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Dimethyl fumarate (DMF) and its active metabolite monomethyl fumarate (MMF) are first-line oral therapies for
multiple sclerosis (MS), but their clinical use is limited by gastrointestinal side effects and low bioavailability. To
overcome these limitations, this study reports the development and optimization of hyaluronic acid (HA)-
modified lipid—polymer hybrid nanoparticles (LPNs) for intranasal administration, aimed at enhancing central
nervous system (CNS) delivery of DMF via the nose-to-brain route. LPNs were prepared and fully characterized
for physicochemical properties, including particle size (209-230 nm) and zeta potential (ranging from +0.28 to
—19.6 mV), influenced by HA surface modification. The presence of HA in the LPNs enhanced DMF chemical
stability, mucoadhesiveness, and significantly improved in vitro DMF release and permeation compared to free
DMF suspension. Stability assays revealed rapid hydrolysis of DMF in rat whole blood, while MMF exhibited
greater stability. Pharmacokinetic analysis in rats showed that following intravenous administration of free DMF,
DMF was undetectable in blood and cerebrospinal fluid (CSF), with only MMF present in blood. Similarly,
intranasal administration of free DMF suspension resulted in no detectable levels of DMF or MMF in blood and in
the CSF. In contrast, intranasal delivery of LPNs enabled DMF brain targeting via the nose-to-brain pathway, with
no systemic exposure. These findings demonstrate that HA-modified LPNs are a promising platform for the
intranasal delivery of DMF, potentially reducing side effects and offering new therapeutic perspectives for the use
of this drug in MS management.

1. Introduction MS (RRMS), primary progressive MS, secondary progressive MS

(SPMS), and progressive-relapsing MS [4]. Nine classes of

Multiple sclerosis (MS) is a chronic autoimmune disorder charac-
terized by inflammation, demyelination, gliosis, and the loss of neurons,
all of which significantly impact the Central Nervous System (CNS) [1].
The disease primarily targets myelinated axons within the CNS, leading
to varying degrees of damage to both the myelin sheath and the axons
themselves; neuronal bodies are also affected, particularly in advanced
(progressive) stages of the disease [2]. MS usually occurs in young
adults, with a mean onset age between 20 and 30 years. It can result in
physical disabilities, cognitive decline, and a reduced quality of life [3].
MS is commonly categorized into four phenotypes: relapsing-remitting

disease-modifying therapies (DMTs) for MS (RRMS), are characterized
by different mechanisms of action and routes of administration [3].
Among oral therapies, dimethyl fumarate (DMF, Tecfidera®) and its
active metabolite monomethyl fumarate, (MMF, Bafiertam™) were
approved by the U.S. Food and Drug Administration (FDA) on March 27,
2013 and on April 30, 2020, as a treatment RRMS and SPMS, respec-
tively [5,6]. In vitro studies demonstrated that DMF primarily impacts
the properties of immune modulatory cells and the differentiation of
lymphocytes and microglial cells [3,5]. MMF, the sole active metabolite
of DMF, has been known to interact with various immunomodulatory
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nuclear transcription factor pathways [6,7]. After oral administration,
DMF is rapidly absorbed and converted by esterases in the small intes-
tine into MMF [5,8], that reaches peak concentration within 5-6 h; the
half-lives of DMF and MMF are 12 min and 36 h, respectively [9]. DMF is
associated with side effects primarily related to the gastrointestinal
tract, including diarrhoea, nausea, abdominal pain, and vomiting. Some
43 % of patients, who also experienced flushing and leukopenia, dis-
continued treatment within the first three months [10,11]. Furthermore,
DMF has limited water solubility and low stability, resulting from its
tendency to undergo hydrolysis and sublimation at room temperature
[12]. To overcome the problems of poor physicochemical stability [13]
and bioavailability of DMF, Ojha and collaborators have highlighted the
advantages of encapsulating DMF in nanoparticles (NPs) [14] and solid
lipid nanoparticles (SLNs) [15]. They observed an enhancement in the
activity of DMF, and in relative bioavailability when DMF-SLNs were
orally administered to Wistar rats [15]. Furthermore, in our previous
research, the chemical and physical stability of DMF was enhanced by
encapsulating DMF in lipid-polymer hybrid nanoparticles (LPNs) con-
taining hyaluronic acid (HA). In addition, preliminary in vivo experi-
ments in rats indicated that the HA-based hybrid nanoparticles could
enhance the brain bioavailability of DMF following intranasal admin-
istration [16]. Nasal drug delivery is a safe and non-invasive method for
administering therapeutic doses, making it particularly advantageous
for treating neurological and chronic diseases [13,17]. Intranasal
administration offers a beneficial approach for drug delivery by
improving side effect profiles, particularly by minimizing gastrointes-
tinal issues, and ensuring a rapid onset of action in the brain [13]. In
fact, through direct nose-to-brain transport, rapid drug delivery to the
brain and onset of drug effects are achieved, maintaining therapeutic
drug concentrations in the brain while minimizing the required clinical
doses; this concurrently reduces systemic exposure and peripheral
adverse effects associated with the drug [18].

In this study, HA-based LPNs were optimized to facilitate the intra-
nasal delivery of DMF and to quantify the MMF generated from the
degradation of encapsulated DMF, owing to its pharmacological activ-
ity. The role of the lipid and polymer components in stabilizing DMF was
emphasized, and the concentrations of both active components, DMF
and MMF, were investigated in simulated biological fluids during in
vitro release and permeation studies. Subsequently, the in vitro stability
of DMF and MMF in rat whole blood was evaluated prior to conducting
in vivo pharmacokinetic studies after intravenous administration.
Additional in vivo pharmacokinetic studies in rats were then performed
following nasal administration of DMF, either as the pure drug or
encapsulated in LPNs, to provide evidence of DMF behaviour in vivo and
its potential for nose-to-brain transport.

2. Materials and methods
2.1. Materials

Dimethyl fumarate (purity 97 %) (DMF), monomethyl fumarate
(MMF), poloxamer F407 (P) (Poly (ethylene glycol)-block-poly (pro-
pylene glycol)-block poly (ethylene glycol)), mucin (from pig stomach,
type II), acetonitrile, ethanol, methanol, basic sodium phosphate
(NagHPOy), sodium chloride (NaCl), and potassium chloride (KCl) were
purchased by Sigma-Aldrich (Merck Life Science srl, Milan, Italy). So-
dium Alginate (Protanal LF 120 LS, MW: 221 kDa; viscosity (1 % sol))
was obtained by FMC BioPolymer (Philadelphia, USA). Phosphatidyl-
choline (Lipoid S S100®) was gifted by Lipoid GmbH (Ludwigshafen,
Germany) (CP); Cholesterol (Chol) was obtained by WVR (Milan, Italy).
Hyaluronic acid sodium salt (HA) with a molecular weight of
1500-1800 kDa was bought from BioChemical Fluka (Milan, Italy). Pure
water was obtained using a MilliQ R4 purification system (Millipore,
Milan, Italy). Dulbecco’s Phosphate-Buffered Saline (DPBS) was ob-
tained from ThermoFisher Scientific (Milan, Italy). Merck Life Sciences
Srl supplied bovine serum albumin (BSA), dimethyl sulfoxide (DMSO),
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trifluoroacetic acid (TFA), and ferulic acid (Fer). DMF and MMF stock
solutions in DMSO (0.01 M final concentration) were stored at —20 °C
until their use for in vivo or in vitro studies.

