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Abstract

Solid lipid nanoparticles (SLN) and nanostructured lipid carriers (NLC) are interesting nanoparticulate delivery systems
produced from solid lipids. Both carrier types are submicron size particles but they can be distinguished by their inner structure.

In the present paper, indomethacin (IND)-loaded SLN and NLC were prepared and the organization and distribution of the
different ingredients originating each type of nanoparticle system were studied by differential scanning calorimetry (DSC)
technique. Furthermore, mean particle size and percentage of drug encapsulation were also determined.

From the results obtained, NLC lipid organization guaranteed an increased indomethacin encapsulation in comparison with
SLN. DSC static and dynamic measurements performed on SLN and NLC showed that oil nanocompartments incorporated into
NLC solid matrix drastically influenced drug distribution inside the nanoparticle system. Controlled release from NLC system
could be explained considering both drug partition between oil nanocompartments and solid lipid and a successive partition
between solid lipid and water.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction (emulsions, liposomes and polymeric nanoparticles),
especially for the delivery of lipophilic compounds
Solid lipid nanoparticles (SLN) are colloidal car- (Hu et al., 2004; Lim et al., 2004; Tabatt et al., 2D04
riers developed at the beginning of the 1990s as an Although SLN are endowed with important features
alternative system to the existing traditional carriers useful for different routes of administratiomller
and Keck, 2004; Venkateswarlu and Manjunath, 2004;

* Corresponding author. Tel.: +39 095 221796; fax: +39.09580138. Wissing etal., 2004; Kim et al., 20pthey show some
E-mail address: fcastelli@dipchi.unict.it (F. Castelli). potential disadvantages such as drug leakage during
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storage and insufficient drug loadéhnert and Mader, Recently, DSC technique has been used success-

2001). fully to monitor drug dissolution processes in pres-
To overcome the limitation of SLN, nanostruc- ence of liposomal systems verifying the drug ability

tured lipid carriers (NLC) have been developbtiifler to migrate through the aqueous medium to interact

etal., 20025 Both carrier types are submicron size par- with the lipid layer Castelli et al., 2008 This tech-
ticles (50—-1000 nm) and are based on solid lipids but nique determining thermodynamic variations related to
they can be distinguished by their inner structure. SLN morphological changes could give information about
consist of pure solid lipids while NLC are made of solid drug capability to dissolve in one of the lipid phases
matrix entrapping a variable liquid lipid nanocompart- and consequently about drug collocation inside the
ments Muller etal., 2002h. NLC can be consideredas nanopatrticles in a ternary system (drug-surfactant-
an upgrade of the solid lipid nanoparticles even though lipid).
among scientists the term SLN is still intended to indi-
cate the nanostructured lipid carriers, creating no clear
differentiation. 2. Materials and methods
To date, several studies about these lipid carriers
and concerning optimization of production parame- 2.1. Materials
ters, morphological characterization, long-term stabil-
ity, recrystallization behaviour and in vivo toxicity have Compritol 888 ATO (glyceryl behenate, tribehenin)
been undertakeMuller et al., 2000; Lippacher et al., is a mixture of mono-, di- and triglycerides of behenic
2000, 2002; Scholer et al., 2000; Jenning et al., 2002 acid (&) and was a gift of Gattefossltaly S.r.L
Inaddition, interesting information aboutdrugincorpo- (Milan, Italy). Miglyol 812 (caprylic/capric triglyc-
ration and release were obtained comparing both SLN erides) was provided by Eingemann & Veronelli
and NLC carriersNiuller et al., 2002b; Souto et al., S.p.A (Milan, Italy). Lutrol F68 was a gift of
2009. BASF ChemTrade GmbH (Burgbernheim, Germany).
Itis well known that the release of a lipophilic com- Indomethacin was purchased from Sigma Chemical
pound from these lipid carriers can be considered as (Milan, Italy). All other chemicals were of reagent
mediated by several partition mechanisms between thegrade and used without further purification.
aqueous medium surrounding the nanoparticles, the
surfactant employed and the lipid phases. Therefore, 2.2. Preparation of SLN and NLC
it becomes interesting to study the organization and
distribution of the different lipid ingredients originat- SLN and NLC were prepared by ultrasonication.
ing each type of nanopatrticle system, as well as how SLN were obtained by adding indomethacin (80 mg)
the drug is dispersed either in the lipid or in the sur- to Compritol 888 ATO (4g) previously melted at
factant. At this aim, in the present paper, indomethacin 80°C, whilst NLC preparation required the addition
(IND)-loaded SLN and NLC were prepared and char- of Miglyol 812 (1.47 g) to the drug and the solid lipid
acterized by differential scanning calorimetry (DSC) at 80°C. In a second step, the hot lipid phase (IND
technique. dispersion in melted solid lipid for SLN or IND disper-
Indomethacin, a potent NSAID, was chosen as a sion in melted solid lipid and Mygliol 812 for NLC)
highly lipophilic model drug while differential scan- was dispersed in a surfactant solution (1.35%, w/w),
ning calorimetry as an investigation technigue since at 8000 rpm, 80C for 1 min, using a high-speed stir-
it was largely employed in the characterization of rer (Ultra Turrax T25, IKA-Werke GmbH & Co. KG,
pharmaceutical drug release systems. Thermoanaly-Staufen, Germany). The obtained pre-emulsion was
sis, in fact, can provide information about crystalliza- ultrasonified using a Labsonic 2000 (B. Braun, Mel-
tion behaviour, the timing of polymorphic transitions, sunen, Germany). In order to prevent recrystallization
fusion temperature, enthalpy, and the degree of crys- during homogenization, production temperature was
tallinity of melt-homogenized glyceride nanoparticle kept at least 5C above the lipid melting point. The
dispersions$iekmann and Westesen, 1994; Heurtault obtained nanoemulsion (O/W) was cooled down in a
et al., 2003. bath ice to form SLN or NLC and finally diluted up to
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200 ml with deionized water. Both nanopatrticle disper-
sions were stored at°€.

