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Introduction: Parkinson’s disease (PD) is a progressive neurodegenerative disorder characterized by motor dysfunction due to the
loss of dopaminergic neurons, with an increasing global prevalence estimated to impact 20 million individuals by 2050. The current
standard treatment, L-dopa, loses efficacy over time and often induces dyskinesia, highlighting the need for innovative therapeutic
strategies with sustained efficacy and fewer side effects.

Methods: In this study, we developed mesoporous silica nanoparticles (MSNs) templated with L-dopa amide derivatives, specifically
designed as a drug-structure-directing agent (DSDA). This novel templating approach improves L-dopa loading capacity and enhances
controlled-release performance. Two MSN formulations were selected for in vivo evaluation in a murine model of PD induced by
unilateral injection of 6-hydroxydopamine (6-OHDA) in the striatum.

Results: In vitro studies demonstrated that L-dopa derivatives-loaded MSNs lead to a controlled and sustained release of L-dopa
DSDA and in vivo assays corroborated this hypothesis. A single intraperitoneal dose of L-dopa-loaded MSNs was able to reduce the
spontaneous rotational behavior observed in 6-OHDA damaged mice and outdid free-L-dopa.

Conclusion: This novel strategy may represent a promising alternative to conventional treatment, reducing dose frequency and hence
minimizing L-dopa side effects. The results herein emphasize the potential of MSN-based drug delivery systems for PD, providing
a basis for future translational research of nanotechnology-based formulations for neurodegenerative disorders.

Keywords: Parkinson disease, mesoporous silica nanoparticles, modified L-Dopa, drug-structure-directing agents, drug release
systems

Introduction

Neurodegenerative diseases are among one of the leading causes of disability worldwide.' These relatively common
chronic disorders affect the central nervous system, with the accumulation of protein aggregates as a frequent hallmark.”
Parkinson’s disease (PD), the second-most common neurodegenerative disease,”* typically accumulates truncated and
phosphorylated o-synuclein protein aggregates™® that ultimately cause alterations of cellular processes involved in
normal cell functioning leading to apoptosis of the neuron or glial cell. These include the autophagy lysosomal pathway,
mitochondrial function, endoplasmic reticulum stress sensing and signaling mechanisms, and the activation of cellular

responses to protein misfolding or the vesicular transport. This is particularly evident in the substantia nigra, a midbrain
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Graphical Abstract
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dopaminergic nucleus that plays a pivotal role in regulating motor movement and reward functions.”* Hence, the
associated symptoms typically include the presence of bradykinesia, rigidity, impaired body rotation and rest tremors
as well as non-locomotor symptoms such as constipation, depression, and sleep disorders.”'’

After sixty years, L-dopa (L-3,4-dihydroxyphenylalanine) remains the most effective drug for the management of
motor symptoms of Parkinson’s disease yet no cure available."' Unlike dopamine, L-dopa can cross the blood—brain
barrier via the LAT-1 transporter. Once inside the brain, this prodrug is converted into dopamine, alleviating some of the
symptoms associated with the disease. Dopaminergic agonists, such as pramipexole and ropinirole, represent an
alternative pharmacological strategy based on the stimulation of dopamine receptors to enhance dopaminergic activity.
Although these drugs generally exhibit a longer half-life than L-dopa, their efficacy is usually lower; therefore, they are
mainly used as adjunct or alternative therapies to mitigate the adverse effects of conventional treatment.'? However,
chronic administration of L-dopa is associated with the development of adverse events including motor impairment and
fluctuations, and autonomic symptoms.'*'* The causes beneath can be manifold, but its short plasma half-life (0.6—
1.3 hours) and a variable gastrointestinal absorption may explain variations in plasma levels and treatment response.’

To overcome these limitations new approaches are being investigated.'> The use of carbidopa (Scheme S1) as an
adjuvant peripheral enzymatic inhibitor and gel formulations have shown to improve L-dopa’s half-life (half-life is
increased to approximately 1.5 hours) and peak-valley fluctuations.'® A novel subcutaneous L-dopa/carbidopa device has
been developed to achieve a continuous release of L-dopa and avoid plasma drug fluctuation. In clinical trials, this device
showed an improvement in response to treatment.'” Another study tested a gel infusion of L-dopa/carbidopa in 24
patients with dyskinesia. Subjects experienced improvements not only in motor symptoms but also in mood and
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Scheme | Synthesis of DSDA L-dopa-C10 and L-dopa-C18.

anxiety.'® Taken together, these studies suggest that new forms of sustained delivery of L-dopa may be a good approach
to avoiding the unwanted side effects of the drug."®

In the last years, nanomedicine has emerged as a promising tool for controlled drug release. Drug delivery systems
(DDS) allow for long-distance transport to reach specific targets, reducing drug exposure and minimizing toxicity and
side effects. The therapeutic profile of the drug is also improved. In this regard, previous works have shown safety and
stability profiles when encapsulating dopamine®® and L-dopa/carbidopa in polymeric nanoparticles.>' Recently, the
neuroprotective effects of L-dopa-modified zinc oxide nanoparticles in PD rat model are evaluated.”” Among the
different DDSs, mesoporous silica nanoparticles (MSNs) have received much attention in recent years due to their
outstanding features. Their unique properties include large surface areas and modifiable pore sizes (between 2—50 nm),
which are suitable for accommodating the drug inside.”*> **> These DDS may lead to an improvement in drug delivery by
providing a prolonged release that may result in increased therapeutic efficacy.?® In other cases, MSNs act as an efficient
encapsulation method, releasing the drug at the therapeutic target.?’ Moreover, these materials have shown to be
biocompatible and do not present any problems of toxicity once inside the body.”*® In a typical synthesis of MSNs
as DDS, an amphiphilic surfactant is used as a template, which is then removed, leaving empty pores available for drug
loading. Drug encapsulation is typically achieved by adsorption onto the silica surface.”’>* Most research has been
focused on modifying the silica surface and pore size to improve the affinity between the nanovehicle host and the drug
candidate to avoid the undesirable premature release of the drug.**-** Usually, these modifications consist in changing
surface polarity introducing new functionalities onto the silica surface or using pore expander compounds in the synthesis
to obtain large-pore templated silica.’'**>*® However, premature release is still present in these modified materials.?’
Careful attention must be paid to the design of nanomedicine in order to allow blood-brain barrier (BBB) crossing, as
this is one of the main limitations for targeting the central nervous system (CNS). MSNs have been widely used to
achieve long-circulating vehicles for drugs and enhance permeabilization of biological barriers. Several reports have
highlighted this issue and indicate that size and shape of nanoparticles have a critical role in their biodistribution and
excretion. > 4% The effect of several sizes of MSNs on BBB permeability has been evaluated, showing size-dependent
behavior. Although there is no consensus on the optimal size, nanoparticles smaller than 100 nm have been found to cross
the BBB.*' 3 MSNs offer high surface area and tunable mesopores that enable efficient loading and controlled, sustained
release of L-dopa, helping to stabilize plasma exposure and mitigate premature metabolism. Through particle-size control
and rational surface chemistry, MSNs can be engineered to improve circulation and facilitate interaction with the blood—
brain barrier (BBB). Unlike immediate-release oral L-dopa (typically co-formulated with carbidopa), which shows short
half-life and substantial peripheral conversion, MSNs can physically confine drug cargo within mesopores and release it
gradually, potentially supporting more consistent CNS exposure.