2.2. Formulation development

2.2.1. Interaction measurements

Differential scanning calorimetry (DSC) was employed to investigate
main interactions through the different materials used. Accordingly,
DSC analyses were carried out on powders of phosphatidylcholine (CP),
cholesterol (Chol), poloxamer (P), hyaluronic acid (HA), and their dried
complexes including CP/Chol, CP/Chol/P, CP/Chol/P/HA. The CP/Chol
and CP/Chol/P complexes were prepared by dissolving the respective
materials in 5 mL of ethanol at 50 °C, while the CP/Chol/P/HA complex
was prepared by first solubilizing CP/Chol and P in ethanol, followed by
the addition of this solution to an aqueous phase, containing HA and P.
All complexes were subsequently dried and lyophilized (5PASCAL
equipped with LIO5P DIGITAL, Bologna, IT) at 7.6 Torr (0.01 Atm) for
24 h. A Discovery DSC calorimeter (TA Instruments, Delaware, USA)
calibrated with an indium standard was used in this study. The calo-
rimeter cell was flushed with nitrogen at a flow rate of 100 mL/min. The
temperature ramp was performed from —20 °C to 300 °C at a heating
rate of 10 °C/min.

2.2.2. Preparation of LPNs

The modified nanoprecipitation technique was used to prepare
unloaded and DMF-loaded LPNs [19]. The compositions and the corre-
sponding acronyms are reported in Table 1; the L series consist of solely
CP as lipid, while the L series comprise combinations of CP, Chol, and P;
the letter H denotes the presence of HA whereas D indicated the
DMF-loaded LPNs. Briefly, the exact amounts of CP alone or CP, Chol,
and P were dissolved in 5 mL of ethanol; LD and LHD (and the corre-
sponding LDy and LDH,) were prepared dissolving also DMF in the
organic phase. Then, the organic phase was added to the aqueous phase
(10 mL), which consisted of a poloxamer water solution with and
without HA; then the mix was vortexed for 10 min (TechnoKartell Milan,
Italy). The resulting suspension was sonicated at 50 % ultrasound for 2
min at 4 °C using a probe sonicator (Bioblock Vibracell, Fisher Bioblock
Scientific, Illkirch, France) and stirred 5 h for complete ethanol evapo-
ration. Finally, LPNs dispersion was extruded once through the regen-
erated cellulose syringe filter (pore size: 0.45 pm; filter size: 25 mm;
AlfaTech, Genova, Italy) and stored at 4 °C. The reproducibility of the
preparation method was tested by conducting the formulation process
three times. All formulations were not isolated but used as dispersions in
all experiments.

2.3. Characterization of LPNs: size, ¢ potential, and morphology
The mean diameter and size distribution of LPNs were determined by

photon correlation spectroscopy (PCS) using a Coulter N5 (Beckman
Coulter, Miami, USA). All samples were diluted in filtered Milli-Q water

Table 1
The compositions and acronyms of the formulations.

Acronym  Organic Phase (O) Water Phase (W)
CP (mg) Chol(mg) P(mg) DMF(mg) HA(@mg) P (mg)
La 400 - - - - 1.5
LDa 400 - - 40 - 1.5
LH, 400 - - - 30 1.5
LHD, 400 - - 40 30 1.5
L 400 150 150 - - 1.5
LD 400 150 150 40 - 1.5
LH 400 150 150 - 30 1.5
LHD 400 150 150 40 30 1.5

CP: phosphatidylcholine; Chol: cholesterol; P: poloxamer; DMF: dimethyl
fumarate; HA: hyaluronic acid sodium salt (HA).
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(0.22 pm pore size, polycarbonate filters, MF-Millipore, Microglass
Heim, Italy) and analysed with the detector at 90°. The polydispersity
index (PDI) was used to evaluate the particle size distribution. { po-
tential ({p) was measured with a Zetasizer Nano ZS (Malvern In-
struments, Malvern, UK) on a 0.1 mg/mL LPNs suspended in Milli-Q
water at room temperature. The results were expressed as mean =+
standard deviation (SD) of three measures (n = 3).

The morphology of all LPNs was analysed using Transmission Elec-
tron Microscopy (TEM, FEI Tecnai G12 Spirit Twin, Eindhoven, the
Netherlands), which is equipped with a LaB6 source and a FEI Eagle 4k
CCD camera. The acceleration voltage was set to 120 kV. For the sample
preparation, 100 pL of each ultra-diluted sample (LH, LHD, LP, and LPD)
was dropwise collected onto a copper TEM grid (300 mesh, 3 mm
diameter) until the liquid is not completely evaporated.

2.4. Assessing total drug in dispersion

The total amount of DMF and MMF in the LPNs was quantitatively
assessed in all LD, LHD, LDy and LHDA. The method employed to
determine the total drug amount was based on the method outlined in
Serri et al. [16]. Briefly, 100 pL of LPNs was blended with 9.90 mL of
acetonitrile, shaken at room temperature for 30 min and sonicated for 2
min at 35 Hz to completely dissolve the LPNs. The solution was directly
injected in HPLC. The quantification of DMF and MMF was performed
following the method developed by Habib and collaborators [20] and
using a HPLC-DAD system (Varian, Palo Alto, CA, USA), featuring two
ProStar 210 pumps, a ProStar 410 autosampler, and a Varian 330 de-
tector. Separation occurred on a Thermo Fisher Scientific Hypersil C18
column (150 mm x 4.6 mm, 5 pm), with a guard column (2 cm x 4.0
mm, 5 pm). The mobile phase, consisting of water (filtered through a
0.22 pm nylon filter) adjusted to pH 2.6 with phosphoric acid and
methanol (50:50, v/v), was run isocratically at 1.5 mL/min at ambient
temperature. The injection volume was 10 pL and the analysis time was
4 min per sample. Peak areas in the chromatography were recorded and
measured at 210 nm. Concentrations of DMF and MMF were calculated
by standard curves interpolation in the range of 2.5-50 pg/mL (DMF: y
= 449786.6x —309866.3; R? = 0.999. MMF: y =212523.1x —309942.3;
R* = 0.999).

The amount of DMF and MMF in the dispersion were expressed as
pg/mL and as percentage respect to the amount of DMF used during
LPNs preparation [21] (mean + SD; n = 3).

2.5. Stability study

The physical stability of LPNs was studied by monitoring changes in
their hydrodynamic diameter when stored at 4 °C for 30 days. The re-
sults are average values obtained from at least three independent mea-
surements. Moreover, the chemical stability of the total drug in LD LHD,
and LDy LHD4 were studied for 30 days at 4 °C. The total drug in the
samples were analysed at each predetermined time point (0, 7, 14, 23,
30 days). The protocols like described in the paragraph 2.4.

