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ABSTRACT: Parkinson’s disease (PD) is the most common
neurodegenerative disorder; in this condition, patients lose
dopamine (DA), which leads to abnormal motor functions.
Levodopa (LD) is the most effective drug used for the treatment
of PD; however, LD shows poor plasma bioavailability and limited
brain uptake and induces peripheral side effects. Due to its poor
brain availability and short half-life, prolonged treatment must be
repeated with a dosing schedule, which leads to long-term side
effects, including dyskinesia, stomatitis, anxiety, and depression. An
LD-encapsulated polymer nanocomposite has been reported to
overcome these problems. The present study aims to improve the
bioavailability and efficiency of LD to an effective treatment
strategy for PD. Herein, we report the newly synthesized LD-
encapsulated poly-¢-caprolactone (PCL) nanocomposite (LD-PCL-PVA NC), and its chemical and physical properties were
analyzed. The LD-PCL-PVA NC exhibits no toxicity on the SH-SYSY cell line and shows improved bioavailability of the LD in
mouse plasma. Furthermore, we found that LD-PCL-PVA NC showed a significant improvement in motor symptoms in the
rotenone (RT)-induced PD mouse model compared to the LD treatment. In addition, LD-PCL-PVA NC significantly increased the
DA and homovanillic acid compared to LD and restored the total glutathione level and malonaldehyde and catalase activity in mouse
brain. The histopathology studies reveal that LD-PCL-PVA NC did not exhibit toxicity in treated mice. The study suggested that
LD-PCL-PVA NC can be used for the effective and promising treatment of PD.
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oxidative stress, mitochondrial dysfunction, and neuroinflam-

Parkinson’s disease (PD) is the most common age and
movement-related progressive neurodegenerative disorder.'
0.2% of the global population is suffering from PD, including
1% of those above 60 years and 4% of those above 80 years.”
The unique feature of this condition is a decreased level of
dopamine (DA), due to the progressive loss of dopaminergic
neurons (DPN) in the substantia nigra, pars compacta of the
midbrain.” In this condition, patients begin to notice
symptoms such as stiffness of limbs and muscles, tremors,
bradykinesia, impaired walking, and coordination.* Yet, the
exact causes of PD are unknown but are believed to be
influenced by the accumulation and aggregation of an a-
synuclein protein called Lewy bodies by the mutation of the
Synuclein Alpha (SNCA) gene.” However, these mutations
account for only a small proportion of the PD cases. The exact
mechanisms behind sporadic alpha-synuclein aggregation are
still under investigation, but previous research suggests that
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mation are thought to play a significant role. Lewy bodies
further aggregate in the mitochondria, which leads to the
generation of reactive oxygen species (ROS) and neuro-
inflammation, which damage the nigral cells. There are many
medications, such as Ropinirole,7 Pramipexole,8 Levodopa,9
Benztropine, Rotigotine, and Apomorphine,'’ that can be used
to treat the different symptoms of PD, but none have been
effective in preventing or terminating the PD symptoms
completely.
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In the 1960s, Levodopa (LD) or 1-3,4-dihydroxyphenylala-
nine, the precursor of DA, was developed to treat PD, and it
continues to be the most effective therapeutic agent for PD."'
However, only one percent of the administered LD can reach
the brain due to its short half-life and poor pharmacokinetic
properties.12 Furthermore, the hydrophilic compound of LD is
degraded by enzymes in the gastrointestinal tract, and it is
decarboxylated by DOPA decarboxylase during the first pass of
hepatic metabolism and systemic circulation, leading to a short
halfife period.” The halflife and long-time treatment of LD
leads to multiple side effects, including dyskinesia,"’ sleep
disturbance, anxiety,'* etc. The carbidopa is coadministered to
prevent the rapid metabolism of LD, but this combination of
drugs causes leg pain, ataxia, and increased tremors.”> For this
reason, modifications of available drugs, improvements of
existing drugs, and the synthesis of novel drugs are necessary
for the effective treatment of PD.

To overcome these problems, united with LD therapeutics,
especially bioavailability and biodistribution, polymer-based
nanoparticles have attracted a lot of attention recently across
the world.”'®'"” In this context, the study focused on the
development of polymer-based drug-encapsulated nanocom-
posites (PDENCs) to increase drug bioavailability and
biodistribution. LD-encapsulated polymeric nanoparticles
have increased the blood—brain barrier crossing and
maintained prolonged release without peripheral metabolism,
thereby reducing the repeated drug administration.'”'® While
keeping these advantages in mind, we synthesized an LD-
encapsulated poly-¢-caprolactone (PCL) nanocomposite (LD-
PCL-PVA NC) to increase the bioavailability and sustained
release. Compared to all polymers, the semicrystalline
synthetic PCL has some unique features such as biodegrad-
ability, biocompatibility, thermal stability, nontoxicity, and
high encapsulation capacity.'” The PCL polymer is biode-
gradable due to the presence of an ester group. These ester
groups undergo degradation through hydrolysis in chemical or
enzymatic pathways.”” The Food and Drug Administration
(FDA) has approved the PCL polymer for human use and cell
therapies in specific apzplications.21 As per previously reported
research, Carboplatin, % Doxorubicin,”® Paclitaxel,”**° Dox-
yeycline,”® Leflunomide,”” Lamotrigine,”® Aripiprazole,” Riva-
stigmine,30 S-fluorouracil,** Etoposide, and Carmustine>”
drugs are encapsulated in PCL nanoparticles and used to
improve the treatment strategy of various disorders such as
Alzheimer’s, Schizophrenia, and various cancers.

Poly(vinyl alcohol) (PVA) is a synthetic polymer known for
its exceptional chemical and physical properties. Its water-
processability, biocompatibility, hydrophilicity, biodegradabil-
ity, and chemical resistance, as well as the mechanical strength
and flexibility of its composites, make PVA highly suitable for
biomedical applications.”® Previous studies have shown that
PCL-PVA composites have been used in tissue engineering,
ophthalmology, wound healing, and drug delivery.”* The study
by Kayan and Kayan proposed that the PVA-PCL biodegrad-
able composite is more environmentally sustainable than
nonbiodegradable materials.”> Afzal et al. previously reported
that the hydrophilic properties of PVA facilitate sustained and
controlled drug release from the PCL matrix.*® The
combination of PCL-PVA enhances the structural integrity
and water absorption capacity, which makes it beneficial for
drug delivery systems and wound dressing applications. In
addition, it acts as an emulsifier in nanoparticle synthesis by
stabilizing the mixture and preventing particle aggregation.”

