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Abstract

In this work Dimethyl Fumarate (DMF)-loaded and DMF-unloaded Solid Lipid Nanoparticles (SLNs) were developed and characterized by Dynamic Light Scattering
(DLS), Atomic Force Microscopy (AFM), Scanning Electron Microscopy (SEM), Differential Scanning Calorimetry (DSC), and X-ray Diffraction (XRD). In vitro release assay
was also performed, and DMF was quantified by GC-MS. SLNs were prepared by a two-step methodology using hot nanoemulsification followed by ultrasound irradiation.
The results of the mean diameter, the polydispersity, and the zeta potential were in the range of 157 to 525 nm, 0.20 to 0.6, and -30 to -7mV, respectively. SLNs with
spherical and elliptical shapes were evidenced by AFM and SEM techniques. XRD and DSC analyses revealed a strong interaction among the SLN components and a
significant loss of crystallinity of the set of these components in the structured SLNs. Encapsulation efficiency up to 99% and loading capacity dependent on the O/S ratio
has been achieved. The in vitro release of DMF was also dependent on the 0/S ratio and could be analyzed by first-order kinetics.
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Introduction

Multiple Sclerosis (MS) is an autoimmune inflammatory
disease of the Central Nervous System (CNS) characterized
by neuroinflammation and destruction of the myelin sheath
[1]. The disease is of high incidence in the adult female. The
symptoms include numbness, impaired vision, balance loss,
weakness, bladder dysfunction, and psychological changes
[2,3]. Nowadays, there is no efficient treatment for healing MS,
but the time of disease progression can be controlled through
treatment (4].

Dimethyl Fumarate (DMF) has been used, by oral route, to
treat the relapse rate and time to disease progression of MS
[4]. However, DMF undergoes strong first-pass metabolism
being partially hydrolyzed by plasma esterase to Monomethyl
Fumarate making it more resilient [5]. To circumvent this
problem, the Intranasal (IN) route has been proposed as an
alternative to avoid the first-pass metabolism allowing the
drug to easily reach the CNS providing the condition of an
effective treatment for MS [6,7].

However, the DMF compound, with a molar weight of 144g/
mol and a melting point of 103~104 °C, is a crystalline sparingly
water-soluble drug [8]. This molecule showed moderate-to-
high permeability (apparent permeability [Papp] 22.3-29.7
X 10-6 cm/s, across a Caco-2 cell monolayer [9]). Despite its
effectiveness, DMF has been reported as a challenging drug due
to problems of multiple-dose administration and lower brain
permeability, causing less patient compliance [10]. Thus, the
improvement of its physicochemical properties for intranasal
absorption is of utmost importance.

It is widely known in the literature that the structural
disorganization of a molecule, allowed by the amorphous
state, induced an increase in the apparent solubility of the
drugs, allowing a better dissolution rate and, by extension,
better in vivo absorption of them [11,12]. Therefore, the
compartmentalization of DMF in amorphous lipid delivery
systems, based on a nanotechnology platform that can allow
the drug to reach the brain is of obvious relevance. Among
these systems micro- and nanoemulsions [13,14], and derived
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systems as solid lipid nanoparticles [15-17] were widely studied.
These systems have been successfully used for a wide range of
drugs, including antitumor agents [18], anti-inflammatories
[19], antibiotics [20], hormones [21], proteins [22], monoclonal
antibodies [23], and nucleic acids [24].

Solid Lipid Nanoparticles (SLNs), mainly those sterically
stabilized, can serve this purpose due to their ability to carry
lipophilic drugs and modulate their release over time. SLN of
structurally composed of solid lipids, and surfactants, and also
has some cases, it has, also, surface-modifying substances, such
as thermosensitive block copolymers. All these components are
biocompatible compounds, which can be safely used in such
systems [25,26].

SLNs have also been used as drug target systems for topical
and systemic therapies due to their advantages over other
colloidal carriers. For instance, it includes good tolerability,
increased drug stability, the ability to incorporate drugs with
different physicochemical properties, and the possibility of
use on all routes of administration, including intravenous and
intranasal routes [7,27].