2.3. Determination of IND loading

The percentage of IND entrapped in the lipid matrix
was determined as follows: SLN or NLC dispersions
were filtered using a Pellicon XL tangential ultrafil-
tration system (Millipore, Milan, Italy) equipped with
a polyethersulfone Biomax10 membrane. An amount
of retained material was freeze-dried, dissolved in
chloroform and analyzed by UV spectrophotometry
at 319nm (Jasco V-520, Rome, lItaly). Calibration
curve for the validated UV assays of indomethacin,
was performed on five solutions in the concentra-
tion range 0.9-6Q.g/ml. Correlation coefficient was

233
2.5. DSC measurements

2.5.1. DSC experiments

DSC studies were performed using a Mettler TA
STAR® System equipped with a DSC 822ell. The
scan rate was Z/min in the temperature range
25-85°C. The reference pan was filled with Tris buffer
solution. Indium and palmitic acid (purity 99.95%
and >99.5%, respectively; Fluka, Switzerland) were
employed to check the calibration of the calorimetric
system. Data were evaluated from the peak areas using
the Mettler STAR V 6.10 SW software.

The DSC measurements were carried out on the fol-
lowing samples: (a) blank NLC; (b) NLC in which IND
was added before mechanical treatment by ultraturrax;
(c) IND-loaded NLC; (d) blank SLN; (e) SLN with

>0.990. Each pointrepresents the average of three meaiND added and dissolved inside at 8D; (f) Miglyol;
surements and the error was calculated as standardg) Miglyol with IND added and dissolved inside at

deviation &£S.D.).

IND incorporation efficiency was expressed both as
drug recovery and drug content, calculated from EQs.
(1) and(2), respectively:
mass of IND in nanoparticles
mass of IND fed to the system

@)

Drug content (%)=

mass of IND in nanopatrticles
mass of collected nanoparticles

@)

Drug content (%)=

2.4. SLN and NLC size distribution

Mean particle size and population distribution of
the bulk particle dispersion were measured by photon
correlation spectroscopy (PCS) using a Nicomp 370
autocorrelator (PSS Inc., Santa Barbara, CA, USA)
equipped with a Coherent Innova 70-3 Argon lon laser
system (Laser Innovations, Moorpark, CA, USA) oper-
ating at 514.5nm. Analyses were performed using a
90 scattering angle and at 280.2)°C. Samples were
prepared by diluting 101 of SLN or NLC suspension
with 2 ml of deionized water previously filtered through
a 0.2um Acrodisc LC 13 PVDF filter (Pall-Gelman
Laboratory, Ann Harbor, MI, USA). During the exper-
iment, refractive index of the samples always matched
liquid (toluene) to avoid stray light.

80°C; (h) SLN added to pure Miglyol; (i) IND-loaded
SLN added to pure Miglyol; and (I) NLC added to solid
IND. Static (samples a—g) and dynamic (samples h-l)
measurements were applied.

