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Purpose: Dimethyl fumarate (DMF), the first-line oral therapy for relapsing-remitting multiple sclerosis, is rapidly metabolized into 
monomethyl fumarate. The DMF oral administration provokes gastrointestinal discomfort causing treatment withdrawal. The present 
study aimed to develop an innovative formulation for DMF nasal administration. Lipid-polymer hybrid nanoparticles (LPNs) were 
developed to improve DMF stability, limiting gastrointestinal side effects and increasing brain bioavailability by nose-to-brain 
targeting application.
Methods: DMF-loaded and unloaded LPNs with or without hyaluronic acid (HA) were prepared using the nanoprecipitation via 
magnetic/mechanical stirring technique. Particle morphology and surface properties were evaluated; drug content, viscosity, and 
mucoadhesion were determined. Physico-chemical stability of LPNs and DMF in the LPNs was also explored. In vitro DMF 
permeation experiments were performed utilizing the PermeaPad®. The cytotoxicity and cellular uptake studies were performed 
using RPMI 2650 and SK-N-BE2 cell lines. DMF nose-to–brain delivery was evaluated by intranasally administering DMF-loaded 
LPNs to rats.
Results: LPNs with average sizes of 120–250 nm and a negative zeta potential −17.3 to −43 mV were obtained, primarily influenced 
by the presence of HA. HA assured drug stability up to 60 days and promoting the in vitro permeation of DMF compared to the free- 
DMF. HA greatly improved the viscosity and mucoadhesive properties. LPNs with and without HA did not exhibit any cytotoxicity 
and showed a rapid cell uptake starting from 15 min to 2 h with a best internalization after 1 h of treatment in both epithelial and 
neuronal cell lines. Nasal administration of DMF-loaded LPNs allowed to quantify up to about 12 μg/mL of DMF in the rat 
cerebrospinal fluid.
Conclusion: The results highlight the role of HA in improving LPNs properties and performance as carrier of DMF for nasal 
administration. In particular, LPNs appear able to enter neurons and monolayers of epithelial cells, allowing to promote the nose-to- 
brain DMF delivery.
Keywords: hyaluronic acid, lipid and polymeric nanoparticles, nasal administration, nose-to-brain delivery, dimethyl fumarate, cell 
uptake

Introduction
Multiple sclerosis (MS) is a neurodegenerative disorder which affects the central nervous system (CNS). It is character-
ized by autoimmune-mediated demyelination of axons.1 The disease is typically classified into four phenotypes: 
relapsing-remitting MS (RRMS), primary progressive MS, secondary progressive MS (SPMS), and progressive relapsing 
MS.2 The etiology of MS is multifactorial, likely involving both genetic susceptibility and environmental factors, such as 
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viral infections and vitamin D deficiency, which contribute to its pathogenesis.3,4 Dimethyl fumarate (DMF) (commercial 
product Tecfidera®) is a prodrug, which is currently approved by both the FDA and the EMA as a first-line oral therapy 
for relapsing-remitting MS (RRMS).1 After oral administration of Tecfidera®, DMF is quickly metabolized by esterase 
enzymes into its active metabolite, monomethyl fumarate (MMF).5,6 The DMF is associated with a favorable safety 
profile; however, it may induce certain adverse reactions. The most prevalent side effects include gastrointestinal 
complaints and abdominal pain, typically observed within the first year of treatment. Notably, gastrointestinal disorders 
have been reported in 43% of patients, along with flushing and lymphopenia, leading to treatment discontinuation within 
the first three months.7 A significant concern is the development of lymphopenia, which can vary from moderate to 
severe and, if prolonged, may result in multifocal leukoencephalopathy. Furthermore, DMF treatment alters various 
immune cell populations. Numerous clinical studies have been conducted to identify individuals at elevated risk and to 
establish novel strategies aimed at minimizing the occurrence of immune-related adverse reactions.8 Therefore, improv-
ing the stability and bioavailability of DMF is crucial, and strategies employing nanocarrier systems or alternative 
administration routes present promising solutions. Recent studies have highlighted that innovative formulations such as 
solid lipid nanoparticles (LNs), nanostructured lipid carriers, and polymeric nanoparticles (NPs)9–11 can enhance DMF 
uptake in the brain.12,13 The intranasal (IN) route emerges as a potential strategy, offering the advantages of mitigating 
gastrointestinal side effects and enhancing patient adherence, thus providing a more tolerable and effective treatment 
option.14 This route allows for rapid drug action, avoids first-pass metabolism, and enables direct brain delivery.15 The 
nasal mucosa’s high permeability, through both intracellular and paracellular pathways, facilitates direct drug transport to 
the brain,14–16 with the olfactory and trigeminal nerves providing direct access to brain tissue.17 It has been shown that 
nanoparticles, which range in size from 100 to 700 nm, can be internalized by the cell of the nasal epithelium.18

In this work, lipid-polymer hybrid nanoparticles (LPNs) have been developed as DMF carriers for IN administration; 
LPNs merge the advantages of lipids with the ones of hydrophilic polymers. NPs, indeed, are highly valued for their 
robust structural integrity, stability during storage, and controlled release capabilities, especially for poorly soluble 
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lipophilic compounds belonging to BCS class II/IV.19 LNs have superior biocompatibility and have long been regarded as 
optimal drug delivery vehicles.20,21 They present significant limitations due to their rapid clearance by the reticuloen-
dothelial system (RES). Additionally, when the drugs are loaded into LNs, their bioavailability is often jeopardized due 
to high binding affinity to the lipid matrix or stabilizing agents within the formulation, which can hinder the release of the 
drug. In some cases, polyethylene glycol has been successfully used in liposomal formulations to reduce RES clearance, 
thereby enhancing bioavailability.22,23 This approach was also successful for LNs.24 Lipid-polymer hybrid nanoparticles 
have shown improved physical stability and great biocompatibility, attributed to their distinctive two-part structure.25 

