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A B S T R A C T

Ursodeoxycholic acid (UDCA) and ferulic acid (Fer) are recognized for their neuroprotective effects against 
oxidative stress, being antioxidant agents able to preserve cell mitochondrial functions. This makes them 
potentially useful for neuronal protection against neurodegenerative disorders. Consequently, a new prodrug 
(UDC-Fer-Me) was developed as an ester-conjugate of the methyl-derivative of ferulic acid (Fer-Me), which re
tains the antioxidant properties of Fer and UDCA. The prodrug was encapsulated in compritol-based solid lipid 
nanoparticles (SLNs) for its nasal administration and nose-to-brain delivery. HPLC measurements demonstrated 
that (i) UDC-Fer-Me is hydrolyzed in rat liver and brain homogenates, as well as following intravenous 
administration in rats, leading to the release of UDCA and Fer-Me; (ii) the prodrug is not detectable in the ce
rebrospinal fluid (CSF) after intravenous administration to rats; however, (iii) it permeates in vitro nasal mucosal 
cells, inducing its partial hydrolysis. UDC-Fer-Me also counteracted reactive oxygen species production induced 
by H2O2 on cultured neuronal cells. The UDC-Fer-Me-loaded SLNs showed a particle size distribution in the 
~0.1 μm order of magnitude and markedly improved the very slow dissolution rate of the prodrug in aqueous 
environments. Differential scanning calorimetry measurements suggested a good dispersion of the prodrug 
within the lipid matrix of SLNs; the drug loading was about 8% (61% entrapment efficiency). Following nasal 
administration of SLNs to rats (2 mg/kg dose), both the prodrug and Fer-Me were detected in the CSF at con
centrations reaching up to 2 μg/mL, consistent with drug delivery to the central nervous system following 
intranasal administration.

1. Introduction

It is well established that phytochemicals are emerging as comple
mentary or alternative therapeutic agents capable of counteracting the 
development and progression of neurodegenerative disorders [1–6]. 
Among these, ferulic acid (Fer; Fig. 1) has been extensively investigated 
for its antioxidant activity in neuronal models [5] and has been shown to 

protect against mitochondrial dysfunction induced by reactive oxygen 
species (ROS) [6]. Such dysfunction leads to further ROS accumulation, 
ATP depletion, and energy failure, ultimately contributing to neuro
degeneration [7].

Ursodeoxycholic acid (UDCA; Fig. 1) has also been reported to exert 
neuroprotective effects by preserving mitochondrial integrity and 
restoring mitochondrial dynamics under oxidative stress conditions [8]. 
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The ability of both Fer and UDCA to modulate mitochondrial function is 
particularly relevant in dopaminergic neurons of the substantia nigra 
pars compacta (SNpc), whose degeneration represents a hallmark of 
Parkinson's disease (PD). These neurons are characterized by high ROS 
production and increased vulnerability compared with dopaminergic 
neurons of the ventral tegmental area [9,10].

Although both Fer and UDCA can cross the blood-brain barrier (BBB) 
[11,12], their therapeutic application is limited by unfavorable phar
macokinetic properties, including suboptimal bioavailability and inef
ficient brain delivery following oral administration. As a consequence, 
very high oral doses (up to 50 mg/kg/day) are required to achieve 
neuroprotective effects in both humans and animal models [12–15].

Intranasal administration represents a promising non-invasive 
alternative route for drug delivery to the central nervous system 
(CNS), as it may bypass first-pass metabolism and enable direct or 
preferential transport to the brain via the olfactory region [16–19]. This 
approach has the potential to enhance brain targeting while reducing 
systemic exposure and the high doses required for oral administration.

In this context, the simultaneous delivery of multiple neuro
protective agents may provide additive or synergistic effects, as 
described in combination therapy approaches [20]. While 
co-encapsulation strategies in nanosystems such as solid lipid nano
particles (SLNs) and nanostructured lipid carriers (NLCs) have been 
proposed to improve the bioavailability of poorly water-soluble drugs 
[20], they may present limitations related to differential drug parti
tioning within the lipid matrix and distinct release kinetics of the indi
vidual components.

An alternative strategy involves the design of prodrugs capable of 
incorporating two active moieties within a single molecular entity, 
enabling their co-delivery at a fixed molar ratio while potentially 
improving physicochemical properties relevant for encapsulation. In 
particular, the relatively low lipophilicity of Fer (log P ~1.4) limits its 
efficient incorporation into lipid-based carriers, as previously demon
strated [21]. This physicochemical limitation represents a key drawback 
for its direct encapsulation and supports the rationale for a 
prodrug-based strategy. Indeed, we have previously shown that 
methylation of Fer to yield its methyl ester (Fer-Me) significantly en
hances its encapsulation efficiency in lipid-based carriers [21], and that 
further optimization can be achieved through dimeric conjugates 
(Fer-Fer-Me) [11].

Based on these considerations, we designed and synthesized a novel 
lipophilic prodrug, UDC-Fer-Me (Fig. 1), obtained by ester conjugation 
of methyl ferulate (Fer-Me) with UDCA. This design combines the 
mitochondrial-protective properties of UDCA with the antioxidant ac
tivity of Fer derivatives, while increasing overall hydrophobicity to 
facilitate encapsulation into SLNs intended for intranasal delivery. Ac
cording to the proposed structure, UDC-Fer-Me may undergo enzymatic 
hydrolysis in vivo, leading to the release of UDCA and Fer-Me, the latter 
retaining antioxidant activity [11]. Therefore, this conjugate can be 
considered a potential mutual prodrug, although the extent and kinetics 
of its bioconversion may influence the effective release of the active 
moieties under physiological conditions.

On this basis, we hypothesized that delivery of UDC-Fer-Me to the 
brain, followed by its hydrolysis, could provide neuroprotective effects 
through the combined action of its components. Therefore, the aim of 
this study was to design, synthesize, and evaluate UDC-Fer-Me as a 
prodrug suitable for encapsulation into SLNs and for intranasal delivery 
to the CNS. In particular, we investigated its hydrolysis profile, antiox
idant activity in neuronal cells, permeability across nasal epithelial cells, 
and in vivo brain delivery following intranasal administration.

2. Materials and methods

2.1. Materials

Ferulic acid (Fer), carbazole, glacial acetic acid, dimethyl sulfoxide 
(DMSO), Trizma base (Tris), hydrochloric acid (HCl), sodium taur
ocholate, chloroform, Dulbecco's Phosphate-Buffered saline (DPBS), 3- 
(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium (MTT), N-(4- 
hydroxyphenyl)retinamide (4-HPR), Neutral red (3-amino-7-dimethy
lamino-2-methyl-phenazine hydrochloride) (cat. no. N4638), ascorbic 
acid, 2′,7′-dichlorofluorescin diacetate (DCFH-DA), bovine serum albu
min (BSA), and hydrogen peroxide (H2O2) were purchased from Merck 
Life Sciences Srl (Milan, Italy). (High Performance Liquid Chromatog
raphy (HPLC)-grade methanol (MeOH) and ethanol (EtOH) were ob
tained from Carlo Erba Reagents S.A.S. (Milan, Italy). Purified water 
(H2O) for HPLC analysis was produced with a Sartorius Arium® 
Advance EDI system (Sartorius Lab Instruments GmbH & Co., KG, 
Göttingen, Germany). Methyl ferulate (Fer-Me) was synthesized as 
previously reported [21]. 1-(3-Dimethylaminopropyl)-3-ethylcarbodii
mide hydrochloride (EDCI) was purchased from Carbosynth (Compton, 
Berkshire, UK), and 4-(dimethylamino)pyridine (DMAP) from Merck 
(Milan, Italy). Ursodeoxycholic acid (UDCA) was kindly provided by ICE 
SpA (Reggio Emilia, Italy). Anhydrous N,N-dimethylformamide (DMF) 
was purchased from Merck (Milan, Italy) and used without further 
purification.

Dulbecco's modified Eagle's medium (DMEM) with Glutamax, 
phenol-red-free DMEM, Advanced Minimum Essential Medium (A- 
MEM), fetal bovine serum (FBS), penicillin, streptomycin, L-glutamine, 
and trypsin-EDTA were supplied by Thermo Fisher Scientific (Milan, 
Italy) and Microtech (Naples, Italy). Cell culture vessels and additional 
reagents were obtained from Thermo Fisher Scientific (Milan, Italy) and 
Biosigma (Venice, Italy). Compritol 888 ATO, Tween 80, and Span 45 
were obtained from Gattefossè Italia (Milan, Italy). Male Wistar rats 
(200–250 g) were provided by Charles River Laboratories (Calco, Italy). 
Unless otherwise stated, all reagents and solvents were of analytical 
grade (Merck Life Sciences Srl, Milan, Italy). FL-70 concentrate was 
purchased from Fisher Scientific.

2.2. Synthesis of the UDC-Fer-Me conjugate

The synthesis of UDC-Fer-Me (scheme in Fig. 2) was performed via 
Steglich-like esterification reaction and was monitored by TLC on pre
coated silica gel F254 plates (thickness, 0.25 mm; Merck, Italy), devel
oped with phosphomolybdic acid solution. Flash column 
chromatography was performed on silica gel (60 Å, 230–400 mesh, 

Fig. 1. Chemical structures of ursodeoxycholic acid (UDCA), ferulic acid (Fer), 
its methyl-ester methyl ferulate (Fer-Me), and the ester conjugate UDC-Fer-Me. 
The main sites of potential hydrolysis are indicated.
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Merck, Italy). NMR spectra were recorded with a Varian Mercury 
400 MHz instrument in DMSO-d6. ESI-MS were acquired on an ESI 
MICROMASS ZMD 2000.

A solution of UDCA (0.94 g, 2.39 mmol) and methyl ferulate [21] 
(0.55 g, 2.63 mmol) in anhydrous DMF (5 mL) was cooled (ice bath) 
under an Argon atmosphere, then DMAP (0.35 g, 2.87 mmol) and EDCI 
(0.55 g, 2.87 mmol) were added. After 10 min at 0 ◦C, the reaction was 
warmed up to room temperature and stirred for 18 h, then treated with 
an ice-cold solution of 5% HCl (10 mL) to form a white precipitate. The 
precipitate was filtered out using a Büchner funnel and washed with 
ice-cold distilled water (10 mL), then dried. The crude powder was 
purified by flash chromatography (EtOAc/Cy 3:1) to give 1.08 g of pure 
UDC-Fer-Me.

2.2.1. Calculated Log Po/w values of UDCA, Fer, Fer-Me, and UDC-Fer-Me
The logarithmic octanol-water partition coefficient (Log Po/w) of 

UDCA, Fer, Fer-Me and the ester conjugate UDC-Fer-Me were calculated 
using both the SwissADME system [22] and the ChemDraw Ultra soft
ware, version 12.0.2.1076 (PerkinElmer PerkinElmer Informatics, 
Waltham, MA, USA).

2.3. Solubility of the UDC-Fer-Me conjugate and stock solutions

Solubility of UDC-Fer-Me was determined in water, in 10 mM acetate 
buffer (pH 5.5) supplemented with 0.1% BSA and 0.05% sodium taur
ocholate, and in a H2O/MeOH (50:50, v/v) mixture. An excess of UDC- 
Fer-Me (5 mg/mL) was added to 3 mL of solvent and equilibrated for 
36 h at room temperature in the dark and under stirring. After filtration 
and dilution, samples (10 μL) were injected into the HPLC (section 2.7) 
for quantification.

Stock solutions (10− 2 M) of UDC-Fer-Me, Fer-Me, Fer, and carbazole 
(internal standard) were prepared in DMSO and stored at − 20 ◦C until 
use.

2.4. Preparation of rat liver and brain homogenates

Male Wistar rats were sacrificed by decapitation after light isoflurane 
anesthesia. Liver and brain tissues were rapidly isolated on ice, washed, 
and homogenized (liver in 4 vol, brain in 5 vol of Tris-HCl buffer 50 mM, 
pH 7.4, 4 ◦C). Liver homogenates were prepared with a Potter-Elvehjem 
homogenizer; brain homogenates with an Ultra-Turrax (3 × 15 s bursts). 
After centrifugation (liver: 2000×g, 10 min, 4 ◦C; brain: 3000×g, 
15 min, 4 ◦C), supernatants were stored at − 80 ◦C. Protein concentration 
was determined by the Lowry method [23], resulting in 
28.3 ± 1.0 μg/μL for liver and 8.0 ± 0.3 μg/μL for brain homogenates.

2.5. Kinetic analysis in Tris-HCl

Kinetic analysis of UDC-Fer-Me was performed by its incubation at 
37 ◦C in a mixture of Tris-HCl buffer 50 mM (pH 7.4) and MeOH 70:30 
(v/v) at a final concentration of 30 μM (17.5 μg/mL), obtained by 
dilution of the stock solution. The dissolution experiments in water 
described in section 2.3 did not yield detectable amounts of solubilized 
UDC-Fer-Me by HPLC, indicating that this compound is practically 

insoluble in water. Consequently, MeOH was necessary for the dissolu
tion of this compound in the incubation medium for kinetic analysis in 
Tris-HCl. At defined time points, the samples (150 μL) were withdrawn 
and, after filtration (regenerated cellulose, 0.45 μm), 10 μL was injected 
into the HPLC apparatus (section 2.7) for the quantification of UDC-Fer- 
Me and its potential hydrolysis products. Three independent incubation 
experiments were performed, and the results were presented as the 
mean of the values.

