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Introduction: Chronic neuroinflammation and the accumulation of misfolded a-synuclein are hallmarks of Parkinson’s disease (PD),
a progressive neurodegenerative disorder that leads to neuronal loss and dysfunction. Immunomodulatory imide drugs (IMiDs) are
thalidomide analogs that exhibit potent anti-inflammatory and neuroprotective effects by regulating NF-xB and TNF-a levels.
However, their therapeutic use is limited by their teratogenic actions mediated via Cereblon (CRBN) binding. Previous studies have
demonstrated the efficacy of pomalidomide (POM) in mitigating neuroinflammation and providing neuroprotection in a rodent model
of PD. Building on these findings, a novel derivative, 3-monothiopomalidomide (MTPOM), was synthesized, with reduced teratogenic
potential compared to POM. Nevertheless, like other IMiDs, MTPOM shows poor aqueous solubility and low gastrointestinal
bioavailability following oral administration.

Methods: MT-POM was formulated as a nanosuspension (NS) via wet ball media milling using Tween 80 as a stabilizer. The
morphology of nanocrystals was characterized by SEM, while the average diameter, size distribution and zeta potential were assessed
via DLS and M3-PALS. The crystalline/amorphous nature was investigated by means of ATR-FT-IR and XRPD. Moreover, the
aqueous solubility and dissolution rate were tested in vitro, and plasma and brain concentrations were evaluated in rats.

Results: The produced NS (~226 nm, PDI 0.22, zeta potential —26 mV) demonstrated enhanced aqueous solubility and dissolution
rate compared to the raw drug. MTPOM retained crystallinity and showed optimal stability over 60 days of storage. Pharmacokinetic
studies in rats established that MTPOM-NS provided significantly higher plasma and brain concentrations, prolonged systemic
exposure, and greater drug accumulation in brain tissue.

Conclusion: This enhancement in bioavailability supports the formulation of NS as a promising strategy for CNS-targeted therapies,
providing a strong rationale for further investigation into the efficacy of MTPOM-NS in the chronic treatment of PD, which will be the focus
of future studies.

Keywords: 3-Monothiopomalidomide, nanocrystals, Parkinson’s disease, brain delivery, immunomodulatory imide drugs, IMiDs,

pomalidomide

Introduction

Parkinson’s disease (PD) is classified among synucleinopathies, a subgroup of neurodegenerative disorders characterized by
the abnormal accumulation and aggregation of misfolded a-synuclein (o-syn) protein within neurons and other brain cells.
This pathological a-syn deposition disrupts cellular function and is a central contributor to disease pathology. A hallmark
feature of neurodegenerative synucleinopathies is chronic neuroinflammation, which contributes to neuronal loss and

dysfunction. This neuroinflammatory process is considered to drive disease progression' and impact key functions such as
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MTPOM nanocrystals for Parkinson’s Disease Targeting a-Synuclein

motor coordination, memory, and cognition.> Recent findings suggest that a-syn can impact neuroinflammation and neuro-
degeneration, through the recruitment and activation of CNS resident immune cells, namely microglia. This pathological
cross-talk between reactive glial cells and neurons occurs through the release of pro-inflammatory signaling molecules,
including the cytokines TNF-a, interleukin (IL)-1p, and IL-6.*°

Therefore, agents that can regulate the production and release of proinflammatory cytokines, or cytokine-blocking molecules,
are considered as promising neuroprotective strategies.'® Among these, immunomodulatory imide drugs (IMiDs) have
garnered significant attention. These thalidomide-based analogs, including pomalidomide (POM) and lenalidomide, exhibit
a range of pharmacological properties beneficial in the treatment of multiple myeloma, including potent anti-proliferative, anti-
angiogenic, immune-modulating, and notably, anti-inflammatory effects.''*'? Recently, POM has been reported to mitigate
neuroinflammation and providing neuroprotection in preclinical models of neurodegenerative and neuroinflammatory
disorders."*'® The pharmacological actions of IMiDs are partly mediated by the downregulation of the transcription factor
NF-«B and an increased degradation of TNF-o. mRNA, resulting in reduced TNF-a, protein levels and, in turn, attenuation of the
inflammatory cascade.'*'” Moreover, numerous actions of IMiDs are mediated via their binding to Cereblon (CRBN), the
substrate recognition element of the E3 cullin 4-RING ubiquitin ligase complex.'® ' IMiDs binding to human CRBN triggers
the ubiquitination and ensuing proteasomal degradation of key neosubstrates, largely zinc finger transcription factors, that
underpin the anticancer activity of thalidomide-like agents, but also underlie their teratogenic effects.'® '

