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bstract

There is increasing interest in the search for improved drug delivery systems with greater versatility. Consequently, many drug delivery systems
ave been studied. In this study, surface-modified lipid nanocontainers were formulated with a homolipid from Capra hircus (goat fat) templated with
heterolipid (Phospholipon 90G®) which was also the surface modifier. The solid lipid nanocontainers (SLN) were formulated by hot high pressure
omogenisation using increasing concentrations of polysorbate 80 as the mobile surfactant. Prior to SLN preparation, the templated homolipid
as formulated by fusion to obtain a homogeneous lipid matrix, which was characterized using differential scanning calorimetry (DSC), polarized

ight microscopy (PLM) and wide angle X-ray diffraction (WAXD) to obtain its thermal and crystal characteristics. Isothermal heat conduction
icrocalorimetry (IMC) and freeze-fracture transmission electron microscopy (FFTEM) studies were carried out on the templated homolipid and
LN containing 1.0% (w/w) of polysorbate 80 to study their in situ crystallization kinetics and morphology, respectively. The formulated SLN
ere also subjected to time-resolved DSC, WAXD and particle size analyses for one month. The thermal and crystal characteristics were compared
ith those of the bulk lipid matrix (templated homolipid). Result of the particle size analysis indicated that the particles size remained roughly
ithin the lower nanometer range after one month. FFTEM micrograph of the lipid matrices revealed lamellar sheets for Phospholipon 90G® and

ayered triglyceride structures for the homolipid and Phospholipon 90G®-templated homolipid. FFTEM micrograph of SLN revealed anisometric
tructures. PLM of the templated homolipid did not show, but goat fat (homolipid) alone showed slight growth in crystals with time. WAXD and
SC studies revealed minor increase in crystallinity of the new lipid matrix after one month and DSC also detected templation of homolipid
y the heterolipid noted by the disappearance of the lower melting peak of the homolipid. However, for the SLN, WAXD results showed low
rystalline particles while DSC only showed a very little endothermic process after one month of storage at 20◦C. The implication of this finding
s that progression of the SLN to highly ordered particles over time would not occur. This will be favourable for any incorporated drug as drug
xpulsion, due to increase in crystallinity, will not occur. Result obtained from analysis of the isothermal crystallization exotherms indicated that

he templated homolipid and SLN1 containing 1.0% polysorbate 80 possess similar nucleation mechanisms and growth dimensions different from
he pure homolipid. The SLN containing 0.5 and 1.0% polysorbate 80 possessed good properties and could prove to be good delivery systems for
rugs for parenteral or ocular administration. The result of this study also shows a method of improving natural lipids for use in particulate drug
elivery systems.

2006 Elsevier B.V. All rights reserved.
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. Introduction
During the past decade, there has been increasing focus on
he search for improved drug delivery systems with greater
ersatility. Delivery systems such as polymers, liposomes,
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ano- and microparticles, bacterial and cellular ghosts have
een studied (Cortesi and Nastruzzi, 2001). Solid lipid
anoparticulate drug delivery system has been proposed as

promising alternative colloidal drug delivery system to
iposomes and polymer nanoparticles (Siekmann and Westesen,

992). Solid lipid nanoparticles/nanocontainers (SLN) are
n aqueous colloidal dispersion of particles composed of
iodegradable lipids and drug, in the sub micron size range.
eneral features of SLN are their good tolerability, that is, low
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The hot primary emulsion at 60 ◦C was immediately passed
through a heated high pressure homogeniser (EmulsiFlex-C5,
80 A.A. Attama, C.C. Müller-Goymann / Internati

ystemic toxicity and low cytotoxicity due to their composition
f physiological, biocompatible and biodegradable lipid, and
harmaceutically acceptable surfactants (Westesen et al., 1997;
üller et al., 2000). SLN are suitable for the incorporation

f lipophilic, hydrophilic and poorly water-soluble drugs
ithin the lipid matrix in considerable amounts (Schubert and
üller-Goymann, 2003; Hou et al., 2003). This drug delivery

ystem combines the advantages of colloidal lipid emulsions
ith advantages of particles with a solid monolithic matrix, but
ay be limited by low drug payload capability. Such SLN are

xpected to release incorporated drugs more slowly than con-
entional, more fluid type-colloidal lipid drug carriers since a
olid matrix binds the drug molecules more tightly and may also
mprove the stability of sensitive drugs against decomposition.