2.6. In vitro DMF release assay

In vitro release of DMF from LHD, DMF suspension (2.5 mg/mL) and
LH with added DMF (LH + DMF 2.5 mg/mL) was tested. Briefly, an
aliquot of LHD, LH + DMF and DMF suspension (containing 10 mg of
DMF) were placed in the dialysis membrane tube (Float-A-Lyzer® G2
Dialysis Device MWCO 50 kD, Spectrum Laboratories, Rancho Domi-
nguez, CA, USA), which was then transferred to a clear vial containing
40 mL of phosphate-buffered saline (PBS) pH 7.4. Samples were incu-
bated in a stirring incubator (Argo Lab, SKI 4, VWR, Milan, Italy) at 37 °C
+ 0.5 °C with shaking at 100 rpm for 72 h. At predetermined time points
(0-72h), 1 mL of the release medium was sampled and replaced with an
equivalent volume of fresh dissolution medium. The concentration of
DMF and MMF in the release medium was determined by HPLC method,
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already described in Section 2.4. Then the cumulative amount of DMF
and MMF over time was calculated. The results were obtained in trip-
licate and were expressed as mean + SD.

2.7. Viscosity and mucoadhesion properties

The viscosity performance of L, LH, LD and LHD were evaluated
using a rotational viscometer (Alpha-L, Fungilab, Barcelona, Spain) with
spindles L1 and L2. The measurements were conducted at a constant
rotational speed of 100 rpm and a temperature of 37 °C, utilizing a
sample volume of 30 mL of the LPNs. The results are presented as the
mean + SD of three measurements (n = 3). The mucoadhesion of the
LPNs was assessed measuring the detachment force using a precision
balance modified [16]. Briefly, a regenerated cellulose membrane
(porosity 0.45 pm; diameter = 1.5 cm; Whatman™, Dassel, Germany)
was saturated with artificial nasal mucus and fixed to the balance plate.
A volume of 100 pL of LPNs was applied to the surface of the probe
(diameter = 1.5 cm) with double-sided adhesive tape, put in contact
with the membrane (contact force of 10 g for 120 s), and then the
detachment force was recorded [16]. Additionally, a sodium alginate
solution (100 pL, 3 mg/mL, with a viscosity of 9.6 £+ 0.4 cP) and HA
solution (100 pL, 3 mg/mL) were tested as a positive control, whereas
100 pL of MilliQ water (blank) as negative control. Results of mucoad-
hesion were expressed as stress (Pa), represented as mean + SD from
five replicates (n = 5).

2.8. Assessment of in vitro permeation of DMF

The in vitro permeation experiments for LHD and DMF suspension
(2.5 mg/mL) were conducted using permeation test cells (prototypes
developed and patented by the University of Sassari, under patent
number EP3909667A1). In brief, 1 mL of LHD and LD (containing 2.5
mg of DMF) was placed on either a synthetic hydrophobic or hydrophilic
membrane (Polyvinylidene difluoride membrane filter discs, PVDF 0.45
pm, from Merck Millipore, Burlington, USA), chosen to simulate the
different components of the nasal mucosa, like mucus (hydrophilic
layer), cell membranes and neurons (lipophilic structures), which the
LPNs would cross after the administration [22]. The membrane sepa-
rated the donor compartment from the acceptor compartment, con-
tained 40 mL of PBS, maintained at a temperature of 37 °C. For
comparison, the test was also performed using DMF (2.5 mg) suspended
in water. At predetermined time points (0-180 min), 1 mL of the
acceptor medium was taken and the amount of DMF permeated was
quantified using the HPLC method, reported in Section 2.4. The con-
centration of MMF present in medium was also measured. The acceptor
medium was replaced with an equivalent volume of fresh medium. The
experiment was conducted in triplicate.

2.9. Degradation studies in rat whole blood

2.9.1. DMF degradation in rat blood (4 °C)

Heparinized rat whole blood (100 {L amounts) obtained from male
Sprague-Dawley rats (200-250 g body-weight) was spiked at 4 °C with
DMF stock solution to obtain DMF final concentrations in the 10-100 pM
(1.44-14.41 pg/mlL) range and incubated just the time necessary to
vortex each sample that was. The samples (100 pL) were then immedi-
ately mixed with ice-cold acetonitrile (250 pL), followed by the addition
of the internal standard (50 pL of 100 pM Fer dissolved in a mixture of
water and acetonitrile in 25:75 v/v ratio). The samples were subse-
quently centrifuged twice at 16,000xg for 5 min at room temperature,
transferring approximately 300 pL of supernatant between the centri-
fugations. As a control, a blood sample (100 pL) was immediately added
with 300 pL of ice-cold acetonitrile and then centrifuged as described
above. DMF and its potential hydrolysis product (MMF) were quantified
by injecting 10 pL of treated or control samples into the HPLC system
(see Section 2.10.3). The MMF amounts produced by the DMF hydrolysis
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were expressed as MMF/DMF molar percentage ratios, where the DMF
molar amounts were calculated considering the dilution factors of the
stock solutions added to the blood samples.

2.9.2. MMF degradation in rat blood (37 °C)

Three milliliters of heparinized rat whole blood obtained from adult
male Sprague-Dawley rats (200-250 g body weight) maintained at
37 °C, were spiked with MMF stock solution to achieve a final MMF
concentration of 30 pM (3.90 pg/mL). Samples were then withdrawn at
predefined time points (up to 120 min of incubation) and immediately
processed as described in Section 2.9.1. MMF was quantified by injecting
10 pL of treated or control samples into the HPLC system (see Section
2.10.3).

2.10. In vivo experiments

2.10.1. Intravenous administration of MMF and DMF

In a first set of in vivo experiments, DMF or MMF was intravenously
administered to different groups (n = 4/group) of adult male Sprague-
Dawley rats (200 g body weight) anesthetized with 1.5 % mixture of
isoflurane and air. DMF or MMF 4 mg/ml solutions were prepared by
first dissolving DMF or MMF in EtOH and then adding saline solution
(0.9 % NaCl) to a final 50:50 (v/v) ratio. DMF or MMF were then
intravenously administered at the doses of 2 mg/kg (i.e. 2.8 pmol/rat) or
1.8 mg/kg (i.e. 2.8 pmol/rat), respectively, by infusing the DMF or MMF
solution into the rat femoral vein over 5 min at rates of 20 pL/min or 18
pL/min, respectively. At the end of the administrations and at pre-
determined time points, blood samples (100 pL), along with cerebro-
spinal fluid (CSF) samples (30 pL), were collected. The cysternal
puncture method described by van den Berg et al. [23] was used for the
CSF withdrawn. This method requires a single needle stick allowing the
collection of serials (30-40 pL) CSF samples that are virtually
blood-free] [24]. A total volume of about a maximum of 150 pL of
CSF/rat (i.e., four 30/40 pL samples/rat) was collected during the
experimental session, choosing the time points (n = 3-7, taking into
account a maximum of four collections for rat) in order to allow the
restoring of the CSF physiological volume. The compounds were quan-
tified by injecting a volume of 10 pL of blood samples treated as
described above (section 2.9.1), and untreated CSF samples in the HPLC
apparatus (see Section 2.10.3).