A newly synthesized thalidomide derivative based on the backbone of POM, the most potent clinically available anti-
inflammatory IMiD, is 3-monothiopomalidomide (MTPOM).** With respect to POM, MTPOM retains potent anti-
inflammatory activity. However, unlike the parent compound, MTPOM binds to human CRBN without triggering the
subsequent degradation of key neosubstrates such as SALL4 and Aiolos, which are well-established mediators of IMiD-
CRBN-dependent teratogenic and anticancer effects.”® This selective CRBN engagement confers a significantly attenuated
risk of teratogenicity, as recently demonstrated in embryonic models.”> Thus, MTPOM presents an improved toxicological
profile while preserving immunomodulatory efficacy sufficient for therapeutic applications. These properties make MTPOM
a strong candidate for targeting disorders characterized by robust systemic and neuroinflammatory pathology, while
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addressing critical safety limitations of current POM formulations and advancing the development of safer immunomodula-
tory therapies.
Like other IMiDs, POM and MTPOM are characterized by a poor aqueous solubility, resulting in reduced gastro-

intestinal absorption after oral administration,**?

and a reduced ability to be administered by other routes. Indeed, poor
water solubility represents a major challenge in drug development and clinical translation, prompting extensive efforts to
develop suitable delivery systems or nanocarriers including liposomes, cyclodextrins, cubosomes, and polymeric
nanoparticles.”*>° In particular, nanoparticles have shown considerable promise in overcoming the blood-brain barrier
(BBB), a highly selective system that tightly regulates the passage of ions, small molecules, and macromolecules from
the blood to the brain. While the BBB restricts the delivery of most conventional drugs, nanoparticles can facilitate
enhanced brain penetration, making them especially attractive for the treatment of neurological disorders.’'*** An
alternative and successful approach is the production of pure drug nanoparticles devoid of matrix materials, formerly
referred to as drug nanocrystals.>*~** Nanocrystals are characterized by an average diameter below 1 pm (typically in the
range of 200-500 nm)*> =7 and are typically prepared as an aqueous nanosuspension (NS) using either top-down or
bottom-up techniques, with polymers or surfactants to stabilize them.>® !

In our previous study*” we successfully developed a POM-NS via wet ball media milling, producing homogeneously
dispersed nanocrystals (219 nm, polydispersity index [PDI] 0.21), with enhanced solubility and dissolution rate compared
to the raw drug. This formulation achieved higher plasma and brain concentrations following intraperitoneal adminis-
tration in rats. Its efficacy as a chronic treatment was then tested in a neuropathological rodent model of PD,*® providing
compelling evidence of POM’s disease-modifying potential, including improved motor performance, reduced nigros-
triatal degeneration and mitigation of inflammation. Despite its therapeutic benefits, POM, like most IMiDs is associated
with serious side effects like teratogenicity,***° highlighting the urgent need for next-generation IMiD-based therapies
with improved safety profiles.

The aim of the current study was to improve the aqueous solubility and bioavailability of MTPOM by developing
a NS for optimal peripheral administration and enhanced CNS bioavailability. The resulting formulation was fully
characterized for nanocrystals morphology, average diameter, size distribution and zeta potential. Additionally, the
crystalline/amorphous nature of the drug, its saturation solubility and dissolution rate were evaluated. Finally, in vivo
studies were performed in adult male Sprague-Dawley rats to assess plasma and brain concentrations following

intraperitoneal administration.