slow release is advantageous, for example, for intravenous
rug targeting where it is important that the incorporated drug
hould remain bound until it reaches its target. Cells of the retic-
loendothelial system (RES), the liver or the brain could easily
e reached using SLN. Rapid escape of nanoparticles from the
ndolysosomal compartment to the cytoplasmic compartment
as been demonstrated (Panyam et al., 2002). Thus, nanopar-
icles could be an effective drug delivery mechanism for drugs
hose targets are cytoplasmic (Panyam and Labhasetwar, 2004).
A variety of emulsifiers has been used for the preparation

f SLN dispersions including phospholipids, bile salts, polox-
mers and other ionic and non-ionic surfactants. Stabilization
f SLN with phospholipids and an additional surfactant rather
han with a single surfactant frequently yields dispersions with
more homogeneous appearance and lower tendency to form
acroscopic particles (Westesen et al., 2003). This approach

as been adopted in our laboratory and has led to the devel-
pment of surface-modified SLN containing high amount of
ecithin (Schubert et al., 2005; Schubert and Müller-Goymann,
005). Surface-modified SLN have several advantages. Biolog-
cally important molecules (and drugs) may be anchored to
olloidal particle surface and such nanoparticles have potential
pplications in bio-diagnosis and immunoassay, and as lumi-
escent bio-conjugates for ultra-sensitive biological detection
Sastry, 2000). In addition, surface modification also enables
lectrostatic stabilization of colloidal particles, especially when
ynthesis of the colloidal particles is carried out in aqueous
edium. Concentration of phospholipid with optimum perfor-
ance in stabilizing SLN has been established in our laboratory
ith respect to hard fats (Schubert et al., 2005; Schubert and
üller-Goymann, 2005). The homolipid (goat fat) used in this

tudy has been found to perform well as a drug delivery matrix
Attama et al., 2003; Attama and Nkemnele, 2005). Based on
he above premises, it was the objective of this study to for-

ulate and characterize nanocontainers with a homolipid (goat
at) templated with Phospholipon 90G® (lecithin), a heterolipid,
ith a view to applying them as nanoparticles for parenteral

nd ocular drug delivery, and for targeted drug delivery sys-
ems. Heterolipids contain other functional groups in addition to

atty acid moiety (Stuchlı́k and Žák, 2001). The formulated SLN
ere subjected to several analytical techniques including static

ight scattering for particle size measurement, differential scan-
ing calorimetry (DSC), wide angle X-ray diffraction (WAXD),
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reeze-fracture transmission electron microscopy (FFTEM) and
sothermal heat conduction microcalorimetry (IMC) performed
n parallel to obtain information on the colloidal lipid dispersion.

. Materials and methods

.1. Materials

Phospholipon 90G®, provided by Phospholipid GmbH
Köln, Germany), is a purified, deoiled and granulated soy
ecithin with a phosphatidylcholine content of at least 90%.
himerosal (Synochem, Germany), sorbitol (Caesar & Loretz,
ermany) and polysorbate 80 (Tween 80®) (Across Organ-

cs, Germany) were used as procured from their manufacturers
ithout further purification. Homolipid (goat fat) was obtained

rom a batch processed in our laboratory according to earlier
rocedure (Attama et al., 2003; Attama and Nkemnele, 2005).
idistilled water was used for all formulations.

.2. Formulation of the templated homolipid

The lipid matrix corresponding to 30% (w/w) of Phospho-
ipon 90G® in the homolipid was prepared by fusion. The
ipids were weighed with an electronic balance (Type L2200P-
D2, Sartorius AG Göttingen, Germany) and melted together
t 70 ◦C on a hot plate (RCT basic, IKA® Staufen Germany)
nd stirred with a Teflon coated magnetic stirring bar until a
ellow transparent solution was obtained and continued until
olidification.

.3. Formulation of solid lipid nanocontainers

The nanocontainers were formulated following the formula
elow, and correspond to SLN1, SLN2, SLN3 and SLN4 with
.0, 0.5, 0.1 and 0.0% (w/w) of polysorbate 80, respectively.

% (w/w)

ipid matrix (templated homolipid) 5.0
olysorbate 80 0.0, 0.1, 0.5 and 1.0
himerosal 0.005
orbitol 4.0
idistilled water qs ad 100

The hot homogenisation technique was adopted. In each case,
he lipid matrix was melted at 70◦C and the bidistilled water con-
aining polysorbate 80, thimerosal and sorbitol was added to the

olten lipid matrix at the same temperature, mixed very well
ith a Teflon coated magnetic stirring bar and vigorously dis-
ersed with Ultra-Turrax (T25 basic, IKA® Staufen Germany)
t 24,000 rpm for 5 min to produce the hot primary emulsion.
vestin Canada) at a pressure of 1000 bars for 20 cycles to pro-
uce the nanocontainers. The nanocontainers were collected in
hot container and thereafter allowed to recrystallize at room

emperature.
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.4. Particle sizing

Particle size distributions were measured using a multi-
avelength laser diffraction particle size analyser (Coulter LS13
20, Beckman Coulter, USA), which operates on the principles
f Fraunhofer and Mie theories of diffraction and uses polar-
zation intensity differential scattering (PIDS) technology. Prior
o measurement, the samples were diluted with demineralised
ater to appropriate PIDS obscurity of not less than 40%. Data
ere collected during 60 s and further analysed using the vol-
me distribution diameter 50% (d50%), 75% (d75%) and 90%
d90%). For instance, d90% means that 90% of the particles are
elow this value. Size distribution by volume were calculated by
pplying an optical module created by the instrument software.
alues reported are the average of three successive 60 s runs of
ifferent samples, measured 24 h, one week and one month after
LN preparation.

