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A B S T R A C T

Dimethyl fumarate (DMF) is a drug that is orally administered for the treatment of relapsing-remitting multiple 
sclerosis. However, DMF causes gastrointestinal side effects and flushing in 43 % of patients, which significantly 
contributes to treatment discontinuation. To reduce side effects and increase patient compliance, the aim of this 
study was to develop a thermosensitive chitosan/glycerophosphate hydrogel for the nasal administration of 
DMF. A binary system of DMF with hydroxypropyl-β-cyclodextrin (HP-β-CD) was made and included in the 
hydrogel precursor solution. The precursor solution (drug content, DMF stability, thermogelling properties, 
viscosity), and the resulting thermosensitive hydrogel (mucoadhesion, in vitro DMF permeation) were charac
terized. HP-β-CD was able to interact with DMF and improve its water solubility. The leader thermosensitive 
nasal solution, G1 solution, was loaded with approximately 92 % DMF, which remained stable for 21 days. The 
G1 solution formed a hydrogel in approximately 2–1 min; it had a pH of 6.8 ± 0.06 and caused no significant 
change in the osmolality of the simulated nasal medium. The G1 hydrogel showed good mucoadhesive properties 
and released DMF that permeated in vitro in a controlled manner. As a result, G1 is a potential new approach to 
exploit the intranasal administration of DMF for treating multiple sclerosis.

1. Introduction

Multiple sclerosis (MS) is a chronic autoimmune inflammatory 
demyelinating disease of the central nervous system (CNS) and one of 
the most common nontraumatic disabling diseases affecting mainly 
young adults [1]. Approximately 2.8 million people worldwide are 
affected by MS, 1,200,000 in Europe and approximately 130,000 in Italy 
[2]. According to various studies, the average age of onset of MS is be
tween 28 and 31 years, and more women than men are affected [1,3]. 
The main pathogenic processes causing clinical symptoms include 
inflammation, demyelination and axonal degeneration [4,5]. There are 
currently no FDA-approved treatments for MS that are curative. Disease- 
modifying therapies available as oral treatments include fumaric acid 
esters such as dimethyl fumarate (DMF), the active metabolite of which 
is monomethyl fumarate (MMF) [6]. DMF hard gelatin capsules (Tecfi
dera®) have demonstrated efficacy in treating relapsing-remitting MS in 
adults [7]. Preclinical studies suggest that the combination of 

neuroprotective and immunomodulatory mechanisms is involved in the 
mode of action of DMF through activation of the nuclear factor 
(erythroid-derived 2)-like 2 (Nrf2) antioxidant pathway in the CNS 
[7,8]. Clinical trials have shown that DMF significantly reduces relapse 
rates and the development of new brain lesions on magnetic resonance 
imaging, leading to a reduction in the rate of disability progression [9]. 
In addition, several studies have shown that children and adolescents 
with MS may benefit from DMF treatment [10,11]. However, gastroin
testinal side effects and flushing have been frequently reported, leading 
to poor compliance and discontinuation of therapy [9,12]. Therefore, 
this study aimed to investigate a formulation for the nasal administra
tion of DMF to reduce side effects and increase patient compliance, 
taking into account the physicochemical properties of this drug (subli
mation, chemical instability) [13]. In particular, for the first time, a 
thermosensitive chitosan/glycerophosphate hydrogel containing DMF 
complexed with hydroxypropyl-β-cyclodextrin (HP-β-CD) was devel
oped to increase the bioavailability of the drug in the brain.

Nasal administration is an excellent alternative route for the 
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treatment of both neurological and chronic diseases. It is a patient- 
friendly strategy due to the rapid beginning of the drug effect, painless 
nature, noninvasiveness, and simplicity of administration (self-medica
tion) [14,15]. Among nasal formulations, stimuli-responsive in situ 
nasal gels increase drug retention, reduce mucociliary clearance and 
increase drug bioavailability in the brain [14]. The in situ gel is liquid 
upon administration but undergoes a sol-gel transition upon contact 
with the body. The sol-gel transition occurs due to an external stimulus, 
such as a change in temperature [16].

DMF was complexed with HP-β-CD, a highly soluble β-cyclodextrin 
derivative, to increase its water solubility. As a penetration enhancer, 
HP-β-CD is also helpful for improving the passage of DMF across bio
logical membranes and, consequently, its in vivo bioavailability. HP- 
β-CD also shows potential therapeutic use in neurodegenerative diseases 
[17–20].

Chitosan (CH) is an amino polysaccharide with excellent mucoad
hesive properties due to the interaction between its positive and nega
tive mucin charge. This cationic polymer can act as a penetration 
enhancer, opening tight junctions between mucosal cells and promoting 
drug absorption. Consequently, CH is an optimal candidate for nasal 
drug delivery given its high biocompatibility, non-toxicity, and 
mucoadhesive and penetration-enhancing properties [21–27]. CH is a 
good candidate for in situ gel formation due to its capacity to form 
polyelectrolyte complexes with polyol salts such as glycerophosphate 
(GP) [14,16]. GP allows us to obtain a liquid solution at room temper
ature with a pH range of 6.8 to 7 and exhibits mild alkalinity (pKa 6.34); 
it permits proper buffering without causing CH precipitation or gelation 
at low temperatures (between 4 and 15 ◦C) and promotes the protective 
hydration of CH chains [16]. The increase in temperature causes the 
rearrangement of the CH chains; this results in an increase in polymer- 
polymer interactions compared to solvent-polymer interactions, which 
in turn causes gel formation [14,16,28].

In this study, the optimized DMF and HP-β-CD binary system was 
selected and included in a thermosensitive hydrogel precursor solution 
based on chitosan and glycerophosphate. The thermosensitive nasal 

precursor solution was selected as the optimal formulation after the 
preformulative studies. The attributes of the precursor solution were 
investigated, including the drug content, chemical stability of DMF, 
thermogelling properties, pH, osmolality, and viscosity. Furthermore, 
the water uptake and mucoadhesive capabilities of the formed ther
mosensitive hydrogel were evaluated, as well as in vitro DMF perme
ation through a synthetic membrane simulating the nasal mucosa, to 
verify its suitability as a nasal delivery system.

