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a  b  s  t  r  a  c  t

The  aim  of  this  study  was  to optimize  the  formulation  of  lipid  nanoparticles  (NPs),  intended  for  brain
targeting,  with  the  aid of a  computer  generated  experimental  design.  The  high  pressure  homogenization
technique,  selected  for this  purpose,  was  suitable  to formulate  the 3 investigated  lipids  (i.e.,  Softisan®

142,  SOFT;  Compritol® 888  ATO,  COMP;  cetyl  palmitate,  CP)  into  nanometre-length  particles,  while  the
computer  generated  experimental  design  helped  to individuate  the  best preparation  conditions  with a
small  number  of  experimental  assay.  Even  though  all  the  3 optimized  formulations  were  suitable  for
eywords:
ipid nanoparticles
olloids
lood–brain barrier
eurovascular unit
rain targeting

intravenous  infusion,  CP  NPs  showed  the  smallest  particle  size  and  the  appropriate  thermal  behaviour  to
be  used  as carriers  in  brain  targeting  applications.

© 2011 Elsevier B.V. All rights reserved.
esponse surface methodology

. Introduction

Nowadays, brain drug development still remains a challenging
ask due to the presence of the blood–brain barrier (BBB), a very
estrictive barrier mainly composed of tightly sealed endothelial
ells (Su and Sinko, 2006). In fact, due to its anatomy and phys-
ology, the BBB strictly regulates the brain access and clearance
f endogenous and exogenous molecules from the systemic cir-
ulation (Cornford and Hyman, 1999; Ballabh et al., 2004). BBB
evelopment and maintenance are possible because of the complex

nteractions between neurons, astrocytes, pericytes and microglia.
his ensemble forms the so-called neurovascular unit (Neuwelt,
004).

It is estimated that more than 98% of the new discovered central
ervous system (CNS) potential drugs does not cross the BBB, failing
o achieve therapeutic concentration within the brain parenchyma

Pardridge, 2001).

During the last three decades, different approaches have been
eveloped to circumvent the BBB (Ricci et al., 2006; Neuwelt et al.,

Abbreviations: Apo, apolipoproteins; BBB, blood–brain barrier; CNS, central ner-
ous system; CP, cetyl palmitate; COMP, Compritol® 888 ATO; DSC, differential
canning calorimetry; GDW, Gaussian distribution width; MHD, mean hydrody-
amic diameter; NP, nanoparticle; NPs, snanoparticles; NLC, nanostructured lipid
arriers; PCS, photo correlation spectroscopy; P80, polysorbate 80; SOFT, Softisan®

42; SLN, solid lipid nanoparticles; TEM, transmission electron microscopy.
∗ Corresponding author. Tel.: +39 0755852057; fax: +39 0755855163.

E-mail address: kaolino@unipg.it (P. Blasi).

378-5173/$ – see front matter ©  2011 Elsevier B.V. All rights reserved.
oi:10.1016/j.ijpharm.2011.07.035
2008). Among others, embedding drugs within nanoparticulate
matter able to cross the BBB is considered one of the most promising
(Ricci et al., 2006; Celia et al., 2010). In particular, the possibil-
ity to tailor the nanoparticle (NP) surface to target specific tissues
or organs is very attracting. Polymeric NPs decorated with opioid
peptides or monoclonal antibodies have demonstrated interest-
ing potentialities as carriers for brain drug targeting (Tosi et al.,
2008; Aktas et al., 2005). A further attractive approach is based on
the modification of the NP surface with specific surfactants able to
adsorb preferentially apolipoproteins (Apo) from the blood stream
(Göppert and Müller, 2003; Tröster et al., 1992). The Apo adsorbed
on the surface, by interacting with specific receptors on the BBB
luminal face, seems to be responsible for NP translocation into the
brain (Kreuter, 2005). This mechanism has been recently corrobo-
rated through the observation that Apo-E coated albumin NPs are
delivered in different brain regions (i.e., olfactory bulb, cortex, stria-
tum, hippocampus, cerebellum, and the brain stem) 15 and 30 min
after intravenous injection (Zensi et al., 2009). Similar promising
results were obtained using lipid NPs stabilized with the same sur-
factants (Podio et al., 2000; Koziara et al., 2004; Blasi et al., 2009).