2.10.2. Nasal administration of DMF

DMF was nasally administered as free compound or LHD formulation
to different groups (n = 4/group) of adult male Sprague-Dawley rats
(200 g/body weight). To this purpose, anesthetized rats were laid on
their backs and received in each nostril 50 pL of a water suspension of
free DMF (2 mg/mL; i.e. approximately 0.2 mg/rat) or LHD formulation
(DMF content about 2 mg/mL). The nasal administration was performed
using a semiautomatic pipette connected to a short polyethylene tubing,
which was inserted approximately 0.6-0.7 cm into each nostril. At the
end of the administration and at predetermined time points, blood
samples (100 pL), along with CSF samples (30 pL), were collected;
compounds quantification was performed by injecting 10 pL of blood
samples treated as described above (Section 2.9.1) and untreated CSF
samples in the HPLC apparatus (see Section 2.10.3). The Italian Ministry
of Health approved the experimental procedures, (n° 287,/2024-PR;
March 25, 2024) conducted according to the European Communities
Council Directive (2010/63/EU). These procedures aimed to minimize
animal pain, discomfort, and the number of subjects, following ARRIVE
guidelines.

2.10.3. MMF and DMF quantification by HPLC analysis

MMF and DMF concentrations in rat blood and CSF samples were
quantified using an HPLC method. Specifically, the modular chromato-
graphic system, paired with an injection valve containing a 20 pL sample
loop (model 7725; Rheodyne, IDEX, Torrance, CA, USA), consisted of a
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pump (model LC-40D, Shimadzu, Kyoto, Japan) and a diode-array de-
tector (DAD, model SPD-M40, Shimadzu, Kyoto, Japan). LabSolutions
Software (version 5.110, Windows 10, Shimadzu, Kyoto, Japan) was
utilized for data acquisition and processing. Sample separations were
performed at room temperature on a 5 pm Hypersil BDS C18 column
(150 mm x 4.6 mm i.d.; ThermoFisher Scientific Srl, Milan, Italy), which
was protected by a guard column filled with the same stationary phase.
The mobile phase consisted of a water/acetonitrile (acidified with 0.1 %
v/v TFA) mixture [80:20 (v/v) ratio] and was eluted under isocratic
conditions at a flow rate of 0.8 mL/min. Chromatograms were recorded
at 216 nm for the quantification of MMF and DMF, and at 320 nm for
Fer, which served as an internal standard in the extraction procedures of
rat whole blood samples. The retention times for MMF, Fer, and DMF
under these analytical conditions were 3.8, 6.4, and 8.2 min,
respectively.

Repeated analysis (n = 6) of the same sample solution containing
MMF or DMF at a concentration of 50 pM (6.66 pg/mL for MMF and
7.21 pg/mL for DMF), singularly dissolved in a mixture of water and
acetonitrile (25:75 v/v), was used to determine the chromatographic
precision, which was represented by relative standard deviation (RSD)
values ranging from 0.90 to 0.95 for all the tested compounds.

A preliminary analysis of blank rat blood and CSF samples confirmed
the absence of interferences at the retention times of MMF, DMF, and the
internal standard (Fer).

A CSF simulation fluid, composed of standard aliquots of the
balanced Dulbecco’s Phosphate-Buffered Saline (DPBS) solution
depleted of calcium and magnesium and supplemented with 0.45 mg/
mL bovine serum albumin (BSA), was used for calibration purposes [25,
26]. The calibration curves of peak areas as a function of analytes con-
centrations in simulated CSF were established for MMF and DMF in the
concentration range of 0.3-150 pM (0.04-19.97 pg/mL for MMF and
0.04-21.62 pg/mL for DMF) and were found to be linear (n = 6, r =
0.999, p < 0.0001).

MMF recovery experiments in rat whole blood samples were con-
ducted by comparing the peak areas obtained from blood test samples
(50 pM, corresponding to 6.66 pg/mL, n = 4) to those obtained by
injecting an equivalent concentration of MMF dissolved in a water/
acetonitrile (25:75 v/v) mixture. The results revealed an average MMF
recovery of approximately 83 %. Based on this result, MMF blood con-
centration was calculated using the peak area ratio relative to the in-
ternal standard (Fer). The MMF calibration curve was generated by
adding MMF to rat whole blood (4 °C) at eight different concentrations
ranging from 1 to 500 pM (0.13-66.55 pg/mL), resulting in a linear
relationship (n = 8, r = 0.998, p < 0.0001).

2.10.4. In vivo pharmacokinetic calculations

Nonlinear regression (exponential decay) of concentration values,
quantified at appropriate time intervals after infusion, was used to
determine the in vivo half-life (t;,2) of MMF in the rat bloodstream,
further validated by applying linear regression to the semi-logarithmic
plot. The area under the concentration-time curves (AUC, pgemL
min) in rat bloodstream or CSF, following MMF and DMF intravenous
administrations or DMF nasal administrations as free compound or LHD
formulation, was calculated using the trapezoidal method. GraphPad
Prism version 10.0 (GraphPad Software, San Diego, California, U.S.A.)
was utilized to perform all the calculations.

2.11. Data analysis and statistics

The results are presented as mean + SD or as representative values.
All data were measured in triplicate and viscosity and mucoadhesion in
five repetitions of an experiment. The statistical data analysis was per-
formed using GraphPad Prism 10.4.1 software (GraphPad Software, Inc.,
San Diego, CA, USA). An unpaired t-test was performed for the statistical
difference between the two treatment groups. Tukey’s multiple com-
parison tests followed a one and two-way ANOVA analysis of variance
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test in case of multiple comparisons. Statistical significance was set at p
< 0.05.

3. Results and discussion
3.1. Assessing interactions and characterization of LPNs

The characterization of the LPNs began with thermal analyses to
evaluate possible interactions between the lipid and polymer compo-
nents (Fig. 1). In the DSC thermograms, endothermic peaks were asso-
ciated with the presence of semicrystalline phases that require the input
of heat to change their physical state. In the case of CP/Chol complex,
formed by the assembly of apolar phases like CP and Chol, no remark-
able peaks were detected. In contrast, when CP/Chol was combined with
the P complex containing positively charged polar groups, a broad peak
can be recognised with a maximum peak at 96.4 °C. In the case of CP/
Chol/P/HA complex including HA with negative polar groups, a more
pronounced peak appeared, with a maximum at 106.7 °C.

Accordingly, an increase of heat of fusion or enthalpy, calculated as
area of the characteristic peaks, was recorded (Table 2). Hence, the
combination of P with HA suggests the formation of more stable crys-
talline phases due to their polar interactions, and in agreement with
characteristic peaks of the single components (Fig. S1).

Based on these data, LPNs were prepared and characterized. Particle
size, PDI and {p were determined and are reported in Table 3. LPNs
without Chol and P showed smaller sizes, ranging from 106 nm in Ly to
111 nm in LD,. In contrast, incorporation of Chol and P into the for-
mulations increased the of Chol and P into the LPNs reduced the PDI
(Table 3), lowering it from values above 0.600 (La, LD, LH5 and LHD,)
to approximately 0.300 (L, LD, LHD). Conversely, the addition of HA
(LH) increased PDI [27]. However, when DMF and HA were present
(LHD), a significant reduction in PDI was observed, likely due to in-
teractions between HA and DMF [16]. Furthermore, {p was influenced
by HA addition, becoming more negative (from —2.60 mV in L to —25.0
mV in LH), and also by DMF loading (from 0.28 mV in LD to —19.6 mV in
LHD). Higher absolute {p values enhance the stability of dispersed
nanoparticles by preventing aggregation and promoting uniform
dispersion [28,29].

