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Abstract

Diroximel fumarate (DRF) is an orally administered prodrug used in multiple sclerosis
(MS) treatment. Although it exhibits better gastrointestinal (GI) tolerability than its ana-
logues, many patients still discontinue therapy due to frequent GI adverse events. To
overcome these limitations, alternative drug delivery systems that bypass the GI tract
are needed. Direct nose-to-brain delivery represents a promising approach to circumvent
the blood-brain barrier and target the central nervous system; however, limited nasal
mucosal absorption and the small volume of the nasal cavity pose significant challenges.
Solid lipid nanoparticles (SLNs) can potentially overcome these obstacles by enhancing
drug bioavailability and protecting against enzymatic degradation. This research aimed to
develop an innovative intranasal nanoformulation of DRF to improve brain targeting and
patient compliance. DRF-loaded SLNs were prepared using a solvent-diffusion technique
with stearic acid as the lipid phase and Poloxamer 188 as the surfactant. The obtained
nanoparticles displayed favorable technological characteristics, with a mean diameter of
210 nm, a polydispersity index of 0.17, and a zeta potential of —36 mV, suggesting good
long-term stability. Interactions between SLNs and biomembrane models (MLV) were also
studied to elucidate their cellular uptake mechanism. Future work will focus on evaluating
the in vivo efficacy of this novel nanoformulation.

Keywords: diroximel fumarate; multiple sclerosis; lipid nanoparticles; nose-to-brain
administration

1. Introduction

Multiple sclerosis (MS) is a chronic autoimmune and inflammatory disease affecting
the central nervous system (CNS), where the immune system attacks the myelinated axons,
leading to progressive neurological damage [1,2]. MS progression varies, with patients often
experiencing episodes of neurological deficits that can become persistent over time [3,4].
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Nowadays, there is no definitive therapy for MS; many treatments, particularly for
the relapsing-remitting (RR) form, induce significant remission but require chronic admin-
istration, inevitably leading to loss of efficacy and/or toxicity [5,6].

Fumarates have recently attracted a remarkable scientific interest for the treatment
of MS. Dimethyl fumarate (DMF) and diroximel fumarate (DRF) are both prodrugs ad-
ministered orally in MS patients [7]. DMEF is cleft by plasma esterases and transformed
into the pharmacologically active metabolite, called monomethyl fumarate (MMF), and
methanol (MeOH) [8]. Although characterized by a favorable benefit-risk profile, 50%
of the patients discontinue the treatment due to gastrointestinal (GI) adverse events (i.e.,
diarrhea, nausea, vomit and abdominal pain). This has led to the development of the DRF
(Figure 1), a new treatment option for relapsing multiple sclerosis (approved by the Food
and Drug Administration in 2019) and relapsing-remitting multiple sclerosis (approved
by the European Medicines Agency), both as a first and second-line therapy, with a better
tolerability profile compared to DMF [9].

Figure 1. Chemical structure of diroximel fumarate (DRF).

However, to be considered a significant treatment choice, further studies need to
clarify whether patients with initial or ongoing tolerability issues with DMF will benefit
from switching to DRF. The mechanism of action of DRF in multiple sclerosis, mediated by
MMF obtained from ester hydrolysis [10], is associated with its anti-inflammatory action
through the attenuation of pro-inflammatory cytokine and chemokine production [11,12].
In vivo, a decrease in Th1/17 cells, CD4/8 memory T cells, plasmablasts, IgD memory
cells, CD138 plasma cells, and CD56 NK cells were observed, along with an increase in
anti-inflammatory Th2 cells, naive CD4/CDS8 cells, naive regulatory T cells, transitional
B cells, and CD56 bright NK cells [13]. Despite these effects, the low release of MeOH
(<10%) is considered the determining factor in the onset of GI side effects, although they are
reduced compared to those of DMF [14]. Therefore, it is necessary to formulate a suitable
drug delivery system able to bypass the GI tract and allow a controlled and targeted drug
release to the brain [15]. Direct nose-to-brain delivery has emerged as a promising strategy
for targeting the brain, bypassing the blood—-brain barrier and minimizing systemic side
effects. However, several challenges remain with nasal drug delivery, including insufficient
drug absorption due to the limited surface area of the nasal mucosa and the small volume
of the nasal cavity [16]. Although numerous formulations have been developed to address
these limitations, drug delivery through the nasal route is still hindered by these anatomical
and physiological barriers. Nanocarriers, such as liposomes, lipid-based nanoparticles,
and polymeric nanoparticles, have been explored to improve drug permeability and re-
duce therapeutic doses and side effects, thus enhancing patient compliance [17-19]. These
nanosystems offer several advantages, including controlled and targeted drug release,
which are crucial for brain-targeted therapies [20,21]. Several nanocarrier systems have
already been explored for the delivery of fumarate derivatives, particularly DMF, using
hybrid nanoparticles or lipid-based formulations [22-24]. These studies show that nanosys-
tems can improve tolerability and, in some cases, support CNS targeting [25]. However,
their results cannot be directly transferred to DRF, which differs from DMF in structure,
stability, and metabolism, and therefore requires a specific formulation approach. Solid
lipid nanoparticles (SLNs) have shown promise as effective intranasal carriers for a range
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of neuroactive drugs, thanks to their biocompatibility and potential to support direct trans-
port to the brain. SLNs are composed of natural physiological lipids, such as triglycerides
and fatty acids, which contribute to their excellent stability, ease of production, and lower
costs compared to other nanoparticle systems. SLNs offer several advantages, includ-
ing improved physical stability, reduced toxicological risks, and controlled drug release,
which can enhance drug bioavailability by extending drug action, reducing enzymatic
degradation, and increasing solubility and permeation [26-28].

Moreover, SLNs are generally considered safe, as they are made from biodegradable
and physiologically recognized materials.

Despite these promising characteristics, no studies have yet reported the encapsula-
tion of DRF in SLNs or investigated their potential for nose-to-brain delivery. This gap
in the literature is significant, considering the unique properties of DRF, which require
tailored delivery approaches. Our study aims to address this gap by conducting the first
preformulation evaluation of DRF-loaded SLNSs for intranasal administration.

