepa-
ated from the microemulsion template after polymerisation by
entrifugation at 51,500 × g for 1 h followed by repeated wash-
ng in ethanol and centrifugation at 18,500 × g for 10 min at
5 ◦C (Beckman J2/MC Centrifuge, JA20.1 rotor). The result-
ng nanoparticle pellet was redispersed in ethanol and further
iluted with ethanol containing 0.2% (w/w) Tween 80 for size
easurements to prevent aggregation. The ethanol dispersion
as placed on the sample holder, and the ethanol was allowed

o evaporate before sputter-coating.

.2.2.3. Determination of entrapment efficiency of insulin.
ntrapment efficiency (EE) of insulin in PACA nanoparticles
as determined based on the method of McDowell (McDowell,

005). Briefly, 0.5 g of a polymerised insulin-loaded microemul-
ion was diluted with 3 ml MilliQ water (adjusted to pH 2.5
ith hydrochloric acid). 600 �l of the obtained dispersion was
ixed with 600 �l of 80% (v/v) methanol in water (pH 2.5).
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Fig. 1. Pseudo-ternary phase diagrams of isopropyl myristate (IPM), surfactant-
mix (SM) and water (W) with microemulsion (ME) areas (shaded). Samples at a
constant surfactant-to-water ratio of 9:1 (w/w) (line in shaded area) were chosen
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ubsequently, nanoparticles, residual oil and surfactant were
solated from the hydro-methanolic phase by centrifugation
Eppendorf 5417C centrifuge) at 12,000 × g for 12 min at 25 ◦C.
he concentration of insulin in the hydro-methanolic phase
as quantitatively measured by HPLC with an assay adapted

rom Watnasirichaikul et al. (Watnasirichaikul et al., 2000)
sing an Agilent 1200 Series instrument (Agilent Technolo-
ies, Waldbronn, Germany). Briefly, a reverse phase column
Jupiter 5 � C18 300A, 250 × 4.60 mm, Phenomenex) was
ept constant at 50 ◦C. The flow rate of the mobile phase
23.5% (w/w) acetonitrile in MilliQ water) was maintained
t 1.4 ml/min. A 50 �l sample was automatically injected and
onitored at a wavelength of 212 nm. Data was collected, inte-

rated and analysed using the Agilent Technologies software.
he amount of entrapped insulin was calculated by subtract-

ng the detected insulin concentration in the supernatant of
polymerised microemulsion from the insulin concentration

f an unpolymerised microemulsion with known amount of
nsulin.

. Results and discussion

.1. Characterisation of microemulsions

The phase diagrams of the pseudo-ternary systems isopropyl
yristate/soybean lecithin/ethanol/water and either DG or CCG

re shown in Fig. 1. Areas of the phase diagram containing one-
hase systems were identified and samples therein characterised
s microemulsions. Adjacent to the microemulsion region a
amellar liquid-crystalline gel region was found. This was
onfirmed by polarising light microscopy where lamellar liquid-
rystalline structures, such as maltese crosses and oily streaks
ere seen. When the aqueous component of the microemulsion
as replaced by insulin, no change in phase behaviour of the

ystem was evident. This could be due to a stabilizing effect
rom the sugar-based surfactants as it has been reported that
nce formation of a microemulsion has been achieved using
lkylpolyglucosides neither temperature nor electrolyte addi-
ives have a strong influence on the microemulsion stability.
his finding was confirmed using conductivity measurements

see Section 3.1.1). The phase behaviour of both systems was
ound to be very similar despite the use of two different sugar-
ased surfactants. DG is a monomeric C10 (C = carbon chain
ength) glucoside and CCG is an oligomeric C8-10 glucoside.
owever, the complexity of these naturally derived compounds

nd thus a multi-factorial influence on their phase behaviour
as been reported (von Rybinski and Hill, 1998; Boyd et al.,
000). It is a function of not only their alkyl chain length but
lso the degree of polymerisation and anomeric purity. Hence
ithout further detailed studies on the composition of the sur-

actants it is difficult to conclude from structural differences in
he molecule to the phase behaviour of the two surfactants used
n this study.
.1.1. Viscosity and conductivity
Viscosity and conductivity measurements exhibited a contin-

ously increasing trend with increasing water fraction (Fig. 2).