Fig. 2 shows representative TEM images of LH, LHD, L, and LD. The
images at two different magnifications revealed discrete, spherical shape
for L (Fig. 2a). The presence of HA in LH promoted the formation of a
core-shell structure with HA forming the outer shell (Fig. 2c). Mean-
while, the presence of DMF, preferentially distributed onto the particle
surface, significantly contributes to form more irregular shape of parti-
cles (Fig. 2b-d). The TEM images, together with the {p values, provide
evidence supporting the presence of the outer HA layer, consistent with
the literature [16,19,30].
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Table 2
Heat of fusion of semi-crystalline phases in the different
formulations.
Sample Enthalpy of fusion (J/g)
CP/Chol 4.51
L 29.20
LH 85.57

Table 3

Characterization of LPNs. Results are expressed by mean + SD.
Formulation Size (nm) PDI ¢p (mV)
La 111.0 + 0.3 0.70 + 0.03 —0.68 + 0.82"
LD, 106.0 + 0.7¢ 0.71 + 0.07 +2.38 + 0.30¢
LH, 148.4 + 1.0° 0.52 + 0.02 —5.38 £ 1.17°
LHD, 130.8 + 2.3%¢ 0.98 + 0.01%¢ —6.97 £ 0.37"¢
L 246.0 +9.7° 0.36 + 0.02 —2.60 + 0.20
LD 209.3 + 2.7° 0.37 £+ 0.01 +0.28 + 0.10°
LH 245.9 + 7.4%! 0.52 + 0.03' —25.0 + 1.60™!
LHD 230.0 + 4.0 7! 0.38 + 0.05’ —~19.60 + 0.50"!

2 p < 0,0001 La vs LDa.

b b < 0.0001 Ly vs L.

¢ p < 0.0001 L vs LD.

4 p < 0.0001 LD vs LD,

€ p < 0.0001 L vs LHp.

f p = 0.0004 LH, vs LHD,.
8 p < 0.0001 LD, vs LHD4,
b b < 0.0001 LH vs LH.

! p <0.0001 L vs LH.

I p < 0.0001 LHD, vs LHD.
k b < 0.0001 LH vs LHD.

! p < 0.0001 LD vs LHD.

No significant changes were recognised in size over the 30-day
period for the L, LH, LD, and LHD formulations (Fig. 3a). In contrast,
the La, LHa, LD4, and LHD, (Fig. 3b) exhibited instability in size over
time. According to the literature, Chol and P enhance the stability and
rigidity of the carrier [19,31]. Notably, only the LH demonstrated a
slight increase in diameter by day 30 (p < 0.001).

3.2. Total drug in dispersion, encapsulation efficiency and DMF stability
over time

Table 4 reports the total amount of DMF and MMF in the LPNs,
expressed both as pg/mL and as a percentage relative to the initial total
amount of DMF weighed during preparation. LHD and LD showed
significantly higher DMF concentrations than LHD, and LDp, corre-
sponding to 61.7 % and 65.9 % of the initial total amount of DMF,

Temperature (°C)

0 50 100

150 200 250

Heat Flow (W/g)

Fig. 1. DSC analyses to investigate polar interactions: Thermograms of a) CP/Chol, b) CP/Chol/P and ¢) CP/Chol/P/HA complexes.
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Fig. 2. Representative TEM images of a) L, b) LD, ¢) LH and d) LHD.

respectively. All LPNs contained a small amount of MMF, resulting from
the degradation of approximately 3 % of the initial DMF.

The chemical stability of DMF was maintained for 30 days only in
LHD (Fig. 3c): the total DMF content in LHD remained constant over 30
days, whereas in LD it decreased significantly, from 64.6 % to 19.5 % (p
< 0.001). In LHD,, DMF degradation occurred within 7 days, with the
concentration dropping to only 0.5 %. These findings confirm that only a
complete hybrid lipid-polymer structure can effectively trap DMF and
protect it from hydrolysis [16]. Furthermore, the MMF content in LHD
also remained stable, which is advantageous for in vivo applications
given the established pharmacological activity of MMF [20].

3.3. Invitro drug release assay

The DMF release profiles from LHD, LH + DMF and DMF suspension
are depicted in Fig. 4a, while the MMF concentrations in the medium
over time are presented in Fig. 4b. The data indicate that LHD exhibited
a burst release of DMF (38.65 + 1.96 pg/mlL, corresponding to 15.66 +
0.79 % of the DMF content) within 10 min, which was markedly higher
than that from the DMF suspension (11.86 + 10.95 pg/mL) and LH +
DMF (3.3 &+ 0.56 pg/mL). In addition, LHD maintained a constant DMF
release profile up to 1 h (50.66 + 4.45 pg/mL, corresponding to 21.08 +
1.84 % of DMF content), while the corresponding concentrations for
DMF and LH + DMF were significantly lower (36.54 + 1.15 pg/mL
(18.67 + 0.56 %) and 21.05 + 1.96 pg/mL (10.74 £ 0.98 %), respec-
tively). Thereafter, the DMF concentration gradually decreased to a
value of 16.82 + 2.74 ng/mL, 24 h after the start of the test (Fig. S2), and
it was accompanied by an increase in MMF concentration (Fig. S2),
probably due to the hydrolysis of DMF to MMF in PBS (pH 7.4) [32,33].
The amount of MMF in PBS during the LHD test progressively rose to
19.35 + 1.04 pg/mL (Fig. 4b) and 42.28 + 4.58 pg/mL at 2.5 and 24 h,
respectively, followed by a decline to 27.08 + 3.72 pg/mL at 72 h,
respectively. The concentration of MMF was significantly lower in the
case of LH + DMF and DMF suspension than in LHD (24.36 + 4.64 and
21.91 + 1.53 pg/mL at 72 h, respectively) (Fig. S2).

The relatively enhanced release of DMF from LHD compared to the
DMF suspension can be attributed to the large specific surface area of the

nanoparticles, which promotes the dissolution and release of DMF [34].
This effect is further accelerated by the presence of surfactants in the
formulation, to the extent that it surpasses the dissolution rate of free
DMEF. However, considering the low percentage of DMF released during
the observed time frame, this phenomenon primarily affected only the
small fraction of DMF located near the nanoparticle surface.