The goal of this preliminary work is to develop a suitable SLN formulation for DRF that
can improve brain targeting and increase patient compliance in the treatment of multiple
sclerosis (MS). Initially, DRF was synthesized and purified in the lab to reduce the high cost
of the pure standard. Then, DRF-SLN formulations were prepared and characterized for
their mean size, zeta potential, size distribution, and encapsulation efficiency. Furthermore,
the ability of SLNs to act as effective carriers for DRF and their mechanism of entry into
cells were evaluated through Differential Scanning Calorimetry (DSC) analysis, studying
the interaction between SLNs and biomembrane models (MLVs).

2. Results and Discussion
2.1. Preparation of Diroximel Fumarate

Since the pure standard (DRF) is very expensive, the preliminary goal was to syn-
thesize this compound in the laboratory in order to minimize costs. Preparation of dirox-
imel fumarate, 2-(2,5-dioxopyrrolidin-1-yl)ethyl methyl (2E)-but-2-enedioate, was accom-
plished following a literature procedure with some minor modifications [29]. Briefly,
(2E)-4-methoxy-4-oxobut-2-enoic acid was reacted with 1-(2-hydroxyethyl)pyrrolidin-2,5-
dione in the presence of EDAC-HCI and DMAP to obtain the desired diroximel fumarate
(Scheme 1). After recrystallization from ethyl acetate, the pure product was characterized
by 'H-NMR and ESI/MS; the signals obtained were consistent with the structure of DRF.
In TLC analyses, using three mobile phases of different polarity, it proved to be identical to
a diroximel fumarate reference standard (MedChemExpress, HY-100375/CS-0018703, Lot #
42553) (see Supplementary Materials).
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Scheme 1. (a) EDAC-HCI, DMAP, dichloromethane, 30 min, <10 °C; t. a., 20 h.

2.2. Characterization of SLNs Loaded with Diroximel (DRF-SLNs)

DRF-SLNs were prepared by solvent-diffusion method using stearic acid as lipid
matrix. The choice of this material was previously determined by an in vitro assay on
neuronal cell line (primary adult stem cell human dental pulp, DPSCs) [30]. In addition,
stearic acid has been shown to be the most suitable lipid for encapsulation of DMF, an
analogue of DRF [22,31]. The high encapsulation efficiency observed for the DRF-SLN
formulation (74.3 + 2.9%) supported this choice. In addition, the use of Lutrol® F68 as
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surfactant is important to obtain small nanoparticles [22]. As reported in Table 1, PCS data
showed good technological parameters in terms of mean diameter with a range from 120
to 210 nm, polydispersity index (PDI) values around 0.17-0.26, and zeta potential (ZP)
values with a range from —24 to —36 mV. The difference in terms of mean particle size
(~100 nm) between blank SLNs and DRF-SLNs was probably due to the DRF encapsulation
into nanoparticles [22]. Furthermore, PDI values of both nanoformulations were between
0.17 and 0.26, indicating that the production method used was effective to obtain uniform
particles in terms of size distribution. The mean particle size of the DRF-loaded SLNs
(~200 nm) falls within the range generally considered favorable for nasal uptake through
the olfactory pathway, while the negative ZP values contribute to colloidal stability by
reducing aggregation during storage and upon administration. Therefore, these features
suggest that the formulation is stable and well suited for nasal delivery, with properties
that may facilitate interaction with the mucosal surface and efficient transport to the CNS.
In this research, for the first time, we encapsulated DRF in an intranasal nanoformulation to
minimize the problems related to free DRF and intranasal administration via conventional
formulation [14,16].

Table 1. Physicochemical properties of unloaded and DRF-SLNs measured by Photon Correlation
Spectroscopy (PCS).

Blank SLNs DRF-SLNs
Mean Particle Size (nm) 123.2 +£0.929 * 210.3 +2.458 *
PDI 0.179 + 0.004 0.179 + 0.033
Zeta Potential (mV) —24.3 4+ 1.453 ** —36.4 +2.431 **

Every value was calculated as the mean (+SD) of three sample measurements (n = 3). * p < 0.001; ** p < 0.01.

SEM photomicrograph of DRF-SLNs reveal particles with a mix of rod-shaped and
spherical particles and smooth surface (Figure 2). Rod-shaped particles may be ascribed
to some particle aggregation during sample preparation for SEM analysis. Blank SLN
(Figure 2) photomicrograph shows spherical particles that appear smaller than DRF-SLNs.
In addition, the nanoformulation exhibits hydrodynamic sizes that are consistent with
those measured by Photon Correlation Spectroscopy (Zetasizer Nano-Z590).

" =
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Figure 2. SEM image of DRF-SLNs and blank SLNs.

2.3. Differential Scanning Calorimetry (DSC) Analysis
2.3.1. SLNs and DRF-SLNs Calorimetric Analysis

DSC is a thermal analysis technique used to investigate the thermal properties, phase
transitions, and changes in enthalpy of various materials, including phospholipid bilayers,
which act as nanocarriers and model lipid membranes. This method measures and com-
pares the heat flow of a sample and a reference pan subjected to heating and cooling scans
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at the same temperature and atmospheric pressure [32]. The difference in heat flow be-
tween the sample and reference, recorded as a peak, can be attributed to various processes
occurring in the sample, such as phase transitions. The resulting thermograms provide
valuable thermodynamic parameters, which can be identified in the calorimetric curves,
including the transition temperature (Tr,), which is the point where the heat capacity (Cp)
reaches its maximum value; and the calorimetric enthalpy change AH, determined by inte-
grating the area under the peak. DSC has been extensively used to study thermodynamic
properties and parameters change and to obtain information about the interaction and
reactions. Therefore, blank SLNs and DRF-SLNs were subjected to calorimetric studies to
characterize their thermotropic behavior. The differences in the DSC thermograms of blank
versus loaded nanoparticles were used to elucidate the interaction between the drug and
the lipid components of the nanoparticles. This analysis enabled the assessment of whether
the drug had been effectively incorporated into the nanoparticle matrix. Blank SLNs and
DRF-SLNSs calorimetric curves are shown in Figure 3.

1 mwW DRF-SLNs

SLN ‘\/\\

16 18 20 22 24 26 28 30 32 34 36 38 40 42 44 46 48 50 52 54 56 58 60 62 64 66 68 70 72 74 76 78 80 82 84 86 88 °C

Figure 3. Calorimetric curves, in heating mode, of blank SLNs and DRF-SLNs.