Building on this promising finding, the purpose of this research was to develop new lipid-polymer hybrid nanoparticles 
(LPNs) with or without hyaluronic acid (HA) containing DMF suited for IN administration. These were produced by 
nanoprecipitation magnetic/mechanical stirring technique using phosphatidylcholine (CP), palmitoylethanolamide (PEA), 
cholesterol (Chol), poloxamers (P), and optionally hyaluronic acid (HA), with selected concentration. PEA is an 
endogenous fatty acid mediator synthesized from membrane phospholipids by N–acyl phosphatidylethanolamine phos-
pholipase Lorìa et al demonstrated the effects of PEA on animals suffering from multiple sclerosis (MS). Their results 
suggest that PEA due to the anti-inflammatory effects may effectively combat neurodegeneration, demyelination, 
inflammation, and autoimmune reactions in animal models of MS.26

HA, a naturally occurring anionic polysaccharide, has attracted significant research attention for anti-inflammatory 
/antitumor-targeted delivery since it is biocompatible and non-immunogenic and can specifically bind CD44 and 
RHAMM receptors, which are overexpressed in many forms of inflammations and cancer.27–29 A recent work by 
Vasvani et al demonstrated the efficacy of HA for widespread applications in drug delivery, the ability to enhance 
drug penetration and prolonged formulation retention time due to mucoadhesive properties.30,31 The combination of PEA 
and HA in the formulation is very attractive for IN administration because of the characteristics described. Poloxamer, an 
amphiphilic copolymer of poly(propylene oxide) (PPO) and poly(ethylene oxide) (PEO) blocks, was selected for its 
membrane interaction, repair properties, biocompatibility, and mucoadhesive characteristics.26 It also binds hyaluronic 
acid (HA) chains to create a cross-linked system, elevating strength and drug-loading capacity.27,28

The present study focused on characterizing the physicochemical properties of the LPNs, including size, surface 
charge, drug content in dispersions, morphology, viscosity, and mucoadhesion to evaluate their suitability as IN delivery 
system. We conducted thermal analyses utilizing differential scanning calorimetry (DSC) to explore the interactions 
between lipids, polymers and DMF. The physical stability of the formulations by monitoring size trends at 4°C and the 
chemical stability of DMF, loaded in LPNs at 4°C were evaluated. To investigate the efficacy of formulation to enhance 
DMF permeation, studies were performed using PermeaPad® barriers set in phosphate buffer solutions as the acceptor 
medium, with the permeated DMF was quantified via spectrophotometric assay. In addition, cytotoxicity was assessed 
in vitro, and cellular uptake of LPNs was investigated using RPMI 2650 and SK-N-BE(2). RPMI 2650 are cells derived 
from squamous cell carcinoma of the human nasal septum that are widely used for nasal drug delivery studies.32 SK- 
N-BE(2) are human neuroblastoma cells with neuronal morphology that are commonly used as models for research in 
neuroscience.33 Finally, preliminary experiments were designed to evaluate in vivo the rat nose-to–brain delivery of 
DMF, following the nasal administration of the LPNs.

Materials and Methods
Materials
Dimethyl fumarate (purity 97%) (DMF), Poloxamer F407 (P) (Poly (ethylene glycol)-block-poly (propylene glycol)- 
block poly (ethylene glycol) mucin (mucin from pig stomach type II) and Nile Red (NR) were purchased by Sigma- 
Aldrich from Merck (Milan, Italy). Alginate (Protanal LF 120 LS, FMC Corporation) was obtained by FM ByoPolymer 
(Bergamo, Italia). Palmitoylethanolamide 95% (PEA) and Cholesterol (Chol) was obtained by WVR (Milan, Italy). 
Lipoid S 100 was gifted by Lipoid GmbH (Ludwigshafen, Germany) (CP) and Hyaluronic acid sodium salt (HA) with 
a molecular weight of 799.74 kDa by BioChemical Fluka. Acetonitrile, Ethanol, basic sodium phosphate (Na2HPO4), 
sodium chloride (NaCl) and potassium chloride (KCl) were obtained by Sigma-Aldrich (Milan, Italy). The pure water 
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was prepared by a MilliQ R4 system (Millipore, Milan, Italy). Male Sprague-Dawley rats (200–250 g) were purchased 
from Charles River laboratories (Calco, Italy).

Cell Culture
All the culture media and supplements were purchased from Euroclone (Euroclone SpA, Pero (MI), Italy). Human 
neuroblastoma cell line, SK-N-BE(2) (SK) were purchased from the American Type Culture Collection (CRL-2271, 
ATCC, Manassas, Virginia, USA). Human nasal septum carcinoma RPMI 2650 (RPMI) were purchased from the 
American Type Culture Collection (ATCC CCL-30) by Dr Tonazzini (Nanoscience Institute-CNR, Italy) and send to 
our lab after signing a Transfer Agreement. Cell lines were maintained at 37°C in a 5% CO2 humidified incubator in 
either RPMI-1640 medium (SK) or MEM Medium (RPMI) with 10% fetal bovine serum (FBS), glutamine (2 mm), 
sodium pyruvate and antibiotics (0.02 IU/mL penicillin and 0.02 mg/mL streptomycin). All cell lines cells were routinary 
screened for absence of mycoplasm.

Preparation of LPNs
Unloaded and DMF-loaded LPNs were prepared using a nanoprecipitation magnetic/mechanical stirring method by using 
the syringe pump (KDS 100 legacy syringe pump-230V, series 100, by Sigma-Aldrich, Milan, Italy). Briefly, weighted 
amounts of CP, PEA, Chol and P in the weight ratio 3:1:2:2 were dissolved in 5 mL of ethanol (organic phase, O) by 
stirring for 45 min to 50°C. The organic phase (O) was forced through the needle of a syringe (inner diameter: 11.99 mm) 
at 333.3 μL/min flow rate34 and dropwise into 10 mL of an aqueous phase (W) containing P with or without HA, under 
magnetic stirring. DMF was added to the organic phase to prepare loaded LPNs. The composition and acronyms of the 
various LNPs were shown in Table 1.