.5. Wide angle X-ray diffraction

WAXD was used to characterize the crystal character of the
ipid matrix and the formulated SLN. X-ray reflections due to
rystalline lipids appear above the amorphous background of
on-crystalline lipids. Wide angle X-ray studies were done on
he templated homolipid and the formulated SLN using an X-ray
enerator (PW3040/60 X’Pert PRO, Fabr. DY2171, PANalytical
etherlands) connected to the tube (PW3373/00 DK 147726
u LFF) copper anode which delivered X-ray of wavelength
= 0.1542 nm, at a high voltage of 40 kV and an anode current
f 25 mA. WAXD measurements were taken with a Goniometer
PW3050/60 MPD-System, PANalytical Netherlands) from 3.0◦
o 33.0◦ in 0.015◦ steps (1 s per step). The interlayer spacing was
alculated from the scattering angle θ, using Bragg’s equation
Eq. (1)).

λ = 2d sin θ (1)

here λ is the wavelength of the incident X-ray beam, n is a
ositive integer which describes the order of the interference
nd the parameter d, otherwise called the interlayer spacing is
he separation between a particular set of planes of the crystal
attice structure. WAXD diffractograms were obtained 24 h, one
eek and one month after lipid matrix and, 24 h and one month

fter SLN preparation.

.6. Differential scanning calorimetry

Thermal behaviour of the new lipid matrix and the degree
f crystallinity of the formulated SLN were determined with a
alorimeter (DSC 220C) connected to a disc station (5200H,
eiko, Tokyo Japan). Approximately 5 mg of the new lipid
atrix or SLN was weighed into an aluminium pan and sealed

ermetically, and the thermal behaviour determined against

n empty pan in the range of 20–125◦C at a heating rate of
◦C min−1. DSC thermograms were recorded 24 h, one week
nd one month after lipid matrix and SLN preparation. Transi-
ion temperatures were determined from the endothermic peak
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inimum temperatures while enthalpies were obtained by inte-
ration of the endotherms within the range of 22–57◦C using
inear baselines.

.7. Polarized light microscopy (PLM)

Micrographs of crystallizing lipids and the new lipid matrix
ere examined with a Zeiss Type III photomicroscope (Model
o. SIP 48560, Oberkochen, West Germany) using cross polar-

zers and a wavelength (λ) plate. The polarizer and analyser
ere adjusted to crossed positions to yield the greatest contrast
etween the crystals and the background. The micrographs of
tatically crystallized lipid matrices at 25◦C were digitalized
fter 24 h, one and four weeks with a digital camera (Olympus
P12, Japan) attached to the photomicroscope.

.8. Freeze-fracture transmission electron microscopy

The FFTEM of the pure lipids, the new lipid matrix and
he SLN containing 1.0% (w/w) of polysorbate 80 (SLN1) was
one to further study their morphologies. In each case, the sam-
le was shock-frozen in melting nitrogen at 63 K between two
at gold holders. The frozen sample was fractured at 173 K in
BAF 400 instrument (Balzers, D-Wiesbaden, Germany) and

hen shadowed with platinum/carbon (2 nm) at 45◦ and with
ure carbon at 90◦ for replica stabilization. After cleaning with
hloroform–methanol mixture (1:1), the replicas on uncoated
rids were fixed unto a sample holder and placed in the vac-
um chamber of a transmission electron microscope (Leo 922,
eo D-Oberkochen Germany), and viewed under low vacuum
t 200 kV.