The calorimetric curve associated with blank SLNs exhibited a peak at approximately
65.20 °C, which occurs at a lower temperature than the melting point of the bulk lipid
(stearic acid, 69.3 °C) [33]. This observation is likely attributed to the nanocrystalline
size of the lipids, thereby confirming the formation of SLN crystallization tendency and
polymorphic transitions in triglyceride nanoparticles. The enthalpy variation associated
with the SLN curve is —6.00 ] /g. The addition of the DRF during the preparation of the
SLNs resulted in a notable variation of the thermogram compared to that of the blank
nanoparticles. Specifically, the variation in enthalpy was reduced, changing from —6.00]/g
to —5.02 J/g, and the peak became broader and flatter and shifted to higher temperatures,
reaching 70 °C. As reported in the literature [34], a decrease in the absolute enthalpy values,
combined with peak broadening and flattening, is indicative of a lower crystallinity of
the lipid matrix and reduced cooperativity. This reduction in crystallinity reflects the
presence of structural defects within the SLN, generated upon drug incorporation [35].
Moreover, the upward shift of the main transition peak indicates that DRF interacts with
the hydrophobic core of the SLNSs, stabilizing the structure. As a result, the temperature of
the main phase transition increases [36]. The behavior observed in our analysis indicates a
potential interaction between the active compound and the SLN and suggests that the DRF
was effectively incorporated into the lipid core of the nanoparticles.

2.3.2. Kinetics Experiments: Interaction Between MLV and DRF-SLNs

DSC is used to investigate the interaction between the nanocarrier and a biomem-
brane model, specifically MLVs, which were DRF-SLNs and DMPC MLV, respectively.
MLVs provide a simple model to study early interactions between DRF-SLNs and lipid
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membranes, but they cannot capture the full complexity of cellular membranes, such as
lipid asymmetry or protein-mediated functions. Despite these limitations, they still offer
useful insights into the initial nanoparticle-membrane interactions relevant for intranasal
delivery. DMPC bilayers are widely used as a biomembrane model due to their Ty, of
approximately 24 °C, which is lower than the physiological temperature (37 °C) at which
the experiments are conducted [37,38]. At this temperature, the bilayers are in a disordered
liquid crystalline state, facilitating interactions with the drug [39]. The calorimetric curve
of the DMPC MLVs is characterized by pre-transition peaks at about 12 °C, related to the
transition from the gel state (ordered) to the ripple phase. Furthermore, the main peak at
24 °C was observed, due to the transition from the ripple phase to the liquid-crystalline
state, as shown in Figure 4.

scan 8

scan 7

scan 6

scan 5

scan 4

scan 3

scan 2

scan 1

5mW MLV

i

6 8 10 12 14 16 18 20 22 24 26 28 30 32 34 36 38 40 42 44 46 48 50 52 54 56 58 60 62 64 66 68 70 72 74 76 78°C

Figure 4. Calorimetric curves, in heating mode, of DRF-SLNs and MLVs placed in contact at increasing
incubation time (scan 1-scan 8). The MLV curve refers to the MLV analyzed before they were put in
contact with the SLN.

When DMPC MLVs were brought into contact with DRF-SLNs and analyzed by DSC,
during the first scan (scan 1), both the pretransition and the main transition peaks of DMPC
were retained. However, from the second scan onward (scan 2-scan 8), the pretransition
peak disappeared, and the enthalpy associated with the main peak decreased, passing from
—31.6]/g to —27.1]/g (Figure 4).

Regarding the peak associated with DRF-SLNSs, as illustrated in Figure 5 (scan 2),
it retains its initial shape while shifting to slightly lower temperatures before eventually
disappearing completely, as the contact time increases.
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Figure 5. Expanded frame of Figure 4 from 34 to 75 °C. The DRF-SLNs curve refers to the DRF-SLNs
analyzed before they were put in contact with the MLV.

The pretransition peak observed in the MLV thermogram (Figure 4) is associated
with the reorientation of the phospholipid head groups and the surrounding water
molecules [40]. Therefore, its disappearance suggests interactions between the SLNs and the
bilayer, leading to a rearrangement of the phospholipids. The reduction in the enthalpy of
the main transition peak is associated with an increase in disorder within the phospholipid
membrane caused by external interactions that disrupt lipid packing [41], which can also
be attributed to the interaction with DRF. Finally, the flattening of the DRF-SLN peak after
contact with MLV indicates that the lipid matrix of the SLN has lost its crystallinity [42],
becoming a disordered system. As reported in previous studies, the variation of the MLV
peaks combined with the unchanged SLN peak was interpreted as evidence of interaction
while preserving nanoparticle structure [43]. In our study, the disappearance of the SLN
peak suggests a deeper interaction, likely the fusion with the MLV, rather than simple
insertion. Overall, the variations observed in both thermograms confirmed the interaction
between the two systems. The results obtained for the interactions between DRF-SLNs and
the bio-membrane model indicate that SLNs may be able to penetrate the biomembrane,
thus facilitating DRF permeation into the biomembrane itself.

2.4. In Vitro Release Study

DREF release from SLNs showed a markedly sustained and limited profile over 24 h.
Cumulative release remained below 2% throughout the experiment, with a slight increase
during the first few hours (reaching approximately 1% by 8 h), followed by a prolonged
plateau up to 22 h. Only a minimal further increase was observed at 24 h (1.14 £ 0.13%),
suggesting a highly controlled and retarded release mechanism (Figure 6). The limited
release likely reflects the strong affinity of DRF for the lipid matrix and may result from
transport of intact SLNs along the olfactory and trigeminal pathways, as suggested by
in vivo studies reporting enhanced brain delivery of drugs encapsulated in SLNs and other
lipid nanocarriers after intranasal administration [44,45]. The absence of a significant burst
effect further supports efficient drug entrapment within the SLN core rather than surface
adsorption. These findings are consistent with the low solubility of DRF in aqueous media
and highlight the importance of formulation strategies to modulate drug release. Since
most literature evidence is based on drug biodistribution rather than direct nanoparticle
visualization, these in vitro results require confirmation through further in vivo studies.
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Figure 6. In vitro release profiles of DRF from SLNs Each point represents the mean. value £ S.D.
(n=2).