Obtained LPNs were stirred for 5 h until the complete ethanol evaporation, then, filtered by regenerated cellulose 
syringe filter (pore size: 0.45 μm, filter size: 25 mm, AlfaTech, Genova, Italy) and stored at 4°C. The reproducibility of 
the preparation method was assessed working in triplicate. LPNs were used to obtain the nanoparticle dispersion.

Characterization of LPNs
Particle Size, Polydispersity Index, and Zeta Potential
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 (0.22 µm pore size, 
polycarbonate filters, MF-Millipore, Microglass Heim, Italy) and analyzed with the detector at 90°. The polydispersity 
index (PDI) was used to evaluate the particle size distribution.

Zeta potential (ZP) was measured with a Zetasizer Nano ZS (Malvern Instruments, Malvern, UK) on a 100 µL of 
LPNs suspended in Milli-Q water at room temperature.

The results were expressed as mean ± standard deviation (SD) of three measures (n = 3).

Table 1 Composition (mg) and Acronyms of the Different 
LPNs

Acronym O (mg) W (mg)

CP PEA Chol P DMF HA P

LP 200 100 150 150 – – 0.05

LPD 200 100 150 150 40 – 0.05

LPH 200 100 150 150 30 0.05

LPHD 200 100 150 150 40 30 0.05
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Particle Size Stability
The physical stability of LPNs was studied in terms of the trend of the mean hydrodynamic diameter when stored for 30 
days at 4°C. The results are average values obtained from at least three independent measurements.

Morphology
Particle morphology was studied via transmission electron microscopy (TEM, FEI Tecnai G12 Spirit Twin, Eindhoven, 
The Netherlands), equipped with a LaB 6 source and a FEI Eagle 4k CCD camera. The voltage acceleration was set at 
120 kV. The sample was prepared by collecting 100 μL of ultra-dilute LPNs with different composition (eg, LPH, LPHD, 
LP or LPD) in water onto copper TEM grids (300 meshes, 3 mm diameter).

Thermal Properties
The heat exchanged in the phase transitions was determined by a differential scanning calorimeter (DSC) (Discovery 
DSC, TA Instruments, Delaware, USA), by a ramp from −20°C to 250°C, with a heating rate of 10°C/min. Tests were 
conducted for different LPNs, starting from highly concentrated particle dispersion, gently dried overnight under hood to 
remove liquids in excess, until a powder sample (1.5–2 mg in weight) is obtained. Tests were preliminary assessed also 
on single components – ie, PEA, Chol, P, HA and DMF – used as controls to verify, case by case, the presence in the 
LPNs.

Viscosity Determination
The LPNs viscosity behavior was determined in a rotational viscosimeter (Alpha-L, Fungilab, Barcelona, Spain) using 
the “spindles L1 and L2” at constant rotation speed of 100 rpm at 37°C. Indeed, measurements were made on 20 mL of 
the LPNs and HA solution (3 mg/mL) as comparison. The results were expressed as mean ± standard deviation (SD) of 
three measures (n = 3).

In vitro Mucoadhesion Test
The in vitro mucoadhesive strength was evaluated using a regenerated cellulose membrane by a modified precision 
balance.35 The test was conducted as previously reported by Lombardo et al substituting the pig nasal mucosa with the 
synthetic membrane.36 The membrane (diameter = 1.5 cm) was wetted, to simulate the nasal mucosa, with artificial nasal 
mucus.36 LPNs (100 µL) were tested. Further, HA solution (100 µL, 3 mg/mL, viscosity of 238 ± 1.8 cP) was analyzed 
as comparison; sodium alginate solution (100 µL, 3 mg/mL, viscosity of 9.6 ± 0.4 cP), was tested as the positive control. 
The mucoadhesive properties were expressed as stress measurement (Pa, mean ± SD, n = 5).

Drug Content Determination and Time Stability
The total drug in LPHD and LPD was measured after preparation, and the DMF chemical stability for 30 days at 
4°C was assessed. Samples were analyzed at each predetermined time point (0, 7, 14, 23, 30 days). Briefly, 100 μL 
of LPHD or LPD was mixed with 9.90 mL of acetonitrile and gently stirred for 30 min at room temperature and 
sonicated for 2 min at 35 hz to dissolve the particles so that all the DMF could be dissolved in the medium.37 The 
obtained solution was analyzed by HPLC, consisting of two ProStar 210 pumps, a ProStar 410 autosampler and 
a DAD Varian 330 detector (Palo Alto, CA, USA). The chromatographic separation was performed on Hypersil C18, 
150 mm × 4.6 mm, 5 μm of particle size (Thermo Fisher Scientific Milan, Italy), preceded by (2 cm × 4.0, 5 mm) 
guard column. The mobile phase consisted of filtered water (0.22 μm nylon membrane filter and pH adjusted to 2.6 
using phosphoric acid), and methanol (50:50, v/v) isocratically eluted at a 1.5 mL/min flow rate at room tempera-
ture. The injection volume was 10 μL, and the analysis time was 4 min per sample. Peak areas were measured at 
210 nm. Concentrations of the analyte were calculated by standard curve interpolation. The linearity of the response 
was 10–500 μg/mL concentration range (y = 195550x + 1141197, R2 = 0.999). The total drug in LPHD and LPD 
was calculated and reported as percentage. Drug content (DC%), as percentage, was calculated by using the 
following Equation 1.38
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In vitro Permeation Study
In vitro permeation studies were performed utilizing high-through put 96-well PermeaPad® plate (InnoMe GmbH, 
Espelkamp, Germany).39 The PermeaPad® represents a rapid, yet precise, and efficient approach to investigate drug 
permeability of enabling formulations.40 It consists of two regenerated cellulose membranes enclosing a layer of dry 
phospholipids between them, having a thickness of approximately 0.10 mm. Once hydrated, this barrier forms 
a liposomal gel that, in structure and composition, reassembles a cellular monolayer and accounts for paracellular 
drug transport. A mixture of PBS pH 7.4 (v/v) was used as the acceptor solution (400 µL).34 The donor (200 µL) 
compartments were filled using DMF solubilized in PBS (0.15 mg/mL) and LPD and LPHD. After filling both the 
acceptor and donor compartments, the plates were incubated in an orbital shaker–incubator (ES-20, Biosan, Riga, Latvia, 
LV) at 25°C and 200 rpm for 5 h, respectively. In the experimental setup, samples were assessed both in the presence and 
absence of mucin 5% (w/v). Precisely, 20 µL of purified mucin dispersion was deposited onto the surface of a PermeaPad-
® barrier. This was followed by an equilibration period, during which the plate was subjected to orbital shaking at 
100 rpm for 10 min to facilitate uniform distribution of the mucin. Subsequently, the plate was stored at refrigeration 
temperatures overnight to promote the solidification of the mucin layer. Samples (100 µL) were taken from the acceptor 
after incubation for 5 h. Three replicates were assessed for each sample. Assuming neglectable lag-time and steady state 
conditions, the Papp (apparent permeability, cm/sec) of the investigated drugs was calculated by Equation 2.