.9. Isothermal heat conduction microcalorimetry

To determine the in situ crystallization kinetics of the lipid
atrix or SLN, a 2277 Thermal Activity Monitor® (TAM, Ther-
ometric AB, Jarfalla Sweden) was used. Two calorimeter

nits were installed and run concurrently. A 300 mg quantity
f the molten homolipid or templated homolipid (at 70 ◦C) was
eighed into 3 ml glass ampoule and equilibrated for 30 min at
0 ◦C, and then the heat flow measured at the range of −3000
o 3000 �W. Heat flow signals were monitored by the Digitam
oftware (Thermometric AB, Jarfalla Sweden). Data obtained
rom the IMC measurements were thereafter analysed to deter-
ine the isothermal crystallization kinetics of the lipid matrix.
uring crystallization from a melt, the extent of crystallization is
sually thought to be related to time through an equation devel-
ped by Avrami, and may be expressed in the following form
Avrami, 1939, 1940):

− Xt = exp(−ktn) (2)

here Xt represents the degree of crystallinity at time t, k is

he growth rate constant of isothermal crystallization and the
xponent n, represents the nucleation mechanism and growth
imension. The value of n can be any positive integer between
and 4. For the IMC studies of SLN, 2 g of the nanocontainers
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Fig. 1. (a) DSC traces obtained for the lipid matrices after one month: homolipid
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GF), templated homolipid (TH). (b) DSC traces obtained for the nanoparticles
fter one month: SLN1, SLN2, SLN3 and SLN4 represent SLN that contained
.0, 0.5, 0.1 and 0.0% (w/w) polysorbate 80, respectively.

ere equilibrated at 20 ◦C for 30 min after preparation before
easurement to dissipate excess heat arising from the high for-
ulation temperature.

. Results and discussion

.1. Differential scanning calorimetry

DSC is an important tool to investigate the melting and recrys-
allization behaviour or the degree of crystallinity of crystalline

aterials. The thermograms presented in Fig. 1a revealed that
he melting peak of the new lipid matrix was 50.5 ± 0.3 ◦C
fter one month while values of 50.6 ± 0.2 ◦C and 50.9 ± 0.3 ◦C
ere obtained after 24 h and one week, respectively (thermo-
rams not shown). There was also a slight drop in enthalpy,

rom 61.9 ± 1.7 mJ/mg after one day to 53.6 ± 1.4 mJ/mg after
ne month. This signify a minor decrease in crystallinity.
he thermotropic phase behaviour of a lipid matrix system

s highly affected by the presence of guest molecules, and

t
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he related thermodynamic variables (melting temperature and
nthalpy changes) depend on the nature of the interaction
etween the constituents. Phospholipids contain two fatty acid
hains (hydrophobic tail) usually with even carbon number.
he fatty acids may be saturated or unsaturated and their con-
guration is nearly always cis. Phospholipids are therefore,
on-homogeneous materials with mainly saturated acyl chains
t the sn-1 position and unsaturated acyl chain at the sn-2 posi-
ion (Stuchlı́k and Žák, 2001). Phospholipon 90G® used in this
tudy, is a purified, deoiled and granulated soy lecithin with a
hosphatidylcholine content of at least 90% and an HLB value of
0, and has been found to contain stearic acid and palmitic acid,
hich are saturated fatty acids (Stuchlı́k and Žák, 2001; Ghyczy

nd Niemann, 1992). These fatty acids are also present in the
omolipid. The location of fatty acids in the homolipid (goat fat)
riglycerides as with other animal fats, has been shown not to be
omogeneous, which resulted in the observed two endothermic
eaks for goat fat (Attama and Müller-Goymann, 2006). Thus,
he addition of Phospholipon 90G® to the homolipid resulted in
greater ordering of the fatty acid positions in its triglycerides
y a templating mechanism since saturated fatty acids pack bet-
er due to increased Van der Waals attraction and better chain
lignment as there is no dimensional deformation due to unsat-
ration. This resulted in crystallization enhancing effect on this
ipid matrix. The thermograms of the new lipid matrix did not
ave two endothermic peaks at all stages of the study as origi-
ally present in pure homolipid (Fig. 1a). The templating effect
ed to the disappearance of the lower melting peak characteris-
ic of goat fat which usually occurs around 32.9 ◦C (Attama and

üller-Goymann, 2006). The disappearance of this lower melt-
ng peak of goat fat on addition of Phospholipon 90G® resulted
n a highly cooperative thermal phase transition. The interest-
ng thing here is that the templating effect did not significantly
ffect the higher melting peak of goat fat, but affected the total
nthalpy of the endothermic process. The higher melting peak
f pure goat fat occurs around 49.8 ◦C against 50.5 ± 0.3 ◦C
or the Phospholipon 90G®-templated goat fat after one month.
he enthalpy of pure goat fat was 97.2 ± 2.5 mJ/mg as against
3.6 ± 1.4 mJ/mg obtained for the templated goat fat. Referring
o a 70% (w/w) content of goat fat in the templated homolipid,
he decrease in enthalpy is significantly higher (p < 0.05) than
xpected. This means that the templation did not lead to increase
n crystallinity. It is envisaged that drugs could be trapped in
he crevices or between the fatty acids before and/or during
emplation.