In the current study, we have synthesized an LD
encapsulated poly-¢-caprolactone nanocomposite (LD-PCL-
PVA NC) and characterized it using various techniques such as
zeta size and potential, Fourier-transform infrared spectroscopy
(FTIR), field-emission scanning electron microscopy (FE-
SEM), and high-resolution transmission electron microscopy
(HR-TEM). Furthermore, it was tested for potential
bioavailability in mouse plasma and brain. Additionally, its
effect was determined in restoring neurobehavioral and
neurochemical secretions in the rotenone-induced Parkinson’s
mouse model. It was found that LD-PCL-PVA NC improved
the pharmacokinetic properties and biodistribution. The LD-
PCL-PVA NC also improves neurobehavior and neuro-
chemicals in rotenone-induced PD mouse models. Further-
more, it was observed that the synthesized LD-PCL-PVA NC
has no detrimental brain or vital organ toxicity. Hence, LD-
PCL-PVA NC can be used to improve the biodistribution of
LD and improve the treatment strategy for PD.

B RESULTS AND DISCUSSION

Synthesis and Characterization of NC. Over the last few
decades, nanotechnology-based medicines have gained sig-
nificant attention in neurotherapeutics due to their unique
properties, such as biodegradability, biocompatibility, and
targeted drug release.””” In this study, PCL was chosen as the
polymer matrix for LD formulation, as previous research
demonstrated its effectiveness in encafsulating drugs like
Paclitaxel,*® Doxorubicin,* Doxycycline, ¢ and Leflunomide®®
for treating neurological disorders.

In the synthesis of LD-PCL-PVA NC, initially, PCL was
modified into PCL-COO7, by a mild hydrolysis process with a
sodium hydroxide (NaOH) solution to expose the carboxyl
and hydroxyl groups in PCL (Scheme 1). The synthesis of LD-

Scheme 1. Schematic Representation of Modification of
PCL to PCL-COO™ Using NaOH
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PCL-PVA NC was carried out using a double emulsion solvent
evaporation method and the EDC and NHS were used for LD
cross-linking with the PCL-COO™" (Scheme 2). EDC and
NHS play crucial roles in creating stable covalent bonds
between LD and functional groups in PCL-COO™. In the final
step, LD-PCL was emulsified with PVA to stabilize NC
formation, resulting in the formation of NC that is dispersible
in aqueous media (Scheme 2).

The Z average size and polydispersive index (PDI) of the
synthesized NC were determined by the dynamic light
scattering (DLS) technique and the resulting data are shown
in Figure 1A. The data revealed that the average sizes of the
PCL-PVA NPs and LD-PCL-PVA NC were found to be 103.5
and 143.4 nm, with PDI of 0.351 and 0.387, respectively. This
suggests that the developed nanocomposites (NCs) have a
narrow particle size distribution and a homogeneous
population. The Z-average size of the LD-PCL-PVA NC was
slightly larger compared to the PCL-PVA, likely due to the
conjugation of LD with the PCL polymer. The physical
stability of the colloidal dispersion of the synthesized NC was
analyzed through zeta potential as shown in Figure 1B. The
zeta potential values of PCL-PVA NPs and LD-PCL-PVA NC
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Scheme 2. Schematic Representation of Synthesis of LD-PCL-PVA NC PCL, Poly-¢ Caprolactone; LD, L-DOAP; PVA,
poly(vinyl alcohol); EDC, 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide; NHS, N-Hydroxysuccinimide
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Figure 1. (A) Z average size (zeta size) of PCL-PVA NPs and LD-PCL-PVA NC. (B) Zeta potential of PCL-PVA NPs and LD-PCL-PVA NC.

were found to be —40.1 and —34.0 mV, respectively. The data
indicate that the synthesized NC has sufficient repulsive force
to attain better physical colloidal stability in an aqueous
solution. The increased zeta potential of the LD-PCL-PVA NC
compared to the PCL-PVA NPs can be attributed to the
interaction of catechol groups, along with the hydroxyl and
amine groups of LD, with the polymer surface. This interaction
alters the surface charge by neutralizing the negative charge on
the NC surface, resulting in a decrease in the overall surface
charge, which can lead to the increased zeta potential of the
LD-PCL-PVA NC.***

The functional groups of PCL, PCL-COO~, PVA, LD,
physical mixture (PM), and LD-PCL-PVA NC were evaluated
using Fourier-transform infrared spectroscopy (Figure 2).
There are possible interactions between the drug and polymer
during the nanocomposite synthesis. The PCL is shown in that
the characteristic band at 1723 cm™" is attributed to carbonyl
stretching and the bands at 1366 and 1174 cm™! are,
respectively, attributed to asymmetric C—O—C and symmetric
C—O-—C stretching. The bands appearing at 2950 and 2866

cm™! correspond to asymmetric and symmetric CH,

19684

stretching, respectively. The FTIR spectra of PCL-COO~
reveal that characteristic bands at 1734 and 3442 cm™' are
respectively attributed to C=O and OH stretching, which
suggests modification of PCL to PCL-COO™2!, In the case of
PVA, the spectra exhibited the characteristic bands of PVA at
3333, 2928,1723, 1258, and 1067 cm™!. These bands
corresponding to the OH stretching vibration of the hydroxyl
group, CH, asymmetric stretching, C=O carbonyl stretching,
and 1258 cm™! are associated with the stretching of nitrogen of
C—H bonds.”” The spectra of pure LD showed the
characteristic bands at 1651 cm™' corresponding to N—H
bending of nitrogen of primary amine and 3202—3417 cm™!
corresponding to OH stretching.”> The specific absorption
bands of LD that are N—H bending (1651 cm™), along with
the characteristic band of PCL-COO™ at 1734 cm™, were
observed in both the physical mixture** and in the
encapsulated nanocarrier. The spectra of the physical mixture
revealed that no chemical interaction occurred between the
drug and PLC. The specific groups of both the drug and PCL
were observed in the spectrum of LD-PCL-PVA NC, which
indicated the presence of LD in the nanocomposite.
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Figure 2. FTIR spectra of PCL, PCL-COO~, PVA, LD, physical
mixture (PM), and LD-PCL-PVA.