where Q is the accumulated mass, t is the time and S is the permeation surface (0.13 cm2). For some selected 
experiments, sampling was performed at 1 h interval times for 5 h.39

For DMF quantification, the samples were directly transferred upon withdrawal to a UV-transparent 96-well micro-
liter plate (Corning Inc., Kennebunk, ME, USA), and the absorbance was measured at λ = 253 nm on a microplate 
spectrophotometer (SpectraMax 190, Molecular Devices Inc., Sunnyvale, CA, USA). Standard solutions (concentration 
range: 1–0.025 mg/mL) were measured on the same plate, and blank absorption (PBS 7.4 v/v) was deducted from all 
measurements’ UV-Vis spectra.

Cytotoxicity Assay
To detect the safer concentration of LP and LPH, cells were plated in 96-well plates. SK were seeded at 9.5 × 103 cells/ 
well while RPMI at 1.5 × 104 cells/well. The day after, cells were treated with different concentrations of LP or LPH 
diluted in culture medium. For each cell line, both formulations were tested at 10, 30 and 50 µg/mL concentrations for 24 
and 48 h. Untreated cells were used as control. Subsequently, cells were collected and counted with Trypan Blue solution 
(Sigma-Aldrich, St. Louis, MI, USA). Cell viability was also evaluated by MTT assay (Thiazolyl Blue Tetrazolium 
Bromide; Sigma-Aldrich, St. Louis, MI, USA) according to the manufacturers’ instructions. For the MTT assay, the 
absorbance was recorded on a microplate reader at a wavelength of 570 nm (VICTOR Multilabel Plate Reader; 
PerkinElmer, Inc., Waltham, MA, USA). All experiments were performed in biological triplicate.

Cellular Uptake by Fluorescence Microscopy
Fluorescent LPNs (F-LP and F-LPH) were prepared by adding 1 mg/mL of the fluorescent Nile Red (NR) (Merck 
KGaA, Darmstadt, Germany) to the organic phase containing CP/PEA/Chol and P, with or without HA. NR was 
chosen since it is fluorescent only in a hydrophobic environment with an intensity related to the hydrophobicity of the 
solution.34 The recovered nanoparticle dispersion was centrifuged and washed three times to remove non- 
encapsulated NR (10,000 rpm, 10 min). Briefly, to evaluate the cellular uptake of LP and LPH, 1.5 × 104 RPMI 
cells were seeded on 96-well plates and 16 h after seeding were treated with 10 µg/mL of F-LP and F-LPH. The 
particles were incubated with cells for various timespans, ranging from 15 min to 3 h. Untreated cells were used as 
control. After treatments, cells were washed with 1× PBS (Microgem, Naples Italy) and then fixed with 4% 
paraformaldehyde for 10 min at room temperature. Then, cells were rinsed six times with PBS and permeabilized 
with 0.1% Triton X 100 (Merck KGaA) for 10 min at room temperature. After three washes in PBS, cells were stained 
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with phalloidin conjugated to Alexa Fluor 488 (Invitrogen, Waltham, MA, USA) to stain F-actin. The phalloidin was 
diluted 1:200 in 0.1% Triton X-100 and 1% BSA and incubated 1 h at room temperature in the dark. Cells were rinsed 
again three times with PBS and nuclei were counterstained with DAPI diluted 1:100 (Invitrogen, Waltham, MA, 
USA), for 5 min at room temperature in the dark. After choosing the best time for internalization, this time treatment 
was used to perform the experiments in SK and RPMI cells. Cells were seeded on 96-well plates at concentration of 
1.5 × 104 for both cell lines; 16 h after seeding, cell lines were treated with 10 µg/mL of F-LP and F-LPH for 1 h and 
stained as above. Microscopy image acquisition was performed using a fluorescence microscope, and fluorescence 
was quantified with Leica Application Suite X software (Leica, Milan, Italy). All experiments were performed in 
biological triplicate. Quantification of the F-LP and F-LPH fluorescence into cells was performed using ImageJ 
(https://imagej.net/ij/).

In vivo Nasal Administration of DMF-Loaded LPNs
Preliminary experiments were performed in rats to evaluate the possible nose-to-brain of DMF after the nasal admin-
istration of DMF-loaded LPNs. To this aim, DMF was administered via intranasal route at a dose of 1 mg/kg (about 
0.2 mg/rat) as loaded in LPHD formulation to a group (n = 4) of male Sprague-Dawley rats fasted for 24 h, anesthetized, 
and laid on their back. Specifically, rats received in each nostril 50 µL of the LPHD formulation (DMF content 2 mg/ 
mL). The nasal administration was performed using a semiautomatic pipet attached to a short polyethylene tubing. The 
tubing was inserted approximately 0.6–0.7 cm into each nostril. After the administration, cerebrospinal fluid (CSF) 
samples (50 µL) were serially collected at fixed time points from each rat by using the cisternal puncture method 
described by van den Berg et al.41 In particular, a single needle stick, which allowed the collection of serials CSF samples 
that are virtually blood-free, was used for this procedure,42 collecting a maximum total volume of about 100 μL of CSF 
for each rat (ie three 30 μL samples/rat) during the pharmacokinetic experiments, choosing the time points to allow the 
restoring of the CSF physiological volume.

