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A B S T R A C T

Ultra-small nanostructured lipid carriers (usNLCs) are stable, biocompatible and biodegradable colloidal sys-
tems, claiming a broad set of advanced features suitable for cancer drug delivery. To unleash their potential in
glioblastoma research and therapy, we have developed an usNLC prototype able to co-encapsulate atorvastatin
calcium and curcumin, as repurposed drugs previously screened from molecular dynamics simulations. The
novelty not only relies on the drug repositioning approach, but also on a robust computational methodology
utilized for formulation optimization, under the umbrella of multivariate analysis and full factorial designs. A
coating procedure with red blood cell membranes is ultimately hypothesized, aiming at integrating the biomi-
metic concept into usNLCs for glioblastoma therapeutics.

The formulation composition and process parameters, that demonstrated a high-risk level for the final quality
and performance of the usNLCs, include the solid:liquid lipid ratio, type and concentration of liquid lipids and
surfactants, along with the type of production method. Particles with an average diameter of ca. 50 nm, and a
polydispersity index lower than 0.3 were produced, exhibiting high stability, up-scalability, drug protection and
sustained co-release properties, meeting the suitable critical quality attributes for intravenous administration.
Also, a Taguchi design was successfully applied to optimizing usNLCs as cell membrane-coating technology.

1. Introduction

Nanotechnology has been identified as a potential therapeutic
strategy in the field of oncology, including the treatment of glio-
blastoma, the most frequent, aggressive and deadly type of brain cancer
(Karim et al., 2016; Pourgholi et al., 2016; Urbańska et al., 2014). The
current standard of care for glioblastoma relies on surgery, followed by
radiotherapy and temozolomide (TMZ) chemotherapy (Stupp et al.,
2005). Notwithstanding, the median survival rate usually does not

extend beyond 15 months in patients diagnosed with primary glio-
blastoma (Alifieris and Trafalis, 2015). The poor prognosis reported is a
consequence of its intrinsic characteristics, including location, cellular
heterogeneity, diffuse infiltrative behavior on surrounding brain
structures, and chemotherapy resistance (Ohgaki and Kleihues, 2005;
Lee, 2016).

How can we improve glioblastoma healthcare? Finding out renewed
chemical entities stands out as a key strategy. In addition to TMZ, other
non-cytotoxic drugs have been evaluated as potential chemotherapeutic
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agents to be repositioned in glioblastoma treatment, covering several
pharmacotherapeutic classes (Basso et al., 2018). Among them, cur-
cumin (CUR) and different statins have demonstrated encouraging re-
sults. CUR, or diferuloymethane, is a hydrophobic agent derived from
the plant Curcuma longa, displaying anti-inflammatory, anti-oxidant
and anticancer properties. Interestingly, it has been reported its po-
tential benefits as a therapeutic agent for the treatment of glioblastoma
through several mechanisms of action. However, CUR exhibits low
water solubility and oral bioavailability, thus affecting its therapeutic
efficacy (Sordillo et al., 2015; Zhuang et al., 2012; Luthra and Lal,
2016; Gersey et al., 2017). Statins, including atorvastatin calcium
(ATO), are 3-hydroxy-3-methyl-glutaryl-coenzyme A (HMG-CoA) re-
ductase inhibitors, with wide applicability in dyslipidemia treatment.
By blocking the synthesis of mevalonate, a rate limiting step of the
biosynthesis of cholesterol, they have also demonstrated potential cy-
totoxic activity over several cancer types, including glioblastoma. Si-
milarly to CUR, ATO also possesses a lipophilic behavior, low solubility
and low oral bioavailability (Vasilev et al., 2018; Jones et al., 2017;
Prabhu and Patravale, 2016).

Other approaches are directed to formulation aspects (Carlsson
et al., 2014). Lipid nanoparticles, including nanostructured lipid car-
riers (NLCs), have been broadly explored as promising brain targeted
delivery vehicles in order to overcome such limitations of the conven-
tional glioblastoma treatment (Mendes et al., 2018; Vitorino et al.,
2013). NLCs are colloidal carriers with a solid matrix at both room and
body temperatures, composed of spatially incompatible solid and liquid
lipids in appropriate proportions, displaying a mean particle size in the
nanometer range. More recently, ultra-small NLCs (usNLCs) have
sparked particular interest, stemming from their size typically below
100 nm, obtained by employing higher ratios of liquid to solid lipids.
Consequently, they exhibit several advantages as pharmaceutical car-
riers comparing to the other lipid-based nanoparticles, such as high
physicochemical stability and drug loading, good biocompatibility and
biodegradability, use of generally recognized as safe (GRAS) excipients,
easiness towards large-scale production, surface functionalization,
controlled release and drug protection, and versatile entrapment of
both hydrophobic and hydrophilic drugs (Khan et al., 2015; Tapeinos
et al., 2017; Singh and Lillard, 2009).

But, how can we design usNLCs in a more efficient way? usNLCs
composition and production method comprise a set of factors, designed
as critical material attributes (CMAs) and critical process parameters
(CPPs), respectively, that influence the critical quality attributes (CQAs)
and, consequently, the quality and performance of the final product.
Thus, the optimization step is fundamental in the development of these
systems. Design of experiments (DoE) and Multivariate statistical ana-
lysis (MVA) methods have been proposed as a preliminary screening
step to identify and evaluate the effect of such factors on CQAs and,
subsequently, to select the optimal formulation (Mendes et al., 2018;
Silva et al., 2018). It has been reported that in vivo biodistribution and
the ability of intravenously administered nanoparticles to cross the
blood-brain barrier (BBB) and blood-brain-tumor barrier (BBTB) are
strongly affected by their size and surface properties (Miranda et al.,
2017; Miranda et al., 2017).

The present work aims at designing and optimizing usNLCs for the
treatment of glioblastoma considering their intravenous administration.
Such procedures were strongly supported on a robust computational
basis directed both to screen drugs and the formulation prototype
(Fig. 1). First, molecular dynamics (MD) studies were carried out to
select the drugs that best mimic the TMZ behavior among those re-
purposed as glioblastoma therapeutic agents for subsequent co-en-
capsulation into usNLCs. Subsequently, preliminary risk assessments
were carried out so as to identify the most quality impacting variables
(CQAs identification). Two multivariate analysis methods, namely
principal component analysis (PCA) and partial least squares regression
(PLS), and two full factorial designs were then applied as screening
methods to assess the influence of the previously selected factors on the

CQAs. Specifically, the solid:liquid lipid ratio, type and concentration of
liquid lipid and oily surfactant, the concentration of aqueous surfactant
and the type of production method were varied in order to study their
impact on particle size (PS), polydispersity index (PI), zeta potential
(ZP), entrapment efficiency (EE), drug loading (DL), long-term stability
and drug release. Finally, the design of a potential formulation invol-
ving the usNLC prototype cloaked with a red blood cell (RBC) mem-
brane is presented as a biomimetic strategy to improve their functional
performance, supported on a Taguchi design approach.

2. Materials and methods

2.1. Materials

Atorvastatin calcium was kindly provided by the Tecnimede Group
(Sintra, Portugal). Curcumin (97% purity) was purchased from Jinlan
Pharm-Drugs Technology Co., Limited (China). Tween® 80 (polysorbate
80) was acquired from Sigma-Aldrich (USA). Precifac® ATO 5 (cetyl
palmitate), Transcutol® HP (diethylene glycol monoethyl ether),
Labrasol® (caprylocaproyl polyoxyl-8 glycerides) and CapryolTM PGMC
(propylene glycol monocaprylate - type I) were kindly donated by
Gattefossé (France). Lipoid S 75 (soy phospholipid) and Lipoid S PC 3
(hydrogenated soy phosphatidylcholine) were provided by Lipoid
GmbH (Germany), while polyethylene glycol (PEG) 400 was acquired
from FlukaTM. Water was purified (Millipore®) and filtered through a
0.22 µm nylon filter before use. All other reagents and solvents were of
analytical or HPLC grade.

2.2. Molecular dynamics studies

2.2.1. System components and simulation details
MD simulations were performed for investigating the effect of some

promising therapeutic agents in the treatment of glioblastoma, by in-
specting the respective behavior into different lipid bilayers. TMZ, the
current standard treatment in glioblastoma, displays good BBB pene-
tration and is used as a reference compound in systems containing
single solvated TMZ and a combination of TMZ and CUR (Yin et al.,
2014). In an attempt to repurpose “old drugs”, a set of different statin
generations, including atorvastatin (A), atorvastatin calcium (ATO),
pitavastatin (P), pitavastatin calcium (PIT) and simvastatin (SV), were
further screened and compared with TMZ. The behavior of the statin
molecule exhibiting the best profile to cross the model membranes was
also inspected when combined with CUR. The latter was selected based
on its lipophilic nature and the reported mechanisms of action in
glioblastoma (Basso et al., 2018). Two different models of lipid mem-
branes, dipalmitoylphosphatidylcholine (DPPC) and palmitoyloleoyl-
phosphatidylcholine (POPC), were used to mimic the BBB and glio-
blastoma cell membranes in systems containing TMZ and CUR. DPPC
and POPC are able to serve as a model for the BBB due to the presence
of phosphatidylcholine, the major lipid type within cellular membranes
(Shamloo et al., 2016; Miranda et al., 2018). The lipid bilayer which
better describes the potential diffusion behavior through the BBB was
selected for the remaining simulations of the study. Specifically, each
system contains a fully hydrated bilayer, consisting of 128 lipid mole-
cules equally distributed by two leaflets. The topology for lipid mem-
branes (DPPC/POPC) was obtained from the website of the Bio-
computing Group at University of Calgary (29). The topology for each
compound (TMZ, CUR and statins) was generated using the Automated
Topology Builder (ATB) platform (Malde et al., 2011). All simulations
were carried out under GROMACS (version 4.5.6) (Hess et al., 2008)
using simple point charge (SPC) water and the united-atom lipid
parameters of Berger and co-workers (Berger et al., 1997). These
parameters were combined with a GROMOS (53a6) representation of
the TMZ, CUR and statins (Leong, 2016; Piggot et al., 2012).