Although MSNs have many advantages over other DDSs, there are only a few examples of L-dopa-loaded MSNs
described in the literature.***” Our group has developed a new strategy to synthesize MSNs, introducing the concept of
drug-structure-directing agent (DSDA) based on the use of lipid derivative molecules with pharmacological activity as
templates. The DSDA is obtained by the amidation of the drug with a fatty acid, which allows the formation of micelles
around which the inorganic silica species self-assemble to form MSNs. This new approach eliminates the need for
surfactant removal following MSN formation, as the surfactant itself exhibits inherent pharmacological activity.*®*’
Interestingly, in vitro experiments reveal an improvement in the sustained release capacity and therapeutic effect of
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MSNs compared to conventional drug loading methods.’®>* Moreover, since this strategy relies on the incorporation of
an alkyl chain into the therapeutic molecule, its lipophilicity is increased, potentially enhancing the drug’s ability to cross
the BBB. Consequently, the therapeutic agent could traverse the BBB either through the influence of MSN size and
morphology or as a result of increased hydrophobicity and higher blood concentration due to the continuous release.

This study investigates the potential of MSNs templated with L-dopa amide derivatives as a novel therapeutic
approach for Parkinson’s disease. The primary objective was to synthetize MSNs with the desired characteristics to target
CNS and achieve a sustained L-dopa release profile. To this end, we optimized synthesis parameters (including aliphatic
chain length, DSDA:water ratio, synthesis temperature, and time) to obtain nanoparticles with an optimal size and
maximize L-dopa loading. In vitro drug release assays were conducted to evaluate whether the DSDA strategy enables
prolonged drug release, in comparison to conventional adsorption methods. Finally, in vivo behavioral studies were
performed to assess whether the sustained release correlates with therapeutic efficacy. Two MSNs (templated with
decanoyl (C10) and oleoyl (C18) L-dopa amide derivatives) were selected for in vivo testing in a 6-OHDA-induced
mouse model of Parkinson’s disease via unilateral injection of 6-OHDA in the striatum, a well-established model that
replicates the nigrostriatal degeneration characteristic of the disease. The selection of L-dopa derivatives with decanoyl
(C10) and oleoyl (C18) chains was based on their differing hydrophobicity and micelle-forming capabilities, which
influence nanoparticle formation, size, drug loading, and release kinetics. These two derivatives were selected to evaluate
the impact of alkyl chain length on in vivo behavior and therapeutic outcomes. Behavioral performance was monitored to
quantify locomotor activity following administration of a single dose of L-dopa-loaded MSN and compared to animals
treated with free L-dopa.

Materials and Methods

Chemicals

3,4-Dihydroxy-L-phenylalanine (L-dopa, >98%) was purchased from Fisher Scientific; sodium carbonate (99%), and
tetrahydrofuran (THF, 99.5%), ethyl acetate (99%), ethanol absolute were purchased from Scharlab (Barcelona, Spain);
sodium sulphate anhydrous (99.8%), dicloromethane (CH,Cl,, 99.9%), dimethyl sulphoxide (DMSO, 99%) were
purchased from QUIMIPUR (Madrid, Spain); methanol (99.9%) was purchased from Honeywell (New Jersey, USA);
silica gel was purchased from LabKem (Barcelona, Spain); oleoyl chloride (=89%), decanoyl chloride (98%), (3-ami-
nopropyl)triethoxysilane (APTES, 98%), (3-aminopropyl)trimethoxysilane (APTMS, 98%), toluene (99%), tetraethy-
lorthosilicate (TEOS, 98%), hydrochloric acid (35% w/w), di-Sodium tetraborate decahydrated (Na,B,0;-10H,0,
99.5%), dimethyl sulfoxide-D6 (99.8% D), 3-(4, 5-dimethyl-2-thiazolyl)-2,5-diphenyl-2H-tetrazolium bromide (MTT,
98%), phosphate buffered saline tablets (PBS), Fetal Bovine Serum (FBS), sodium chloride (>99%), 6-hydroxydopamine
hydrochloride (6-OHDA, 97%) were obtained from Sigma-Aldrich (Madrid, Spain). Dodecane was purchased from
Fluka (New Jersey, USA). The porcine brain lipid (PBL) was obtained from Avanti Polar Lipids (Alabama, USA).

Animals

CD-1® adult mice were purchased from Envigo (Barcelona, Spain). All animals were four weeks old (25-30mg) at the
beginning of this study and were housed (4—6 mice/cage) in conventional polycarbonate EU Type 3 cages (height:
150 mm; top size: 425%x265 mm; bottom size: 375%215 mm). They were maintained in a temperature (23 + 1°C) and
humidity (50-55%) controlled room, under a 12 h light/dark cycle (lights off between 19:00 and 07.00 h). Animals had
free access to standard laboratory rat chow (Envigo) and tap water. Trained investigators blind to drug treatment
conducted all the behavioral assays. Experiments were performed between 9:00 a.m. and 12:00 p.m. All animal
procedures were designed and conducted in accordance with a protocol approved by the Ethical Committee of
Universidad Rey Juan Carlos and by the Autonomous Region of Madrid (PROEX 247.4/22) and followed the guidelines
for the Care and Use of Laboratory Animals of the European Union Directive (2010/63/EU) and Spanish regulations
(Law 32/2007, RD 53/2013 and order ECC/566/2015). A total of 89 female were utilized to study the effect of long-term
treatment of L-dopa@MSNs. Then, a smaller group composed of 12 male mice was used to examine differences related
to sex. 7 casualties were encountered. The number of animals used, and their suffering were minimized.
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Characterization

"H NMR and "*C NMR spectra were recorded on a Varian Infinity 400 MHz spectrometer (URJC, Mostoles, Spain) fitted
with a 9.4 T magnetic field. Chemical shifts are reported in parts per million (6 ppm) and externally referenced to
tetramethylsilane. The separation of the synthesized compounds was confirmed by thin-layer chromatography (TLC) on
Merck 60 Fjs4 silica gel. Mass measurements were performed on an ultra-high-performance liquid chromatography
tandem mass spectrometry (UHPLC-HESI-MS/MS) using Vacuum Insulated Probe Heated Electrospray lonization
(Bruker UHPLC/MSMS EVOQ™ ELITE) with a triple-quadrupole detector (URJC, Méstoles, Spain). Nitrogen adsorp-
tion measurements were performed on a Micromeritics TriStar 3000 instrument (URJC, Mostoles, Spain). In general,
calcinated samples (100 mg) were heated to 100°C for 24 h in vacuum to outgas them before nitrogen sorption
measurements. Subsequent nitrogen sorption measurements were performed at 77 K (—=196.15°C). Pore size and pore
volume were calculated by a non-local density functional theory NLDFT model on the adsorption branch of the
isotherms. Thermogravimetric analyses (TGA) were performed under air atmosphere with a Star system Mettler
Thermobalance (URJC, Mostoles, Spain) in the temperature range from 40 to 800°C at 5°C min '. The elemental
analysis (EA) was performed using a CHNS-O analyzer Flash 2000 Thermo Scientific apparatus (URJC, Mostoles,
Spain). Fourier Transform Infrared Spectroscopy (FTIR) analyses were collected, using attenuated total reflectance
technique (ATR), on a Mattson Infinity series apparatus in the wavelength range from 4000 to 400 cm ™' with a step size
of 2 cm ! and collecting 64 scans for each analysis. The morphologies and sizes of MSNs were investigated with
transmission electron microscopy (TEM) JEOL JEM 2100 operated at 200 kV with a resolution of 0.25 nm
(Complutense University of Madrid). Previously the samples were dispersed in ethanol and deposited on a carbon-
coated copper grid. The size of MSNs by TEM was determined using ImagelJ software, with 20 random nanoparticles
measured and the result reported as the mean+SD. Dynamic Light Scattering (DLS) measurements were performed on
Nanoplus DLS/Zeta Potential from Particulate Systems particulate nanaosystem (URJC, Moéstoles, Spain). Samples were
suspended in HEPES IM buffer at pH 7.4 with 0.25 mg mL™" concentration.