The CSF samples (10 μL) were immediately analyzed via HPLC for DMF quantification. The chromatographic 
apparatus was composed of a modular system (model LC-40D) pump and DAD detector (model SPD-M40, Shimadzu, 
Kyoto, Japan), including an injection valve with a 20 μL sample loop (model 7725; Rheodyne, IDEX, Torrance, CA, 
USA). Separations were performed at room temperature on a 5 μm Hypersil BDS C18 column (150 mm × 4.6 mm i.d.; 
ThermoFisher Scientific Spa Italia Srl, Milan, Italy) in turn protected by a guard column packed with the same Hypersil 
material. The mobile phase consisted of an isocratic mixture of water and acetonitrile at a ratio of 80:20 (v/v) with a flow 
rate of 0.8 mL/min. The chromatograms were displayed at 216 nm, and the retention time of DMF at the described 
condition was 8.2 min. CLASS-VP Software, version 7.2.1 (Shimadzu Italia, Milan, Italy) was used to acquire and 
process all data.

CSF was simulated using standard aliquots of the balanced solution DPBS without calcium and magnesium in the 
presence of 0.45 mg/mL bovine serum albumin (BSA).43,44 A preliminary analysis on a blank rat CSF sample, to 
verify the absence of interferences during DMF analysis, was performed. The chromatographic precision was 
evaluated by repeated analysis (n = 6) of the same sample solution containing DMF at a concentration of 50 μM 
(7.21 μg/mL) dissolved in CSF simulation fluid and was represented by a relative standard deviation (RSD) value of 
0.95. A calibration curve of peak areas versus concentration in the range 0.3 to 150 μM for DMF (0.04 to 21.62 μg/ 
mL), obtained dissolving the compound in CSF simulation fluid, was generated and resulted linear (n = 8, r= 
0.999, p < 0.0001).

The experimental procedures were approved by the Italian Ministry of Health and were performed in accordance with 
the European Communities Council Directive of September 2010 (2010/63/EU). According to the ARRIVE guidelines, 
all possible efforts were made to minimize animal pain and discomfort and to reduce the number of experimental 
subjects.

Statistical Analysis
The statistical data analysis was performed using GraphPad Prism 9.5.1 software (GraphPad Software, Inc., San Diego, 
CA, USA). An unpaired t-test was performed for the statistical difference between the two treatment groups. Turkey’s 
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multiple comparison tests followed a one-way ANOVA analysis of variance test in case of multiple comparisons. 
Statistical significance was set at p < 0.05.

Results
Preparation and Characterization of LPNs
The nanoprecipitation magnetic/mechanical stirring technique allows the preparation of loaded and unloaded LPNs 
prepared by self-assembling of different components.

Figure 1 shows selected TEM micrographs of LP, LPD, LPH and LPHD. The images revealed a not perfectly 
spherical shape (Figure 1A) that is amplified by the synergistic effect of HA and DMF (Figure 1D).

In particular, LPNs show a mean size (Table 2) increase from 118 nm (LP) to 255 nm (LPH) and from 215 nm (LPD) 
to 249 nm (LPHD), due the presence of HA, without or with DMF loading, respectively. The DMF loading in LPD also 
increased the mean diameter respect to LP (p < 0.05).

Moreover, PDI was about 0.30 for LP; however, it markedly increased up to 1.3 when HA is added (LPH) and 
decreased to 0.6 after DMF loading (LPHD) as well as the mean diameter (p<0.05) (Table 2). Accordingly, ZP was also 
influenced by HA addition, showing more negative values from −17.3 (LP) to −27.93 mV (LPH). Noteworthy, the 
presence of DMF loading also decreased ZP values (Table 2), from −17.3 (LP) to −29.02 (LPD) and from −27.93 (LPH) 
to −43.00 mV (LPHD), due to its peculiar polar behavior.

Furthermore, no significant variations in the size stability along 30 days of LP were observed (Table 3). However, 
only the LPH and LPHD formulations showed a slight increase in diameter at day 30 (p < 0.05).

Figure 1 TEM images of LP (A), LPH (B), LPD (C) and LPHD (D) (scale bar 100 nm).
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DSC analyses were performed to verify the composition of different LPNs. Figure 2 showed thermograms with 
characteristic endothermal peaks related to the melting transition of the main components in the different LPNs. In the 
square (Figure 2B), characteristic peaks of major components were also reported as reference. Characteristic tempera-
tures (Tm) about 60.9°C and 78.5°C related to P and PEA, respectively, were clearly recognized in the thermogram of the 
LPNs. Meanwhile, characteristic peak of DMF (107.7°C) was recognized in the case of LPD, with a slight down-shift to 
105.3°C in the case of LPHD (Figure 2A); it was partially overlapped with the HA peak (103.8°C), slightly shifted in 
comparison with the characteristic peak of the pure component (102.2°C), probably due to moderate polar interactions 
among the two components.

As expected LPH and LPHD containing HA showed higher viscosity (183 ± 0.4 and 134 ± 1.3 cP, respectively) than LP 
(28.63 ± 3.2 cP) and LPD (23.00 ±1.8 cP) (p < 0.0001). The viscosity resulted lower than HA solution (3 mg/mL, 238 ± 1.8 cP).