2.5.2. Static measurements

Briefly, 120p.l of each sample (an amount of com-
pounds referred to the same amount of Compritol,
2.4mg, in NLC or SLN was always used) was her-
metically sealed in a 164 aluminum DSC pan and
submitted to a scan in heating mode between 25 and
85°C and cooled at 25C. This cycle was repeated at
least four times.

2.5.3. Dynamic measurements

This procedure is based upon the examination at
increasing incubation periods at 80 of the samples
(a, d and e) when one of the components (Mygliol or
IND) inside the DSC pan is present. Therefore, such
kinetic permeation experiments were carried out on
these three samples: (h) a fixed amount of SLN (con-
taining 2.4 mg of Compritol) was added to Miglyol
(0.88 mg) weighted in the bottom of the DSC cru-
cible; (i) a fixed amount of SLN (containing 2.4 mg of
Compritol) loaded with IND (0.048 mg) was added to
Miglyol (0.88 mg) weighted in the bottom of the DSC
crucible; a fixed amount of NLC (containing 2.4 mg
of Compritol and 0.88 mg of Miglyol) was added to
a defined amount of IND (0.048 mg) weighted in the
bottom of the DSC crucible. The samples, hermetically
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sealed, were submitted to calorimetric scans in heating, Possible lipid interferences during UV determina-
isothermal and cooling mode using the following pro- tion of IND were also investigated by comparing the
cedure: two standard curves of IND alone and IND plus lipids

in chloroform solution in the range 0.9—-@/ml. The
differences observed between the standard curves were
within the experimental error, thus inferring that no
lipid interference occurred (data not shown).

(1) a first scan was performed from 25 to &5 to
detect the eventual interaction of the compound
placed on the bottom of the pan with the lipid or
lipid/Miglyol phase dissolving in it after its transfer
through the aqueous phase;

(2) ascan from 85 to 80C at 4°C/min;

(3) an isothermal period of 1 h at 8G@ was used to
let the substance continue the migration processes
and permeate, if able, the lipid or the lipid/Miglyol
phases;

(4) a cooling scan between 80 and°Z5was used
before restarting the heating program (first step).

3.2. DSC characterization

In Fig. 1, the DSC curves of the samples a—c are
reported. It is possible to observe as the blank NLC
(curve (a)) show a peak and a plateau between 67
and 71°C (indicated by an arrow). The same shape is
observed when IND is introduced by mechanical vor-
ticization in NLC (curve (b)) while it changed into a

This process was run continuously, at least eight peak shape (curve () after 24 h incubation at 8TC.
times, to detect the variations caused by the interaction The NLC loaded with IND (following the procedure
of increasing amount of the compound with the SLN  gescribed in Sectio.5.3 show a calorimetric curve
or NLC phases. Then, the same procedure was carriedyjith a well-defined two-peak structure (indicated by

out for longer incubation periods (24 h).

3. Results and discussion

3.1. Preparation and characterization of SLN and
NLC

As far as NLC is concerned, PCS analyses showed
mainly the presence of two distinct particle popula-
tions with mean diameters of 80.4 nm and 270.2 nm.
PCS analyses performed on solid lipid nanoparticles
showed the presence of a particle population with mean
diameter of 215.6 nm and a distinct particle population
of 102.3nm.

The NLC prepared in the present study are made of
a solid lipid matrix containing Miglyol nanocompart-
ments (Jenning et al., 2000The presence of Miglyol
was useful to increase the drug recovery (from 76 to
83.4%) and drug content (from 1.0 to 1.12%) in com-
parison with SLN.

These findings can be ascribed to the higher IND
solubility in Miglyol 812 compared to the drug solubil-
ity observed in the lipid melt used for SLN preparation
(Compritol 888 ATO). In addition, a physical exclusion
phenomenon of drugs from the lipid matrix during SLN
hardening with a consequent lowering of the entrap-
ment efficiency is reporteduller et al., 2002

the arrow; curve (c)) instead of the plateau, as men-

o
el
c
[

30 35 40 45 50 55 60 65 70 75 80 °C

Fig. 1. Differential scanning calorimetric heating curves of (a) blank
NLC; (b) blank NLC in presence of IND added before mechanical