Synthesis of Anionic DSDAs L-Dopa

The DSDAs from L-dopa were synthesized through an amidation reaction between decanoyl chloride or alternatively
oleoyl chloride and the amino group of the L-dopa moiety (Scheme 1) to obtain N-decanoyl-L-dopa (L-dopa-C10) and
N-oleyl-L-dopa (L-dopa-C18), respectively. The reaction was performed according to a modified procedure described in
the literature.’>>> In a round-bottom flask, equipped with a magnetic stirrer, Borax (3.86 g, 10.1 mmol) was dissolved in
100 mL of water. The mixture was degassed for 30 min, followed by the addition of L-dopa (2 g, 10.1 mmol). In order to
reach a pH 8-9, sodium carbonate (0.80 g, 7.6 mmol) was finally added to the mixture, which was then degassed for
another 5 min. Subsequently, decanoyl or oleoyl chloride (2.13 or 3.3 mL, 10.1 mol) was dissolved in degassed THF
(25 mL) and added dropwise to the solution of L-dopa. The mixture was stirred at room temperature for 24 h under inert
atmosphere. Following this, the pH was adjusted to 1-2 with hydrochloric acid. The aqueous layer was then extracted
with ethyl acetate (3 x 15 mL) and the combined organic layers were washed successively with water (4 x 25 mL) and
brine (1 x 25 mL) and dried over anhydrous sodium sulfate. The mixture was filtered, and the solvent removed under
reduced pressure. The residue was finally purified by flash column chromatography (silica gel, CH,Cl,:Methanol 2%) to
obtain the L-dopa DSDA as a sticky brown solid (26-22% yield).

Synthesis of Mesoporous Silica Nanoparticles with DSDA L-Dopa (L-dopa@MSNis)

The synthesis of L-dopa@MSNs was performed using the synthesized anionic DSDAs, N-decanoyl-L-dopa
(L-dopa-C10) or alternatively N-oleyl-L-dopa (L-dopa-C18) as surfactant. The reaction was performed according
to a protocol developed in our laboratory for the synthesis of MSNs using anionic DSDAs as template.*’->
Different synthesis parameters were studied to improve the properties of MSNs for in vivo assays. The parameters
studied were the water volume, temperature and time of synthesis (Scheme 2A and B). In general, all syntheses
were accomplished as follows. The synthesized L-dopa DSDA was dissolved in degassed water. This mixture was
heated (40-70°C) to achieve a homogeneous solution. Then, a co-structure directing agent (CSDA), APTES, was

added to interact with the polar head of L-dopa DSDA to stabilise the micelles,’® and the mixture gradually turned
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Scheme 2 Synthesis of L-dopa@MSN:ss.: (A) L-dopa-C10@MSN and (B) L-dopa-C18@MSN.

white. At this point, TEOS was added dropwise. The stirrer was removed from the reaction after 15 min. 24h later
the synthesis was heated to 100°C for 24—72h. All synthetic conditions are summarize in Table 1:

PAMPA-BBB Assay

Prediction of the brain penetration was evaluated using the in vitro parallel artificial membrane permeability assay for the
blood-brain barrier (PAMPA-BBB), as previously described.’”>® This method is a useful high-throughput screening tool for
the prediction of BBB permeability, but it is limited to the passive transport since lipid membrane used for the experiment
cannot imitate active transport characteristics of endothelial cells. The acceptor 96-well microplate was filled with 200 pL of
PBS: Ethanol (70:30) and the filter surface of the donor microplate was impregnated with 4 uL of PBL in dodecane (20 mg
mL ). Compounds were dissolved in PBS:ethanol (70:30), filtered through a Millex filter, and then added to the donor wells
(200 pL). The donor filter plate was carefully placed on the acceptor plate to form a sandwich, which was left undisturbed for
120 min at 25°C. After incubation, the donor plate was carefully removed and the compounds concentrations in the acceptor
wells were determined using UV-Vis spectroscopy. Every sample was analyzed at five wavelengths, in four wells and at least
in three independent runs, and the results are given as the mean + SD. In each experiment, 10 quality control standards of
known BBB permeability were included to validate and normalize the analysis set.

Table | L-dopa@MSNs Nanoparticles Synthetic Conditions

Nanomaterial Synthesis Conditions | DSDA:CSDA:TEOS:H,0 (eq.)
(Temperature/Time)
L-dopa-CI8@MSN-1 60°C then 100°C 72 h I:1.65:11.8:2153
L-dopa-CI8@MSN-2 | 60°C then 100°C 24 h 1:1.65:11.8:2153
L-dopa-CI8@MSN-3 | 60°C then 100°C 24 h 1:1.65:11.8:3229
L-dopa-CI8@MSN-4 | 60°C then 100°C 24 h 1:1.65:11.8:4306
L-dopa-C18@MSN-5 70°C then 100°C 24h 1:1.65:11.8:3229
L-dopa-C18@MSN-6 40°C then 100°C 24h 1:1.65:11.8:3229
L-dopa-C10@MSN 60°C then 100°C 72 h 1:1.65:11.8:2153
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Synthesis of MCM-4| Nanoparticles (Reference Material)

MSNs were synthesized following the next procedure:>* CTAB (300 mg, 0.822 mmol) was dissolved in a mixture of
129.2 mL of milli-Q H20 and 18.5 mL of ethanol, with the subsequent addition of NaOH (1.55 mL, 1M) and the mixture
was stirred at 82°C. Then, TEOS (1.55 mL, 6.95 mmol) was added dropwise to the solution, maintaining the stirring for
2 h. The final solid was isolated by filtration, washed three times with milliQ-H20O and EtOH and dried under vacuum.
The surfactant was finally removed after calcination at 550°C for 5 h.

Incorporation of L-Dopa Onto the Surface of MCM-41 (L-dopa@MCM-41)

The functionalization of nanoparticles was carried out by adding 200 mg of material to a solution of L-dopa (50 mg,
0.25 mmol) in 50 mL of ethanol. Themixture was dispersed by sonication for 10 min at room temperature (37 KHz, 70%
power) and then stirred at room temperature for 24 h. Thefinal solid was isolated by filtration, washed three times with
milliQ-H,O and EtOH and dried under vacuum. The amount of adsorbed L-dopa was determined by thermogravimetric
analysis.

Release Experiments and in vitro Biodegradation Kinetics
The in vitro release studies of L-dopa were conducted under physiological conditions in PBS at pH 7.4, following the
next procedure: L-dopa@MSNs (3 mg) were dispersed in 1 mL of PBS (pH 7.4) and hydrochloric acid-sodium chloride
buffer (pH=1.2), and the dispersion was incubated at 37°C in a thermoblock at 900 rpm. The amount of L-dopa released
was quantified by centrifuging the dispersion and subsequently measuring the absorbance at 280 nm of the supernatant
using a spectrometer (Evolution 201 UV-Vis Spectrophotometer, ThermoScientific). After each measure, fresh PBS or
hydrochloric acid-sodium chloride buffer was added.

The biodegradation kinetics in vitro were performed as follows: 5 mg of the material was suspended in 2 mL of FBS
and the suspension was stirred at 37°C in a thermoblock at different times (0, 1, 3, 6 and 14 days). Aliquots were then
centrifuged to separate the pellet from the supernatant. Pellets containing MSNs were analyzed by TEM.