The external surface morphology was analyzed through FE-
SEM studies. Figure 3A'—B! illustrates the FE-SEM images of

Figure 3. (A,Al) FE-SEM image of PCL-PVA NPs, (B,B1) FE-SEM
image of LD-PCL-PVA NC.

PCL-PVA NPs and LD-PCL-PVA NC. The FE-SEM images of
both PCL-PVA NPs and LD-PCL-PVA NC exhibited spherical
structures. The PCL-PVA NP (Figure 3A,A") polymer surface
was found to be rough in nature, and upon drug encapsulation,
it turned out to be smooth. This modification of the surface
morphology of LD-PCL-PVA NC (Figure 3B,B') confirms the
LD encapsulation. The smooth surface morphology of LD-
PCL-PVA NC can be attributed to the even distribution of LD
within the polymer matrix.*> The formation of a protective

layer around the LD-PCL nanoparticles by PVA. This layer
helps prevent particle aggregation and coalescence, leading to a
smooth surface.

The internal microstructure of the PCL-PVA NPs and LD-
PCL-PVA NC was examined by TEM and HR-TEM analyses;
the findings are shown in Figure 4A—F. The TEM images of
PCL-PVA NPs (Figure 4A,A') exhibited a spherical shape with
particle size appearing to be in the range of ~6—22 nm,
whereas the LD-PCL-PVA NC (Figure 4D,D') displayed
slightly irregular morphology accompanied by increased
particle size ranging from ~5 to 35 nm. To estimate the
average particle size, we employed Image] software by
considering 55 NPs and NCs. Figure 4B,E shows the
histograms of PCL-PVA NPs and LD-PCL-PVA NC. As can
be seen from the histogram, the average particle size is
estimated to be 12.139 and 16.03 nm for PCL-PVA NPs and
LD-PCL-PVA NC, respectively. Furthermore, the HR-TEM
images of PCL-PVA NPs and LD-PCL/PCL NC are shown in
Figure 4C,F. The estimated d-spacing value is 0.371 and 0.187
nm for PCL-PVA NPs and LD-PCL/PCL NC, respectively.
The decrease in d-spacing value due to the slight increase in
the particle size of LD-PCL-PVA NC confirms the successful
encapsulation of LD into PCL."

Drug Encapsulation and In Vitro Release. The LD
encapsulated in NC was quantified using the internal standard
method using the LD standard calibration curve (r* = 0.999;
Figure S1), and the encapsulation efficiency is 74.19 + 2.89%.
The maximum amount of LD encapsulation was obtained by
using cross-linkers of EDC and the NHS, which helps to
enhance drug binding bioconjugation efficiency.*® The release
of LD from the LD-PCL-PVA NC was studied for 120 h in
phosphate buffer saline (pH 7.4) at 37 °C, as shown in Figure
S. The release profile indicates that 94.71% of LD was released
from LD-PCL-PVA NC into PBS within a period of 120 h. A
sustained LD release behavior from LD-PCL-PVA NC can be
observed after 8 h. In the in vitro drug release study, the
sustained LD release lasted for 120 h due to the chemical
binding between the LD and the PCL-PVA polymer matrix in
the developed LD-PCL-PVA NC.

In Vitro Cell Viability Assay. The 3-(4,5-dimethylthiazol-
2-yl)-2,5-diphenyltetrazolium bromide (MTT) reduction test
was performed to assess the cytotoxicity of developed PCL-
PVA NPs and LD-PCL-PVA NC on SH-SYSY. As illustrated in
Figure 6, neither PCL-PVA NPs nor LD-PCL-PVA NC had a
significant impact on cell death until 48 h, at concentrations of
100 to 400 pg/mL, demonstrating their in vitro biocompat-
ibility. The use of doxorubicin as a positive control significantly
increases cell death compared to untreated, PCL-PVA NPs and
LD-PCL-PVA NC-treated cells.

Pharmacokinetic Study. LD is the most common and
important prodrug for the treatment of PD, which easily
crosses the blood—brain barrier and is converted into
dopamine in the brain. However, it lacks pharmacokinetic
properties such as half-life and bioavailability.*”* Therefore,
the treatment efficacy is less. Hence, improving the
pharmacokinetic profile of LD in the bloodstream is an
important characteristic feature of its therapeutic effectiveness.
In this context, improving the bioavailability of LD in the
bloodstream is necessary.

After, a single dose of 23 mg/kg LD or an equal amount of
LD-PCL-PVA NC was administered by intraperitoneal (IP),
and LD levels in plasma were measured using LC-MS/MS as
shown in Figure 7A—C. The LD level in plasma increased
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Figure 4. (A,A') TEM images of PCL-PVA NPs. (B) Particle size distribution histogram. (C) HR-TEM image of PCL-PVA NPs, (D,D') LD-PCL-
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Figure S. In vitro LD release from LD-PCL-PVA NC at time points L A A
from 0 to 120 h in phosphate buffer saline (pH 7.4). 3 PCL/IPVANPs £ LD-PCL/PVANC

Figure 6. Effect of PCL-PVA NPs and LD-PCL-PVA NC (100—400

. . 1. . ug) on SH-SYSY cells, MTT reduction assay to measure the changes
thereafter. The LD peak level declined rapidly within 1 b, with in mitochondrial activity for 48 h. Data are expressed in the mean +

only trace amounts of LD detectable in plasma up to 3 h SEM of three individual experiments (n = 3). Significant differences
(Figure 7A). The plasma LD level was lower at 30 min in LD- compared to control indicated by ***p < 0.0001 ordinary one-way
PCL-PVA NC-administered mice compared to the standard ANOVA (Tukey’s post hoc test).