2.6. Kinetic analysis in rat liver and rat brain homogenate

UDC-Fer-Me (30 μM, 17.5 μg/mL) was incubated in 3 mL of rat liver 
or brain homogenates at 37 ◦C. At defined time intervals, 100 μL ho
mogenate aliquots were withdrawn, mixed with 250 μL EtOH and 50 μL 
carbazole (100 μM in EtOH), centrifuged (13,500×g, 10 min), dried 
under a nitrogen stream (300 μL), and resuspended in 150 μL H2O/ 
MeOH (50:50, v/v). After double centrifugation (16,000×g, 5 min), 
15 μL was analyzed by HPLC. Results are the means of three independent 
experiments.

2.7. HPLC analysis

The quantification of UDC-Fer-Me and its potential hydrolysis 
products Fer-Me and Fer was conducted by using a modular HPLC sys
tem, which comprised a pump (model LC-40D), a DAD detector (model 
SPD-M40, Shimadzu, Kyoto, Japan), and an injection valve with a 20-μL 
sample loop (model 7725; Rheodyne, IDEX, Torrance, CA, USA).

The elution was performed by using a 5-μm Hypersil BDS C-18 col
umn (150 mm × 4.6 mm i.d.; Thermo-Fisher Scientific SpA Italia Srl, 
Milan, Italy) accompanied by a guard column packed with the same 
Hypersil material. UDC-Fer-Me and its potential hydrolysis products Fer- 
Me and Fer were separated at room temperature using a mobile phase 
consisting of a mixture of acidified H2O (0.4% v/v acetic acid) and 
MeOH, with a ratio determined by a gradient profile, with a flow rate of 
0.8 mL/min. Specifically, an isocratic elution was performed for 3 min 
using 55% (v/v) of MeOH in the aqueous solvent. Following this, a linear 
gradient was established over 7 min to achieve 80% (v/v) of MeOH in 
the aqueous solvent, and this ratio was maintained for 10 min. Subse
quently, the mobile phase was adjusted back to the initial volume ratio 
of 55% (v/v) MeOH in the aqueous solvent with a linear gradient over 
5 min, and an additional 5 min ensured the system re-equilibration to 
the initial conditions. The chromatograms were displayed at two 
different wavelengths to evaluate the absorbance of all compounds: 
280 nm for UDC-Fer-Me and carbazole, the latter used as an internal 
standard during the extraction of rat whole blood and liver/brain ho
mogenates; 320 nm for the potential hydrolysis products Fer-Me and 
Fer. The retention times of Fer, Fer-Me, carbazole, and UDC-Fer-Me 
under the analytical conditions described were 3.0, 4.9, 10.7, and 
20.5 min, respectively. LabSolutions Software (version 5.110 in Win
dows 10, Shimadzu, Kyoto, Japan) was used for data acquisition and 
processing.

Repeated analyses (n = 6) of the same sample solution containing 
every single compound at 10 μM concentration (1.94 μg/mL for Fer; 
2.08 μg/mL for Fer-Me; 5.83 μg/mL for UDC-Fer-Me) dissolved in 

Fig. 2. Synthesis of UDC-Fer-Me via Steglich-type esterification reaction.
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MeOH, or in a mixture of H2O and MeOH (50:50 v/v), or in a mixture of 
Tris-HCl buffer 50 mM (pH 7.4) and MeOH (70:30 v/v), and at 3 μM 
concentration (0.58 μg/mL for Fer; 0.62 μg/mL for Fer-Me; 1.75 μg/mL 
for UDC-Fer-Me) in 10 mM acetate buffer (pH 5.5) supplemented with 
0.1% BSA and 0.05% sodium taurocholate, were used to determine the 
chromatographic precision, represented by relative standard deviation 
(RSD) values ranging from 0.87 to 0.95. Calibration curves of peak areas 
in function of concentration, the latter ranging from 0.1 to 10 μM for 
each compound in 10 mM acetate buffer (pH 5.5) supplemented with 
0.1% BSA and 0.05% sodium taurocholate (0.019–1.94 μg/mL for Fer; 
0.021–2.08 μg/mL for Fer-Me; 0.058–5.83 μg/mL for UDC-Fer-Me) or 
from 0.1 to 50 μM for each compound (0.019–9.81 μg/mL for Fer; 
0.021–10.41 μg/mL for Fer-Me; 0.058–29.14 μg/mL for UDC-Fer-Me) 
dissolved in the other media described above, were generated. These 
curves exhibited linearity within the considered range (n = 8, r ≥ 0.994, 
P < 0.001).

A preliminary analysis was performed on blank rat liver and brain 
homogenates, CSF, and blood samples to ascertain that the components 
of these biological matrices do not interfere with the retention times of 
UDC-Fer-Me, Fer-Me, Fer, and the internal standard (carbazole). CSF 
was simulated using standard aliquots of DPBS balanced solution 
depleted of calcium and magnesium and supplemented with 0.45 mg/ 
mL BSA [24,25]. Calibration curves of peak areas versus concentration 
ranging from 0.1 to 10 μM for Fer (0.019 to 1.94 μg/mL), Fer-Me (0.021 
to 2.08 μg/mL), and UDC-Fer-Me (0.058 to 5.83 μg/mL), were obtained 
dissolving the compounds in CSF simulation fluid and exhibited linearity 
within the considered range (n = 8, r ≥ 0.995, P < 0.001). The peak 
areas obtained from the extraction of blood or liver/brain homogenate 
test samples (10 μM) at 4 ◦C (n = 6) were compared to those obtained by 
the injection of solutions of the analytes dissolved in a mixture of H2O 
and MeOH (50:50 v/v) at the same concentration; the average re
coveries of Fer, Fer-Me, and UDC-Fer-Me extracted resulted approxi
mately in the range from 40% to 89%. The concentrations of these 
compounds in whole blood or liver/brain homogenates were therefore 
expressed as peak area ratios with respect to the internal standard, 
carbazole. The calibration curves in these biological systems at 4 ◦C, 
ranging from 0.5 to 50 μM for Fer (0.097 to 9.71 μg/mL), Fer-Me (0.104 
to 10.41 μg/mL), and UDC-Fer-Me (0.291 to 29.14 μg/mL, resulted 
linear (n = 8, r ≥ 0.993, P < 0.001).

2.8. Antioxidant activity of UDC-Fer-Me on neuronal differentiated Neu- 
2A cells

2.8.1. Neu-2A cell culture and neuronal differentiation
The mouse-derived neuroblastoma Neu-2A cell line was seeded in 

T75 flasks and grown in Dulbecco's Modified Eagle Medium (DMEM) 
containing Glutamax, supplemented with 100 μg/mL streptomycin, 100 
IU/mL penicillin, and 10% fetal bovine serum (FBS) in a humidified 5% 
CO2 atmosphere at 37 ◦C. After two passages by trypsinization, the cells 
were seeded at a density of 5 × 103 cells/well in 96-well plates with 
0.2 mL of growth DMEM medium. A Scepter™ 2.0 handheld automated 
cell counter (Merck Millipore, Milan, Italy) was used for cell counting. 
Neuronal differentiation protocol was adapted from previously reported 
methods with minor modifications [26,27]; cells were allowed to adhere 
for 24 h; the growth medium was then replaced with a differentiating 
medium composed of DMEM containing Glutamax, 1% FBS, and 1 μM 
N-(4-hydroxyphenyl)retinamide (4-HPR). Differentiation was continued 
for up to 8 days, after which the cells were used for experiments.

2.8.2. MTT assay for evaluation of UDC-Fer-Me toxicity on differentiated 
neuronal cells

The potential neurotoxicity of UDC-Fer-Me in differentiated Neu-2A 
cells, seeded at a density of 5 × 103 cells/well and neuronally differ
entiated as described above, was assessed using the MTT assay. Cells 
were incubated for 1 h at 37 ◦C in a humidified 5% CO2 atmosphere with 
increasing concentrations (1, 5, 10, 40, 70, and 100 μM) of UDC-Fer-Me 

or with 100 μM ascorbic acid (used as a known antioxidant positive 
control), both dissolved in 0.2 mL of differentiating DMEM medium 
without 4-HPR. After incubation, the sample media were removed, and 
0.2 mL of MTT solution (0.5 mg/mL) in differentiating DMEM medium 
without 4-HPR was added to each well (4 h; 37 ◦C; 5% CO2). Metabol
ically active cells reduced the insoluble yellow tetrazolium salt into 
purple formazan crystals. After incubation, the MTT solution was dis
carded and the formazan crystals were solubilized for 1 h (37 ◦C) in 
DMSO (0.1 mL/well) while shaking in an orbital incubator (VDRL Stirrer 
with Thermostatic Cupola, Model 711/CT +, Asal Srl, Cernusco, Milan, 
Italy). The absorbance of each well was measured at 570 nm using a 
microplate reader (NB-12-0035 Microplate Reader, NeoBiotech, 
distributed by CliniSciences, Rome, Italy), using blank and cell-free 
wells with test concentrations of UDC-Fer-Me as reference. Cell 
viability was expressed as the percentage of MTT reduction in treated 
cells relative to untreated controls (set as 100% viability). Each reported 
value represents the mean of three independent experiments, each 
performed in duplicate (n = 6).

2.8.3. Neutral red uptake assay for the assessment of UDC-Fer-Me toxicity 
in neuronally differentiated Neu-2A cells

The potential neurotoxicity of UDC-Fer-Me in differentiated Neu-2A 
cells was also tested by Neutral Red (NR) cytotoxicity test, following the 
method reported by Repetto et al. [28]. Briefly, cells were seeded at a 
density of 5 × 103 cells/well in 96-well plates, neuronally differentiated 
as described above and then incubated for 1 h at 37 ◦C in a humidified 
5% CO2 atmosphere with increasing concentrations (1, 5, 10, 40, 70, and 
100 μM) of UDC-Fer-Me. UDC-Fer-Me in the same range of concentra
tions was also incubated in parallel cell-free wells at the same conditions 
to dismiss possible chemical interaction of increasing concentrations of 
UDC-Fer-Me with NR dye. At the end of incubation, each well was rinsed 
once with 200 μL of DPBS Ca2+ and Mg2+ free, a NR solution in DPBS 
(3 mg/mL) was diluted 1:100 in culture medium containing 1% FBS and 
150 μL of 30 μg/mL NR were added to each well. After a 3 h of incu
bation at 37 ◦C, NR solution was removed, each well was rinsed once 
with 200 μL of DPBS and dye extraction was performed by adding 150 μL 
of NR destain acidified ethanol solution (50% ethanol 96%, 49% 
deionized water, 1% glacial acetic acid) into each well. The 96-well 
plate was gently shaken for 10 min at RT, and the OD of NR extract 
was measured at 540 nm in a microtiter plate reader spectrophotometer 
(NB-12-0035 Microplate Reader, NeoBiotech, distributed by Clin
iSciences, Rome, Italy), using blank and cell-free wells with test con
centrations of UDC-Fer-Me as reference. Cell viability was expressed as 
the percentage of NR extraction in treated cells relative to untreated 
controls (set as 100% viability). Each reported value represents the 
mean of three independent experiments, each performed in duplicate 
(n = 6).

2.8.4. Detection of reactive oxygen species (ROS) in differentiated Neu-2A 
cells treated with UDC-Fer-Me and stressed with H2O2

The potential antioxidant effect of UDC-Fer-Me was evaluated using 
the method described by Wang and Joseph [29,30]. In this method, the 
nonpolar probe 2′,7′-dichlorofluorescin diacetate (DCFH-DA) enters 
intact cells and is hydrolyzed by intracellular esterases to form the 
nonfluorescent DCFH carboxylate anion. This anion remains trapped 
within the cells and, upon oxidation by free radicals generated by 
stressors such as hydrogen peroxide (H2O2), is converted into highly 
fluorescent dichlorofluorescin (DCF). The fluorescence intensity of DCF 
thus reflects the intracellular ROS production.

Neu-2A cells were seeded at a density of 5 × 103 cells/well in 
OptiPlate® 96-well plates (black-coated, clear bottom) and neuronally 
differentiated as described above. After 8 days, the differentiating me
dium was replaced with pre-warmed phenol-red-free and serum-free 
DMEM supplemented with 10 μM DCFH-DA. Cells were incubated for 
30 min in the dark in a humidified 5% CO2 atmosphere at 37 ◦C. The 
DCFH-DA loading solution was then removed, and the cells were washed 
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twice with fresh phenol-red-free and serum-free DMEM to remove 
extracellular, non-internalized probe. Subsequently, Neu-2A cells were 
pre-incubated for 1 h in a humidified 5% CO2 atmosphere at 37 ◦C with 
one of the following: (i) phenol-red-free DMEM containing 1% FBS 
(untreated control), (ii) UDC-Fer-Me (1, 5, or 10 μM), or (iii) 100 μM 
ascorbic acid (antioxidant positive control), all dissolved in phenol-red- 
free DMEM containing 1% FBS.