Materials and Methods

Materials
Polysorbate 80 (Tween 80) was purchased from Galeno (Comeana, Italy). Acetonitrile, DMSO, and all the other products
were supplied by Sigma Aldrich (Milan, Italy). MTPOM was provided by Aevis Bio Inc. (Republic of Korea).*>

Methods

Preparation and Characterization of MTPOM-NS

The wet media milling technique was used to obtain the MTPOM nanosuspension (MTPOM-NS).***7 Firstly, 5 mL of
a coarse suspension was obtained by dispersing the bulk drug 1% (w/w) in an aqueous Tween 80 solution (0.5% w/w)
under vortex mixing for 12 minutes. The suspension was then aliquoted into Eppendorf microtubes, each containing
1 mL of the obtained coarse suspension (equivalent to 10 mg of drug) and 0.5 g of yttrium-stabilized zirconia-silica beads
(Silibeads® Type ZY Sigmund Lindner, Germany) with a diameter of 0.1-0.2 mm. A beads-milling cell disruptor
(Disruptor Genie®, Scientific Industries, USA) was used to oscillate the microtubes for 60 minutes at 3000 rpm. The
resulting NS was then separated from the zirconia-silica beads by sieving. Particle size (mean diameter) and PDI,
reflecting the width of the size distribution, were then measured by dynamic light scattering (DLS) using a Zetasizer nano
(Malvern Instruments, Worcestershire, UK). Zeta potential was also determined with the same instrument using the M3-
PALS (Phase Analysis Light Scattering) method. MTPOM-NS was diluted with bi-distilled water (1:100) immediately
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before analysis. The suspension was stored at 4° C and underwent a 60-day stability study wherein mean diameter, PDI,
Zeta potential and drug concentration were monitored.

Scanning Electron Microscopy

Scanning electron microscopy (SEM) was used to assess the morphology of bulk MTPOM and the corresponding
nanocrystals.*>** Using carbon adhesive discs, bulk MTPOM was deposited on an aluminum stub and then coated with
gold using an Agar Automatic Sputter Coater B7341. The sample was analyzed using an environmental scanning electron
microscope (Zeiss EVO LS 10, Oberkochen, Germany) running at 20 Kv in high vacuum mode with a secondary electron
detector [SEI]. To assess the nanocrystals morphology, a drop of MTPOM-NS was placed on a slide, allowed to air dry,
and then coated with gold using the previously mentioned sputter coater. The sample was, thereafter, examined using the
same protocol.

Solubility Studies

The aqueous solubility of MTPOM in its raw powder form, as well as in coarse and NS formulations, was evaluated.*>**
An excess amount of MTPOM raw powder was dispersed in 1.2 mL of bidistilled water. This raw suspension, along with
the MTPOM coarse suspension and NS, was kept under constant stirring at 37 °C for 72 hours. After incubation, 1 mL of
each sample was collected and centrifuged at 15,000 rpm for 30 minutes. The resulting supernatant was transferred to
fresh microtubes and subjected to a second centrifugation under the same conditions. A known volume of the final clear
supernatant was then appropriately diluted and analyzed by HPLC to quantify MTPOM content (n = 3).

Dissolution Studies

The dissolution rate of MTPOM (as NS, coarse suspension and raw powder) was evaluated in phosphate buffer solution
(PBS, pH of 7.4) according to previous published protocols with minor modifications.*'**° To ensure equivalence
between the amount of raw powder and the tested volume of the liquid formulations, the latter were analysed via HPLC
to confirm that the concentration was consistent with the expected theoretical one.

Once confirmed, 100 pL of MTPOM-NS, MTPOM coarse suspension, and 1 mg of MTPOM (corresponding to
100 pL of NS or coarse suspension) were added to 100 mL of PBS in thermostated release cells. The amount of MTPOM
and release medium were calculated in order to maintain sink conditions. Throughout the investigation, the release cells
were maintained at 37 °C and continuously stirred with a magnetic stirrer. At predetermined time points (1, 5, 10, 20,
30 minutes, and 1, 2, 4, 6, 8 hours) 2 mL samples were withdrawn and immediately centrifuged at 15000rpm for
20 minutes to separate the undissolved drug. To maintain sink conditions, an equal volume of fresh medium was added
after each withdrawal. The supernatant of the centrifuged withdrawn samples was then analyzed using the HPLC method
described below.