LD administration. However, it significantly increased at lh
and was subsequently maintained up to 8 h, compared to the

strictly within 30 min, but the increased level did not last long

standard LD administration (Figure 7A). The area under the thereafter, which corroborates the earlier investigations.12
curve (AUC) is a crucial parameter in the pharmacokinetic The hydrophilic compound of the LD was rapidly degraded
profile. WinNonlin software 8.2 was used to calculate the AUC by enzymes within the systemic circulation and it undergoes
as shown in Figure 7B. The AUC of the LD significantly decarboxylation in the gastrointestinal tract during hepatic
increased in LD-PCL-PVA NC-treated mice plasma compared metabolism.” Due to this reason, it exhibits a very short half-
to the AUC of the LD (P < 0.05) in standard LD-treated mice life under physiological conditions, resulting in the inability to
plasma. Additionally, as shown in Figure 7C, LD levels in the reach a sufficient amount of LD in the brain, which leads to the
brain were significantly increased in LD-PCL-PVA NC- failure to prevent the symptoms of PD for a long time.”" The
administered mice compared to standard LD-administered LD level in LD-PCL-PVA NC-administered mice plasma was
mice (P < 0.001). maintained for up to 8 h. LD strongly binds with an inside core
The LC-MS/MS analysis of LD in plasma suggests that it of the PCL matrix and takes time to release the LD inside the
increased within 30 min and further did not last long core of PCL-PVA NPs into plasma; in this situation, the brain
19686 https://doi.org/10.1021/acsomega.5c00691
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control indicated by *p < 0.05, **p > 0.001 and ***p < 0.0001; Ordinary one-way ANOVA (Tukey’s post hoc test).

receives the maximum amount and long-term presence of LD
that escapes from rapid metabolism in plasma. Thus, LD-PCL-
PVA NC has a significant impact on improving the
bioavailability in plasma.

Therapeutic Effect of LD-PCL-PVA NC on ROT-
Induced PD Mice. ROT has been widely used as an
experimental model to induce PD. It was easily able to cross
the BBB and inhibit the classic mitochondrial complex I of the
electron transport chain, leading to the progressive loss of
DPN.””> ROT also causes the aggregation of a-synuclein
protein and the activation of glial cells, which further causes
DPN death.> In the current study, 2.5 mg/kg of ROT was
used to induce PD symptoms in mice for 21 days. The
mortality did not occur among the control, induced, and
treatment groups; the dose of rotenone used in the study was
sublethal and within a range that induces motor dysfunction
without causing fatality. The ROT-treated group mice did not
gain weight (Figure SS); these results corroborate with the
earlier investigation.””>> The LD and LD-PCL-PVA NC-
treated mice did not lose body weight, as shown in Figure SS.

19687

Behavior Study. The narrow beam walking, pole climbing,
and wire hanging tests are well-established tests to assess
walking, balance, vestibular integrity, muscular coordination,
impairment of limb movement, and neuromuscular strength in
PD-induced animals.’® The performed evaluation shows that
the ROT-induced PD imposes defective motor symptoms, as
shown in Figure 7A—C. ROT-induced PD mice showed a
significant increase in the narrow beam crossing time (Figure
8A) and pole climb-down time (Figure 8C). Additionally, a
significant decrease in the wire hanging time (Figure 8B)
compared to the control group (P > 0.0001). The behavioral
tests performed on ROT-induced mice treated with LD and
LD-PCL-PVA NC showed significant improvement compared
to ROT-induced PD mice. But, the LD-PCL-PVA NC-treated
ROT-induced PD mice significantly improved the narrow
beam crossing time (Figure 8A), pole climb downtime (Figure
8C), and wire hanging time (Figure 8B) compared to the LD-
treated ROT-induced PD mice (p > 0.001 and P > 0.0,
respectively).
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Figure 9. Effect of LD-PCL-PVA NC, LD, and ROT and cotreatment of ROT with LD-PCL-PVA NC and LD for 21 days, on (A) Dopamine level,
(B) Homovanillic acid level, (C) Total GSH level, (D) malonaldehyde, and (E) catalase activity of mice brain. Data are expressed in the mean =+
SEM (n = 6), with significant differences compared to control indicated by *p < 0.0S, **p > 0.001, and ***p < 0.0001; Ordinary one-way ANOVA

(Tukey’s post hoc test).

ROT has been proven to have an impact on motor
symptoms in various previous studies, including mice.””>* In
the present study, ROT administration resulted in a decline in
motor behavior in mice, evident by the increased pole climb-
down time, longer beam crossing time, and reduced grip
strength. This suggests an induction similar to that observed in
idiopathic disease.” Based on the behavioral assessment, it can
be concluded that LD-PCL-PVA NC may be more effective in
improving impaired movement in the rotenone-induced PD
mice model compared to LD-treated PD mice. The LD only
improved the latency time of PD-induced mice, but the
enhancement of LD bioavailability in plasma and brain by LD-
PCL-PVA NC significantly restored the motor symptoms in

ROT-induced PD mice. A previous study indicated that LD
treatment in PD mice only improved the latency time in motor
tests.'>*® However, our finding demonstrates a significant
improvement in motor deficits upon treatment with LD-PCL-
PVA NC, which is due to the enhancement of the
bioavailability of LD in the plasma and DA in the brain.

DA and HVA Levels. The DA and HVA levels of mice
brains were measured using an HPLC-ECD as shown in Figure
9A,B. The ROT-induced mice showed a significant loss of 2.2-
fold in the DA level (F (5,30) = 40.44; P < 0.0001; Figure 9A)
compared to the control. The ROT plus LD and LD-PCL-PVA
NC showed a significant increase of 1.47 and 1.95 folds,
respectively, in the DA level compared to the ROT-induced
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PD mice (F (5,30) = 40.44; P < 0.05 and P < 0.0001,
respectively; Figure 9A). However, ROT plus LD-PCL-PVA
NC-treated mice showed a significant increase of 1.3-fold in
DA level compared to ROT plus LD-treated mice (F (5,30) =
40.44; P < 0.0S; Figure 9A).

Compared to the control mice, ROT-induced mice showed
a significant decrease of 2.42-fold in the HVA level (F (5,30) =
35.86; P > 0.0001; Figure 9B). The ROT-induced mice treated
with LD and LD-PCL-PVA NC showed a significant increase
of 1.88 and 2.18 folds, respectively, in the HVA level compared
to ROT-induced PD mice (F (5,30) = 35.86; P > 0.0001;
Figure 9B). The ROT plus LD-PCL-PVA NC-treated mice
showed a significant increase of 1.15fold in the HVA level
compared to the ROT plus LD-treated mice (F (5,30) = 35.86;
P > 0.001; Figure 9B).