3. Materials and Methods
3.1. Materials

Lecinol S-10, hydrogenated lecithin, was gifted from Nikko Chemical (Milan, Italy) and
Lutrol® F68 (MW 8400 g/mol) was obtained by BASF Chem-Trade GmbH (Burgbernheim,
Germany). (2E)-4-methoxy-4-oxobut-2-enoic acid, 4-dimethylaminopyridine (DMAP), 1-(2-
hydroxyethyl)pyrrolidin-2,5-dione, 1-ethyl-3-(3'-dimethylaminopropyl)carbodiimide hy-
drochloride (EDAC-HCI), sodium bicarbonate (NaHCO3), hydrochloric acid (HCl), sodium
sulfate anhydrous (NaySOy), acetone, stearic acid, hydroxypropyl methylcellulose (HPMC
K15M), 1,2-dymiristoyl-phosphatidyl-choline (DMPC) and all reagents were purchased
from Merck (Milan, Italy). 2-(2,5-dioxopyrrolidin-1-yl)ethyl methyl (2E)-but-2-enedioate
(diroximel fumarate) was obtained by D.B.A. Italy s.r.1. (Milan, Italy).

3.2. Preparation of SLNs Loaded with Diroximel (DRF-SLNs)

DRF-loaded SLNs (DRF-SLNs) were formulated by the solvent diffusion method,
using stearic acid as the lipid phase and Lutrol® F68 (Poloxamer 188) as the surfactant.
The choice of using stearic acid as the lipid matrix was based on previous in vitro assays
performed on the neuronal cell line Dental Pulp Stem Cell (DPSC) that demonstrated its
safety [30]. Firstly, the aqueous phase was prepared by solubilizing hydroxypropylmethyl-
cellulose (0.05 g), soy lecithin (0.05 g) and Lutrol® F68 (0.05 g) in hot water (70 °C). Then,
the molten lipid phase, composed of DRF (20 mg/mL), stearic acid (0.005 g) and ethanol,
was dispersed in the hot aqueous phase under stirring (1400 rpm) for 8 min. Subsequently,
the obtained emulsion was ultrasonicated using an ultrasonic processor (UP 400 S, Dr.
Hielscher GmbH, Stuttgart, Germany) for 10 min and cooled in an ice bath for 5 min.
Finally, the nanoformulation was filtered and vacuum-treated to ensure uniform dispersion
and remove residual ethanol. Blank SLNs were formulated with the same experimental
procedure without the addition of DRF.

3.3. Characterization of SLNs Loaded with Diroximel (DRF-SLNs)

The mean particle size (Z-Ave) and polydispersity index (PDI) were determined by
Photon Correlation Spectroscopy (PCS) using a Zeta Sizer Nano-ZS90 (Malvern Instrument
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Ltd., Worcs, UK). Before analysis, both nanoformulations were previously diluted with
distilled water (1:9 v/v). The instrument was equipped with a solid-state laser having
a nominal power of 4.5 mW with a maximum output of 5 mW 670 nm. Measurements
were performed in triplicate at 20 & 0.2 °C. The zeta potential (ZP, £) was measured by
Electrophoretic Light Scattering (ELS) using the same instrument and experimental proce-
dures. The morphology of DRF-SLNs was examined using scanning electron microscopy
(SEM) with a Field Emission SEM (LEO 1525 equipped with a GEMINI column, ZEISS,
Oberkochen, Germany). For SEM analysis, samples were prepared by placing a drop of the
diluted nanoparticle suspension onto a circular microscope slide, which was then mounted
onto an aluminum specimen stub with a double-sided adhesive carbon disk. The samples
were sputter-coated with chromium prior to imaging (100 mA, 24 s, 8 nm thickness) using
a Quorum Q150T ES sputter coater (East Grinstead, West Sussex, UK). The encapsulation
efficiency (EE%) of DRF-SLN was determined using a methodology based on Sephadex-
LH?20 fractionation [46]. Precisely, DRE-SLNs (0.2 mL) was pipetted onto Sephadex-LH
20 column (1.0 x 8 cm) eluting with 4 different solvent mixtures, thus affording 4 fractions:
water (15 mL, F1), water:ethanol 50:50 (15 mL, F2), acetonitrile (15 mL, F3), and acetone
(10 mL, F4). The collected fractions were dried and re-dissolved in acetonitrile:acetone 50:50
and injected into an HPLC-UV system (Agilent 1100 series, Waldbronn, Germany) con-
nected to a Luna C-18 (Phenomenex, Aschaffenburg, Germany; 5 uM, 250 mm x 4.60 mm)
column and eluted with a water:acetonitrile 65:35 mobile phase at a flow rate of 1 mL/min
for 20 min. The DRF was quantified at 220 nm and a pure sample of DRF (98%) was
employed to build the calibration curve with concentration ranging from 0.1 to 0.7 mg/mL
(R% = 0.9998). Aqueous fraction, F1 contained the amount of DRF loaded into SLNs. The
EE% was obtained using the following equation (1):

EE% = (mgDRF; + mgDRFq) x 100 (1)

where DRF; is the amount of drug quantified by HPLC-UV injection from the aqueous
fraction and DRFy is the total amount of drug employed for the formulation preparation.
The EE% was obtained from the analysis of three independent samples following the same
procedure, and the results were statistically analyzed and reported as means + SD.

3.4. Multilamellar Vesicle (MLV) Preparation

Multilamellar vesicle (MLV) liposomes were employed as a biomembrane model to
evaluate the interactions with both loaded and blank nanoparticles. MLV were prepared
using the thin film hydration technique, as described by Russo et al. [47], as follows:

(1) 50.4 mg of 1,2-dymiristoyl-phosphatidyl-choline (DMPC) were dissolved in 1 mL of
chloroform:methanol (1:1, v/v);

(2) the solvents were evaporated under a nitrogen stream to obtain a thin film on the wall
of the vial;

(3) the lipid film was obtained under reduced pressure for 2 h to remove any residual
solvents;

(4) 600 puL of 50 mM Tris buffer solution (pH 7.4) were added to the film, followed by
heating for one minute at approximately 37 °C, which is about 10 °C above the gel-
liquid crystalline phase transition temperature of DMPC (24 °C). The mixture was
then vortexed for one minute;

(5) the sample was heated for one minute at 37 °C (which is about 10 °C above the
gel-liquid crystalline phase transition temperature of DMPC (24 °C)) and vortexed for
one minute;

(6) point (5) was repeated three times;

(7) finally, the resulting milky white suspension was maintained at 37 °C for one hour.
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3.5. Differential Scanning Calorimetry (DSC)

DSC studies were carried out with a Mettler TA STAR® System equipped with a DSC-1
calorimetric cell and the Mettler TA-STAR® software (16.00 version). DSC analysis was
performed in high-sensitivity mode. The DSC was calibrated, in temperature and enthalpy
changes, using indium (>99.95% purity grade), stearic acid (>99.5% purity grade), and
cyclohexane (>99.99%), based on the instrument set up (DSC 1 Mettler TA STAR®).