DSC was also used to investigate the crystalline status of the
LN. The thermograms of the SLN are presented in Fig. 1b, rep-
esenting the thermograms obtained after one month. There was
irtually no definite thermal event in the SLN compared with the
ulk matrix which had endothermic transition at 50.5 ± 0.3 ◦C
Fig. 1a). The enthalpies and peaks of these SLN transitions
ould not be obtained. However, a critical look at the endotherms
howed that none of the wavering thermal events had a transi-

ion signal close to 50.5 ± 0.3 ◦C recorded for the bulk lipid

atrix. Recrystallization of lipid nanoparticles may be differ-
nt from that of the bulk lipid. The fact that almost no thermal
vent occurred after one month shows that the SLN exist as
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ig. 2. Polarized light micrographs of the lipid matrices: templated homolipid (
ne month (P90G-1 month), homolipid after 24 h, one week and one month (GF

ess ordered crystals or amorphous state, the melt of which
id not require or just required less energy than the crystalline
ipid matrix which needed to overcome lattice force (Hou et al.,
003). Therefore, it is reasonable to state that the lipid within the
articulate nanocontainers were in a less ordered arrangement
ompared with the bulk lipid matrix as detected by DSC. This
ess ordered arrangement will favour drug loading (Radtke et al.,
005). Absence of thermal event may also be attributed to the
ow particle size of the SLN. DSC result shows addition of P90G
o goat fat improved properties of SLN formulated therefrom,
nd this has widened the applicability of goat fat in drug deliv-
ry. This SLN formulated from templated goat fat will find use

n parenteral, ocular and other drug delivery systems requiring
mall particle size, narrow particle size distribution and particle
ize stability as in vivo tolerability of natural lipids is higher than
emi-synthetic lipids.

2
t
o
t

fter 24 h and one month (TH-24 h and TH-1 month), Phospholipon 90G® after
, GF-1 week and GF-1 month, respectively). Bar represents 100 �m.

.2. Polarized light microscopy

This is a useful tool in visualizing the static crystallization
f lipid matrices, but is limited to the microlevel only. Conse-
uently, only the lipid matrix was studied using PLM. The PLM
icrographs are presented in Fig. 2. In the templated homolipid,

ery little difference was shown by the coarser texture observed
fter one month, further attesting that crystallization was almost
omplete within 24 h. No difference was also observed for Phos-
holipon 90G® alone between one day and one month. However,
or goat fat alone, there was a slight difference in matrix tex-
ure observed after one week and one month compared with

4 h. Crystallization is a random process and the crystalliza-
ion behaviour of the lipid matrix was not equal within all parts
f the laminates. This means that Phospholipon 90G® rather
han delaying the crystallization of goat fat, enhanced it attesting
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ig. 3. WAXD diffractograms of the lipid matrix: GF (homolipid), P90G (Phos-
holipon 90G®) and TH1, TH2 and TH3 (templated homolipid after 24 h, one
eek and one month, respectively).

urther to the earlier result presented on templation. Saturated
hospholipids have been shown to enhance crystallization but
elay polymorphic transition in triglycerides (Bunjes and Koch,
005).

.3. Wide angle X-ray diffraction

To study the crystallinity of the lipids, the new lipid matrix
templated homolipid) and SLN, WAXD studies were per-
ormed. WAXD diffractograms of the lipid matrices obtained
fter 24 h, one week and one month are presented in Fig. 3, while
he calculated interlayer spacings obtained from WAXD mea-
urements of the templated homolipid after 24 h, one week and
ne month are presented in Table 1. The templated homolipid
howed very high intensity reflections at 2θ = 6.0◦, d = 14.73 Å;
θ = 19.4◦, d = 4.58 Å; 2θ = 20.7◦, d = 4.29 Å and 2θ = 23.0◦
= 3.87 Å after one day of preparation. The first three reflections

emained unchanged after one week and one month, while the
ast reflection shifted to 2θ = 23.1◦ d = 3.85 Å after one week but
emained unchanged after one month (Table 1, Fig. 3). Two weak
eflections at 2θ = 4.0◦, d = 22.09 Å and 2θ = 10.0◦ d = 8.85 Å
hich appeared after one day also persisted at the same positions
nd intensities after one month.
Reflections due to templated homolipid and pure goat fat

ccurred almost at similar positions between 2θ = 18◦ and
5◦, while Phospholipon 90G® had reflections mostly between

n
a
i
t

able 1
alculated lattice parameters for the templated homolipid

ne day One week

θ (◦) d (Å) Intensity (cts) 2θ (◦) d (Å)

4.0 22.09 V. weak 4.0 22.09
6.0 14.73 V. high 6.0 14.73
0.0 8.85 V. weak 10.0 8.85
9.4 4.58 V. high 19.4 4.58
0.7 4.29 V. high 20.7 4.29
3.0 3.87 V. high 23.1 3.85
ig. 4. WAXD diffractograms of the nanoparticles obtained after one month:
LN1, SLN2, SLN3 and SLN4 containing 1.0, 0.5, 0.1 and 0.0% (w/w) polysor-
ate 80, respectively.

