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ARTICLE INFO ABSTRACT

Keywords: In this work, a stable nanocarrier for the anti-cancer drug docetaxel was rational designed. The nanocarrier was
Rational design developed based on the solid lipid nanoparticle preparation process aiming to minimize the total amount of
Nanocarrier excipients used in the final formulations. A particular interest was put on the effects of the polymers in the final
D‘xet‘”‘e.l composition. In this direction, two poloxoamers -Pluronic F127 and F68- were selected. Some poloxamers are
2:; :‘;ll"'n:gt:y“m well known to be inhibitors of the P-glycoprotein efflux pump. Additionally, their poly-ethylene-oxide blocks can
Poloxamer help them to escape the immune system, making the poloxamers appealing to be present in a nanoparticle

designed for the treatment of cancer. Within this context, a factorial experiment design was used to achieve the
most suitable formulations, and also to identify the effects of each component on the final (optimized) systems.
Two final formulations were chosen with sizes < 250 nm and PDI < 0.2. Then, using dynamic light scattering
and nanotracking techniques, the stability of the formulations was assessed during six months. Structural studies
were carried on trough different techniques: DSC, x-ray diffraction, FTIR-AR and Molecular Dynamics. The
encapsulation efficiency of the anticancer drug docetaxel (> 90%) and its release dynamics from formulations
were measured, showing that the polymer-lipid nanoparticle is suitable as a drug delivery system for the
treatment of cancer.

1. Introduction

Cancer, and the many issues associated with it, still have a sig-
nificant impact on public health, in spite of the advances in diagnosis
and treatment of the last decades [1]. Several classes of drugs have been
used to treat different kinds of neoplastic diseases. In particular, the
antineoplastic taxane Docetaxel (DTX) is indicated for the treatment of
lung, breast, prostate and colorectal cancer [2-4]. The pharmacological
mechanism of DTX, as well as its precursor, paclitaxel (PTX) [4], is the
inhibition of microtubules depolymerization in the G2 / M cell-cycle
phases [5,6]. Compared with PTX, docetaxel is more efficient and
shows improved efficiency when used in association to other che-
motherapeutic agents such as doxorubicin [7].

Most of these drugs are administered intravenously [8] and in the
case of DTX the available commercial formulations contain high
amounts of excipients in order to increase drug solubility [9]. Fur-
thermore, many side effects are associated DTX administration, leading
to the need of rigorous dosage control [8,10,11]. Aiming to improve

DTX pharmacokinetics and bioavailability, different pharmaceutical
forms solutions have arisen [12-14]. In particular, encapsulation in
nanoparticles has shown to improve the therapeutic efficiency and in-
crease the safety of chemotherapeutic agents [15,16]. In this direction,
the use of polymer-lipid drug delivery systems (DDS) - such as solid
lipid nanoparticles (SLN)- to treat cancer would have a lot of ad-
vantages, such as the control of adverse reactions, higher efficiency,
improved pharmacokinetics and body distribution [17-19].

A SLN-like formulation containing DTX could, for instance, increase
its in vivo tolerability and also increase drug accumulation inside the
tumor [17], where angiogenic factors are not adequately regulated,
producing a defective vascular architecture, with fenestrations and
capillary leaks [20]. In fact, the interstitial liquid depuration inside the
tumor is also inadequate, since the lymphatic system is badly dis-
tributed in the tissue [20]. As a result, sub-micrometric particles, tend
to accumulate in the tumor and be retained there [21], an effect known
as “Enhanced Permeability and Retention effect” (EPR) [22]. A well-
designed nanoparticle system could take advantage on the EPR effect to
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achieve high concentrations inside the neoplastic tissue [23].