Recently, our research team demonstrated that the
DMF incorporated into SLNs was as effective as free DMF in
reducing the clinical scores of the animals, but with reduced
administration doses, when given subcutaneously [27]. In
addition, preventive treatment with SLN-DMF partially
allowed a reduction in the percentages of T and B cells, in
the blood, when compared to preventive treatment with free
DMF, orally administered, which suggests a reduction of
lymphopenia [28]. The potential effects of SLNs containing
DMF, administered by inhalation, on the clinical signs of
the inflammatory response in the Central Nervous System
(CNS) and on the changes in the lung function, in mice with
Experimental Autoimmune Encephalomyelitis (EAE) were also
evaluated. Indeed, the inhalation of encapsulated DMF revealed
that SLN is an effective therapeutic protocol that reduces not
only the CNS inflammatory process and disability progression,
characteristic of EAE disease but also protects mice from lung
inflammation and pulmonary dysfunction [29].

[T ]
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Although demonstrating the effectiveness of the DMF
on SLNs, these authors [28,29] did not deeply explore the
physicochemical properties of the produced DMF-SLNs.
Therefore, the aim of this work was to reproduce the DMF-
loaded and DMF-unloaded SLNs and physicochemically
characterize them by Dynamic Light Scattering (DLS), Atomic
Force Microscopy (AFM), Scanning Electron Microscopy (SEM),
Differential Scanning Calorimetry (DSC), and X-ray Diffraction
(XRD). The in vitro release profiles of DMF from the SLNs were
also performed. The quantitation of the DMF on this assay
was followed by GC-MS. The SLNs were produced by a two-
step methodology using hot nanoemulsification/ultrasound
irradiation.

Material and methods
Materials

Hydrogenated Soy Phosphatidylcholine (HSPC), CAS
92128-87-5, Mw 762.10 g/mol, >99% purity, was purchased
from Lipoid (Ludwigshafen, Germany). Glyceryl monostearate
(GMS), CAS 31566-31-1, came from Synth (Brazil). Poloxamer
188 (P188), CAS, 9003-11-6, and dimethyl fumarate (DMF),
CAS, 624-49-7, were from Sigma-Aldrich (USA). Purified
water, was produced from a Millipore Milli Q Integral 3 Water
Purification System, Millipore Corporation (USA) and its
resistivity was 18.2 MQ-cm. All other chemicals and solvents
were of analytical grade or better.

Methods

Solid Lipid Nanoparticles (SLN) preparation: SLNs
were produced (Figure 1) by hot emulsification followed by
ultrasound irradiation. The surfactant blend was HSPC:P188 1:1
(w/w). P188 was dissolved in the aqueous phase and the HSPC
was mixed in the lipid phase consisting of GMS and DMF. Both
lipid and aqueous phases were heated, separated, at 60 °C, and
subsequently homogenized to form a pre-emulsion. The pre-
emulsion was, then, subjected to high-energy ultrasound for
15 minutes, (Ultrasonic Processor Model Q700, Qsonica LLC,
USA) with an output frequency of 20 kHz, in a discontinuous
mode (1 min. sonication and 1 min. interval) to form a hot
liquid nanoemulsion, which was cooled in an ice bath to obtain
SLN. Table 1 details the composition of the SLN formulations.

Quantitative determination of DMF by GC-MS: The DMF
release was analyzed using gas chromatography and mass
spectrometry (GC-MS, Shimadzu GC 2010 with AOC 5000),
using an RTX-1column (30 m x 0.32 mm; 3.0 pm film thickness),
injector temperature of 250 °C, interface temperature of 270°C
and injector in split mode (1:20). The column temperature
started at 100 °C, and then ramped at 20 °C/min up to 250 °C.
Helium gas was used as a carrier at a flow rate of 1.2 mL/min.
The mass spectrometer operated with an ionization source
by Electronic Interaction (EI), with an energy of 70 eV. The
methodology was previously developed and validated. The
determinations were carried out in triplicate.

Encapsulation efficiency (EE) and loading capacity (LC)
of the SLNs: For EE and LC analysis, SLN formulations were
diluted 100x and filtrated with Amicon® Ultra Centrifugal Filters
Ultracell-50 kDa (EMD Millipore, Darmstadt, Germany) using
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Figure 1: Effect of the O/S ratio on the loading capacity of SLNs.

Table 1: Composition of the SLNs formulations.