Drug Quantification in the in vitro Samples

MTPOM content for all the in vitro experiments (drug quantification in the formulations, stability tests, solubility and
dissolution tests) was evaluated using an Alliance 2690 chromatograph (Waters, Italy) equipped with a photodiode array
detector and a computer integrating software (Empower 3). Using a Sunfire C18 column (3.5 pm, 4.6 mm X 150 mm,
Waters), and a mobile phase of water: ACN: Acetic acid =20: 84.5: 0.5, eluted at a flow rate of 0.7 mL/min, MTPOM
was determined at 306 nm wavelength. Standard solutions were used to generate a standard calibration curve, which was
plotted using linear regression analysis, producing a correlation coefficient value (R?) of 0.999.

Solid State Analysis

The MTPOM-NS was frozen at —30 °C and freeze-dried using a Lyovapor L200 (Buchi, Milan, Italy) to obtain a solid
powder for the solid-state analysis. Using a Perkin Elmer Spectrum One FT-IR (Perkin Elmer, Waltham, MA, USA)
equipped with a Perkin Elmer Universal ATR sampling accessory made of a diamond crystal, ATR-FT-IR spectra were
obtained by placing the sample directly on the surface of the diamond without further preparation. Analyses were
conducted using the transmittance technique with 32 scansions and a 4 cm™ ' resolution, covering a spectral region
between 4000 and 650 cm .
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XRPD analyses were conducted using a Rigaku MiniFlex diffractometer with a CuKa radiation detector (A = 1.54056 A)
as the X-ray source, operating with a 30 kV voltage and a 15 mA current, respectively. The solid samples to be submitted to the
XRPD analysis were gently grinded in a mortar, transferred into the sample holder and the powder pressed into to create
a uniform and flat surface. In the range of 3 to 60 °C 26 (deg), measurements were made at a scan angular speed in steps of
0.02, using a scan step time of 2.00 s. The diffractograms show the peak intensity as a function of 20.EC.

Pharmacokinetic Studies
Male Sprague-Dawley rats (275-300 g) were housed in groups of four, acclimated to 21 £+ 1 °C and maintained on a 12-hour
light/dark cycle, with lights on at 7:00 a.m and with water and food available ad libitum. All experimental procedures followed
the protocols and guidelines approved by the European Community (2010/63UE L 276 20/10/2010) and complied with the
ARRIVE guidelines. The Ministry of Health authorized the experimental protocols under Authorization No. 766/2020-PR (D.
Lgs. 26/2014).

Animals were randomly divided into groups of three to receive a single intraperitoneal injection of either MTPOM-NS
(5 mg/kg) or the corresponding coarse suspension (MTPOM-CS, 5 mg/kg) at a concentration of 10mg/mL (injection volume
for a ~300 g rat was approximately 0.15 mL). Following treatment, animals were deeply anesthetized and sacrificed by
decapitation after 10, 20 minutes, 1, 6, 12, 24 and 48 hours, in order to collect blood and brain samples. Plasma was obtained
by centrifugation (10,000g, 1 minute, 4°C) and, together with brain samples, immediately stored at —80 °C.*

Drug Quantification in Biological Samples
Biological blood and brain samples were processed for drug quantification using a previous protocol with minor
modifications.**

Preparation of Blood Samples for HPLC Analyses

700 pL of heparinized plasma samples were treated with 500 uL of a 50% ACN/DMSO mixture and vortexed for two
minutes. The mixture was centrifuged for 30 minutes at 15,000 rpm and 4°C and the resulting supernatant was
transferred into HPLC vials for drug quantification.