After this pre-treatment, H2O2 was added (final concentration 
100 μM) in the absence or presence of UDC-Fer-Me or ascorbic acid. 
Fluorescence intensity, reflecting the oxidation of DCFH to DCF by 
intracellular ROS generated in response to H2O2, was measured at an 
excitation wavelength of 485 nm and an emission wavelength of 
530 nm, with readings taken over a 60-min time course using a fluo
rescence microplate reader (EnSight™ Multimode Plate Reader, Perki
nElmer, Milan, Italy) maintained at 37 ◦C. Results are expressed as the 
percentage of intracellular ROS production relative to untreated con
trols (100%), and represent the mean ± S.E.M. from sextuplicate wells 
(n = 6).

2.9. Uptake studies in respiratory mucosa RPMI 2650 cells

2.9.1. RPMI 2650 cell culture
RPMI 2650 cells were used to investigate in vitro the potential cell 

uptake of UDC-Fer-Me as free compound incubated at non-cytotoxic 
concentrations. This cell line derives from an anaplastic squamous cell 
carcinoma of the human nasal septum and displays epithelial 
morphology [31,32], making it a suitable in vitro model for respiratory 
mucosa.

RPMI 2650 cells were cultured in 75 cm2 polystyrene flasks with 
Advanced Minimum Essential Medium (A-MEM) containing 2 mM L- 
glutamine, 100 μg/mL streptomycin, 100 IU/mL penicillin, and 10% 
FBS at 37 ◦C in a 5% CO2 atmosphere. Cells were split twice with trypsin- 
EDTA at 37 ◦C before being seeded and allowed to grow to approxi
mately 90% confluence for MTT assays and uptake studies. A Scepter™ 
2.0 handheld automated cell counter (Merck Millipore, Milan, Italy) was 
used for cell counting.

2.9.2. MTT assay for evaluation of UDC-Fer-Me toxicity on RPMI 
2650 cells

RPMI 2650 cells were seeded in a 96-well plate at a density of 
3 × 104 cells/well in 0.2 mL of growth A-MEM. The potential cytotox
icity of UDC-Fer-Me as a free compound was assessed using the MTT 
assay. To this end, cells were incubated for 1 h under standard condi
tions (37 ◦C and 5% CO2) with increasing concentrations of UDC-Fer-Me 
(1, 5, 10, 40, 70, and 100 μM) dissolved in growth A-MEM. After the 
incubation period, the sample media were discarded, and 0.2 mL of MTT 
solution (0.5 mg/mL) in growth A-MEM was added to each well and 
incubated (3 h; 37 ◦C; 5% CO2). After incubation, the MTT solution was 
discarded, and the resulting formazan crystals were solubilized for 1 h 
(37 ◦C) in DMSO (0.1 mL/well) while shaking in an orbital incubator. 
The absorbance of each well was measured at 570 nm using a microplate 
reader (NB-12-0035 Microplate Reader, NeoBiotech, distributed by 
CliniSciences, Rome, Italy). Cell viability was expressed as the per
centage of MTT reduction in cells treated with culture medium (un
treated control set at 100% viability) compared to those treated with 
UDC-Fer-Me. Each reported value represents the mean of three inde
pendent incubation experiments, each performed in duplicate (n = 6).

2.9.3. Time-course of UDC-Fer-Me uptake in respiratory nasal mucosa 
RPMI 2650 cells

RPMI 2650 cells were seeded in a 12-well plate at a density of 
8 × 104 cells/well in 2 mL of culture A-MEM medium. After 24 h of 
culture, the potential uptake of UDC-Fer-Me by RPMI 2650 cells as a free 
compound was evaluated by adding a solution of UDC-Fer-Me (100 μM) 
in complete A-MEM medium to the test wells and incubating the plate 
for predetermined time intervals (10, 30, and 60 min) in a humidified 

5% CO2 atmosphere at 37 ◦C. At the end of each incubation period, the 
sample media were removed. The adherent cells were then rinsed three 
times with DPBS supplemented with 0.9 mM CaCl2, 0.5 mM MgCl2, and 
5 mM glucose (2 mL), followed by lysis with 0.2 mL of chilled bi-distilled 
water (approximately 4 ◦C) and storage at − 80 ◦C for at least 30 min. 
After thawing, 0.2 mL of MeOH was added to the wells to ensure com
plete solubilization of UDC-Fer-Me. The lysate was centrifuged twice 
(13,500×g for 10 min), and the supernatant was immediately injected 
into the HPLC system (20 μL) for the quantification of UDC-Fer-Me and 
its potential hydrolysis products Fer-Me and Fer (see section 2.7). In 
parallel, cell-free wells were incubated under the same conditions (time 
points and UDC-Fer-Me concentrations) in culture medium and pro
cessed as described for cell-containing wells, including washing, 
freezing, and methanol addition, in order to assess potential extracel
lular precipitation or sedimentation of the prodrug. Normalization of 
UDC-Fer-Me uptake to cell number was performed by detaching cells 
with trypsin in untreated wells at the end of the experiments, counting 
them using the Scepter™ 2.0 automated cell counter (Merck Millipore, 
Milan, Italy). Each reported value represents the mean of three inde
pendent incubation experiments and is expressed as nanomoles of 
compound per 106 cells.

2.10. Preparation of UDC-Fer-Me conjugate-loaded nanoparticles

Solid lipid nanoparticles (SLNs) were prepared using the emulsifi
cation/evaporation solvent technique. First, the organic phase was 
prepared by dissolving Compritol ATO 888 (120 mg), Span 85 (40 mg), 
and UDC-Fer-Me (30 mg) in 3 mL of chloroform. This phase was then 
added dropwise into 5 mL of an aqueous phase containing Tween 80 (1% 
w/v) and sodium taurocholate (1% w/v), while homogenizing the 
mixture with an Ultra-Turrax T25 (IKA-Werk, Staufen, Germany) at 
24,000 rpm for 5 min. The resulting oil-in-water emulsion was imme
diately poured into 15 mL of water placed in an ice bath and sonicated at 
20 W for 3 min (Ultrasonic Cell Disruptor Microson, Model XL 2005, 
Farmingdale, NY). The organic solvent was then evaporated while 
maintaining the suspension under magnetic stirring for 2 h at room 
temperature. Finally, the SLNs were purified by dialysis for 30 min 
(molecular weight cut-off 12,000–14,000 Da; Merck Life Sciences Srl, 
Milan, Italy) and freeze-dried for 24 h to obtain dry, water-free nano
particles (FreeZone 2.5, Labconco Corporation, Kansas City, Missouri, 
USA). Unloaded nanoparticles were prepared following the same pro
cedure, omitting the addition of UDC-Fer-Me.

2.11. Characterization of UDC-Fer-Me conjugate-loaded nanoparticles

The unloaded and UDC-Fer-Me-loaded SLNs were characterized as 
follows: (i) by scanning electron microscopy (SEM) to assess particle 
morphology; (ii) by centrifugal field-flow fractionation (CFFF) and dy
namic light scattering (DLS, also known as photon correlation spec
troscopy, PCS) to analyze particle size distribution; (iii) by high- 
performance liquid chromatography (HPLC) to determine drug 
loading (DL%) and encapsulation efficiency (EE%); and (iv) by differ
ential scanning calorimetry (DSC) to investigate possible interactions 
between the lipid matrix and the encapsulated compound.

2.11.1. Morphological evaluation of the SLNs
A scanning electron microscope (SEM) equipped with a Field Emis

sion Gun (FEG) emitter (Zeiss Gemini 460, Carl Zeiss GmbH, Germany) 
was used to observe the morphology of the nanoparticles. An aqueous 
SLN suspension was dropped and left to dry on a glass support, which 
was, afterwards, attached to a carbon tape on the proper stub. After gold 
sputtering (Q150R, Quorum Technologies, United Kingdom), imaging 
parameters were: 

- high vacuum mode;
- InLens detector and secondary electrons (SE);
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− 5 kV as acceleration voltage.

2.11.2. Size distribution analysis of the SLNs
SLNs size distribution was determined by either Dynamic Light 

Scattering (DLS or PCS) and CFFF.
Dynamic Light Scattering measurements were done by using a 

Zetasizer Pro (Malvern Instr., Malvern, England) with a 5 mW helium 
neon laser and a wavelength output of 633 nm. Measurements at a 173◦

angle were performed at 25 ◦C and with a run time of 120 s. Samples 
were diluted with deionized water (Milli-Q) in a 1:10 v/v ratio and 
analyzed in triplicate.

For the zeta potential (ζ) measurements, each SLN dispersion was 
diluted 10-fold in deionized water; the prepared samples were trans
ferred by syringe into a U-shaped capillary cell (DTS1070). The ζ value 
was measured three times during one cycle and was then calculated by 
the system software using the Smoluchowski equation. The arithmetic 
mean and standard deviation of the results were calculated over five 
repeated measurements.

The CFFF system was described elsewhere (Model S101, Postnova 
Analytics GmbH, Germany FFFractionation, Inc., Salt Lake City, UT, 
USA) [33]. The mobile phase was constituted of a 0.1% v/v solution of 
FL70 in deionized Milli-Q water (Millipore S.p.A., Vimodrone, Milan, 
Italy) pumped at 1.0 mL/min. Fifty microliter samples were directly 
injected through a 50 μL Rheodyne loop valve. The centrifugal field was 
programmed according to the following parameters: initial field 
G0 = 2000 rpm, relaxation time = 5 min, t1 = 10 min, ta = − 40 min, 
p = 8, and final field G0 = 20 rpm. The SLNs particle density was 
assumed ρp = 1.06 g/mL.

2.11.3. UDC-Fer-Me content in SLNs
Approximately 5 mg of nanoparticles were accurately weighed using 

a high-precision analytical balance (d = 0.01 mg; Sartorius, model CP 
225D, Goettingen, Germany) and subsequently dissolved in MeOH by 
heating at 80 ◦C for 5 min. After cooling to room temperature, the so
lution volume was adjusted to 2 mL with MeOH, then filtered through a 
regenerated cellulose membrane (0.45 μm) and further diluted 1:10 
with fresh MeOH. UDC-Fer-Me was quantified by injecting 10 μL of the 
diluted solution into the HPLC system.

The drug loading (DL %) and drug entrapment efficiency (EE %) 
were calculated according to the following equations (1) and (2): 

DL %=
Amount of incorporated prodrug

Total mass of dried sample
× 100 (1) 

EE %=
Amount of drug in purified sample

Total amount of prodrug used
× 100 (2) 

Results derive from three independent experiments and are pre
sented as mean ± S.E.M.

2.11.4. Differential scanning calorimetry
Differential scanning calorimetry (DSC) analysis was carried out 

with a PerkinElmer (DSC 7, Shelton, CT, United States). The samples had 
a typical mass of 2− 4 mg, measured using a high precision analytical 
balance (d = 0.01 mg; Sartorius, model CP 225D, Goettingen, Germany). 
They were put in non-hermetic aluminum pans, and an empty aluminum 
pan was used as a reference. The measurements were performed in the 
40− 250 ◦C temperature interval, at a heating rate of 2 ◦C/min, under a 
continuous purged dry nitrogen flux (20 mL/min). Indium and zinc 
standards were used for instrument calibration, in order to cover the 
whole range of temperatures investigated. The data were collected in 
triplicate for each sample.

2.12. Stability analysis of UDC-Fer-Me in H2O:MeOH mixture and 
acetate buffer (pH 5.5)

The stability of 10 μM UDC-Fer-Me was evaluated in H2O/MeOH 

solvent mixture (50:50 v/v, 30 mL) maintained under mechanical stir
ring (100 rpm) at 37 ◦C for about 8 h. Similarly, UDC-Fer-Me stability at 
3 μM concentration was evaluated in 10 mM acetate buffer (pH 5.5) 
supplemented with 0.1% BSA and 0.05% sodium taurocholate. During 
the incubation, 150 μL samples were withdrawn and filtered (regener
ated cellulose, 0.45 μm), then 10 μL of the filtered solutions was 
immediately injected into the HPLC apparatus to quantify UDC-Fer-Me 
and its potential hydrolysis products Fer-Me and Fer. All the values 
were obtained as the mean of three independent experiments.

2.13. UDC-Fer-Me in vitro dissolution and release studies from SLNs

UDC-Fer-Me or UDC-Fer-Me-loaded SLNs were accurately weighed 
using an analytical balance (Sartorius CP 225D) and suspended in 
100 mL of two different media: (i) a H2O/MeOH mixture (50:50, v/v) to 
obtain a final UDC-Fer-Me concentration of 20 μM (11.6 μg/mL), cor
responding to approximately 10% of the compound's saturation solu
bility, and (ii) a 10 mM acetate buffer (pH 5.5) supplemented with 0.1% 
BSA and 0.05% sodium taurocholate to obtain a final concentration of 
6 μM (3.50 μg/mL), corresponding to approximately 30% of the com
pound's saturation solubility in this system.

The suspensions were incubated at 37 ◦C under mechanical stirring 
(100 rpm), and 150 μL aliquots were withdrawn at predefined time 
points. Samples from the raw UDC-Fer-Me suspension were filtered 
through regenerated cellulose filters (0.45 μm), whereas aliquots from 
the SLN suspensions were filtered upon centrifugation at 13,000×g by 
using Microcon filter devices (YM 30, Millipore Corporation, Bedford, 
MA, USA; the filters are able to retain nanoparticles larger than the 
cutoff corresponding to proteins with molecular weight of 30 kD, which 
is estimated to be approximately 5 nm [34]). In both cases, 20 μL of each 
filtered sample was injected into the HPLC system for UDC-Fer-Me 
quantification. All reported values represent the mean of three inde
pendent experiments.