SLN can be formulated using a wide variety of lipids, such as cetyl
palmitate (CP), fatty acids, mono-, di- and triglycerides, glycerides mix,
or waxes, being stabilized with biocompatible surfactants (ionic or non-
ionic) agents, such as poloxamers (PL) [24]. Poloxamers, commercially
known as Pluronic, are non-ionic linear tri-block copolymers of poly-
ethylene oxide (PEO) and polypropylene oxide (PPO) [25]. Poloxamers
can play an active role in a formulation, besides their tensoactive
properties [26]. Experimental studies demonstrated that PLs could
sensitize multi drug resistant (MDR) neoplastic cells increasing the
cytotoxic activity of drugs [27,28]. Multidrug resistance is considered
the crucial cause of failure in the treatment of patients with cancer and
infectious diseases [29]. The phenotype of neoplastic MDR-cells is as-
sociated to the overexpression of membrane proteins from the ATP-
dependent transporter proteins super family, or “ATP-Binding Cassette
transporters” [30]. This proteins, such as P-glycoprotein (P-gp), pro-
duce the extrusion of drugs from the cells [31-33]. Poloxamers inhibit
such efflux proteins so that a formulation with high PLs could provide
lower drug resistance [34]. Briefly, the inhibition mechanism of the
poloxamers over P-gp involves, at least in part, changes in the lipid
microenvironment that leads to suppression of ATPase activity and
interaction with the drug [35]. Furthermore, due to the polyethylene
oxide blocks on the PLs molecular structure, nanoparticles developed
with this polymer could present stealth properties, thus escaping the
immune system and reaching longer circulation times on the blood-
stream [36-40].

In this work, we aimed to rational design a novel SLN-like nano-
particle for the delivery of DTX. In particular, we increased the relative
concentration of PLs while decreasing the amount of lipids in the for-
mulation, using a factorial design. As a result, two optimized polymer-
lipid formulations were obtained, with enhanced encapsulation effi-
ciency and sustained release for docetaxel, which were then physio-
chemically characterized and tested for shelf-stability.

2. Materials and methods
2.1. Sample preparation

Docetaxel was donated by Cristdlia Prod. Quim. Farm. Ltda (Itapira,
Brazil), Pluronic F68, F127 and cetyl palmitate (CP) were supplied by
Sigma-Aldrich Chem. Co. (St Louis, USA). Deionized water (18 MS2) was
obtained from an Elga USF Maxima Ultra-Pure water purifier.

Formulations were composed of CP, F127 and F68. Concisely, a
blend of these components was diluted in ethanol, at 65 °C (above the
melting point of CP), under magnetic stirring. The mixture was stirred
until solvent evaporation, and complete homogenization was achieved.
When appropriated, DTX was incorporated to the blend.
Simultaneously, deionized water was heated to the same temperature of
the blend and dropped over it under high-speed agitation (10,000 rpm)
for two minutes with an Ultra-Turrax blender (IKA WerkeStaufen,
Germany). The resulting microemulsion was subsequently sonicated for
30 min in a Vibracell tip sonicator (Sonics and Mat. Inc., Danbury, USA)
operated at 500 W and 20 kHz, with 30s (on/off) cycles alternation.
The resultant nano-emulsion was immediately cooled to room tem-
perature, to form the nanoparticles.

2.2. Factorial design

In order to investigate the influence of the F127 and F68 surfactants
and the drug load on the critical quality attributes (CQA) size, poly-
dispersity (PDI) and zeta potential, a 2 factorial design with triplicate
in the central point, was carried out. The range of variation of each
excipient was determined by previous experiments performed by our
group and will be discussed below in the preliminary studies section.
The analysis of variance (ANOVA, 95% confidence level) indicated the
significant variables to be used in the polynomial fit and the lack of fit
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was tested. Design Expert 11 software (Minneapolis, USA) was used for
data treatment. The models were then used to search for the combi-
nation of the experimental factors that provided size lower than
250 nm, PDI lower than 0.2 and maximized the absolute value of Z-
potential. Table Slof the supplementary material shows the factor and
levels used in the final factorial design.

2.3. Determination of particle’s size, polydispersity, zeta potential and
concentration

A dynamic light scattering (DLS) equipment (Nano ZS90 analyzer -
Malvern Instruments, UK) was used to determine the hydrodynamic
diameter (size), polydispersity index (PDI) and zeta potential (ZP) of
the nanoparticles. For determination of the number of particles in the
formulation, a NS300 Nanotracking analysis instrument (NanoSight,
Amesbury, UK), equipped with a 532 nm laser was used. In both cases,
samples were diluted in deionized water (n = 3) for measurements.