2. Materials and methods

2.1. Materials

Dimethyl fumarate (DMF, 97 %), glycerophosphate hydrated disodic 
salt (GP), and mucin from porcine type II were purchased from Sigma
–Aldrich (St. Louis, MO, USA). Hydroxypropyl-β-cyclodextrin (HP-β-CD, 
Cavasol® W7 HP Pharma, Mw: 1400 g/mol) was purchased from 
Wacker-Chemie GmbH (Munich, Germany). Chitosan (CH, ChitoClear® 
TM 1358, Mw: 103 kDa, deacetylation degree, 94 %) was obtained from 
PRIMEX EHF (Siglufjordur, Iceland). Hydrochloric acid (HCl) (37 %) 
was purchased from Honeywell Fluka™ (Seelze, Germany). Ultrapure 
water was obtained from a Milli-Q R4 system (Millipore, Milan, Italy). 
Chromatographic grade acetonitrile, ethanol and methanol were ac
quired from Merck (Darmstadt, Germany).

2.2. Study of the DMF and HP-β-CD binary system

2.2.1. Preparation of binary systems
Physical mixtures of DMF and HP-β-CD were prepared in a Turbula; 

the amounts of DMF and HP-β-CD were mixed in an equimolar ratio 
(DMF + HP-β-CD 1:1 (mol/mol)) or using an excess amount of HP-β-CD 
for the DMF + HP-β-CD 1:2 (mol/mol) binary system. To prepare DMF 
inclusion complexes with HP-β-CD, a semisolid technique, such as the 
kneading method, was employed. Approximately 20 mg of DMF and the 
corresponding amount of HP-β-CD (corresponding to 1:1 and 1:2 (mol/ 
mol)) were wetted with ethanol to obtain a doughy mass, which was 
then dried at room temperature until reaching a constant weight. This 
process was repeated three times, and the resulting samples were sieved 
through a 250-μm sieve.

2.2.2. Physicochemical characterization of binary systems
To assess the thermal properties of the DMF + HP-β-CD binary sys

tems, differential scanning calorimetry (DSC) analyses were performed 
with a Mettler STARe system (Mettler Toledo, Milan, Italy) equipped 
with a DSC821e Module and an intracooler device for subambient 
temperature analysis (Julabo FT 900, Seelbach, Germany). Samples 
ranging from 2 to 4 mg were placed in sealed Al pans with pierced lids. 
The analyses were performed at least in triplicate in the temperature 
range of 30–350 ◦C (heating rate β = 10 K/min) under a nitrogen at
mosphere (N2 flow rate of 50 mL/min).

A Mettler STARe TGA system with simultaneous DSC (TGA/DSC1) 
(Mettler Toledo, Milan, Italy) was used to measure the mass losses. The 
measurements were performed at least in triplicate on 3–4 mg samples 
placed in alumina crucibles with pierced lids using the same experi
mental conditions for DSC analyses.

All the instruments were previously calibrated with indium as a 
standard reference.

Fourier transform infrared (FTIR) spectroscopy was performed using 
a Spectrum One spectrophotometer in the spectral range of 650–4000 
cm− 1 (64 scans with a resolution of 4 cm− 1) (Perkin Elmer, Monza, Italy) 
equipped with a MIRacle™ ATR device (Pike Technologies, Madison, 
Wisconsin, USA). The spectra were acquired in triplicate in trans
mittance mode by pressing the samples on an ATR crystal of ZnSe.

2.2.3. Phase solubility analysis
Phase solubility studies were conducted by the method described by 

Abbreviations

CH chitosan
DMF dimethyl fumarate
DMF + HP-β-CD 1:1 a binary system based on dimethyl fumarate 

and hydroxypropyl-β-cyclodextrin at a 1:1 molar ratio
DMF + HP-β-CD 1:2 the binary system based on dimethyl 

fumarate and hydroxypropyl-β-cyclodextrin at a 1:2 
molar ratio

DSC Differential Scanning Calorimetry
FTIR Fourier Transform Infrared spectroscopy
G1 S the thermosensitive hydrogel precursor solution 

prepared by dissolving DMF + HP-β-CD 1:1 in Milli-Q 
water

G1 the DMF-loaded leader thermosensitive nasal hydrogel
G1b S the unloaded thermosensitive hydrogel precursor 

solution prepared by dissolving HP-β-CD in Milli-Q 
water

G1b the unloaded leader thermosensitive nasal hydrogel
G2 S the thermosensitive hydrogel precursor solution 

prepared by dissolving DMF + HP-β-CD 1:1 in 0.1 N HCl
G2b S the unloaded thermosensitive hydrogel precursor 

solution prepared by dissolving HP-β-CD in 0.1 N HCl
GP glycerophosphate hydrated disodic salt
HCl hydrochloric acid
HP-β-CD hydroxypropyl-β-cyclodextrin
TGA thermal gravimetric analysis
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Higuchi and Connors [29]. DMF (0.050 g) was added to a vial containing 
Milli-Q water and various concentrations of HP-β-CD (with molar ratios 
of DMF + HP-β-CD of 1:0.5, 1:1, and 1:2). The vial was agitated in a 
rotary shaker for 72 h at 25 ◦C until equilibrium was reached; centri
fugation was performed at 4400 rpm for 10 min at 20 ◦C (Eppendorf 
Centrifuge 5702 R, Hamburg, Germany). The supernatants were also 
centrifuged at 14,000 rpm for 10 min in a microcentrifuge (Hettich 
Mikro 120 centrifuge, Tuttlingen, Germany).