treatment by ultraturrax; (pas curve (b) after incubation at 24 h at
80°C; and (c) NLC loaded with IND.
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g In Fig. 3A—C, the kinetic measurements curves are
reported. They show the induced formation of empty
or IND-loaded NLC and also the effect of IND on
f NLC. This effect was obtained incubating at &0,
for increasing time period, pure Miglyol with relative
amounts of blank SLN and IND loaded SLN, respec-
tively or blank NLC added to pure IND.
AN Such a kind of kinetic experiments are reported
(Castelli et al., 2000, 2002; Librando et al., 20@4 a
d valid way to determine if a compound in contact with
a lipid system in an aqueous medium is able to migrate
through it and dissolve inside the lipid phase. There-
fore, they let us to follow all the steps of the lipophilic
enrichment by incubating the samples at the same tem-
perature of preparation. If amigration happens, itcan be
detected following the changes induced on the calori-
metric peak shape due to the increasing amount of
compounds which leaves the bulk, migrates through
the aqueous medium and dissolves in the lipid phase.
The calorimetric curves of samples (h—l) are com-
o pared with SLN and NLC curves of the samples a, c,
30 35 40 45 50 55 60 65 70 75 8 °C d and e. The simple contact between Miglyol and SLN

. . , . - . (Fig. 3A), under periods of increasing incubation at
Fig. 2. Differential scanning calorimetric heating curves of (d) blank S h). i h in th lori
SLN; (e) SLN with IND added and dissolved inside ar'g () 80 C (curves (h)), induces no changes in the calori-
Miglyol alone; and (g) Miglyol with IND added and dissolved inside ~ Metric peaks. Instead, with incubation time increasing,
at 80°C. the contact of IND-loaded SLN with Miglyol (curves
_ o (i) of Fig. 3B), causes a little change of the peak shape
tioned above. It clearly indicates an effect of IND on  in comparison with the curve of NLC loaded with IND
the Miglyol lipid phase aggregation. (curve (a)) and, at the same time, we observed the grad-

This change in the calorimetric peak shape will be g disappearance of the IND peak at 784
employed to demonstrate the preferential dissolutionof  \when NLC were added to IND (curves (I) of
IND in the Miglyol phase dispersed in the lipid solid  Fig. 3C), it was observed that the characteristic NLC
phase._ plateau (curve (a)) is changed in a well-defined peak

In Fig. 2 the DSC curves (samples d—g) of SLN as  strycture that became similar to that of loaded NLC
well as the Miglyol ones, either with or without IND, (curve (c)).
are reported. SLN (curve (d)), according to the data  Considering the difference on the shape of the
reported in literatureJores et al., 2003exhibitapeak  calorimetric curves caused by the presence of IND in
at 71.2°C with a ShOUl-der at 73C. The calorimetric the NLC (Samp|es aand C), the DSC results suggest that
curve of SLN loaded with IND (curve (e)) shows when |ND is preferentially dissolved in the Miglyol rather
compared to SLN curve: than in the solid lipid phase.

These conclusions can be drawn by considering that:

1mw

endo

(1) anincrease in the shoulder intensity;
(2) aslight decrease of the main peak temperature;

(3) anew peak at 784 due to the presence of IND. (@) DSC curves, of Miglyol alone or in the presence

of IND (curves (f) and (g) ofig. 2), did not show
Differently, when submitted to calorimetric scan any calorimetric peak (implying a complete IND

(curves (f) and (g)), pure Miglyol as well as the Miglyol dissolution in Miglyol);

loaded with IND at 80 C did not show any calorimetric ~ (b) the SLN lipids (curve (d) oFig. 2) showed a peak

peak. (71.2°C) with a shoulder at higher temperatures.
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30 3 40 45 50 55 60 65 70 75 80 °C 30 3 40 45 50 55 60 65 70 75 80 °C
c

\\;:;‘\--~‘\~\\\\\\\\\\\\\\j//\~///~/———————

3 hr

10 min

*\/ﬁ

=
S

endo

(©)
30 35 40 45 50 55 60 65 70 75 80 °C

Fig. 3. Differential scanning calorimetric heating curves at increasing incubation periodsab&(A) blank SLN added to Miglyol weighted

in the DSC pan (curves (h)) compared with curves (d) (blank SLN) and (a) (blank NLC); (B) SLN loaded with IND added to Miglyol weighted
in the DSC pan (curves (i) compared with curves (e) (SLN loaded with IND) and (c) (NLC loaded with IND); (C) blank NLC added to IND
weighted in the DSC pan (curves (l)) compared with curves (a) (blank NLC) and (c) (NLC loaded with IND).
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The main peak remains nearly constant in the pres- Miglyol and lipid. The hypothesis of Miglyol dissolu-
ence of IND, and a small endothermal event is tion in the lipid is also supported by the disappearance
displayed at 78.4C (curve (e) ofFig. 2, indicated of the small peak at 784 that we attributed to the
by the arrow); IND presence in the lipid matrix.