Cell Culture

HEK-293 (human kidney cells, ATCC, Virginia, USA) were used in viability studies. The cell line was cultured in
Dulbecco’s modified Eagle’s Medium (DMEM) supplemented with 10% fetal bovine serum and 1% penicillin-
streptomycin. Cell cultures were maintained at 37°C in a humidified atmosphere containing 5% CO, and they were
seeded at 30% confluence in DMEM in 12-well plates.

Cell Viability by MTT Assay

All cells were treated 48 h after being seeded with different concentrations of L-dopa, DSDA L-dopa-C18 and L-dopa-
C18@MSN-3 and incubated for 48 and 96 hours. A pure MSN material MCM-41 type was also used as vehicle control.>
The suspensions of L-dopa-C18@MSN-3 had been previously prepared by sonication of the nanoparticles in milliQ-H,
O for 10 min at 37°C to achieve complete dispersion. Then it was diluted with DMEM to achieve the desired
concentration. After the treatment at different times, the cell viability was determined by the colorimetric assay MTT.
This method relies on the capacity of viable cells to reduce MTT to formazan. The quantity of the reduction product is
directly proportional to the viable cells, and it can be measured by the absorption of UV light. Thus, the MTT was added
to cultured cells at a final concentration of 0.1 mg mL™'. After 6h, the medium was removed, and cells were resuspended
in DMSO and subsequently transferred to a 96-well plate. The absorbance was recorded at 542 nm in a spectrometer
(Multiskan SkyHigh, ThermoScientific, URJC, Mostoles, Spain). Values are expressed as mean = S.E.M. of at least three
independent experiments.

Experimental Design

The antiparkinsonian effect of MSN containing L-dopa amide derivatives conjugated with fatty acids was evaluated in
a unilateral intrastriatal 6-OHDA lesion model. Animals were randomly and blindly assigned into vehicle (VEH, sterile
physiological saline) or treatment groups. Independent groups of animals were used for each treatment: saline, oleic acid
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(C18), L-dopa, DSDA L-dopa-C18, L-dopa-C18@MSN-3 and L-dopa-C10@MSN. The dose of L-dopa was set at 25 mg
kg71 for all formulations based on previous work.®®®! The human equivalent dose (HED) corresponding to 25 mg/kg in
mice is approximately 2.02 mg/kg, which falls within the range of doses used in current clinical practice.®? For oleic acid
alone the dose was calculated based on the amount present in the MSN formulations. All drugs were administered
intraperitoneally (i.p.) in a volume of 0.3 mL and their effect was tested 120 min to 14 days after single administration.
Treated mice were compared with control (saline) and L-dopa treated groups. The effect of the treatment was also
evaluated in healthy control naive animals. All experiments were conducted on female mice, upon comparison of saline
and L-dopa-C18@MSN-1 groups between male and female. A schematic depiction of the experimental design is
provided in Figure 1.

6-OHDA Lesion

The unilateral 6-OHDA lesion in the striatum was performed as previously described®* with minor modifications. Briefly,
mice were analgesized (0.1 mg kg ' buprenorphine, i.p)., anesthetized (0.75 mg kg ' medetomidine, 7.5 mg kg '
midazolam, i.p.) and infused with 20 pg of 6-OHDA in 2 pL sterile saline (10 pg uL ") delivered by a Hamilton syringe
into the left striatum at the following coordinates from bregma: 0.5 mm anterior-posterior, - 2.0 mm lateral, - 3.0 mm
dorsoventral, at a flow rate of 0.2 pL min'. At the end of the infusion, the syringe was left implanted for an additional
5 min per site and was then slowly retracted. During the surgery and recovery, animals were kept warm using a heating
pad. 6-OHDA injections occurred 10 days prior to the initiation of any pharmacological administration. A group of
control animals received 2 pL sterile saline (0.9% NaCl).

Behavioral Tests
In order to characterize the behaviors of intact or hemiparkinsonian mice, spontaneous rotation was assessed. Animals
unable to reproduce the expected behavior were discarded.

Spontaneous Rotations

The spontaneous behavior of the animals was analyzed using a video camera as previously described.®® Contraversive
and ipsiversive rotations were evaluated in a test cage every other day from day 0 to day 13, and on days 20 and 24.
Additionally, further evaluations were performed between days —4 and —1. Each data set consisted of a 15 min test
period. Although the test is based on the assumption that mice turn towards the lesioned side when placed in a novel
environment,®® there may be an endogenous asymmetry in the nigrostriatal dopaminergic system, eg regarding the
dominant side. Consequently, the preferred direction of rotation may vary between individuals over time, regardless of
whether the depletion is always performed on the same side.®” Therefore, the number of complete 360° rotations made in
both the ipsiversive and contraversive directions relative to the lesion was counted. Based on the assumption that the
greater the bias towards one side, the more parkinsonian the animal, rotational behavior was expressed as the proportion
of ipsiversive (alternatively contraversive if greater) rotations over total rotations (contraversive and ipsiversive) normal-
ized to the pre-parkinsonian phase (mean value for days [—4 to —1]). To avoid the possibility of data bias due to
unreliable/inconsistent lesions, animals unable to perform > 15 rotations during 15 min on any day of the parkinsonian
phase (days 0 to 10) were subject to discard.®®*’

Body Weight

Body weight was periodically recorded as an indirect measure of animal welfare in order to assess actual severity at the
end of the procedure, as collected under Directive 2010/63/EU on the protection of animals used for scientific purposes
(European Commission, 2019).

Statistical Analysis

All data were analyzed and plotted on graphs using the GraphPad Prism 8.0 software. In cell viability studies, two-way
ANOVA (treatment x concentration), followed by Tukey’s multiple comparisons test was used to analyze the difference
between the means of treatment and control groups over time. Values of P < 0.05 were considered statistically significant.

8 https: International Journal of Nanomedicine 2026:21



Onrubia-Marquez et al

pre-parkinsonian

phase parkinsonian phase post-treatment phase
-4-3-2-10123456789102h4h111213 20 24
‘__1__}_{__IIIIIIIIII//%//II [ |
[T T T T T T 1T 117 /T [
A t
Timeline Intervention Control

Randomization

e @@ Ll N elm] @C@ [delr]
10 days + 2h © ©
10 days + 4h © @

Measurement of outcomes

body weight register

video recording for spontaneous rotations determination
6-OHDA (i.c.)

saline (i.c.)

saline (i.p.)

oleic acid (C18, i.p.)

L-dopa (i.p.)

DSDA L-dopa-C18 (i.p.)

L-dopa@MSN-3 (i.p.)

ERSaEE] -] - QI

L-dopa-C10@MSN (i.p.)

Figure | Graphical depiction of the complex intervention delivered over a 30-day period (adapted from Ayieko et aI).63 The intervention components are labeled 1-2 and
a—h. Circles represent behavioral tests and squares represent interventions; one treatment per experimental group. Arrowhead and black squares indicate 6-OHDA or
saline i.c. administration. Arrow and white squares, the i.p. administration of the different experimental formulations.

International Journal of Nanomedicine 2026:21 https: 9



Onrubia-Marquez et al

T-test was used to compare cell viability results at 48h and 96h. In animal studies, the normality of all data was assessed
by the Shapiro—Wilk test. Two-tailed paired #-test or alternatively Mann—Whitney U-test (non-normal distribution) were
used to compare the outcomes (spontaneous rotational behavior) of sham control and 6-OHDA groups and between
female and male mice. One-way ANOVA followed by Dunnett’s multiple comparisons test was used to assess differences
between treatments in sham saline-treated (i.c.) animals. For all treatment groups, one-way ANOVA within-group
comparisons followed by Dunnett’s multiple comparisons test were also made against their corresponding mean values
obtained on day 10. Two-way ANOVA (treatment x time), followed by Tukey’s multiple comparisons test was used to
analyze the difference between the means of treatment and control groups over time. Values of P < 0.05 were considered
statistically significant.