3.5.1. MLVs, Unloaded and DRF-SLNs Calorimetric Analysis

Unloaded and DRF-SLNs were subjected to calorimetric analysis with the aim of
studying their thermotropic behavior. 120 pL of each sample, blank and DRF-SLNS,
was put into the DSC aluminum pan and submitted to the analysis under nitrogen flow
(70 mL/min), following this procedure: a heating scan from 5 to 85 °C at a rate of 2 °C/min,
and then a cooling scan from 85 to 5 °C at a rate of 4 °C/min. Each scan was performed at
least three times to check the reproducibility of the results. Also, MLVs were characterized
with DSC analysis as follows: they underwent a heating scan from 5 to 37 °C at a rate of
2 °C/min and a cooling scan from 37 to 5 °C at a rate of 4 °C/min; each scan was repeated
at least three times to confirm the reproducibility of the data.

Kinetics Experiments: Interaction Between MLVs and DRF-SLNs

To obtain information on the mechanism of the eventual interaction, DRF-SLNs (60 pL)
were weighed in the calorimetric pan, and an equivalent volume of MLV sample (totaling
120 puL) was added. Then, the pan was hermetically sealed, and the interactions were
monitored through DSC analysis under a continuous flow of nitrogen (70 mL/min) as
follows: a heating scan from 5 to 80 °C at 2 °C/min, followed by a cooling scan from 80
to 37 °C at 4 °C/min. This was followed by an isothermal period of one hour at 37 °C,
and finally, a cooling scan from 37 to 5 °C at 4 °C/min. Each experiment was repeated
three times.

3.6. In Vitro Release Study

DREF release from SLNs was assessed using Franz diffusion cells (LGA, Berkeley, CA,
USA) equipped with cellulose acetate membranes (0.2 pm pore size, 25 mm diameter;
Sartorius, Gottingen, Germany). The receptor compartment (4.5 mL) was filled with a
hy-droalcoholic solution (HyO/EtOH, 80:20 v/v) and maintained at 37 °C under continuous
magnetic stirring. A 400 uL aliquot of the formulation was applied to the donor compart-
ment, ensuring uniform and direct contact with the membrane surface. At predetermined
time points (0, 2, 4, 6, 8, 22, and 24 h), 200 uL samples were withdrawn from the receptor
phase and replaced with an equal volume of fresh medium to maintain sink conditions.
The samples were dried and solubilized in acetonitrile (0.1 mL) and DRF concentration in
the collected samples was quantified by HPLC-UV analysis at 220 nm [48], using the same
chromatographic method described in the previous Section 3.4.

3.7. Data Analysis

All findings are expressed as mean + standard deviation (SD), based on experiments
performed in triplicate (n = 3). Statistical differences between blank and DRF-loaded SLNs
were evaluated using Tukey’s test, with significance defined as p < 0.05. Data analysis was
performed using OriginPro 2024 software (Northampton, MA, USA).

4. Conclusions

Diroximel fumarate (DRF), an oral prodrug for Multiple Sclerosis (MS), often causes
gastrointestinal adverse events that lead to therapy discontinuation. To address this, we
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formulated DRF-loaded Solid Lipid Nanoparticles (DRF-SLNs) for nose-to-brain delivery,
aiming to improve brain targeting and patient compliance. DRF was synthesized and
purified, with 1H-NMR confirming its identity. The DRE-SLNs, prepared via solvent
diffusion, exhibited favorable characteristics: a mean diameter of 210 nm, PDI of 0.17,
and (-potential of —36 mV, indicating good long-term stability. DSC analysis further
demonstrated effective interaction between the SLNs and biomembrane models. Based on
these promising results, the next objective will be to assess the pharmacokinetic advantages
of this nanoformulation, particularly its ability to enhance brain targeting and reduce
gastrointestinal side effects, with the aim of improving patient adherence to MS treatment.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/ijms262411827/s1.

Author Contributions: Conceptualization, D.S., M.G.S. and C.P,; methodology, D.S., G.G., AS., C.S.
and G.R; software, G.G., A.S. and C.S,; validation, G.G. and C.S.; formal analysis, D.S., G.G. and
C.S,; investigation, D.S., G.G., A.S,, C.S,, G.R. and C.P; data curation, D.S., M.G.S., AS. and G.R;;
writing—original draft preparation, D.S., G.G. and G.R,; writing—review and editing, D.S., M.G.S.,
AS., KM. and C.P; visualization, M.G.S., K M. and C.P,; supervision, C.P,; project administration, C.P;
funding acquisition, C.P. All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by Research Funding for University of Catania, under Project
Piaceri “Valutazione degli Effetti del Trattamento con Diroximel Fumarato in Nanoparticelle Lipidiche
Solide (DRF-SLN) per via Intranasale in Modelli Murini di Sclerosi Multipla, (MS-NANOTECH)”.
UPB: 57722172155 (Prof. Carmelo Puglia).

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.
Data Availability Statement: Data is available on the request from the corresponding authors.

Acknowledgments: Authors thank Alessandro Giuffrida (University of Catania) for performing the
ESI/MS spectrum.

Conflicts of Interest: The authors declare no conflicts of interest.

References

1.

10.

Walton, C.; King, R.; Rechtman, L.; Kaye, W.; Leray, E.; Marrie, R.A.; Robertson, N.; La Rocca, N.; Uitdehaag, B.; van der Mei, L;
et al. Rising Prevalence of Multiple Sclerosis Worldwide: Insights from the Atlas of MS, Third Edition. Mult. Scler. |. 2020, 26,
1816-1821. [CrossRef] [PubMed]

Kaminska, J.; Koper, O.M.; Piechal, K.; Kemona, H. Multiple Sclerosis-Etiology and Diagnostic Potential. Postep. Hig. Med. Dosw.
2017, 71, 551-563. [CrossRef]

Dobson, R.; Giovannoni, G. Multiple Sclerosis-A Review. Eur. J. Neurol. 2019, 26, 27-40. [CrossRef]

Lemus, H.N.; Warrington, A.E.; Rodriguez, M. Multiple Sclerosis: Mechanisms of Disease and Strategies for Myelin and Axonal
Repair. Neurol. Clin. 2018, 36, 1-11. [CrossRef]