The systems containing a membrane bilayer were built for single
compounds (TMZ, CUR and each statin) and for different combinations
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between them. One or two statin molecules were incorporated in the
bilayers, for the non-ionic and ionic forms, respectively. MD simula-
tions were performed for a total of seventeen systems. The interaction
of each compound with the surrounding lipids, the formation of small
aggregates/shells (e.g. between TMZ and CUR molecules), as well as the
preferential positioning of the compounds on the lipid bilayer, were
evaluated. All MD simulations were performed in the NPT ensemble
under periodic boundary conditions. A standard time step of 2 fs was
applied for both the equilibration and production runs. Non-bonded
interactions were computed on the basis of a neighbor list, updated
every 10 ps. For Lennard-Jones interactions, a cut-off at 1–4 nm was
applied, while the long-range electrostatic interactions were treated
with the particle mesh Ewald (PME) method. The V–rescale and
Berendsen external baths were used to keep the temperature and
pressure at 325 K and 1 bar throughout the simulation, respectively.
Each system was firstly subjected to an energy minimization step. All
systems were then left to evolve up to 85 ns, using the LINCS algorithm
to constrain bond lengths (Hess et al., 1997). The first 25 ns of the
simulation time were used for equilibration, while the last 60 ns were
used for the analyses, including density profiles, mean square dis-
placement (MSD), order parameter, and radial distribution functions
(RDF). Representative configurations of each system were extracted
using the VMD 1.9 software (Humphrey et al., 1996).

2.3. Preliminary risk assessment

Risk assessment aims to identify, analyze and evaluate risks asso-
ciated with the development of a given formulation, including usNLCs
(ICH, 2006). An overall risk assessment, embodied by an Ishikawa
diagram, was carried out in order to define a set of potential cause–and-
effect relationships among the critical factors, namely critical material
attributes (CMAs) and critical process parameters (CPPs), that affect the
desired quality of the final product, represented by their critical quality
attributes (CQAs) for intravenous administration. Additionally, a risk
assessment matrix (RAM) was performed by prioritizing high risk factor
(s). This matrix displays the qualitative potential risk(s), ranked as low-,
medium- or high-risk, related to each of the CMAs and CPPs on the
potential CQAs of the usNLCs.

2.4. Preparation of nanocarriers

The preparation of NLCs was carried out according to the method
described elsewhere (Mendes et al., 2018). Briefly, 7.5% (w/w) of lipid
phase, comprising solid lipid and liquid lipids in an appropriate ratio,
the oily phase surfactant, ATO (5%, w/w) and CUR (2.5%, w/w) were
blended and molten at 80 °C. Subsequently, 30 mL of aqueous phase,
consisting in a solution of the surfactant Tween® 80, was heated to the
same temperature. Lipid and aqueous phases were pre-emulsified using
a high-speed stirrer (Ultra-Turrax X 10/25; Ystral GmbH, Dottingen,
Germany) at 24 000 rpm for 1 min, followed by ultrasonication (US,
Branson® Sonifier 250; Branson Ultrasonics Corporation, Connecticut,
USA) with an amplitude frequency of 100% during 2.5 min or, alter-
natively, by high pressure homogenization (HPH, EmulsiFlex-C3;
Avestin, Inc., Ottawa, Canada) at a pressure of 1000 bar for 2.5 min.
The resulting dispersion was then stored at 4 °C to form the NLCs. Note
that to optimize the most promising NLC, in particular to obtain
usNLCs, the solid:liquid lipid ratio, the type and concentration of liquid
lipid and oily phase surfactant, the concentration of aqueous surfactant
Tween® 80, as well as the type of production method, were modified
according to the defined planning variables. The term NLCs will be
crosswise used in the following sections, to refer the multitude of lipid
nanoparticle formulations, including usNLCs, obtained throughout all
the development steps.

2.5. Nanocarrier optimization

The optimization of the composition and the processing parameters
of usNLCs is a very important step in the development of this type of
systems to obtain a final product with the desired CQAs (Silva et al.,
2018). The optimization strategy was performed using R 3.1.1 and
RStudio, by applying principal component analysis (PCA) and partial
least square regression (PLS), as a first preliminary screening. Secondly,
considering the DoE methodology, the three-level, 3k, and two–level,
2k, full factorial designs were performed to construct polynomial
models for the optimization of the usNLCs, in what concerns the pro-
totype construction and the production method interchangeability.
Such designs have the peculiarity of requiring relatively few runs with
high number of variables.

Fig. 1. Workflow proposed for the development of biomimeting uNLCs.
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2.5.1. Multivariate data analysis
PCA and PLS were applied after standard normalization to evaluate

the quantitative and qualitative effects of the type and amount of liquid
lipids and oily surfactant on PS, PI and ZP. The main goals of PCA are to
reduce the dimensionality of the data set composed of different NLC
formulations in terms of the most discriminating variables (Abdi and
Williams, 2010; Jolliffe, 2002; Mutihac and Mutihac, 2008), while PLS
allows finding the optimal relations between the measurable responses
(dependent variables) and the set of predictors (independent variables)
(Mutihac and Mutihac, 2008; Abdi, 2010). PLS models were calculated
using the kernel algorithm and cross-validation (see references (Silva
et al., 2018; Varmuza and Filzmoser, 2009) for details). Both methods
require a spatial description of each lipid nanoparticle formulation as
points in Euclidian space, described by several physicochemical attri-
butes.

2.5.2. Design of experiments
3k full factorial design
The first design was performed to provide the empirical mathema-

tical models able to describe the effects of the amount of aqueous
surfactant and the composition of lipid phase (independent variables)
on PS, PI, ZP, EE and DL (dependent variables). Different concentra-
tions of the aqueous surfactant Tween® 80 (factor 1) were considered,
namely 1, 3 and 5% (w/w), represented by the coded levels −1, 0 and
+1, respectively. Also, the composition of lipid phase (factor 2) was
analyzed considering three solid:liquid lipid ratios, 25:75, 50:50 and
75:25, corresponding to −1, 0 and +1, respectively. A total of 9 ex-
periments and the addition of a central point interspersed among the
experimental setting runs were considered. The latter provided a
measure of the process stability or intrinsic variability, and allowed
evaluating the model curvature, and the quadratic relationship between
the selected response (Y) and each of the factors (x1, x2), Eq. (1)

= + + + + + +Y β β x β x β x x β x β x ε0 1 1 2 2 12 1 2 11 11
2

22 22
2 (1)

where Y is the measured response for the dependent variables asso-
ciated to each factor level combination, β0 is the arithmetic mean of the
experiments, β1 and β2 are the regression coefficients of the respective
factors, β12 is the interaction coefficient between the two factors, β11
and β22 are the quadratic coefficients obtained from the observed ex-
perimental values of Y, x1 and x2 are the terms representing the two
factors, x11 and x22 represent the quadratic terms, x1x2 corresponds to
the interaction term, while Ɛ is the regression error.

2k full factorial design
The second design was also used to explain the effects of the amount

of aqueous surfactant and the production method on PS, PI and ZP. For
usNLCs containing a solid:liquid lipid ratio of 25:75 (see Results and
Discussion, section 3.3.2), the concentration of aqueous surfactant
Tween® 80 (factor 1) was imposed as 1 and 5% (w/w), corresponding to
the coded levels −1 and +1, respectively. A categorical factor (factor
2) based on two different production methods, US (-1) and HPH (+1)
was also defined. The regression model Eq. (2)

= + + + +Y β β x β x β x x ε0 1 1 2 2 12 1 2 (2)

was defined considering 4 experiments.

2.6. Physicochemical characterization of nanocarriers

2.6.1. Particle size, polydispersity index and zeta potential
The mean PS and PI were measured by dynamic light scattering

(DLS) with a detection angle of 173° at 25 °C. The PS is calculated from
the translational diffusion coefficient by employing the Stokes-Einstein
equation. The cumulants method was used for data analysis. ZP was
determined by electrophoretic light scattering (ELS) set at a tempera-
ture of 25 °C. The Helmholtz-Smoluchowsky equation was used for the
zeta potential calculation. All the parameters were measured using a
Zetasizer Nano ZS (Malvern Instruments, Malvern, UK). The samples

were subjected to a 100-fold dilution with ultra-purified water and
analyzed in triplicate. Results are presented as mean ± standard de-
viation. The physicochemical stability of NLCs with 25:75, 50:50 and
75:25 solid:liquid lipid ratios was evaluated measuring PS, PI and ZP at
1, 7, 30, 60, 90 and 180 days after production.

2.6.2. Entrapment efficiency and drug loading
EE and DL of both ATO and CUR in the NLCs were calculated ac-

cording to the following equations Eqs. (3) and (4)

= − ×EE W W W% ( )/ 100total drug free drug total drug (3)

= − ×DL W W W% ( )/ 100total drug free drug lipid (4)

where Wtotal drug is the amount of drugs determined in the whole na-
nosystem, Wfree drug is the amount of free drugs determined in the
aqueous phase after ultrafiltration-centrifugation of the NLCs, and
Wlipid is the weight of the lipid phase of the NLCs.