θ = 6◦ and 22◦. Stable form of goat fat presents characteristic
eflections of high intensity at 2θ = 6.0◦, d = 14.73 Å; 2θ = 19.3◦,
= 4.60 Å; 2θ = 20.7◦, d = 4.29 Å; 2θ = 21.3◦, d = 4.17 Å and
θ = 23.2◦, d = 3.83 Å and a very weak reflection at 2θ = 10.0◦
= 8.85 Å. This indicates that as a result of templation of the
omolipid (goat fat) by Phospholipon 90G®, the new lipid
atrix crystallized into stable modification with slight shift in

ome reflection positions, but the polymorphs remained the same
ince their d spacings were very close to those assigned to sta-
le form of goat fat (Attama and Müller-Goymann, 2006). The
light shoulder observed for goat fat at 2θ = 21.3◦, d = 4.17 Å
as absent in the new lipid matrix after one month.
Reflections due to pure Phospholipon 90G® at 2θ = 7.8◦,

= 11.34 Å (high intensity); 2θ = 3.9◦, d = 22.85 Å; 2θ = 6.5◦,
= 13.60 Å; 2θ = 18.0◦, d = 4.93 Å (medium intensity);
θ = 16.3◦, d = 5.44 Å (low intensity) and 2θ = 13.0◦, d = 6.81 Å;
θ = 14.7◦, d = 6.03 Å (weak intensity) were not reflected in
he new lipid matrix (Fig. 3). The intensity of the reflection
t 2θ = 19.4◦, d = 4.58 Å in the new lipid matrix increased
ompared with the homolipid alone at 2θ = 19.3◦, d = 4.60 Å.

WAXD diffractograms of the SLN are presented in Fig. 4
epresenting measurement after one month. The diffractograms
ll showed diffuse reflections 24 h after preparation (figure

ot shown). Liquid crystalline state of nanoparticles is usu-
lly reflected in the X-ray scattering pattern of diffuse nature
n the wide-angle region (Kuntsche et al., 2004), and due to
he highly disordered interior, Bragg reflections may not be

One month

Intensity (cts) 2θ (◦) d (Å) Intensity (cts)

Weak 4.0 22.09 Weak
V. high 6.0 14.73 V. high
V. weak 10.0 8.85 V. weak
V. high 19.4 4.58 V. high
V. high 20.7 4.29 V. high
V. high 23.1 3.85 High
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bserved (Baraukas et al., 2005). However, after storage for one
onth WAXD plots for SLN3 and SLN4 showed very weak

ntensity reflections at 2θ = 19.3◦, d = 4.60 Å and 2θ = 19.4◦
= 4.58 Å, respectively, and a very weak signal for SLN2 at
θ = 19.4◦, d = 4.58 Å. These reflections were in � modification
hus showing that there was no change in modification of the
ipid matrix, but only a minor increase in crystallinity. Pres-
nce of these reflections also proved that particles were actually
resent but of low crystalline order as detected by DSC.

.4. Particle size

Particle size is considered a major issue for pharmaceutical
pplications since it greatly influences in vitro and in vivo stud-
es. The particle sizes obtained by static light scattering (Laser
iffraction, LD-PIDS) are presented in Table 2. The particles
ere very small and characterized by absence of micrometer
articles after one month. Melt-homogenization adopted for the
roduction of these SLN have been shown to produce small par-
icles for systems stabilized with phospholipids and non-ionic
urfactants (Mehnert and Mäder, 2001). The result indicated that
ore than 90% of the particles were smaller than 0.377 �m after

ne month. The diameter d90% is sensitive to the presence of a
ew large particles, and that means higher d90% indicates the
resence of micrometer particles and increases with increasing
mount of these particles. The d90% of the SLN were in the
ange of 0.152–0.377 �m within one month indicating very low
mount of micrometer particles and a relatively narrow particle
ize distribution. It was observed that increase in polysorbate
0 concentration led to the decrease in particles size as a result
f a decrease in interfacial tension and thus, an increase in the
nterfacial area (Schubert and Müller-Goymann, 2005). High
oncentration of emulsifier reduce the interfacial tension and
acilitate particle disintegration during homogenisation. Also
nteresting was the fact that SLN formed without polysorbate
0 (SLN4) but had higher average particle size distribution
ompared with those containing polysorbate 80. Nanoparticle
ormation at 30% (w/w) lecithin without additional emulsifier
as been reported however, not being stable yet (Schubert and
üller-Goymann, 2005). At each level of polysorbate 80 con-

entration, there was a slight growth in particle size after a
eriod of one month evidenced by the increase in d50%, d75%
nd d90% values (Table 2). However, all the SLN remained in
he lower nanometer range and were monodisperse with low
tandard deviations. The small increase in particle size observed
or the dispersions may be related to the slight increase in the
rystallinity of the particles present in these systems (Kuntsche
t al., 2004). The physical stability of nanodispersions depends
n particle size and particle size distribution. Appropriate con-
rol of particle size is needed to maximize the physical stability
f dispersions. The applicability of SLN as oral, topical or par-
nteral drug delivery systems depends to a large extent on the
article size, particle size distribution and particle size stability.