Results and Discussion
Synthesis and Characterization of MSNs with L-Dopa-C18 DSDA

The initial phase of this study is concerned with the synthesis conditions of MSNs containing L-dopa derivatives as
a surfactant, with the objective of maximizing the amount of L-dopa loaded into mesoporous silica nanoparticles (MSNs)
and optimizing their size for further use in the in vivo behavioral assessment. Water volume, synthesis temperature and
time were studied as variables to obtain MSNs. The first step involved the synthesis of DSDA based on L-dopa. The
anionic DSDA of L-dopa was successfully achieved through the amidation reaction between the amino group of the
L-dopa and two different acyl chlorides, decanoyl chloride and oleoyl chloride (Scheme 1). The DSDAs exhibited
amphiphilic characteristics, comprising a polar head and an aliphatic chain that enabled their use as a templates for the
synthesis of MSNs.>? The successful formation of the amide bond was confirmed by 'H, '’C NMR, MS, FTIR
spectroscopy and EA (Figures S1-S7 and Table S1).

The potential passive diffusion in the central nervous system (CNS) of the DSDAs L-dopa-C10 and L-dopa-C18 was
evaluated through a PAMPA assay. As illustrated in Table S2, the DSDA L-dopa-C18 exhibited a higher permeability (Pe
=1.13 cm s ') than its precursor L-dopa (Pe = 0.94 cm s '). Although the calculated permeability coefficient classified
the L-dopa-C18 compound as CNS-, indicating low blood-brain barrier (BBB) penetration, it is well established that
L-dopa utilizes an amino acid transporter to traverse the BBB (L-type amino acid transporter-1, LAT-1).”° Previous
reports indicate that LAT-1 interacts with various amino acid-derived prodrugs (including prodrugs synthesized from
dopamine), thereby improving their brain uptake.”'””> Additionally, the hydrophobic oleic acid tail might facilitate
transient interactions with lipid components of the BBB, enhancing transport efficiency. This, in conjunction with the
enhanced permeability observed for L-dopa-C18 relative to L-dopa, would suggest an enhancement in passive diffusion
to cross the BBB for this DSDA.”*"* Furthermore, previous in vitro research®® has demonstrated that DSDAs can be
cleaved by the enzyme chymotrypsin, suggesting that they may also be released as L-dopa and oleic acid, which would
indicate that both compounds can be found in their original therapeutic form. Consistent with this, an amide L-dopa
prodrug administered to rats exhibited low plasma levels, likely due to rapid enzymatic conversion to L-dopa.”

Using both DSDAs, it has been achieved MSNs with a high surface area and significantly higher amounts of
encapsulated L-dopa compared to traditional methods.*® This L-dopa@MSNs have been characterized by TEM, DLS
measurements, BET analysis and TGA analysis (Figures S8—10). An optimization process was carried out using DSDA
L-dopa-C18. As mentioned before, the synthesis parameters examined were water volume, synthesis temperature and
time. A complete description of synthetic conditions used can be found in Table 1.

The first parameter to be evaluated was the synthesis time. L-dopa-C18@MSN-2 was obtained by reducing the synthesis
time from 72 to 24 h. Reducing the synthesis time from 72 to 24 hours clearly influences the size of the nanoparticles
obtained, as shown in Figure 2A and B. The significant reduction in particle size led to setting the synthesis time at 24 hours
for the rest of the syntheses evaluated. Next, the effect of the DSDA:H,O ratio on the size and morphology of the
nanoparticles was evaluated. High dilutions keep the nuclei of the primary particles separate, so increasing the water
volume of the synthesis has been used before as a strategy to reduce nanoparticle size.’® This strategy allows us to reduce
the nanoparticle size down to 140 nm in the case of L-dopa-C18@MSN-3 (Figure 2C) and 74 nm in the case of L-dopa-
C18@MSN-4 (Figure 2D). Regarding the nanoparticles shape, L-dopa-C18@MSN-3 mainly shows monodisperse spherical
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Figure 2 TEM images obtained from synthesis variation: (A) L-dopa-CI8@MSN-I; (B) L-dopa-CI8@MSN-2; (C) L-dopa-CI8@MSN-3; (D) L-dopa-CI8@MSN-4; (E)
L-dopa-C18@MSN-5; (F) L-dopa-CI8@MSN-6. Scale bar 100 nm.

nanoparticles, meanwhile, L-dopa-C18@MSN-4 predominantly exhibits hollow elongated structures (Figure S8D). Finally,
an evaluation of the impact of different temperatures on the synthesis process was conducted. The synthesis conducted at
70°C (L-dopa-C18@MSN-5) yielded nanoparticles with a diameter below 60 nm, as illustrated in Figure 2E. This increase
in temperature resulted in the formation of inter-nanoparticle necks, leading to the development of elongated hollow-shell
structures. The synthesis performed at 40°C (L-dopa-C18@MSN-6) resulted in the formation of small nuclei that were
aggregated among themselves (Figure 2F). The TEM and DLS measurements confirmed that L-dopa-C18@MSN-5 and
L-dopa-C18@MSN-6 exhibited a high degree of aggregation (Figure S8E and F).

The textural properties of the synthesized materials (Table 2) were determined from the isothermal nitrogen
adsorption experiments, with BET surface area values ranging from 300 and 700 m*> g ' and pore sizes between 2.5
and 4.2 nm. A type IV isotherm, according to IUPAC classification, was obtained for all MSNs (Figure S9), which is

Table 2 Textural Properties of MSNs Obtained from Synthetic Optimization

Nanomaterial BET Surface (m”>g™") | Vp (em® g™') | Dp (nm)
L-dopa-CI8@MSN-1 556 0.52 32-37
L-dopa-C18@MSN-2 303 0.33 37
L-dopa-CI8@MSN-3 509 0.69 39
L-dopa-C|8@MSN-4 693 0.82 3342
L-dopa-C18@MSN-5 621 0.87 3-4.3
L-dopa-C18@MSN-6 423 0.54 3.6
L-dopa-C10@MSN 360 0.21 2.5
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characteristic of MCM-41-type materials. A hysteresis loop was observed at 0.4 p/py. All synthesized samples exhibited
a narrow pore distribution (Figure S9). L-dopa-C18@MSN-4 and MSN-5 displayed bimodal and even trimodal PSD,
which can be attributed to the inter-particular necks previously mentioned. The observed similarity in pore distributions
can be attributed to the use of the same DSDA in the synthesis of MSN. The sample synthesized from the DSDA L-dopa-
C10 shows the smallest pore size (Table 2). As is well known, pore diameter (Dp) varies with the length of aliphatic
chain of surfactant.’* All the isotherms (with the exception of L-dopa-C18@MSN-1, —2 and —3) exhibit a second
hysteresis loop at higher relative pressure (approximately at 0.9 p/po), which can be attributed to inter-particle porosity’’
(Figure S9).