The quantity of DMF in the solution was quantified using high- 
performance liquid chromatography (HPLC), as detailed below.

2.3. Preparation of hydrogel precursor solutions

A thermosensitive nasal hydrogel based on CH and GP was prepared 
from a previously developed thermosensitive hydrogel. The hydrogel 
was thoroughly characterized in terms of its thermogelling properties, 
rheological behavior, and biodegradability [16]. The CH/GP weight 
ratio was chosen based on preformulation studies detailed in the Sup
porting Information. Two precursor solutions, G1 S and G2 S, were 
prepared with CH and GP at the optimized weight ratio, containing DMF 
(Table 1). G1 S and G2 S differed in the method used to acidify the 
aqueous solution necessary for the solubilization of chitosan, as 
described below and illustrated in Fig. 1.

For the preparation of G1 S, DMF (0.021 g) and HP-β-CD (0.205 g), in 
a 1:1 molar ratio, were mixed in a mortar. The obtained binary system 
was then dissolved in 10 mL of Milli-Q water in a 15 mL polypropylene 
centrifuge tube with a stopper to prevent DMF sublimation [13]. The 
tube was kept stirring in a rotary shaker at room temperature until the 
DMF was completely dissolved (reached in 48 h). The aqueous solution 
was then acidified with 100 μL of 0.1 N HCl immediately before adding 
CH (0.2 g) under magnetic stirring. Instead, for preparing G2 S, DMF 
(0.021 g) and HP-β-CD (0.205 g), in a 1:1 molar ratio, were mixed in a 
mortar. This binary system was then dissolved in 10 mL of 0.1 N HCl 
again in a 15 mL polypropylene centrifuge tube with a stopper. The tube 
was kept stirring in a rotary shaker at room temperature for 24 h; sub
sequently, CH (0.2 g) was added under magnetic stirring.

For both G1 S and G2 S, the obtained solutions were cooled in an ice 
bath until they reached 4 ◦C. Then, 1 mL of GP solution (10 % w/v in 
Milli-Q water) was slowly added dropwise with vigorous magnetic 
stirring for 15 min at 4 ◦C. The resulting precursor solutions were stored 
at 4 ◦C to avoid gelation [16].

The identical precursor solutions were also prepared without DMF 
and named G1b S and G2b S.

2.4. HPLC analysis of DMF

DMF was quantified by a rapid and sensitive, high-performance 
liquid chromatography (HPLC)-modified method [30]. A Varian 
HPLC–DAD system (Palo Alto, CA, USA) comprising two ProStar 210 
pumps, a ProStar 410 autosampler and a DAD Varian 330 detector was 
used. The data were acquired and processed using Varian Workstation 
version 6.2 software. Chromatographic separation was performed using 
a Hypersil C18 column (150 × 4.6 mm, 5 μm particle size, Thermo Fisher 

Scientific, Milan, Italy) preceded by a guard column (20 × 4.0 mm, 5 
μm). The mobile phase, a binary solution of acetonitrile and water at a 
volume ratio of 50:50 v/v, was filtered through 0.22 μm cellulose re
generated membrane filters (Sartorius, Goettingen, Germany) before 
use. The flow rate was 1.5 mL/min at room temperature, and the 
detection wavelength was 210 nm. The injection volume was 10 μL, and 
the analysis time was 4 min per sample. The assay exhibited linearity 
within the concentration range of 2.5–50 mg/L (DMF: y = 309,866.30x - 
449,787; R2 = 0.9993).

2.5. Drug content

The DMF content of G1 S and G2 S was determined by HPLC analysis. 
A 100 μL volume of the solution was diluted in 10 mL of acetonitrile in a 
volumetric flask. The resulting mixture was sonicated for 30 min in an 
ultrasonic bath and then centrifuged at 14,000 rpm for 10 min in a 
microcentrifuge (Hettich Mikro 120 centrifuge, Tuttlingen, Germany) 
for the first extraction. Next, the supernatant was analyzed by HPLC. 
Additionally, a second extraction was conducted. The resulting super
natant was analyzed to quantify any residual DMF present. The drug 
content (DC) was calculated as the amount of DMF per mL of solution 
and as a percentage with respect to the DMF used for the preparation.

2.6. Characterization of the hydrogel precursor solution

Based on the drug content results, G1 S was chosen as the leader 
hydrogel precursor solution, and it was characterized to assess whether 
it was suitable for nasal administration.

2.6.1. Chemical stability of DMF
The chemical stability of DMF in G1 S stored at 4 ◦C was evaluated; 

aqueous solutions of free DMF and DMF + HP-β-CD 1:1 were stored at 
4 ◦C and analyzed for comparison. At predetermined time intervals (1, 3, 
7, 14, 21 and 28 days), 100 μL of G1 S was collected and diluted in 10 mL 
of acetonitrile in a volumetric flask; the sample was then processed as 
described in Section 2.5. The amount of DMF was quantified using the 
HPLC method described above.

2.6.2. Gelation time
The gelation time of both G1b S and G1 S was investigated using the 

inverted tube test method [16]. Chromatographic glass tubes (2 mL) 
were heated in a temperature-controlled bath at 35 ◦C. Samples of G1b S 
and G1 S (500 μL) were added to the tubes, which were then placed in a 
bath for incubation. At predetermined intervals of 30 s, the tubes were 
removed from the water bath and horizontally inverted to observe the 
flowability of the solutions. If the solution did not flow within 15 s, the 
time was recorded as the gelation time. The test was also repeated over 
28 days to assess the stability of the solutions and to monitor any 
changes in gelation time over time.

2.6.3. pH and osmolality measurements
The pH values of G1 S and G1b S were measured to verify whether 

they were appropriate for nasal administration. The pH was measured at 
4 ◦C with a calibrated pH meter (Hanna Instruments, HI 8417, 
Singapore).