A monoamine catecholamine, DA, is an important neuro-
transmitter that plays an important role in motor and
nonmotor functions.”” HVA is a primary metabolite of DA
and plays a crucial role in metabolic stress and understanding
brain functions. DOPAC and HVA are excellent controls for
monitoring changes in metabolism in the CNS dopamine.®!
Several studies have indicated reduced DA and HVA levels by
ROT in mice.’” In the current study, the decreased level of DA
and HVA by ROT in mice also showed that LD-PCL-PVA NC
significantly restores the DA and HVA levels in ROT-induced
mice compared to LD alone treatment.

Biochemical Stress Markers. The total GSH, MDA, and
catalase activities are considered biochemical markers for
stress. Therefore, the effect of LD-PCL-PVA NC on ROT-
induced PD mice was analyzed (Figure 9C—E). In ROT-
induced PD mice, the total GSH level was significantly
decreased by 2.74 fold compared to the untreated mice (F
(5,12) = 68.24; P < 0.0001; Figure 9C). Mice treated with
ROT along with LD and LD-PCL-PVA NC showed a
significant increase of 1.87 and 2.19 folds, respectively, in the
total GSH level, compared to the ROT-induced PD mice (F
(5,12) = 68.24; P < 0.0001; Figure 9C). ROT plus LD-PCL-
PVA NC showed a significant increase of 1.17 fold in the total
GSH level compared to ROT plus LD treated ROT-induced
PD mice (F (5,12) = 68.24; P < 0.001, Figure 9C). Control
groups of LD and LD-PCL-PVA NC did not show any
significant changes in GSH activity compared with untreated
mice.

The ROT-induced PD mice showed a significant increase of
2.20-fold in MDA activity, compared to the control mice (F
(5,12) = 28.24; P > 0.0001; Figure 9D). The mice treated with
ROT plus LD and LD-PCL-PVA NC showed a significant
decrease of 1.33 and 1.59 fold, respectively, in MDA activity,
compared to ROT-induced PD mice (F (5,12) = 28.24; P >
0.0001; Figure 9D). Compared to ROT plus LD, the LD-PCL-
PVA NC showed a significant increase of 1.18-fold in MDA
activity (F (5,12) = 28.24; P > 0.05; Figure 9D). Control
groups of LD and LD-PCL-PVA NC did not show a significant
change in MDA activity compared with control mice.

Compared to the control group, ROT-induced PD mice
showed a significant increase of 2.58 folds in Catalase activity
(F (5,12) = 15.41; P < 0.0001; Figure 9E). Treatment of mice
with ROT plus LD and LD-PCL-PVA NC showed a significant
increase of 1.43 and 1.97 fold respectively in catalase activity,
compared to ROT-induced PD mice (F (5,12) = 1541; P <
0.05 and P < 0.0001 respectively; Figure 9E), and ROT plus
LD-PCL-PVA NC showed a significant increase of 0.78 fold in
catalase activity compared to ROT plus LD treated PD mice (F

(5,12) = 15.41; P < 0.0S; Figure 9E). The control groups LD
and LD-PCL-PVA NC did not exhibit any notable changes in
catalase activity compared with untreated mice.

Previous studies have suggested that the dopaminergic
neurons in PD are constantly exposed to oxidative stress.’”
The main powerhouse of ROS production is the mitochondria
and its dysfunction leads to increased production of ROS,
which causes degeneration of dopaminergic neurons by
causing oxidative stress.”"% In the current study, we found
that ROT is responsible for oxidative damage, which inhibits
the mechanistic function of antioxidant enzymes, as shown in
previously reported studies.””®” It is observed that LD-PCL-
PVA NC significantly increases the antioxidant enzymes, GSH
and catalase activity while significantly decreasing the MDA
level. Recent studies have reported that LD restores ROT-
damaged oxidative stress, such as GSH, MDA, and catalase
activity.”®® The present study compared LD, and LD-PCL-
PVA NC significantly restores the GSH, MDA and catalase
activity, which may lead to sustained and long-term release of
LD in the brain.

Histopathology Studies. In nanomedicine, biocompati-
bility is crucial for the successful clinical translation of
nanotherapeutics. In this context, key organs such as the
brain, lungs, heart, liver, and kidneys were collected to evaluate
pathological changes following treatment with LD and LD-
PCL-PVA NC. The results obtained from the H&E staining
(Figure S6) showed that the major organs, including the brain,
liver, heart, and kidneys, remained in a healthy condition, with
no significant signs of inflammation or other pathological
changes observed. Based on the H& E result, we selected 7.5
mg/kg of LD or equivalent LD-PCL-PVA NC 21-day treated
mice that did not cause toxicity.

B CONCLUSIONS

In the current study, the synthesized LD-PCL-PVA NC
exhibited improvement in the bioavailability in plasma and
brain; in addition, it mitigated the behavioral and molecular
defects observed in the ROT-induced PD mice model. PCL-
PVANPs and LD-PCL-PVA NC did not show significant
toxicity on the SH-SYSY cell line, and long-term treatment
with LD-PCL-PVA NC did not cause noticeable toxicity in
mice. The single dose intraperitoneal injection of LD-PCL-
PVA NC significantly improved the bioavailability in mice’
plasma and brains compared to the standard LD. Interestingly,
treatment with LD-PCL-PVA NC significantly improved the
motor symptoms, neurotransmitter, and biochemical stress
markers in the ROT-induced PD mice model. Based on the
obtained results, the study states that the LD-PCL-PVA NC
formulation may provide a novel therapeutic approach for
improving the bioavailability, biodistribution, motor symp-
toms, and neurotransmitters for effective treatment of PD. The
study suggested that LD-PCL-PVA NC can be used for
effective and promising treatment of PD.