In this regards, lipids and waxes, due to their low toxicity and
high biocompatibility (Souto et al., 2009), present some poten-
tial advantages over synthetic polymers for the preparation of NPs
(Blasi et al., 2007; Kaur et al., 2008; Müller et al., 1996, 1997). In

fact, lipid NPs, also referred as solid lipid nanoparticles (SLN) or
nanostructured lipid carriers (NLC), have been virtually proposed
for all administration routes, e.g., parenteral (Müller et al., 2004),
oral (Zara et al., 2002), dermal (Puglia et al., 2008), and ocular

dx.doi.org/10.1016/j.ijpharm.2011.07.035
http://www.sciencedirect.com/science/journal/03785173
http://www.elsevier.com/locate/ijpharm
mailto:kaolino@unipg.it
dx.doi.org/10.1016/j.ijpharm.2011.07.035
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Table 1
Fabrication parameters studied to build the models.

Matrices P80 concentration
(% w/v), XB

Homogenization
cycles (number), XA

Temperature
(◦C), XC

Compritol®

888
ATO

0.5 1–10 80
1 1–10
1.5 1–10
2  1–10

Softisan®

142
0.5 1–10 52
1  1–10
1.5 1–10
2 1–10
0.5 1–10 62
1  1–10
1.5 1–10
2  1–10

Cetyl
palmi-
tate

0.50 1, 5, 10 65
0.88 3, 8
1 1, 10
1.25 5
88 P. Blasi et al. / International Journa

Cavalli et al., 2002). SLN and NLC refer to colloids produced by
ipids, namely fatty acids, mono-, di-, and tri-glycerides, waxes and
onsaponificable lipids, solid at the body temperature. SLN are gen-
rally prepared with one or a mixture of solid lipid materials, while
LC are composed of a solid lipid and a certain amount of liquid

ipid (oil), maintaining the solid state at both room and body tem-
erature. NLC have been developed as an evolution of SLN. In fact,
he presence of a certain amount of oil reduces the tendency of
he matrix to crystallize with many advantages for the system,
uch as increased drug loading and retention (squeezing reduc-
ion), enhanced physical stability, and improved controlled release
Saupe et al., 2005).

Unfortunately, the fabrication of stable materials at nanometre-
ength scale is difficult and most of the proposed methods are
xploitable only at the laboratory scale (Blasi et al., 2007; Müller
nd Runge, 1998). However, the use of high pressure homogeniza-
ion may  overcome such inconveniences due to reproducibility and
cale-up possibility (Müller et al., 2004). In fact, homogenizers have
een used in the food industry for more than a century to process
ighly fat products (Pandolfe, 1982).

Following such considerations, this work is aimed at optimizing
he preparation of lipid NPs for brain drug targeting. For this pur-
ose, a response surface methodology was employed to assess the
onditions leading to best particle features. Lipid NPs were char-
cterized for their size (i.e., mean diameter and polydispersity),
orphology, and thermal behaviour. Due to the particular impor-

ance of particle size in brain drug delivery (Gao and Jiang, 2006),
he target NP formulation was chosen as function of particle size as
ell as milder working conditions.

. Materials and methods

.1. Materials

COMP, a mixture of mono-, di- and triglycerides of behenic acid,
lso known as glyceryl behenate or tribehenin, and CP were kind
ifts of Gattefossé (Milan, Italy). SOFT (hydrogenated coco glyc-
rides), a mixture of hydrogenated vegetable fatty acids with a
hain length of 10–18 carbon atoms, was kindly provided by Eigen-
ann & Veronelli (Milan, Italy).
Polysorbate 80 (HX)TM (P80) of injectable grade was a kind gift of

OF corporation (Tokyo, Japan). Ultra pure water (�, 18.2 M� cm)
as obtained by a Milli-Q system (Millipore, Rome, Italy). All other
aterials were of analytical grade and used as provided.

.2. Preparation of lipid nanoparticles

Lipid NPs were prepared using the hot high pressure homoge-
ization technique as reported elsewhere (Blasi et al., 2009). Briefly,

 g of the chosen lipid were heated up to a temperature 10 ◦C
bove its melting point (SOFT, m.p. ∼ 42 ◦C; CP, m.p. ∼ 55 ◦C; COMP,
.p. ∼ 70 ◦C) and added drop wise to 35 mL  of a P80 aqueous solu-