8
c
i
b

or further investigations ((�) solution-type microemulsions). Gels represent
iquid-crystalline structures. (a) DG containing microemulsion-system, (b) CCG
ontaining microemulsion-system.

he increase in viscosity for the microemulsions is likely due
o an increasing amount of the surfactant-mix rather than an
ncreasing number of water droplets, typical for a w/o droplet

icroemulsion (Krauel et al., 2005), as this would not correlate
ith the high conductivity of the samples (see below). No criti-

al concentrations, indicative of a change in microemulsion type
ould be identified.

Conductivity >1 �S/cm has been reported to be indicative
f bicontinuous or solution-type microemulsions (Krauel et al.,
005). Measurable conductivity even at low water concentra-
ions is not surprising for solution-type microemulsions. An
ncrease in conductivity was also found by Alany et al. for
he ethyl oleate/sorbitan monolaurate-polyoxyethylene 20 sor-
itan mono-oleate/butanol/water microemulsion system due to
progressive head group hydration of the surfactant creating a

onductive entity (Alany et al., 2001).
For the DG containing system, samples with 55–75% and
5–95% oil concentration and with 55–70% and 90–95% oil
oncentration for the CCG containing system have not been
ncluded in viscosity and conductivity measurements due to their
irefringent (liquid-crystalline) nature.
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Fig. 2. Viscosity (�) and conductivity (©) of microemulsions at a constant
surfactant-to-water ratio of 9:1 (w/w) in comparison to isopropyl myristate
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Fig. 3. Differential scanning thermograms of microemulsions at a constant
surfactant-to-water ratio of 9:1 (w/w) upon decreasing amount of oil (100%
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m

100% oil concentration) and water. Values represent mean ± standard devia-
ion, n = 3. (a) DG containing microemulsion-system and (b) CCG containing

icroemulsion-system.

The DG sample at 80% oil concentration (Fig. 2a)) revealed
non-Newtonian flow behaviour indicative of liquid-crystalline

tructures (Alany et al., 2001). This is due to its position in the
hase diagram proximately located at the liquid-crystalline gel
egion and its immediate transformation to a liquid crystal upon
thanol evaporation.

.1.2. Differential scanning calorimetry (DSC)
The DSC thermograms (Fig. 3) did not reveal any water

rystallization exotherm upon cooling to −50 ◦C for the DG
nd CCG containing microemulsions. This is likely to be due
o the very low water concentration in the microemulsion sys-
ems. However, the absence of any water freezing peak in the
inary water-surfactant mixtures indicates presence of a strong
ater-surfactant interaction (Garti et al., 1996). This also proves
he absence of phase separation which can be a problem asso-
iated with sub-zero temperature DSC as the cooling rate in
ome cases is not fast enough to retain the microstructure of
he microemulsion (Garti et al., 2000). The water in the sys-

(
d
o
a

IPM), 85%, 75%, 45%, 20%, 15%, 0% oil). (a) DG containing microemulsion-
ystem and (b) CCG containing microemulsion-system.

ems investigated in this study is likely to be bound by head
roup hydration of the surfactant. The surfactant has to be sat-
rated with water before a (free) water freezing peak can be
bserved (Garti et al., 2000). In combination with the viscos-
ty and conductivity data this behaviour suggests molecularly
ispersed systems and thus solution-type microemulsions. Fur-
hermore, a shift of the endothermic IPM freezing peaks to
ower temperatures as seen in the thermograms could result from
he interaction of oil with the surfactant or simply represent a
epression of freezing point due to an increase in the entropy of
ixing.