The quantification of ATO and CUR was performed using a HPLC
method previously validated according to FDA and ICH recommenda-
tions (Basso et al., 2018). A Shimadzu LC-2010HT apparatus equipped
with a quaternary pump (LC-20AD), an auto-sampler unit (SIL-20AHT),
a CTO-10AS oven and a SPD-M2OA detector was used. The chromato-
graphic analyses were performed on a Kinetex® EVO C18 column
(Torrance, USA), with 5 µm particle size, 4.6 µm internal diameter and
150 mm length, at 35 °C. The mobile phase was composed of a mixture
of 2% (v/v) glacial acetic acid:acetonitrile (50:50, v/v) and was eluted
at an isocratic flow rate of 1.0 mL/min. A run time of 6 min was es-
tablished, with CUR eluting at 4.5 min and ATO at 5.1 min. The UV–Vis
detection was carried out at 425 nm and 247 nm for CUR and ATO,
respectively, and an injection volume of 10 µL was used for all samples.
The results were processed using the Shimadzu LC-solution version 1.12
software.

2.6.3. In vitro release assay
In vitro release studies of ATO and CUR from the NLCs containing

25:75, 50:50 and 75:25 solid:liquid lipid ratios and the reference so-
lution (3.75 mg/mL of ATO and 1.875 mg/mL of CUR) in PEG 400 were
performed using a dialysis cellulose membrane (MWCO≈14.000, avg,
flat width 33 mm, D9652, Sigma-Aldrich), as artificial membrane. In
order to ensure sink conditions, the release medium is composed of 30%
(V/V) of PEG 400 and 70% (V/V) of phosphate buffered saline (PBS,
pH = 7.4). A volume of 3 mL containing a known amount of ATO and
CUR in NLCs was placed inside the dialysis membrane, and both ends
were tied to prevent leakage. The membrane was dipped into 100 mL of
the release medium, and the medium was stirred continuously at
50 rpm, maintaining the temperature at 37 °C ± 0.5 °C. A volume of
150 µL of each sample was withdrawn at predetermined intervals (0.5,
1, 3, 6, 9, 12, 24, 30, 36 and 48 h) and immediately replenished with
fresh medium. The samples were diluted in mobile phase and drug
release was analyzed using the HPLC method aforementioned. In order
to investigate the differences between the ATO and CUR release profiles
obtained from the corresponding formulations, the similarity factor f2
was determined, taking into account the criteria mentioned in the EMA
guideline (EMA, 2010). It was calculated according to Eq. (5)

= ×
⎡

⎣

⎢
⎢
⎢ +

⎤

⎦

⎥
⎥
⎥∑ −=

= − −f log50 100

1
R t T t

n

2
[ ( ) ( )]t

t n
1

2

(5)

where f2 is the similarity factor, n is the number of time points,
−
R (t) is

the mean percent reference drug dissolved at time t after initiating the
study, T (t) is the mean percent test drug dissolved at time t. Also, the
release patterns of ATO and CUR were fitted to different mathematical
models (zero order, first order, Higuchi, Weibull and Korsemeyer-
Peppas equations), aiming at identifying the optimal mathematical
function describing the kinetics of the drug release process.
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2.7. RBC-cloaked usNLCs

The RBC vesicles were prepared following a previously reported
procedure (Hu et al., 2011). Briefly, whole blood from a healthy human
donor was collected and 1 mL centrifuged at 800 × g for 5 min at 4 °C
before the removal of the serum and buffy coat. The resulting RBCs
were washed once in ice cold PBS and submitted to hypotonic treat-
ment. RBC ghosts were then also washed once with ice cold PBS until
the removal of hemoglobin, sonicated in a glass vial for 5 min and
extruded 7 times through a 100 nm polycarbonate porous membrane
(Sigma, USA) to obtain the RBC vesicles. To fuse the vesicles with the
nanoparticles, 0.5 mL of usNLCs were mixed with the previously ob-
tained vesicles and extruded through a 100 nm polycarbonate porous
membrane.

In order to investigate and optimize the coating procedure, a
Taguchi L9, 33 orthogonal array design was performed using JMP® Pro
software, version 14.0.0 (SAS Institute Inc., USA). According to the
design matrix, a total of 9 experiments were conducted. Three in-
dependent continuous factors were considered at three levels (-1, 0, 1),
namely the number of co-extrusions (3, 9 and 15), the volume of RBC
vesicles (50, 100 and 150 µL) and the concentration of stearylamine (0,
1 and 2 mM), a cationic lipid added during production to variate the
surface charge of the lipid core. The three factors were studied ac-
cordingly and their impact on PS, PI and ZP was assessed. The S/N
ratios were calculated with

∑= −S N ratio y n/ 10 log[( )/ ]2 (6)

Eq. (6) and analyzed under the “lower is the better” condition, aiming
to understand factors effect. A lower S/N ratio infers a higher impact of
the respective parameter on the response. In Eq. (6), n is the number of
observations and y is the observed data for the respective response. The
physicochemical properties were measured as previously described in
Section 2.6.1.

2.8. Statistical data analysis

One-way analysis of variance (ANOVA) and Student’s t-test
(α = 0.05) were performed for assessing the statistical significance and
the magnitude of the effects of the formulation variables, and the re-
spective coefficients of the regression model (p < 0.05). A two-way
ANOVA (α = 0.05) with Tukey’s multiple comparison test was also
employed using PRISM 7 (GraphPad software, USA), in order to assess
the statistical significance of the differences among NLCs (p < 0.05).

3. Results and Discussion

3.1. Repurposing drugs

3.1.1. Selecting the BBB mimicking membrane
In order to select a simple phospholipid membrane model for BBB

and to explore the interaction of TMZ and CUR with the BBB, single
TMZ and CUR molecules, as well as different proportions of both mo-
lecules, were introduced into two different phospholipid bilayers, DPPC
and POPC.

The impact of TMZ and CUR incorporation on the structural char-
acteristics of DPPC and POPC bilayers were firstly assessed using the
density profiles depicted in Fig. S1 (Supplementary Material). These
density profiles represent the relative positioning of the key atom
groups pertaining to the phospholipids and the drugs relatively to the
bilayer center, defined as the region between the membrane leaflets.
For the analysis of DPPC and POPC, the P and N atoms of the lipid head
groups, and the terminal methyl groups of the hydrocarbon tails were
selected. TMZ and CUR molecules were represented by the respective
center of mass. From panels A and D, it can be seen that TMZ is pre-
ferentially positioned close to the interface, due to the respective hy-
drophilic character. On the other hand, a slight internalization of CUR,
displaying a hydrophobic character, towards the interior of the bilayers
is observed. (Fig. S1, panels B and E, Supplementary Material). In the
presence of CUR (Fig. S1, panels C and F, Supplementary Material), a
1:1 complex with TMZ is formed, promoting the internalization of TMZ
into both DPPC and POPC, with a more pronounced effect for the latter.
Despite of the hydrophilic nature of TMZ, it is desirable that this drug
permeates the membrane in order to exert its therapeutic effects at the
brain level. Permeation ability of TMZ can be enhanced by the asso-
ciation with CUR, especially when considering the POPC bilayer.

Further analyses based on the ordering of hydrocarbon tails of the
bilayers were performed by estimating the deuterium order parameter
(SCD) along the DPPC and POPC chains in the presence of TMZ and
CUR. The results are displayed in Fig. S2 (Supplementary Material). For
DPPC systems, all compounds induce a disordering effect along the
alkyl chains of the bilayer, while a greater variability is observed for
POPC. The association of TMZ and CUR (1:1) induced a lower pertur-
bation of POPC.

Fig. 2 shows the mean square displacement (MSD) profiles sug-
gesting slight differences in terms of the lateral diffusion of the DPPC
bilayer after the incorporation of single, 1TMZ:1CUR and 1TMZ:4CUR.
However, the introduction of TMZ into POPC promotes the highest
lateral diffusion of the lipid molecules. This suggests that a higher
membrane perturbation is obtained in POPC, which was then selected
as membrane model to proceed with the analyses and study the beha-
vior of BBB and glioblastoma cell membranes.

Fig. 2. Mean square displacement (MSD) profiles of DPPC and POPC, along the simulation runs for DPPC/TMZ, DPPC/CUR, POPC/TMZ and POPC/CUR systems.
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3.1.2. Finding the best statin
The potential repositioning of different statin generations, including

atorvastatin (A), atorvastatin calcium (ATO), pitavastatin (P), pitavas-
tatin calcium (PIT) and simvastatin (SV), for glioblastoma treatment, is
explored in what follows, considering the POPC as membrane model of
the BBB. Fig. S3 (Supplementary Material) presents the density profiles
of the statins in POPC bilayers. Different stoichiometry was considered
for systems containing the salt forms of A and P. In these cases, for one
calcium ion (Ca2+), two molecules of both A and P were considered, so
that the systems have neutral charge. Statins are in general embedded
in the hydrophobic region of the bilayer. However, ATO and PIT are
positioned close to the interface. The calcium salts are more hydrophilic
than the neutral molecules, which restrains the mobility of the former
to the hydrophilic regions of the membrane, i.e. close to the phospho-
lipid polar heads. This is also suggested by the solvation profiles of each
statin, obtained from the radial distribution function (RDF) of water
molecules around the main hydrophilic groups of statins, as presented
in Fig. S4 (Supplementary Material). These profiles suggest an increased
solvation effect of ATO and PIT (panels B and D, respectively), while the
other three statins, A, P and SV (panels A, C and E, respectively) are not
solvated, corroborating the respective density profiles, and thus in-
dicating a deeper internalization of A, P and SV in the POPC membrane.