Table 2 Size, PDI, ZP and DC of LPNs. Results are Expressed by Mean ± SD *p < 0.05 
LP vs LPD; **p < 0.05 LPH vs LPHD; #p < 0.0001 LP vs LPH; $p < 0.05 LPD vs LPHD

Formulations Particle Size (nm) PDI ZP (mV) DC (%)

LP 118 ± 1.0* # 0.300 ± 0.01* # −17.3 ± 1.10* #

LPD 215 ± 1.9* $ 0.457 ± 0.04* $ −29.02 ± 0.53* $ 65.02 ± 3.4

LPH 255 ± 2.0** # 1.300 ± 0.01** # −27.93 ± 0.01** #

LPHD 249 ± 2.9** $ 0.600 ± 0.01** $ −43.00 ± 2.30** $ 69.82 ± 0.7

Table 3 The Mean Diameter (Nm) ± SD of LPNs, Stored at 4°C 
for 30 Days *p < 0.05 Day 0 vs Day 30

Formulations Day 0 Day 10 Day 20 Day 30

LP 118 ± 1.0 154 ± 4.5 111 ± 1.7 116 ±1.3

LPD 215 ± 1.9* 216 ± 3.4 178 ± 2.4 197 ± 3.8*

LPH 255 ±1.6* 267 ± 1.6 229 ± 4.5 272 ± 1.7*

LPHD 249 ± 2.9* 267 ± 1.2 283 ± 3.2 284 ±4.0*

Figure 2 DSC thermograms of LPNs (A). In the square, the characteristic peaks of major components (eg Chol (green line), P (brown line), HA (pink line), DMF (violet 
line), PEA (fuchsia line) (B).
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Figure 3 illustrates the results of the mucoadhesion test expressed as the stress (Pa) required to detach samples from 
the membrane’s surface and compared with the alginate solution. The detachment stress was higher than blank only for 
LPH and LPHD containing HA (p <0.0001). However, the same formulations showed a detachment stress lower than the 
alginate solution. The DMF loading significantly decreased the detachment force (p <0.0001).

Drug Content and Time Stability
As shown in Table 2, the DC% is independent on the HA presence: 65% in case of LPD vs 69% of LPHD (p > 0.05). 
However, results on the time stability determination highlighted the protective effect of HA on DMF degradation 
(Figure 4). In fact, the total amount of DMF was stable in the LPHD up to 60 days (p > 0.05), while the total DMF 
in LPD rapidly decreased from 2.8 mg/mL (65%) to 0.8 mg/mL (20%) after 7 days and since 0.5 mg/mL (12%) after 14 
days (p < 0.05).

Figure 3 Stress (Pa) needed to detach LPNs, the HA solution and the Alginate solution from membrane saturated with artificial nasal mucus (n = 3). (****p < 0.0001 
Alginate vs Blank/LPNs; #p < 0.0001 Blank vs LPH/LPHD/HA; §p < 0.0001 LPH vs LPHD; $p < 0.0001 hA vs Blank/Alginate/LPH/LPHD).

Figure 4 Time stability of LPD and LPHD for 60 days. The results are reported as DC % ± SD (n=3). *p < 0.001 LPHD vs LPD; #p < 0.01 LPD t0 vs LPD t7 days and LPD t7 
days vs LPD t14 days.
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In vitro Permeation Study
The in vitro permeation experiments measured the absorption rate of DMF, from LPD, and LPHD into the acceptor medium, 
both with and without a mucin layer. As shown in Figure 5, the apparent permeability (Papp) of free-DMF was significantly 
lower (p < 0.05) compared to that of DMF loaded in LPD and LPHD, irrespective of the mucin layer’s presence. The data 
showed that the apparent permeability (Papp) values range from 1.5×10−7 cm/s for free-DMF to 1.2×10−7 cm/s for free- 
DMFm, from 2.1×10−7 cm/s for LPD to 1.2×10−7 cm/s for LPDm, and from 3.1×10−7 cm/s for LPHD to 2.5×10−7cm/s for 
LPHDm. These findings indicate that LNPs enhanced the permeation of DMF across the barrier both in the presence and 
absence of mucin. Additionally, it is noteworthy that LPHD and LPHDm facilitated greatly drug permeation, although the 
differences in permeability with and without mucin were not statistically significant (p > 0.05). In Figure 6, the flux profile 
from LPD and LPHD are reported over a time. The data clearly demonstrated that LPD and LPHD, exhibited enhanced flux 
(ie, slope of the curve) when compared to the free-DMF. Whereas for free-DMF the flux seemed to be quite linear (R2= 0.995 

Figure 5 In vitro permeations of free-DMF aqueous solution LPD and LPHD through the PermeaPad barrier over 5 h without and with mucin (DMFm, LPm, LPHm) (n = 3). 
*p < 0.05; LPD vs LPDm; ###p<0.05 LPHD vs LPHDm; **p < 0.05 DMF vs LPD; #p < 0.05 LPD vs LPHD; ***p < 0.05 DMF vs LPHD; ##p < 0.05 LPDm vs LPHDm.

Figure 6 In vitro permeation of free-DMF aqueous solution, LPD and LPHD through PermeaPad® barrier over 5 h (n = 3). *p < 0.0001 DMF vs LPD; §p < 0.0001 DMF vs 
LPHD. There are no statistical differences between two formulations (p> 0.05 LPD vs LPHD at all time points).
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of the slope), for both LPD and LPHD the permeation rate seemed to increase overtime, with an average flux of 4.7×10−7 

μg*cm2 and 4.9×10−7 μg*cm2 (R2= 0.968 and 0.967), respectively.

In vitro Cytotoxicity and Uptake Analysis
To evaluate the possibility to use LP and LPH for the nose-to-brain targeted delivery, we used two human cell lines as 
model for the in vitro studies to simulate the nasal cellular structure: RPMI a cell model of nasal epithelium and SK 
a neuronal cell model.