.1.3. Cryo-FESEM
Structural investigations carried out by cryo-FESEM

evealed three different morphological domains within the
icroemulsion samples at a surfactant-to-water ratio of 9:1
w/w) upon increasing oil concentration (Fig. 4). The surfactant
ominates the structural appearance up to an oil concentration
f 50% (Fig. 4d). Lamellar structures were found between 50
nd 70% oil (Fig. 4c) changing to an appearance dominated by
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Fig. 4. Cryo-field emission scanning electron micrographs of selected samples from the DG containing system at a surfactant-to-water ratio of 9:1 (w/w) and
pure oil and pure surfactant-mix (SM) with (a) 100% IPM (pure oil, IPM), (b) 80% IPM (oil-dominated), (c) 55% IPM (lamellar structures), (d) 20% IPM
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surfactant-dominated) and (e) 0% IPM/100% SM (pure surfactant-mix), as ind

he oil from concentrations ≥70% oil onwards (Fig. 4b). Unlike
ther studies (Krauel et al., 2005; Boonme et al., 2006a,b) the
ifference in the morphology as seen in the micrographs did
ot specifically relate to the microemulsions structure (which
lways was of the solution type). It is remarkable that the differ-
nces found rather result from the dominating compound in the

espective sample and as such reveal the molecularly dispersed
olution-type nature of these microemulsions. The micrographs
hown are from the DG containing system but are representative
f both systems.

c
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t
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by arrows in the cut-out of the phase diagram (f). Bar represents 1 �m.

.1.4. Self-diffusion NMR
Self-diffusion NMR measurements were carried out for the

G containing microemulsion-system. The instrument was cal-
brated with water resulting in a diffusion coefficient for water
f 2.28 × 10−9 m2 s−1 which is in excellent agreement with
he literature (Ghi et al., 2002). Characteristic peaks for each

omponent chosen for analysis are shown in Fig. 5. Identifica-
ion of the microemulsion type can be achieved by comparing
he self-diffusion coefficients of the individual components
ith those measured for the pure components. The dispersed
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ig. 5. 1H NMR spectrum of a DG containing microemulsion sample indicat
oefficients. A: ethanol as part of the surfactant-mix, B: oil, C: water associated

roplet components will diffuse more slowly than the contin-

ous phase components when droplet-type microemulsions are
ormed, and in case of bicontinuous or solution-type microemul-
ions the individual components diffuse rapidly (Lindman et
l., 1981). Diffusion of the individual components was anal-

t
c
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ig. 6. Self-diffusion coefficients of microemulsion components with varying oil co
w/w). (a) Ethanol associated with the surfactant-mix (SMEtOH) compared to pure e
ompared to pure surfactant-mix (SM) and pure water, respectively, (d) lecithin and
eaks which belong to different structures within the molecule.
aracteristic peaks of the components used for the determination of diffusion
surfactant-mix, D: lecithin and DG as part of the surfactant-mix.

sed using at least two characteristic peaks which belong

o different structures within the molecule and could be de-
onvoluted from overlapping peaks during analysis. However,
ot all of these peaks could be integrated over the entire range of
amples.

ntent for DG containing systems at a constant surfactant-to-water ratio of 9:1
thanol, (b) oil (IPM), (c) water associated with the surfactant-mix (SMwater)
DG within the surfactant-mix (SM). Individual bars represent characteristic
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Diffusion of the cosurfactant ethanol was significantly differ-
nt to pure ethanol due to its association with the surfactant-mix
ut did not change for the microemulsion samples. A change in
thanol diffusion was only found in the liquid crystal containing
amples (Fig. 6a). This is due to their lamellar arrangement in
hich ethanol can diffuse along the hydrophilic layer. Diffusion
f IPM was found to be decreasing slightly with decreasing oil
oncentration (Fig. 6b). This in turn is related to an increase in
urfactant concentration and thus an increase in viscosity caus-
ng the diffusion of IPM to be slowed down. The comparison
f diffusion of pure water to diffusion of water in these systems
learly revealed a strong association of water with the surfac-
ant (Fig. 6c). Water diffuses as fast as the surfactant-mix except
n the sample containing 90% oil which in fact is outside the