SLNs HSPC/P188 GMS DMF Aqueous phase 0/S ratio
(%) (%) (%) (%)
2.0 1.5 -

A 96.5 0.75
B 2.0 3.0 - 95.0 1.50
c 2.0 45 - 93.5 2.25
D 2.0 6.0 - 92,0 3.00
PM 2.0 3.0
PM,,r 2.0 3.0 2.0
Aor 2.0 15 2.0 94.5 0.75
Bowr 2.0 3.0 2.0 93.0 1.50
Cour 2.0 45 2.0 91.5 2.25
D 2.0 6.0 2.0 90.0 3.00

Key: (DMF) Dimethylfumarate; (SLN) Solid Lipid Nanoparticles; (P188) Poloxamer
188; (HSPC) Hydrogenated Soy Phosphatidylcoline; (GMS) Glyceryl Monostearate;
HSPC/P188 (1:1); (Set A to D) DMF-unloaded SLNs; (Set A, to D,,,.) DMF-loaded

DMF DMF:

SLNs. (PM) Physical mixtures; (PM,,,.) Physical mixtures loaded with DMF.
Percentages expressed in w/w.

a Heraeus™ Multifuge™ XiR centrifuge (Thermo Scientific,
Waltham, MA, USA) at 3500 x g for 40 minutes at 4°C. The
supernatants were collected and the DMF was quantified by
CG-MS. A calibration curve of DMF in acetone (from 0,05
to 50 mg/mL) was used to determine its concentration. The
determinations were performed on three independent samples.

EE and LC were calculated by the simple relationships
between the quantified amount of DMF loaded in the SLN
(L) by the total amount of DMF added to the SLNs (T
and the total weight of the SLN (T
following equations:

DMF)

<), respectively, using the

EE(%) — Lowe 4100 (1)

DMF

Lc(%)zﬂxloo (2)

SLN

Physical mixtures of the SLN components

Physical Mixtures (PM) were prepared in the same
proportions as the SLN components with gentle homogenization
of the powder mixtures (excipients) using a glass mortar. DMF
was added to the PM of the inert materials and homogenized
again.
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Dynamic Light Scattering (DLS): The droplet size analysis
was performed by DLS using a Zetasizer Nano system ZS
(Malvern Instruments, Worcestershire, UK), with a He—Ne 4
mW laser source at 633 nm using a recording angle of 173°. The
samples were diluted 1/100 (v/v) with Milli-Q_purified water
prior to analysis. The results represent the mean + standard
deviation of at least ten determinations. The analyses were
carried out at 25 °C + 0.2 °C. The polydispersity index was also
measured. The determinations were carried out in triplicate.

Zeta potential (ZP): Zeta potential values were evaluated
by the Laser Doppler Micro-electrophoresis Technique
using a Zetasizer Nano system ZS (Malvern Instruments,
Worcestershire, UK). Samples were diluted 1/100 (v/v) with
purified water prior to analysis. The results represent the mean
of + SD of at least 10 determinations. The analyses were carried
out at 25 °C + 0.2 °C.

X-ray diffraction (XRD): XRD analysis was carried out
in a Siemens (Munich, Germany) D-500 diffractometer
(Cu Ko radiation, » = 1.54056 A) with a curved graphite
monochromator, using the step-counting method (step 0.05°
and time 0.1 second) in a 20 range between 4° and 70°.

From these data, the degree of crystallinity of the samples
was calculated for the physical mixtures, DMF-unloaded SLN,
and DMF-loaded SLNs, according to Table 1.

The degree of sample crystallinity (Cr) was obtained
through the mathematical deconvolution of the diffractogram
peaks and calculated by the simple ratio between the sum of the
areas of the crystalline peaks (Acryst) divided by the sum of the
areas of the crystalline peaks and amorphous halos (Amorph),
as shown in equation 3.

cr(%) =( o)

ZAcryst 100
>Aamorph + Acryst

Differential Scanning Calorimetry (DSC): DSC analyses
were carried out in a DSC 2910 Modulated DSC TA Instruments
(New Castle, USA) with the range of 25 °C - 200 °C, under
N, (10o0mL.min), with a heating rate of 10 °C.min, using
closed aluminous crucibles containing approximately i1mg
of lyophilized sample. The DSC cell was calibrated before
experiments using the Indium standard.

Atomic Force Microscopy (AFM): SLNs morphology was
studied through AFM, using an Atomic Force Microscope,
Bruker controller Nanoscope V. (Billerica, USA. The samples
were previously dried using mica boards with the aid of
nitrogen. AFM tip of nitride silicon of spring constant 0.03
N/m, in contact mode, was used. The analyses of the images
were performed with the WSxM, (v. 5.0, develop 8.2) [30] and
the Gwyddion software (v. 2.45) [31].