(c) comparing NLC (blank, curve (a)) and SLN (curve More indications were drawn by considering the
(d)), we observed that the peak of the pure lipid kinetic data obtained by the interaction of blank NLC
changed in a two-component calorimetric peak with pure IND after prolonged incubation periods at
with a shoulder at the same temperature of the pure 80°C (curves (l)Fig. 3C), in particular, we observed
lipid and a well-defined peak at lower temperature that the plateau shape of the curves remained initially
(changes caused by the presence of the Miglyol unchanged, but after four calorimetric scans it started
inside the lipid structure). to change.

After 24 h, finally, it produced a two-peak structure
This shoulder showed a characteristic shape that which indicated the presence of IND in the NLC struc-
would be represented in a well-defined plateau every ture.

time IND was not present. Instead, when IND was In Fig. 3B it was reported the small peak attributed

added to the preparation of NLC the above mentioned to the IND dissolved in the blank SLN (curve (e)) that

shoulder was transformed in a peak and a well-defined gave useful indications about the Miglyol distribution
two-peak system was originated (curve (cfad. 1). inside the solid lipid particles. The rapid disappearance
A simple experiment allowed us to attribute this of the peak demonstrated that IND present in the lipid
trend to the IND dissolution into Miglyol. Empty NLC ~ phase was dissolved in the Miglyol and that it comes
were mixed mechanically with IND, submitted to ultra-  inside the lipid phase after the addition of IND-loaded
turrax and successively to a calorimetric scan. The SLN (10 minto 24 h; curves (i) dfig. 3B). Differently,
plateau shape that appeared in the calorimetric curveswhen IND was added to NLC (10 min to 24 h; curves

(curve (b) ofFig. 1) suggested that IND, in spite of  (I) of Fig. 3C), we had no evidence of the small peak

its lipophilic character, was not able to dissolve inside at 78.4°C. Such a peak should have been produced by

the lipid phase when added in the aqueous phase. Ifthe preferential dissolution of IND in the lipid phase
the same sample is heated at°80for 24 h (curve compared to Miglyol phase, as it appear$ig. 3B.

(t') of Fig. 1), we can observe that the shape slowly We can suppose thatinside the lipid particles, during

changes into a two well-defined peak form. This evi- the preparation, the segregation of Miglyol brought to

dence together with the successive kinetic experimentsthe formation of zone rich of this lipid oil where IND
suggested that IND came into the lipid matrices and prefers to dissolve in. Furthermore, a small amount of

more exactly in the Miglyol component. drug remained in lipid phase to consent the migration
In such kind of experiments when the SLN were responsible for the drug release.

incubated at 80C for more prolonged periods in pres- In conclusion, this calorimetric study demonstrated

ence of pure Miglyol (curves (h) oFig. 3A), we that NLC systems are constituted by oil nanocom-

observed that the shape of the SLN remains nearly unal- partments incorporated into a solid matrix. Miglyol
tered. In particular, the shoulder was not evidenced and nanocompartments contain a higher amount of active
this was probably due to a small transfer and dissolu- compound, but the release is strongly influenced by
tion of the Miglyol in the lipid matrix. When the SLN  the IND amount dispersed in the surrounding solid
loaded with IND were incubated at 8CQ for more pro- lipid barrier. The experimental evidences regarding a
longed periods in presence of pure Miglyol (curves (i) drug controlled release from NLC systeRi¢ci et al.,

of Fig. 3B), the latter was able to diffuse inside the 2009 could be explained considering both drug parti-
lipid matrix and this phenomenon suggested that drug tion between oil nanocompartments and solid lipid and
promotes the Miglyol absorption. Anyway, the shape its successive solid lipid—water partition. We demon-
of the peak appeared only partially similar to the one strated indirectly this behaviour by loading SLN with
obtained by adding IND to NLC (curve (c)). The curve IND or with Miglyol and following time by time the
changes and the absence of a two-peak system couldchanges in the calorimetric peak shape of the nanos-
suggest the presence of a continuous phase betweerructured lipid systems.
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