2.14. Intravenous infusion to rats of UDC-Fer-Me and kinetic analysis

Male Wistar rats (200–250 g; n ≥ 4) were anesthetized and infused 
intravenously (femoral vein) with 500 μg UDC-Fer-Me (2 mg/kg) at 
0.2 mL/min for 5 min (0.5 mg/mL of UDC-Fer-Me in 80% saline with 
0.82 mg/mL sodium taurocholate, 10% EtOH, 10% DMSO). At the 
administered dose, no evident acute adverse effects were observed in 
treated animals. This vehicle was employed exclusively for comparative 
pharmacokinetic purposes and does not represent a clinically translat
able formulation. Blood (100 μL) and CSF (30 μL) samples were collected 
at fixed time intervals. Blood samples were serially collected from the 
tail vein using a butterfly needle to minimize animal stress and allow 
repeated sampling. Immediately after sample collection, blood samples 
were hemolyzed with 500 μL of ice-cold water; 50 μL of 10% sulfosali
cylic acid and 50 μL of internal standard (100 μM carbazole dissolved in 
a water-methanol mixture 50:50 v/v) were then added. The samples 
were extracted twice with 900 μL of ethyl acetate and, after centrifu
gation (12,000×g for 10 min), the organic layer was reduced to dryness 
at room temperature under a nitrogen stream. Then, 150 μL of a water- 
methanol mixture (50:50 v/v) was added to the dried samples and, after 
double centrifugation, 10 μL was injected into the HPLC system (section 
2.7) for Fer, Fer-Me, and UDC-Fer-Me quantification.

CSF samples were collected by the cisternal puncture method 
described by van den Berg et al. [35], requiring a single needle stick and 
allowing the collection of serials (about 30 μL) virtually blood-free CSF 
samples [36]. A maximum of about 120 μL of CSF was collected as total 
volume from each rat, allowing the restoration of the CSF physiological 
volume by choosing appropriate time points (n = 4-6, taking into ac
count a maximum of three collections for each rat). The CSF samples 
(10 μL) were immediately injected into the HPLC system (section 2.7) 
for Fer, Fer-Me, and UDC-Fer-Me detection. All the values were obtained 
as the mean of at least four independent experiments.
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2.15. Nasal administration of UDC-Fer-Me

UDC-Fer-Me was nasally administered at a dose of approximately 
2 mg/kg (0.5 mg per rat) either as the free compound (water suspension) 
or encapsulated in compritol SLNs. Each nasal formulation was admin
istered to a group of at least four anesthetized adult male Wistar rats 
(200–250 g body weight), fasted for 24 h, and positioned on their backs. 
Each rat received, in each nostril, 55 μL of a water suspension containing 
5 mg/mL raw UDC-Fer-Me, or an equivalent amount of loaded SLNs 
corresponding to 5 mg/mL UDC-Fer-Me (62.9 mg/mL of loaded SLNs). A 
semiautomatic pipette equipped with a short polyethylene tube, inserted 
approximately 0.6–0.7 cm into each nostril, was used for nasal admin
istration. Blood samples (100 μL) and CSF samples (approximately 
30 μL) were collected serially at fixed time points after administration 
and processed as described in section 2.14 for the quantification of Fer, 
Fer-Me, and UDC-Fer-Me. All reported values represent the mean of at 
least four independent experiments.

The trapezoidal method was used to calculate the area under the 
concentration-time curves (AUC, μg mL− 1•min) in the rat bloodstream 
or CSF following nasal administration of UDC-Fer-Me. The absolute 
bioavailability (F) of nasally administered UDC-Fer-Me was calculated 
as the ratio between the nasal AUC and the intravenous (IV) AUC of 
UDC-Fer-Me measured in the bloodstream, normalized with respect to 
the administered doses, according to the following Equation (3) [37]: 

F=
AUCnasal

AUCIV
⋅

doseIV

dosenasal
(3) 

The computer program GraphPad Prism version 7.0 (GraphPad 
Software, San Diego, California, U.S.A.) was used to perform the 
calculations.

The animal study protocol was approved by the Italian Ministry of 
Health (Rome, Italy; approval number 173/2024-PR) and all procedures 
were conducted in accordance with the ARRIVE guidelines and the 
European Directive 2010/63/EU for animal experiments.

2.16. In vitro and in vivo pharmacokinetic calculations

The UDC-Fer-Me degradation in rat liver and brain homogenates, or 
its elimination from the bloodstream after intravenous infusion, were 
analyzed as exponential decay plots of the compound concentrations 
versus incubation time, and the related half-life values were obtained 
from the linear regression of the corresponding semi-logarithmic plots. 
The quality of the fits was evaluated by considering the correlation co
efficients (r) and P values.

The trapezoidal method was used to calculate the area under con
centration curves (AUC, μg mL− 1⋅min) in the rat bloodstream or CSF 
following the intravenous administration of UDC-Fer-Me.

All the calculations were performed by using the computer program 
GraphPad Prism version 7 (GraphPad Software, San Diego, CA, USA).

2.17. Statistical analysis

Data from MTT assays (sections 2.8.2 and2.9.2) were analyzed by 
one-way ANOVA with Dunnett's post hoc test. ROS data (section 2.8.3) 
were analyzed by two-way ANOVA with Tukey's multiple comparison 
test. All analyses were performed with GraphPad Prism v8.0 (GraphPad 
Software, San Diego, CA, USA). A P value < 0.05 was considered sta
tistically significant.

3. Results

3.1. Synthesis and characterization of UDC-Fer-Me conjugate

The synthesis of UDC-Fer-Me was carried out in Steglich esterifica
tion conditions [38] by using N-(dimethylamino)pyridine (DMAP) and 
1-ethyl-3-(3-dimethylaminopropyl)carbodiimide (EDCI) as a coupling 

reagent; the desired compound was obtained in high yield after purifi
cation by flash chromatography (78%). After 18 h at room temperature 
(25 ◦C), TLC analysis showed the almost total loss of UDCA (limiting 
reagent), allowing the workup of the reaction. This only required the 
separation by filtration of powdered UDC-Fer-Me, resulting after treat
ing the reaction with a few mL of a slightly acidic aqueous solution. It is 
noteworthy that the coupling reagent EDCI, unlike N, 
N′-dicyclohexylcarbodiimide (DCC), simplifies the purification of the 
desired ester by forming a water-soluble urea byproduct, which can be 
removed during workup and does not pose appreciable hazards to 
human health and the environment [39]. After purification by flash 
chromatography, UDC-Fer-Me was a white powder and was completely 
insoluble in water, while in 10 mM acetate buffer (pH 5.5) supplemented 
with 0.1% BSA and 0.05% sodium taurocholate, and in a 50:50 (v/v) 
H2O/MeOH mixture its saturation concentrations were 21.4 μM 
(12.5 μg/mL) and 191.6 μM (111.7 μg/mL), respectively.

1H NMR (Fig. S1): δ = 7.63 (d, 1H, J = 16.0 Hz), 7.49 (s, 1 H), 7.28 
(d, 1 H, J = 8.4 Hz), 7.08 d, 1 H, J = 8.4 Hz), 6.68 (d, 1H, J = 16.0 Hz), 
4.41 (s, 1 H), 3.85 (d, 1 H, J = 8.0 Hz), 3.79 (s, 3 H), 3.71 (s, 3 H), 3.36- 
3.20 (m, 2 H), 2.62-2.52 (m, 1 H), 2.50-2.40 (m, 1 H), 1.98-0.97 (m, 
24 H), 0.92 (d, 3 H, J = 6.4 Hz), 0.85 (s, 3 H), 0.62 (s, 3 H).

13C NMR (Fig. S2): δ = 171.79, 167.11, 151.62, 144.40, 141.52, 
133.38, 123.60, 121.98, 118.51, 112.47, 70.16, 69.88, 56.46, 56.28, 
55.12, 51.91, 43.57, 43.45, 42.61, 39.15, 38.17, 35.27, 35.21, 34.20, 
31.11, 30.83, 23.75, 18.67, 12.50.

MS (ESI, ES+): Calcd for [C35H50O7+ H]+ 583.37; Found 583.58.

3.1.1. Calculated Log Po/w values of Fer, Fer-Me, UDC, and UDC-Fer-Me
The calculated Log Po/w values of the conjugated UDC-Fer-Me and 

the compounds UDCA and Fer-Me used for conjugation are reported in 
Table S1, together with the calculated Log Po/w of Fer. The values were 
obtained using both the SwissADME system [22] and the ChemDraw 
Ultra software version 12.0.2.1076 (PerkinElmer PerkinElmer Infor
matics, Waltham, MA, USA). Both the two calculation systems evidence 
that the methylation of Fer induces an increase of its Log Po/w value of 
~0.3 or 0.4 logarithmic unities; moreover, the ester conjugation of 
UDCA and Fer-Me induces an increase of their Log Po/w value of ~2 and 
~4 logarithmic units, respectively, obtaining the conjugate UDC-Fer-Me 
with a Log Po/w value of ~6.

3.2. Hydrolysis studies of UDC-Fer-Me in rat liver and brain homogenates 
(in vitro studies)

The potential behavior of UDC-Fer-Me as prodrug was investigated 
by evaluating its hydrolysis in different physiological media, namely rat 
liver and brain homogenates, selected to represent the peripheral and 
central compartments of the body, respectively. The amounts of the 
prodrug and its potential hydrolysis products (i.e., Fer-Me and Fer) were 
therefore measured at different time-points during the prodrug incu
bation in these homogenates.

A Tris-HCl buffer solution (pH 7.4) was used for the preparation of 
liver and brain homogenates. UDC-Fer-Me remained stable in this buffer 
for 8 h at 37 ◦C, indicating that no significant degradation occurred 
under these conditions. A similar stability was previously reported for 
Fer-Me and Fer [21]. Therefore, any degradation observed in rat liver or 
brain homogenates can be attributed to enzymatic processes rather than 
to the Tris-HCl buffer itself.

In rat liver homogenate, UDC-Fer-Me was degraded with the 
concomitant appearance of Fer-Me, as shown in Fig. 3A, where all data 
are reported as the percentage of the overall molar amounts of incubated 
UDC-Fer-Me. In particular, UDC-Fer-Me was totally degraded within 
30 min following a pseudo-first order kinetic, as evidenced by the 
exponential decay plot reported in Fig. 3A and confirmed by the line
arity of the semilogarithmic plot in the inset (n = 5, r = 0.996; 
P < 0.001), which allowed to calculate the elimination constant (kel) and 
half-life (t1/2) values of 0.238 ± 0.12 min− 1 and 2.90 ± 0.10 min, 
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respectively. The molar amount of Fer-Me released from UDC-Fer-Me 
increased within the first 15 min to approximately 70% of the total 
incubated prodrug, then progressively decreased to about 1.5% after 
120 min. This decline was accompanied by the formation of Fer, whose 
molar amount increased over 120 min, reaching approximately 95% of 
the initial UDC-Fer-Me.

These data indicate that UDC-Fer-Me was degraded by hydrolysis 
processes (characterized by pseudo-first order kinetics) involving the 
ester conjugation group between UDCA and Fer-Me; Fer-Me was in turn 
hydrolyzed to Fer (Fig. 1), at a rate consistent with the previously re
ported t1/2 (about 30 min) in rat liver homogenates [21]. The rat liver 
homogenate enzymatic activity allows, therefore, to identify 
UDC-Fer-Me as a prodrug of both Fer and UDCA, at least at the pe
ripheral level. The profiles of UDC-Fer-Me and its degradation products 
reported in Fig. 3A suggest that hydrolysis of the ester linkage between 
UDCA and Fer-Me predominates over the hydrolysis of its methyl-ester 
group, as reported in the scheme of Fig. 1.

In addition to the liver homogenate, the ability of rat brain homog
enate to hydrolyze UDC-Fer-Me was evaluated, in order to investigate its 
potential prodrug behavior in the CNS. The compound was degraded 
also in rat brain homogenate with the concomitant appearance of Fer- 

Me, as shown in Fig. 3B, where data are reported as the percentage of 
the overall molar amounts of incubated UDC-Fer-Me.

In particular, UDC-Fer-Me was progressively degraded, with its 
amount decreasing to approximately the 2% within 3 h of incubation. 
The degradation followed a pseudo-first order kinetic, as evidenced by 
the exponential decay plot reported in Fig. 3B and confirmed by the 
linearity of the semilogarithmic plot in the inset (n = 11, r = 0.996; 
P < 0.0001). The data allowed to calculate the kel and t1/2 values of 
0.021 ± 0.001 min− 1 and 32.55 ± 0.61 min, respectively.

The Fer-Me molar amounts, released by UDC-Fer-Me degradation, 
increased over 180 min, reaching approximately 90% of the initially 
incubated prodrug. In this case, no formation of Fer was detected, 
consistent with the previously reported inability of rat brain homoge
nate to hydrolyze Fer-Me [21]. The rat brain homogenate enzymatic 
activity therefore supports the role of UDC-Fer-Me as a prodrug of both 
Fer-Me and UDCA in the CNS. The profiles of UDC-Fer-Me and Fer-Me 
reported in Fig. 3B, together with the absence of detectable Fer 
amounts in brain homogenates, indicate that, also in this case, the hy
drolysis of the prodrug ester conjugation group between UDCA and 
Fer-Me predominates over the hydrolysis of its methyl-ester group.