3.4. Viscosity and mucoadhesion properties

Viscosity and mucoadhesive properties are crucial for enhancing the
efficacy of intranasal drug delivery systems. Increased viscosity prolongs
the formulation’s residence time in the nasal cavity, while strong
mucoadhesion ensures sustained contact with the mucosa, improving
drug absorption [35,36]. The LH and LHD formulations exhibited
optimal viscosity values of 117.53 + 0.80 cP and 97.03 + 0.12 cP,
respectively, while the viscosities of the L and LD formulations were
recorded at 27.73 + 0.41 cP and 13.2 + 0.78 cP, respectively.
Furthermore, the viscosity of the LHD and LD decreased by about 15.13
cP following the incorporation of DMF. Therefore, the viscosity of LHD
was found to be optimal for a nasal formulation, as increased viscosity is
necessary to ensure prolonged residence time in the nasal cavity,
without significantly compromising the formulation’s spreadability [13,
16].

The mucoadhesion test (Fig. 3d) pointed out that all formulations
exhibited mucoadhesive properties. LH and LHD showed detachment
stresses of 1519.3 and 1446.9 Pa, respectively, values comparable to
those of the HA solution alone.

HA enhances both viscosity and mucoadhesion, stabilizing nano-
particles and maintaining mucosal hydration, thereby enhancing the
availability of encapsulated drugs [37]. Additionally, HA’s ability to
support mucosal barrier integrity complements the natural mucociliary
clearance mechanism, facilitating effective drug retention and absorp-
tion [38]. Research indicates that P improves the structural integrity and
mucoadhesion of nasal delivery systems, resulting in increased residence
time and therapeutic efficacy [39,40]. The synergistic effect of HA and P
in intranasal formulations maximizes drug delivery by maximising both
viscosity and mucoadhesion, ultimately leading to improved
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Fig. 3. a) The mean diameter of a) L, LH, LD, LHD and b) L, LD, LHa, LHD,, stored at 4 °C for 30 days *p < 0.001 day O vs 10, $p < 0.001 day 10 vs 20, #p < 0.001
day 20 vs 30; ¢) Amount of DMF and MMF (%) in LD, LHD and LHDA measured over 30 days. *p < 0.001 LHD vs LD; #p < 0.001 LHD t0 vs LHDA 7 days and LD 14
days vs LD 21 days and LD 30 days; d) Stress (Pa) needed to detach LPNs, HA and alginate solutions from membrane saturated with artificial nasal mucus (n = 3). (*p
< 0.0001 Alginate vs Blank/L/LH/LD/LHD; #p < 0.0001 Blank vs LH/LHD/HA; §p < 0.0001 LH vs LHD; $ p < 0.0001 HA vs Blank/Alginate/LH/LHD). The results

are reported as mean =+ SD.

Table 4
Total drug of DMF and MMF in LDA, LHD,, LD and LHD dispersion (mean + SD,
n=29).

DMF DMF (%) MMF MMF (%)
pg/mL pg/mL
LDy 1623.2 + 1.5%° 39.8 + 3.9°" 105 + 2.2 2.52 £ 0.01
LHDp 1993.3 + 0.6° 46.5 + 5.1° 106.7 £ 5.3 2.61 +£0.12
LD 2704.1 + 1.7¢ 65.9 + 5.5¢ 117.8 +7.1 2.80 £ 0.15
LHD 2384.2 +£ 4.0 61.7 + 4.9 143.47 £ 19 3.52 +0.49

2 p = < 0.0001 LD, vs LHD,.
b p = < 0.0001 LD, vs LD.
¢ p= < 0.0001 LHD4 vs LHD.
4 p = < 0.0001 LD vs LHD.

pharmacological outcomes in therapeutic applications [16,41].

3.5. Assessment of in vitro permeation of DMF

Fig. 5a shows the concentrations of DMF detected in the acceptor

medium during the in vitro permeation study of LHD and DMF sus-
pensions through synthetic hydrophobic or hydrophilic membranes
chosen to simulate the different structure of the nasal mucosa [22]. The
corresponding concentrations of MMF are reported in Fig. 5b. When
hydrophilic membranes were used, the DMF permeation from LHD was
rapid reaching 516.5 pug/mL (corresponding to about 22 % of DMF
content) within 15 min and a final value of 623.6 pg/mL (26 %) at 180
min. In contrast, using the hydrophobic membranes, the initial con-
centration of DMF from LHD was 249.6 pg/mL (11 %), increasing to
502.1 pg/mL at 180 min (about 21 %). DMF from the suspension
permeated more rapidly through hydrophilic membranes than through
hydrophobic ones in the first 30 min (p < 0.001) (Fig. 5a). As also
observed in the in vitro release studies, DMF underwent degradation in
acceptor medium, as can be seen from the higher concentration of MMF
in the acceptor medium (Fig. 5b): the concentration of MMF was 350.4
pg/mL at 30 min and 413 pg/mL at 240 min when DMF suspension was
tested on hydrophilic membrane. MMF was also detected in the acceptor
media during the test of LHD (from 18.0 pg/mL at 15 min to 72 pg/mL at
180 min using hydrophilic membranes and from 70 pg/mL at 15 min to
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53 pg/mL at 180 min using hydrophobic membranes). These findings the absorption of the active compound into epithelial cells and subse-
suggest that LHD exhibits substantial in vivo affinity for the hydrophilic quent entry into systemic circulation [42]. This dual affinity for hy-
components of the nasal mucosa, particularly the mucus layer covering drophilic and lipophilic environments underscores the potential of LHD
the epithelial surface [22]. This interaction promotes enhanced reten- for effective intranasal delivery of DMF and MMF.

tion and absorption within the nasal cavity, thereby improving drug

delivery. Furthermore, the formulation’s ability to permeate the lipo-

philic membrane of the nasal epithelium is also crucial, as it facilitates
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Fig. 6. a) MMF/DMF molar percentage ratios (%MMF) obtained by the DMF hydrolysis in rat whole blood placed in ice bath. DMF stock solutions were added to rat
whole blood to obtain final concentrations ranging from 10 to 100 pM and incubated just the time necessary to vortex each sample. The data are reported as the mean
=+ S.D. of three independent experiments; b) Degradation profile of 30 pM MMF in rat whole blood at 37 °C. The degradation of MMF follows a pseudo-first-order
kinetic, confirmed by the linearity of the semi-logarithmic plot reported in the inset (n = 5, r = 0.986, p < 0.0001), with a calculated half-life value of 50.97 + 3.03
min. All data are reported as the mean + S.E.M. of three independent experiments.
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3.6. Stability of DMF and MMF in rat whole blood

DMF was completely degraded within a few seconds after its addition
to the rat whole blood, even when the biological sample had been pre-
cooled in an ice bath. This result indicates that DMF displays an
extremely high tendency to undergo hydrolysis in rat whole blood.
Consequently, after the extraction procedures (section 2.9.1), the HPLC
analysis revealed a complete absence of DMF and confirmed its hydro-
lysis to MMF.

The MMF/DMF molar percentage ratio detected in the samples
extracted from rat blood decreased as the amount of DMF spiked into the
blood increased, as reported in Fig. 6a. In particular, DMF concentra-
tions in rat whole blood ranging from 10 uM to 100 pM resulted in MME/
DMF molar percentage ratios ranging from 100 = 5 % to 37 + 4 %.
These data suggest that, when present at relatively high concentrations,
DMF is not only hydrolysed to MMF but also degraded through other
metabolic pathways.