The osmolality of the simulated nasal mucus was measured before 
and after contact with G1 S and G1b S [31]. Simulated nasal mucus was 
prepared by dissolving 8 % (w/w) porcine mucin-type II in a simulated 
nasal electrolyte solution with 7.5 mg/mL sodium chloride, 1.3 mg/mL 
potassium chloride, and 0.3 mg/mL calcium chloride dihydrate [32]. A 
NaOH solution (0.1 M) was used to adjust the pH to approximately 6.4 
[32]. G1b S and G1 S (1 mL) were soaked in simulated nasal mucus (9 
mL) in a 15 mL polypropylene centrifuge tube and incubated for 24 h at 
37 ◦C. Then, the simulated nasal mucus (50 μL) was analyzed with an 
osmometer (OSMOMAT 030 Cryoscopic Osmometer, Genotec, 
Germany).

Table 1 
Composition of the hydrogel precursor solutions. The drug content results are 
expressed as the mean ± SD (n = 6).

Formulation DMF- 
HP- 
β-CD 
ratio

CH/GP 
ratio 
(w/v) 
(%)

Medium DC

mg/mL %

G1 S 1:1 2/10 Milli-Q 
water

1.77 ± 0.10 92.52 ± 5.21*

G2 S 1:1 2/10 HCl 0.1 
N

0.71 ± 0.28 36.52 ± 13.84*

* p value <0.05: drug content (%) G1 vs G2.
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2.6.4. Viscosity measurements
The solution viscosity of G1 S over time (0, 1, 3, 7, 14, and 28 days, 

kept at 4 ◦C) was determined to assess the solution stability. A rotational 
viscosimeter Fungilab (Barcelona, Spain) was used with L1–2 spindles at 
100 rpm. Likewise, the solution viscosity of G1b S was determined for 
comparison. The test was conducted in triplicate by keeping the solu
tions at a temperature of 4 ◦C in an ice bath to avoid viscosity changes 
due to the temperature difference between the refrigerator and the 
working environment.

2.7. Characterization of the thermosensitive nasal hydrogel

2.7.1. Physicochemical characterization
Physicochemical characterization of G1 and G1b was carried out 

using the same techniques described in Section 2.2.2.

2.7.2. Water uptake determination
The capacity of G1 to absorb water was determined using a modified 

Enslin apparatus [25]. A modified Enslin apparatus consists of a fritted 
glass support connected to a 0.1 mL glass graduated capillary via a three- 
way channel. The apparatus was filled with ultrapure water maintained 
at a constant temperature of 34 ◦C. The upper surface of the fritted glass 
support was aligned horizontally with the capillary to facilitate free 
movement of water. A cellulose filter (d = 1 cm) was pre-saturated with 
water at 34 ◦C and placed on the glass support. A volume of G1 S 
(approximately 30 μL) was uniformly spread on the pre-saturated cel
lulose filter. The glass support was covered with parafilm to prevent 
evaporation during the experiment. The amount of water absorbed by 
the formed hydrogel was recorded at fixed time intervals (ranging from 
2.5 to 180 min).

2.7.3. Mucoadhesion studies
The mucoadhesion test was performed using a modified precision 

balance [33]. G1 S (30 μL) was applied to the surface of the probe 
(diameter = 1.5 cm) and kept at 34 ◦C for 60 s to allow gelation; a filter 
paper conditioned with 2 % mucin solution or with pH 6.5 phosphate 
buffer (control) was fixed on the base of the balance. After a contact 
force of 65 mN/cm2 for 60 s, the detachment force (in mN/cm2) between 
the hydrogel and the filter was measured.

2.7.4. Spray droplet size
G1 S was placed in an amber glass bottle with a nasal plastic 

dispenser (Farmalabor, Canosa di Puglia, Italy) and sprayed in a flask 
heated at 35 ◦C (see video); the resulting hydrogel particles were 
dispersed in Milli-Q water and analyzed by a Coulter LS 100Q laser sizer 
(Beckman Coulter Particle Characterization, Miami, FL) for the mea
surement of particle size and size distribution. The size is expressed as 
the equivalent volume/surface diameter (Dvs) in μm, and the droplet size 
distribution is described as Dv10, Dv50, Dv90 and the SPAN factor [34], as 
recommended by the FDA for nasal sprays [35]. The results are the 
means of triplicate experiments performed three times (n = 9) ± SD.

2.7.5. In vitro permeation studies
In vitro permeation studies were performed using vertical diffusion 

cells (EP3909667A1, University of Sassari) with donor and acceptor 
compartments connected to a continuous flow system and with a 
permeation area of 1.5 cm2 [26]. The test was performed on G1 S and an 
aqueous solution of DMF + HP-β-CD 1:1 for comparison. Cellulose ac
etate membranes with a 0.45 μm pore size (Sartorius, Goettingen, Ger
many), conditioned with pH 6.5 phosphate buffer, were placed between 
the two cell compartments. The receptor compartment was filled with 

Fig. 1. Preparation of hydrogel precursor solutions. Created with BioRender.com
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50 mL of pH 6.5 phosphate buffer and thermostated at 37 ◦C [26]; 
meanwhile, G1 S and DMF + HP-β-CD 1:1 aqueous solution (both con
taining 20 mg of DMF) were added to the donor compartment. Aliquots 
(600 μL) of the acceptor medium were withdrawn at 15, 30, 60, 90 and 
120 min, and an equal amount of fresh acceptor fluid was added to 
ensure sink conditions. The amount of DMF in the acceptor medium was 
determined by HPLC.

Considering the permeation profile of DMF-HP-β-CD, the equation of 
the linear portion from 15 to 120 min was calculated. Thus, the release 
profiles were corrected to remove the degradation aspect of DMF in the 
acceptor medium. According to the literature, the technique used for the 
correction can be described by the equation below: 

Ftn = Ft×
100

− 0.2514 × t + 60.237 

where Ftn is the corrected percentage release, Ft is the cumulative 
percentage release, and t is the time at which the Ft level was taken [36]. 
The results are expressed as the percentage of DMF permeated versus 
time (mean ± SD).