Preparation of Brain Samples for HPLC Analyses

The brain of each rat was thawed, carefully weighed, and shredded in a mortar using a pestle. The tissue was then treated
with 6 mL of 50% ACN/DMSO mixture and collected in a tube. Homogenization was performed by vortexing 30 minutes
(6 cycles of 5 minutes each), using an ice bath, between cycles, to prevent overheating. The obtained samples were
divided into five Eppendorf tubes and centrifuged for 30 minutes at 15,000 rpm (4°C). The supernatant was collected and
transferred to test tubes for HPLC analysis.

HPLC Analyses

A PerkinElmer HPLC Series 200, equipped with a UV-VIS detector and a computerized data integration system
(TotalChrom Navigator), was used to quantify MTPOM biological samples. The mobile phase and workflow were the
same as previously described in paragraph 2.4, whereas the column was an InertClone 5 um ODS (2) 150 A LC Column
150%4.6 mm (Phenomenex). MTPOM was revealed at a wavelength of 306 nm and the standard calibration curve was
created using the working standard solutions. The obtained calibration graphs were plotted using linear regression
analysis, yielding a correlation coefficient (R2) value of 0.999.

Pharmacokinetic Analysis

After a single intraperitoneal (i.p.) administration of MTPOM-NS or MTPOM-CS, pharmacokinetic parameters (PK)
were calculated using the PK-Solver software (in the non-compartmental analysis mode) and the MTPOM mean plasma
concentration (n = 3 determinations at each time point). The AUC,_, (the total area under the drug plasma concentra-
tion—time curve) was determined using the trapezoidal method, and the elimination half-life (T,,) was calculated as
0.693/elimination rate constant.!
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Statistical Analysis of Data

For the stability, solubility and dissolution studies, each experiment was performed at least in triplicate, and the results
are shown as means + SD. Student’s #-test was utilized to compare two samples, while one-way ANOVA followed by
Tukey’s HSD post-hoc test was applied for multiple comparisons. Data were analyzed using XL Statistic for Microsoft
Excel. A statistical significance level of 0.05 was chosen. The similarity factor (f3), a statistically derived mathematical
parameter, was used to compare the dissolution profiles of the different samples:**

n

1 -0.5

£ =50 x log{ [1 +— Y (Sy— SZT)Z} X 100)}
n o=

where n is the number of time points, S;; is the released percentage of the drug in sample 1, and S, is the released

percentage of the drug in sample 2, at time t. The same time-points were used for the evaluation of the dissolution

profiles, which were completed at the first sampling time when drug dissolution was >85%. According to the European

Medicines Agency and the US Food and Drug Administration, f, value between 50 and 100 indicated that the two curves

are identical or equivalent.’**

Results and Discussion
Preparation and Characterization of MTPOM-NS

A wet ball media milling technique was used in this work to produce MTPOM-NS using the non-ionic surfactant Tween
80. The drug-to-stabilizer ratio was 2:1, corresponding to concentrations of 1% and 0.5% (w/w), respectively (Table 1).
The DLS analysis of the obtained NS revealed the presence of nanocrystals with an average diameter of 226 nm and
a PDI of 0.22, indicating a relatively narrow size distribution. Since the zeta potential revealed a promising stability of
the colloidal system, the formulation was monitored over a period of 60 days to evaluate any possible changes in the
average diameter, PDI and zeta potential. As shown in Figure 1, no significant changes in the dimensional properties of
the formulation were observed. Moreover, MTPOM-NS zeta potential maintained a negative value (—26/-29 mV)
throughout the 60-day storage period. HPLC analysis further confirmed the stability of the formulation, showing no
changes in the concentration, retention time or the absence of additional peaks, suggesting no decomposition or
formation of degradation products.

To evaluate morphological changes in MTPOM crystals after milling, the bulk drug and the resulting NS were inspected
via SEM (Figure 2). MTPOM bulk powder appeared as irregular, elongated fibrillar crystals with variable dimensions greater
than 10 pm. In contrast, the nanocrystals appeared as quasi-spherical particles, with homogeneous and regular surfaces, and
diameter values consistent with those measured by dynamic light scattering. In a similar manner, posaconazole, a poorly
soluble antifungal drug, exhibits an elongated needle-like crystals morphology, but is fractured into small homogeneous

nanostructures when nanosized via media milling, with a resulting average diameter of 185 nm.>

Solid State Analysis
Solid state characterization of freeze dried MTPOM-NS, as well as its components in a raw form and in the physical
mixture, was performed by ATR-FTIR, and XRPD to evaluate any possible interactions among the used substances, or
modifications induced by NS production.