Hauser, S.L.; Cree, B.A.C. Treatment of Multiple Sclerosis: A Review. Am. |. Med. 2020, 133, 1380-1390.e2. [CrossRef]

Pérez, C.A.; Cuascut, EX.; Hutton, G.J. Immunopathogenesis, Diagnosis, and Treatment of Multiple Sclerosis. Neurol. Clin. 2023,
41, 87-106. [CrossRef]

Hauer, L.; Sellner, J. Diroximel Fumarate as a Novel Oral Immunomodulating Therapy for Relapsing Forms of Multiple Sclerosis:
A Review on the Emerging Data. Drug Des. Dev. Ther. 2022, 16, 3915-3927. [CrossRef]

Palte, M.J.; Wehr, A.; Tawa, M.; Perkin, K.; Leigh-Pemberton, R.; Hanna, ].; Miller, C.; Penner, N. Improving the Gastrointestinal
Tolerability of Fumaric Acid Esters: Early Findings on Gastrointestinal Events with Diroximel Fumarate in Patients with Relapsing-
Remitting Multiple Sclerosis from the Phase 3, Open-Label EVOLVE-MS-1 Study. Adv. Ther. 2019, 36, 3154-3165. [CrossRef]
[PubMed]

Wang, Y.; Bhargava, P. Diroximel Fumarate to Treat Multiple Sclerosis. Drugs Today 2020, 56, 431. [CrossRef]

Werdenberg, D.; Joshi, R.; Wolffram, S.; Merkle, H.P.; Langguth, P. Presystemic Metabolism and Intestinal Absorption of
Antipsoriatic Fumaric Acid Esters. Biopharm. Drug Dispos. 2003, 24, 259-273. [CrossRef] [PubMed]


https://www.mdpi.com/article/10.3390/ijms262411827/s1
https://www.mdpi.com/article/10.3390/ijms262411827/s1
https://doi.org/10.1177/1352458520970841
https://www.ncbi.nlm.nih.gov/pubmed/33174475
https://doi.org/10.5604/01.3001.0010.3836
https://doi.org/10.1111/ene.13819
https://doi.org/10.1016/j.ncl.2017.08.002
https://doi.org/10.1016/j.amjmed.2020.05.049
https://doi.org/10.1016/j.ncl.2022.05.004
https://doi.org/10.2147/DDDT.S236926
https://doi.org/10.1007/s12325-019-01085-3
https://www.ncbi.nlm.nih.gov/pubmed/31538304
https://doi.org/10.1358/dot.2020.56.7.3151521
https://doi.org/10.1002/bdd.364
https://www.ncbi.nlm.nih.gov/pubmed/12973823

Int. J. Mol. Sci. 2025, 26, 11827 12 0f 13

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

Longbrake, E.E.; Cantoni, C.; Chahin, S.; Cignarella, E.; Cross, A.H.; Piccio, L. Dimethyl Fumarate Induces Changes in B- and
T-Lymphocyte Function Independent of the Effects on Absolute Lymphocyte Count. Mult. Scler. . 2018, 24, 728-738. [CrossRef]
Longbrake, E.E.; Mao-Draayer, Y.; Cascione, M.; Zielinski, T.; Bame, E.; Brassat, D.; Chen, C.; Kapadia, S.; Mendoza, J.P.; Miller, C.;
et al. Dimethyl Fumarate Treatment Shifts the Inmune Environment toward an Anti-Inflammatory Cell Profile While Maintaining
Protective Humoral Immunity. Mult. Scler. J. 2021, 27, 883-894. [CrossRef]

Liebmann, M.; Korn, L.; Janoschka, C.; Albrecht, S.; Lauks, S.; Herrmann, A.M.; Schulte-Mecklenbeck, A.; Schwab, N.; Schneider-
Hohendorf, T.; Eveslage, M.; et al. Dimethyl Fumarate Treatment Restrains the Antioxidative Capacity of T Cells to Control
Autoimmunity. Brain 2021, 144, 3126-3141. [CrossRef]

Paik, J. Diroximel Fumarate in Relapsing Forms of Multiple Sclerosis: A Profile of Its Use. CNS Drugs 2021, 35, 691-700. [CrossRef]
Puglia, C.; Santonocito, D.; Bonaccorso, A.; Musumeci, T.; Ruozi, B.; Pignatello, R.; Carbone, C.; Parenti, C.; Chiechio, S. Lipid
Nanoparticle Inclusion Prevents Capsaicin-Induced TRPV1 Defunctionalization. Pharmaceutics 2020, 12, 339. [CrossRef]
Trevino, ].T.; Quispe, R.C.; Khan, E; Novak, V. Non-Invasive Strategies for Nose-to-Brain Drug Delivery. J. Clin. Trials 2020,
10, 439. [PubMed]

Zhao, X.; Sun, L.; Wang, J.; Xu, X.; Ni, S.; Liu, M.; Hu, K. Nose to Brain Delivery of Astragaloside IV by (3-Asarone Modified
Chitosan Nanoparticles for Multiple Sclerosis Therapy. Int. J. Pharm. 2023, 644, 123351. [CrossRef]

Santonocito, D.; Sarpietro, M.G.; Castelli, F.; Lauro, M.R.; Torrisi, C.; Russo, S.; Puglia, C. Development of Solid Lipid Nanoparticles
as Dry Powder: Characterization and Formulation Considerations. Molecules 2023, 28, 1545. [CrossRef] [PubMed]

Chen, Y,; Zhang, C.; Huang, Y.; Ma, Y.; Song, Q.; Chen, H.; Jiang, G.; Gao, X. Intranasal Drug Delivery: The Interaction between
Nanoparticles and the Nose-to-Brain Pathway. Adv. Drug Deliv. Rev. 2024, 207, 115196. [CrossRef] [PubMed]

Zeb, A.; Rana, I.; Choi, H.-L.; Lee, C.-H.; Baek, S.-W.; Lim, C.-W.; Khan, N.; Arif, S.T.; Sahar, N.U.; Alvi, A.M.; et al. Potential and
Applications of Nanocarriers for Efficient Delivery of Biopharmaceuticals. Pharmaceutics 2020, 12, 1184. [CrossRef]

Song, X.; Zhang, Y.; Tang, Z.; Du, L. Advantages of Nanocarriers for Basic Research in the Field of Traumatic Brain Injury. Neural
Regen. Res. 2024, 19, 237-245. [CrossRef] [PubMed]