2.4. Encapsulation efficiency (%EE)

The quantification of DTX was performed by high performance li-
quid chromatography (HPLC) using a PS-210 ProStar HPLC (Varian
Inc., Palo Alto, USA) equipped with a PS 325 UV-VIS detector, a PS 210
solvent delivery module and Galaxy Workstation software for data
collection). The column was a Gemini® 5um, CI18, 110A, with
150 x 4.6 mm (Phenomenex®, Torrance, USA) with flux of 1 mL.min .
The mobile phase was composed of a mixture of water and acetonitrile
(50:50 v/v). The injection volume was 30 pL and the absorbance was
followed in 230 nm. The total amount (100%) of DTX present in the
nanoparticle suspension (DTXora1) was determined by diluting the
samples in the mobile phase (n = 3) [41]. The DTX%EE was de-
termined by the ultrafiltration-centrifugation method, using cellulose
filters (30 kDa, Millipore). The amount of free DTX (DTXree)in the fil-
trate was quantified by HPLC, and the percentage of encapsulated DTX
and drug loading were calculated according to Egs. (1) and (2) re-
spectively [42-44].

DTX total — DTX free
. 100
DTX total (€9)]

%EE =

Weight of encapsulated DTX
Weight of nanoparticles 2)

%Drug loading =

2.5. Transmission Electron Microscopy (TEM)

Morphological analysis was carried out for the samples, by TEM.
Uranyl acetate (2%) was added to the diluted samples providing con-
trast. Then, the aliquots were deposited onto copper grids coated with a
carbon film and dried at room temperature. After drying, micrographs
of the samples were appreciated using a JEOL 1200 EXII microscope
operated at 80 kV.

2.6. Release kinetics experiments

The in vitro release of DTX incorporated in the polymer-lipid na-
noparticles was studied using a Franz Diffusion Cell, with a donor so-
lution composed of 5 mM phosphate-buffered saline (PBS, pH 7.4) with
Tween 80 at 5% to ensure the sink condition - at 37 °C to simulate
physiological condition - separated by a standard regenerated cellulose
membrane (Spectrapore® dialysis membrane, 12-14 Kilodalton pore
size) (n = 2). A solution of DTX in H,0: ethanol (50:50) plus 5% Tween
80 was used as control. Serial sampling was performed at specified time
intervals (0.15, 0.30, 0.45, 1, 2, 4, 6, 8, 22, 24 h) by removing 200 pL of
the receptor compartment and replacing it with the fresh medium, to
maintain the sink condition. The amount of DTX in the acceptor com-
partment was quantified by HPLC.
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2.7. Differential scanning calorimetry (DSC)

DSC thermograms were collected in a DSC 2910 Differential
Scanning Calorimeter (TA Instruments, USA), coupled with the Thermal
Solutions v.1.25 software (TA Instruments, USA). The samples were
freeze-dried before analysis. The experimental condition was a ramp of
10 °C.min "', ranging from 20 to 150 °C. Samples of the optimized na-
noparticle formulations prepared without and with docetaxel, and their
main components (CP, PLs and DTX) were run.

2.8. X-Ray diffraction analysis (XDR)

Powder X-ray diffraction (XRD) data were obtained in a Shimadzu
XRD7000 diffractometer (Tokyo, Japan), using a Cu-Ka source, with a
scan step of 2° min — 1, between 26 values and range from 5 °C to 50 °C.
Freeze-dried samples of the optimized formulations, prepared with and
without DTX, and their main components (CP, PLs and DTX) were run.

2.9. Physicochemical stability study

The physicochemical stability of the formulations was monitored
during 6 months, at fridge temperature (5 * 2°C). The analyzed
parameters were: nanoparticle size (nm), PDI and ZP (mV). Analysis of
variance (ANOVA, 95% confidence level) was used to compare inter-
groups significant differences, regarding the initial time measurements.