Scanning Electron Microscopy (SEM): The SLN morphology
was also evaluated through SEM with an electron microscopy
model EVOMA15 from Zeiss (Oberkochen, Germany). The
SLNs were previously lyophilized and covered with gold. This
metallization process was carried out on the equipment Sputter
Coater BAL-TEC SCD 050 (Leica Biosystems GmbH, Germany).
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In vitro release: The in vitro release of DMF was performed
using a Franz diffusion cells assembly in Microette Plus Hanson
equipment (Hanson Research Corporation, Chatsworth, CA,
USA) with a synthetic membrane of cellulose acetate. The
receiver chamber, with a volume capacity of 7 mL and an
effective diffusion area of 1.77 cm?, was filled with an aqueous
solution (saline) containing 1.5% sodium lauryl sulfate. The
stirring rate and temperature were kept at 300 rpm and 37 + 1
°C, respectively. Samples of 2 mL of drug solution were collected
from the receiver chamber at the appropriate times (2, 6, 10, and
14 hours) and the volume withdrawn was replaced with a new
solution medium to ensure sink conditions. The DMF released
over time was determined by CG-MS as previously described.
To evaluate the drug release kinetics, the experimental data
were analyzed mathematically by iteration using the rules of
the first-order kinetic release, a model that provided the best
adjustment coefficient for the experimental data.

Results and discussion

Development and physicochemical properties of the
SLNs

Due to the similarity of the hydrophobicity properties of DMF
and SLNs, a high yield of DMF incorporation by hydrophobic
effect was expected. Indeed, the high values of the EE (Table
2), in the range from 98.5 to 98.8 % (w/w), demonstrated that
regardless of the values of the O/S ratio the efficiency of the
DMF encapsulation remained above 98%, showing that the
balance between the proportions of the oil phase and surfactant
mixture was adequate for high drug encapsulation (Table 2).

On the other hand, since the LC represents the amount of
drug loaded per unit of weight of the SLN and indicates the
percentage of SLN mass that corresponds to the encapsulated
drug, it seems rational that for situations in which the EE is
close to 100%, any increase in O/S ratio should decrease the LC
(Table 2).

In fact, the results showed a significant decrease in LC by
an increase in the O/S ratio (Figure 1). It is important to worth
that for low values of O/S ratio, the surfactant predominates
over the lipid phase of SLNs, and the LC was maximum,
highlighting the important role of the surfactant in the loading
capacity of SLNs to encapsulate DMF (Figure 1). High EE related
to lower LC values is widely reported in the literature [32].

Moreover, we evaluate the results of the mean diameter
of SLNs determined by DLS. In fact, the effects of the O/S
ratio as variable parameters of the SLNs in the absence and
the presence of DMF were studied. The results revealed that
for DMF-unloaded SLNs, the variation in the diameters was

Table 2: Encapsulation Efficiency and Loading Capacity.

0.75 98.8 359
1.50 98.8 28.2
2.25 98.6 23.2
3.00 98.5 19.7
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slightly sensitive to the O/S ratio varying between 242.2 + 5.3
to 271.5 + 4.5 nm. Although this variation was not significant
in the process, the phenomenon can be understood because the
increase in the proportion of lipids in the O/S ratio may cause
natural stress in the formulation due to the increase in the local
volume of the lipid core of the SLNs.

Ontheotherhand, whendecreasing the O/Sratio to minimum
values in which the surfactant predominates, good conditions
for the expansion of the oil-water interface of the primary
nanoemulsion happens. As a consequence, an increase in the
number of structured SLNs per unit volume occurs, resulting
in a decrease in the average diameter. This phenomenon can
be due to the ability of the stabilizing surfactant to reduce the
interfacial tension of the system, allowing the formation of
a more stable primary nanoemulsion that generates the SLN
structures [33-35]. In addition, it was found that for DMF-
loaded SLNSs, the variation of the mean diameter (275.6 + 7.5 to
298.5 + 12.8 nm) was slightly greater than those observed for
DMF-unloaded SLNs. This difference can be explained because
the DMF is negligibly soluble in water and, as a consequence,
it will be favorably incorporated into the lipid core, increasing
the local volume of the primary nanoemulsion that generates
the SLNs.

Results reporting the increase in the diameter of the
structures caused by the lipophilic drug incorporation in micro
and nanoemulsions and SLNs were previously reported, which
is in agreement with the data of this study [7,36,37]. In general,
diameters on the order of 250 nm - 400 nm, have been the
most common for SLNs containing lipophilic drugs with varied
compositions [38-40].