Esposito, E.; Cortesi, R.; Drechsler, M.; Fan, ].; Fu, B.M.; Calderan, L.; Mannucci, S.; Boschi, F.; Nastruzzi, C. Nanoformulations for
Dimethyl Fumarate: Physicochemical Characterization and in vitro/in vivo Behavior. Eur. J. Pharm. Biopharm. 2017, 115, 285-296.
[CrossRef] [PubMed]

Serri, C.; Piccioni, M.; Guarino, V.; Santonicola, P.; Cruz-Maya, L; Crispi, S.; Di Cagno, M.P; Ferraro, L.; Dalpiaz, A.; Botti, G.; et al.
Hyaluronic Acid-Based Hybrid Nanoparticles as Promising Carriers for the Intranasal Administration of Dimethyl Fumarate. Int.
J. Nanomed. 2025, 20, 71-89. [CrossRef]

Subhash, S.; Chaurawal, N.; Raza, K. Promises of Lipid-Based Nanocarriers for Delivery of Dimethyl Fumarate to Multiple
Sclerosis Brain. In Neuroprotection: Method and Protocols; Springer: New York, NY, USA, 2024; pp. 457-475.

Nguyen, T.-T.-L.; Maeng, H.-J. Pharmacokinetics and Pharmacodynamics of Intranasal Solid Lipid Nanoparticles and Nanostruc-
tured Lipid Carriers for Nose-to-Brain Delivery. Pharmaceutics 2022, 14, 572. [CrossRef]

Joshi, M.D.; Miiller, R.H. Lipid Nanoparticles for Parenteral Delivery of Actives. Eur. ]. Pharm. Biopharm. 2009, 71, 161-172.
[CrossRef]

Scioli Montoto, S.; Muraca, G.; Ruiz, M.E. Solid Lipid Nanoparticles for Drug Delivery: Pharmacological and Biopharmaceutical
Aspects. Front. Mol. Biosci. 2020, 7, 587997. [CrossRef]

Torres, J.; Silva, R.; Farias, G.; Sousa Lobo, ].M.; Ferreira, D.C.; Silva, A.C. Enhancing Acute Migraine Treatment: Exploring Solid
Lipid Nanoparticles and Nanostructured Lipid Carriers for the Nose-to-Brain Route. Pharmaceutics 2024, 16, 1297. [CrossRef]
Chand, P; Patil, D.; Deshmukh, S.A.; Gampawar, S.V.; Godase, V.G.; Naik, S.; Kadam, S.M.; Peddy, V.; Bhujade, V.K.; Bhirud, S.B.
Process for Preparation of Diroximel Fumarate. Patent No. W02021053476A1, 25 March 2021.

Santonocito, D.; Sarpietro, M.G.; Carbone, C.; Panico, A.; Campisi, A.; Siciliano, E.A.; Sposito, G.; Castelli, F.; Puglia, C. Curcumin
Containing PEGylated Solid Lipid Nanoparticles for Systemic Administration: A Preliminary Study. Molecules 2020, 25, 2991.
[CrossRef]

Kumar, P.; Sharma, G.; Kumar, R.; Malik, R.; Singh, B.; Katare, O.P.; Raza, K. Stearic Acid Based, Systematically Designed Oral
Lipid Nanoparticles for Enhanced Brain Delivery of Dimethyl Fumarate. Nanomedicine 2017, 12, 2607-2621. [CrossRef] [PubMed]
Demetzos, C. Differential Scanning Calorimetry (DSC): A Tool to Study the Thermal Behavior of Lipid Bilayers and Liposomal
Stability. J. Liposome Res. 2008, 18, 159-173. [CrossRef]

Haynes, WM. (Ed.) CRC Handbook of Chemistry and Physics; CRC Press: Boca Raton, FL, USA, 2014; ISBN 9780429170195.
Onugwu, A.L,; Attama, A.A.; Nnamani, PO.; Onugwu, S.0.; Onuigbo, E.B.; Khutoryanskiy, V.V. Development and Optimization
of Solid Lipid Nanoparticles Coated with Chitosan and Poly(2-Ethyl-2-Oxazoline) for Ocular Drug Delivery of Ciprofloxacin. J.
Drug Deliv. Sci. Technol. 2022, 74, 103527. [CrossRef]

Attama, A.A.; Reichl, S.; Miiller-Goymann, C.C. Diclofenac Sodium Delivery to the Eye: In Vitro Evaluation of Novel Solid Lipid
Nanoparticle Formulation Using Human Cornea Construct. Int. ]. Pharm. 2008, 355, 307-313. [CrossRef]


https://doi.org/10.1177/1352458517707069
https://doi.org/10.1177/1352458520937282
https://doi.org/10.1093/brain/awab307
https://doi.org/10.1007/s40263-021-00830-z
https://doi.org/10.3390/pharmaceutics12040339
https://www.ncbi.nlm.nih.gov/pubmed/33505777
https://doi.org/10.1016/j.ijpharm.2023.123351
https://doi.org/10.3390/molecules28041545
https://www.ncbi.nlm.nih.gov/pubmed/36838532
https://doi.org/10.1016/j.addr.2024.115196
https://www.ncbi.nlm.nih.gov/pubmed/38336090
https://doi.org/10.3390/pharmaceutics12121184
https://doi.org/10.4103/1673-5374.379041
https://www.ncbi.nlm.nih.gov/pubmed/37488872
https://doi.org/10.1016/j.ejpb.2017.04.011
https://www.ncbi.nlm.nih.gov/pubmed/28412473
https://doi.org/10.2147/IJN.S481917
https://doi.org/10.3390/pharmaceutics14030572
https://doi.org/10.1016/j.ejpb.2008.09.003
https://doi.org/10.3389/fmolb.2020.587997
https://doi.org/10.3390/pharmaceutics16101297
https://doi.org/10.3390/molecules25132991
https://doi.org/10.2217/nnm-2017-0082
https://www.ncbi.nlm.nih.gov/pubmed/29094640
https://doi.org/10.1080/08982100802310261
https://doi.org/10.1016/j.jddst.2022.103527
https://doi.org/10.1016/j.ijpharm.2007.12.007