ion under high-speed stirring (1 min, 8000 rpm; Ultra Turrax T25,
KA® Werke GmbH & Co. KG, Staufen, Germany), to prepare an
mulsion. Surfactant solution was thermostated at the same tem-
erature of the molten lipid (i.e., 10 ◦C > m.p. for COMP and CP, 10
nd 20 ◦C > m.p. for SOFT) and the addition rate was 2.5 g/min. The
btained pre-emulsion was then processed with a high pressure
omogenizer (Avestin EmulsiFlex-C5, Ottawa, Canada) at the same
emperatures and at a pressure of 1500 bar. Only in the case of SOFT,

wo different homogenization temperatures were investigated: at
0 and 20 ◦C above the melting point. After homogenization, the hot
ispersion was immediately cooled in an ice bath obtaining solid

ipid NPs.
1.50 1, 10
2 1, 5, 10

2.3. Factorial design study

A computer generated experimental design was built to evalu-
ate the effects of the preparation factors on the mean hydrodynamic
diameter (MHD) and Gaussian distribution width (GDW) of lipid NP
formulations. Factors were selected according to the parameters
characterizing the hot melt homogenization method as well as to
the results of preliminary experiments. When COMP and CP were
employed, the number of homogenization cycles (XA) and surfac-
tant concentration (XB) were considered the main factors affecting
particle size and distribution. In the case of SOFT, the homogeniza-
tion temperature (XC) was included as third factor. Conditions were
varied as described in Table 1. Three replicates per batch were per-
formed in order to assess process and system reproducibility. The
complete general polynomial regression model chosen is described
by the following equation:

Y = ˇ0 + ˇ1XA + ˇ2XB + ˇ3XC + ˇ4XAXB + ˇ5XAXC + ˇ6XBXC

+ ˇ7X2
A + ˇ8X2

B + ˇ9X2
C + ˇ10XAXBXC + ˇ11X2

AXB + ˇ12X2
AXC

+ˇ13X2
B XA + ˇ14X2

B XC + ˇ15X2
C XA + ˇ16X2

C XB + ˇ17X3
A + ˇ18X3

B

+ˇ19X3
C + · · · + ε (1)

where Y is the dependent variable, and ˇi the multiple regression
coefficients representing estimates of main effects and interactions.
In particular, ˇ1–ˇ3 represents main effects, ˇ4–ˇ9 two-factor
interactions, and ˇ10–ˇ19 three-factor interactions. XA, XB, XC are
the three investigated factors and ε the residual error of the model.

Eq. (1) was  applied to different lipid NP formulations and eval-
uated in term of statistical significance by ANOVA. In addition, the
possible presence of multicollinearity, outliers and lack of fit were
estimated. Contour plots displaying MHD  and GDW behaviours at
different XA and XB levels were built. In the case of SOFT, two plots
related to low (52 ◦C) and high (62 ◦C) XC factor levels were drawn.
Statistical and factorial analyses were performed by using Design-
Expert® v. 8.0.1 (Stat-Ease Inc., Minneapolis, MN,  USA).

2.4. Optimality region assessment

A response surface methodology was used to plot response

behaviour against factor levels. The contour plots, obtained from
model regression to the experimental points for MHD  and GDW,
were investigated to assess the optimality region. For this purpose,
the desirability function approach was  applied to the system in
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Table 2
Predicted and experimental MHD  and GDW values for the 3 models.

Number of cycles P80 concentration
(%, w/v)

Actual MHD
(nm) ± S.D.

Predicted
MHD (nm)

Bias (%) Actual GDW
(nm) ± S.D.

Predicted
GDW (nm)

Bias (%)

Softisan
T = 52 ◦C

3 1.0 222.5 ± 6.6 254.2 12.5 127.2 ± 10.5 129.2 1.5
6  259.0 ± 68.1 226.4 12.6 150.8 ± 68.9 125.6 16.7
3 1.5 229.9 ± 4.4 267.9 14.2 119.4 ± 3.7 147.5 19.1
6  243.3 ± 5.6 267.9 9.2 128.0 ± 9.0 147.5 13.2

T  = 62 ◦C
3 1.0 272.9 ± 33.9 272.7 0.07 134.6 ± 12.7 129.2 4.0
6  262.0 ± 47.7 270.2 3.0 134.5 ± 25.2 125.7 6.5
3 1.5 282.8 ± 46.8 312.0 9.4 124.1 ± 10.8 147.5 15.9
6  284.1 ± 46.1 309.6 8.2 125.8 ± 14.9 143.1 12.1