The results reported in Fig. 6a are in good agreement with literature
data indicating the high chemical reactivity of the ester groups in DMF,
which hydrolyse either spontaneously or by esterases, to form MMF.
Moreover, fumaric acid, citric acid and glutathione-adducts are also
recognised as products of DMF metabolism in peripheral blood [43,44].
It is worth noting that the DMF half-life in human whole blood at 37 °Cis
approximatively 6 min [33], indicating that the DMF degradation rate is
slower in human than in rat whole blood. This could be due to the fact
that the esterase activities are reported to be faster in rodents than in
humans [45-48]. Despite these differences, it is relevant to note that
after oral administration, either in rats or in humans, DMF is readily
hydrolysed to MMF and, consequently, no measurable plasma concen-
trations of DMF are present, while significant MMF concentrations are
detected [49-51]. These data indicate that DMF may be totally metab-
olized, identifying MMF as the main active metabolite responsible for
the in vivo therapeutic effects following the oral administration of DMF
[43,50].

Based on the results reported in Fig. 6a, the in vitro stability of MMF
in rat whole blood was also assessed by incubating MMF (30 pM) in rat
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whole blood (37 °C). As reported in Fig. 6b, under these experimental
conditions, MMF was degraded over time following a pseudo-first order
kinetic, confirmed by the linearity of the semi-logarithmic plot reported
in the inset (n =5, r = 0.986, P < 0.0001), with a half-life value (t;,2) =
50.97 + 3.03 min.

The MMF t;,, in rat whole blood indicates that more than 4 h are
required to completely degraded the compound. Therefore, in rat whole
blood, the stability of MMF at 37 °C was significantly higher than that of
DMF at 0 °C. This result is in agreement with literature data reporting
that DMF is more susceptible than MMF to hydrolysis and the formation
of glutathione adducts [43,52].

3.7. Intravenous administration of DMF and MMF

In vivo studies were performed to evaluate the pharmacokinetics of
MMF following the intravenous administration of the compound or
DMF. For this purpose, equivalent molar amounts of MMF and DMF (2.8
pmoles; i.e. 0.36 mg and 0.40 mg, respectively, corresponding to a 1.8
mg/kg MMF dose and 2 mg/kg DMF dose) were intravenously infused
into the rat femoral vein. Fig. 7 shows the rat plasma MMF
concentration-time curves following the intravenous infusion of MMF
(Fig. 7a) or DMF (Fig. 7b). In particular, at the end of MMF infusion, its
concentration in the bloodstream was 52.1 + 3.3 pg/mL and decreased
over time according to a pseudo first order kinetic confirmed by the
linearity of the plot (n = 8, r = 0.997, P < 0.0001) shown in the inset of
Fig. 7a. The in vivo t; / of MMF in the rat bloodstream was calculated as
16.20 + 0.05 min, a value corresponding to about one-third of the t; /5
value obtained in vitro in rat whole blood (50.97 + 3.03 min, Fig. 6b).
Therefore, the degradation by rat blood enzymes plays a significant role
in the in vivo elimination processes of MMF. It is interesting to note that
the direct administration of a DMF (20 mg/kg in solution) in the rat
small intestine led to detect a plasma MMF concentration of about 55

g/mL [51]. As reported in Fig. 7a, MMF concentration close to 55
pg/mL was obtained in the present study after the intravenous infusion
of a molar amount of MMF equivalent to 2 mg/kg of DMF. Overall, these
data suggest that only a relatively small portion (not higher than 10 %)
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Fig. 7. a) MMF elimination profile after 0.36 mg (1.8 mg/kg) intravenous infusion to rats. The linearity of the semilogarithmic plot reported in the inset (n =8, r =
0.997, P < 0.0001) confirms the apparent first order kinetic of the MMF elimination from the rat bloodstream. The MMF half-life was calculated to be 16.20 + 0.05
min. b) MMF elimination profile after the intravenous infusion of 0.40 mg (2.0 mg/kg) of DMF. The linearity of the semilogarithmic plot reported in the inset (n = 5,
r = 0.997, P < 0.001) confirms the apparent first order kinetic of the MMF elimination from the rat bloodstream. The MMF half-life was calculated to be 13.99 +
0.05 min. Both the MMF and DMF doses administered correspond to 2.8 fmoles of compound. All data are reported as the mean + S.E.M. of four independent

experiments.
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of DMF administered in the rat small intestine may reach the blood-
stream in the form of its MMF metabolite.

As expected, after the intravenous administration of 2 mg/kg DMF to
rats, no measurable plasma concentrations of DMF were detected in
plasma already at the first sampling time point (10 min post-dose). This
result appears in good agreement with the complete degradation of this
compound in rat blood at 4 °C within few seconds (section 3.6). On the
other hand, the intravenous administration of DMF (2 mg/kg) allowed
to detect its metabolite MMF (Fig. 7b). The amounts of MMF obtained in
vivo from DMF were relatively low, in comparison to those obtained by
the MMF intravenous administration. Indeed, at the end of the DMF
infusion, the MMF concentration in the rat bloodstream was 3.2 4+ 0.2
pg/mL; this concentration decreased over time according to a pseudo-
first-order kinetic confirmed by the linearity of the plot (n = 5, r =
0.997, P < 0.001) reported in the inset of Fig. 7b. The in vivo half-life
(t12) of MMF was calculated as 13.99 + 0.05 min, a value very
similar to that obtained by the direct intravenous administration of
MMF. The AUC values calculated from the plasma MMF concentration-
time curves (Fig. 7a and b) were 1653 + 40 pg~min~mL_1 (intravenous
administration of 2.8 pmoles of MMF) and 74.7 + 3.4 pg-min-mL~!
(intravenous administration of 2.8 pmoles of DMF). These values indi-
cate that despite the instantaneous degradation of DMF after its intra-
venous administration, only a small fraction (4.52 % of the total amount
administered in the bloodstream) of its hydrolysis product MMF is
detected in vivo. Similar results were observed following the oral
administration of DMF to humans. Indeed, it was recently reported that
after the oral administration of a 240 mg dose of DMF (about 3 mg/kg),
only a 5.5 % fraction of MMF was detected in the bloodstream [44];
under the same experimental conditions, the MMF profile showed Cpax
values of approximately 1 pg/mL [50].

In the present study, the concentrations of MMF in rat CSF following
the intravenous administration of MMF and DMF (2.8 pmoles; i.e., 0.36
mg and 0.40 mg, respectively, corresponding to a 1.8 mg/kg MMF dose
and 2 mg/kg DMF dose), were also measured. As shown in Fig. 8, 10 min
after the end of MMF infusion, the compound concentration in CSF was
1.75 £ 0.27 pg/mL and then it decreased to zero within 60 min. This
result is in agreement with literature data indicating that a DMF oral
dose of 100 mg/kg administered to rats allows to detect MMF in their
brain [53]. On the other hand, MMF was undetectable after the intra-
venous administration of 2 mg/kg DMF, consistent with the low
amounts of MMF found in the bloodstream under these experimental
conditions.