2.8. Statistical analysis

The results represent of at least three measurements (mean ± stan
dard deviation (SD)). Statistical analyses were performed using Graph
Pad Prism 8.0 software (GraphPad Software, Inc., San Diego, CA, USA). 
The nonparametric Kruskal–Wallis test was used to compares three 
groups; Dunn's multiple comparisons test was performed post-hoc to 
determine which group differed from each other. On the contrary, the 
nonparametric Mann–Whitney test was used to compare two groups. 
Nonparametric tests are more robust with small samples for which it is 
difficult to verify the assumption of normality. Confidence intervals of 
95 % were selected. For all tests, a P < 0.05 was considered statistically 
significant.

3. Results

3.1. Study of the DMF and HP-β-CD binary system

3.1.1. Physicochemical characterization of binary systems
The thermal parameters of commercial DMF were used as references 

for the pure compounds in the study of the interaction products. Com
mercial DMF is a white crystalline powder with a thermal profile typical 
of an anhydrous compound, exhibiting an endothermic effect at 103.2 
± 0.7 ◦C due to melting (Tonset = 100.5 ± 0.5 ◦C; ΔHfus = 208 ± 2 J/g) 
followed by sample decomposition at approximately 130 ◦C (Fig. 2A, 
curve a). HP-β-CD is an amorphous cyclodextrin characterized by a DSC 
profile (Fig. 2A, curve b) with a broad endotherm between 60 and 
100 ◦C due to dehydration of the sample. The presence of the drug 
melting endotherm is evident in the PM (Fig. 2A, curve c), with a melting 
enthalpy decrease of approximately 37 % relative to that of pure DMF 
(ΔHfus = 131 ± 1 J/g), probably due to a partial interaction between HP- 
β-CD and DMF by simple physical mixing. The DSC curve of the product 
DMF + HP-β-CD 1:1 (mol/mol) obtained by kneading (Fig. 2A, curve d) 
still revealed an endothermic effect attributable to DMF melting but of a 
small entity (ΔHfus = 26 ± 2 J/g), indicating an interaction between the 
two components in the system.

TGA (Fig. 3, curve a), recorded in the same temperature range as the 
DSC, confirmed the anhydrous nature of the drug by highlighting a 
single mass loss starting at approximately 84 ◦C due to decomposition 
immediately after sample melting. The TGA curve of HP-β-CD (Fig. 3, 
curve b) showed an initial mass loss of approximately 5 % between 40 
and 90 ◦C due to dehydration, followed by a second much more sig
nificant mass loss starting from a temperature of approximately 264 ◦C, 
attributable to sample decomposition. According to the TGA curve of the 
equimolar PM (Fig. 3, curve c), there was an initial mass loss of 

approximately 13 % between 40 and 110 ◦C due to the concomitant loss 
of water and the drug, followed by a second largest mass loss from a 
temperature of approximately 290 ◦C due to the decomposition of the 
sample. The TGA curve of the product DMF-HP-β-CD 1:1 (mol/mol) 
obtained by kneading (Fig. 3, curve d) showed an initial mass loss of 
approximately 2 % in the temperature range of 40–60 ◦C, corresponding 
to the loss of the water contained in the cyclodextrin, followed by a loss 
of mass in the temperature range of 60–110 ◦C, mainly due to the loss of 
approximately 70 % of the drug. The remaining part of the drug present 
in the sample was almost completely retained by the cyclodextrin with 
which it interacts and then was lost starting at approximately 290 ◦C, 
concurrent with the decomposition of the sample.

The partial interaction between DMF and HP-β-CD was confirmed by 
FTIR analysis of the same samples (Fig. 4A), for which it was possible to 
observe a shift of the characteristic absorption bands of DMF at 1713 and 
1304 cm− 1 toward slightly higher wavenumbers, namely, 1716 and 
1310 cm− 1, respectively.

Fig. 2B shows the DSC curves recorded for the binary system DMF- 
HP-β-CD 1:2 (mol/mol). The drug fusion endotherm is only hinted at in 
the PM DSC curve (Fig. 2B, curve c) while it disappears in the product 
DMF-HP-β-CD 1:2 (mol/mol) obtained by kneading (Fig. 2B, curve d) 
because of a complete interaction with HP-β-CD in the molar ratio, 
resulting in an excess of CD.

The FTIR spectrum of the product DMF-HP-β-CD 1:2 (mol/mol) ob
tained by kneading (Fig. 4B) showed that the characteristic bands of 
DMF shifted to higher wavenumbers, indicating an interaction between 
the two components. In particular, the band at 1713 cm− 1 due to the 
stretching vibrations of carbonyl C––O shifted to 1725 cm− 1, the band at 
1304 cm− 1 due to the stretching vibrations of the C–O ester shifted to 
1309 cm− 1, and the band at 773 cm− 1 due to C––O bending shifted to 
776 cm− 1.

Fig. 2. DSC curves of DMF (curve a), HP-β-CD (curve b), their physical mixture 
(curve c) and the kneading product DMF + HP-β-CD 1:1 (mol/mol) (curve d) 
(A). DSC curves of DMF (curve a), HP-β-CD (curve b), their physical mixture 
(PM) (curve c) and the kneading product (KN) DMF + HP-β-CD 1:2 (mol/mol) 
(curve d) (B).
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3.1.2. Phase solubility analysis
Phase solubility studies were carried out using the method developed 

by Higuchi [29]. The presence of HP-β-CD improved the water solubility 
of DMF from 1.58 g/L [30] to 1.89 ± 0.01, 2.17 ± 0.10, and 2.94 ± 0.06 
g/L when DMF-HP-β-CD molar ratios of 1:0.5, 1:1 and 1:2 were used, 
respectively.