Fig. 3 and Table 1 present, respectively, the MSD profiles and the
diffusion coefficients for each compound, indicating significant struc-
tural modifications of POPC. The incorporation of ATO is responsible
for a significant increase in the lateral diffusion of the bilayer, when
compared to neat POPC, and, consequently, ATO exhibited the higher
diffusion coefficient. A decreased lateral diffusion of the POPC mole-
cules is found in the presence of PIT and the lowest diffusion coefficient
was obtained for P. In general, ATO appears to gather the most at-
tractive properties, i.e. solubility, log P and permeability to cross the
membrane, and to proceed with the comparison of membrane cross-
abilities between ATO and the standard of care in glioblastoma, TMZ.

Two systems containing different proportions of TMZ and ATO were
considered to evaluate the behavior of both molecules into POPC and
infer on the respective ability to cross biological membranes. From the
density profiles and RDF analysis (Fig. S5 and 4), it can be seen that
TMZ and ATO tend to be positioned closer to the interface. However, an
increased number of water molecules in the proximity of TMZ is ob-
served, considering the amine and carbonyl groups, followed by the
diazo groups. For ATO, the carboxyl groups are clearly solvated, while
the hydroxyl groups are not solvated. This is in agreement with the
previous density profiles which suggested that ATO displays an am-
phiphilic character, as it tends to be placed in both hydrophobic and
hydrophilic regions of the membrane. Similar observations are found
from MSD (Fig. 5), which indicate an increased lateral diffusion of the
POPC membrane for both ATO and TMZ.

It is apparent that ATO exhibits a diffusion behavior similar to TMZ
(0.0185 ± 0.0099 nm2/ps versus 0.0289 ± 0.0282 nm2/ps, respec-
tively) with the advantage of displaying a higher log P value (5.32
versus −1.15 for TMZ (46), and therefore, an increased ability to pe-
netrate the hydrophobic region of lipid bilayers. Based on membrane
perturbation effects, ATO was selected for mimicking the TMZ diffusion
behavior, and to be used as a repurposed drug in glioblastoma.

3.1.3. Assessing the effect of curcumin
The potential synergism among ATO and CUR was also evaluated.

As previously observed, TMZ interacts more strongly with the polar
heads of POPC (Fig. S6, panel A, Supplementary Material), while ATO
and CUR are slightly internalized into the bilayer (Fig. S6, panels B and
C, respectively, Supplementary Material). Additionally, to compare the
cross-membrane ability of TMZ/CUR and ATO/CUR conjugates, two
systems were constructed with the compounds in the same proportions
(2:2). In the 2TMZ:2CUR system (Fig. S6, panel D) TMZ and CUR tend
to be positioned close to the interface, interacting more strongly with
the lipid polar heads. On the other hand, in the system containing
2ATO:2CUR (Fig. S6, panel E, Supplementary Material), the molecules
are more embedded in the hydrophobic region of the bilayer, sug-
gesting an enhanced permeation effect. This is also evident in Fig. 6,
which shows four representative configurations of single TMZ and ATO,
and combined TMZ/CUR and ATO/CUR, and in the solvation profiles of
Fig. 7. From Fig. 8, it is possible to infer that only TMZ and ATO are
able to increase the lateral diffusion of POPC, when compared with neat
POPC. The lateral diffusion of the POPC molecules is reduced in the
presence of 2ATOC:2CUR, due to the enhanced hydrophobicity and
membrane permeability induced by CUR, which may also improve the
encapsulation properties into lipid nanoparticles.

Taking into account the previous permeation pattern into POPC
bilayer, ATO and CUR, were then selected to proceed with the experi-
mental studies regarding the development and optimization of NLCs.
Further, the best proportion between the two therapeutic agents was
chosen based on their solubility.

3.2. Evaluating risk

The potential cause-and-effect relationships among the key material
and process variables that exhibit a great impact on the NLCs quality
were highlighted in the Ishikawa diagram of Fig. 9. Once the CMAs and
CPPs that may influence the CQAs variability were identified, a RAM
was constructed according to their potential criticality in terms of risk
(Table 2). RAM suggests that the solid:liquid lipid ratio and surfactant
concentration are the key CMAs influencing the quality of the nano-
contructs, due to the high risk associated with them on most CQAs. The
drug solubility, and lipid and drug concentration display a high-risk
level for EE and DL, and, additionally, the drug solubility is a high-risk
CMA for drug release. Also, the homogenization method type (CPP) was
associated with high-risk levels assigned to PS and PI and with medium-
risk levels ascribed to ZP. Thus, based on the results of the risk as-
sessment, the solid:liquid lipid ratio, surfactant concentration and type

Fig. 3. Mean square displacement (MSD) of POPC molecules, calculated from
MD for the POPC/A, POPC/ATO, POPC/P, POPC/PIT and POPC/SV systems.

Table 1
Diffusion coefficients of POPC, temozolomide, curcumin and the different
statins obtained from mean square displacement (MSD).

System Diffusion coefficient (nm2/ps)

Temozolomide 0.0289 ± 0.0282
Curcumin 0.0069 ± 0.0097
Atorvastatin 0.0082 ± 0.0013
Atorvastatin calcium 0.0185 ± 0.0099
Pitavastatin 0.0054 ± 0.0024
Pitavastatin calcium 0.0112 ± 0.0059
Simvastatin 0.0061 ± 0.0046
POPC 0.0071 ± 0.0008
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of the production method were selected as the most critical parameters
influencing the performance of the NLCs, and were further investigated
in the following DoE studies. Moreover, the qualitative effect of the type
and concentration of lipid and surfactant were evaluated through
multivariate analysis methods for an initial screening, in order to re-
duce the variables to be studied in the experimental step.

3.3. Optimizing usNLC

3.3.1. Selecting raw materials
As a preliminary screening in the optimization step, a set of twenty-

five ATO and CUR co-encapsulated NLCs was firstly produced by high
shear homogenization, followed by ultrasonication, where several
changes in the composition and concentration of the liquid lipids and
oily surfactants were evaluated. Tween® 80 (T80) was used as the
aqueous surfactant due to its intrinsic properties that make it a poten-
tial strategic excipient for brain targeting, in particular: (i) the solubi-
lization of the endothelial cell membrane lipids and membrane fluidi-
zation, (ii) the adsorption of certain plasma apolipoproteins (e.g. ApoE
and ApoB) onto the NLCs surface, promoting their LDL re-
ceptor–mediated endocytosis into the brain (due to overexpression on
BBB endothelial cells), and (iii) the inhibition of the efflux function of
P-gp (Kaur et al., 2008; Neves et al., 2015; Gelperina et al., 2010;
Göppert and Müller, 2005). The same rational was considered for the
selection of cetyl palmitate as solid lipid, which has also been shown to
adsorb many plasma apolipoproteins (e.g. ApoA-I, ApoC-III and ApoJ),
prompting the NLCs transport into the brain. Additionally, it allows to
obtain suitable NLC sizes (< 200 nm) for brain targeting by intravenous
administration (Miranda et al., 2017; Gupta et al., 2017; Blasi et al.,
2011). The characterization of these NLCs was performed and the ob-
tained results for physicochemical properties (PS, PI and ZP) are de-
picted in Table 3. NLCs with very different PS, PI and ZP values were
obtained, being comprised between 53.4 and 1684 nm, 0.150 and
0.680, and −35.97 and –7.2 mV, respectively. As previously described
in the risk assessment, the pre-emulsion composition and process
parameters affect the properties of the NLCs, significantly impacting the
quality of the final product (Lasoń et al., 2013). Hence, the choice of the
variables is critical and must be carefully carried out. PS shows a key
role in determining biodistribution of the nanoparticles after being in-
jected in vivo and in simplifying their access to BBB and tumor cells. It is
well defined that particles less than approximately 100 nm in diameter
extravagate favorably from the tumor capillary vasculature, due to a
better vascular permeability compared with normal tissue and are re-
tained in the tumor tissue rather than returning freely to the circulation
(Perrault et al., 2009). ZP also denotes an important parameter that

Fig. 4. Radial distribution function (RDF) of water molecules around the two chains of POPC and main groups of TMZ, ATO and CUR. Note that the molecule
identification refers to the single molecules that composed calcium salts.

Fig. 5. Mean square displacement (MSD) of POPC molecules, calculated from
the molecular dynamics simulations for the POPC/TMZ and POPC/ATO sys-
tems.

Fig. 6. Representative snapshots illustrating the relative preferential posi-
tioning of TMZ, ATO and CUR embedded in the POPC bilayer, considering
different proportions of TMZ, ATO and CUR: single TMZ, 2TMZ:2CUR, 2ATO
and 2ATO:2CUR. Water molecules, TMZ, ATO, CUR and POPC are represented
in blue, purple, orange, green and steelblue, respectively.
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influences long-term stability of colloidal systems. NLCs possessing a ZP
value higher than |30| mV are strongly charged and, consequently,
physically stable due to the particle-particle repulsion (Pourgholi et al.,
2016). Consequently, in this study it is intended to develop a prototype
formulation based on small, homogenous and stable NLCs.