To evaluate the ability of LP and LPH to entry into SK and RPMI cell without affecting viability, we first analyzed 
cell viability by using MTT assay and Trypan blue staining. To this aim, cells were treated with increasing concentrations 
of LP or LPH for 24 and 48 h (Figure 7). The results showed that the concentration with no effect on cell viability 
corresponds to 10 µg/mL. In fact, as shown in the figure there are no difference in cell number in treated or in untread 
cells in both SK and RPMI cells. In addition, we did not observe changes after 24 and 48 h of treatment. This result 
allowed us to use this concentration the subsequent uptake analysis.

For uptake analysis, we first performed a time course analysis on RMPI cells using fluorescent LP and LPH to 
identify the shortest time needed to achieve internalization. Cells were incubated with 10 µg/mL of F-LP and F-LPH for 
different times ranging from 15 to 180 min, then cells were fixed and stained and then analyzed. In Figure 8 are shown 

Figure 7 LP and LPH cytotoxicity analysis. SK (A) and RPMI (B) cells were treated with 10, 30 and 50 µg/mL of LP or LPH for 24 and 48 h. 10 µg/mL resulted from the 
safest concentration for both cell lines at 24 and 48 h. Untreated cells were used as control (Ctrl). Data are presented as the mean ± standard deviation and are 
representative of at least three independent experiments (n = 3). **** p < 0.0001 vs control.
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the best time of internalization compared to the lower, while all the internalization times are showed in Supplemental 
Figure 1. F-LP and F-LPH were internalized already after 15 min, and the process increased over the time up to 1 h. At 
this time there is a clear colocalization of F-actin (green) and fluorescent nanoparticles (red) that indicates 
a cytoplasmatic localization of both formulations. After this time and up to 3 hours, we observed a progressive reduction 
of intracellular red fluorescence that could indicate nanoparticle release.

Given that, 1 h treatment resulted the best internalization time, we decided to perform a new experiment on both cell 
lines. The results (Figure 9A and B) confirmed that the uptake of both formulations occurred after 1 h in both cell lines 
and showed that both F-LP and F-LPH has a similar cytoplasmatic localization. Analysis of the fluorescent red signals 
indicated a better uptake of F-LPH in both cell lines (22% in RPMI, 24% in SK) compared to F-LP (12% in RPMI, 14% 
in SK) (Figure 9C).

In vivo Nasal Administration of DMF-Loaded LPNs
Preliminary experiments were performed in rats to evaluate the possible nose-to-brain of DMF after the nasal admin-
istration of LPHD. DMF was administered intranasally at the dose of 1 mg/kg loaded in the LPHD. Figure 10 reports the 
DMF profile detected over time in rat CSF following the intranasal administration. DMF concentration increased up to 
12.52 ± 1.68 μg/mL (Cmax) within 20 min (tmax), then decreased to zero within 150 min from the end of administration.

Discussion
Recent studies have shown that delivery of DMF in nanoparticles results in increased bioavailability after oral admin-
istration and improved motor dysfunction;9,10,12 Pinto et al showed that the inflammatory process and disability 
progression were reduced by inhalation of DMF encapsulated in SLNs.45 In the last decade, the IN route has been 
widely explored as an alternative administration way aimed at systemic or nose-to-brain delivery of drugs to prevent/treat 
CNS diseases.46,47 The IN route may be advantageous for the administration of DMF, which causes severe GI side effects 
when orally administered. Esposito et al proposed DMF-loaded SLNs for IN administration.48 The present work, thus, 
aimed to investigate the LPNs for IN administration of DMF.

Figure 8 Uptake of F-LP and F-LPH after 15 min and 1 h. RPMI cells were treated with 10 µg/mL of F-LP or F-LPH and internalization was monitored with fluorescence 
microscopy. RPMI were stained with phalloidin and DAPI (20× magnification). Control indicates untreated cells (Ctrl). For each time analyzed, is shown on the right an 
enlargement of the white rectangle section from the merge pictures (MERGE SECTION 20X). The yellow bar in each picture corresponds to 50 μm. All data are 
representative of at least three independent experiments.
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The LNPs, with and without HA, were prepared utilizing the nanoprecipitation via magnetic/mechanical stirring 
technique. This approach is advantageous for its simplicity and rapid execution at laboratory scale, while providing 
precise control over the formulation settings.34 The LPNs preparation involved the assembly of CP, PEA to obtain the 
basic structure, Chol and P to confer rigidity to the nanoparticles, and HA to improve mucoadhesion and increase 
nanoparticles physical stability. HA chains, indeed, tend to form hydrophobic interactions and hydrogen bonding with CP 
bilayers and P, respectively, promoting a good stability, in agreement with previous investigations conducted by Zeng 

Figure 9 Uptake of F-LP and F-LPH after 1 h treatment. Cytoplasmatic localization of 10 µg/mL F-LP and F-LPH, in RPMI (A) and SK (B) cells. Microscope fluorescence 
images of cells stained with phalloidin and DAPI (20× magnification). For each cell line, on the right are shown white rectangle enlargement of sections from the merge 
pictures (MERGE SECTION 20X). (C) Fluorescence quantization of the intracellular red signals. Red signals have been normalized. Control indicates untreated cells (Ctrl). 
The yellow bar in each picture corresponds to 50 μm. All data are representative of at least three independent experiments. All data are representative of at least three 
independent experiments (n=3). **p < 0.01 F-LP vs control, ***p < 0.0004 F-LPH vs control.
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et al49–51 PEA was included in formulation composition as it may also exert a synergic effect with DMF by combating 
inflammation, neurodegeneration and demyelination.26

The performed studies demonstrated that HA strongly affects the properties of LPNs. In particular, HA determines an 
increase in size and PDI and makes more negative LPNs surface. HA-containing nanoparticles have a larger size than 
those without HA, and it is known that a change in solution viscosity affects the size during nanoprecipitation.51 High 
molecular weight HA is mainly involved in increasing the viscosity affecting the polydispersity index (PDI).52 The 
obtained PDI values suggested a heterogeneous distribution of particle sizes. In fact, the addition of only HA (LPH) 
resulted in a high increase in PDI, but the presence also of DMF (LPHD) caused a significant decrease in PDI that could 
be due to an interaction between the two substances, as also evidenced by the results of DSC analysis.