Although the 1:2 molar ratio showed the best performance, the 1:1 
molar ratio of DMF-HP-β-CD was selected to prepare thermosensitive 
nasal solutions to avoid interfering with hydrogel formation.

3.2. Drug content of hydrogel precursor solutions

The drug content of G1 S and G2 S was determined. As reported in 
Table 1, G1 S had a greater drug content than G2 S because of the 
preparation method employed (P < 0.05). Indeed, in the case of the G1 S 
preparation, DMF + HP-β-CD 1:1 was solubilized in an aqueous medium 
for 48 h, while during the preparation of G2 S, DMF + HP-β-CD 1:1 was 
solubilized in 0.1 N HCl for 24 h until complete solubilization. On the 
other hand, G1 S showed a drug content close to the theoretical value 
and was subsequently chosen for further characterization.

3.3. Characterization of the hydrogel precursor solution

3.3.1. Chemical stability of DMF
The chemical stability of DMF in G1 S stored at 4 ◦C was determined 

over a period of 28 days and compared with that of free DMF and DMF +
HP-β-CD (1:1) aqueous solutions. The percentage of DMF in G1 S was 
stable for 21 days (P > 0.05) (from 92.52 ± 5.21 at t0 to 86.18 ± 7.98 % 
at 21 days concerning the amount of DMF dissolved Milli-Q for the 
preparation of G1 S); after that, a significant reduction in the DMF 
content was observed (72.82 ± 10.14 % at 28 days; P < 0.05 t0 vs 28 
days). In contrast, free DMF and DMF + HP-β-CD at a ratio of 1:1 were 
stable, as >90 % of the DMF was present after 28 days (P > 0.05).

3.3.2. Gelation time
The gelation time for G1 S and G1b S was evaluated for 28 days 

(Table 2). Hydrogel formation by G1 S took approximately 2 min (Fig. 5) 

Fig. 3. TGA curves of DMF (curve a), HP-β-CD (curve b), their physical mixture (curve c) and the kneading product DMF + HP-β-CD 1:1 (mol/mol) (curve d).

Fig. 4. FTIR spectra of DMF (spectrum a), HP-β-CD (spectrum b), their physical 
mixture (PM) (spectrum c) and their kneading product (KN) DMF + HP-β-CD 
1:1 (mol/mol) (spectrum d) (A). FTIR spectra of DMF (spectrum a), HP-β-CD 
(spectrum b), their physical mixture (PM) (spectrum c) and their kneading 
product (KN) DMF + HP-β-CD 1:2 (mol/mol) (spectrum d) (B).

Table 2 
The gelation times (in min) of G1 S and G1b S were measured with an inverted 
tube test over time.

Days 0 3 7 14 21 28

G1b S 1:00 1:00 1:00 1:00 1:00 1:00
G1 S 2:00 1:30 1:00 1:00 1:00 1:00
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but decreased at 1 min over time, remaining temperature-sensitive after 
4 weeks of storage at 4 ◦C. In addition, G1b S exhibited a gelation time of 
1 min over time.

3.3.3. pH and osmolality measurements
The pH values of G1b S and G1 S were 6.9 ± 0.05 and 6.8 ± 0.06, 

respectively; therefore, DMF loading did not affect the solution pH (P >
0.05).

The osmolality changes in the simulated nasal medium were 
measured using the extraction method. The simulated nasal mucus had 
an osmolality of 0.447 ± 0.002 Osm/kg, whereas the osmolalities of the 
simulated nasal media with G1b S and G1 S were 0.613 ± 0.05 and 
0.585 ± 0.016 Osm/kg, respectively. The results showed that the 
hydrogels did not significantly modify the osmolality of the simulated 
nasal media (P > 0.05), which remained in the range of 300–700 
mOsmol/kg [37].

3.3.4. Viscosity measurements
The viscosity of G1 S was 65.84 ± 8.82 cP and did not vary signifi

cantly over time (59.45 ± 2.41 at 28 days; P > 0.05). In contrast, G1b S 
at t0 showed greater viscosity than G1 S (206.00 ± 8.73 cP; P < 0.05); 
the viscosity gradually decreased over time, reaching the same value as 
G1 S after 21 days (68.72 ± 3.28 cP), probably due to a reorganization of 
the components of the structures.

3.4. Characterization of the thermosensitive nasal hydrogel

3.4.1. Physicochemical characterization
Fig. 6a shows the DSC curves recorded for G1 (curve b) and G1b 

(curve a) in comparison with the same hydrogel formulation mixed with 
the drug (G1b + DMF, curve c). Only for this last sample did a very low 
endothermic effect appear at a temperature corresponding to drug 
melting (curve c); in G1, only a very large endothermic effect was 
recorded due to sample decomposition between 140 and 160 ◦C, con
firming the homogeneous dispersion of DMF in the hydrogel network.

TGA curves agree with DSC thermal profiles (Fig. 6b), showing total 
mass loss of the samples in the same temperature range as the endo
thermic effect in DSC.

The FTIR spectra recorded for the same samples are shown in Fig. 6c. 
The same graph also shows a spectrum obtained by the instrument 
elaboration of the differences recorded between the two samples. In this 
spectrum, some bands appear due to the presence of DMF, which are 
instead obscured in G1, where the hydrogel matrix covers any other 
band. In this spectrum, some bands attributable to DMF can be observed, 
revealing the presence of the drug loaded in the hydrogel formulation.

3.4.2. Water uptake determination
The water uptake of G1 is presented in Fig. 7. In the first 15 min, G1 

absorbed approximately 0.16 ± 0.11 μL/mg of water and then 

Fig. 5. Photographs of the gelation process of G1 S during the inverted 
tube test.

Fig. 6. DSC curves of G1b (curve a), G1 (curve b) and the physical mixture G1b 
+ DMF (curve c) (A). TGA curves of G1b (curve a) and G1 (curve b) (B). FTIR 
spectra of G1b (spectrum a) and G1 (spectrum b) and the instrumental differ
ence between the two spectra (spectrum c) (C).