B MATERIALS AND METHODOLOGY

Materials. Poly-¢-Caprolactone (PCL; CAS No.24980-41-
4), Poly (vinyl alcohol) (PVA; CAS No. 9002-89-5),
dichloromethane (DCM; CAS No. 75-09-2), dl-10-camphor
sulfonic acid (C10H1604S; CAS No. 35963-20-3), isoflurane
(CAS No. 26675-46-7), acetonitrile (CAS No. 75-05-8),
formic acid (CAS No. 64-18-6), Rotenone (CAS No. 83-79-4),
Dimethyl sulfoxide (DMSO; CAS No. 87893-62-7), Homo-
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vanillic acid (HVA; CAS No. 306-08-1), Perchloric acid (CAS
No. 7601-90-3), Triethylamine (TEA; CAS no. 121-44-8),
Formalin solution (Product No. HTS501640) were purchased
from Sigma-Aldrich, USA. Levodopa (LD; CAS No. 59-97-7),
Dopamine hydrochloride (CAS No. 62-37-7), 1-Ethyl-3-(3-
dimethylaminopropyl) carbodiimide (EDC; 99—102%; CAS
No. 25962-53-8), N-Hydroxy succinimide (NHS; 97—103%;
CAS No. 6066-82-6), Sodium hydroxide (NaOH; CAS No.
1310-73-2), Ammonium acetate, HPLC grade (CAS No.: 631-
61-8), Ethylenediaminetetraacetic acid (EDTA; CAS No.
6281-92-6), Citric acid (CAS No. 5949-29-1), 3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
(MTT); Antibiotic Antimitotic Solution 100X Liquid
(A002A-20 ML), Dulbecco’s Modified Eagle Medium
(DMEME; AL0078—500 ML), and Fetal Bovine Serum
(FBS; RM1112-500ML) were purchased from HIMEDIA
Laboratories Private Limited in India. Methanol (CAS No. 67-
56-1) was purchased from the Statutory Liquidity Ratio (SLR)
in India. All chemicals were of reagent grade, used as received,
and stored according to manufacturer guidelines. All of the
aqueous solutions were prepared using Millipore and double-
distilled water.

Synthesis of LD-PCL-PVA NC. In the first step, the end
group modification of PCL was carried out by immersing 1 g of
PCL pellet in 1 N sodium hydroxide (100 mL) for 4h in
constant shaking at 37 °C. The obtained PCL-COO™ was
washed with double-distilled water and stored in an airtight
bottle until further use.”’ The preparation procedure for PCL-
COOQ" is shown in Scheme 1.

In the second step, the LD-PCL-PVA NPs were synthesized
by the double emulsion solvent evaporation method based on
the method described by Pahuja et al,'® with some
modifications. Briefly, 100 mg of PCL-COO™ was dissolved
in 10 mL of DCM, followed by the addition of 40 mg of EDC
and 60 mg of NHS. The mixture was refluxed at 30 °C for 2 h.
Furthermore, 2 mL of LD (3.3 mg/mL) was added dropwise
to the above solution with an 800-rpm starting speed. The
mixture was further sonicated for 5 min to obtain the primary
water/oil emulsion, and the obtained emulsion was added to
40 mL of 1% PVA with 1500 rpm stirring speed and sonicated
for 5 min to obtain the water/oil/water emulsion. The
following emulsion was continued to stir for 8 h and
centrifuged at 8000 rpm for 30 min at 4 °C and washed to
remove the unbound drug. Finally, the obtained LD-PCL-PVA
NC were freeze-dried and stored at 4 °C (Scheme 2).

Characterization of LD-PCL-PVA NC. The FTIR studies
of LD, PCL, PVA, PCL-PVA NPs and LD-PCL-PVA NC were
carried out using a Nicolet impact-410 FTIR spectrometer,
USA (University Science Instrumentation Facility, phase-II,
Karnatak University, Dharwad, India). The particle Z-average
size, zeta potential, and PDI of PCL-PVA NPs, LD-PCL-PVA
NC were analyzed by dynamic light scattering using a
HORIBA scientific, SZ-100, Ver2.20 (University science
instrumentation facility phase-II, Karnatak University, Dhar-
wad, India). The synthesized NCs were characterized for their
shape, surface morphology, and particles size distributions by
using FE-SEM (Carl Zeiss, Germany. Model. SUPRA SS;
Chloros Energy Material Characterization Centre Tumbkuru,
India) and transmission electron microscope (JEOL JEM 2100
PLUS) were used to detect the internal microstructure of
synthesized PCL-PVA NPs and LD-PCL-PVA NC.

Drug Encapsulation Efficiency. The drug encapsulation
efficiency was determined by using an HPLC-UV detector. In

LD-PCL-PVA NC, the measurement was done indirectly by
estimating the unencapsulated LD in the supernatant after
separating the NC at 10,000 rpm for 35 min. The obtained
supernatant was filtered using a 0.2 um syringe filter, and 20
uL of the sample was injected into an HPLC-UV detector
(PerkinElmer). The separation was done on a C-18 column
(4.6 X 250 mm length and S pm diameter; Shimadzu Shim-
pack) using the mobile phase 950 mL of ammonium acetate
buffer (pH 4) and 50 mL of methanol was used in isocratic
mode. The flow rate of 1 mL/min for 10 min and RT is 4.9
min. The peak of the LD was identified at 280 nm and
quantified using an LD standard calibration curve (r* = 0.998;
Figure S1). The encapsulation efficiency (EE) was calculated
by using the following formula.'>*

Total amount of LD — unencapsulated LD in supernatant
EE (%) =

Total amonut of LD

In Vitro Drug Releasing Assay. In vitro release kinetics of
LD release from LD-PCL-PVA NC were determined by using
the dialysis method as described by Ngwuluka et al.,”* and Nie
et al.*® In brief, 10 mg of LD-PCL-PVA NC were dispersed in
30 mL of PBS (pH 7.4) and transferred into a dialysis
membrane (Spectra/Por; Molecular cutoff, 12—14 kDa). The
membrane was allowed to dialyze against 30 mL of PBS with
constant stirring at 100 rpm in a shaker incubator at 37 °C (lab
companion; SIF6000R). At different time points, 1 mL of
aliquots was withdrawn, and the same amount of fresh buffer
was replaced. The absorbance of the sample was measured at
280 nm (UV—visible spectrophotometer). The amount of
released LD was calculated using a LD calibration curve of LD
in PBS (r* = 0.998; Figure S2).

In Vitro Cell viability Assay on SH-SY5Y. The human
neuroblastoma cell line SH-SYSY was purchased from NCCS
Pune, Maharashtra, India. The SH-SYSY cell line was cultured
in DMEM medium containing 10% fetal bovine serum with
Antibiotic Antimycotic Solution at a constant temperature of
37 °C with 5% CO,. The cell culture medium was changed
every two days.