or instance, small and narrow distribution of particle size is
equired for parenteral administration while particles size distri-
ution may not be a major issue for topical dosage forms. The
article size stability achieved in this formulation was as a result Ta
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ig. 5. FFTEM micrographs: homolipid (GF), Phospholipon 90G® (P90G), te
epresent 500, 200, 100 and 100 nm, respectively.

f the templation of the goat fat by the heterolipid (phospho-
ipid), which resulted in the Phospholipon 90G® being anchored
lmost entirely on the nanoparticle surface, with polysorbate 80
roviding further synergistic stabilization. Anchorage of Phos-
holipon 90G® on lipid surface has been noted to result in high
egative zeta potential (Schubert and Müller-Goymann, 2005)
nd thus, stabilization by electrostatic phenomenon was also
ossible. Therefore, particle–particle interaction and subsequent
gglomeration was greatly reduced. P90G and goat fat produced
table nanocarriers, which could be applied in different drug
elivery systems. Unlike synthetic lipids, goat fat and P90G are
atural lipids and the issue of in vivo toxicity is not a problem,
nd could be further engineered for intracellular drug delivery
nd targeting.

.5. Freeze-fracture transmission electron microscopy
The FFTEM micrographs of the lipids, templated homolipid
nd SLN containing 1.0% (w/w) polysorbate 80 (SLN1) are
resented in Fig. 5. The homolipid (goat fat) alone showed
ayered structures of triglycerides with less sharp edges rep-

c
l
i
d

ed homolipid (TH), SLN containing 1.0% (w/w) ploysorbate 80 (SLN1). Bars

esenting the crystalline characteristics, while Phospholipon
0G® showed smooth lamellar sheets representing the meso-
orphous characteristics. However, the templated homolipid

howed smooth lamellar packing due possibly to a greater order-
ng of the homolipid. The FFTEM of the SLN1 showed defined
nisometric structures with homogenous surface. It should be
oted that particles align in three dimensions, whereas the micro-
raphs only show two dimensional view of the particles. Hence,
he given particle dimensions are only estimates due to the
act that a particle observation exactly top-on and edge-on,
espectively, is rare and cannot be discriminated from slight
article twists, in addition. However, for this SLN, the parti-
le size estimated from FFTEM micrograph is in consonance
ith values obtained from static light scattering measurements.
ithin the particles, layered structures such as terraces and steps

eing typical of crystalline solids were observed (Siekmann
nd Westesen, 1996). Thus, crystalline character of the SLN

an be deduced. Although, this system contains high amount of
ecithin (phospholipid), neither spherical particles with lamellar
nterfaces indicating liposome formation due to lecithin leakage
uring SLN preparation nor spherical multilayers surrounding a
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ig. 6. Crystallization exotherms: homolipid (GF), templated homolipid (TH) an
lots up to 10 h.

riglyceride core were observed (Schubert et al., 2006). The size
nd shape of a nanoparticle may also be influenced by the veloc-
ty of lipid crystallization, the lipid hydrophilicity (influence of
elf-emulsifying properties) and the shape of the lipid crystals
nd therefore, the surface area (Mehnert and Mäder, 2001). The
hape of the nanoparticles may partly be related to the coarse
rystal texture observed in the PLM of the templated homolipid
fter one month (Fig. 2).

.6. Isothermal heat conduction microcalorimetry

Isothermal microcalorimetry can provide precise and rapid
nowledge about possible solid state transition processes.
icrocalorimetry is an analytical technique that has found

umerous applications within the pharmaceutical environment
specially in solid state pharmaceutics such as physical form
haracterization (Phipps and Mackin, 2000). Preformulation
ssues such as amorphicity and polymorphism can be assessed
ith ease, precision and confidence. The excellent sensitivity

nd long term baseline stability make it an ideal method for
reformulation studies. In the context of lipid nanoparticle tech-
ology, studying the crystallization of SLN is necessary because
t guides formulation scientists on when to carry out drug con-
ent analysis (encapsulation efficiency) of SLN or other lipidic
ystems prepared by melting and recrystallization. Previously
ncapsulated drug molecules may be partly expelled on com-

lete recrystallization of lipidic systems.