Furthermore, although the Polydispersity Index (PDI)
results ranged from 0.3 - 0.5, for all experimental conditions,
the size variation of SLNs is still within technologically
acceptable limits. For DMF-loaded SLNs, there were no
significant changes in the PDI values, also showing the good
size homogeneity of the dispersed particles. Similar values of
PDI were also reported for SLNs with similar compositions [7].

Concerning the zeta potential values, DMF-unloaded
SLNs were in the range from -26.5 to -16.7 mV, and for 2%
iy DMF-loaded SLNs they were in the range of -29.2 + 1.2 to
-20.1 + 0.4 mV. Nanoemulsions stabilized with phospholipid
mixtures exhibiting negative zeta potential between -50
mV to -30 mV have been previously reported [41]. Negative
values were attributed to the presence of phosphatidic acid
and phosphatidylinositol residues, as contaminants of HSPC.
In fact, zeta potentials of this magnitude (30 mV) contribute
to the physical stability of particulate dispersion through
electrostatic repulsion between the particles [42-44].

The experimental XRD patterns shown in Figure 2 were
obtained with independent samples for the components of
the SLNs, for the physical mixture at the same proportions of
the SLNs, and for the DMF-unloaded and DMF-loaded SLNs.
The XRD data from the single DMF showed a behavior with a
very narrow-intense peak at 10.9° and the main peak at 21.92°
followed by a third peak of small intensity at 27.51°, featuring
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the crystalline character of the drug. Pure HSPC exhibited the
XRD profile with a shallow main peak and broad base at 21.24
degrees and very low-intensity signals at 6.0 and 8.84 degrees.
Pure GMS presented the main peak at 23.69°, followed by two
peaks of lower intensities at 19.74 and 21.65 degrees. For pure
P188 the XRD pattern showed two narrow base peaks with a
medium intensity at 19.06 and the main peak at 23.29 degrees,
showing the crystalline nature of the substance (Figure 2a).
The overall XRD data clearly reveals that all components of the
SLNs, including DMF, have individual well-defined degrees
of crystallinity. These profiles are similar to the data already
described in the literature [45-47].

A qualitative analysis of our results reveals that regardless
of the presence of DMF, an expressive degree of crystallinity
remains in the physical mixture of the SLN components (Figure
2b).

Although the physical mixture still shows the clear
crystallinity of the single components of the SLNs (Figures
2a,2b) when the DMF was added to it (Figure 2b) there was
an increase in the intensity of the XRD diffractograms peak,
narrowing at the base. This reveals the direct contribution of
the drug to the increasing crystallinity of the mixture.

On the other hand, the structural organization of these
components in SLNs led to a significant loss of crystallinity,
revealing an intense interaction between them, mainly a low
O/S ratio, in which the surfactant predominates (Figures 2c,2d).
Additionally, at a high O/S ratio, a notable change in the XRD
patterns from DMF was observed (Figure 2d), making it less
intense and defined, suggesting a loss of the drug crystallinity.

The XRD results clearly show that in the absence of DMF
the SLNs exhibit an amorphous profile at lower O/S ratios
(up to 2.25), above which the proportion of lipids already
predominates over the surfactant and the increased crystallinity
seems to be more prominent. However, for DMF-loaded SLNs,
the amorphous characteristic occurred only up to an O/S ratio
of 1.5, revealing some crystallinity, thereafter (Figures 2c,2d).
In fact, it is well known that the addition of surfactants to
crystalline drugs produces an amorphous state or marked loss
of drug crystallinity [48,49].

The results revealed that regardless of the presence of
DMF, the physical mixtures of the SLN components present
higher crystallinity than those of the structured SLNs. Also, the
presence of DMF contributed to a small increase in crystallinity
(Table 3). This aspect reveals that there was no significant
interaction between these components.

On the other hand, for DMF-unloaded SLNs, the crystallinity
was strongly influenced by the O/S ratio of the formulations,
ranging from 12 to 32% (Figure 3), demonstrating the
importance of the surfactant blend in the preparation and
structuration of the primary nanoemulsion in the SLNs
production processes. Additionally, it is important to note
that the presence of DMF did not interfere with this profile of
crystallinity, demonstrating the weak contribution of the drug
to the crystallinity of the formulations.

[T ]
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Figure 2: XRD diffractograms for the physical mixtures of SLN components and the structured SLNs. Key: (a) SLN Components; (b) Physical mixtures of the SLN components

with and without DMF; (c) DMF-unloaded SLNs; (d) DMF-loaded SLNs. (see Table 1 for details).