3.3. Antioxidant activity of UDC-Fer-Me on neuronal differentiated Neu- 
2A cells

Neuroblastoma Neu-2A cells, a cholinergic cell line capable of 
differentiating into either cholinergic or dopaminergic neurons 
depending on culture conditions [40], were used to evaluate the po
tential of UDC-Fer-Me as an antioxidant agent against H2O2-induced 
oxidative stress in neuronal cells. To ensure accurate evaluation of its 
potential antioxidant effects, the cytotoxicity of UDC-Fer-Me was first 
assessed in neuronally differentiated Neu-2A cells using MTT and 
Neutral Red (NR) uptake assays, in order to exclude confounding 
concentration-dependent effects on cell viability. In this study, Neu-2A 
cells were differentiated into neuronal cells, as certain cytotoxic ef
fects are not observed in non-excitable cells such as undifferentiated 
neuroblastoma cells [41].

3.3.1. Evaluation of UDC-Fer-Me potential neurotoxicity on neuronal 
differentiated Neu-2A cells by MTT and neutral red uptake assays

The viability of Neu-2A cells exposed to increasing concentrations of 
the compound using a standard MTT assay of the mitochondrial redox 
activity, was firstly evaluated. As shown in Fig. 4A, treatment with 
100 μM ascorbic acid, used as an established antioxidant positive con
trol, did not significantly affect cell viability compared with the un
treated control (P > 0.05). Exposure of Neu-2A cells to increasing 
concentrations of UDC-Fer-Me (1-100 μM) for 1 h, selected to match the 
time interval of the antioxidant assay, did not adversely affect cell 
viability. On the contrary, concentrations of 5 μM or higher resulted in a 
significant increase in cell viability compared with untreated controls 
(P < 0.0001; Fig. 4A), possibly reflecting enhanced mitochondrial ac
tivity. Additionally, cell viability of neuronally differentiated Neu-2A 
cells exposed to increasing concentrations of UDC-Fer-Me (1-100 μM; 
1 h), was evaluated using the NR uptake assay, which relies on the 
ability of viable cells to incorporate and retain the supravital dye NR 
within their lysosomes [28]. Compounds that compromise cell mem
brane or lysosomal integrity reduce NR uptake, resulting in a 
concentration-dependent decrease in absorbance.

As shown in Fig. 4B, NR uptake confirmed the absence of cytotoxic 
effects of UDC-Fe-Me at all tested concentrations, in agreement with the 
MTT assay, despite the different physiological endpoints measured by 
the two methods. To exclude potential interference from organic sol
vents, UDC-Fer-Me was directly dissolved in the differentiation medium 
in both assays.

As illustrated in Fig. 4C, blank wells containing differentiation me
dium and MTT or NR dye exhibited negligible absorbance, confirming 
the absence of dye conversion or retention in the absence of cells. 

Fig. 3. In vitro hydrolysis study in rat liver and brain homogenate. (A) 
Degradation profile of UDC-Fer-Me (red) and the corresponding appearance 
profiles of Fer-Me (green) and Fer (blue) in rat liver homogenate. The values are 
reported as the percentage of the overall molar amount of incubated UDC-Fer- 
Me evidencing the exponential decay of the UDC-Fer-Me amounts, according to 
a pseudo-first order kinetic, confirmed by the linearity of the semilogarithmic 
plot reported in the inset (n = 7, r = 0.995, P < 0.001). (B) Degradation profile 
of UDC-Fer-Me (red) and the corresponding appearance profiles of Fer-Me 
(green) in rat brain homogenate. The values are reported as the percentage of 
the overall molar amount of incubated UDC-Fer-Me evidencing the exponential 
decay of the UDC-Fer-Me amounts, according to a pseudo-first order kinetic, 
confirmed by the linearity of the semilogarithmic plot reported in the inset 
(n = 11, r = 0.996, P < 0.0001). All data are reported as the mean ± S.E.M. of 
three independent experiments. (For interpretation of the references to color in 
this figure legend, the reader is referred to the Web version of this article.)
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Similarly, all tested concentrations of UDC–Fer–Me in cell-free condi
tions showed minimal absorbance and no visible color change, indi
cating the lack of direct chemical interaction with either MTT or NR 
dyes. In contrast, wells containing viable cells showed the expected 

colorimetric responses (formazan formation in MTT and dye accumu
lation in NR), with corresponding high absorbance values.

Overall, these results indicate that UDC-Fer-Me does not interfere 
with the assay readouts and does not induce cytotoxic effects under the 

Fig. 4. Effect of different concentrations of UDC-Fer-Me on the viability of neuronally differentiated Neu-2A cells. (A) MTT assay. (B) Neutral Red (NR) uptake assay. 
(C) Representative results of the MTT and NR assays as phase contrast optical microscope images and in 96-wells plate as well for increasing concentrations of UDC- 
Fer-Me in the presence and in the absence of cells. ****P < 0.0001: Significant differences compared with the control cells using one-way ANOVA, followed by 
Dunnett's multiple comparisons test. NS: no significant difference.

Fig. 5. ROS production in differentiated Neu-2A cells exposed to oxidative stress by H2O2 (100 μM) and treatments with UDC-Fer-Me (1, 5, and 10 μM) or ascorbic 
acid (100 μM). Data are reported as percentages over control cells, and the assay was conducted for 60 min to measure the time-course of intracellular ROS pro
duction. Data are expressed as mean ± S.E.M. (n = 6). Statistical comparisons were performed by two-way ANOVA followed by Tukey's multiple comparison test (*: 
comparison vs Control; #: comparison vs H2O2 -treated cells. The number associated refers to different statistical meanings: 1 = P < 0.05; 2 = P < 0.01; 
3 = P < 0.001; 4 = P < 0.0001).
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tested conditions, supporting that the observed increase in MTT signal 
likely reflects enhanced mitochondrial metabolic activity rather than 
assay artifacts.

3.3.2. UDC-Fer-Me reduces ROS production in neuronal differentiated Neu- 
2A cells stressed with H2O2

Intracellular ROS production was assessed using the DCFH-DA assay 
(10 μM). As shown in Fig. 5, incubation of Neu-2A cells with UDC-Fer- 
Me at all tested concentrations (1, 5, and 10 μM) in the absence of 
H2O2 did not significantly increase ROS production compared with the 
untreated control (P > 0.05).

In contrast, exposure to the oxidative stressor H2O2 (100 μM) 
induced a significant, time-dependent increase in DCF fluorescence in 
Neu-2A cells, indicating enhanced ROS generation compared with the 
untreated control (set at 100%) at all time points (P < 0.0001; Fig. 5). 
The maximal increase was observed 50 min after H2O2 application and 
remained elevated at the end of the observation period (60 min), 
reaching a ROS level of 188.31% relative to the untreated control.

Ascorbic acid (a well-established antioxidant compound used as a 
control) did not alter basal ROS production in neuronal-differentiated 
Neu-2A cells in the absence of H2O2 compared with the untreated con
trol (P > 0.05; Fig. 5). However, it completely prevented H2O2-induced 
ROS production (P < 0.0001; Fig. 5). In comparison, UDC-Fer-Me 
partially counteracted the ROS production induced by H2O2. When 
Neu-2A cells were pre-treated for 1 h with increasing concentrations of 
the prodrug (1–10 μM; 0.58–5.83 μg/mL) prior to H2O2 exposure, the 
resulting ROS levels were significantly lower than those observed in the 
absence of UDC-Fer-Me (Fig. 5). In particular, at 50 and 60 min after 
H2O2 addition, treatment with 1 μM UDC-Fer-Me reduced ROS pro
duction to approximately 144% of the untreated control (P < 0.0001), 
corresponding to roughly a 50% decrease compared with cells exposed 
to H2O2 alone (P < 0.0001).

These findings support the antioxidant potential of UDC-Fer-Me, as 
shown by its ability to significantly reduce ROS production in neuronal 
cells, even at the lowest concentration tested.

3.4. Uptake of UDC-Fer-Me in respiratory nasal mucosa RPMI 2650 cells

3.4.1. Evaluation of UDC-Fer-Me potential toxicity on respiratory nasal 
mucosa RPMI 2650 cells

To assess the potential cytotoxicity of the prodrug on nasal mucosa, 
an MTT colorimetric assay was performed on RPMI 2650 cells exposed 
to various concentrations of UDC-Fer-Me (1, 5, 10, 40, 70, and 100 μM) 
as a pure compound. No cytotoxic effects were observed at any of the 
tested concentrations (1–100 μM; Fig. S3). Based on these findings, a 
concentration of 100 μM UDC-Fer-Me was subsequently selected for the 
uptake assay in RPMI 2650 cells.

3.4.2. Intracellular UDC-Fer-Me uptake by RPMI 2650 cells
After one day of adhesion from seeding, RPMI 2650 cells were 

incubated with 100 μM UDC-Fer-Me in complete culture medium for 10, 
30, or 60 min at 37 ◦C to quantify the compound's cellular uptake and to 
monitor the appearance of its hydrolysis products, Fer-Me and Fer. As 
shown in Fig. 6, UDC-Fer-Me successfully permeated the RPMI cells, 
reaching intracellular concentrations of 3.95 ± 0.61 nmol/106 cells after 
10 min and 4.59 ± 0.49 nmol/106 cells after 60 min of incubation.

In addition, Fer-Me, released as a hydrolysis product of UDC-Fer-Me, 
was detected intracellularly in RPMI cells at concentrations of 
3.54 ± 0.14 nmol/106 cells and 4.13 ± 0.20 nmol/106 cells after 10 min 
and 60 min, respectively. Conversely, no intracellular Fer was detected 
within 60 min of incubation. These results demonstrate the ability of 
RPMI cells to hydrolyze the prodrug, with cleavage of the ester bond 
linking UDCA and Fer-Me representing the primary hydrolytic pathway 
(Fig. 1), whereas further conversion of Fer-Me to Fer appears limited 
under these conditions. No precipitated or sedimented prodrug was 
detected in cell-free wells, indicating the absence of extracellular 

residual compound.

3.5. Characterization of compritol-based SLNs

3.5.1. Morphological analysis of the SLNs
Both unloaded and UDC-Fer-Me-loaded SLNs exhibited an irregular 

spherical morphology, with particle sizes on the order of 0.1 μm, espe
cially for the loaded SLNs, as shown by the SEM micrographs in Fig. 7.

3.5.2. SLN size distribution analysis
Estimating the mean size and associated size distribution through 

SEM observations requires the acquisition of photographs rich in parti
cles well separated from each other, so as to ensure a statistically rele
vant evaluation through the use of appropriate software. An alternative 
way to obtain the same information is to use techniques that directly 
analyze the suspensions as they are to guarantee the measurement of an 
adequate number of particles and avoid possible modifications.

Among the methods routinely used, DLS is widely recognized as fast 
and user-friendly approach, providing low-resolution and semi- 
quantitative size distributions, albeit with good statistical sampling. 
DLS measurements confirm that the incorporation of UDC-Fer-Me dur
ing SLN formulation promoted the formation of a numerically signifi
cant population of small particles (~100 nm; Fig. 8 and Fig. S4) along 
with a second relevant population of larger particles (~400 nm; red 
line). The presence of aggregates is reflected by the Z-average and PDI 
values (Table 1). In contrast, unloaded SLNs show a single-size popu
lation of approximately 200 nm, with a PDI value which suggests also for 
this sample a size heterogeneity (Table 1).

While DLS is ideal for monodisperse particles, CFFF is excellent for 
complex, polydisperse, and aggregated samples, as it would seem this 
case. Fig. 9 reports the CFFF particle size distributions elaborated from 
the UV signal, acquired as a function of retention time (fractograms) 
[42] (Fig. S5). Both unloaded and loaded samples appear high poly
dispersed, with particles and aggregates ranging between 60 nm up to 
1500 nm, with average sizes peaking at 400 and 500 nm, respectively. In 
agreement with the DLS data, the presence of the drug seems to generate 
a small population of about 150 nm (red line). The slight discrepancy 
observed in the main peak position (400 nm vs 500 nm of the unloaded 
SLNs) could be ascribed to a difference in the density of unloaded versus 
loaded particles, which were not accounted for in the CFFF data pro
cessing (assumed particle density ρp = 1.06 g/mL for both).

Fig. 6. Time-dependent intracellular amounts (nmol/106 cells) of UDC-Fer-Me 
(red) and its hydrolysis product Fer-Me (green) in RPMI 2650 cells after incu
bation with 100 μM UDC-Fer-Me (58.28 μg/mL) dissolved in complete A-MEM 
at 37 ◦C. Data are expressed as mean ± S.E.M. of four independent experiments. 
(For interpretation of the references to color in this figure legend, the reader is 
referred to the Web version of this article.)
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3.5.3. Analysis of the UDC-Fer-Me content in the SLNs
The UDC-Fer-Me content was quantified in terms of drug loading (DL 

%) and encapsulation efficiency (EE%) after freeze-drying, as described 
in section 2.11.3. Specifically, the amount of prodrug encapsulated in 
the compritol-based SLNs (DL%) was found to be 7.95 ± 0.46%, corre
sponding to an encapsulation efficiency (EE%) of 61.01 ± 3.54%.