The results presented in Table 3 were analyzed employing PCA and
PLS, in order to investigate the effect of the NLCs composition on PS, PI
and ZP. The focus of this preliminary screening was the influence of the
type and amount of liquid lipids, CapryolTM PGMC (C), Transcutol® HP
(T) and Labrasol® (L), and oily surfactants, Lipoid S 75 (LS75) and Li-
poid S PC 3 (LSPC3). Fig. 10 depicts the biplot representation of the

twenty-five developed formulations (Table 3) on the first two principal
components, PC1 and PC2, corresponding to ca. 57.8% of data varia-
bility. NLCs and their characteristics are represented by points (scores)
and vectors (loadings), respectively.

Along the first two PCs, the liquid lipids C and T are positively
correlated, but these are, in turn, negatively correlated with the lipid L.
The oily surfactants LS75 and LSPC3 are also negatively correlated.
Pertaining to the three measured parameters of NLCs, they are posi-
tively correlated on PC1, but PS and PI are negatively correlated with
ZP along PC2. Therefore, the NLC excipients have a different effect on
these parameters. The optimal composition that allows the production
of small and homogeneous NLCs is achieved with the presence of liquid
lipids C and T, which are located in the opposite region relatively to PS
and PI, considering PC1 and PC2. Inversely, the lipid L is directly and
strongly correlated with PS and PI, leading to NLCs with higher values
of these parameters. Note that these lipids have similar correlation with
ZP along PC1, but an inverse expression is identified along PC2.
Regarding the studied oily surfactants, they have a greater effect on ZP
than on PS and PI, along PC1 and PC2. The surfactant LS75 is negatively
correlated with ZP, so the NLCs that contain LS75 are characterized by
low values of this parameter, i.e. present more negative values of ZP.
On the other hand, the surfactant LSPC3 is directly correlated with ZP,
leading to high values of this parameter, i.e. negative values closer to
zero. Along PC1, the LS75 and LSPC3 surfactants are direct and in-
versely correlated with PS and PI. Thus, the influence of the type of oily
surfactant on the PS and PI parameters is not clearly evidenced. This
representation and interpretation is very useful to determine and con-
trol the composition of NLCs and characterize them, by an easy and
rapid evaluation of NLC scores and variable loadings. For instance,
without a prior knowledge, it is possible to deduce that the NLCs

Fig. 7. Radial distribution function (RDF) of water molecules around the two chains of POPC and the main groups of TMZ, ATO and CUR in 2TMZ:2CUR and
2ATO:2CUR systems. TMZ, ATO and CUR were represented by the respective center of mass.

Fig. 8. Mean square displacement (MSD) of POPC in the presence of TMZ, ATO
and CUR, in separate and in combination.

Fig. 9. Ishikawa diagram representing the cause-and-effect relationship among the critical material and process variables for the critical quality attributes (CQAs) of
NLCs.

M. Mendes, et al. International Journal of Pharmaceutics 587 (2020) 119661

8



represented by the number 3 are only composed by the lipid L, while
those represented by the numbers 18 and 23 are constituted by the lipid
L and surfactant LSPC3, but NLCs 23 present a higher concentration of
this surfactant than the NLC 18. Furthermore, these NLCs are char-
acterized by high PS and PI values and intermediate ZP values.

In order to complement PCA results, the PLS method was also em-
ployed. The PLS models of PS, PI and ZP, considering two latent vari-
ables, explain 46.82%, 19.12% and 72.58% of the variance of these
responses, respectively, and the obtained regression coefficients are
depicted in Fig. 11. Analyzing the value and the signal of these coef-
ficients, it is possible to infer that the lipids C and T and the surfactant
LS75 show an inverse effect on PS, i.e. are inversely correlated, ex-
pressed by negative coefficients. Thus, their presence and a high con-
centration of these components leads to NLCs with small PS. In turn, the
remaining variables, i.e. the lipid L and the surfactant LSPC3, have a
direct effect on PS, leading to NLCs with high PS values. Regarding the
PI, the lipid C is inversely correlated with this parameter, presenting a
negative coefficient, while the other two selected lipids express positive
coefficients. Furthermore, the considered oily surfactants are directly
correlated with PI. Thus, the presence and a high concentration of the
lipid L and these two surfactants yields more heterogeneous NLCs. The

ZP is directly affected by the presence and high concentrations of the
lipid T, which leads to slightly higher ZP values, as verified by the
positive but low coefficient. On the other hand, all the remaining
variables present negative coefficients, with the surfactant LS75 being
represented by a more negative coefficient and, consequently, having a
higher inverse effect on ZP, i.e. is in agreement with low ZP values.
Similar observations were obtained with PCA.

PCA and PLS results suggest that the components that have a sig-
nificant impact on the quality of NLCs are the lipid C and the surfactant
LS75. These are the components that allow obtaining smaller PS, rela-
tively low PI and more negative ZP values. However, considering the
drug solubility as an important CMA that influences other properties,
such as EE, DL and drug release, it is possible to conclude that the lipid
C is not adequate due to the low ATO and CUR solubility in this lipid
(ATO: 18 ± 3 mg/mL (Elmowafy et al., 2017); CUR: 4.5 ± 0.7 mg/
mL). Thus, the lipids T and L were selected to proceed with the design
of optimal NLCs, as the solubility values in T (ATO: 242 ± 3 mg/mL
(Kassem et al., 2017); CUR: 77 ± 15 mg/mL) and L (ATO:
89 ± 9 mg/mL; CUR: 44.2 ± 0.6 mg/mL) are quite satisfactory.

Table 2
Initial risk assessment levels, represented by the risk assessment matrix (RAM) of the selected CMAs and CPPs on the CQAs of NLCs and qualitatively ranked as low-,
medium- or high-risk.

CQAs CMAs CPPs

Type of
lipid

Lipid
concentration

Solid:liquid lipid
ratio

Type of
surfactant

Surfactant
concentration

Drug
concentration

Drug
solubility

Homogenization
method type

PS Medium Medium High Medium High Medium Low High
PI Low Low Medium Medium High Medium Low High
ZP Medium Medium Medium High High Medium Low Medium
EE Medium High High Medium Medium High High Low
DL Medium High High Low Medium High High Low
Drug release Medium Medium High Medium High Medium High Low

Key: CQAs – critical quality attributes; CMAs – critical material attributes; CPPs – critical process parameters; PS – particle size; PI – polydispersity index; ZP – zeta
potential; EE – entrapment efficiency; DL – drug loading.

Table 3
Representation of the different composition and concentration of liquid lipids and oily surfactants considered and the results for physicochemical characteristics,
namely PS, PI and ZP, of ATO and CUR co–encapsulated NLCs produced by ultrasonication.

Formulation Code C T L LS75 LSPC3 PS (nm) PI ZP (mV)

PrC 1 100 0 0 0 0 385 ± 7 0.180 −13 ± 0
PrT 2 0 100 0 0 0 139 ± 1 0.300 −13 ± 1
PrL 3 0 0 100 0 0 536 ± 17 0.480 −9.4 ± 0.3
PrTC 4 50 50 0 0 0 183 ± 2 0.300 −12 ± 1
PrTL 5 0 50 50 0 0 327 ± 5 0.220 −11.6 ± 0.3
PrC 0.5 LS75 6 100 0 0 0.5 0 88 ± 1 0.250 –22 ± 1
PrT 0.5 LS75 7 0 100 0 0.5 0 415 ± 19 0.560 −18.9 ± 0.2
PrL 0.5 LS75 8 0 0 100 0.5 0 661 ± 14 0.440 −28.3 ± 0.3
PrTC 0.5 LS75 9 50 50 0 0.5 0 53.4 ± 0.3 0.190 −21.2 ± 0.4
PrTL 0.5 LS75 10 0 50 50 0.5 0 257 ± 1 0.190 −25.4 ± 0.3
PrC 1 LS75 11 100 0 0 1 0 80 ± 1 0.360 −35.97 ± 0.1
PrT 1 LS75 12 0 100 0 1 0 291 ± 1 0.400 −31 ± 1
PrL 1 LS75 13 0 0 100 1 0 182 ± 5 0.510 –32 ± 1
PrTC 1 LS75 14 50 50 0 1 0 64 ± 1 0.460 −20 ± 2
PrTL 1 LS75 15 0 50 50 1 0 65 ± 1 0.280 –22 ± 1
PrC 0.5 LSPC3 16 100 0 0 0 0.5 331 ± 9 0.330 −15 ± 1
PrT 0.5 LSPC3 17 0 100 0 0 0.5 364 ± 12 0.580 −17.1 ± 0.5
PrL 0.5 LSPC3 18 0 0 100 0 0.5 1684 ± 108 0.560 −14.8 ± 0.5
PrTC 0.5 LSPC3 19 50 50 0 0 0.5 73 ± 1 0.150 −12.1 ± 0.2
PrTL 0.5 LSPC3 20 0 50 50 0 0.5 319 ± 4 0.240 −13.0 ± 0.2
PrC 1 LSPC3 21 100 0 0 0 1 442 ± 10 0.260 −13 ± 1
PrT 1 LSPC3 22 0 100 0 0 1 234 ± 3 0.400 −19 ± 1
PrL 1 LSPC3 23 0 0 100 0 1 1090 ± 73 0.490 −16 ± 1
PrTC 1 LSPC3 24 50 50 0 0 1 436 ± 8 0.680 −12 ± 1
PrTL 1 LSPC3 25 0 50 50 0 1 77 ± 1 0.240 −7.2 ± 3

Key: Pr - Precifac® ATO 5; C - CapryolTM PGMC; T - Transcutol® HP; L - Labrasol®; 0.5 LS75− 0.5% (w/w) Lipoid S 75; 1 LS75− 1% (w/w) Lipoid S 75; 0.5 LSPC3−
0.5% (w/w) Lipoid S PC 3; 1 LSPC3 − 1% (w/w) Lipoid S PC 3; PS - particle size; PI - polydispersity index; ZP - zeta potential.
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3.3.2. What DoE tells us?
Establishing the right experimental set-up to address the intended

purpose, i. e., to screen or optimize formulation/process parameters is
not a random, but rather a timely planned procedure that must deserve
particular attention. Full factorial designs, in particular those involving
quadratic terms, provide a complete description of the process beha-
vior, being useful to find out the optimal levels of the most important
factors (Dejaegher and Vander Heyden, 2011). On the contrary, Ta-
guchi designs can be used to assess the main effect of several factors
with a relatively low number of experimental runs, presenting some
time and cost associated advantages over full factorial designs. They use
crossed inner and outer arrays to explore control factors in the presence
of noise, thus adding a new dimension to conventional experimental
design, playing an important role in producing high-quality products at
subsequently low cost (Davis and John, 2018). Accordingly, 3k and 2k

full factorial designs were applied, respectively, for composition opti-
mization and method interchangeability assessment, while Taguchi
design was employed for the development of biomimeting usNLCs.