Cell viability assay was conducted based on the method
described by Luo et al,”" to determine the effect of LD-PCL-
PVA NC and PCL-PVA NPs on mitochondrial integrity. The
SH-SYSY cells were seeded with § X 10* cells per well in a 96-
well plate and incubated overnight. Cells were treated with
different concentrations of PCL, PVA, LD-PCL-PVA NC and
PCL-PVA NPs (100, 200, 300, and 400 pg/mL) at 48 h. After
48 h treatment, 10 uL of MTT (S mg/mL) was added to each
well, and the mixture was incubated at 37 °C for 4 h under 5%
of CO,. The formazan crystals were dissolved in 100 uL of
DMSO. The absorbance of formazan crystals was measured at
595 nm using a multiwall microplate reader (BioTek Epoch 2
Microplate Reader, Agilent) and the viability of cells was
calculated as a percent of the untreated control.

Animals. The adult male BALB/c mice of eight to 10 weeks
old (28—30 g) were procured from Chromed Biosciences Pvt.
Ltd., Tumkur, Karnataka, India. Each cage contained three
animals, which were kept under a 12-h light/dark cycle at a
temperature of 25 + 2 °C, with free access to food and water.
The animals were acclimatized for at least S days before the
study. The handling and experimentation were approved by
the Institutional Animal Ethics Committee (IAEC), Chromed
Biosciences Pvt. Ltd., India (Approved number CBPL-IAEC-
077/04/2024).
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Pharmacokinetic Analysis. The pharmacokinetic study
was conducted based on the method described by Vong et al.'”
23 mg/kg of LD or LD equivalent LD-PCL-PVA NC was
injected intraperitoneally into BALB/c mice (body weight 28
+ 2 g). Furthermore, at the predominant time interval, mice
were deeply anesthetized using isoflurane inhalation, and blood
was collected from the retro-orbital sinus. Simultaneously, the
animal was sacrificed, and the brain tissues were collected for
further analysis. The plasma was separated from blood by
centrifugation (REMI cooling centrifuge C-24 BL) at 10,000
rpm for 10 min. Collected plasma and brain tissues were stored
at —80 °C until further analysis.

Plasma and Brain Tissue Preparation for LC-MS/MS.
The tissue was homogenized with 10 mM phosphate buffered
saline (pH 7.4; 1:5 w/v); 100 uL of tissue homogenate
obtained was precipitated with 225 uL of acetonitrile with an
internal standard (500 ng of Tolbutamide in 1 mL of
acetonitrile) for 10 min, and the mixture was centrifuged at
10,000 rpm. The obtained supernatant was diluted with Mili-Q_
water (1:1) and used for analysis.

LC-MS/MS System. The amount of LD in plasma and
tissue samples was quantified using an LC-MS/MS (XEVO-
TQ-S-CRONOS) system with an Inertsii ODS-3 column
(Column size 4.6 X 100 nm). The mobile phase consists of
0.1% formic acid in water and 0.1% formic acid in acetonitrile;
it was pumped at a flow rate of 0.8 mL/min. Tolbutamide was
used as an internal standard.

Treatment Procedure. 50 mg of ROT was dissolved in 1
mL of DMSO, from an aliquot 0.2 mL of ROT was diluted
with 19.8 mL of saline containing DMSO (0.1%), and the
ROT final concentration of 1 pg/2 uL was used for the study.
Each time, freshly prepared ROT was used for all the
experiments. ?

After five days of acclimatization, 108 (N = 18) adult male
mice were divided into six groups randomly; each group
contained 18 animals; (1). Control group: Normal saline (n; =
18); (2). LD control group: Animals received a single
intraperitoneal (ip) injection of LD (7.5 mg/kg body
weight)”>”* daily until 21 days (n, = 18); (3). LD-PCL-PVA
NC control group: Animals received a single ip injection of
LD-PCL-PVA NC (equivalent to 7.5 mg/kg body weight LD)
daily until 21 days (n; = 18); (4). ROT positive control group:
Animals received a single ip injection of ROT (2.5 mg/kg body
weight RT)”*™"7 daily until 21 days (n, = 18); (5). ROT+LD
treatment group: Animals received a single ip injection of both
ROT and LD simultaneously (2.5 mg/kg body weight ROT;
7.5 mg/kg body weight LD) daily until 21 days (ns = 18); (6).
ROT+LD-PCL-PVA NC group: Animals received a single ip
injection of both ROT and LD-PCL-PVA NC simultaneously
(2.5 mg/kg body weight ROT; equivalent to 7.5 mg/kg body
weight LD) daily until 21 days (ns = 18).

After acclimatization, all mice underwent training on the
narrow beam, pole climb-down, and wire hanging apparatus.
Following S days of training, the treatment was started and
considered as day one. During the treatment period, the body
weights of all mice were recorded daily and monitored for food
intake. On the 21st day, the last IP administration, behavior
assay was conducted. Furthermore, mice were euthanized by
carbon dioxide asphyxiation, and the brain tissues were used
for the analysis of neurotransmitters and biochemical
evaluation. Similarly, the brain, lungs, heart, liver, and kidney
were also used for the histopathology evaluation (Scheme 3).

Scheme 3. Scheme of Detailed Experimental Design, the
Effect of LD Encapsulated Polycaprolactone
Nanocomposite (LD-PCL-PVA NC), Levodopa (LD),
Rotenone (ROT) and Co-treatment of ROT with LD-PCL-
PVA NC and LD on Mice for 21 days
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Behavioral Studies. Narrow Beam Walking. As pre-
viously described by Singh et al.”® and Venkatesh Gobi et al.,”’
the narrow beam walking assay was performed. To reach an
enclosed area, the mice were pretrained to cross an elevated
and narrow beam. At the end of the experiment, mice were
allowed to transfer the narrow 100 cm length X 1 cm width flat
wooden beams, which were placed at a height of 100 cm from
the ground. The duration of the journey from the starting
point to the end point was recorded. Each mouse was tested in
three trials, and the average time was calculated for further
analyses.

Pole Test. The pole test was carried out using the method
described by Wang et al.%” Briefly, the mice were placed on a
wooden pole with a diameter of 1 cm and a length of 50 cm.
The time taken to climb down to the floor was recorded. Each
mouse was tested three independent times, and the average
time was calculated for the analysis.

Wire Hanging Test. According to the method described by
Badawi et al,** and El-Shamarka et al,®' a wire-hanging test
was conducted. A 25 cm-long horizontal wire was placed at a
height of 0.25 m above the working table and held the mice’s
forelimbs. The time it takes for mice to fall off the wire was
recorded; each mouse was tested in three independent trials,
and the average time was calculated for analysis.