Fig. 7. The water uptake capacity (μL/mg) of G1. The results are reported as 
the mean value ± SD (n = 3).
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continued to gradually absorb small amounts until 1.08 ± 0.17 μL/mg 
after 180 min (R2 = 0.976 of trend line). G1 showed a low water uptake 
capacity due to water in the solution/hydrogel.

3.4.3. Mucoadhesion studies
The detachment force needed for the separation of G1 from filter 

paper saturated with mucin was 263.25 ± 2.51 mN/cm2, which was 
significantly greater than that of the control (108.48 ± 4.34 mN/cm2) 
(P < 0.05).

3.4.4. Spray droplet size
After being sprayed on a warm surface, the droplets of G1 S turned 

into hydrogel particles with a Dvs of 66.65 ± 3.28 μm. Ten per cent of the 
distribution had a volume median diameter lower than 36.31 ± 6.25 μm 
(Dv10) and 50 % lower than 123.80 ± 23.74 μm (Dv50); Dv90 was 274.50 
± 80.35 μm. Only 1.14 % of the particles had a diameter lower than 10 
μm; thus, the possibility that the particles may be inhaled into the lung is 
very limited. The SPAN index was 1.90 ± 0.33, indicating a narrow size 
distribution [34].

3.4.5. In vitro permeation studies
In vitro permeation studies of DMF released from G1 and DMF + HP- 

β-CD 1:1 aqueous solution were performed, and the results are reported 
in Fig. 8 (dotted lines). After 15 min, the percentages of DMF permeated 
from the G1 and DMF + HP-β-CD 1:1 were 16.77 ± 2.31 % and 55.41 ±
6.08 %, respectively; then, the percentage of DMF from G1 reached 
37.28 ± 9.11 % after 120 min, while the percentage of DMF permeated 
from DMF-HP-β-CD decreased to 29.03 ± 9.58 %. This decrease was 
related to DMF degradation in the acceptor medium (pH 6.5, phosphate 
buffer) at 37 ◦C, so the permeation profiles were corrected (Fig. 8, 
continuous lines). As expected, approximately 90 % of the DMF + HP- 
β-CD 1:1 solution permeated after 20 min, and approximately 30 % from 
G1 reached 100 % after 100 min. Thus, the amount of DMF released 
from G1 permeated the membrane linearly from 15 min to 120 min (R2 

= 0.986), demonstrating the ability of the G1 hydrogel to control DMF 
release compared to that of the DMF + HP-β-CD 1:1 solution (P < 0.05).

4. Discussion

An in situ thermosensitive hydrogel was chosen as the nasal formu
lation for the delivery of DMF to explore an alternative route of 
administration of this drug given the gastrointestinal adverse events 
related to its oral administration in tablets. Gastrointestinal adverse 
events are significant and frequent (43 % of patients) and determine 

discontinuation within the first 3 months of treatment, despite its effi
cacy in treating relapsing-remitting MS [9,12]. The physico-chemical 
properties of DMF, such as sublimation at room temperature (which 
limits the preparation of nasal powders) [38] and chemical instability 
[13], influence the choice and design of the formulation. The use of a 
thermosensitive hydrogel as a nasal drug delivery system was recently 
investigated, resulting in a versatile and convenient formulation [39]; it 
can be administered as a solution similar to traditional nasal sprays, but 
it is not quickly drained from the nasal cavity due to instantaneous 
gelation at nasal temperature [14,39–41]. The fast sol-gel transition of 
the hydrogel precursor solution reduces mucociliary clearance and in
creases the permanence time of the drug in contact with the nasal mu
cosa and, consequently, nasal drug bioavailability [14,39]. 
Furthermore, thermosensitive hydrogels promote the direct nose-to- 
brain transport of loaded drugs [14,40–42].

Thermosensitive CH/GP hydrogel precursor solutions were designed 
based on previously reported methods [16]. CH is a natural cationic 
polymer widely used as a nasal excipient due to its excellent biode
gradability, biocompatibility, mucoadhesiveness and penetration 
enhancement [16,26,27,39]. In the presence of GP, CH forms a hydrogel 
that is liquid at low temperature but gel at physiological temperature; 
the gelation temperature and time are directly influenced by the con
centration of GP [39,43,44]. Hydrogen bonding between CH chains, 
electrostatic attraction between CH ammonium and GP phosphate 
groups and CH-CH hydrophobic interactions may be involved in the 
gelation process [16,43].

Before the preparation of the hydrogel precursor solution, DMF was 
complexed with HP-β-CD to increase its water solubility necessary to 
obtain a high DMF concentration in the dose volume administered with 
a typical nasal dispenser (50–100 μL; maximum 200 μL) [45]. As 
demonstrated by DSC, TGA and FTIR, HP-β-CD partially interacted with 
DMF in the binary system at a ratio of 1:1 and completely when present 
in excess (1:2 molar ratio), but in each case, HP-β-CD increased the 
water solubility of DMF, which is consistent with the literature [19,46]. 
Although an excess of HP-β-CD increased the solubility, it interfered 
with hydrogel formation (data not reported), so a binary system with a 
1:1 molar ratio was included in the hydrogel precursor solution. The 
preparation of the hydrogel precursor solution requires an acidic envi
ronment (pH < 6) for CH solubilization [16], but DMF is susceptible to 
hydrolysis under both acidic and alkaline conditions, with decreasing 
stability in the following pH order: 7 > 5 > 3 > 1 > 9 [47]. For this 
purpose, two preparation methods that differ only for the HCl addition 
step were compared. The results demonstrated that the acidic environ
ment and prolonged availability of DMF in this environment decreased 
the drug content of G2 S; additionally, HP-β-CD could not to protect DMF 
from degradation. Cyclodextrins are capable of enhancing the stability 
of many drugs (e.g., β-lactam antibiotics and diloxanide furoate) in 
aqueous solutions, hampering different reactions such as hydrolysis 
[46]. The acidification shortly before the addition of CH and GP pre
vented degradation; in fact, the drug content of G1 S was close to the 
theoretical value and remained stable for 21 days. G1 S was, therefore, 
further characterized to verify the requirements of a nasal formulation 
(pH, osmolality, droplet size, viscosity, mucoadhesion and water uptake 
properties) and, specifically, of a thermosensitive nasal hydrogel (gela
tion time, drug release) [40,41,48].