icroemulsion region, and the liquid crystal containing sample
80% oil) where water again can diffuse faster along the lamel-
ae of the liquid crystals. Water diffusing at the same rate as the
urfactant-mix could indicate a w/o-droplet type system. In this
ase one would also expect the surfactant-mix to be slowed down
rom its pure state due to localisation around the droplets. This,
owever, could not be seen in the diffusion of the surfactant-mix
Fig. 6d). Instead the surfactant-mix in the samples diffuses at
he same rate as in its neat state with the exception of the liq-
id crystal containing samples where the diffusion coefficient is
ncreased. Faster self-diffusion of the surfactant in the systems
tudied results from eliminating the retardation of the surfac-
ant by self-association in its neat state (Nilsson and Lindman,
982). Taken together, these finding indicate the formation of
olution-type microemulsions. From our NMR results we con-
lude the following: ethanol being highly miscible with both
ater and surfactant cannot be assumed mainly to be located at

he interphase (Lindman et al., 1981). Further, no separate water

omain is formed for ethanol to diffuse into because of water
eing taken up by head group hydration. Hence ethanol stays
ound to the surfactant and diffuses at the same rate whereas in
amellar liquid crystal containing sample (sample with 70 and

e
p

S

able 1
ize, polydispersity index (PdI), zetapotential and entrapment efficiency (E
oly(butylcyanoacrylate) (B) nanoparticles prepared by interfacial polymerisation o
oncentration

nloaded Sample Size (nm) PdI Zeta (mV) Insulin (I)
sample

a)
80-E 147 ± 3 0.110 ± 0.011 −23.6 ± 1.8 I-80-E
50-E 171 ± 2 0.171 ± 0.022 −25.7 ± 1.7 I-50-E
20-E 177 ± 4 0.184 ± 0.013 −24.4 ± 9.7 I-20-E
80-B 239 ± 19 0.156 ± 0.044 −45.5 ± 4.3 I-80-B
50-B 261 ± 47 0.178 ± 0.032 −41.4 ± 8.9 I-50-B
20-B 217 ± 11 0.139 ± 0.022 −25.7 ± 1.8 I-20-B

b)
80-E 148 ± 4 0.155 ± 0.007 −21.5 ± 3.0 I-80-E
50-E 159 ± 5 0.183 ± 0.004 −20.6 ± 3.6 I-50-E
20-E – – – I-20-E
80-B 657 ± 75 0.125 ± 0.053 −35.6 ± 7.3 I-80-B
50-B 424 ± 80 0.113 ± 0.031 −27.5 ± 3.2 I-50-B
20-B 385 ± 50 0.084 ± 0.068 −27.8 ± 2.1 I-20-B

a) DG containing microemulsion-system and (b) CCG containing microemulsion-sy
harmaceutics 350 (2008) 351–360

0% oil concentration, respectively) ethanol can diffuse into
he water layers due to the distinct orientation of polar heads
f the surfactant resulting in an increase in ethanol diffusion.
he slight retardation effect in oil diffusion can be explained

aking into account the increase in viscosity with increasing sur-
actant fraction. Water diffusion clearly follows the diffusion
f the surfactants confirming the results from conductivity and
SC measurements, that is the binding of water by head group
ydration of the surfactant.

.2. Characterisation of nanoparticles

Polymerisation with butyl (2) cyanoacrylate as monomer
esulted in larger particles than polymerisation with ethyl (2)
yanoacrylate (Table 1). Depending on the microemulsion
emplate, the size ranged from 145 to 180 nm for ethyl (2)
yanoacrylate and from 215 to 660 nm for butyl (2) cyanoacry-
ate. The reason for these findings is likely to be the lower
olymerisation rate of butyl (2) cyanoacrylate as compared to
thyl (2) cyanoacrylate (Sharma et al., 2003). Size did not change
or unloaded and insulin-loaded poly(ethylcyanoacrylate)
anoparticles. Poly(butylcyanoacrylate) nanoparticles loaded
ith insulin however, were significantly smaller in size than

heir empty counterparts for microemulsions containing CCG
ut not for microemulsions containing DG. This may indi-
ate that insulin is involved in the polymerisation process
Watnasirichaikul et al., 2000), and has a greater influence on
he more slowly polymerising monomer butyl (2) cyanoacry-
ate. The reason for this phenomenon only being evident in the
CG containing system and not in the DG containing system

s currently unclear. Moreover, it was not possible to satisfac-
orily polymerise the CCG sample containing 20% of oil with

thyl (2) cyanoacrylate due to a gelation occurring during the
olymerisation process.