Based on the previous results, two materials were considered for their optimal physico-chemical properties, L-dopa-
C18@MSN-1 and L-dopa-C18@MSN-3. The morphology, size, and textural properties of L-dopa-C18@MSN-1 and
L-dopa-C18@MSN-3, together with their L-dopa content, are illustrated in Figure 3. These materials exhibit different
morphology and an increment in the quantity of L-dopa loaded. The morphology and size of these MSNs were
determined using TEM images. The L-dopa-C18@MSN-1 sample (Figure 3A and B), obtained under initial synthetic
conditions™ (Table 2), showed different type of nanoparticles in size and shape. While some of the nanoparticles
presented spherical symmetry with sizes between 200—400 nm, others displayed an elongated hollow-shell structure with
a length range from 300 to 600 nm (Figure 3A and B, Figure S8A). TEM images obtained for the sample L-dopa-C18
@MSN-3 (Figure 3C and D, Figure S8C) revealed the presence of spherical and monodisperse nanoparticles with an
average diameter of 140+40 nm. These differences were confirmed by DLS measurements. The distribution function
obtained for sample L-dopa-C18@MSN-3 (Figure 3F) is narrower than the distribution function of L-dopa-C18@MSN-1
(Figure 3E). Previous studies have indicated that the optimal nanoparticle size range for achieving long-term circulation
of a DDS is between 10 and 200 nm. Nanoparticles below 10 nm in size may be rapidly excreted by the kidneys, whereas
those above 200 nm may activate the macrophage system and be rapidly removed from the bloodstream.*®*
A comparison of the results obtained by TEM and DLS suggests that the L-dopa-C18@MSN-3 sample may have
been more suitable for prolonged circulation within the organism. Based on the previous results, we selected the L-dopa-
C18@MSN-3 for the subsequent evaluation in vivo tests. In addition, the L-dopa-C10@MSN was also selected to study
the influence of the alkyl chain.

Figure 3G and H shows SEM images of samples L-dopa-C18@MSN-1 and MSN-3. The micrographs display
a textured and rough surface covered with small protrusions. Additionally, the SEM image of L-dopa-C18@MSN-1
(Figure 3G) reveals the presence of an inner cavity within a crushed nanoparticle, which aligns with the observations
made in the TEM and the presence of internal voids. Furthermore, FTIR analysis was conducted to confirm the

' to 1600 cm', indicative of the stretching

incorporation of the drug. The spectrum showed a band from 1750 cm™
vibration of amide of DSDA, along with a prominent peak at 2900 cm ', which can be attributed to the presence of
multiple C-H bonds from the tail of DSDA. The FTIR spectrum of the MSNs exhibited the characteristic bands
associated with the formation of the silica framework, including a strong band at 1100 cm ™' assigned to the asymmetric
stretching of the -Si-O-Si- and a symmetric stretching band at 760 cm ™' (Figure 3I). Additionally, the quantity of organic
material present was determined by TGA (Figure S10). The organic content of L-dopa-C18@MSN-1 was determined to
be 29%, while that of the L-dopa@MSN-3 was found to be 63% (Figure 3J). This thermal decomposition corresponds to
both DSDA and CSDA. The content of L-dopa loaded in the MSNs was determined through TGA of calcinated and
extracted samples (Figure S11). From these data, it can be inferred that 8% of the weight of L-dopa-C18@MSN-1 sample
corresponds to L-dopa, meanwhile the amount of L-dopa loaded in L-dopa-C18@MSN-3 was 22%. The different amount
of L-dopa loaded between these materials contrasts with their similar surface area, 556 and 509 m? g~' for L-dopa-C18
@MSN-1 and MSN-3, respectively (Figure 3K). A kinetic explanation for the synthesis formation could account for
these differences. By reducing the synthesis time and increasing the dilution in water, it appears that the nanoparticles
lack the capacity to aggregate, and form elongated nanoparticles with internal voids, from which the DSDA is excluded
(L-dopa-C18@MSN-1). In contrast, the more solid but porous nanoparticles in the case of L-dopa-C18@MSN-3 have
a higher L-dopa loading capacity. Finally, to determine the distribution of the drug within the MSNs, EDS mapping
analysis was performed for L-dopa@MSN-3 sample. The resulting images show a homogeneous distribution of silicon,
carbon, oxygen and nitrogen on the surface of the MSN (Figure 3L-O).

12 https: International Journal of Nanomedicine 2026:21


https://www.dovepress.com/article/supplementary_file/545116/545116%20Supplementary%20Material.docx
https://www.dovepress.com/article/supplementary_file/545116/545116%20Supplementary%20Material.docx
https://www.dovepress.com/article/supplementary_file/545116/545116%20Supplementary%20Material.docx
https://www.dovepress.com/article/supplementary_file/545116/545116%20Supplementary%20Material.docx
https://www.dovepress.com/article/supplementary_file/545116/545116%20Supplementary%20Material.docx
https://www.dovepress.com/article/supplementary_file/545116/545116%20Supplementary%20Material.docx

Onrubia-Marquez et al

(E)

Dy =590+80 nm

150 00 45 &0 750 900 1050 1200

Dy (nm)

Dy = 320450 nm

150 300 450 600 750 900 1050 1200

Dy (nm)

L-dopa-C18@MSN-1
DSDA L-dopa-C18

CHst

C=0 st

wavenumber (cm')

20 - - - - ~ v
200 400 600

Temperature (°C)

K) +— L-dopa-C18@MSN-1
L-dopa-C18@MSN-3

—_—

Quantity adsorbed (cm?¥g)

Relative Pressure (p/p,)

Figure 3 TEM images for (A and B) L-dopa-C18@MSN-I and (C and D) L-dopa-C18@MSN-3. Hydrodynamic diameter measured by DLS for (E) MSN-1 and (F) MSN-3.
SEM images of (G) MSN-1 and (H) MSN-3. (I) N, adsorption isotherms of L-dopa@MSN-1 in blue and L-dopa@MSN-3 in red. (J) FTIR spectrum of L-dopa DSDA and
L-dopa MSN (K) TGA of L-dopa-CI8@MSN-I (in blue) and L-dopa-CI18@MSN-3 (in pink). EDS mapping analysis: (L) Silicon, (M) carbon, (N) oxygen and (O) nitrogen
distribution in MSN-3.
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Release Experiments, Biodegradation and Biocompatibility

Once the successful incorporation of the drug was confirmed, the mechanism of drug release was investigated. In
vitro release studies were carried out at in PBS buffer at physiological pH of 7.4 for L-dopa-C18@MSN-3 material.
As illustrated in Figure 4A the release profile at pH=7.4 demonstrates a continuous increase in the amount of L-dopa
over time, with the release of L-dopa continuing to rise beyond 14 days, as yet not reaching a plateau. Interestingly,
at pH=1.2 (simulated gastric fluid), L-dopa decreased when compared to pH=7.4, likely due to carboxylic acid
protonation, which makes the DSDA much less soluble than at pH=7.4. This pH-responsive behavior suggests that
L-dopa-C18@MSN-3 could be promising for oral administration, enabling release in the intestine, the primary
absorption site for L-dopa. The release kinetics of L-dopa-C18@MSN-3 differ markedly from those of conventional
drug-loaded mesoporous silica nanoparticles (MSNs), in which the drug is adsorbed onto the surface or mainly
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Figure 4 (A) L-dopa release study from L-dopa-C|8@MSN-3 represented as mg L-dopa/g material at pH = 7.4 and at pH 1.2. Release study of the L-dopa loaded through
adsorption in a reference material (MCM-41). (B) TEM images of biodegradation of L-dopa-C18@MSN-3 study at 0, I, 3, 6 and 14 days. (C) Cell viability of free L-dopa,
DSDA L-dopa-C18 and L-dopa-CI8@MSN-3 in HEK-293 at 48 h. (D) Cell viability curves corresponding to the treatment at 48 and 96 h HEK-293 cells with free L-dopa
(yellow), DSDA L-dopa-C18 (purple) and L-dopa-C18@MSN-3 (pink). MCM-41 (white) was used to evaluate MSNs cytotoxicity. Values are expressed as mean * S.E.M. of at
least three independent experiments.
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within the pores. In the case of conventional adsorbed L-dopa on MSN, L-dopa@MCM-41 (Figure 4A), a premature
release was observed, with up to 38 and 32 mg/g of L-dopa released (76% and 65% of total content) within
24 hours at physiological and acidic pH, respectively (pH 7.4 and pH 1.2). These results are consistent with
previous studies showing that most of the L-dopa in conventionally loaded MSNs is released within a short time
frame.*® This rapid release is attributed to the immediate solvent exposure of the adsorbed drug, which is typical of
conventional MSNs where mesopores remain partially unoccupied. In contrast, in L-dopa-C18@MSNs, the prodrug
is densely packed within the mesopores, allowing only the fraction located at the outer surface to interact with the
surrounding medium. Moreover, the higher hydrophobicity of the L-dopa-C18-based DSDA likely contributes to the
markedly slower release observed for this formulation.>® Therefore, L-dopa-C18@MSNs provide a sustained release
profile, potentially maintaining therapeutic plasma concentrations longer than free L-dopa, leading to a steady influx
into the brain. L-dopa DSDA-synthesized MSNs maximize material porosity while preventing premature drug
release common with traditional loading methods.’*>* Additionally, encapsulation may shield L-dopa from periph-
eral metabolism, increasing the amount available for BBB transport.”*