2.10. Molecular dynamics simulations

MD simulations were carried out at Coarse Grain (CG) level. The CG
models were based on Martini Force Field (MFF) [45]. The Martini CG
model allows a systematic representation of molecules in terms of few
building blocks (CG beads) that can be used in a broad range of bio-
molecular applications [46]. Within MFF many kinds of water models
and lipids molecules are fully parameterized [45]. In this direction,
based on parameters used in lipids, we built a CG model for cetyl pal-
mitate, in order to test the interaction of the drug with a hydrophobic
core similar to that of the prepared polymer-lipid nanoparticle (See
Supplementary Material). For the drug model, we choose to use a
previous validated model of paclitaxel reported in literature given it’s
similar structure to DTX [47]. Three simulations of 2 ps were per-
formed, taking into account different initial conditions. All CG MD si-
mulations were performed using GROMACS 5.0 software [46]. A cut-off
of 12 A was applied for the Lennard-Jones (LJ) and electrostatic inter-
actions. We have carried out the simulations within an ensemble of
constant number of molecules, pressure and temperature (NPT) within
periodic boundary conditions. The pressure and temperature were kept
constant (P = 1 bar and T = 298 K) using the Berendsen thermostat and
barostat [48] with a coupling constant of 0.3 ps for temperature and
pressure, and compressibility of 3.10° bar ~ . A time step of 10 fs was
used [48,49].

3. Results and discussion
3.1. Preliminary studies

In this work, novel polymer-lipid nanoparticles were developed,
based on the preparation method used for SLN [50]. We firstly explored
the possibility of formulating a nanoparticle using low amounts of ex-
cipients, that would reduce the toxicity associated with DTX formula-
tions administration [8,10,11]. In this direction, we framed our ex-
periments in an initial factorial design that could help us understand
the influence of each component and develop a rational formulation. In
these preliminary studies, CP levels from 1 to 3% w/v and total poly-
mers from 1 to 5% w/v were tested. Notice that CP concentration was
significantly lower than the 4-10% w/v commonly used in the pre-
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total polymer was set considering its reported toxicity above this con-
centration [54]. In these pilot experiments we also tested the feasibility
of incorporating all the components directly into the lipid phase of the
formulation, due to their similar melting point. The lipid phase is
commonly heated up to 10 °C above the melting point of the major lipid
component (CP = 55 °C) at the beginning of nanoparticle preparations.
This modification of the process was explored in order to incorporate
the polymer to the lipid matrix so it would be an initial polymer-lipid
matrix.

Table S2 of the supplementary material, shows the results of this
first set of formulations designated with the letter T, (T1 to T11). In
formulations T1, T3, and TS to T11, none of the parameters (size, PDI
and z-potential) were within the expected range and the systems proved
to be unstable, presenting phase separation in the first days after pre-
paration. The results with T2 and T4 (both containing 1% w/v CP) were
better: these formulations were visually stable in the first weeks after
preparation, with sizes around 250nm, low polydispersion
(PDI~0.250) and negative ZP values.

3.2. Factorial design

Factorial design applied to formulation development allows to
minimize the number of required experiments to capture relevant in-
formation, including interactions among factors. With the information
obtain in the preliminary studies, we elaborated a 2* factorial design
with three central points, using a fixed 1% w/v of CP concentration,
and explored the effects of the two polymers: F127 and F68, and the
DTX loading. Taking into account the results of the initial experiments,
we set polymers w/v in the range of 0.5-1.5%. For DTX, we chose to
explore a concentration ranging from 0.02% to 0.16% w/v, since its
most commonly used clinical doses is 0.08% w/v [55]. The results of
this factorial design are summarized in Table 1.

All formulations were found to be stable, except for P3 and P10 that
showed phase separation approximately a week after the first DLS
measurements. As shown in Fig. S1 of the supplementary material,
while P10 clearly precipitate at the bottom of the recipient, P3 pre-
sented to the naked eye, a denser fraction at the top of the phase se-
paration. These formulations carried the maximum amount of polymers
and the extreme lower (P3 = 0.02%) and higher (P10 = 0.16%) DTX
concentrations. This result will be confirmed by the factorial design
results shown in the next section.