3k full factorial design
The most suitable NLC components for DoE were extracted from

PCA and PLS results. Although PLS describes how the concentration of
each NLC component influences the studied responses, DoE ranks the
impact of the composition on PS, PI, ZP, EE and DL.

Specifically, the effect of the concentration of T80 and composition
of the lipid phase on PS, PI and ZP, as well as on EE and DL of both ATO
and CUR, was investigated by a 9-run, two-factor and three-level re-
sponse surface methodology. As previously described, ATO and CUR co-
encapsulated NLCs were prepared from P (solid lipid), T and L (liquid
lipids) blends at different solid:liquid lipid ratios of 25:75, 50:50 and
75:25 (factor 2), and three different concentrations of aqueous surfac-
tant T80 were considered, 1, 3 and 5% (w/w) (factor 1). Both factors
were selected due to their importance in the NLCs performance. In
order to a priori minimize the source of variability from the production
method, the homogenization and ultrasonication time, sample posi-
tioning and temperature were kept constant. The response results ob-
tained for NLCs prepared according to the factorial planning are de-
picted in Fig. 12. According to the two-way ANOVA, statistically
significant differences were observed for PS when the independent
variables assume the three levels, except for NLCs with 1 and 5% (w/w)
of T80 with a solid:liquid lipid ratio of 50:50 (p > 0.05). Significant
differences were also identified for EE of ATO between NLCs with 1%
(w/w) of T80 and solid:liquid lipid ratios of 25:75 and 50:50, as well as
when the T80 concentration was varied (1, 3 and 5%, w/w) on for-
mulations with a solid:liquid lipid ratio of 25:75 (p < 0.05). No sig-
nificant differences (p > 0.05) were observed for the remaining de-
pendent variables (PI, ZP, DL of ATO, and EE and DL of CUR).

The regression coefficients obtained for each dependent variable are
summarized in Table 4. The one-way ANOVA (Table S4, Supplementary
Material) confirmed that the generated regression models are sig-
nificant, with the exception of the models defined to describe the DL of
ATO and CUR (p > 0.05).

Response and contour surface representations were constructed to
elucidate the effect of the selected factors on the dependent variables
(Fig. 13 for PS, PI and ZP; Fig. 14 for EE of ATO and CUR). The pre-
dictability of the response surface models was validated resorting to a
NLC composed of 5% T80 and a solid:liquid lipid ratio of 70:30 (level
[+1,+0.8]) and is presented in Table S3, Supplementary Material.
Concentration of T80 has a significant impact on PS, suggesting that the
nanosystem properties are mainly governed by the amount of aqueous
surfactant. The negative sign of β1 indicates that smaller PS values are
obtained by increasing the T80 concentration. The stabilization of NLCs
with higher amount of aqueous surfactant has been previously de-
scribed (Vitorino et al., 2013; Mendes et al., 2016). The same effect was
obtained considering the solid:liquid lipid ratio, but in a lesser extent,
where a higher amount of solid lipid prompted a smaller PS. Note that,
β2 was not considered statistically significant (p > 0.05). The inter-
action between the factors has a higher impact than the isolated effect
and the positive sign of β12, as well as the interaction plots displayed in
Fig. 15, indicated that, for higher T80 concentration and amount of
solid lipid, the interaction favors PS. Additionally, it was observed that
PI is also affected by the T80 concentration and the solid:liquid lipid
ratio. Higher levels of these factors induced more homogeneous NLCs,
and the interaction was considered negligible and not considered sta-
tistically significant (p > 0.05). ZP is significantly influenced by the
T80 concentration, where the positive sign of β1 denotes that the high
level of this factor contributes to less negative ZP values, and, conse-
quently, less stable NLCs. However, no effect was found for the so-
lid:liquid lipid ratio on ZP. The T80 concentration was also the factor
with the most pronounced effect on the EE of ATO, followed by the
composition of lipid phase. The positive and negative signs of β1 and β2,
respectively, mean that an increase in the EE might be achieved con-
sidering a high T80 concentration and a low amount of solid lipid.
Moreover, the negative sign of the β12, and also the trend observed in
the interaction profiles of Fig. 15 indicate that the interaction reduces
the positive effect of factor 1 on the EE, decreasing it (for a higher T80
concentration and amount of solid lipid). However, the EE of CUR was

Fig. 10. Biplot representation of the produced NLCs and the eight considered
variables, depicted in Table 4, on the first two principal components (PC1 and
PC2). Discrimination among NLC formulations on the first two principal com-
ponents is evident, recovering 57.8% of total variance. Key: C - CapryolTM

PGMC; T - Transcutol® HP; L - Labrasol®; LS75 - Lipoid S 75; LSPC3 - Lipoid S
PC 3; PS - particle size; PI - polydispersity index; ZP - zeta potential.

Fig. 11. Regression coefficients for PS, PI and ZP obtained from PLS applied to
the NLCs depicted in Table 4. Key: C - CapryolTM PGMC; T - Transcutol® HP; L -
Labrasol®; LS75 - Lipoid S 75; LSPC3 - Lipoid S PC 3. Model was cross-validated
(RMSEP, root mean square error for prediction) using 10 random segments
(Tables S1 and S2, Supplementary Material).
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not significantly influenced by the two factors.
In order to select the optimal formulation composition, the five

CQAs were simultaneously analysed with regions limiting each CQA
(Fig. 16), aiming at minimizing PS and PI and maximizing EE and |ZP|.
The white area, designated as Design Space, defines a limited region in
which the formulations gather the desired properties. To sum-up, the
optimal conditions to assemble the best performance of the NLCs, in-
cluding small and homogenous usNLCs, with high stability and drug
encapsulation, and meeting the suitable CQAs for intravenous admin-
istration, are achieved using a higher T80 concentration (+1), and a

lower amount of solid lipid, i.e. a solid:liquid lipid ratio of 25:75 (-1).
2k full factorial design
The influence of the T80 concentration and the production method

on PS, PI and ZP was further assessed by a 4-run, two-factor and two-
level full factorial design. This second DoE is essentially directed to the
study of method interchangeability, aiming at a potential scaling-up
process by using high pressure homogenization. The considered un-
loaded NLCs were prepared from P (solid lipid), T and L (liquid lipids)
blends with a solid:liquid lipid ratio of 25:75, by two different methods,
namely US and HPH (factor 2). Different concentrations of T80 were
also considered (1 and 5%, w/w) (factor 1). Note that the production
method variables were kept the same. The response results obtained for
NLCs prepared according to the factorial planning are depicted in
Fig. 17. The one-way ANOVA (Table S5, Supplementary Material)
confirmed that the generated regression models are significant
(p < 0.05). Regarding the two-way ANOVA, statistically significant
differences (p < 0.05) for PS and ZP were observed between NLCs
developed with different T80 concentrations and using different pro-
duction methods, except among NLCs with 5% (w/w) of T80 produced
either by US or HPH (p > 0.05). For PI, no significant differences were
found (p > 0.05). Table 5 presents the regression coefficients obtained
for each dependent variable. The T80 concentration significantly im-
pacts PS, with higher T80 concentrations providing the smallest NLCs,

Fig. 12. Relative impact of the T80 concentration and composition of lipid phase on PS, PI, ZP, EE, and DL of ATO and CUR, assessed by a 32 factorial design. These
NLCs were produced by ultrasonication. Responses were evaluated in triplicate.

Table 4
Regression coefficients obtained from the 32 factorial design, for each depen-
dent variable, PS, PI, ZP and EE of ATO and CUR (*p > 0.05).

Response Coefficient

ß0 ß1 ß2 ß12 ß11 ß22

PS 157.29 −119.26 −39.91* 192.40 39.93* 75.01
PI 0.27 −0.08 −0.09 0.04* 0.09 0.06*
ZP −24.48 4.45 0.48* 0.87 1.66 −0.16
EE ATO 102.20 6.35 −2.75 −4.66 −4.45* −11.20
EE CUR 99.98 0.08* −0.15* −0.29 0.03* −0.43
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as previously observed in the 32 factorial planning. Also, the type of
production method plays an important role on PS, although in a lesser
extent. ZP increased when a higher T80 concentration was considered,
and were more negative when the HPH method was used. The inter-
action between the two factors was also evaluated for each of the de-
pendent variables and significant interactions were identified for PS

and ZP (p < 0.05). The negative and positive signs of β12 for PS and
ZP, respectively, as well as the interaction plots displayed in Fig. 18,
suggest that the interaction between high levels of T80 and the pro-
duction method (i.e. HPH) reinforces the negative effect of factor 1 on
PS and the positive influence of factor 1 on ZP. Also, the interaction
between factors decreases the positive effect of factor 2 on PS and the

Fig. 13. Response surface and contour plot representations of the dependent variables, PS (R2 = 0.9885), PI (R2 = 0.9609) and ZP (R2 = 0.9463), considering the
concentration of T80 and the solid:liquid lipid ratio. The desired conditions rely on the minimization of PS and PI, and maximization of |ZP|.