In addition, biodegradation studies in simulated body fluid (FBS) environment were performed, wherein alterations in
the morphology of MSN were examined using TEM. Figure 4B displays the degradation process of L-dopa-C18@MSN-
3. TEM images show a gradual merging of nanoparticles. By day 6, the boundaries in the MSNs become indistinct. These
results unequivocally demonstrate the degradation of MSNs in simulated body fluid, indicating the biocompatibility of
the material for use as a DDS. The safety and biocompatibility of MSNs have been extensively demonstrated in several
studies, with no toxicity concerns associated with their used as nanovehicles.*®

To assess the safety profile of these L-dopa@MSNs, cell viability tests were performed in vitro, evaluating their
toxicity in healthy kidney cells (HEK-293) at different concentrations after 48 h. To carry out these experiments, free
L-dopa and the DSDA were used as controls and calcined MCM-41 material as reference to evaluate MSNs toxicity. As
shown in Figure 4C, following a 48-hour incubation period, the administration of L-dopa-C18@MSN-3 at
a concentration of 1 pM exhibited minimal adverse effects on cell viability, with only 5% of cell death, comparable to
that observed with DSDA. In contrast, the free L-dopa reduced cell viability by 25%. The increase in doses to 10 and
50 uM did not produce statistically significant differences compared to those obtained with 1 uM. There is only a decline
in the case of the nanoparticles (MCM-41 and L-dopa-C18@MSN-3), which may be attributed to the high amount of
material required to achieve the desired concentration of the L-dopa derivative and not to the direct effect of this
compound on the cells. One way and two-way ANOVA were performed to analyze the effect of concentration and
treatments respectively on cell viability. No statistically significant differences were observed at 48h.

With these good results, we decided to perform a second experiment increasing the incubation time until 96 h at the
maximum concentration, testing if cells could show a recovery in the presence of the selected drugs. As illustrated in
Figure 4D, cells treated with both L-dopa-C18@MSN-3 and the free L-dopa exhibited a clear and similar recovery
(approximately 15%) in their population after 96 h, indicating that the release of the L-dopa derivative from the
nanoparticles does not induce toxic effects on cells. In the literature, L-dopa has been described as cytotoxic, potentially
due to autoxidation and subsequent formation of the o-quinone derivative.”** However, the encapsulation of the drugs in
the nanoparticles can be an effective technique to reduce associated toxicity issues. On the other hand, cells treated with
the DSDA did not exhibit increased mortality after 96 h, indicating that this molecule does not produce toxic effects over
longer times. A #-test was performed to compare cell viability at 48h and 96h. No statistically significant differences were
observed among 48h and 96h.

By optimizing the synthesis procedure, it has been possible to maximize the amount of L-dopa loaded into the MSNs.
The results of in vitro assays reveal pH-responsive behavior and a sustained over time for L-dopa-C18@MSN-3.
Moreover, cell viability assays show that the L-dopa@MSN does not induce toxic effects, thereby indicating that L-dopa-
C18@MSN-3 could be the optimal nanoformulation to be used in the in vivo test.
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Behavioral Assessment

Evaluation of L-dopa@MSNs vs Free-L-Dopa Administration in the Spontaneous Rotational Behavior
Performed by the Animals

Whilst most of the literature focuses on the immediate effects, the long-term behavioral consequences of the unilateral
6-OHDA model have been sparsely documented in both rats®' and mice.** Furthermore, there are discrepancies in the
methodology employed across studies, with variations in the injection site, dose, unilateral/bilateral nature of the lesion,
and animal sex and strains. As a result, precedent evidence is often not a suitable basis for comparison in many cases.
Unlike other models like neurotoxin 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP) lesions, 6-OHDA would
yield both partial and complete destruction of dopaminergic cells at the injected area with no spontaneous recovery,
accounting for long-lasting reduction in the dopamine content within the striatum with the underlying behavioral
deficits.®® In the present study, unilateral intracranial injection of 20ug 6-OHDA in the dorsal striatum was performed
in CD-1 mice, as previously described.®*

Unilateral 6-OHDA injection in the striatum (caudate-putamen) evoked the classic parkinsonian response, manifest-
ing as an increased frequency of spontaneous rotations that subsequently exhibited a tendency towards stabilization over
time. After assessing normal distribution of data by Shapiro—Wilk test, a Mann—Whitney U-test was performed to
compare the percentage variation in spontaneous rotational behavior between the vehicle saline (sham) and 6-OHDA
groups. A significant difference was observed; U = 36, P < 0.001 (Figure 5). No statistically significant differences were
observed between female and male mice; U = 144, P > 0.999 (Figure S12A).

Although spontaneous circling diminishes after the lesion, previous studies have reported a degeneration of nigros-
triatal neurons and other locations over a period of 4-8 weeks, with a peak loss of neuron numbers occurring after
2-3 weeks, depending on the concentration of 6-OHDA used,84 which is consistent with the stabilization we could
observe after 10 days. 6-OHDA dose was chosen bearing in mind that the stereotyped behavior is stronger in animals
with larger lesions.®> Additionally, the use of amphetamine or apomorphine to induce a burst of turnings was not
considered, as the objective was to evaluate the long-term efficacy of the treatment. Repeated administration of the
trigger could lead to misleading conclusions. The majority of animals exhibited a rotational behavior similar to that
previously described.®®**45¢ In some cases, the spontaneous rotations exhibited by the animals involved a circular
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motion around the cage rather than a spinning motion. Nevertheless, all the animals displayed this repetitive behavior in
a uniform manner. A non-negligible number of animals started to perform or exhibited a contraversive net score from the
moment 6-OHDA was administered. A preferential rotational side was also observed on some days for some animals
between days 4 and 1 prior to 6-OHDA, and in some animals receiving an injection of innocuous sterile physiological
saline. The number of animals is far too large to attribute this variability to manual bias in 6-OHDA injection or rotation
test analysis. Interestingly, this has only been addressed once before.®” The authors suggested that in some animals there
may be an endogenous asymmetry in the nigrostriatal dopaminergic system with respect to the dominant side.
Consequently, the preferred direction of rotation may vary over time between individuals, regardless of whether the
depletion is always performed on the same side. Additionally, some authors have previously suggested that the rotation
test may be a poor predictor of the 6-OHDA-lesion success®’ and outcome analysis is highly heterogeneous among

22,88-90 65,66,84,87 66,91 overall

studies (eg, contraversive rotations, net ipsiversive rotations, net contralateral rotations,
rotational behavior).®® Therefore, we used the proportion of the peak number rotations (ipsiversive or contraversive, as
may correspond for each timepoint) over total rotations normalized to those obtained for the pre-parkinsonian phase (D-4
to D-1) to reduce the bias from variations over time and between individuals.