pH and osmolality are fundamental requirements of nasal formula
tions for preventing nasal mucosa irritation and/or damage to cilia [48]. 
After the addition of GP to the hydrogel precursor solution, the pH of G1 
S increased from 5 to 6.8; this prevented CH precipitation or gelation of 
G1 S at low temperatures (between 4 and 15 ◦C) and ensured biocom
patibility with the nasal mucosa, whose pH was in the range of 5.5–6.5 
[16,43,49–51]. Following gelation, GP quickly diffuses out of the 
hydrogel, increasing the osmolality of the nasal mucus and possibly 
causing toxicity to the mucosa [31,52]. The results demonstrated that 
G1 S did not affect the osmolality of the simulated nasal mucus, pre
venting nasal irritation and simultaneously enhancing DMF 

Fig. 8. In vitro permeation profile of DMF from G1 and DMF + HP-β-CD 1:1 
aqueous solution (dotted lines) and data corrected (continuous lines). The re
sults are the means of three experiments. The data are reported as the means ±
SDs. * P < 0.05 G1 vs DMF + HP-β-CD 1:1 after 15 and 30 min.
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permeability through the nasal mucosa [31,53].
G1 S exhibited an optimum viscosity to permit easy administration of 

the liquid using a typical nasal spray device; after gelation, this viscosity 
increased, enhancing the residence time of DMF in the nasal cavity by 
reducing mucociliary clearance [53]. In the literature, a favorable vis
cosity index and range for nasal formulation have not been reported; 
however, a low viscosity determines rapid drainage from the nasal 
cavity, whereas an excessive viscosity could affect the administration, 
drug release and discomfort [40]. After spray with the nasal dispenser, 
the size of the G1 droplets complied with the standard range of 10–200 
μm for nasal liquid formulations, and the possibility that the particles 
may be inhaled into the lung is very limited [35]. G1 S gelled at the 
temperature of the nasal mucosa (32–35 ◦C), with a gelation time of 1–2 
min if measured by the inverted tube test, which decreased to a few 
seconds (< 10 s, see video) when sprayed on a surface thermostated to 
35 ◦C. This time was considered appropriate for nasal administration 
(10–57 s to 5 min) to permit easy administration as a sol and rapid 
gelation for retaining the formulation at the site of application, avoiding 
drainage from the nasal cavity and overcoming mucociliary clearance 
(approximately 15–20 min) [40,44,51,54]. As a hydrogel, G1 could 
absorb a small amount of water due to the presence of water in the so
lution/hydrogel. This water uptake capacity determines in vivo the 
rapid absorption of water from nasal mucus and, consequently, the 
interpenetration of the chitosan chain with mucin, which favors 
mucoadhesion [41,51,54,55]. Dehydration of the nasal mucosa can be 
avoided due to the low water absorption of this thermosensitive 
hydrogel. The detachment force confirmed that G1 showed good in vitro 
mucoadhesion properties. In the literature, mucoadhesion strength 
values in the range of 22–30 g/cm2 are satisfactory for increasing nasal 
residence time without damage or irritation of the mucosa [54–56].

In the hydrogel, DMF was homogeneously dispersed, as demon
strated by DSC, and was released from G1, which linearly permeated the 
hydrophilic membrane from 15 min to 120 min. From this result, it can 
be assumed that the DMF released from G1 can diffuse through the 
hydrophilic mucus and then, as demonstrated in our previous works, 
permeate the nasal epithelium, reaching the blood and/or the brain, due 
to the enhanced penetration of CH and cyclodextrin [20,22–24,26].

The strengths, challenges and opportunities within the market of this 
research are highlighted in the SWOT analysis reported in Table S2.

5. Conclusions

This research showed that a thermosensitive chitosan/glycer
ophosphate hydrogel could be a helpful formulation for DMF nasal 
administration. Complexing DMF with HP-β-CD significantly improved 
its water solubility, allowing for a higher drug concentration in the 
formulation. The preparation method of the hydrogel precursor solution 
is pivotal for effective DMF loading. The study highlights that the acidic 
environment required for CH solubilization can lead to hydrolytic 
degradation of DMF; in fact, only G1 S is optimal for DMF loading (drug 
content of 92 %) and provides stability to DMF for 21 days. All the tests 
show that G1 S meets all necessary nasal liquid dosage requirements, 
including pH, osmolality, viscosity, and droplet size distribution. In 
particular, the viscosity of G1 S is such that its nasal administration 
using a nasal spray device. After administration, the short gelation time 
will ensure a prolonged residence time in the nasal cavity, counteracting 
mucociliary clearance. In addition, osmolality, mucoadhesiveness and 
the presence of penetration enhancers such as CH and HP-β-CD will be 
able to promote the permeation of DMF released from the hydrogel 
across the nasal mucosa. Therefore, these results provide a good starting 
point for exploring the potential use of the intranasal route as an alter
native approach to oral DMF administration in treating multiple scle
rosis with DMF to reduce side effects and increase adherence to therapy 
and bioavailability in the brain. Given the epidemiologic data and 
economic burden of MS, the future societal impact of this research may 
be high as it is an attempt at a possible effective management strategy to 

improve patient outcomes.
Supplementary data to this article can be found online at https://doi. 

org/10.1016/j.ijbiomac.2024.134908.
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