Particles usually appeared spherical but aggregated under the
EM (Fig. 7) and were smaller in size than in the PCS measure-

E) for unloaded and insulin-loaded poly(ethylcyanoacrylate) (E) and
f solution-type microemulsions with 80% (80), 50% (50) and 20% (20) oil

-loaded Size (nm) PdI Zeta (mV) EE (%)

156 ± 4 0.109 ± 0.010 −27.6 ± 2.9 11.3 ± 0.6
180 ± 7 0.112 ± 0.017 −26.3 ± 5.5 17.9 ± 3.5
179 ± 9 0.158 ± 0.022 −24.4 ± 3.8 14.5 ± 2.5
230 ± 12 0.142 ± 0.048 −56.3 ± 2.2 11.5 ± 0.5
367 ± 19 0.187 ± 0.012 −29.0 ± 2.1 13.3 ± 1.4
290 ± 58 0.120 ± 0.020 −36.0 ± 1.8 13.3 ± 1.7

148 ± 9 0.147 ± 0.038 −24.2 ± 4.6 8.8 ± 3.3
161 ± 5 0.165 ± 0.015 −22.3 ± 2.1 12.6 ± 5.0

– – – –
299 ± 51 0.157 ± 0.025 −41.8 ± 1.3 12.8 ± 4.3
261 ± 35 0.107 ± 0.025 −32.0 ± 3.1 13.9 ± 3.8
232 ± 20 0.132 ± 0.051 −37.4 ± 2.6 18.2 ± 2.4

stem. Values represent mean ± standard deviation, n = 3.
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Fig. 7. Scanning electron micrographs of nanoparticles from selected microemulsions prepared by interfacial polymerisation ethyl (2) cyanoacrylate. (a) Nanoparticles
f partic
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ar represents 100 nm.

ents for unloaded samples. This discrepancy between PCS and
EM data is due to hydration of the particles in solution when
easured by PCS and/or shrinking of the particles during the

rying step in the sample preparation for SEM (Bootz et al.,
004).

.3. Entrapment of insulin

Entrapped insulin was determined indirectly by detecting the
oncentration of remaining insulin in the supernatant following
n isolation process from the particles.

The entrapment efficiency of insulin in poly(ethyl-) and
oly(butylcyanoacrylate) nanoparticles was in the range of
.8–18.2% (Table 1). An explanation for this relatively low
ntrapment is that insulin is a relatively small molecule and is
issolved in the continuous water domains of these solution-type
icroemulsions and thus could easily escape the polymer net-
ork of the forming particle during the polymerisation process.
his is in contrast to the situation in a droplet-type microemul-
ion where the molecule is confined within the droplet around
hich the polymerisation occurs and thus yields a higher entrap-
ent (Watnasirichaikul et al., 2000; Krauel et al., 2005). The

ype of monomer can also influence the encapsulation process
n that polycyanoacrylates with a longer alkyl chain result in
higher degree of interdigitation of the polymer (El-Samaligy

t al., 1986) and thus might incorporate a higher amount of
rug. However, in this study we found no consistent difference
n entrapment efficiency between ethyl- and butylcyanoacrylate.
his may be due to the lower polymerisation rate of butyl-
yanoacrylate (Sharma et al., 2003) in combination with the
ynamics in a solution-type microemulsion as described above.

. Conclusions

Pseudo-ternary systems containing lecithin and the sugar-

ased surfactants, decyl glucoside or capryl-caprylyl glucoside,
nter alia form solution-type microemulsions. These can be used
s nanoparticle templates for the incorporation of insulin using
one-step preparation method by interfacial polymerisation

A

B

les from insulin-loaded DG containing microemulsion (20% oil concentration).

roviding easy processing and scaling-up possibilities. Using
elf-diffusion NMR, it was possible to confirm on a molecu-
ar level dynamics that which can only be described on a bulk
evel with other techniques. Self-diffusion NMR has shown to
ive valuable insight into the complex structure of the phar-
aceutically acceptable multi-component systems investigated

n this study. PACA nanoparticles on the basis of lecithin and
ugar-surfactant containing microemulsions are thus promising
arriers for the delivery of bioactives.
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