A two-way ANOVA followed by Tukey’s multiple comparisons test was performed to compare the percentage variation
of the spontaneous rotational behavior between i.p. saline and treatment groups in i.c. saline and 6-OHDA injected animals
over time. All 6-OHDA lesioned animals shared similar values on day 10 prior to i.p. saline or treatment and no statistically
significant differences were observed against 6-OHDA control (Figure 6). Differences between sham and 6-OHDA control
groups were evident at both 4-hour (P < 0.05, +2H and +4H) and 14-day follow-up (P <0.01 for +2D, +3D and +10D, P <
0.05 for +14D). Despite all treatments showed reduced spontaneous rotational behavior at all timepoints compared to
6-OHDA control, statistically significant differences were only observed for L-dopa at +4H (P < 0.05), DSDA L-dopa-C18
at +10D and L-dopa-C18@MSN-3 at +2D and +10D. That is, L-dopa administration induced an acute effect and L-dopa-
C18@MSN-3 outlasted free L-dopa. To further illustrate the efficacy of the L-dopa-C18@MSN-3 formulation, two videos
provided in Additional File demonstrate the behavioral differences between untreated parkinsonian mice and those treated
with the novel L-dopa-C18@MSN-3 formulation (Supporting Information, SI video-1 and —2). The first video shows the
characteristic ipsiversive compulsive rotations of untreated parkinsonian mice, while the second video highlights the
normalized behavior observed in animals following treatment with L-dopa-C18@MSN-3. This visual evidence reinforces
the significant therapeutic potential of the new formulation in mitigating motor dysfunction associated with Parkinson’s
disease. C18 free and L-dopa-C10@MSN had no effect at all. This is further corroborated by the fact that 6-OHDA control
and C18 showed statistically significant differences against sham control from the second day onwards (P < 0.05 for +2D,
+3D and +14D) and also did L-dopa after 3 days (P < 0.05 for +3D and +14D), but not L-dopa-C18@MSN-3. However,
when one-way ANOVA within-group comparisons followed by Dunnett’s post-hoc test were made between post-treatment
timepoints and their corresponding mean values obtained on day 10, no statistically significant differences were seen for
any group. This may indicate that dose quantity and the single dose used to achieve the expected efficacy fell short.

No statistically significant differences were observed between female and male mice receiving L-dopa-C18@MSN-1;
two-tail paired #-test, t(16) = [1.318], P = 0.206 (Figure S12B). No statistically significant differences were either seen
among treatments in sham saline-treated mice; one-way ANOVA followed by Dunnett’s multiple comparisons test,

F (2.456, 38.480) = [2.630], P = 0.074 (Figure S13).

Assessment of Actual Severity at the End of the Procedure

Neither the intracranial saline nor the 20 pg 6-OHDA lesion groups substantially affected the mice body weight. Despite
an initial weight loss (<10%) after i.c. saline injection, control sham naive mice experienced an overall progressive
weight gain until sacrifice (Figure 7A). Similar trends were observed in animals receiving 6-OHDA (i.c.) over time
(Figure 7B).

Despite the widespread use of the unilateral 6-OHDA lesion model in mice, longitudinal assessment of motor
function in the literature is scarce and hence studies that report the long-term follow-up efficacy of treatments too.
A limitation may lay on the fact that most studies rely on amphetamine or apomorphine as motion triggers, but this limits
the follow-up of the impact of any experimental treatment. Repeated administration may distort the analysis of the effect
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Figure 6 14-day follow-up comparison of the spontaneous rotational behavior exhibited by the different groups following intraperitoneal drug administration: (A) 6-OHDA
+C18, (B) 6-OHDA+L-dopa, (C) 6-OHDA+DSDA L-dopa-C18, (D) 6-OHDA+L-dopa-CI18@MSN-3 and (E) 6-OHDA+L-dopa-Cl10@MSN Data are expressed as peak
number rotations over total number of rotations (ipsiversive and contraversive) relative to the mean value obtained for the pre-parkinsonian phase (%). *P < 0.05 vs
6-OHDA (saline, i.p).; #P < 0.05 and P < 0.0 vs sham control (saline, i.p). Two-way ANOVA followed by Tukey’s multiple comparisons test. N = 6—12 per group.

of the experimental drug. On the other hand, the rotational behavior in animals not subjected to amphetamine or
apomorphine is not that impressive, so few articles have evaluated spontaneous rotations. Despite the low dose of
L-dopa used herein, whether administered as free-L-dopa or encapsulated as L-dopa-C18@MSN-3, the observed trend
suggests the potential therapeutic value of the novel experimental formulation. While the dose may have been insufficient
to achieve better statistically significant differences, the results provide promising preliminary evidence supporting the
efficacy of this approach. This work represents a compelling pilot study, laying the groundwork for further research to
optimize dosing and to evaluate the full therapeutic potential of MSN-based L-dopa delivery systems.

Conclusion
The aim of this study was to engineer mesoporous silica nanoparticles (MSNs) using L-dopa amide derivatives (the
DSDA approach) to maximize drug loading, minimize premature release and enhance functional outcomes in a mouse
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Figure 7 Body weight change relative to day 0 in (A) saline (i.c.) and (B) 6-OHDA (i.c.) animals. *P<0.05 vs sham (saline, i.p)., two-way ANOVA followed by Dunnett’s
Multiple comparisons test.

model of Parkinson’s disease. The synthesis parameters and alkyl chain length were systematically optimized to generate
an MSN formulation with favorable size, morphology and drug content for in vivo testing. Of the materials developed,
L-dopa-C18@MSN-3 was identified as the optimal candidate, demonstrating high L-dopa loading (approximately 22%)
whilst maintaining favorable textural properties.

Release studies highlighted a clear distinction in the mechanisms of release between DSDA-templated MSNs and
conventional adsorption into mesopores. L-dopa-C18@MSN-3 exhibited sustained, non-plateauing release for at least 14
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days at physiological pH. In contrast, the conventionally loaded reference material released most of its payload within
24 hours, consistent with rapid solvent access to the surface-adsorbed drug. Together with in vitro biocompatibility and FBS-
mediated biodegradation data, these findings support the suitability of the DSDA platform for controlled L-dopa delivery.

In vivo, a single intraperitoneal dose of 25 mg/kg L-dopa equivalent of L-dopa-C18@MSN-3 reduced spontaneous
rotational behavior in 6-OHDA-lesioned mice, demonstrating greater durability than free L-dopa at the same dose. The
L-dopa-C10 analogue did not improve behavior, which aligns with the rationale of testing different chain lengths. These
results demonstrate that DSDA-templated MSNs can translate their sustained-release profile into meaningful, long-lasting
functional benefits in vivo, showing that DSDA-based encapsulation of L-dopa is a viable strategy for sustained drug
delivery in chronic conditions such as Parkinson’s disease. Further studies are needed to advance towards clinical
translation, investigating the pharmacokinetics, biodistribution, chronic toxicity and long-term safety profile of these
nanoformulations, as well as optimizing the dosing regimen and administration protocols.
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