The overlapping IR spectra of the different samples are shown in Figure 3, while the individual spectra, provided for
amore detailed peak analysis, are available in Supplementary Figures 1-4. As shown in Figure 3, the N-H, and N-H stretching

Table 1 Composition and Characterization of MTPOM-NS

Composition % (w/w) Characterization
MTPOM | TWEEN 80 | Average Diameter (nm) Pl Zeta Potential (mV)
MTPOM-NS | 0.5 226 + 18 0.220 + 0.01 —26 £2
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Figure 2 SEM images of MTPOM as (A) a bulk powder and (B) MTPOM-NS.

bands of MTPOM appear at 3432, 3396 and 3181 cm ', respectively; the aromatic CH stretching vibrations occur at
3082 cm !, while the aliphatic ones appear at 2901 and 2869 cm . The C=0 and the thioamide stretchings are detected at
1728, 1692 and 1480 cm ', respectively. The C-N stretching modes are assigned at 1354 cm ™.

Regarding the Tween 80 (T80) spectrum, the broad O-H band can be found at 3493 cm ', the Csp’-H stretchings at
2922 and 2857 cm™ !, whereas at 1735 and 1096 cm ' the C=0 and C-O bands are well distinguished, together with the

C-H bending at 1456 and 1349 cm'.>¢
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Figure 3 (A) FTIR, (B) XRPD analyses of MTPOM, tween 80 (T80), physical mixture (PM) and MTPOM-NS.

Since the FTIR spectra of the physical mixture and NS are essentially superimposed on those of the individual
components, with no new peaks observed, it can be concluded that there no interactions occur between the drug and the
excipient.

XRPD analyses of MTPOM confirm its crystalline profile, with reflection peaks at 8.12, 12.00, 13.52, 16.34, 25.56.
The diffractograms of MTPOM-PM and MTPOM-NS indicate that POM retains its crystallinity in both preparations,

indicating that the formulation process does not change its solid state.’
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Solubility and Dissolution Studies

The reduction in crystals size — obtained through the high shear forces generated during the milling process — leads to an
increase in the saturation solubility of hydrophobic drugs, which — as demonstrated by in vivo studies — results in
enhanced bioavailability.*® As illustrated in Figure 4, MTPOM showed a very low aqueous solubility of 4.8 + 0.2 pg/mL
as raw drug. This was slightly increased to 9.3 + 0.3 pg/mL when MTPOM was formulated as a coarse suspension. By
contrast, MTPOM-NS demonstrated a solubility value of 27.0 + 1.3 ug/mL, which is 5.7-fold higher than the raw
material. These findings indicate that the enhanced solubility is primarily due to nanosizing of the crystals, with the
surfactant playing an additional, but secondary role, in accordance with the Freundlich-Ostwald equation.’”

Once the increased saturation solubility of the obtained nanocrystals was verified, dissolution rate, a critical parameter for
predicting drug bioavailability, was evaluated.>® To closely mimic peritoneal conditions, the test was performed at 37 °C in
PBS (pH of 7.4), with the sample-to-medium ratio carefully chose to maintain sink condition. This corresponds to a release
medium volume at least 3—10 times greater than the saturation volume.>® As for the solubility test, the raw drug and the coarse
suspension were also evaluated to assess the impact of the stabilizer on the dissolution profile.