Linear models were built relating the experimental factors to each of
the responses (size, PDI and ZP). It was observed that models slightly
deviated from linearity, therefore a curvature term was added (calcu-
lated as the difference between the average points of the factorial and
the experimental central points). This allowed to achieve suitable pre-
dictive capability of the models without additional experiments. Tables
S3 to S5 (Supplementary material) show the significant coefficients of

Table 1

23 Factorial design for SLN formulations containing docetaxel (DTX), Pluronics
F127 (F127) and 68 (F68), with triplicate at the central points. Values of the
responses: size, PDI and z-potential are given. P3 and P10 were not stable.

Formulation DTX (%) F127 (%) F68 (%)  Size PDI Z-potential
(nm) (mV)
P1 0.02 1.5 0.5 220.6 0.145 —-2.28
P2 0.02 0.5 1.5 230.7 0.136 -6.12
P3 0.02 1.5 1.5 279.8 0.196 —5.58
P4 0.02 0.5 0.5 2123 0.172 —-4.37
P5 0.09 1 1 217.7 0.149 —-3.89
P6 0.09 1 1 212.0 0.173 —-6.80
P7 0.09 1 1 2135 0.158 -6.17
P8 0.16 1.5 0.5 228.5 0.250 —4.56
P9 0.16 0.5 0.5 2434 0.239 —6.84
P10 0.16 1.5 1.5 285.0 0.297 —-5.74
P11 0.16 0.5 1.5 238.0 0.189 —-6.45
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Fig. 1. 2D (A) and 3D (B) desirability plots considering the responses: size, PDI and ZP.

each model, the confidence interval and the curvature term (Ctr Pt). 3.4. Physicochemical stability

These models were used to predict the experimental conditions to

reach: particles size below 250 nm, PDI lower than 0.2 and to maximize The PLNs, with and without DTX, were followed during 6 months of
the absolute values of zeta potential. The region representing these refrigerated storage (2-5°C), at fixed time intervals. The formulations
conditions is called Design Space (DS) and it is represented by the were visually inspected and also regarding size (nm), PDI, ZP (mV) and
yellow area of Fig. S2 of the supplementary material. nanoparticle concentration. Figs. 2 and S3 of the supplementary ma-

The DS for both DTX, at 0.02 and 0.08% w/v, revealed a wide area terial, shows the results for the first 6 months after preparation, during
of possible final formulations. However, at 0.16% w/v DTX the area which the nanoparticles proved to be stable.
was reduced to a small fraction of space. With this information and During the stability tests, the formulations showed a homogenous
taking into account DTX concentration values used in therapy and in appearance, conserving their characteristic opacity. Size fluctuations
other drug delivery systems [55], we proceed to analyze the response over time were not statistically significant, for any of the formulations.
surface for a formulation at 0.08% w/v fixed DTX load. Fig. 1 shows the PDI values fluctuated between 0.18 and 0.26 over the time, without
2D and 3D plots of desirability with 0.08% w/v of DTX considering statistical significance and indicating suitable polydispersity for the
simultaneously the responses: size, PDI and ZP. Higher values of de- formulations over 6 months storage. Nanoparticle tracking was per-
sirability indicate the conditions that meet the criteria described above. formed to determine particle concentration. No significant changes

It can be seen from the DS and the desirability plot that it is not were observed for any of the formulations, which kept the number of
possible to achieve a suitable formulation with F127 and F68 simulta- particles around 10'3/mL during the length of the study (Fig. S3). Since
neously at the 1.5% w/v level. This can be correlated with the visual the nanoparticles presented elevated number of polymers in their
findings of P3-P10, described above. These two formulations are far composition, steric stabilization of the systems could be responsible for
from the yellow area of the DS (Fig. S2) and show the lowest desir- the stability of the colloidal dispersion. In this direction, the ZP fluc-
ability (Fig. 1), indicating unsuitable quality attributes of the for- tuations throughout the study (Fig. $3), had no significant impact on
mulations. Based on these results, two formulations were chosen: one size, polydispersity or number of particles. This result confirmed the
with a high proportion of F68 (named PLN1) and one with high pro- physicochemical stability of the formulations and their suitability to be
portion F127 (named PLN2). A resume on the final composition of this applied as DDS.
formulations is available in Table 2.