The crystallization exotherms of the homolipid, templated
omolipid, and SLN1 are presented in Fig. 6. There was a
reater heat flow in the templated homolipid compared with

a
k
e
a

N containing 1.0% (w/w) polysorbate 80 (SLN1). Inset are the magnified single

he homolipid and SLN1. This may be due to the presence
f Phospholipon 90G®. The most striking finding is a con-
rmation of templation detected in these exotherms, shown
y the absence of change in crystallization behaviour of the
xotherms of both the templated homolipid and SLN1. A change
f slope was detected for the homolipid after about 45 min
f isothermal crystallization (see arrow in inset, Fig. 6). This
as attributed either to change in modification or change in

rystal growth rate occasioned by completion of crystalliza-
ion of the higher melting fraction of the homolipid (Attama
nd Müller-Goymann, 2006). SLN1 showed spontaneous crys-
allization without change in crystallization behaviour and the
tudy of SLN1 was extended to 96 h to check if there could be any
hange in crystallization behaviour and nothing was detected.
his means that templation by Phospholipon 90G® led to mod-

fication of crystallization of the lower melting fraction of the
omolipid. Crystallization of SLN may be delayed and SLN
ay remain amorphous or supercooled for a very long time

Mehnert and Mäder, 2001). In this study, low crystalline SLN
ere obtained even after one month of storage as detected by
SC and WAXD measurements (Figs. 1b and 4). Since there
as no change in crystallization behaviour of the SLN, assess-
ent of some properties of the SLN within 24 h would give valid

esults.
Results of further analysis of the Avrami equation within the

rst 360 s of isothermal crystallization are presented in Fig. 7

nd Table 3, representing plots of the normalized equation and
inetic parameters derived therefrom, respectively. The Avrami
xponent n, which is indicative of the mechanism of nucle-
tion were lower in SLN and templated homolipid compared
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Fig. 7. Isothermal crystallization kinetic plots within the first 360 s of crystal-
lization: (�) homolipid, (�) templated homolipid, (�) SLN containing 1.0%
(w/w) polysorbate 80 (SLN1).

Table 3
Isothermal crystallization parameters derived within first 360 s of isothermal
crystallization

Batch Parameter

n k (s−1) r2

GF 1.5 1.18 × 10−5 0.9950
TH 1.0 9.95 × 10−4 0.9998
SLN1a 1.1 2.51 × 10−3 0.9996

a Represents SLN containing 1% (w/w) polysorbate 80. GF (Homolipid), TH
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templated homolipid), n = Avrami’s exponent, k = crystal growth rate constant
nd r2 = regression coefficient.

ith the pure homolipid (Table 3). This means the templated
omolipid and SLN1 possess similar nucleation mechanisms
ifferent from the pure homolipid. This result further lends proof
o the fact that addition of Phospholipon 90G® exerted a tem-
lation effect on the homolipid (goat fat). The low values of n
btained also shows that one dimensional heterogeneous nucle-
tion was the predominant process. Avrami exponent in the
pproximate range of ca. 2.0–2.9 suggests a two-dimensional
rowth from a combination of thermal and athermal nuclei (i.e.
nstantaneous and sporadic nucleation mechanisms) (Supaphol,
001). The fractional values of n obtained show deviation
rom Avrami equation which specifies integral n values. Frac-
ional n values and deviation from Avrami equation result from
ome assumptions made in the Avrami model such as con-
tant growth rate, constant density and shape of growing nuclei,
o change in volume during phase transformation among oth-
rs (Avrami, 1941), which may not be easily obtainable in

ractice. The k values corresponding to the growth rates were
igher in SLN and templated homolipid compared with the pure
omolipid indicating templation favoured the crystallization
rocess.

K

M

ournal of Pharmaceutics 334 (2007) 179–189

. Conclusion

The templating effect led to the disappearance of the lower
elting peak and did not significantly affect the higher melting

eak of the homolipid (goat fat), but affected the total enthalpy
f the endothermic process. This is a very useful finding as lipid
atrix with a more cooperative thermal phase transition with

ess crystallinity resulted. SLN formulated with this lipid matrix
ere also of low crystallinity and did not show change in crystal-

ization behaviour. As a result, very stable nano-sized particles
ere produced, which could be further engineered for use in par-

nteral or ocular drug delivery, or in other targeted drug delivery
ystems (active or passive targeting), as the component lipids
re highly biocompatible. SLN containing 1.0% polysorbate 80
ossessed the best qualities. The result of this study also shows
method of improving natural lipids for use in particulate drug
elivery systems. This finding will elicit further researches using
atural lipids as search for ideal drug delivery system for drugs
ontinues.
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