Compritol
4 1.0 311.6 ±  27.3 296.8 4.7 146.1 ± 7.6 144.7 1.0
7  286.8 ± 16.7 291.5 1.6 121.0 ± 24.7 155.9 22.4
4 1.5 341.1 ± 28.3 389.3 12.4 175.7 ± 4.7 171.1 2.6
7  424.4 ± 28.0 383.3 9.6 193.7 ± 12.8 185.6 4.2

Cetyl  palmitate
1 0.88 328.1 ± 7.3 306.6 6.6 117.6 ± 13.8 112.9 4.2
10  283.2 ± 7.0 277.3 2.1 103.3 ± 5.4 98.7 4.5
1 1.25 293.3 ± 10.6 281.7 4.0 95.5 ± 15.5 101.2 5.6
10  258.7 ± 15.2 251.5 2.8 85.4 ± 10.9 89.1 4.2

Fig. 1. Contour plots of Softisan® 142 NPs showing the effect of homogenization cycles (1–10) and surfactant concentration (0–2%, w/v) at 55 ◦C on MHD  (A) and GDW (C)
as  well as at 65 ◦C on MHD  (B). Response surface plot showing the desirability at 55 (D) and 65 ◦C (E).
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Table 3
Predictivity outside the model working area for SOFT.

Number of cycles P80 concentration
(%, w/v)

Experimental MHD
(nm) ± S.D.

Predicted
MHD  (nm)

Bias (%) Experimental GDW
(nm) ± S.D.

Predicted GDW
(nm)

Bias (%)

5 2.5 164.7 ± 6.5 173.6 5.4 93.3 ± 15.4 108.7 16.5
5 3  160.0 ± 20.9 157.6 1.5 89.5 ± 11.0 104.4 16.7
5  3.5 151.4 ± 18.2 144.2 4.8 82.3 ± 5.7 100.4 22.0
5  4 151.1 ± 10.1 133.0 12.0 86.1 ± 7.1 96.6 12.2
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ig. 2. Contour plots of Compritol® 888 ATO NPs showing the effect of homogeniz
esponse surface plot showing the desirability (C).

rder to delimit the region corresponding to the smallest MHD  and
DW (Eq. (2)).

 = (d1d2 . . . dm)
1
m

(2)

here m is the response and d is the individual desirability func-
ions for each response, namely the smallest MHD  as well as GDW.

.5. Check-point analysis

Check-point analyses were carried out to establish model reli-

bility. Series of points were chosen according to the obtained
ontour plots and all experiments were performed in triplicate.
ias was estimated to evaluate the agreement between actual and
redicted values. Further experiments were carried out in the case
cycles (1–10) and surfactant concentration (0–2%, w/v) on MHD  (A) and GDW (B).

the region of higher desirability stretched outside the working
frame.

2.6. Particle size distribution and morphology

Lipid NP size was measured by photo correlation spectroscopy
(PCS) and expressed as MHD  and GDW. Dimensional distribution
analyses were performed using a Nicomp 380 autocorrelator (PSS
Inc., Santa Barbara, CA, USA) equipped with a Coherent Innova 70-3
(Laser Innovation, Moorpark, CA, USA) argon ion laser.
LNs were morphologically characterized by means of trans-
mission electron microscopy (TEM) (Philips EM 400T microscope,
Eindhoven, Nederlands). Samples were prepared by simply
depositing a drop of the NP suspension on the surface of a 200
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ig. 3. Contour plots of cetyl palmitate NPs showing the effect of homogenization cy
urface plot showing the desirability (C).

esh Formvar® coated copper grid (TAAB Laboratories Equipment
td., Aldermaston, England) and letting it to dry overnight.

.7. Differential scanning calorimetry

Differential scanning calorimetry (DSC) was performed to char-
cterize lipid NP thermal behaviour. Experiments were run by using

 DSC821e (Mettler Toledo, Greifensee, Switzerland) calorimeter,
quipped with a liquid nitrogen cooling system. A nitrogen purge
t a flow rate of 50 cm3/min was used to provide an inert gas atmo-
phere in the DSC cell. The system was calibrated using an indium
tandard with a hermetic sealed empty pan as reference. Prior to
eating, samples were equilibrated in a hermetic sealed 40 �L alu-
inum pan at 20 ◦C for 10 min. In all cases, heating or cooling rate

f 10 ◦C/min was used. Data were treated with STARe software
Mettler Toledo International Inc., Greifensee, Switzerland) and the
esults expressed as the mean of two determinations.