However, in the presence of DMF, the crystallinity profile =]
followed a pattern very similar to that of empty SLNs,
demonstrating the weak contribution of the drug to the 1
crystallinity of the formulations. 2
£ 5
For both DMF-unloaded and loaded SLNs, the amorphous E
character was more pronounced at low values of the O/S ratio. ﬁ 20
Therefore, the proportion of surfactant, ranging from 85 to 68% =
with increasing O/S ratio, was quite important in producing 15 4
more stable formulations, demonstrating the important role of o
the surfactant on the SLNs amorphization (Table 3 and Figure 10 , : : - :
0.5 1.0 15 20 25 30

3). This phenomenon is comprehensible because the increase
in the O/S ratio, in addition to leading to technological stress
on the primary nanoemulsion, also causes less interaction
between the components of the formulations, increasing their

crystallinity, as demonstrated by our experiments. Table 3: Crystallinity obtained from XRD analysis for Physical mixtures, DMF-
unloaded, and DMF-loaded SLNs.

that DMF interacts with the components of the formulation,

QS ratio

Figure 3: Effect of the O/S ratio on the crystallinity degree of SLNs. Key: (0) DMF-

unloaded SLN; (C0) DMF-loaded SLN.

A 0.75 12.14
within the structured SLNs inhibiting its crystallinity, whereas

in the physical mixture, there is no such interaction, and drug B 1.0 2537
crystallinity remains strongly detected (Figure 3). However, in c 225 29.61
general, there was a marked predominance of the amorphous D 3.00 31.90
state in the SLN formulations, both in comparison with PM . 32.89
the individual components and in their physical mixtures, PM i 3778

revealing the predominance of the amorphous state regardless o
A 0.75 15.02

of the presence of DMF. oMF
Bour 1.50 21.95
DSC analysis results are shown in Figure 4 and summarized Cour 295 29.06
in Table 4. The data in Table 4 show that in the absence of b 3.00 31.97
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the drug, the T__, was lower to the physical mixture than to
the SLNs. However, concerning the T, values, they were very
close (60.82 and 61.0 °C), although slightly smaller than the
value for the GMS (61.4 °C).

The results obtained from the GMS curve (Figure 4a) are
in agreement with the literature data [50,51]. P188 shows an
endothermic peak at 56.4 °C (AH 120.7 J/g), which is also in
agreement with the literature [52].

Regardless of the variable parameters in the formulations,
the enthalpy values obtained for the structured SLNs were
smaller than those of the physical mixtures of the components
of the formulations. Moreover, most of the DMF-unloaded
SLN formulations have a T, lower than the GMS T, (61.5°).
Therefore, it may be suggested that there was a decrease in the
degree of crystallinity of the SLNs, also detected by XRD, due to
the strong interaction of DMF to the lipid matrix, demonstrating
that the drug was well incorporated and homogenized to it.
Additionally, these results also revealed a good interaction
among the components of the formulation themselves.

For both free DMF and DMF-loaded SLN, the first
endothermic event comes from the melting point of the
DMF, while the second event can be attributed to the drug
boiling point (Figures 4a,4b). DSC curves of the DMF-loaded
SLNs showed no corresponding events for both DMF melting
and boiling points (Figure 4d), indicating that the drug is
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completely dissolved or homogeneously dispersed in the lipid
matrix. The favorable interaction among the components of the
formulation, as well as the complete incorporation of the drug,
was also found in the results from the X-ray diffraction, which
also showed the amorphous characteristic of DMF within the
SLNs.

The AFM photomicrograph results show that there is a
clear trend in increasing the size and changing the shape of
SLNs by increasing the O/S ratio, making it elongated (Figure
5). This phenomenon can be due to the natural structural stress
provoked by the increase in the proportion of the lipid phase of
the primary nanoemulsion which gives rise to SLNs. Thus, an
increase in the local volume of the droplets leads to an increase
in the size of the final structures (Figure 5).

The AFM photomicrographs (Figure 5) and the additional
data from the SEM (Figure 6) of the SLNs showed images with
similar variations between spherical and elongated shapes.

The variation in the SLN composition, particularly in
the O/S ratio, has a marked effect on the physicochemical
properties of the studied SLNs, allowing a deep attenuation
in the crystallinity. The predominance of the amorphous
characteristic in the systems favored the incorporation of DMF
into the lipid matrix, which certainly will play an important
role in the control of in vitro release and in vivo absorption
processes of the drug.
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Figure 4: DSC curves for the physical mixtures of the SLN components and the structured SLNs. Key: (a) SLN components; (b) Physical mixtures of the SLNs components;

(c) DMF-unloaded SLNs with the variation of O/S ratio; (d) DMF-loaded SLNs. (See Table 1 for details on the SLNs composition and Table 3 for formulation crystallinity
details).
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Invitro release: The relationship between the in vitro release
profile of DMF from SLNs and the variation in the O/S ratio is
shown in Figure 7.