Determination of DA and HVA Levels. The method
described by Hanumanthappa et al,® Pahuja et al,'® and
Smruthi et al,*” was used to determine the DA and HVA in
brain tissue. Briefly, Brain tissues were homogenized using 2 N
perchloric acid and the homogenate was centrifuged at 1000
rpm (REMI cooling centrifuge C-24 BL) for 10 min at 4 °C
and filtered through a 0.2 pm syringe (AXIVA syringe filter
nylon-13 mm/0.2 pm). After, 20 pL of supernatant was
injected into the HPLC system (C-18 column: Spherisorb, RP
C18, 5 um particle size, 4 X 250 mm at 30 °C; electrochemical
detector: model 1645, Waters, USA). The mobile phase
consists of 17.6% methanol, 82.4% water, 0.0876 mM of
EDTA, 1.5 mM of TEA, 9 mM of dI-C,,H,40,S, 20 mM
Na,HPO,, and 15 mM citric acid (pH 4.2). It was pumped at a
flow rate of 1.5 mL/min. The DA and HVA concentration in
the sample was analyzed by comparing it with the standard
peak area (Figures S3 and S4) and expressed as ng/g of tissue.
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Biochemical Assay. Homogenate Preparation for
Biochemical Assay. The mouse striatum tissue was homo-
genized with 0.1 M phosphate buffer (pH 7.4; 1:4 w/v) and
the homogenate was centrifuged at 10,000 g for 10 min at 4 °C
(REMI cooling centrifuge C-24 BL). The obtained supernatant
was used for the following biochemical parameters: protein
estimation, reduced glutathione level (GSH), malonaldehyde
level (MDA) and catalase activity.

Total Protein Estimation. The total protein concentration
of tissue homogenate was estimated using BSA as the
standard.*>*’

Determination of the GSH Level. The GSH level was
determined according to the method described by Mbiydze-
nyuy et al,*® using DTNB reagent. The homogenate was
precipitated with an equal volume of 4% sulfosalicylic acid, and
the mixture was incubated for 1 h at 4 °C. The resulting
mixture was centrifuged at 10 min (2000 rpm, 4 °C). Finally,
the supernatant was mixed with 10 mM DTNB (1.8 mL), and
the reaction mixture was observed at 412 nm against a blank
using a UV—visible spectrophotometer. The data are expressed
as ymol per mg of protein.

Determination of the MDA Level. The MDA level was
determined as previously described by Samokyszyn et al.,”* and
Parthasarathy et al,,** using thiobarbituric acid. The reaction
mixture containing homogenate, 10% TCA, and 0.67% TBA in
a final volume of 1.0 mL was heated at 95 °C for 10 min. It was
further allowed to cool, and after cooling, the reaction mixture
was centrifuged at 7000 rpm for 10 min and measured at 530
nm using a UV—visible spectrophotometer. The data was
expressed as nmol MDA per mL.

Determination of Catalase Activity. Catalase activity was
determined, as described by Hanumegowda et al,*’ and
Parthasarathy et al.** In brief, the reaction mixture consisted of
800 uL of 50 mM phosphate buffer (pH 7.0), 180 uL of
hydrogen peroxide (300 mM), and 20 uL of the sample. The
loss of absorbance of hydrogen peroxide was measured at 240
nm for 2 min at every 10 s interval at 25 °C using a UV—visible
spectrophotometer. The catalase activity was expressed as
umol of H,O, per mg of protein.

Histopathology Studies. After the animal was sacrificed, the
vital organs such as the brain, heart, liver, kidney, and spleen
were dissected and fixed in 10% buffered formalin. The tissue
was trimmed and processed using a TP 1020 automated tissue
processor (Leica, Germany). Further, paraffin-embedded
(Histo-Core, Areadia H) samples were subsequently sliced
into 4 um thickness using a microtome (Leica RM2125 RTS,
Germany) and stained with Haematoxylin and Eosin (H&E).
Histological assessment was observed under light microscopy
(OLYMPUS CX33, Japan) to evaluate the potential toxicity of
the LD and LD-PCL-PVA NC.

Statistical Analysis. Graph Pad Prism 10.2.3 software was
used for statistical analysis and plotting graphs; for ordinary
one-way ANOVA (Tukey’s post hoc test) of mean + SEM, for
n = 6, significant differences compared control indicated by *p
< 0.05, ¥*p > 0.001 and ***p < 0.0001; For Pharmacokinetic
Study, t test values **p > 0.05, ***p < 0.001 were considered
statistically significant (mean = SEM, for n = 3). WinNonlin
software 8.2 was used to calculate the AUC of LD in mice’
plasma and brain.
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B ABBREVIATIONS

PD,Parkinson’s disease; SNCA,Synuclein Alpha; LD,Levodo-
pa; PDENC,polymer-based drug encapsulated nanocomposite;
PCL,Poly-e-caprolactone; LD-PCL-PVA NC,Levodopa encap-
sulated Poly-e-caprolactone nanocomposite; FDA,Food and
Drug Administration; FTIR,Fourier-transform infrared spec-
troscopy; TGA,thermomechanical analysis; FE-SEM,field-
emission scanning electron microscopy; HR-TEM,high-reso-
lution transmission electron microscopy; NaOH,sodium
hydroxide; EDC,1-ethyl-3-(3-(dimethylamino)propyl) carbo-
diimide; NHS,N-hydroxy succinimide; PVA,poly(vinyl alco-
hol); PDLpolydispersive index; DLS,dynamic light scattering
technique; AUC,area under the curve; DPN,dopaminergic
neurons; ROT,rotenone; TEAtriethylamine; HVA,homovanil-
lic acid; DA,dopamine; EDTA, ethylenediaminetetraacetic acid;
DCM,dichloromethane; DMSO,dimethyl sulfoxide; EE,encap-
sulation efficiency; PBS,phosphate buffer saline; ip,intraper-
itoneal; H&E,Hematoxylin and Eosin; MTT,3-(4,5-dime-
thylthiazol-2-yl)-2,5-diphenyltetrazolium bromide; DMEME,-
Dulbecco’s Modified Eagle Medium; FBS fetal bovine serum
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