. Results and discussion
.1. Nanoparticle preparation

The hot high pressure homogenization technique was  able
o produce nano-scale particles, regardless the employed matrix
–10) and surfactant concentration (0–2%, w/v) on MHD  (A) and GDW (B). Response

material (i.e., COMP, SOFT, and CP). From preliminary experiments,
the surfactant concentration and the number of homogenization
cycles resulted the most significant fabrication parameters. In fact,
even though homogenization pressure has a fundamental impor-
tance in drop breakage and the achievement of a small particle size
(Narsimhan and Goel, 2001), in previous experiments, to obtain a
narrow droplet/particle size distribution, a pressure of at 1000 bar
was needed (Puglia et al., 2008). Obviously, this is strictly related
to the intrinsic characteristics of the instrument (e.g., homogenizer
valve type and design, single-piston, multi-pistons) and different
homogenizers might also need lower pressures to obtain similar
results (Müller et al., 2004). With the present experimental setup,
preliminary homogenization experiments at different pressures
showed the need of 1500 bar to obtain low particle size and polydis-
persity. Then, the computer generated experimental design helped
establishing the optimal value combination of the abovementioned
factors (Dhawan et al., 2011). Nonlinear models were validated by
ANOVA and the results (MHD and GDW), expressed as contour and
surface response plots, are reported and discussed separately for

the three starting materials.

Three lipids having different nature and structure, two  triglyc-
eride mixtures with different carboxylic acid chain length (i.e.,
SOFT and COMP) and a wax  (i.e., CP), were selected and used to
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roduce NPs. Due to the P80 peculiar role in brain drug targeting,
he evaluation of the effect of different surfactants was consid-
red unnecessary and rather the effect on particle size of surfactant
oncentration was accounted together with the number of homog-
nization cycles. The effect of the homogenization temperature was
nvestigated only in the case of SOFT to establish the possibility
o reduce particle size increasing temperature since the low lipid

elting temperature allowed to investigate working temperatures
0 and 20 ◦C higher than the melting one.

.1.1. Softisan® 142 nanoparticles
As anticipated, in the case of SOFT NPs, the number of

omogenization cycles (XA), surfactant concentration (XB), and
he homogenization temperatures (XC) were considered the main
actors affecting particle size and distribution. Eqs. (3) and (4)
epresent the obtained nonlinear models resulting from ANOVA
alculations.

HD = 250.8 + 81.9A + 51.3 B + 29.3C − 0.1AB

+ 19.0AC + 19.2BC + 130.9A2 + 2.8B2 − 28.0B2C

3 3
−179.1 A − 103.7B (3)

DW = 0.088 − 0.015A − 0.0099B + 0.00068AB − 0.021A2

+ 0.00043B2 + 0.028A3 + 0.014B3 (4)
–10) and surfactant concentration (2–4%, w/v) on MHD  (A) and GDW  (B). Response

The high significance of the model (P < 0.0001) can be confirmed
by the coefficient of variance values (MHD, 9.17; GDW, 9.89) and the
correlation coefficients (r2 = 0.9164; 0.7515). Moreover, the anal-
ysis of the response surfaces showed a nonsignificant lack-of-fit
(data not shown).

According to Eqs. (3) and (4),  homogenization cycles (XA), sur-
factant concentration (XB) and the preparation temperature (XC)
have a determinant effect on the MHD, whereas XC seems to be
marginal for GWD. In both cases, the number of cycles shows the
strongest effect.

Fig. 1A–C describe the effect of XA, XB and XC on MHD  and GDW,
while Fig. 1D and E shows the desirability plots obtained combin-
ing the individual response surfaces for MHD  and GDW. To confirm
the regression model predictivity, check point analysis at 1 and 1.5%
(w/v) P80 concentrations and at 3 and 6 homogenization cycles was
performed. As it can be observed in Table 2, the model predictiv-
ity was  satisfactory. The preparations performed at 62 ◦C were also
in good agreement with model predictions, but the best working
temperature was  found to be 52 ◦C (Table 2). In fact, while higher
temperatures generally correspond to a lower melt viscosity and to
higher homogenizer performance, in this specific case an opposite

effect was observed. This could be due to the formation of very fine
droplets with a short life span due to the increased chance of aggre-
gation and coalescence. This effect is linked to the concomitant high
shear, cavitational forces and surface area increase.
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Table 4
Predictivity outside the model working area for CP.