The release profile of all formulations reaches a plateau
after approximately 10 hours (Figure 7). Also, the pattern of
the release has a strong dependence on the O/S ratio. Indeed,
the increase in the O/S ratio caused a marked decrease in drug
release.

The DMFmax was calculated from the data in Figure 6, since
in the kinetic release experiments this parameter represents
the DMF that was released in infinite time.

The variation of DMF__ against the experimental O/S ratios

max

used is shown in Figure 8.

Table 4: DSC data summary of the pure substances, physical mixtures of the SLNs
components, and the structured SLNs in the absence and presence of DMF.

1stevent 2" event
Melting point Boiling point
(°C) (°C) (J/9) (°C) (J/9)

DMF 102.8 106.2 209.3 190.8 257.1
HSPC 114.5 130.9 4227
GMS 56.0 61.5 122.9
P188 52.0 56.4 120.7
PM 48.4 60.8 143.8
PM,,- 53.1 61.0 168.3
A 44.1 48.6 116.0 78.1 96.9 12.7 Figure 6: icrographs of SLN for DMF-loaded SLNs 5% (w/w). Key: (a)
B 54.2 60.1 127.0 74.2 86.7 5.1 0 33; (e) 0/S = 2.25.
Cc 52.8 59.9 117.0 71.3 76.4 1.6
D 58.0 64.9 121.5 71.8 73.4 0.2
Ao 53.5 1233 | 1193 = 1234
Byye 60.4 66.4 141.5 T —_
Cour 61.8 64.8 148.7 I 1
Doye 60.7 64.8 160.7
Key: (DMF) dimethyl fumarate; (T) temperature. (PM) Physical mixtures; (GMS)
Glyceryl monostearate; (HSPC) Hydrogenated Soy Phosphatidylcholine; (P188) g
Poloxamer P188; (Set A to D) DMF-unloaded SLNs; (Set A, to D,,.) DMF-loaded o
SLNs. (PM) Physical mixtures; (PM,,,.) Physical mixtures loaded with DMF. ]
Percentages expressed in w/w. ﬁ - 055075 1
= = :
[ ] I 0/ 1.50-
i i z:bn
390 nm Qs 3.00
120nm ; :
20 25

Time (h)
Figure 7: Effect of SLNs on the release of DMF from SNLs with increasing the 0/S

ratio in the formulations.

The decrease in the DMFmax (Figure 8) may be related

e to the increase in the crystallinity of the system, which is a

510nm consequence of the increase in the O/S ratio (Figure 3). This
phenomenon has direct implications for the decrease in the
loading capacity of the DMF in SLNs (Figure 1), inducing a
strong decrease in DMFmax on drug release.

Figure 5: AFM photomicrographs of the DMF-loaded SLNs. Effect of the 0/S ratio On the other hand. it is widely known that drugs and nano-
)

structured systems such as SLNs in the amorphous state,
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interact more intensely with each other, providing better
incorporation, release, and absorption [53,54]. For lipophilic
drugs, such as DMF, incorporated into the lipid core of SLNs,
because both have similar hydrophilic-lipophilic properties,
the drug will be homogeneously distributed within the lipid
matrix structure, providing a homogeneous release.

In fact, the results of the DMF release from SLNs could
be analyzed through a first-order model (Equation 4), which
allows the extrapolation of the release data for conditions other
than the experimental limits established in this work.

DMFr = DMFo+DMF (1—e{ k) %)

Where DMFr is the DMF released from the SLNs, DMFo
is the initial DMF at time zero, kr is the release constant of
DMF from SLNs, and DMF is the DMF release from SLNs in the
experimental time t.

Table 5 shows the kinetic parameters obtained from the
plot of the in vitro release curves of the DMF. The data are in
agreement with the results of the loading capacity of DMF
by SLNs, which was dependent on the crystallinity of the
formulations and the O/S ratio (Figure 3).

Aiming better understand the release kinetics trends, both
cases led to a decrease in DMFmax levels in the kinetic curves
due to the restriction of DMF incorporation in SLNs induced
by the increase in the crystallinity and in O/S ratio (Table 5,
Figures 3 and 9). Figure 9 summarizes the relationship between
the release rate constants (kr) and the variable parameters of
0/S ratio, Loading Capacity (LC), and crystallinity of SLNs.