3.5.4. Differential scanning calorimetry analysis of the SLNs
A DSC analysis was performed to investigate the potential in

teractions between the compritol lipid matrix and the UDC-Fer-Me 
prodrug in the SLNs. In the DSC curve of pure compritol powder a sin
gle endothermic signal is visible, related to the melting process 
(Fig. 10A), with onset temperature TO = (68.5 ± 0.3) oC and enthalpy 
ΔHm = (124 ± 2) J/g (Table 2). TO was evaluated using the extrapola
tion method [43]. The DSC signal of pure UDC-Fer-Me showed an 
exothermic peak with onset at ~85 ◦C, most likely related to a dis
order/order transition (Fig. 10B), while the melting process is actually 
not detectable, indicating an almost negligible melting enthalpy.

In unloaded SLNs, the melting process gave rise to a double-peak 
signal, which is due to the interaction of compritol with surfactant res
idues (Fig. 10C, blue line). Both TO and ΔHm are decreased, compared to 
the values for pure compritol (Table 2). This could be traced back to the 
nanometric size of the SLNs (section 3.5) and to the presence of sur
factant residues [44].

The DSC signal of UDC-Fer-Me-loaded SLNs is similar to that of the 
unloaded SLNs (Fig. 10C, red line), but reduced values of both TO and 
ΔHm were measured (Table 2). To explain these results, we carried out 
DSC analysis on a physical mixture of compritol (80 % (w/w)) and UDC- 
Fer-Me (20 % (w/w)) powders.

During the first measurement run (Fig. 10D, orange line), TO was 
equal, within experimental error, to that of pure compritol and ΔHm 
~99 J/g (Table 2), corresponding to the contribution provided solely by 
the compritol fraction. These findings indicate that, in the physical 
mixture, no significant interaction occurred between the drug and the 
lipid phase. During the second measurement run (Fig. 10D, green line), 

Fig. 7. Scanning electron microscopy (SEM) micrographs of the SLNs based on 
compritol. (A) Unloaded SLNs. (B) UDC-Fer-Me-loaded SLNs.

Fig. 8. DLS intensity particle size distributions for unloaded SLNs and UDC-Fer- 
Me-loaded SLNs.

Table 1 
Intensity-weighted mean hydrodynamic size (Z-average), Polydispersity Index 
(PDI) and Zeta potential (ζ) of UDC-Fer-Me-loaded and unloaded SLNs.

System Z-average (nm) PDI ζ potential (mV)

UDC-Fer-Me-loaded SLNs 594 ± 24 0.536 ± 0.210 − 36.56 ± 0.76
Unloaded SLNs 192 ± 12 0.422 ± 0.199 − 33.21 ± 0.84

Fig. 9. Particle size distributions of the unloaded SLNs and UDC-Fer-Me-loaded 
SLNs elaborated from the CFFF fractograms (see Fig. S6).
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both TO and ΔHm were lower compared to those observed in the first 
run. This can be explained by considering that, at the end of the first run, 
both compritol and UDC-Fer-Me had melted, and the lipophilicity of 
UDC-Fer-Me likely promoted intermixing between the two components 
of the physical mixture. Therefore, referring back to the results in 
Fig. 10C, the reduced TO and ΔHm values observed in the UDC-Fer- 
Me–loaded SLNs, compared with the unloaded ones, can be interpreted 
as a clear indication of an effective dispersion of the prodrug within the 
SLNs. The presence of the prodrug in the compritol matrix is expected to 
alter the molecular configuration of the latter, changing its density, as 
also inferred from the results on the SLNs size distribution, shown in 
section 3.5.2.

3.6. Dissolution of UDC-Fer-Me and release studies from SLNs

The dissolution studies of UDC-Fer-Me and the analysis of its release 
from the SLNs were performed at 37 ◦C in a mixture of H2O and MeOH 
(50:50, v/v). The inclusion of MeOH in the medium was necessary due 
to the strong insolubility of UDC-Fer-Me in water (see section 3.1). 
Specifically, the H2O/MeOH mixture allowed the experiments to be 
conducted under sink conditions by using a total UDC-Fer-Me concen
tration of 11.6 μg/mL (20 μM) in the medium containing either the raw 
compound or the UDC-Fer-Me-loaded particles. This concentration 
corresponds to approximately 10% of its solubility in this solvent system 
(section 3.1). Alternatively, to evaluate the dissolution and release 

patterns of UDC-Fer-Me in a physiological-like environment, the mea
surements were further conducted in 10 mM acetate buffer (pH 5.5) 
supplemented with 0.1% BSA and 0.05% sodium taurocholate as solu
bilizing agents alternative to MeOH. In this case the experiment was 
conducted by using a total UDC-Fer-Me concentration of 3.5 μg/mL 
(6 μM), corresponding to about 30% of saturation concentration (section 
3.1) in the acetate buffer described above, incubating either the raw 
compound or the UDC-Fer-Me-loaded SLNs.

Before evaluating dissolution and release, a 10 μM UDC-Fer-Me so
lution (5.8 μg/mL) in the H2O/MeOH mixture (50:50, v/v) and a 3 μM 
UDC-Fer-Me solution in 10 mM acetate buffer (pH 5.5) supplemented 
with 0.1% BSA and 0.05% sodium taurocholate were prepared directly 
from its DMSO stock solution and used for stability testing. These sta
bility studies confirmed the complete absence of UDC-Fer-Me degrada
tion over 8 h of incubation at 37 ◦C in both systems.

As shown in Fig. 11, the apparent release profile of UDC-Fer-Me from 
the loaded SLNs was compared with the apparent dissolution profile of 
the raw prodrug powder. In H2O/MeOH 50:50 v/v mixture, UDC-Fer-Me 
exhibited a relatively poor intrinsic dissolution rate, with only about 
37% of the total amount dissolved after 6 h of incubation. Under the 
same conditions, the apparent release from the SLNs was characterized 
by a rapid burst effect, with approximately 90% of the UDC-Fer-Me 
released within 5 min, and complete dissolution achieved within 20 min.

The absence of methanol in the 10 mM acetate buffer (pH 5.5) 
supplemented with 0.1% BSA and 0.05% sodium taurocholate sensibly 
reduced the dissolution rate of UDC-Fer-Me, allowing only ~5% of the 
total amount to be dissolved within 6 h of incubation (Fig. 11). Never
theless, the apparent release in this medium of the prodrug from the 
SLNs was characterized by a pattern that allowed its dissolution to 
complete within 45 min of incubation (Fig. 11).

These results appear highly promising for nasal administration and 
subsequent brain targeting.

3.7. Intravenous administration of UDC-Fer-Me to rats (in vivo studies)

The prodrug behavior of UDC-Fer-Me was also investigated in vivo, 
following its intravenous administration to rats, with pharmacokinetic 
analysis performed in the bloodstream and CSF. Fig. 12 reports the UDC- 

Fig. 10. DSC curves collected on: (A) pure compritol, (B) pure UDC-Fer-Me, (C) SLNs, unloaded (blue straight line) and loaded with UDC-Fer-Me (red straight line), 
(D) compritol (80 % (w/w)) and UDC-Fer-Me (20 % (w/w)) physical mixture during the 1st run of measurement (orange line) and the 2nd run (green line). (For 
interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)

Table 2 
Melting onset temperature TO and melting enthalpy ΔHm for pure compritol, 
unloaded and UDC-Fer-Me loaded SLNs, and for the UDC-Fer-Me/compritol 
physical mixture. All data are expressed as the mean ± S.E.M.

Compound TO (oC) 
(±0.3 ◦C)

ΔHm (J/g) 
(±2 J/g)

pure compritol ​ 68.5 124
unloaded SLNs ​ 62.7 59
UDC-Fer-Me-loaded SLNs ​ 59.7 44
UDC-Fer-Me/compritol physical mixture 1st run 68.4 99

2nd run 64.4 74
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Fer-Me profile obtained in the bloodstream after the intravenous infu
sion of a 500-μg dose (2 mg/kg).

At the end of infusion, the UDC-Fer-Me plasmatic concentration was 
7.5 ± 0.4 μg/mL (Table 3), and subsequently decreased over time, 
following an apparent first order kinetic, until the prodrug was no longer 
detectable within 120 min. The first-order kinetic elimination was 
confirmed by the linearity of the semilogarithmic plot reported in the 
inset of Fig. 12 (n = 8, r = 0.991, P < 0.0001), allowing calculation of kel 
and t1/2 values of 0.041 ± 0.002 min− 1 and 16.7 ± 0.6 min, respectively. 

The AUC value obtained after intravenous infusion of UDC-Fer-Me was 
148 ± 4 μg mL− 1 min (Table 3).

The in vivo hydrolysis of UDC-Fer-Me was shown by the appearance 
of Fer-Me in whole blood. Its concentrations ranged from 1.4 ± 0.2 to 
2.8 ± 0.1 μg/mL (the Cmax at 10 min, Table 3) between the end of 
infusion and 90 min, then decreased to undetectable levels within 
120 min. The AUC value calculated for this profile was 
230 ± 8 μg mL− 1 min (Table 3).

Neither UDC-Fer-Me nor its metabolites were detected in the CSF 
after intravenous administration.

These results demonstrate that, following intravenous administra
tion to rats, UDC-Fer-Me is eliminated through hydrolytic processes 
leading to the release of Fer-Me. Accordingly, UDC-Fer-Me can be 
regarded as a prodrug of both UDCA and Fer-Me in vivo. The absence of 
detectable Fer in the bloodstream profiles reported in Fig. 12 further 
indicates that, as previously observed in rat liver and brain homoge
nates, the hydrolysis of the ester bond linking UDCA and Fer-Me pre
dominates over the hydrolysis of the methyl-ester group, as illustrated in 
the scheme shown in Fig. 1.

3.8. Nasal administration of UDC-Fer-Me

UDC-Fer-Me was nasally administered to rats at the dose of 2 mg/kg 
(500 μg) as an aqueous suspension of the raw prodrug. Under these 
conditions, neither UDC-Fer-Me nor its hydrolysis products were 
detected in the bloodstream or CSF within 6 h. In contrast, intranasal 
administration of the same dose of UDC-Fer-Me encapsulated in 
compritol-based SLNs enabled detection of both the prodrug and its 
hydrolysis product Fer-Me in the bloodstream and CSF. In particular, as 
reported in Fig. 13A, UDC-Fer-Me was detected in the bloodstream of 
rats 30 min after the administration with a concentration of 
0.15 ± 0.04 μg/mL (0.26 ± 0.07 μM); Cmax value of 1.21 ± 0.09 μg/mL 
(2.07 ± 0.15 μM) was reached at 45 min (tmax), after which concen
trations declined to undetectable levels within 120 min. The AUC value 
of this profile was 48.4 ± 2.5 μg mL− 1 min (Table 4), corresponding to a 
nasal bioavailability (F) of 32.7 ± 3.2%.

Fer-Me was also detected in the bloodstream of rats following nasal 
administration of the compritol-based SLNs (Fig. 13A). In particular, it 
was first measurable 45 min after administration at a concentration of 
0.16 ± 0.02 μg/mL (0.75 ± 0.10 μM). Fer-Me levels then increased and 
remained around 0.4 μg/mL (≈1.9 μM) between 60 and 120 min, 
reaching a Cmax value of 0.42 ± 0.05 μg/mL (2.03 ± 0.26 μM) at 120 min 
(Table 3), before declining to undetectable levels within 180 min. The 
corresponding AUC was 41.6 ± 2.8 μg mL− 1⋅min (Table 3).

After nasal administration of the SLNs, UDC-Fer-Me was also detec
ted in the CSF of rats (Fig. 13B). Its concentration increased rapidly after 
administration, reaching a Cmax of 1.8 ± 0.08 μg/mL (3.13 ± 0.14 μM) at 

Fig. 11. In vitro release of UDC-Fer-Me from the compritol-based SLNs (UDC-Fer-Me SLNs) in a mixture of H2O and MeOH 50:50 v/v or in a 10 mM acetate buffer (pH 
5.5) supplemented with 0.1% BSA and 0.05% sodium taurocholate. The release profiles are compared with those of the raw prodrug (Raw UDC-Fer-Me) dissolution 
over time. All data are reported as the mean ± S.E.M. of three independent experiments.

Fig. 12. Elimination profile of UDC-Fer-Me in the bloodstream after infusion to 
rats of 500 μg (2 mg/kg). A first order kinetic characterized the elimination, as 
confirmed by the semilogarithmic plot in the inset (n = 8, r = 0.991, 
P < 0.0001). The half-life of UDC-Fer-Me was calculated to be 16.7 ± 0.6 min. 
The Fer-Me profile obtained by the in vivo hydrolysis of UDC-Fer-Me is also 
represented. All data are reported as the mean ± S.E.M. of at least four inde
pendent experiments.

Table 3 
Intravenous administration to rats of 500 μg (2 mg/kg) of UDC-Fer-Me: half-life 
(t1/2) detected in the bloodstream and its concentration at the end of infusion 
(Cmax at tmax = 0). The highest concentration (Cmax) of the prodrug hydrolysis 
product Fer-Me and its corresponding time (tmax) obtained in the bloodstream 
after the intravenous administration of UDC-Fer-Me are reported. The area 
under concentration (AUC) values of both compounds are also reported. All data 
are expressed as the mean ± S.E.M. of four independent experiments.