3.5. Transmission Electron microscopy

3.3. Encapsulation efficiency After assessing the stability of the nanoparticles, we performed
transmission electron microscopy of the four samples. Fig. 3 displays
the micrographs of the PLN1 and PLN2 formulations, with and without
DTX. The images confirmed that the nanoparticles were successfully
prepared, maintaining the spherical shape with visible contours, even
after DTX encapsulation, without affecting the nanoparticle integrity
[51].

Using the ImageJ software, it was possible to estimate the size of the
individual nanoparticles in neat PLN1 (~197 nm), DTX loaded PLN1
(~240 nm), neat PLN2 (~180 nm) and DTX-loaded PLN2 (~ 220 nm).
These results are in the good agreement with particle diameters de-

The encapsulation efficiency (%EE) is a measure that determines the
extent of the drug loaded into the nanocarrier. In this study, %EE was
determined by the ultrafiltration-centrifugation method. The nano-
particles showed an excellent capability to encapsulate DTX with values
higher than the 90% for PNL1 (95.1% SD 0.5) and PNL2 (95.6% SD
0.4). In this way, almost all of the DTX was encapsulated into the na-
noparticle. Drug loading was calculated to be 1.90% for PLN1 and
1.92% for PLN2.

Table 2 termined by DLS (Fig. 2). However, it is worth to mention that since
Final formulations: composition PLN1 and PLN2. TEM sample preparation requires solvent evaporation, this may cause
Factor % (w/v) PLN1 PLN2 structural distortion of the particles into clusters [56]. Since this effect
causes shrinkage, distortion, overlapping or disruption of the particles,

DTX 0.08 0.08 we consider TEM micrographs to give qualitative information on the
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Fig. 2. Physicochemical stability in terms of Size (A) and PDI (B) for neat PLN1 (blue) and PLN2 (green) and drug-loaded PLN1 (red) and PLN2 (black).

Measurements were performed every month up to six months (180 days).

3.6. Release kinetics analysis

The modulation of drug release kinetics is often a goal when de-
veloping a DDS [57]. Taking into account the EPR effect (enabling the
accumulation of the nanoparticles into the tumor tissue), the sustained
release of the drug encapsulated in nanoparticles, such as the developed
in this work, could improve the therapeutic effect of the drug, ad-
ministered at lower doses [57]. In order to evaluate the capability of the

https://reader.elsevier.com/reader/sd/pii/{S092777651830868...ED9D5AB328E72EC7BEA135033955B7FF767828B326F5490D2A3CE4281B

formulations to modulate drug delivery, in vitro release experiments
were performed as described in the methods section. Fig. 4 shows the
release profile for DTX in solution and encapsulated in PLN1 and PLN2
formulations, over 24 hs. For the free drug, a slow release of DTX is
observed in the first 15h of the study, and total release was achieved
after 24 h. Using the KinetDS software, this release kinetics was estab-
lished as a Weibull distribution (solid green line in Fig. 10) and was
attributed to the extremely low solubility of the drug. For the

B
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Fig. 3. TEM images of neat PLN1 (A), PLN2 (B) and DTX-loaded PLN1 (C), PLN2 (D) in 100,000 x magnification.
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15

Time (hours)

Fig. 4. Profiles of in vitro DTX cumulative release, as determined by dialysis equilibrium at 37 °C. In green: free DTX (0.8 mg/mL); in black and red, optimized (PLN1

and PLN2, respectively) DTX loaded-nanoparticles.

formulations, a slow release was observed during the length of the
study, yielding approximately 13% of released drug after 24 hs. This
release corresponded to a linear distribution and so, to a first order
release kinetics during the time of the study. These results are in good
agreement with release studies with DTX in other nanoparticulated
systems [55] suggesting that the PLNs are suitable for the sustained
release of DTX for many days. Further insights on this behavior will be
addressed in Section 3.8.

It is important to remark that under in-vivo physiological conditions
the release kinetics can be modified by numerous factors. In particular,
the tumoral microenvironment has unique features, such as slow blood
flow, higher local temperature and lower pH, that can modulate it [58].
Taking advantage of the EPR effect, these newly developed nano-
particles could accumulate into the tumoral mass, where the tempera-
ture and pH changes would accelerate its degradation and boost DTX
local release. Furthermore, once at the site, highly active tumoral
cancer cells could internalize these nanoparticles, releasing the drug
within to the cell [59].