Check points Predicted values Actual values Bias mean
size (%)

Bias distribution
width (%)

Number of
homogenization
cycles

Surfactant
concentration
(%, w/v)

Mean size
(nm)

Distribution
width (nm)

Mean size
(nm) ± S.D.

Distribution
width
(nm) ± S.D.

7 2 184.6 72.9 189.7 ± 4.4 74.3 ± 2.4 −2.8 −1.9
7 3  167.4 67.9 163.8 ± 6.5 63.8 ± 1.1 2.1 5.9
7  4 150.2 63.5 138.6 ± 4.4 56.1 ± 5.1 7.7 11.7
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ig. 5. Transmission electron microscopy of Softisan® 142 (A), Compritol® 888 ATO
B)  and cetyl palmitate (C) NPs.

According to the contour plots, there is a decrease of size and
ize dispersion towards P80 concentrations higher then 2%. Such
rend seems to suggest a further lowering of both MHD  and GDW
ell beyond the 2% value. This hypothesis was  verified by per-

orming studies at 2.5, 3, 3.5, and 4% (w/v) of P80 concentrations
5 homogenization cycles at 52 ◦C). In fact, the MHD  and GDW
ere reduced and resulted minimum at 3.5% (w/v) with the highest

greement between the predicted and the experimental values as
ell (Table 3).

®
.1.2. Compritol 888 nanoparticles
The second lipid matrix investigated, COMP, a mixture of

ono-, di- and triglycerides of behenic acid, has been extensively
mployed as excipient for controlled release purpose (Brubach
Fig. 6. DSC data of the bulk (A) and colloidal (B) lipid materials.

et al., 2007). In addition, it has been largely used for the production
of SLN and NLC (Souto et al., 2006; Hamdani et al., 2003).

With COMP, only the influence of the homogenization cycles
(XA) and surfactant concentration (XB) was  investigated due to the
higher melting point of the lipid. Eqs. (5) and (6) represent the non-
linear models obtained to describe the behaviour of MHD  and GDW,
respectively.

MHD  = 18.02 − 0.013A + 4.40B + 2.96A2 + 0.50B2

− 1.97A3 − 5.84B3 (5)

GDW = 0.081 − 0.0048A − 0.013B − 0.013A2 − 0.0039B2

+ 0.011A3 + 0.018B3 (6)

It is evident from Eqs. (5) and (6) that the surfactant concentra-
tion had a stronger influence on MHD  and GDW than the number
of cycles.

ANOVA and the statistic validation reported a high significance

of the mathematical models (P < 0.0001), confirmed also by the
coefficient of variance values (MHD, 4.20; GDW, 6.13) and the cor-
relation coefficients (r2 = 0.8775; 0.7621). Besides, there was a not
significant lack-of-fit for both MHD  and GDW  (data not shown).
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Moreover, the presence of nonsignificant A and B2 terms for
HD  and A term for GDW demonstrated that homogenization

ycles (XA) by themselves had a minor influence on the responses,
hereas a strong effect when combined with the other factors.

Table 2 displays the theoretical and predicted values of MHD  and
DW. The check points were evaluated at two concentrations: 1
nd 1.5% (w/v), and at 4 and 7 homogenization cycles, respectively.
he predicted and the observed values were in good agreement
ith biases well below 13% for most of the evaluated model points

Table 2).
Modelling of response behaviour against the factor levels was

ccomplished by using contour and response surface plots. Fig. 2A
nd B display the effect of the homogenization cycles (XA) and sur-
actant concentration (XB) on the responses, while Fig. 2C shows
he resulting desirability plot, which framed the optimal produc-
ion conditions at 5 homogenization cycles and a P80 concentration
f 0.91% (w/v).

.1.3. Cetyl palmitate nanoparticles
As in the previous case (i.e., COMP NPs), the influence of the

omogenization cycles (XA) and surfactant concentration (XB) were
nvestigated being these the most determinant parameters. Eqs. (7)
nd (8) represent the nonlinear models obtained to describe the
ehaviour of MHD  and GDW against XA and XB.