Compound Cmax (μg/mL) tmax (min) t1/2 (min) AUC (μg mL− 1 min)

UDC-Fer-Me 7.5 ± 0.4 0 16.7 ± 0.6 148 ± 4
Fer-Me 2.8 ± 0.1 10 – 230 ± 8
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45 min (tmax), then declined to undetectable levels within 150 min. The 
AUC for this profile was 97.8 ± 3.1 μg mL− 1⋅min (Table 3).

Fer-Me, the hydrolysis product of the prodrug, was likewise detected 
in the CSF after nasal administration of the SLNs (Fig. 13B). In this case, 
the Cmax value (0.38 ± 0.05 μg/mL, equivalent to 1.84 ± 0.24 μM)was 
reached 60 min (tmax) after administration, and its concentration 
declined to zero within 150 min. The AUC for this profile was 
20.5 ± 2.5 μg mL− 1⋅min (Table 3).

The ratios of AUC values between the CSF and bloodstream after 
nasal administration of the SLNs were 2.02 ± 0.16 for UDC-Fer-Me and 
0.49 ± 0.09 for Fer-Me.

4. Discussion

Natural compounds such as Fer and UDCA have shown antioxidant 
properties that appear beneficial in the context of neuroprotection [6,
45]. The antioxidant activity of Fer is attributed to its phenolic ring 
conjugated to the C3 side chain, which effectively terminates radical 
chain reactions by scavenging free radicals [46]. Importantly, Fer also 
helps to maintain mitochondrial dynamics [47], which are often dis
rupted under oxidative stress, leading to neuronal degeneration [48,49]. 
This property is shared by UDCA [8]. Although UDCA and Fer can cross 

the BBB, very high oral doses are required to overcome their pharma
cokinetic limitations and achieve neuroprotective effects [12–15].

We have previously demonstrated that appropriately designed nasal 
formulations can enable the direct delivery of neuroactive agents or 
their prodrugs to the CNS [11,18,50]. Accordingly, this approach was 
applied to Fer and UDCA with the aim of achieving potential neuro
protective effects in the brain while potentially reducing the doses 
required compared to their separate oral administration.

The simultaneous intranasal administration of UDCA and Fer may be 
considered a form of “combination therapy”, in which SLNs play a key 
role in enhancing the bioavailability of poorly water-soluble drugs [20]. 
However, the log Po/w value of Fer (~1.4, Table S1) is suboptimal for 
efficient encapsulation in lipid-based carriers [21]. In this context, a 
prodrug approach aimed at increasing drug hydrophobicity may repre
sent an effective strategy to improve encapsulation efficiency. Indeed, 
we have previously applied this approach to enhance the incorporation 
of poorly lipophilic compounds, such as dopamine and an anti-ischemic 
agent, into lipid-based carriers [51,52]. A similar strategy has also been 
employed for geraniol to reduce its high volatility [18]. Furthermore, we 
demonstrated that a Fer prodrug, obtained as its methyl ester (Fer-Me), 
exhibited significantly improved encapsulation in solid lipid micropar
ticles compared with the parent compound [21]. This effect was further 
enhanced using a methylated dimeric conjugate (Fer-Fer-Me) [11].

On the basis of the considerations outlined above, we designed and 
synthesized the prodrug UDC-Fer-Me (Fig. 1), obtained through ester 
conjugation of the methyl ester of Fer (Fer-Me) with UDCA. Fer-Me was 
selected because it retains the antioxidant properties of Fer [11], while 
enabling the design of a conjugate with increased hydrophobicity, a key 
feature for efficient encapsulation into SLNs intended for nose-to-brain 
delivery via nasal administration. The enhanced hydrophobicity of 
UDC-Fer-Me is supported by its calculated log Po/w value, which in
creases from ~1.7 (Fer-Me) to ~6 upon ester conjugation with UDCA 
(log P ~4; Table S1).

Following synthesis, UDC-Fer-Me was first evaluated as a prodrug in 
physiological environments. Using optimized extraction procedures and 
HPLC-UV methods, we quantified UDC-Fer-Me and its hydrolysis prod
ucts (Fer-Me and Fer; Fig. 1) in rat liver and brain homogenates. UDCA 
does not possess a chromophore suitable for quantification by UV 
spectroscopy, therefore the detection of Fer-Me in these biological 
matrices was considered indicative of cleavage of the ester bond linking 
UDCA and Fer-Me, leading to release of the two moieties. In addition to 
that of UDCA and Fer, the release of Fer-Me can be considered relevant 
for a possible therapeutic application taking into account that this 
compound retains the antioxidant properties of Fer [11] and can be 
further hydrolyzed to Fer (Fig. 1).

UDC-Fer-Me was stable in Tris-HCl buffer but was rapidly hydro
lyzed in rat liver homogenate: within 10 min, ~90% of the prodrug was 
degraded, releasing ~75% Fer-Me and ~15% Fer. These findings indi
cate that cleavage of the UDC-Fer-Me ester bond is the dominant reac
tion, followed by slower hydrolysis of Fer-Me to Fer (Fig. 3A). Overall, 
these results suggest that, at the peripheral level, UDC-Fer-Me behaves 
as a prodrug of UDCA, Fer-Me, and Fer. In rat brain homogenate, UDC- 
Fer-Me was almost completely hydrolyzed within 180 min, releasing 
Fer-Me but not Fer (Fig. 3B), consistent with previous data on Fer-Me 
stability [11]. Therefore, at the central level, UDC-Fer-Me can be 

Fig. 13. Nasal administration to rats of UDC-Fer-Me (500 μg) loaded in 
compritol-based SLNs: profiles of the prodrug (UDC-Fer-Me) and its hydrolysis 
product Fer-Me in the bloodstream (A) and in the CSF (B). The insets report the 
μM concentrations of the compounds. All data are reported as the mean ± S.E. 
M. of at least four independent experiments.

Table 4 
Nasal administration to rats of 500 μg (2 mg/kg) of UDC-Fer-Me encapsulated in compritol-based SLNs: the highest concentrations (Cmax), their corresponding times 
(tmax) and the AUC values obtained in the bloodstream and cerebrospinal fluid (CSF) for this compound and its hydrolysis product Fer-Me are reported. All data are 
expressed as the mean ± S.E.M. of four independent experiments.

Compound Body compartment Cmax (μg/mL) Cmax (μM) tmax (min) AUC (μg mL− 1 min)

UDC-Fer-Me bloodstream 1.21 ± 0.09 2.07 ± 0.15 45 48.4 ± 2.5
Fer-Me bloodstream 0.42 ± 0.05 2.03 ± 0.26 120 41.6 ± 2.8
UDC-Fer-Me CSF 1.83 ± 0.08 3.13 ± 0.14 45 97.8 ± 3.1
Fer-Me CSF 0.38 ± 0.05 1.84 ± 0.24 60 20.5 ± 2.5
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regarded as a prodrug of UDCA and Fer-Me. The ability to release Fer-Me 
in the brain can be considered significant, given its preserved antioxi
dant activity [11]. According to results obtained in rat and brain ho
mogenates, UDC-Fer-Me can be defined as a mutual prodrug of UDCA 
and Fer-Me [53,54].

Taking into account these aspects and hypothesizing a nose-to-brain 
delivery of UDC-Fer-Me, we further assessed whether UDC-Fer-Me al
lows to induce antioxidant activity by testing its effects in neuronal 
differentiated Neu-2A cells exposed to oxidative stress (H2O2). Before 
conducting these tests, UDC-Fer-Me was shown to be non-toxic and to 
promote cell viability at concentrations ranging from 5 to 100 μM 
(Fig. 4). The increase in cell viability observed in the MTT assay should 
not be interpreted as a direct increase in cell number, but rather as an 
indication of enhanced mitochondrial metabolic activity in the existing 
neuronal cells. This effect suggests that UDC-Fer-Me, starting at con
centrations of 5 μM, may exert a protective or stimulatory action on 
neuronal metabolism, rather than causing any toxicity. Such an effect is 
consistent with the known antioxidant properties of both UDCA and Fer 
derivatives, which are able to mitigate basal oxidative stress and 
improve mitochondrial efficiency. Accordingly, UDC-Fer-Me signifi
cantly reduced ROS production induced by H2O2 (Fig. 5), showing a 
similar antioxidant activity among the concentrations tested (1-10 μM). 
It is suggested that the lowest concentration assessed (1 μM) may trigger 
the peak intracellular antioxidant response, leading to a plateau where 
additional increases in compound concentration do not amplify the 
observed effect. A similar phenomenon was observed in Neu-2A cells 
exposed to H2O2 and treated with a recognized antioxidant compound, 
Urolithin A, which markedly decreased ROS production in comparison 
to H2O2 alone, although not in a concentration-dependent fashion [55]. 
Moreover, we cannot currently determine whether the antioxidant ac
tivity is due to the prodrug itself or its hydrolysis products. Nevertheless, 
the kinetic studies conducted in rat brain homogenate (Fig. 3B), suggest 
that UDC-Fer-Me undergoes hydrolysis within neuronal cells. Conse
quently, the antioxidant activity observed in differentiated Neuro-2A 
cells may be due to the intracellular hydrolysis of the prodrug, which 
leads to the release of Fer-Me and UDCA, both of which have indepen
dently shown neuroprotective and antioxidant properties in neuronal 
cell models. Specifically, Fer-Me maintains antioxidant activity that is 
comparable to that of the parent compound Fer [21], while UDCA has 
been demonstrated to inhibit ROS accumulation and protect mito
chondrial function in Neuro-2A cells [8]. However, if the observed 
antioxidant activity was attributable to the prodrug itself, it did not 
show any cytotoxicity in the cell viability assays nor any pro-oxidant 
effects in the ROS assay. These findings therefore suggest that, if able 
to reach the CNS, the prodrug itself may exert protective effects before 
hydrolysis and release of UDCA and Fer-Me, potentially contributing to 
sustained activity. In contrast, we previously showed that a prodrug 
derived from Fer and geraniol decreased Neu-2A viability and increased 
ROS production under similar conditions [30], highlighting how 
conjugation of two compounds may drastically alter their biological 
properties. This does not appear to be the case of UDC-Fer-Me, which 
retained the beneficial effects of parent compounds.

To further investigate the UDC-Fer-Me prodrug behavior, its phar
macokinetics were as evaluated following intravenous administration to 
rats (Fig. 12). These studies revealed that UDC-Fer-Me reached a peak 
plasma concentration of ~8 μg/mL (~14 μM) and was eliminated within 
120 min, accompanied by release of Fer-Me (up to ~3 μg/mL, ~14 μM) 
(Fig. 12). These data indicate that, in vivo, UDC-Fer-Me undergoes hy
drolysis at the ester conjugation site, leading to the release of UDCA and 
Fer-Me into the bloodstream. It should be noted that the interpretation 
of the in vivo pharmacokinetic profile of UDC-Fer-Me is limited by the 
lack of complementary in vitro stability studies in whole blood. Such 
experiments could provide additional insight into the contribution of 
blood components (e.g., enzymes and plasma proteins) to the hydrolysis 
and stability of the prodrug. Therefore, although the observed plasma 
profiles suggest rapid hydrolysis of UDC-Fer-Me, the potential influence 

of other processes, including biodistribution, protein binding, and 
clearance, cannot be excluded. Further investigations will be necessary 
to better elucidate the relative contribution of these factors.

We have previously reported that Fer-Me can be further hydrolyzed 
to Fer in rat whole blood [21]; however, following the intravenous 
administration of UDC-Fer-Me, Fer was not detected in the rats’ blood
stream. This finding suggests that, in vivo, the elimination rate of Fer-Me 
is not substantially lower than its hydrolysis rate, which is consistent 
with previous pharmacokinetic data on this compound [50]. Concerning 
the concentrations measured in rat blood after intravenous infusion of 
the prodrug (up to 14 μM), it is worth noting that levels up to 30 μM of 
UDCA or Fer, achieved after oral administration, are considered well 
tolerated in both humans and rats [12,56].

Intravenous administration of UDC-Fer-Me did not allow detection of 
the prodrug or its hydrolysis products, Fer-Me and Fer, in the CSF of rats. 
This result indicates that the prodrug was not detectable in the CNS 
under the tested conditions, suggesting limited CNS availability in 
contrast to Fer and UDCA themselves [11,12]. However, no definitive 
conclusions on its ability to cross the blood–brain barrier can be drawn, 
as other factors (e.g., the relatively low administered dose and the 
sensitivity limits of the analytical method) cannot be excluded. The 
absence of UDC-Fer-Me metabolites detection in the CSF of rats appears 
moreover in good agreement with the very limited ability of Fer-Me to 
permeate into the CNS described in previous pharmacokinetic studies 
[11]. The limited ability of UDC-Fer-Me to cross physiological barriers 
between the bloodstream and the CNS may be inferred by comparison 
with another Fer-based prodrug, its methylated ester dimer (Fer-
Fer-Me). In particular, following intravenous administration to rats at a 
dose of 1 mg/kg (i.e., half the dose used for UDC-Fer-Me), Fer-Fer-Me 
was detectable in the CSF, reaching concentrations up to 0.20 μg/mL 
[11]. This observation highlights that different prodrugs derived from 
the same parent compound may interact differently with transport 
proteins expressed at the physiological barriers between the blood and 
the CNS. Several prodrugs actively transported by carrier-mediated 
transporters were proposed for the uptake in the brain of neuroactive 
agents [57–61]; alternatively, specific prodrugs have been designed to 
evade or inhibit active efflux transporters at the blood-brain barrier 
[62–64].