It is worth noting that the potential ability of MMF to induce direct
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Fig. 8. MMF profile in the CSF of rats after the intravenous administration of
0.36 mg (1.8 mg/kg). The data are reported as the mean + S.E.M. of four in-
dependent experiments.
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CNS therapeutic effects against MS remains an open question. Based on
the obtained data, and considering that the oral doses of MMF or DMF in
humans (about 200 mg; i.e., approximately 3 mg/kg) result in MMF Cpax
values of about 1 pg/mL in the bloodstream [50], it seems unlikely that
such doses are sufficient to achieve significant MMF brain targeting.

To the best of our knowledge, this is the first study investigating the
in vitro stability of MMF in whole blood, as well as its in vivo pharma-
cokinetics following the intravenous administration of DMF.

3.8. Nasal administration of DMF encapsulated in LHD samples

Based on the above results, an LHD nasal formulation was prepared
to evaluate its potential ability to target DMF in the CNS.

After the nasal administration of 1 mg/kg of DMF (0.20 mg; LHD) to
rats, neither the drug nor its active metabolite MMF was detected in the
bloodstream over a period of 3 h. On the other hand, significant amounts
of DMF were quantified in the rat CSF, as shown in Fig. 9. In particular, a
Cmax Value of 14.4 + 0.1 pg/mL was detected 30 min (tpay) after the end
of DMF intravenous administration, after which its concentration
decreased to zero within 2 h. Moreover, relatively small amounts of
MMF were also detected in the CSF of rats, with concentration values of
about 0.15 pg/mL between 20 and 40 min after the administration and
decreasing to zero within 90 min from the end of nasal administration.
These results indicate that the nasal administration of the LHD formu-
lation allows the DMF brain targeting via a nose-to-brain pathway. The
absence of both MMF and DMF in the bloodstream following the LHD
nasal administration suggests a selective brain targeting of DMF, with
respect to the peripheral compartment of the body. The small amounts
of MMF detected in the CSF of rats can be attributed to DMF hydrolysis
in the LHD formulation. After the LHD nasal administration, the MMF
derived by DMF hydrolysis also appears to be able to reach the CNS.

As a point of comparison, the nasal administration to rats of free DMF
as water suspension did not result in the detection of any amounts of the
drug or MMF in either the bloodstream or the CSF, indicating the suit-
ability of the LHD nasal formulation for achieving DMF brain targeting.
The time required by DMF to reach its Cp,ax values in the CSF of rats after
the LHD nasal administration suggests that this formulation induces a
direct permeation of the drug in CSF across the olfactory mucosa
[54-56]. Considering the different pathways proposed to explain the
nose-to-brain transport of drugs [36], it can be hypothesized that both
extracellular and intracellular pathways are involved in the direct
transport of DMF from the nasal mucosa to the CNS. The extracellular
pathway is supported by correlating in vivo results with in vitro release
and permeation studies. Release studies of DMF from the LHD (Fig. 4)
indicate that approximately 30 % of the drug is released within 30 min.
This information suggests that the nasal administration of the LHD
formulation may allow the free form of DMF to be present in the CSF,
which could potentially induce therapeutic effects. The movement of
LHD nanoparticles in the CSF of rats seems unlikely, considering that
polymeric nanoparticles of about 200 nm in size can cross extracellu-
larly the nasal mucosa only in the presence of absorption promoters,
such as chitosan, which are capable of transiently opening the mucosal
tight junctions [57,58]. No component of the LHD formulation appears
to have this promoting effect; conversely, it has been demonstrated that
P does not irritate the mucosal membranes [39], and HA contributes to
stabilizing the integrity of the nasal epithelium [59,60]. On the other
hand, the intracellular pathway can be directly supported by previous
results. In particular, in vitro cell studies on similar hyaluronic
acid-coated hybrid nanoparticles demonstrated rapid cellular uptake
(from 15 min to 1 h) in both epithelial (RPMI 2650) and neuronal
(SK-N-BE2) cell lines [16]. Considering this phenomenon, it appears
therefore plausible that the intracellular pathway may contribute to the
amount of DMF reaching the CSF, after LHD nasal administration.

Very interestingly, the data reported in Fig. 9 indicate that DMF
exhibits great stability at the central level, compared to the bloodstream.
Indeed, after a single nasal dose, it takes 2 h for DMF to be completely
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Fig. 9. DMF profile in the CSF of rats after the nasal administration of 0.20 mg (1 mg/kg) encapsulated in the LHD sample. The inset reports the MMF profile
obtained by the same nasal administration of DMF. All data are reported as the mean + S.E.M. of four independent experiments.

eliminated from the CSF of rats, whereas in the bloodstream, it is
eliminated almost instantly.

The DMF amounts detected in the rat CSF after nasal administration
appear relatively high (the Cpx value is about 15 pg/mL) suggesting
that low volumes of the LHD might be sufficient to achieve therapeutic
effects at the central level. In this context, it is worth noting that after the
oral administration of DMF therapeutic dosages (about 3 mg/kg), the
MMF Cpax value in the bloodstream was about 1 pg/mL [50].

The above results are particularly relevant as in vitro studies have
indicated that DMF is a more potent immune modulator than MMF,
capable of reducing the production of pro-inflammatory cytokines [61];
DMF is known to act as a cell protector against oxidative stress by
increasing the expression of various antioxidant proteins [62]. Unlike
MMF, which does not readily diffuse across plasma membranes due to its
negative charge (requiring membrane receptors to produce intracellular
effects), DMF readily crosses the cellular membranes and reacts with
many intracellular targets [61]. These aspects suggest that LHD, by
allowing the brain targeting of DMF and bypassing the bloodstream,
may offer new therapeutic perspectives for the use of this drug in MS
management.

4. Conclusion

For the delivery and stabilisation of DMF, the simultaneous presence
of both lipid and polymeric components, leading to the formation of
hybrid nanoparticles, is crucial. The incorporation of hyaluronic acid
into lipid-polymer hybrid nanoparticles containing DMF (LHD) signifi-
cantly improved their physicochemical properties, including particle
size, mucoadhesion and viscosity, all of which are essential for effective
intranasal drug delivery systems. LHD controlled the release and
permeation of DMF in vitro, protecting it from degradation; a small
amount of MMF was also present. DMF underwent rapid degradation in
both the simulated biological fluid and rat whole blood. Following
intranasal administration to rats, LHD enabled direct and selective nose-
to-brain transport of DMF in therapeutic dosages, without systemic
exposure. These findings provide a deeper understanding of the phar-
macokinetics of DMF and open new perspectives for its administration in
the treatment of multiple sclerosis, with the potential to address clinical
challenges. It can be considered that the clinical benefits of oral DMF are
generally attributed to its metabolite MMF; however, in vitro studies
suggest that DMF itself exerts stronger immunomodulatory and neuro-
protective effects than MMF. Innovative pharmaceutical formulations
designed to enhance DMF delivery directly to the brain may therefore
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open new avenues to improve therapeutic efficacy in MS. Nevertheless,
the exact mechanisms of action of both DMF and MMF, particularly
within the CNS, remain incompletely understood. Achieving selective
CNS delivery could help disentangle their respective neuroinflammatory
and neuroprotective effects, potentially leading to the identification of
central targets involved in MS pathogenesis and progression, as well as
to the development of novel mechanistic hypotheses and therapeutic
strategies.
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