HD  = 0.063 + 0.0017A + 0.0049B + 0.00053AB − 0.0013A2

− 0.0023B2 − 0.0013A2B + 0.0032B3 (7)

DW = 0.11 + 0.0033A + 0.0043B − 0.0068A2

− 0.0082B2 + 0.0095B3 (8)

The statistical validation by ANOVA showed a high significance
f the model (P < 0.0001), confirmed also by the coefficient of
ariance values (MHD, 1.76; GDW, 5.70) and the correlation coef-
cients (r2 = 0.9622; 0.7773). The analysis of the response surfaces

ndicated a nonsignificant lack-of-fit for both models (MHD and
DW) and the check-point analysis confirmed the good agree-
ent between predicted and actual values, with bias lower than

% (Table 2).
Even in this case, the desirability plot was built combining the

ffect of XA and XB on both MHD  and GDW. The best conditions
ere found at 2% (w/v) of P80 and 7 homogenization cycles (Fig. 3C).
owever, the trend observed suggested a possible further improve-
ent outside of the investigated working frame, in particular by

sing higher surfactant concentrations (Table 4).
While a number of homogenization cycle higher than 7 led to a

ubstantial increase of particle size for SOFT and COMP, in the case
f CP this effect, probably due to a shortage of P80, was  negligible.
hen the surfactant concentration was increased, this behaviour

isappeared (Fig. 4). This phenomenon is generally due to droplet
ize reduction generating a very large interface, not well stabilized
y the surfactant. In fact, after parent droplet breakage in the valve,
he newly formed droplets are stable only if enough surfactant is
resent to cover the larger interface and if the timescale of surfac-
ant adsorption is smaller than that of coalescence (Narsimhan and
oel, 2001).

In the working frame consisting of 2–4% (w/v) of P80 and
–10 homogenization cycles, MHD  decreased proportionally to the

ncrease of surfactant and homogenization cycles (Fig. 4A and B),

eading to a maximum desirability when both parameters were

aximum (P80, 4% (w/v); cycles; 10) (Fig. 4C). The mentioned
reparation conditions led to a mean particle size lower than
40 nm and a very narrow Gaussian distribution (Fig. 4).
armaceutics 419 (2011) 287– 295

3.2. Nanoparticle characterization

As previously mentioned, all the obtained NPs were character-
ized by a nanometre size, even in the worst case conditions. This
observation, together with the lack of organic solvents and the easy
scalability, confirms the great potential of high pressure homoge-
nization as a reliable technique for laboratory and industrial scale
lipid NP preparation (Blasi et al., 2007; Müller et al., 2004).

However, as previously reported, the investigated parameters
had a different influence on droplet size reduction and then on the
final particle size. Differences observed on the influence of surfac-
tant concentration and homogenization passes may  be ascribed
to the diverse chemical structure and main composition of the
lipid materials, determining different hydrophobicity and viscosity
(Yang et al., 2011; Triplett and Rathman, 2009).

In this regards, TEM analyses showed particle sizes compatible
with those obtained by PCS in spite of the presence of some aggre-
gates that were ascribed to the procedure employed for sample
preparation (Fig. 5). NP morphology seemed changing according to
the diverse matrices employed. In fact, while COMP  and CP yielded
spherical NP, SOFT produced wrinkled particles. This was likely
due to artefacts produced by lipid melting and shrinking during
the analysis because of the high energy of the electron beam that
can provoke local heating in the lipid matrix (Baker and Holloway,
1971). This hypothesis was  supported by the DSC analysis, which
showed a melting point depletion below 37 ◦C for SOFT NPs com-
pared to the bulk lipid (Fig. 6A).

This is a behaviour common to most lipid materials that undergo
such melting temperature decrease when formulated as colloids
(Fig. 6B) and is generally due to both the colloidal size and the
presence of the surfactant (Bunjes and Unruh, 2007). This decrease
is more consistent in the case of SOFT, leading to a melting tem-
perature lower than 37 ◦C. This formulation should behave in vivo
exactly as an emulsion and, therefore, should not be addressed as
SLN. In the other 2 cases (i.e., COMP and CP) the melting tempera-
ture remained higher than the body temperature and therefore NPs
will be still in a solid state after injection.

4. Conclusions

Lipid NPs were successfully formulated by hot high pressure
homogenization using 3 different lipid matrixes and the effect of
the main preparation parameters, namely surfactant concentration
and number of homogenization cycles, was  investigated. By using
a computer generated experimental design and a response surface
analysis it was possible to establish the best formulation conditions
with a limited number of experiments.

From the obtained results it is possible to conclude that CP is a
suitable lipid material to produce P80 coated NPs possessing parti-
cle sizes suitable for brain targeting by intravenous or intra-arterial
injection.
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