3.7. Structural characterization

Despite the recognized difficulty to elucidate the physical state of
the encapsulated molecules in lipid systems, we employed a set of
structural characterization methods (DSC, XRD, ATR-FTIR and MD) for
the individual components and PLN with and without DTX, attempting
to understand the structural organization of the novel system under a
qualitative perspective. Given that both PLNs share the same compo-
nents, in the following sections we show the results obtained with one
of the formulations (PNL2) with and without DTX, as an example.

3.7.1. DSC analysis

Fig. 5A exhibits the calorimetric profile of the excipients and neat
PLN, which were very similar, corresponding to the endothermic peaks
of their melting points, placed from 54 to 58 °C [51,60]. These results
support the approach used at the initial steps of the PLN elaboration, as
explained in the 3.1 section. In Fig. 4B, the DTX thermogram showed an
endothermic peak detected around 165°C, corresponding to the
melting point of the drug [61,62]. This peak is not present in the na-
noparticle drug-loaded spectrum. The thermograms of the PLN2 for-
mulation, with and without DTX showed very similar profiles, with a
single endothermic peak due to the melting point of the structural ex-
cipients that did not change upon drug encapsulation.
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arrangement of the drug [63]. For comparison purposes, the DRX
spectrum of each of the pure excipients is presented in Fig. S4 of the
supplementary material. The neat PLN2 and DTX loaded formulations
exhibited similar diffractogram profiles suggesting that DTX entrap-
ment did not disturb the molecular organization of the nanoparticle.
Furthermore, no crystalline peaks of DTX were observed in the PLN2/
DTX peaks profile, followed by its less crystallinity than neat PLN2
drug-free diffractogram formulations, suggesting that interactions took
place among the excipients.

3.7.3. ATR-FTIR analysis

The infrared spectroscopy technique was used to get qualitative
insights on the drug loaded nanoparticles. The FTIR frequencies and
their assignments are shown in Table S6 of the supplementary material.
Fig. 7A shows the FTIR spectra of PLN components: PL F127 (orange),
F68 (green) and CP (blue). The spectra of F127 and F68 are quite si-
milar between them, with the main bands at 1466 and 1468 cm ™!
(vCH2), 1340 and 1344 cm-1 (vO-C-0), 1280 and 1278 cm™ (vO-C-0),
963 and 965 cm™ (SCH), 840 and 842 cm™ (8CH) [53,54]. For CP, the
main spectrum bands are at 2915 (vCH), 2850 (vO-CH2), and 1730
(vC = 0) ecm™ [55]. The ATR-FTIR spectrum of the PLN (black) pre-
sented slight shifts in comparison to that of its individual components,
e.g. vcu band from 2915 (CP) to 2919 em?, suggesting changes in the
local environment of cetyl palmitate inside the nanoparticle. In pre-
viously reported CP-based SLNs, the vy band was found at 2916 cm™
reinforcing the novelty of the PLN discussed developed in this work
[64].

Once the neat PLN FTIR spectrum was characterized, the effects of
the DTX in this new polymer-lipid milieu was assessed. In Fig. 7B FTIR
spectra of DTX, and PLN2 (with and without DTX) is disclosed. In its
free form, DTX spectrum show a broad band centered in 3369 cm™
assigned to vy and voy; a wide band at 1710 cm™ assigned to ve.o,
and a band at 1596 cm™, attributed to the amine free group vibration
(8n-n) [65]. Since DTX is present at small percentages in the PLN2
formulation, it could be difficult to assess shifts in the frequencies of the
bands assigned to the drug, with this technique. However, DTX changes
on the PLN2 structure could be significant, as explored in the factorial
analysis section of this work. In our study, the overall FTIR spectrum of
PLN2/DTX is very similar to that of the neat PLN2 formulation,
showing that no significant changes in the nanocarrier environment
occurs upon drug encapsulation.
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3.7.2. DRX analysis

DRX and DSC are complementary techniques that can be applied to
explore the polymorphic structures of nanocarrier systems upon drug
encapsulation. The diffractogram of pure DTX (Fig. 6) detected typical
sharp peaks in 8°, 11°, 14°, and 17°, confirming its crystalline
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3.8. Molecular dynamics simulations

Encapsulation, release kinetics and structural analysis of the for-
mulations yielded strong evidence that DTX is inside the polymer-lipid
matrix of the PLN. However, with experimental techniques, it is diffi-
cult to access details (at the molecular level) of the DTX insertion within
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the nanoparticle. In this direction, computational simulations - in par-
ticular Molecular Dynamics simulations — could shed light to the mo-
lecular interplay of the drug in the nanoparticle core matrix [66].