Simultaneous presence of HA and DMF (LPHD) resulted in significantly decreasing ZP values. It is known that a ZP 
value less than −30 mV guarantees optimal nanoparticle physical stability in dispersion.53,54 In fact, only a slight increase 
in size was found after 30 days.

As concerning the drug content, no statistical differences were observed between LPNs. However, DMF content is 
stable only when HA is included in LPHD as DC% do not change statistically from time 0 to time 30 days, whereas in 
the case of the LPD, the amount of loaded DMF is dramatically reduced as early as 7 days to as low as 12% after 14 
days. Once again HA plays a crucial role in the performance of LPHD: due to the interaction of chains HA crosslinked 
with the chains of P and CP,50,51 DMF would be entrapped in the nanoparticles and protected by the hydrolysis. DMF, 
indeed, is a drug susceptible to hydrolysis and sublimation with low stability along the time.37,55 Furthermore, as 
hypothesized from DSC results, HA may form polar interactions with DMF, preventing its release into the surrounding 
medium, where it degrades.

The combination of nanotechnology with IN administration offers excellent opportunities for the effective systemic 
and cerebral delivery of different therapeutic agents. It is essential to understand the interactions between nanomaterials 
and the nasal biological environment to achieve fit drug delivery. Mucociliary clearance is a significant challenge for 
efficient drug delivery by IN route targeting the brain or systemic circulation, and therefore viscosity and mucoadhesion 
are key factors in nasal drug delivery.18,56,57

The viscosity of the formulations was determined as a parameter required by FDA in the characterization of nasal 
formulations. LPH and LPHD show higher viscosity than LP and LPD, but lower than HA solution for the involvement 
of HA in the nanoparticle structure.58 Although an optimal viscosity range is not reported, a high viscosity is required to 
ensure a prolonged residence time of the formulation in the nasal cavity.59

Same behavior was observed regarding results from the mucoadhesion test: the HA greatly improves the mucoadhe-
sive properties of LPH and LPHD compared to LP and LPD, which showed no significant differences compared to the 

Figure 10 DMF concentrations (μg/mL) detected in rat CSF after intranasal administration of 0.2 mg (1 mg/kg DMF dose) of DMF loaded in LPHD. Data are expressed as 
mean ± S.E.M. of four independent experiments.
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blank and between each other. Mayol and collaborators demonstrated that the mucoadhesive properties of P are enhanced 
in the presence of HA.60 In particular, LPH showed higher mucoadhesion values than LPHD likely because of reduced 
availability of HA chains to interact with hydrophilic bonds with mucin, being involved in interactions with DMF as 
previously hypothesized.56,61 However, LPH shows higher detachment strength than HA solution, as reported by 
Sepulveda and de Araujo, the presence of P and HA results in increase mucin interactions.62 Mucoadhesion is crucial 
for a nasal formulation because it is able to counteract mucociliary clearance by ensuring an increased residence time of 
the formulation in the nasal cavity and contact with the nasal mucosa at the site of deposition, thus contributing to 
improved drug absorption.55

The in vitro permeation studies also clearly indicated that both LPD and LPHD produced an increment in drug 
permeation over time compared to the free-DMF. The reason for this increase most likely lies in the higher free drug 
concentration in the LPNs in comparison to the DMF solution (0.15 mg/mL). What is very remarkable is that the 
presence of the HA increases even more the permeation of DMF in comparison to LPD. As described earlier, lipid 
nanocarriers and hydrophilic polymers can increase the free drug fraction of drugs producing a local supersaturation and, 
therefore, a higher permeation in vitro. This increases the concentration gradient between the donor and the acceptor 
compartment, thus, promoting a higher drug flux and permeation. Our finding suggests that this might be the mechanism 
by which the nanocarriers LPHD increases the permeability in vitro.63 The observed enhancement in drug permeation 
facilitated by LPD and LPHD underscores their potential efficacy in promoting the intranasal delivery of DMF. In light of 
this promising permeation profile, it is crucial to evaluate the safety of these LPNs using relevant cellular models. Given 
that LPNs were developed specifically for drug delivery for the nasal administration, we investigated, in a final set of 
experiments, the absence of any cytotoxicity on RPMI and SK cell lines usually used for IN delivery and for 
neuroscience research, respectively.61,64 LNPs did not exhibit any toxicity to RPMI and SK cells. The results indicate 
that at 10 µg/mL both formulations do not affect cell viability. In addition, both nanoparticles are able to enter into cells, 
in both cell lines, in a time-dependent manner with a good internalization evidenced after 1 h and with a better 
performance of F-LPH, as showed by fluorescence intensity.

The results showed that LPHD have suitable characteristics for the IN administration of DMF and also support the 
ability of nanoparticles to be internalized into both epithelial and neuronal cells, suggesting their potential ability to 
promote the nose-to-brain transport of DMF. This hypothesis is supported by the present preliminary in vivo results, 
indicating that the LPHD nasal administration allows to obtain the DMF uptake in the cerebrospinal fluid of rats. Further 
extensive in vivo studies are necessary to fully characterize the potential improvement of DMF nose-to-brain delivery by 
this proposed formulation.

Conclusion
Lipid-polymeric hybrid nanoparticles for DMF delivery were prepared using a straightforward and rapid method that 
facilitates easy scale-up. HA imparts to LPHD features suitable for IN administration by increasing viscosity, mucoadhe-
sion, and providing protection of DMF from degradation. Nanoparticles promote DFM permeability and its intracellular 
transport through epithelial and neuronal cells, allowing to promote the nose-to-brain transport of DMF in rats. 
Therefore, HA-based lipid-polymeric nanoparticles hold significant promise as novel carriers for the IN administration 
of DMF in the treatment of multiple sclerosis.
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