In fact, as not expected, the DMF release profiles that
should be favored with the increase of the amorphous state
of the formulations (at low O/S ratios), occurred in an inverse
way. We believe that this phenomenon is related to the
decrease in the loading capacity of the SLNs, which leads to
infinite drug release times reaching faster, resulting in higher
rate constants, as shown in Table 5 and Figure 9. These are,

% DMFmax

O/S ratio

Figure 8: Effect of the O/S ratio on the maximum DMF released from SLNs. Data

from the plot of the first-order kinetics.
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Table 5: Fit parameters for first-order kinetic analysis of the experimental data from
the DMF release of the SLN formulations.

/5 ratio T R T SN
0.75 0.9916 0.2760
1.50 0.9920 0.4152
2.25 0.9998 0.5338
3.00 0.9968 0.5581
0.6 4
0.5 4
. OFS ratio { 10x)
3
=
041 Loading Capacity
Crystallinity
0.3 4
m]

T T T 1

10 20 30 a0
Variable parameter

Figure 9: Effect of the O/S ratio, crystallinity, and loading capacity on the release

rate constants of DMF from SLNs. Key: (o) O/S ratio; () Crystallinity; (O) Loading
capacity.

therefore, release kinetics that are directly dependent on the
variation of the loading capacity.

Inaddition, the results of the loading capacity of DMF in SLNs
clearly show an exponential decrease in the nanoencapsulated
drug with the increase in the O/S ratio. This profile led to lower
DMF concentrations within the SLNs and decreased release
kinetics (Figure 9). The correlation between the DMF release
rate constants (kr) with the O/S ratio, crystallinity, and loading
capacity (Lc) is given through a first-order phenomenon,
indicating a similar proportionality.

Streamlining, the processes of incorporating DMF into SLNs
and the in vitro release from SLNs, is represented in Scheme 1.

Where (Ks) is the incorporation constant of DMF into
SLNs; (k) is the DMF release constant of the drug from SLNs
to be concentrated at the membrane surface; (kr) is the DMF
release constant that has passed through the membrane to the
equipment collect chamber.

In the overall process of drug release, according to Scheme
I, the first step involves the interaction between the free
DMF to the SLNs, forming the DMF-SLN that is driven by the
association constant Ks, which is related to the intensity of the
hydrophobic interaction between the DMF and the hydrophobic
structural material of the SLNs. The second step shows that
the in vitro release process occurs by leaving the DMF from
the SLN structure, producing DMF,; which depends on the rate
constant k. Subsequently, the permeation of DMF,; happens
through the membrane, which depends on the kr permeation
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constant, generating the DMF, in the permeation apparatus
collect chamber.

Thus, the drug release depends on the interrelated
constants of Scheme I, whose partial contributions will
determine the overall release profile. We can rationalize that if
the magnitude of kr > kf, the drug will exit from the SLNs, and
no accumulation of drug at the membrane surface will occur.
Therefore, the SLNs will be able to control the entire in vitro
release process.

The kinetic results clearly demonstrate that DMF was
incorporated into the SLNs by hydrophobic interaction (Scheme
1) and that the proportion of surfactant in the formulations
plays a key role in in vitro release. This phenomenon can be
demonstrated by the kinetic studies shown in Figure 7, as the
experimental data of the release kinetics for all O/S ratios could
be fitted through the first-order model equations and show
homogeneous release throughout all kinetics.

In summary, the kinetic results clearly show that the
variation of the O/S ratio on the SLN formulations has a direct
impact on the loading capacity of the DMF drug, which causes
important changes in the kinetic curves of the in vitro release
due to substantial changes in the first-order rates constants.

Conclusion

The SLN production method using nanomulsification
followed by cooling under agitation was efficient and simple.
Encapsulation efficiency was over 98% while loading
capacity decreased with the loss of amorphous character.
DMF nanoencapsulation depended on the O/S ratio, with
better incorporation when surfactant predominated. SLNs
showed amorphous characteristics at low O/S ratios and lost
at high O/S ratios. SLNs had good diameter, zeta potential,
and polydispersity index. AFM and SEM revealed spherical
and elongated nanoparticles. High O/S ratios led to particle
agglomeration. DMF release from SLNs was homogeneous and
controllable by O/S ratio, with a first-order model fitting best
(r? = 0.99).
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