Fig. 14. Response surface and contour plot representations of the dependent variables, EE of ATO (R2 = 0.9562) and CUR (R2 = 0.6066) considering the con-
centration of T80 and the solid:liquid lipid ratio. The desired conditions rely on the maximization of EE.
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negative influence of factor 2 on ZP, leading to smaller and less nega-
tively charged NLCs.

To sum-up, at a higher concentration of T80 concentration, irre-
spective of the production method, usNLCs with similar PS, PI and ZP
are obtained, indicating that the production methods are reproducible
and can be interchanged. This allows taking advantage of the easily up-
scalable feature of HPH to be employed in the industrial environment,
while the scalability of US method is still questionable (Tapeinos et al.,

2017; Ganesan and Narayanasamy, 2017).
After the optimization step, the risk assessment matrix was updated

according to the reduced level of risk inspected with the DoE applica-
tion (Table 6). The solid:liquid lipid ratio still displays a high impact on
PS, but the risk level assigned to PI and ZP, and to EE and DL was
reduced to low and medium risk, respective. Also, the risk levels of
surfactant concentration and production method assigned to PI were
reduced to low levels.

Fig. 15. Graphical representation of the effect of the interaction between the concentration of T80 and the solid:liquid lipid ratio, factors 1 and 2 respectively, for PS
and EE of ATO, within the range of the experiment.

Fig. 16. Definition of the Design Space, the re-
gion that provides the optimal NLC composition,
in terms of solid:liquid lipid ratio and surfactant
content. To determine this region, PS and PI
were limited to a maximum of 100 nm and 0.4,
respectively, while ZP, EE and DL were limited
to a minimum value of −20 mV and 95%, re-
spectively (the dots indicate the direction to
which the magnitude of the CQA increases). The
model was validated with the use of an addi-
tional NLC (Table S3, Supplementary Material).
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3.4. Characterizing nanocarriers

Solid lipid nanoparticles, including NLCs, are characterized by the
presence of a solid lipid matrix. The introduction of a liquid lipid may
modify the physicochemical properties of the carrier. Following the
results of the DOE, and to infer the impact of the composition of the
lipid matrix on the physicochemical properties of the NLCs, a further
characterization throughout time and drug release was conducted.

3.4.1. Stability
The physicochemical stability of the NLCs containing different

solid:liquid lipid ratios (25:75, 50:50 and 75:25) was assessed through
the evaluation of PS, PI and ZP at predefined days after production,
with the results being presented in Fig. 19. It is possible to observe that,
although the PS slowly increases in the NLC with a solid:liquid lipid
ratio of 25:75, the PI decreases over time. On the other hand, NLCs with
solid:liquid lipid ratios of 50:50 and 75:25 are less stable, expressing
more pronounced variability on PS and PI over the 180 days evaluation
and presenting both PS and PI higher than the corresponding para-
meters in the 25:75 ratio formulation. Regarding the ZP, no relevant
variations were identified over time.

3.4.2. In vitro release behavior
Release profiles of NLCs displayed in Fig. 20 exhibit a sustained

drug release throughout the study for CUR and ATO, when compared to
a control solution containing both compounds (p < 0.05). NLCs con-
taining 75% of solid lipid present the lowest release rate for CUR, which
suggests the compound is entrapped within the solid lipid. An ANOVA
was conducted, and no significant differences were found between
NLCs containing 25 and 50% of solid lipid in their composition
(p > 0.05). All NLCs seem to improve CUR stability at pH= 7.4, as the
control solution shows extensive CUR degradation following 9 h. When
compared to CUR, a higher amount of ATO is released within the same

Fig. 17. Influence of the concentration of T80 and production method, US and HPH, on PS, PI and ZP, evaluated by a 22 factorial design.

Table 5
Regression coefficients obtained from the 22 factorial design, for each depen-
dent variable, PS, PI and ZP (*p > 0.05).

Response Coefficient

ß0 ß1 ß2 ß12

PS 46.68 −20.85 9.72 −9.62
PI 0.34 −0.05 −0.02* 0.04
ZP −16.03 9.27 −2.64 2.09

Fig. 18. Graphical representation of the effect of the interaction between the concentration of T80 and the production method, factors 1 and 2 respectively, for PS
and ZP within the range of the experiment.
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time-period, indicating a less stable behavior of this drug in the system.
In fact, ATO is more soluble in the aqueous phase of the formulation
and in the release medium, by a 20 and 40-fold factor, respectively.
Within the first 3 h of the study, the release behavior of free and loaded
ATO through the dialysis membrane is similar. Additionally, at 48 h,
90–100% of the drug was released to the medium. The controlled re-
lease of ATO appears to be independent of the solid:liquid lipid ratio,
considering no significant differences were identified between the NLCs
(p > 0.05).

In order to compare the release profiles and evaluate the release
kinetics, different methods were applied. Regarding the first approach
where a model independent method was used, the similarity factor f2
was calculated using each one of the release profiles as reference, for
ATO and CUR separately (Table 7). As mentioned above, f2 values
greater than 50 suggest that the two profiles are similar. Considering
the control solution as reference, the f2 values for ATO and CUR were

found to be lower than 50, meaning that no similarity is evidenced
between control profiles and the remaining ones. On the other hand,
after crossing all NLCs with each other, it was found that there is si-
milarity among them, since the f2 values are above 50.

Table 6
Updated risk assessment levels after NLCs optimization, represented by the risk assessment matrix (RAM) of the selected CMAs and CPPs on the CQAs of NLCs and
qualitatively ranked as low-, medium- or high-risk.

CQAs CMAs CPPs

Type of
lipid

Lipid
concentration

Solid:liquid lipid
ratio

Type of
surfactant

Surfactant
concentration

Drug
concentration

Drug
solubility

Homogenization
method type

PS Medium Medium High Medium High Medium Low High
PI Low Low Low Medium Low Medium Low Low
ZP Medium Medium Low High High Medium Low Medium
EE Medium High Medium Medium Medium High High Low
DL Medium High Medium Low Medium High High Low
Drug release Medium Medium High Medium High Medium High Low

Key: CQAs – critical quality attributes; CMAs – critical material attributes; CPPs – critical process parameters; PS – particle size; PI – polydispersity index; ZP – zeta
potential; EE – entrapment efficiency; DL – drug loading.

Fig. 19. Monitoring of the physicochemical stability of NLCs through the evaluation of PS, PI and ZP over time.

Fig. 20. Release profiles of NLCs for ATO and CUR, according to different ratios of solid:liquid lipids and control, before (dots) and after (solid lines) the application
of the best fitting model, Korsmeyer-Peppas (K) or Weibull (W). Results are related to predetermined intervals and are expressed as mean ± SEM (6 ≤ n ≤ 12).

Table 7
Similarity factors f2 obtained after comparing the release profiles of the NLCs
and control solution for ATO and CUR (n = 11; for *, n = 9).

f2 ATO CUR

25:75 50:50 75:25 Control 25:75 50:50 75:25 Control

25:75 100 – – – 100 – – –
50:50 57.01 100 – 97.19 100 – –
75:25 60.39 77.91 100 – 74.99 75.26 100 –
Control 34.76* 40.99* 42.16* 100* 48.82 49.46 46.64 100

M. Mendes, et al. International Journal of Pharmaceutics 587 (2020) 119661

15



Additionally, different model dependent methods were im-
plemented to fit and describe the drug release profile. The regression
parameters obtained for each mathematical function are depicted in
Table 8, as well as the corresponding coefficients of determination, r2,
which reflect the goodness of fitting. Considering the r2, it was found
that the Korsmeyer-Peppas model provides the best fitting model for
ATO in the three evaluated NLCs, as well as for CUR in the NLCs with a
solid:liquid lipid ratio of 25:75. The c2 parameter of the Korsmeyer-
Peppas equation, defined as the release exponent, aids at characterizing
the drug release. According to the calculated values of the release ex-
ponent for the previously mentioned NLCs (0.5 < c2 < 1), it is
possible to conclude that their release mechanism follows a non-Fickian
diffusion process (Cascone, 2017; Dash et al., 2010). Note that this
semi-empirical model just considers the first 60% of the release.
Moreover, the Weibull model was shown to be the best fitting model for
free ATO and for CUR entrapped within the NLCs with solid:liquid li-
pids ratios of 50:50 and 75:25. In the case of the empirical Weibull
model, the release profiles are characterized through the curve shape
based on the c3 parameter, defined as the “shape parameter”. The c3
values, in which c3 > 1 for free ATO and c3 < 1 for CUR in 50:50 and
75:25 NLCs, suggest that the release profiles display an S-shaped with
upward curvature followed by a turning point, and an exponential
shape with a steep initial slope, respectively (Cascone, 2017; Dash
et al., 2010). However, a lack of fitting was obtained considering all

models, for free CUR, due to the CUR degradation at pH = 7.4. Fig. 20
presents the release profiles estimated using the best fitting model for
each formulation.