Therefore, in this case, the nasal administration of UDC-Fer-Me 
represents a promising strategy for its potential delivery to the CNS. 
To explore this possibility, we investigated the ability of the prodrug to 
permeate nasal mucosal cells, considering that permeation across the 
olfactory mucosa is one of the main mechanisms by which compounds 
can reach the CSF following nasal administration [65,66]. UDC-Fer-Me 
did not alter the viability of nasal mucosa RPMI 2650 cells when incu
bated at concentrations ranging from 1 to 100 μM (Fig. S3). Similarly, a 
prodrug obtained by conjugation of Fer and Fer-Me did not impair the 
viability of neuronal-differentiated PC12 cells compared with untreated 
controls [11]. These findings further suggest that the increase in 
viability observed in Neu-2A cells may be cell-type dependent. The 
highest concentration of UDC-Fer-Me (100 μM) used for cell viability 
studies was selected for subsequent uptake studies in RPMI 2650 cells. 
Permeation studies (Fig. 6) demonstrated that (i) UDC-Fer-Me is able to 
permeate nasal mucosa RPMI 2650 cells, and (ii) these cells are able to 
hydrolyze the prodrug at the ester bond linking UDCA and Fer-Me but 
not to further hydrolyze Fer-Me to Fer. Indeed, after 1 h of incubation, 
equivalent molar amounts of UDC-Fer-Me and Fer-Me (up to about 4.5 
nmol/106 cells) were detected intracellularly, indicating that 
UDC-Fer-Me is a promising candidate for nose-to-brain delivery. On the 
other hand, nasal administration of a water suspension of raw 
UDC-Fer-Me to rats did not allow detection of the prodrug or its hy
drolysis products in either CSF or bloodstream. This result is not sur
prising given the compound's extremely poor water solubility (section 
3.1), which likely prevented sufficient dissolution in the nasal cavity to 
enable permeation across the nasal mucosa. To overcome this limitation, 
a new nasal formulation was developed to significantly enhance the 
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dissolution rate of UDC-Fer-Me. Microparticulate or nanoparticulate 
systems based on stearic acid or compritol have been reported to 
markedly improve the dissolution rate of highly lipophilic prodrugs of 
neuroactive agents, thereby providing effective nasal formulations for 
nose-to-brain delivery [11,18,36,67]. In this study, we focused on 
compritol, a biocompatible glyceride widely used as a lipid carrier for 
nanoparticles [68]. Compritol enabled the preparation of SLNs with 
satisfactory UDC-Fer-Me loading (about 8%, section 3.5.3), irregular 
spherical morphology, with sizes in the 100 nm order of magnitude, 
evidenced by SEM micrographs (section 3.5.1). The PDI values ranged 
from 0.42 to 0.54 for unloaded and UDC-Fer-Me-loaded SLNs, respec
tively, indicating the tendency of these samples to aggregate, according 
to the data obtained by the CFFF measurements. The ζ potential values 
were ~ − 35 mV for loaded and unloaded SLNs, suggesting their physical 
stability as nanodispersions [69]. Lipid carriers exhibit in general 
negatively charged surfaces [70,71]; the presence of non-ionic surfac
tants, such as Tween 80, and ionic surfactants, such as bile salts, can 
have contributed to making relatively high the ζ potential absolute value 
of the SLNs [18,70–73]. DSC analysis data suggested a good dispersion 
of the prodrug within the lipid matrix (section 3.5.4). A comparison of 
the apparent dissolution profile of raw UDC-Fer-Me with its apparent 
release from loaded SLNs in aqueous media demonstrated the ability of 
the nanoparticles to induce a very fast release of the prodrug in 
H2O/MeOH 50:50 v/v mixture (Fig. 11). The use of 50% MeOH as a 
co-solvent was necessary to ensure adequate solubility of the lipophilic 
prodrug and maintain sink conditions at a concentration suitable for the 
subsequent HPLC quantification. In order to evaluate the dissolution and 
release patterns of UDC-Fer-Me in a physiological-like environment, an 
alternative medium was chosen, considering that the human nasal mu
cosa typically exhibits a physiological pH of 6.3 and nasal formulations 
are generally maintained within a pH range of 4.5 to 6.5 in order to 
minimize the risk of nasal irritation [19,74]. The dissolution and release 
measurements were therefore performed also in 10 mM acetate buffer 
(pH 5.5) supplemented with 0.1% BSA and 0.05% sodium taurocholate 
as solubilizing agents alternative to MeOH [75,76]. The sodium taur
ocholate concentration used was below its critical micellar concentra
tion (CMC, 3-15 mM [77]), ensuring that the observed release reflects 
genuine drug diffusion from the lipid matrix rather than solvent- or 
micelle-driven extraction. The patterns obtained in the absence of 
methanol in the incubation medium are characterized by slower disso
lution and release of the prodrug, even if the SLNs evidenced the ability 
to induce a release of the prodrug definitely faster than the dissolution 
rate of its raw form (Fig. 11). The fast release of UDC-Fer-Me from the 
SLNs may be attributed to a highly porous structure induced by a good 
dispersion of the prodrug within the lipid matrix, from which it is 
facilitated to dissolve in a dispersion medium. On the other hand, the 
dissolution profiles reported in Fig. 11 may suggest the prodrug locali
zation on the nanocarrier's particle surface as a so-called drug-enriched 
shell model, even if this type of distribution is generally produced by hot 
homogenization techniques [78]. Further investigations are required to 
elucidate these aspects.

According to their release patterns, the SLNs appeared highly suit
able for nasal administration to promote effective nose-to-brain delivery 
of UDC-Fer-Me. In this context, the rapid dissolution of UDC-Fer-Me in 
aqueous environments is likely an essential key to facilitate its perme
ation across the nasal mucosa [11]. Accordingly, following nasal 
administration of SLN encapsulated UDC-Fer-Me (2 mg/kg; 500 μg/rat), 
both the prodrug and its hydrolysis product, Fer-Me, were detected in 
the bloodstream and in the CSF of rats. In particular, UDC-Fer-Me 
reached in the bloodstream a Cmax of 1.21 ± 0.09 μg/mL 
(2.07 ± 0.15 μM) at 15 min (Fig. 13), corresponding to an absolute 
bioavailability of approximately 30%. This result is consistent with the 
well-documented ability of nasally administered compounds to 
permeate the respiratory mucosa and enter the systemic circulation [65,
79]. Fer-Me was also detected in the bloodstream, reaching peak molar 
concentrations after nasal administration comparable to those of 

UDC-Fer-Me (about 2 μM, Fig. 13). The presence of Fer-Me in the 
bloodstream can be attributed to hydrolysis of the prodrug by nasal 
mucosa cells (as described in section 3.4.2, Fig. 6) and potentially fol
lowed by additional hydrolysis occurring in the bloodstream (Fig. 12). 
Importantly, the nasal administration of SLNs also allowed detection of 
UDC-Fer-Me and Fer-Me in the CSF of rats. The prodrug reached a Cmax 
of approximately 1.8 μg/mL, corresponding to about 3 μM. Notably, 
after nasal administration, UDC-Fer-Me maintained concentrations 
above 1 μM in the CSF for at least 1 h. These levels suggest that the 
prodrug may reach pharmacologically relevant concentrations in the 
CNS, potentially enabling antioxidant effects consistent with the in vitro 
findings (section 3.3.2, Fig. 5). Finally, the presence of Fer-Me, gener
ated by hydrolysis of UDC-Fer-Me in olfactory mucosa cells (Fig. 6) and 
possibly within the CNS (as suggested by the results in rat brain ho
mogenates, Fig. 3B), may further contribute, together with UDCA, to the 
overall neuroprotective potential of the prodrug.

These in vivo results indicate that the SLNs can promote the UDC-Fer- 
Me bioavailability after nasal administration, despite their negative ζ 
potential values interfere by electrostatic repulsions with adhesion to 
mucosal membranes, which are characterized by the presence of nega
tively charged species [80]. On the other hand, other nanoparticulate 
systems characterized by relatively strong negative ζ potential values 
were previously evidenced to induce satisfactory uptake of prodrugs in 
the CSF of rats after nasal administration [18,73]. Compritol-based 
nanoformulations have been reported to be optimized for their 
mucoadhesion by coating with chitosan or by incorporating them in 
thermosensitive mucoadhesive systems [69,81,82], suggesting further 
improvement strategies for the UDC-Fer-Me loaded SLNs here described.

5. Conclusions

We developed and characterized a novel prodrug (UDC-Fer-Me) 
designed to deliver both UDCA and Fer to the CNS via nasal adminis
tration. UDC-Fer-Me was efficiently hydrolyzed in physiological envi
ronments to release UDCA and Fer-Me, exhibited antioxidant activity in 
neuronal cells. Moreover, the dissolved form of this prodrug appeared 
able to permeated nasal mucosa cells, but, owing to its poor aqueous 
solubility, direct nasal delivery as water suspension form was precluded. 
On the other hand, encapsulation of the prodrug in compritol-based 
SLNs enabled its CNS exposure in vivo after intranasal administration, 
as demonstrated by measurable levels of UDC-Fer-Me and Fer-Me in 
CSF.

Overall, these findings suggest that UDC-Fer-Me-loaded SLNs can be 
a promising non-invasive strategy for the delivery of antioxidant agents 
to the CNS, with the goal of promoting neuroprotection.
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characterization of solid lipid nanoparticles, nanostructured lipid carriers and 
nanoemulsion of lornoxicam for transdermal delivery, Acta Pharm. 65 (2015) 
1–13, https://doi.org/10.1515/acph-2015-0009.

[45] S.M. Razavi, N. Esmaealzadeh, M. Ataei, N. Afshari, M. Saleh, Y. Amini, S. Hasrati, 
F. Ghazizadeh Hashemi, A. Mortazavi, L. Mohaghegh Shalmani, A. 
H. Abdolghaffari, The effects of ursodeoxycholic acid on Parkinson's disease, a 
mechanistic review of the recent evidence, Metab. Brain Dis. 40 (2025) 115, 
https://doi.org/10.1007/s11011-025-01542-9.

[46] E. de Oliveira Silva, R. Batista, Ferulic acid and naturally occurring compounds 
bearing a feruloyl moiety: a review on their structures, occurrence, and potential 
health benefits, Compr. Rev. Food Sci. Food Saf. 16 (2017) 580–616, https://doi. 
org/10.1111/1541-4337.12266.

[47] E. Anis, M.F. Zafeer, F. Firdaus, S.N. Islam, A. Anees Khan, A. Ali, M.M. Hossain, 
Ferulic acid reinstates mitochondrial dynamics through PGC1α expression 
modulation in 6-hydroxydopamine lesioned rats, Phytother Res. 34 (2020) 
214–226, https://doi.org/10.1002/ptr.6523.

[48] G. Cenini, A. Lloret, R. Cascella, Oxidative stress in neurodegenerative diseases: 
from a mitochondrial point of view, Oxid. Med. Cell. Longev. 2019 (2019) 
2105607, https://doi.org/10.1155/2019/2105607.

[49] J. Zhang, M.L. Culp, J.G. Craver, V. Darley-Usmar, Mitochondrial function and 
autophagy: integrating proteotoxic, redox, and metabolic stress in Parkinson's 
disease, J. Neurochem. 144 (2018) 691–709, https://doi.org/10.1111/jnc.14308.

[50] G. Botti, L. Catenacci, A. Dalpiaz, L. Randi, M.C. Bonferoni, S. Perteghella, 
S. Beggiato, L. Ferraro, B. Pavan, M. Sorrenti, Nasal administration of a 
nanoemulsion based on methyl ferulate and eugenol encapsulated in chitosan 
oleate: uptake studies in the central nervous system, Pharmaceutics 17 (2025) 367, 
https://doi.org/10.3390/pharmaceutics17030367.

[51] A. Dalpiaz, B. Cacciari, M. Mezzena, M. Strada, S. Scalia, Solid lipid microparticles 
for the stability enhancement of a dopamine prodrug, J. Pharm. Sci. 99 (2010) 
4730–4737, https://doi.org/10.1002/jps.22178.

[52] A. Dalpiaz, E. Leo, F. Vitali, B. Pavan, A. Scatturin, F. Bortolotti, S. Manfredini, 
E. Durini, F. Forni, B. Brina, M.A. Vandelli, Development and characterization of 
biodegradable nanospheres as delivery systems of anti-ischemic adenosine 

derivatives, Biomaterials 26 (11) (2005) 1299–1306, https://doi.org/10.1016/j. 
biomaterials.2004.04.033.

[53] J. Rautio, H. Kumpulainen, T. Heimbach, R. Oliyai, D. Oh, T. Järvinen, 
J. Savolainen, Prodrugs: design and clinical applications, Nat. Rev. Drug Discov. 7 
(3) (2008) 255–270, https://doi.org/10.1038/nrd2468.

[54] A. Nudelman, Mutual prodrugs – Codrugs, Curr. Med. Chem. 30 (38) (2023) 
4283–4339, https://doi.org/10.2174/0929867330666221209102650.

[55] G. Cásedas, F. Les, C. Choya-Foces, M. Hugo, V. López, The metabolite Urolithin-A 
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