When used as the raw drug, MTPOM showed a modest dissolution, with approximately 22% released within the
first minute of evaluation, and a gradual increase to 44% over 8 hours (Figure 5). Similarly, the coarse suspension
exhibited a dissolution of 23% at the first time point, reaching 47% at the end of the test. To investigate the resemblance
of the two curves, the similarity factor (f5) was calculated and resulted in a value of 69, thereby confirming the similarity
of the dissolution profiles of the two samples. On the other hand, a rapid dissolution of MTPOM nanocrystals (MTPOM-
NS) was observed, with 82% of the drug dissolving after one minute, and values higher than 90% achieved after 4 hours
of testing. Similarly, Liu et al observed almost complete dissolution of indomethacin and itraconazole after one minute of
testing when formulated as nanosuspensions using Tween 80 as stabilizer. In contrast, the corresponding coarse
suspensions showed a dissolution of approximately 20% after one minute, and 40-50% after 30 minutes.®® In the current
study, given the markedly increased solubility and rapid dissolution of MTPOM in its NS form, and considering that
nanosizing can improve drug absorption,®! the bioavailability of MTPOM-NS was hence evaluated following intraper-

itoneal administration.

In vivo Studies

Time-dependent in vivo data were obtained after a single intraperitoneal injection of MTPOM formulated as either a NS or
a coarse suspension (MTPOM-NS or MTPOM-CS), in order to compare the systemic and brain bioavailability of the two
formulations. In this regard, the intraperitoneal route was chosen in order to mimic oral administration, in terms of portal
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Figure 4 Solubility of MTPOM at 37 °C as raw drug, coarse suspension and MTPOM-NS.
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adsorption and first-pass liver metabolism while ensuring a homogeneous interindividual bioavailability in comparison to oral
intake.® Drug was extracted from time-dependent (10, 20 min, 1, 2, 6, 12, 24 and 48 h) biological samples, which was then
analysed and quantified by HPLC. The obtained data were thereafter analysed using PK-Solver software to calculate the
pharmacokinetic parameters, as shown in Table 2.

Determination of Drug Concentration in Plasma

As described in Figure 6A, MTPOM reached a peak concentration in plasma of 2.05 + 0.75 pg/mL at 1 h after the
administration of the NS MTPOM-NS. Drug levels declined but remained elevated (in comparison to equivalent MTPOM-
CS administration) after 2 and 6 h and were measurable up to 24 h, after which MTPOM was fully cleared from blood
circulation. In contrast, the coarse formulation (MTPOM-CS) achieved a 4-fold lower peak plasma concentration of 0.49 +
0.26 pg/mL at 2 h post administration. Thereafter, plasma levels abruptly declined, and were undetectable after 12 h. Notably,
plasma MTPOM levels were consistently higher following nano-formulation administration, confirming the improved
bioavailability conferred by the nanocrystal formulation. Consistently, absorption from the peritoneal cavity was significantly
greater for MTPOM-NS, as depicted from the AUC _,, values (10.99 vs 2.15 pg/mL h for MTPOM-NS and MTPOM-CS,

Table 2 MTPOM PK Parameters After a Single I.p.
Administration (5 mg/Kg) of MTPOM-NS and
MTPOM-CMCS in Rats

MTPOM-NS | MTPOM-CS

Tia (h) 458 £ 1.53 1.5 + 045

V. (Ukg) 3.04+088 | 5132163
CL (L/Kg/h) 053+0.15 | 247 077
Torae (h) 133 £ 0.43 1.67 + 0.58
Corax (Hg/mL) 207 +073 | 0.55+0.17

AUC ¢... (ug/mL -h) | 10.99 + 3.27 2.15+£0.73

Note: Data analysis performed via PK-Solver software.
Abbreviations: T, Elimination half-life; T..., Time to reach
maximum blood concentration; C,,,, Maximum blood concentra-
tion; Vi, Apparent volume of distribution at steady state; CL,
Apparent clearance; AUCy_.., the total area under the drug plasma
concentration—time curve.
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Figure 6 Plasma (A) and brain (B) MTPOM concentration at different time points (10, 20 min, I, 2, 6, 12, 24 and 48 h) after a single dose (5 mg/kg) i.p. administration of
MTPOM-NS or MTPOM-CS; (* p < 0.05 between plasma and brain values of the same timepoint).

respectively). Of additional interest, the elimination half-life (T;,) of MTPOM-NS was three-fold longer (4.58 h), as
compared to equivalent administration of MTPOM-CS (1.50 h) (Table 2).