As a first step, we aim to understanding the internal structure of the
newly developed PLNs. In this direction, considering that the main
components of the inner core are the cetyl-palmitate and the drug, we
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considered a cubic simulation box of ~ (17 nm)?, containing 50 mo-
lecules of paclitaxel and 5000 molecules of CP as schematized in Fig. S5
of the Supplementary Material. Because we focused our study in the
innermost core of the nanoparticles, were a mayor proportion of CP is
supposed to be present, the explicit poloxamer contribution in this re-
gion was neglected, and therefore not included in the simulations. It
could be interesting to remark that PPO blocks of the PL, that could be
present at hydrophobic core, are represented by similar hydrophobic
CG beads as the ones proposed here for the MFF CP bead [26,45,67].
PTX force-field parameters were previously reported and validated
[47]. In this way, for the simulation studies, Paclitaxel (PTX) instead
DTX, was chosen as a model drug due to its major structural and
physicochemical similarities between them [68,69]. For the CG CP, we
based our model in the MFF parametrization of lipids, and given its
floppy nature, no special restrains were applied to its structure (see
Supplementary Material). The drug: excipient proportion was estimated
from NTA measurements (results not shown).

Simulations were started from three different initial configurations,
randomizing the distribution of PTX throughout the simulation box and
run up to 2ys. In Fig. 8A, B and C representative snapshots for each case
at 2 ps are shown. Each PTX molecule is represented in different color
and the CP are removed for visualization purpose. As it can be ob-
served, PTX molecules appeared to be forming clusters inside the na-
noparticle core. Given that PTX and DTX have similar physicochemical
and structural properties [68,69], such distribution in the core of the
PLN is supported by the structural experiments performed in this work
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Paclitaxel was used as a model of docetaxel.

and also gives an insight on the observed encapsulation and release
kinetics for both PLN formulations.

From the results of section 3.6, we observed that a slower and
sustained release was present for the DTX encapsulated in the nano-
particles. In this direction, insights from MD simulations suggest that
this clustering inside the nanoparticle core would be responsible for this
release kinetics.

4. Conclusions

A DTX polymer-lipid nanostructured carrier (PLN) was rationally
developed and optimized with the use of factorial design. We firstly
explored the possibility of formulating a nanoparticle using low
amounts of each component. The novelty here was to obtain a for-
mulation with lower amount of total excipients in comparison with
available formulations of solid lipid nanoparticles. Besides, with the
chosen proportion of poloxamers used, an active role for that polymer
was intended within the formulation. With the factorial design ap-
proach, two formulations were selected, that contained different pro-
portions of F127 and F68. In both cases, the optimized PLNs were able
to encapsulate a high amount of DTX. Different techniques were used to
characterize the physicochemical properties of these nanocarriers.
Altogether, these techniques agreed that the PLNs kept their structural
features upon insertion of DTX into the polymeric-lipid matrix. PLNs
provided sustained in vitro release of DTX for more than 24 h. Through
molecular dynamics simulations we were able to capture some key
features of the behavior of the drug in the innermost core such as their
aggregation that could explain the observed release kinetics.

In addition to the functionalization of the PLNs provided by the
polymers, the size of the nanoparticles made the formulation suitable to
take advantage of the EPR effect, improving tumor targeting of DTX. In
this way, the attributes of this novel PLN/DTX system points out it as a
promising formulation to be tested for the cancer treatment. To advance
in this direction, further in vitro and in vivo studies are fundamental, and
they will be assessed in a future work. These techniques could help
identifying the more efficient of the two optimized formulations. Also,
further computer simulations studies could shed light into the complex
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Supplementary material related to this article can be found, in the
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