3.5. Biomimeting usNLC

usNLCs were coated with RBCs membranes aiming at enhancing the
pharmacokinetic characteristics of the nanosystems. In fact, cell mem-
brane-coating technology may promote a stealth behavior and reduce
macrophage recognition and in vivo elimination, being as such con-
sidered a promising strategy against glioblastoma (Basso et al., 2020).
Following a co-extrusion process, the volume of RBC vesicles, the
number of co-extrusions, as well as the concentration of stearylamine
(cationic compound) were considered as potentially critical parameters
affecting the quality of the nanosystems, in particular particle size,
polydispersity index, and zeta potential (Chai et al., 2017; Luk et al.,
2014).

The Taguchi L9, 33 orthogonal array design was used to optimize the
coating procedure. The number of co-extrusions (3, 9 and 15), the vo-
lume of RBC vesicles (50, 100 and 150 µL) and the concentration of
stearylamine (0, 1 and 2 mM), reflecting different surface charges of the
lipid core, were selected as independent factors and their effect on
formulations parameters was assessed, resulting in a total of 9 for-
mulations. The S/N ratio was calculated to determine significance of

Table 8
Description of the model type and regression parameters resulting from the application of different fitting functions on the experimental data of the NLCs and control
solution for ATO and CUR.

Formulation Drug Function c1 c2 c3 r2

25:75 ATO Zero-ordera 1.89 ± 0.04 – – 0.9964
First-orderb 357 ± 216 0.006 ± 0.004 – 0.9953
Higuchic 8.6 ± 0.6 – – 0.9631
Weibulld -* -* -* 0.9962
Korsmeyer-Peppase 3.7 ± 0.3 0.79 ± 0.02 – 0.9981

CUR Zero-ordera 0.29 ± 0.02 – – 0.9504
First-orderb 14 ± 2 0.04 ± 0.01 – 0.9685
Higuchic 1.63 ± 0.07 – – 0.9779
Weibulld -* -* -* 0.9831
Korsmeyer-Peppase 1.0 ± 0.2 0.64 ± 0.05 – 0.9832

50:50 ATO Zero-ordera 2.21 ± 0.05 – – 0.9967
First-orderb 267 ± 65 0.010 ± 0.003 – 0.9977
Higuchic 9.2 ± 0.7 – – 0.9577
Weibulld -* -* -* 0.9831
Korsmeyer-Peppase 4.3 ± 0.3 0.79 ± 0.03 – 0.9980

CUR Zero-ordera 0.28 ± 0.02 – – 0.9038
First-orderb 11.3 ± 0.9 0.06 ± 0.01 – 0.9762
Higuchic 1.63 ± 0.06 – – 0.9797
Weibulld 15 ± 6 0.03 ± 0.03 0.8 ± 0.2 0.9824
Korsmeyer-Peppase 1.3 ± 0.2 0.56 ± 0.05 – 0.9774

75:25 ATO Zero-ordera 2.14 ± 0.07 – – 0.9906
First-orderb 166 ± 25 0.017 ± 0.004 – 0.9963
Higuchic 9.6 ± 0.7 – – 0.9641
Weibulld -* -* -* 0.9891
Korsmeyer-Peppase 4.8 ± 0.3 0.77 ± 0.03 – 0.9979

CUR Zero-ordera 0.15 ± 0.01 – – 0.9024
First-orderb 6.1 ± 0.4 0.062 ± 0.009 – 0.9848
Higuchic 0.88 ± 0.03 – – 0.9842
Weibulld 7 ± 2 0.04 ± 0.02 0.8 ± 0.1 0.9891
Korsmeyer-Peppase 0.7 ± 0.1 0.56 ± 0.05 – 0.9816

Control ATO Zero-ordera 2.7 ± 0.2 – – 0.9159
First-orderb 115 ± 5 0.049 ± 0.005 – 0.9959
Higuchic 12 ± 1 – – 0.9359
Weibulld 107 ± 5 0.057 ± 0.006 1.13 ± 0.09 0.9968
Korsmeyer-Peppase 5 ± 1 0.9 ± 0.1 – 0.9854

CUR Zero-ordera 0.4 ± 0.2 – – 0.0004
First-orderb 15 ± 3 0.6 ± 0.6 – 0.5210
Higuchic 2.7 ± 0.8 – – 0.0478
Weibulld 15 ± 3 0.5 ± 0.4 2 ± 2 0.5448
Korsmeyer-Peppase 10 ± 5 0.1 ± 0.2 – 0.2447

a c1t; b c1(1-exp(-c2t)); c c1t0.5; d c1(1-exp(-c2tc3)); e c1tc2;; *Despite the relatively high r2 values obtained, the uncertainty associated to the estimated parameters
does not provide a good ATO or CUR release fitting.
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each independent factor and their optimum levels for the optimized
formulation. The obtained results for PS, PI and ZP of the experiments
are displayed in Fig. 21, as well as their stability at 1, 7 and 12 days
after production. Formulations without stearylamine, i.e, with a lipid
core surface charge of −17 mV (usNLCs containing a solid:liquid lipid
ratio of 25:75), were the most stable along 12 days, showing an ac-
ceptable stability behavior. Overall, at 12 days, the remaining for-
mulations displayed a significant increase in PS, PI and ZP. Since the
variation of PI and ZP values were not statistically significant, PS was
evaluated as the key dependent factor. The S/N response ratios are
shown in Table 9. The main effects of each factor are depicted in
Fig. 22, which represents each level as x-axis and mean PS, or S/N ratio
as y-axis. The presence of stearylamine and consequently the lipid core
surface charge is the most impacting factor on PS, expressing a larger S/
N ratio range. An increase in surface charge to less negative values leads
to the production of larger particles with lower stability, as indicated by

the lower S/N ratios. Moreover, no significant variations were found for
the S/N ratios corresponding to the other factors, specifically, for the
number of co-extrusions and the volume of RBC vesicles.

The predictive PS achieved through the linear regression defined in
Eq. (7) and the respective S/N ratios are represented in Table 9. Note
that the L9, 33 orthogonal design showed a great predictability for all
the experimented combinations.

= + × −

+ ×

+ ×

PS nm Number of co extrusions

Volume of RBC vesicles

Concentration of Stearylamine

( ) 72.67 0.87

0.41

14.36 (7)

Considering the highest S/N ratios obtained for PS, the optimal level
combination corresponds to the usNLCs with a 25:75 solid:liquid lipid
ratio, to which 50 µL of RBC vesicles were added and extruded through
a 100 nm polycarbonate membrane 3 times. These conditions are

Fig. 21. Monitoring of the physicochemical stability of biomimeting usNLCs through the evaluation of PS, PI and ZP at 1, 7 and 12 days after production.

Table 9
Exploratory Taguchi design matrix and experimental and predicted mean PS and S/N ratios.

Exp. Factor Levels Mean PS (nm) S/N ratio

Number of Co-extrusions Volume of RBC vesicles Stearylamine Experimental Predicted Experimental Predicted

1 −1 −1 −1 55.14 57.02 −34.83 −35.16
2 −1 0 0 73.56 71.79 −37.33 −36.99
3 −1 1 1 86.51 86.57 −38.74 −38.82
4 0 −1 0 73.63 72.26 −37.34 −37.03
5 0 0 1 85.10 87.03 −38.60 −38.86
6 0 1 −1 59.62 58.72 −35.51 −35.44
7 1 −1 1 88.22 87.49 −38.91 −38.90
8 1 0 −1 58.90 59.18 −35.40 −35.48
9 1 1 0 73.32 73.95 −37.31 −37.31
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elicited to provide smaller and stable biomimeting usNLCs and have
been taken into consideration for further performance studies.

3.6. Overview

A crosswise analysis of the DoE outcomes points out to the following
assumptions:

(i) From 32 full factorial design, nanoparticle template composition is
settled on a low solid:liquid ratio and high surfactant concentra-
tion. This formulation meets the desired quality target profile, in-
cluding a small particle size and narrow size distribution, along
with maximized drug loading properties and stability.

(ii) From 22 full factorial design, method interchangeability is vali-
dated, which opens avenues to up-scaling manufacturing.

(iii) From Taguchi design, biomimeting ultra-small lipid nanocon-
structs were retrieved, leading the way to surrogate strategies in
glioblastoma treatment.

4. Conclusions

Understanding the BBB crossability at a molecular level is funda-
mental for drug repurposing in glioblastoma. In this work, a compu-
tational framework based on MD simulations proved useful to screen
the co-delivery of atorvastatin calcium and curcumin.

QbD principles, with focus on risk assessment, were set forth
throughout the development of the formulations, with the attributes
and process parameters of higher risk being the solid:liquid lipid ratio,
type and concentration of liquid lipids and surfactants, along with the
type of production method.

The optimization studies based on multivariate analysis and design
of experiments led to the production of usNLCs with the desired pre-
defined characteristics, which were supported on (i) low concentrations
of solid lipid, (ii) high concentrations of the aqueous surfactant Tween®
80 and, (iii) both ultrasonication and high pressure homogenization
methods. usNLCs exhibited a sustained co-release pattern of the com-
pounds and stability up to 6 months.

Finally, usNLCs were successfully coated with erythrocyte mem-
branes, as a strategy to fit glioblastoma passive targeting through the
enhanced permeability and retention effect. Further in vitro/in vivo

studies are under way to establish the proof-of-concept of this biomodel
drug delivery system.
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