Determination of Drug Concentration in Brain

Given the potential of IMiDs as a treatment strategy for neurological disorders, one of the aims of the present study was
to develop a drug formulation capable of enhancing brain bioavailability, as compared to coarse formulation. Hence,
MTPOM brain concentrations were determined, as shown in Figure 6B.

Consistent with plasma data, the administration of MTPOM-NS led to higher brain concentration, in comparison to
MTPOM-CS, at all time-points analyzed. Specifically, brain drug concentrations reached a peak at 2 h after intraper-
itoneal administration of either MTPOM-NS or MTPOM-CS, but were approximately three-fold greater with the nano-
formulation across all time-points. Notably, MTPOM-NS remained detectable in brain tissue over 48 h, whereas the
coarse suspension was more rapidly cleared by 12 h.

Interestingly, brain MTPOM levels achieved from the coarse formulation were, in large part, consistently comparable with
concomitant plasma levels. In contrast, brain drug levels achieved by MTPOM-NS were double those in plasma 6 h after the
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administration (Figure 7), suggesting potential drug accumulation within brain tissue and a slower brain clearance, as
compared to the peripheral clearance, as similarly observed in our previous development of a pomalidomide NS.*?

These findings confirm that nanosizing significantly improves both systemic bioavailability and brain penetration,
which are critical factors for the efficacy of neurological therapeutics. Compared to our prior work with POM-NS* the
current MTPOM-NS not only retains these pharmacokinetic benefits but also introduces a potentially safer pharmaco-
logical profile. This is largely due to MTPOM’s selective engagement of CRBN, which, unlike POM, does not prompt
the degradation of neosubstrates such as SALL4 and Aiolos, molecular mediators implicated in the teratogenic and
oncogenic side effects of conventional IMiDs.** This selectivity addresses a critical safety concern that has limited the
clinical utility of IMiDs for chronic neurological conditions.*> By maintaining robust anti-inflammatory activity without
triggering these adverse pathways, MTPOM promises to preserve therapeutic efficacy while minimizing risks associated
with long-term administration. The prolonged brain tissue exposure and significant accumulation relative to plasma levels
further support its potential as a CNS-targeted therapy.

A *
3.0 — 3.5
2.5 E
— O
= 25 B
g 2.0 o
oT1] ©
— 1.5 ? 7
(1]
g 15 =
a ~
w10 . £
2 &
0.5 I i 0.5
00 = T - 0
10 min 20min 1h 2h 6h 12h 24h
B
2.5 8
— 7 o
- 4
2 2.0 6 &
o 15 5 ®
e 4 £
= o
2 1.0 3 %
S os 2 5
I i Lo
00 = I = 0
10 min 20min 1h 2h 6h 12h  24h
Time
mmmm BRAIN PLASMA =—RATIO BRAIN/PLASMA

Figure 7 Plasma and brain MTPOM concentration after i.p. administration of MTPOM-NS (A) and MTPOM-CS (B) at different time points (10, 20 min, I, 2, 6, 12, 24 and
48 h); (* p < 0.05).
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Conclusions

The objective of this study was to overcome the poor aqueous solubility and limited bioavailability of the novel IMiD
3-monothiopomalidomide, by developing and characterizing a NS formulation (MTPOM-NS). We successfully produced
a stable NS with uniform particle size, negative zeta potential, and preserved crystallinity. Compared to the raw drug and
coarse suspension, MTPOM-NS demonstrated markedly improved solubility, rapid dissolution, and superior pharmacokinetic
performance, achieving higher plasma concentrations, prolonged systemic exposure, and enhanced brain accumulation in rats
following intraperitoneal administration in rats. The most significant finding is that MTPOM-NS provided sustained and
elevated brain levels relative to plasma, highlighting its potential to accumulate within the CNS. These results, combined with
the lower teratogenic risk of this compound, in comparison to clinically available IMiDs, positions MTPOM-NS as
a promising drug candidate for the treatment neurological disorders with a neuroinflammatory component, as epitomized

by PD, ischemic stroke and head injury.'"-'*
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