Int. J. Mol. Sci. 2025, 26, 11827 13 of 13

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

Santonocito, D.; Puglia, C.; Torrisi, C.; Giuffrida, A.; Greco, V.; Castelli, F.; Sarpietro, M.G. Calorimetric Evaluation of Glycyrrhetic
Acid (GA)- and Stearyl Glycyrrhetinate (SG)-Loaded Solid Lipid Nanoparticle Interactions with a Model Biomembrane. Molecules
2021, 26, 4903. [CrossRef]

Massey, ].B.; Pownall, H.J. Cholesterol Is a Determinant of the Structures of Discoidal High Density Lipoproteins Formed by the
Solubilization of Phospholipid Membranes by Apolipoprotein A-I. Biochim. Biophys. Acta (BBA)-Mol. Cell Biol. Lipids 2008, 1781,
245-253. [CrossRef]

Drazenovic, J.; Wang, H.; Roth, K.; Zhang, J.; Ahmed, S.; Chen, Y.; Bothun, G.; Wunder, S.L. Effect of Lamellarity and Size on
Calorimetric Phase Transitions in Single Component Phosphatidylcholine Vesicles. Biochim. Biophys. Acta (BBA)-Biomembr. 2015,
1848, 532-543. [CrossRef]

Serro, A.P; Galante, R.; Kozica, A.; Paradiso, P; da Silva, AAM.PS.G.; Luzyanin, K.V.; Fernandes, A.C.; Saramago, B. Effect of
Tetracaine on DMPC and DMPC+cholesterol Biomembrane Models: Liposomes and Monolayers. Colloids Surf. B Biointerfaces
2014, 116, 63-71. [CrossRef] [PubMed]

Wolka, A.M.; Rytting, ].H.; Reed, B.L.; Finnin, B.C. The Interaction of the Penetration Enhancer DDAIP with a Phospholipid
Model Membrane. Int. J. Pharm. 2004, 271, 5-10. [CrossRef] [PubMed]

Neunert, G.; Tomaszewska-Gras, J.; Baj, A.; Gauza-Wtodarczyk, M.; Witkowski, S.; Polewski, K. Phase Transitions and Structural
Changes in DPPC Liposomes Induced by a 1-Carba-Alpha-Tocopherol Analogue. Molecules 2021, 26, 2851. [CrossRef] [PubMed]
Hou, D,; Xie, C.; Huang, K.; Zhu, C. The Production and Characteristics of Solid Lipid Nanoparticles (SLNs). Biomaterials 2003, 24,
1781-1785. [CrossRef]

Montenegro, L.; Ottimo, S.; Puglisi, G.; Castelli, F.; Sarpietro, M.G. Idebenone Loaded Solid Lipid Nanoparticles Interact with
Biomembrane Models: Calorimetric Evidence. Mol. Pharm. 2012, 9, 2534-2541. [CrossRef]

Agosti, E.; Zeppieri, M.; Antonietti, S.; Battaglia, L.; Ius, T.; Gagliano, C.; Fontanella, M.M.; Panciani, PP. Navigating the
Nose-to-Brain Route: A Systematic Review on Lipid-Based Nanocarriers for Central Nervous System Disorders. Pharmaceutics
2024, 16, 329. [CrossRef] [PubMed]

Gandhi, S.; Shastri, D.H.; Shah, J.; Nair, A.B.; Jacob, S. Nasal Delivery to the Brain: Harnessing Nanoparticles for Effective Drug
Transport. Pharmaceutics 2024, 16, 481. [CrossRef] [PubMed]

Russo, S.; Torrisi, C.; Cardullo, N.; Muccilli, V.; La Mantia, A.; Castelli, F.; Acquaviva, R.; Sarpietro, M.G. Ethyl Protocatechuate
Encapsulation in Solid Lipid Nanoparticles: Assessment of Pharmacotechnical Parameters and Preliminary In Vitro Evaluation
for Colorectal Cancer Treatment. Pharmaceutics 2023, 15, 394. [CrossRef]

Russo, S.; Greco, G.; Sarpietro, M.G. Assessment of Pharmaco-Technological Parameters of Solid Lipid Nanoparticles as Carriers
for Sinapic Acid. Micro 2023, 3, 510-520. [CrossRef]

Torrisi, C.; Cardullo, N.; Russo, S.; La Mantia, A.; Acquaviva, R.; Muccilli, V.; Castelli, F.; Sarpietro, M.G. Benzo[k,1]Xanthene
Lignan-Loaded Solid Lipid Nanoparticles for Topical Application: A Preliminary Study. Molecules 2022, 27, 5887. [CrossRef]
[PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual

author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to

people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.3390/molecules26164903
https://doi.org/10.1016/j.bbalip.2008.03.003
https://doi.org/10.1016/j.bbamem.2014.10.003
https://doi.org/10.1016/j.colsurfb.2013.12.042
https://www.ncbi.nlm.nih.gov/pubmed/24448175
https://doi.org/10.1016/j.ijpharm.2003.09.018
https://www.ncbi.nlm.nih.gov/pubmed/15129968
https://doi.org/10.3390/molecules26102851
https://www.ncbi.nlm.nih.gov/pubmed/34064897
https://doi.org/10.1016/S0142-9612(02)00578-1
https://doi.org/10.1021/mp300149w
https://doi.org/10.3390/pharmaceutics16030329
https://www.ncbi.nlm.nih.gov/pubmed/38543223
https://doi.org/10.3390/pharmaceutics16040481
https://www.ncbi.nlm.nih.gov/pubmed/38675142
https://doi.org/10.3390/pharmaceutics15020394
https://doi.org/10.3390/micro3020034
https://doi.org/10.3390/molecules27185887
https://www.ncbi.nlm.nih.gov/pubmed/36144620

	Introduction 
	Results and Discussion 
	Preparation of Diroximel Fumarate 
	Characterization of SLNs Loaded with Diroximel (DRF-SLNs) 
	Differential Scanning Calorimetry (DSC) Analysis 
	SLNs and DRF-SLNs Calorimetric Analysis 
	Kinetics Experiments: Interaction Between MLV and DRF-SLNs 

	In Vitro Release Study 

	Materials and Methods 
	Materials 
	Preparation of SLNs Loaded with Diroximel (DRF-SLNs) 
	Characterization of SLNs Loaded with Diroximel (DRF-SLNs) 
	Multilamellar Vesicle (MLV) Preparation 
	Differential Scanning Calorimetry (DSC) 
	MLVs, Unloaded and DRF-SLNs Calorimetric Analysis 

	In Vitro Release Study 
	Data Analysis 

	Conclusions 
	References

